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Abstract: The increased levels of carbon dioxide in the environment have incited the search for
breakthrough technologies to lessen its impact on climate. The CO2 capture from a mixture of CO2 /N2
was studied using a molecular sieve (MS) and silica gel type-III. The breakthrough behavior was
predicted as a function of temperature, superficial velocity, and CO2 partial pressure. The breakpoint
time reduced significantly with increased temperature and increased superficial velocity. The CO2
adsorption capacity increased appreciably with decreased temperature and increased CO2 pressure.
The saturation CO2 adsorption capacity from the CO2 /N2 mixture reduced appreciably with increased
temperature. The molecular sieve contributed to higher adsorption capacity, and the highest CO2
uptake of 0.665 mmol/g was realized for MS. The smaller width of the mass transfer zone and
higher column efficiency of 87.5% for MS signify the efficient use of the adsorbent; this lowers the
regeneration cost. The findings suggest that a molecular sieve is suitable for CO2 capture due to high
adsorption performance owing to better adsorption characteristic parameters.
Keywords: bed capacity; breakthrough behavior; greenhouse gases; mass transfer zone;
column efficiency

1. Introduction
Greenhouse gases have become a consequential global issue, and CO2 is the most abundant
greenhouse gas (GHG), which is significantly contributing to changes in the global climate. An escalating
concentration of GHGs in the surroundings is detrimental to health, the natural landscape, the prosperity
of every living organism, and our lifestyle. The vital source of CO2 is carbon-releasing fuels such
as petroleum, coal, natural gas, and other nonrenewable sources [1]. Fossil-fuel-based power plants
can be categorized as possible prime sources of CO2 emission, and the utilization of fossil fuels
contributes to three-quarters of the increase in carbon dioxide emissions [2]. The Intergovernmental
Panel on Climate Change (IPCC) mentioned that CO2 is a consequential GHG produced as the
outcome of human action [3]. The global carbon dioxide concentration has risen by about 100 ppm
in the last 250 years [4]. The depletion of CO2 emissions appears to be the foremost task [5,6].
There are three techniques, i.e., post-combustion, pre-combustion, and oxy-fuel methods to capture
CO2 , depending on the plant layout [1,7–9]. The leading technologies, i.e., physical and chemical
absorption [10], membrane separation [11], and cryogenic separation [12], are in practice for CO2
capture. Additionally, the sorption generally refers to absorption, adsorption, both absorption and
adsorption, and desorption. Post-combustion capture is characterized by the key benefit of curbing
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GHG emissions owing to its compatibility with retrofitted technologies for combustion [13]. The most
feasible process for CO2 captures for power plants on a short time-scale is post-combustion [14–17].
An adsorption for GHG control is an effective process that can be employed to reduce CO2 emissions
into the atmosphere [5,18]. To curb the greenhouse effect, adsorption is considered an effective
technology to capture CO2 from flue gas [19,20]. The industrial adsorbent is regenerated either by
increasing the temperature known as temperature swing adsorption (TSA) or by reducing the pressure
termed as pressures swing adsorption (PSA). Vacuum swing adsorption (VSA) is a technique also
used for the regeneration of the adsorbent bed, in which the process swings to a vacuum to regenerate
the adsorbent.
A yellow tuff was utilized as an adsorbent for CO2 capture in fixed bed columns, and an adsorption
capacity of 0.710 mmol/g at 20 ◦ C was reported, emphasizing thermodynamics and the kinetics of
the process [21]. A thorough review of various carbon capture methodologies has been carried out,
including absorption, cryogenic separation, membrane separation, and adsorption, with a focus on
kinetics, process parameters, thermodynamics, and scale-up [22]. A critical review of metal–organic
framework (MOF) synthesis and utilization for CO2 capture has been carried out [23]. Research progress
has been extensively reviewed from experimental results to molecular simulations in MOFs for CO2
adsorption, storage, and separations. Various types of porous media have been synthesized for
CO2 /CH4 separations [24] at 273 and 298 K. The highest adsorption capacity of 8.36 mmol/g was
obtained at 273 K for activated carbon. The fixed-bed CO2 capture from the CO2 /N2 feed was
investigated using porous carbon produced from walnut shells, with a prediction of 1.58 mmol/g
separation capacity at 293 K [25]. An activated carbon fiber was prepared, and an adsorption capacity
of 1.3 mmol/g was reported [26] at 25 ◦ C and 101.3 kPa. It was also suggested that CO2 uptake
under operating conditions can be correlated with narrow micropore volume. A low-cost carbon
black-coated with fine particles of magnetite was developed for CO2 adsorption–desorption study,
and CO2 uptake of nearly 0.58 mmol/g at 18 ◦ C and 1 atm was attained [27]. The Avrami kinetic
model was found to best fit the data, and a deactivation model was used to analyze the dynamic
