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ABSTRACT

Temperature, feed rate, length of mass transfer zone (L,,;,), utilization factor and partial pressure
are parameters for fixed bed sorption of carbon dioxide (CO,) from N,/CO, mixture. The break-
through time relies strongly on temperature and feed rate. Prolonged breakthrough time and
saturation time have been realized for activated carbon (AC). The response curves of AC are vastly
steep, signifying the maximal utilization of bed capacity at the breakpoint. In general, the L, .,
increases with a rise in temperature and feed flow rate. The capacity utilization factor reduces
with a rise in temperature and feeds flow rate. A utilization factor of 0.919 was determined for AC
at a temperature of 298 K. The maximal capacity for CO, reduces significantly with an increase
in temperature. The maximal capacity of 32.99 g CO,/kg was obtained at a temperature of 298 K
for AC. This capacity improves considerably with CO, partial pressure, and AC exhibits higher
adsorption capacity when compared to silica gel. The capacity improves considerably with an
increase in feed rates, and a maximal capacity of 39.14 g CO,/kg was found for AC at a feed rate of
8.33 x 10~ m*/s. Owing to its high sorption capacity and utilization factor, the AC can be used for

the economical separation of CO, from the N,/CO, mixture.
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1. Introduction

Carbon dioxide (CO,) is the single largest contributor to
greenhouse gases, and its increased level in the atmosphere
has led to global warming. The combustion of fossil fuels
accounts for almost 81% of the energy used for commercial
purposes. This process releases 3.0 x 10" kg of CO, every year
[1], which contributes more significantly to global warming
than other greenhouse gases such as H,O, CH, N,O and
CFCs. The prime environmental concern is regarding the
alarming rate at which the CO, concentration is rising in
the atmosphere [2,3]. The power generation sector between
the years 2000 to 2030 will have contributed almost to the
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total increase in global CO, emissions [4]. As much as 45% of
the total global CO, emission is attributed to thermoelectric
and industrial electricity generating plants [5].

The mean global temperature rise by just 2°C can result
in far-reaching consequences. Therefore, it is recommended
the greenhouse gases be reduced to 50% by the year 2050
[6]. A definite percentage of CO, is always associated with
the combustion of flue gases that rely on the feedstock.
The accessible CO,-reduction technologies are a potential
option for economical cuts in the release of CO, in the envi-
ronment. CO, emissions can be reduced by one of the three
methods that rely on plant configuration [7]. The treatment
of synthesis gas, which is primarily composed of CO and
H, gases, is performed in the pre-combustion process [8].
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Approximately 1.5 times more energy is required in the
post-combustion process compared to the pre-combustion
method of capturing CO, [9]. Primarily, CO, and H,0O are
the emissions of oxy-fuel combustion [10]. The oxy-fuel pro-
cess aims to decrease these emissions by 60%-70%. There
are primarily four technologies available for CO, reduction
from the emission of power plants based on fossil fuel.

Chemical and physical absorption is realized by a reac-
tion between CO, and a solvent, primarily an amine solu-
tion [11]. Amine solutions are utilized for CO, absorption
from CO,/air mixture. The capacity of 98.2 x 10 mol/mol
was reported for diethanolamine [12]. Streams having a
CO, concentration of more than 50% are normally treated
using cryogenic separations [13]. In the case of the CO,
concentration being more than 20%, the membrane sys-
tems are extremely adaptable [14]. The post-combustion
CO, diminution is mainly a pragmatic process because
various suggested technologies can be fit back to the exist-
ing plants based on fossil fuel [15-17]. CO, reduction by
employing adsorption is contemplated as a dry process,
and there is no by-product such as water when compared
to other conventional processes. Adsorption is consid-
ered a well-established technology to capture CO, in the
post-combustion process [18,19]. The adsorbent preferen-
tially separates CO, and, afterward, regenerates to release
CO, irrespective of the process configuration [18-21].

Fine activated carbons (AC) were employed under
sound-assisted fluidization for CO, capture, and the exper-
iments reported enhanced adsorption [22]. A fluidized
bed column was utilized to analyze the separation of CO,
from the flue gas feed experimentally [23,24]. An in-depth
study of breakthrough behavior was conducted to utilize
activated carbon beads [25]. The activated carbons, zeo-
lites, and molecular sieves were employed to explore the
kinetics and equilibrium [26]. The effect of superficial veloc-
ity on the breakthrough response utilizing metal-organic
framework (MOF) activated carbons, and crystalline pel-
lets were investigated [27]. The beads of activated carbons
were utilized to examine the adsorption equilibrium with a
feed mixture of CO, and N, [28]. A MOF (UTSA-16, UTSA
stands for University of Texas at San Antonio) was utilized
for CO, separation, and the maximal adsorption capacity
of 1.60 x 10> cm®/cm® was reported [29]. The adsorption
response of polyaspartamide was predicted using models
based on kinetics, and it was concluded that adsorption is
credited to external mass transfer [30]. Adsorption of CO,
employing various adsorbents was examined, and the max-
imal capacity was reported for activated carbons [31]. The
parametric study and breakthrough behavior with specific
emphasis on the mass transfer zone (MTZ) by utilizing two
grades of activated carbons employing a fixed bed column
were carried out [32,33].