CO2 adsorption response. Activated carbon was prepared from coals by treatment with KOH, NaOH,
and ZnCl2 at different temperatures (600–800 ◦ C), and a capacity of adsorption equal to 9.09 mmol/g
was reported for KOH [28].
An experimental analysis focused on breakthrough behavior was conducted by utilizing
pitch-based activated carbon beads [29]. The effect of feed rate, composition, operating pressure,
and temperature on the adsorption process was investigated. A purity of 93.7% and recovery of
78.23% was obtained with the feeding of 15% CO2 at 303 K and 202.65 kPa. A parametric study and
breakthrough behavior, with specific emphasis on the mass transfer zone by utilizing two grades
of activated carbons using fixed-bed columns, have been carried out [30,31]. Activated carbon was
used for CO2 capture by temperature swing adsorption (TSA), and the result showed that CO2
adsorption/desorption using activated carbon is affected differently by pressure and temperature [32].
The effect of the acoustic field on CO2 desorption using activated carbon in a fluidized bed was
investigated using the TSA technique [33], and considerable enhancement in desorption efficiency was
reported. The beads of activated carbon were employed to examine the adsorption equilibrium with
a feed mixture of CO2 and N2 [34], and a CO2 adsorption capacity of 1.92 mmol/g was reported at
303 K and 100 kPa. The data were very well fitted by the virial adsorption equation and the multisite
Langmuir model. Activated carbon and N-enriched activated carbon were utilized for CO2 separation,
and the breakthrough curve was replicated [35]. The breakthrough curves in the fixed-bed column
were obtained at different temperatures and a total pressure of 1.01 bar. The breakthrough curves
were reproduced satisfactorily using the linear driving force (LDF) model. The applicability of the
PSA technique for CO2 capture in coal-fired power plants has been gauged [36], and the results
obtained were found to be promising. The molecular sieves are porous, synthetic zeolite crystals,
metal aluminosilicates. The sieves are separated by adsorption, according to molecular polarity and
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degree of unsaturation, and are regenerated by heating or elution. Silica gel is a hard, granular, and very
porous product made from gel precipitated by acid treatment of sodium silicate solution.
The zeolites, activated carbon, and molecular sieve type adsorbents were employed to explore
the kinetics and equilibrium [37]. The adsorption isotherm was observed to follow typical type-I
isotherms, signifying a monolayer adsorption mechanism, and maximal adsorption capacity was
obtained for activated carbon. The effect of superficial velocity on the breakthrough behavior utilizing
MOF, activated carbons, and crystalline pellets was studied [38]. It was observed that the difference
between the stoichiometric time, considering constant and variable velocities, grows exponentially
with adsorbate concentration in the feed. A feed concentration of 20% results in a shift of breakthrough
time of 6% and a deviation in the equilibrium amount adsorbed of 6% for the gases that adsorb more
strongly, such as CO2 on activated carbon. An adsorption study of CO2 separation, utilizing activated
carbons, zeolites, and carbon nanotubes, has been examined, and the maximum capacity was reported
for activated carbons among all the adsorbents [39]. A synthesized hybrid adsorbent with 13X and
activated carbon were used as an adsorbent for CO2 separation, and maximum adsorption capacity of
2.63 mmol/g was exhibited for hybrid adsorbent [40]. A MOF (UTSA-16) was utilized for CO2 separation
and was reported to have the highest adsorption capacity of 160 cm3 /cm3 [41]. The adsorption of
polyaspartamide adsorbent was predicted using both the kinetic/nonkinetic models [42], and it was
suggested that the external mass transfer attributed to adsorption of the adsorbate. The effect of flow
rates, feed concentrations, and temperature on the breakthrough response for CO2 adsorption was
investigated using immobilized polyethylenimine on mesoporous silica in a fluid bed, with emphasis on
the mass transfer zone [43]. The kinetic process is better explained by a pseudo-first-order kinetic model.
A brief summary of the adsorption capacity reported for employing various types of adsorbents
is presented in Table 1. A CO2 capture study [44] using zeolite 13X from a mixture of CO2 /N2
was performed, and the highest CO2 uptake of 4.9 mmol/g was reported at 22 ◦ C and 1.5 atm.
The investigators [45] applied zeolite 13X for adsorption equilibrium of methane, CO2 , and nitrogen
and reported a CO2 capture capacity of 4.61 mmol/g at 1 atm and 22 ◦ C. Two grades of adsorbents, i.e.,
molecular sieve (MS) 13X and MS 4A were used, and the highest adsorption capacity of 3.2 mmol/g
was attained for MS 13X at 25 ◦ C and 1 atm [46]. The effect of bed temperature on the CO2 desorption
equilibrium of the zeolite bed was studied with an adsorption capacity of 2.18 mmol at 20 ◦ C and
0.15 atm [47]. Zeolites were used for CO2 , N2 , and Ar adsorption, with maximal CO2 uptake of
6.3 mmol/g for 13X at a low temperature of 5 ◦ C and 0.9 atm [48].
Table 1. Adsorption capacity of various adsorbents.

Adsorbent

Temperature
(◦ C)

Pressure
(atm)

Adsorption
Capacity
(mmol/g)

References

Zeolite 13X
Zeolite 13X
Zeolite 13X
Molecular sieve 13X
Molecular sieve 13X
Molecular sieve 4A
Molecular sieve 4A
13X
5A
ZSM-5
ZSM-5

20
22
22
25
20
25
20
5
5
40
30

0.15
1.5
1
1
0.15
1
0.15
0.9
0.7
0.1
1

2.63
4.90
4.61
3.2
2.18
2.7
1.65
6.3
5.46
0.32
1.60

[44]
[44]
[45]
[45]
[47]
[46]
[47]
[48]
[48]
[49]
[49]

A study [49] focused on adsorption separation of CO2 /CH4 was carried out at different temperatures
of 30 and 40 ◦ C, and a capacity of 1.6 mmol/g was reported at 30 ◦ C and 1 atm. The objective of the
current study is to investigate the packed bed adsorption of CO2 from a CO2 /N2 mixture using a
molecular sieve and silica-gel-type adsorbents. The bed temperature, superficial velocity, and CO2
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equilibrium partial pressure are considered to determine the breakthrough behavior and bed capacity.
The bed characteristic parameters, i.e., column efficiency, width of mass transfer zone, and usable bed
height at breakpoint are determined. The originality of the work is to analyze the relative contribution
of each operating parameter on the adsorption capacity, utilizing both types of adsorbents.
2. Materials and Methods
2.1. Materials
The commercially available adsorbents of different sizes, i.e., molecular sieve (MS; average size:
3.0 × 10−3 m, mass: 240 g) and silica gel type-III (SG; average size: 2.0 × 10−3 m, mass: 300 g), procured
from Sigma Aldrich (Steinheim, Germany) were used to conduct the experiments. SG activation
was carried out at a temperature of 120 ◦ C for 2 h using a drying oven (ELE International, range:
0–400 ◦ C) to remove any traces of water, whereas MS was activated at a temperature of 200 ◦ C for 2 h
to remove any traces of water and volatile compounds. Both types of adsorbents were characterized
by a Quantachrome NovaWin-NOVA surface analyzer. The adsorbents were kept in air-tight bottles
after drying and before charging the adsorbent to the column. The morphological characteristics of MS
and SG were obtained using a JEOL scanning electron microscope (SEM) (JSM-6360 LA, Akishima,
Tokyo, Japan). The compositions of the adsorbents were determined using Energy Dispersive X-Ray
Spectroscopy (EDS) equipped with SEM. The gases CO2 and N2 (purity > 99.999%) were purchased
from a local supplier (Abdulla Hashim gas) of Abha of Asser Province, Kingdom of Saudi Arabia.
2.2. Setup
A stainless steel (SS) column (Figure 1), with an effective column length of 0.240 m and an internal
diameter of 0.045 m, was utilized for the experimental study. The column was made of steel and
jacketed all around to control the bed temperature. The water enters the column jacket at the lower
side and leaves from the top side of the column. The hole at the top-side of the column is used for
filling and emptying the column with the desired adsorbents. The column bypass is incorporated for
calibration purpose and it includes two 3-way directional valves V3 and V4. The needle valve (V5) is
used Processes
to control
pressure
in the column and this pressure is measure by pressure gauge (P1).
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F1 and F2: flow controllers, F1 (N2 ), F2 (CO2 ).

2.3. Procedure
A mixture of N2 and CO2 was fed into the bottom of the packed column. Flow meters F1 (for N2)
and F2 (for CO2) were provided to determine and control the flow rates of gases. The column was
filled up to the height of 0.240 m for performing the experiments under the desired set of operating
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The mass flow controllers F1 (N2 ) and F2 (CO2 ) are used to adjust the required flow rates of feed
mixture. The six temperature sensors (T1–T6) are located inside the column at definite central positions
along the length to record the temperature profiles. The temperatures T1 and T6 represent the top
and bottom temperatures of the column, respectively, whereas the temperatures T2–T5 correspond to
the intermediate column temperatures from the top to the bottom side. All the temperature sensors
are insulated type-K thermocouples. The temperature sensors T1 and T2 are located at 42 and 83 mm
away from the top of the column, respectively. The sensors T3 and T4 are positioned at distances
of 125 and 167 mm, respectively. Additionally, 208 and 250 mm are the positions of the bottom side
temperature sensors T5 and T6, respectively. Temperature sensor T7 measures the temperature of hot
water circulator. An infrared (IR) detector measured the exit column CO2 concentration at a regular
time interval of 30 s, recoded using a data logger.
2.3. Procedure
A mixture of N2 and CO2 was fed into the bottom of the packed column. Flow meters F1 (for N2 )
and F2 (for CO2 ) were provided to determine and control the flow rates of gases. The column was filled
up to the height of 0.240 m for performing the experiments under the desired set of operating conditions.
The flow to the IR sensor was controlled by a flow rate control valve, F3. After the completion of
adsorption, the complete bed desorption was carried out by a continuous flow of nitrogen (N2 ) for
a sufficiently long time before starting the next set of experiments. Complete bed regeneration was
ascertained when column exit CO2 concentration (Cexit ) was recorded and measured to equal zero (up
to two places after decimal points).
3. Results and Discussion
3.1. Adsorbent Characterizations
MS and SG were characterized by a Brunauer–Emmett–Teller (BET) surface analyzer
(Quantachrome NoavaWin-NOVA Instruments) for surface area. The surface characteristics of
MS and SG are depicted in Table 2. The multipoint surface areas of 362.2 and 556.4 m2 /g were
exhibited by MS and SG. The higher value of the Barrett–Joyner–Halenda (BJH) method pore volume
of 6.731 × 10−2 cm3 /g for SG was obtained compared to 4.111 × 10−2 cm3 /g for MS. SG exhibited an
average pore size of 20.45 Å compared with a higher value of average pore size of 27.52 Å for MS.
Table 2. Adsorbent surface characterization data.
Adsorbent