Numerous biomass materials have been used to syn-
thesize activated carbon for the CO, adsorption study.
Investigators have used macadamia shell biomass to prepare
activated carbons using the microwave irradiation technique
[34]. Additionally, the walnut shell has also been used to syn-
thesize activated carbon and employed for manufacturing
the cartridge [35]. Activated carbon fiber was prepared, and
a capacity of 1.3 x 107 mol/g adsorbent was achieved [36].
The capacity of 9.09 x 10 mol/g was reported for synthesized

activated adsorbent prepared by treating coal with potas-
sium hydroxide (KOH) [37]. Activated carbons/N-enriched
activated carbons were utilized for CO, separation and rep-
licated the breakthrough curve satisfactorily [38]. A synthe-
sized adsorbent of 13X and activated carbon was used for CO,
separation and seen to have a capacity of 2.63 mmol/g [39].

The optimal incorporation of carbon nanotubes into the
zeolites 13X was carried out, and the increased adsorption
capacity was reported [40]. Microporous biochar adsorbent
was employed to capture the adsorbate in a fixed bed for
experimental and simulation study [41]. The amine adsor-
bents were synthesized using fly ash (FA), and the increased
capacity of polyethylenimine/FA type- adsorbents was
reported [42]. Biomass-based on palm shell-derived acti-
vated carbon was applied for preparing the activated carbon
using chemical activation, and various metal oxides were
employed for impregnation. The prolonged breakpoint time
of 350 s with a capacity of 0.63 mmol CO,/g AC for AC-PKS
(palm kernel shell)/CeO, was reported [43]. Researchers
have used walnut and almond shell to synthesize the acti-
vated carbons, and the internal structure was analyzed using
scanning electron microscopy and Fourier-transform infra-
red spectroscopy [44]. Walnut shell-based biomass was con-
verted into activated carbons, and KOH was reported as the
prime favorable activation agent [45]. The chemical activa-
tion method [46] was applied to prepare activated carbons
from walnut shell biomass, and the adsorption capability of
the removal of benzene was explored using ZnCl,/H,PO,. A
similar fixed bed study of CO, adsorption using commercial
activated carbon and modified activated carbon with ammo-
nia was carried out [47] and maximal adsorption capacity
of 0.67 mol/kg was reported at 30°C with a feed flow rate of
50 mL/min.

The novelty of the current work is to study the differ-
ent aspects of the fixed bed CO, adsorption from a mixture
of CO,/N, using activated carbon and silica gel. The break-
through response was analyzed as a function of tempera-
ture and feed rate. The adsorption capacity of the bed was
assessed with temperature, feed rate, and CO, partial pres-
sure. Also, the accuracy of the generated data was measured
by repeatability and uncertainty analysis. The effectiveness
of adsorbent was investigated in terms of length of mass
transfer zone (L,,.,), utilization factor (f), and temperature
profiles inside the column.

2. Experiment setup
2.1. Chemicals

The activated carbon with a size range 0.4-0.8 cm was
procured from Fluka™ analytical (Germany) and dried at
110°C in the drying oven before the experimental work.
Silica gel (SG) with an average size range from 0.2 to 0.4 cm
was procured from GCC Laboratory Reagent (UK) and
dried at a temperature of 120°C before the experimental
work. The selected adsorbents were used for experiments
as such without any further treatment.

2.2. Setup diagram

The setup sketch of the fixed adsorption column
(UOP15 - fixed-bed adsorption unit) with an effectual length
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of 25 cm was used for the experiments, as depicted in Fig. 1.
The feed flows to the adsorption unit from the bottom side
according to the configuration of the column. The column
was filled with AC and SG adsorbents up to the effective
column length of 25 cm. This column is made up of stain-
less steel and jacketed to allow hot water to flow to attain
the desired temperature using a water circulator. At the bot-
tom of the column is a mesh of 50 mm diameter that retains
glass beads of 2 mm diameter and a bed height of 5 mm to
allow better distribution of the feed gas and to improve the
temperature stability. Additionally, a triangular metal plate
attached to the inside bottom of the column helps disperse
the feed gas mixture. Flow controllers F, F,, and F, measure
and control the flow of N,, CO,, and CO, flow to the infra-
red (IR) sensor, respectively. It is recommended to work for
a combined feed rate in the range of 0-5 L/min and maxi-
mal CO, concentration of 5% (vol.%) for the best results. The
maximal operating pressure and temperature are fixed at
1.2 bars absolute and 343 K, respectively. There are 6 thermo-
couples positioned along the axial direction of the column.