Surface Area
A (m2 /g)

Pore Volume
Vp (cm3 /g)

Pore Radius
Sp (Å)

Molecular sieve
Silica gel type-III

362.2
556.4

4.11 × 10−2
6.731 × 10−2

27.52
20.45

The surface morphological characterizations of MS are presented in Figure 2a,b, and the surface
morphological characterizations of SG are shown in Figure 2c,d. It was observed that pore density is
significantly higher for MS compared to SG adsorbent and the pores are also uniformly distributed,
as depicted in Figure 2a,b. The pores are not consistently distributed, and considerably higher non
uniformity in pore size distribution was observed, as shown in Figure 2c,d.
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The adsorption response curves using MS at different column temperatures are depicted in
The adsorption response curves using MS at different column temperatures are depicted in
Figure 3a. The adsorption response concentrations (Cexit /Cin ), with adsorption time at bed temperatures
Figure 3a. The ◦adsorption response concentrations (Cexit/Cin), with adsorption time at bed
of 30, 40, and 50 C, were analyzed. The data were collected at a superficial velocity of 0.052 m/s,
temperatures of 30, 40, and 50 °C, were analyzed. The data were collected at a superficial velocity of
with an initial concentration of CO2 equal to 5%. The breakthrough time declined with an increase in
0.052 m/s, with an initial concentration of CO2 equal to 5%. The breakthrough time declined with an
bed temperature. The time corresponding to Cexit /Cin = 5% (vol %) is termed the breakthrough time.
increase in bed temperature. The time corresponding
to Cexit/Cin = 5% (vol %) is termed the
The delayed breakthrough period was recorded at a bed temperature of 40 ◦ C. Prolonged breakthrough
breakthrough time. The delayed breakthrough period was recorded at a bed temperature of 40 °C.
time signifies the better capacity of an adsorbent. The breakthrough time declined from 1230 to 885 s
Prolonged breakthrough time signifies the better capacity
of an adsorbent. The breakthrough time
with an increase in bed temperatures from 30 to 50 ◦ C. The adsorption bed reached a condition of
declined from 1230 to 885 s with an increase in bed temperatures from 30 ◦to 50 °C. The adsorption
breakthrough at a time period of 1110 s with a constant bed temperature of 40 C. Prolonged breakpoint
bed reached a condition of breakthrough at a time period of 1110 s with a constant bed temperature
time at a lower bed temperature is an indication of an enhanced bed capacity of an adsorbent. It was
of 40 °C. Prolonged breakpoint time at a lower bed temperature is an indication of an enhanced bed
concluded that breakthrough time considerably decreases with an increase in bed temperatures.
capacity of an adsorbent. It was concluded that breakthrough time considerably decreases with an
In a fixed bed, it is feasible to achieve a nearly solute (CO2 ) free gas until the adsorbent in the bed
increase in bed temperatures.
reaches
the flow
of fluidacontaining
an adsorbable
through a fixed bed
In asaturation.
fixed bed,Consider
it is feasible
to achieve
nearly solute
(CO2) freecomponent
gas until the
adsorbent in the
of
adsorbent.
If
external
and
internal
mass
transfer
resistances
are
very
small,
plug
flow isthrough
achieved,
bed reaches saturation. Consider the flow of fluid containing an adsorbable component
a
axial
dispersion
is
negligible,
the
adsorbent
is
initially
free
of
adsorbent,
and
adsorption
isotherms
fixed bed of adsorbent. If external and internal mass transfer resistances are very small, plug flow is
begins at the
origin;
then, local
equilibrium
between
the fluid
and adsorbent
is attained and
instantaneously,
achieved,
axial
dispersion
is negligible,
the
adsorbent
is initially
free of adsorbent,
adsorption
resulting
in
a
shock-like
wave
called
the
stoichiometric
front,
which
moves
as
a
sharp
concentration
isotherms begins at the origin; then, local equilibrium between the fluid and adsorbent
is attained
front
through
the
bed.
After
the
stoichiometric
time,
the
stoichiometric
wave
front
approaches
the as
end
instantaneously, resulting in a shock-like wave called the stoichiometric front, which moves
a
of
the
column,
the
CO
concentration
in
the
fluid
abruptly
rises
to
the
initial
concentration
C
,
and,
2
in
sharp concentration front through the bed. After the stoichiometric time, the stoichiometric wave
after that, no further adsorption is possible. The extent to which the adsorption capacity of the bed can

The influence of superficial velocity on the adsorption response employing MS was studied and
is depicted in Figure 3b under the constant condition of the bed temperature (40 °C) and the CO2 inlet
concentration in the gaseous feed mixture (5%). The data were collected at three different superficial
feed mixture velocities of 0.032, 0.042, and 0.052 m/s. The breakthrough time was reduced with an
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resulting in the increased capture capacity of an adsorbent. The breakthrough time of 1515 s was
observed at a superficial velocity of 0.032 m/s, and it declined from 1185 s to 1095 s with an increase
be utilized is determined by the steepness of the breakthrough curve (S-shaped). The shape of the
in the superficial velocity from 0.042 to 0.052 m/s. The longest breakthrough time was attained at a
S-curve is significant for determining the length of the adsorption column.
velocity of 0.032 m/s.