2.3. Procedure

The gaseous mixture of a known composition consisting
of CO, and N, enters the bottom of the column. The flow of
CO, and N, are controlled by the flow controllers F, and F,.
The heating jacket is used to control the desired bed tem-
perature and the proportional integral derivative controller
is incorporated in the control console with the task of fixing
the desired temperature. The column exit concentration is
measured using an IR sensor. All the experiments are per-
formed up to a maximal CO, concentration of 5% (vol.%).
An IR detector used for CO, measurement at the bed out-
let works well up to the maximal CO, concentration of 5%
(vol.%), and the maximal CO, concentration of 5% is rec-
ommended for the best results. It was ensured every time
that CO, was desorbed completely from the adsorbent bed
before starting the next set of an experiment by monitoring

Fig. 1. Setup a diagram of the sorption unit.
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the CO, desorption data, maintaining N, flow for a suffi-
ciently long time displayed by the data logger.

3. Results and discussion
3.1. Adsorbent surface characterization

Surface area characterization of both the AC and SG
was carried out using a surface analyzer (Quantachrome
NOVAWiIn-NOVA Instruments, U.S.A.). The results obtained
are summarized and depicted in Table 1. Single point sur-
face areas of 858 and 590 m?/g were exhibited by activated
carbon and silica gel, respectively. The multipoint surface
area of 862 m*/g, which was nearly equal to the single-point
surface area, was observed for the AC. The AC revealed
a high pore volume of 0.425 cm?®g compared to SG. The
nearly same pore radii of 1.838 and 1.835 A were reported
for AC and SG, respectively.

The surface morphology of the AC and SG was analyzed
by the Field Electron and Ion Company (FEI) scanning elec-
tron microscope (FEI-Quanta 250 high resolution, Czech
Republic). The morphological images are shown in Fig. 2.
It was observed that pore density was significantly higher for
activated carbon compared to silica gel adsorbent and also the
pores were uniformly distributed, as depicted in Figs.2aand b.

3.2. Activated carbon

The reliance of sorption response (in terms of C/C)) on
time at different temperatures using the AC (wt. = 180 g)
is depicted in Fig. 3. The experiments were performed
at a feed rate of 6.67 x 10°° m®/s and a CO, concentration
of 0.05 (vol. fraction). The sorption breakthrough time
relies strongly on the sorption temperature. The maximal
breakthrough time and saturation time of 870 and 1,050 s,
respectively, were realized at a bed temperature of 298 K.
The breakthrough time and saturation time declined to
725 and 915 s, respectively, upon increasing the tempera-
ture at 308 K. A reduced breakthrough time of 630 s was
attained at a sorption temperature of 318 K. The sorption
temperature of 328 K attributed to reduced breakthrough
and saturation times of 530 and 675 s, respectively. The pro-
longed breakpoint time at decreased temperature signifies
the enhanced sorption capacity.

On the other hand, the breakthrough curve is vastly
steep and signifies the maximal utilization of the sorbent
capacity. The utilization of maximal capacity at a break-
point is desired for the economical separation for CO,. The
steepness of the response curve signifies the narrowness
of MTZ. A narrow MTZ attributes to faster adsorption. In
all the cases, minute differences in the width of MTZ were

Table 1
Brunauer-Emmett-Teller surface characterizations

Characteristics Activated carbon  Silica gel
Single point surface area (m?*/g) 858 590
Multipoint surface area (m?/g) 862 599
Micropore volume (cm?®/g) 0.425 0.273
Pore radius (A) 1.838 1.835
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Fig. 2. Surface morphological images: (a) activated carbon and (b) silica gel at 2,000x magnification.
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Fig. 3. Breakthrough response for activated carbon for AC (F = 6.67 x 10° m?/s; C,=5%).

observed, which indicates almost the same utilization of
bed capacity at the breakthrough point. The lowest layer
of the bed is nearly saturated and mostly, the adsorption
takes place over a comparatively narrow adsorption zone,
wherein the concentration varies quickly. The breakthrough
curve is vastly steep for a relatively narrow MTZ, and the
majority of the bed capacity is used at the breakpoint. A nar-
row MTZ characterizing the competent use of the adsorbent
leads to reduced costs of energy regeneration.