Figure 3. (a) Adsorption response curve at different temperatures for MS (v = 0.052 m/s, Cin = 5%);
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m/s, Cin = 5%); (b)
(b) adsorption response curves at different superficial velocities for MS (T = 40 ◦ C, Cin = 5%).
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The dynamic adsorption capacity q (mmol/g) of the column corresponding to tca (or stoichiometric
time, tst ) is estimated using Equation (3):
q=

F tca Cin
m

(3)

where F is the total feed molar flow rate; Cin and m stand for the concentration of CO2 in the feed
stream (vol %) and mass of adsorbent used in the bed, respectively.
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of the that
column
was adjusted
to 40 °C,
and
the inletwith
concentration
the
feed
was
fixed
at 5%
%). It is noticed
the adsorption
capacity
was
enhanced
increased
of CO2 in the
feed
was fixed
at 5% (vol %).
It is noticed
theCO
adsorption
capacity was enhanced
superficial
feed
velocity.
The adsorption
capacity
of 0.457that
mmol
2 /g adsorbent was estimated at a
with
increased
superficial
feed
velocity.
The
adsorption
capacity
of
0.457
mmol
was
lower superficial feed velocity of 0.032 m/s. The adsorption capacity increasedCO
up2/g
to adsorbent
0.481 mmol/g
estimated at
a lower
superficial
of 0.032
m/s.
adsorption
capacity capacity
increased
adsorbent,
with
an increase
in thefeed
feedvelocity
superficial
velocity
toThe
0.042
m/s. The maximal
ofup
COto
2
0.481
mmol/g
adsorbent,
with
an
increase
in
the
feed
superficial
velocity
to
0.042
m/s.
The
maximal
separation equal to 0.559 mmol/g adsorbent from the CO2 /N2 mixture was tabulated at a superficial
capacity of CO2 separation equal to 0.559 mmol/g adsorbent from the CO2/N2 mixture was tabulated
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and
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m/s when the
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strongly
depends on
feed
mixture
was
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at
5%
(vol
%).
It
was
found
that
adsorption
capacity
strongly
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on
equilibrium partial pressure of the CO2 . An adsorption capacity of 0.029 mmol/g was reportedthe
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equilibrium partial
pressure
of the CO
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The
capacity
adsorption
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of
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The
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of adsorption
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breakthrough
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estimated
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at a to
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bar, The
corresponding
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was
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of 0.017
bar, corresponding
to
to
the breakthrough
pointadsorbent
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was
noticed that
adsorption
capacity
increases
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◦
the
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It
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◦
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MS
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SG
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respectively. The increase of temperature above the set point (40 C) for MS is significantly higher than
respectively.
Theobserved
increase of
above
the set point
(40 °C)
for MS is significantly
higher
the
temperature
fortemperature
SG. Owing to
the exothermic
nature
of adsorption,
the mass transfer
than the
temperature
observed
for SG. Owing
to thebyexothermic
nature
of adsorption,
the mass
front
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of temperature
supported
temperature
profiles
at different positions.
transfer
front
is
followed
by
a
rise
of
temperature
supported
by
temperature
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at
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It may also be concluded that as the concentration of CO2 rises, the heat generated due to adsorption
positions.
may alsotemperature
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that as
concentration
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to anItincreased
inside
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fixed-bed
column.of CO2 rises, the heat generated due to
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Figure
Adsorption–desorption temperature profiles
Figure 5.
5. Adsorption–desorption
profiles for (a) MS; (b) SG. T1-T7: temperature sensors.

3.3. Silica Gel Type-III
3.3. Silica Gel Type-III
A breakthrough adsorption study employing SG adsorbent was conducted. The detailed BET
A breakthrough adsorption study employing SG adsorbent was conducted. The detailed BET
characterization was carried out, and their results are presented in Table 2. The adsorption responses
characterization was carried out, and their results are presented in Table 2. The adsorption responses
at different column temperatures are plotted, as shown in Figure 6a. The data were generated at a
at different column temperatures are plotted, as shown in Figure 6a. The data were generated at a
superficial velocity of 0.052 m/s with Cin = 5%. The column temperatures were adjusted to 30, 40,
superficial velocity of 0.052 m/s with Cin = 5%. The column temperatures were adjusted to 30, 40, and
and 50 ◦ C to analyze the influence of temperature on breakthrough. The breakthrough time declined
50 °C to analyze the influence of temperature on breakthrough. The breakthrough time declined with
with an increase in the bed temperature, which signifies the increment of the adsorption capacity with
an increase in the bed temperature, which signifies the increment of the adsorption capacity with
temperature. The maximum breakthrough time of 185 s was recorded at a fixed bed temperature of
temperature. The maximum breakthrough time of 185 s was recorded at a fixed bed temperature of
30 ◦ C. The breakthrough time of 185 s decreased to 150 s with an increase in temperature from 30 to
30 °C. The breakthrough time of 185 s decreased to 150 s with an increase in temperature from 30 to
40 °C. The S-shape curves (breakthrough curve) obtained for the SG adsorbent are less steep
compared with those obtained for MS.
The influence of the superficial velocity on the adsorption response with time is depicted in
Figure 6b. The experiments were conducted at a fixed temperature of 40 °C, and inlet CO2 was

adjusted at 5% in the feed mixture. The superficial velocities of 0.032, 0.042, and 0.052 m/s were chosen
to analyze the adsorption response. The maximum breakthrough period of 220 s was observed at the
superficial velocity of 0.032 m/s. The breakthrough point declined from 220 to 160 s, with an increase
in the superficial feed velocity from 0.032 to 0.042 m/s. The breakthrough time of 150 s was achieved
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at a feed
superficial
velocity of 0.052 m/s. The minimum breakthrough time of 125 s was achieved
at
the bed temperature of 50 °C. It may be concluded that the influence of the feed’s superficial velocity
on ◦breakpoint time is significant and more pronounced at lower superficial velocity. It can be
40 C. The S-shape curves (breakthrough curve) obtained for the SG adsorbent are less steep compared
suggested that a longer breakthrough period signifies an enhanced adsorption capacity at reduced
with those obtained for MS.
column temperatures.

Figure 6.
6. (a)
(a) Adsorption
Adsorptionresponse
responsecurves
curvesatatdifferent
differenttemperatures
temperaturesfor
forSG
SG
= 0.052
m/s,
= 5%);
Figure
(v(v
= 0.052
m/s,
CinC=in5%);
(b)
(b)
adsorption
response
curves
at different
superficial
velocities
= °C,
40 ◦CC,
= 5%).
adsorption
response
curves
at different
superficial
velocities
forfor
SGSG
(T =(T40
in C
= in
5%).

The influence
the superficial
velocity
on the adsorption
withbed
time
is depictedare
in
The
adsorptionofresponses
in terms
of adsorption
capacity response
for SG with
temperature
◦ C, and inlet CO was
Figure
6b.
The
experiments
were
conducted
at
a
fixed
temperature
of
40
2
depicted in Figure 7a. The data were obtained at a superficial velocity of 0.052 m/s by fixing the CO2
adjusted at 5%
in the
feed
velocities
of maximum
0.032, 0.042,adsorption
and 0.052 m/s
were chosen
percentage
in the
feed
at mixture.
5% (vol The
%). superficial
It was found
that the
capacity
varied
to
analyze
the
adsorption
response.
The
maximum
breakthrough
period
of
220
s
was
observed
at
inversely with bed temperature. The maximum adsorption capacity of 0.099 mmol CO2/g adsorbent
the
superficial
velocity
of
0.032
m/s.
The
breakthrough
point
declined
from
220
to
160
s,
with
an
was obtained, corresponding to a bed temperature of 30 °C, but declined to 0.077 mmol CO2/g
increase inwith
the superficial
feed
velocity from
0.032 to to
0.042
m/s.
The breakthrough
time temperature
of 150 s was
adsorbent
an increased
adsorption
temperature
40 °C.
Additionally,
at a column
achieved
at aadsorption
feed superficial
velocity
0.052 m/s.
The minimum
time
of 125 s was
of
50 °C, the
capacity
of the of
adsorbent
further
reduced tobreakthrough
0.064 mmol CO
2/g.
achieved at the bed temperature of 50 ◦ C. It may be concluded that the influence of the feed’s superficial
velocity on breakpoint time is significant and more pronounced at lower superficial velocity. It can be
suggested that a longer breakthrough period signifies an enhanced adsorption capacity at reduced
column temperatures.
The adsorption responses in terms of adsorption capacity for SG with bed temperature are
depicted in Figure 7a. The data were obtained at a superficial velocity of 0.052 m/s by fixing the CO2
percentage in the feed at 5% (vol %). It was found that the maximum adsorption capacity varied
inversely with bed temperature. The maximum adsorption capacity of 0.099 mmol CO2 /g adsorbent
was obtained, corresponding to a bed temperature of 30 ◦ C, but declined to 0.077 mmol CO2 /g adsorbent
with an increased adsorption temperature to 40 ◦ C. Additionally, at a column temperature of 50 ◦ C,
the adsorption capacity of the adsorbent further reduced to 0.064 mmol CO2 /g.
It can be concluded that saturation bed capacity declined significantly with an increase in the
bed temperature. The saturation capacity obtained by employing SG is considerably lower compared
with that obtained for MS. The adsorption capacities of 0.664 and 0.099 mmol/g were estimated under
a constant condition of bed temperature (T = 30 ◦ C), with superficial velocity v = 0.052 m/s, for MS
and SG, respectively. The results of the feed superficial velocity on the maximum adsorption capacity
employing SG are depicted in Figure 7b. The experiment was performed at an adsorption temperature
of 40 ◦ C by controlling the initial concentration at 5%. It was observed that the adsorption capacity
of the adsorbent enhanced notably with an increase in the feed superficial velocity from 0.032 to
0.052 m/s. The adsorption capacity of 0.069 mmol/g was estimated to correspond to a superficial
velocity of 0.032 m/s. The superficial velocity of 0.042 m/s was attributed to a capacity of 0.072 mmol/g.
The adsorption capacity was further enhanced to 0.076 mmol CO2 /g at a superficial velocity of 0.052 m/s.
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It was observed that the feed superficial velocity plays a significant role in enhancing the adsorption
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The adsorption isotherms at the adsorption temperatures of 30 and 40 ◦ C are shown in Figure 7c.
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capacity,
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mmol/g
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employing
SG
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in
Figure
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adsorption
◦
adsorption temperature of 40 C contributed to an adsorption capacity of 0.025 mmol/g at a partial
temperature
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controlling
the initial
concentration
at 5%.was
It was
observed
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pressure
of 0.017
bar.°C
Thebymaximum
adsorption
capacity
of 0.077 mmol/g
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at COthat
2 partial
adsorption
capacity
pressure
of 0.345
bar. of the adsorbent enhanced notably with an increase in the feed superficial
velocity from 0.032 to 0.052 m/s. The adsorption capacity of 0.069 mmol/g was estimated to
correspond
to a superficial
velocity
of 0.032 m/s. The superficial velocity of 0.042 m/s was attributed
3.4.
Repeatability
and Accuracy
Measurement
to a capacity of 0.072 mmol/g. The adsorption capacity was further enhanced to 0.076 mmol CO2/g at
The repeatability measurement with a data point, N = 50, employing MS, was carried out
a superficial velocity of 0.052 m/s. It was observed that the feed superficial velocity plays a significant
(Figure 8). The experiments were conducted at a bed temperature and superficial velocity of 40 ◦ C
role in enhancing the adsorption capacity of the adsorbent.
and 0.052 m/s, respectively. The inlet CO2 composition in the feed was adjusted to 5%. The closeness
The adsorption isotherms at the adsorption temperatures of 30 and 40 °C are shown in Figure
of the data obtained for two different runs postulated the validity of the results obtained. In other
7c. The data were obtained at a fixed velocity of 0.052 m/s to analyze the influence2 of equilibrium
words, these obtained data were reliable and valid. The coefficient of determination (R ) was estimated
partial pressure on capacity. It was observed that adsorption capacity was notably enhanced with the
to be equal to 0.996, which signifies the closeness of repeatability data obtained under Batch 1 and
equilibrium partial pressure of the CO2. Isotherms at an adsorption temperature of 30 °C exhibited a
Batch 2. The mean error for repeatability measurements of Cexit /Cin was tabulated as equal to ±0.019.
maximum capacity of 0.099 mmol/g with an equilibrium partial pressure of 0.345 bar. The adsorption
capacity, equal to 0.003 mmol/g adsorbent up to the breakpoint, was determined. The isotherm at an
adsorption temperature of 40 °C contributed to an adsorption capacity of 0.025 mmol/g at a partial
pressure of 0.017 bar. The maximum adsorption capacity of 0.077 mmol/g was obtained at CO2 partial
pressure of 0.345 bar.