The sorption responses at various feed rates are
depicted in Fig. 4. The feed rates of 5.00 x 10° m?/s,

6.67 x 10> m?/s, and 8.33 x 10° m3/s were selected at a fixed
temperature of 298 K. The breakthrough and saturation
times vary significantly with feed rates. The prolonged
breakpoint time of 1,145 s was attained at a feed rate of
5.00 x 10° m?s. The breakpoint time reduced from 1,145
to 975 s upon raising the feed rates from 5.00 x 10~ m%/s
to 6.67 x 10~ m?/s. The minimal breakthrough and satu-
ration times of 815 and 985 s, respectively, are exhibited
by the AC at a feed rate of 8.33 x 10~ m?/s. The saturation
and breakthrough periods reduced considerably with an
increase in feed flow rate.
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Fig. 4. Breakthrough sorption response at various feed rates for AC (T =298 K; C; = 5%).

Also, the narrow MTZ exhibited by AC characterizes
the suitability of carbon-based adsorbent for carbon dioxide
separation from the CO,/N, mixture. The steepness of the
curve (S-shape) is very significant and highly desirable for
economical adsorption. The MTZ moves up the column as
feed mixture flow. After the breakpoint time is approached,
the concentration C rises very quickly up to the end of
the curve, where the bed is judged unproductive.

The sorption capacity is estimated by dynamic mass
balance, which needs integration of the adsorption data.
Utilizing the curve data, the time (t) of the total/stoichio-
metric capacity is normally tabulated by integrating the
following equation [48]:

t, :I:[l—é]dt M

where C is the CO, concentration at time ¢, and C is the feed
concentration of CO,. Knowing ¢, the dynamic capacity g, of
the bed can be calculated as [49]:

Ft C
=t @)

mad

where F is the total feed molar flow rate, and m_; is the mass
of sorbent used in the bed. The portion of the column where
the adsorbate is really adsorbed on the sorbent is known
as the L,,.,. The MTZ normally shifts from the inlet toward
the exit during the sorption operation. This means that the
sorbent adjacent to the inlet becomes saturated with the

adsorbate first and then the sorption zone toward the end-
side of the bed. A schematic depiction of the response curve
and the shift of the MTZ are shown in Fig. 5. The L, was
approximated assuming the constant pattern adsorption [50]:

L 2L(t,-t,) )

MTZ
t +t,

where L is the bed length, and t, and ¢ stand for break-
through time and saturation time (exhaustion time),
respectively. These are the times corresponding to the out-
let concentrations of 5% and 95%, respectively. For the
assumed symmetric breakthrough curve, the bed capacity
utilization can be estimated using the utilization factor as:

0.5Ly,

f=1- 4)

The characteristic parameters of sorption, that is, satura-
tion time, breakthrough time, L, ., and capacity utilization
factor can be determined from the response curves (Figs. 3
and 4) for AC, as listed in Table 2. The breakthrough and
saturation times decrease with increased sorption tempera-
ture, leading to longer MTZ. Also, these times reduced with
feed flow rate, resulting in an increased L,.,. In common,
the reduced temperature led to shorter MTZ owing to the
increased nucleation of product species. The L,,., increases
with an increase in temperature and flow rate. The maximal
Ly, €qual to 5.78 cm was realized at T =328 K and feed rate of
F=6.67 x 10° m*/s and reduced to 4.50 cm at a temperature of
298 K for AC. The utilization factor decreases with increased
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sorption temperature and feed rate, and a maximal value of

f=0.919 was achieved at T =298 K and F = 5.00 x 10~ m?/s.
The CO, sorption capacity variation with temperature

is predicted in Fig. 6. The data were obtained at a feed
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Fig. 5. Breakthrough and mass transfer zone.
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rate of 6.67 x 10° m®/s. The maximal adsorption capacity
of 32.99 g CO,/kg adsorbent was attained at a temperature
of 298 K, but reduced to 26.00 g CO,/kg adsorbent with
an increased temperature of 308 K. The maximal sorption
capacity of 22.44 g/kg adsorbent was obtained with a col-
umn temperature of 318 K. The sorption temperature of
328 K contributed to a CO, capacity of 11.22 g/kg adsor-
bent. It was found that the maximal selective capacity of
the adsorbent for CO, strongly depended on the tempera-
ture and significantly reduced with an increase in the bed
temperature. The reduced sorption temperature increases
the selective capacity of CO, adsorption from the CO,/
N, feed mixture. The saturation adsorbent capacity varies
significantly with bed temperature. The concentration of