The repeatability measurement with a data point, N = 50, employing MS, was carried out (Figure
8). The experiments were conducted at a bed temperature and superficial velocity of 40 °C and 0.052
m/s, respectively. The inlet CO2 composition in the feed was adjusted to 5%. The closeness of the data
obtained for two different runs postulated the validity of the results obtained. In other words, these
obtained
data
were reliable and valid. The coefficient of determination (R2) was estimated to be12equal
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to 0.996, which signifies the closeness of repeatability data obtained under Batch 1 and Batch 2. The
mean error for repeatability measurements of Cexit/Cin was tabulated as equal to ±0.019. The
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3.5. Mass Transfer Zone and Column Efficiency
3.5. Mass Transfer Zone and Column Efficiency
In fixed-bed adsorption, the adsorbate concentrations in the fluid phase and solid phase vary with
In fixed-bed adsorption, the adsorbate concentrations in the fluid phase and solid phase vary
time as well as with the position in the bed. At first, the mass transfer largely takes place near the
with time as well as with the position in the bed. At first, the mass transfer largely takes place near
inlet of the bed, where fluid contacts fresh adsorbents. If the adsorbent contains no adsorbate at the
the inlet of the bed, where fluid contacts fresh adsorbents. If the adsorbent contains no adsorbate at
start, the concentration in the fluid drops exponentially with distance, essentially to zero, before the
the start, the concentration in the fluid drops exponentially with distance, essentially to zero, before
end of the bed is approached. The section of the bed where CO2 is essentially adsorbed or the region
the end of the bed is approached. The section of the bed where CO2 is essentially adsorbed or the
where most of the change in concentration occurs is recognized as the zone of mass transfer (LMTZ )
region where most of the change in concentration occurs is recognized as the zone of mass transfer
or the mass transfer zone. The major part of the adsorption at any time takes place in a relatively
(LMTZ) or the mass transfer zone. The major part of the adsorption at any time takes place in a
narrow adsorption zone known as the mass transfer zone (MTZ), and limits are frequently taken as
relatively narrow adsorption zone known as the mass transfer zone (MTZ), and limits are frequently
Cexit /Cin = 0.95 to 0.05. A lean mass transfer zone means the proficient exploitation of the adsorbent,
taken as Cexit/Cin = 0.95 to 0.05. A lean mass transfer zone means the proficient exploitation of the
leading to the minimization of the energy regeneration cost [50,51]. The MTZ by and large moves from
adsorbent, leading to the minimization of the energy regeneration cost [50,51]. The MTZ by and large
the input to the outlet all through the process, indicating that the adsorbent adjoining the input achieves
moves from the input to the outlet all through the process, indicating that the adsorbent adjoining
the condition of saturation by CO2 ; after that, the zone moves in the direction of the bed’s end-side.
the input achieves the condition of saturation by CO2; after that, the zone moves in the direction of
The efficiency based on column capacity or faction of total column capacity that is effectively used
the bed’s end-side.
can be determined as


R tfaction
The efficiency based on column capacity or
Cof
br
exit total column capacity that is effectively
1
−
t
Cin dt
0
ca
used can be determined as
η =
= R ∞
(4)

C
exit
tst
1
−
dt
C
0
in

The length of the adsorption column (Lbr ) used up to the breakpoint, or usable bed height,
is determined using Equation (5):
tca
Lto
(5)
Lbr =
tst
where Lto denotes the total bed height. An unutilized bed height can be determined by Equation (6):


tca
Lub = 1 −
Lto
tst

(6)
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The lesser bed capacity is utilized as the width of the MTZ for concentration profile increases that
correspond to an increased width of the breakthrough curve. Almost all of an adsorbent bed capacity
is used before the breakthrough in the ideal case. The good adsorbent is characterized by the smaller
width of the MTZ for the concentration profile, corresponding to the breakthrough profile. The steady
pattern sorption of CO2 was assumed for evaluating LMTZ .
LMTZ =

2 L(ts − tb )
ts + tb

(7)

The parameters of the CO2 capture, i.e., effective column efficiency, LMTZ , and usable bed height,
were evaluated, as depicted in Table 3. The effective column efficiency alters considerably with
temperature and feed rate. The maximal efficiency of 87.5% was determined for MS at 40 ◦ C with
v = 0.032 m/s. LMTZ increases with increased temperature and superficial velocity, with minimal
LMTZ = 3.2 cm having a good usable height of 21 cm for MS. The reduced utilization factor of 0.432
was evaluated at the highest studied superficial velocity of 0.052 m/s at fixed operating conditions of
temperature and initial CO2 level. Lower column efficiency values were observed under various sets of
operating conditions for SG, and the highest effective efficiency of 66.5% was determined. Additionally,
the lowest LMTZ = 9.65 cm was realized at 40 ◦ C with v = 0.052 m/s, which is significantly higher relative
to the lowest value of MS. The usable bed height of the total effective bed height of 24 cm is smaller
for SG compared to the values determined for MS. Overall, under different operating conditions,
smaller LMTZ values signify the effective utilization of very good bed capacity at a breakthrough
condition. This makes efficient use of an adsorbent and lowers the energy costs of regeneration.
Table 3. Characteristic parameters of CO2 capture for MS and SG.
T (◦ C)

V (m/s)

Cin

30
40
50
40
40
40

0.052
0.052
0.052
0.032
0.042
0.052

5
5
5
5
5
5

MS

SG

η (%)

LMTZ (cm)

Lbr (cm)

η (%)

LMTZ (cm)

Lbr (cm)

86.1
84.8
83.9
87.5
86.2
84.6

3.58
3.94
4.18
3.20
3.55
4.02

20.66
20.35
20.14
21.00
20.69
20.30

57.8
66.5
44.7
65.6
56.1
64.5

12.05
9.65
18.34
9.94
13.49
10.37

13.87
15.96
10.73
15.74
13.46
15.48

4. Conclusions
The breakpoint time reduces significantly with increased bed temperature, and a prolonged
breakthrough period contributes to an increased adsorption capacity. The maximum breakpoint
periods of 1230 and 185 s were reported at a bed temperature of 30 ◦ C for MS and SG, respectively,
with a superficial velocity of 0.052 m/s. It was suggested that the breakpoint time would reduce with
increased feed superficial velocity employing both the adsorbents. The prolonged breakpoint of 1515 s
was noticed at a superficial feed velocity of 0.032 m/s, and it was reduced to 1185 s on raising the
velocity to 0.042 m/s at a temperature of 40 ◦ C for MS. It was noticed that the saturation adsorption
capacity of CO2 from the mixture of N2 and CO2 reduced appreciably with increased bed temperatures.
The saturation adsorption capacity of MS adsorbent declined from 0.664 to 0.598 mmol/g, with an
increase in bed temperature from 30 to 40 ◦ C at a superficial velocity of 0.052 m/s.
It was observed that adsorption capacity increased remarkably with CO2 partial pressure,
commensurate with the isotherms at temperatures of 30 and 40 ◦ C. At a partial pressure of 0.345 bar,
the maximum capacity of 0.649 mmol/g was achieved at a temperature of 30 ◦ C for MS. The smaller
width of the MTZ of the MS adsorbent signifies the utilization of most of the bed capacity at the
breakpoint compared to the relatively wider MTZ of SG. The lowest LMTZ = 3.20 cm and the usable
bed height of 21 cm, with good effective column efficiency of 87.5%, was determined for MS. It was
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concluded that MS contributed to a higher adsorption capacity compared to SG, and it is suitable for
the separation of CO2 from a CO2 /N2 mixture.
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