Table 2
Effect of operating conditions on characteristics parameters
for AC

T(K) F x10° ¢t (s) t(s) Lengthofmass Utilization
(m?/s) transfer zone factor (f)
(Lyirz) (cm)
298  6.67 870 1,050 4.50 0.906
308  6.67 725 915 5.56 0.884
318  6.67 630 778 5.05 0.895
328  6.67 530 675 5.78 0.879
298  5.00 1,145 1,345 3.86 0.919
298  8.33 815 988 4.60 0.904
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Fig. 6. Sorption capacity vs. temperature curve for AC (F = 6.67 x 10> m®/s; C, = 5%).
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the adsorbed gas or the adsorption capacity lessens with an
increase in the bed temperature at a given equilibrium pres-
sure, as adsorption is an exothermic process.

The adsorption isotherms at a feed rate of 6.67 x 10> m?/s
utilizing AC are exhibited in Fig. 7. The impact of different
temperatures on the sorption response was investigated
at a fixed inlet CO, concentration of 5% (vol.%). The sorp-
tion capacity increases considerably with an increase in
the pressure of the CO,. At a bed temperature of 298 K,
the maximal adsorption capacity of 32.99 g CO,/g adsor-
bent was realized at an equilibrium partial pressure of
1.25 x 10° N/m? The capacity declined from 32.99 g CO,/
kg adsorbent to 12.20 g/kg adsorbent on reducing the CO,
partial pressure from 1.25 x 10° N/m? to 0.50 x 10° N/m?
At the same sorption temperature (T = 298 K), the adsorp-
tion capacity of 1.42 g CO,/kg adsorbent was determined.
For an adsorption isotherm produced at a bed temperature
of 308 K, the minimal capacity of 1.09 g CO,/kg adsorbent
(P*=0.062 x 10° N/m?) was exhibited by the adsorbent bed,
and the capacity further enhanced to 20.14 g/kg adsorbent
at a CO, pressure of 1.0 x 10° N/m?. The sorption capacity of
22.441 g/kg adsorbent at a partial pressure of 1.25 x 10° N/
m? was realized corresponding to a temperature of 318 K
and capacity declined considerably to 10.34 g CO,/kg
adsorbent at a CO, pressure equal of 0.625 x 10°N/m?. The
minimal adsorption capacity of 0.941 g CO,/g adsorbent
was realized at a CO, partial pressure of 0.625 x 10° N/m>
The maximal and minimal capacities of 11.22 g/kg adsor-
bent and 0.47 g/kg adsorbent were exhibited at equilibrium
partial pressures of 1.25 x 10° N/m? and 0.063 x 10° N/m?,
respectively, by fixing the sorption temperature at 328 K.
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At a constant partial pressure of 1.25 x 10° N/m? the
capacity of 26.00 g CO,/kg adsorbent was exhibited at a tem-
perature of 308 K and declined to 22.44 g CO,/kg adsorbent
at a bed temperature of 318 K. Different gases are adsorbed
to different extents under comparable conditions. It can be
concluded that increasing the pressure of CO, will cause
more of the adsorbable gas to be adsorbed, as the rising curve
indicates. It may be concluded that the adsorption capacity
increases remarkably with the partial pressure of CO,.

The reliance of the feed rate on the capacity utilizing
AC from a CO,/N, mixture is depicted in Fig. 8. The bed
temperature was fixed at 298 K, and the adsorbable gas
concentration in the feed (CO,) was adjusted at 5% (vol.%).
The sorption capacity increases considerably with an
increase in the feed (N, + CO,) rate from 5.00 x 10 m?/s to
8.33 x 10”° m?/s. The capacity of sorption of 32.36 g CO,/kg
sorbent was realized at a feed rate of 5.00 x 10° m3/s and
further enhanced to 36.39 g CO,/kg sorbent upon rais-
ing the feed rate at 6.67 x 10° m®/s. The maximal capacity
of 39.14 g CO,/kg sorbent was attained at a feed rate of
8.33 x 10° m?%/s. It was realized that as the increasing amount
feed (fluid) is passed through the sorption column, the sor-
bent adsorbs an increasing amount of solute (CO,) from the
feed gas mixture yielding to increased sorption capacity.
Therefore, it can be concluded that the sorption capacity of
the sorbent enhances significantly with increasing feed rates.
The higher feed rate favors the increased sorption capacity
of the adsorbed gas from the feed mixture (N, + CO,).

The adsorption isotherms obtained at T = 298 K with
feed rates ranging from 5.00 x 10° m?/s to 8.33 x 10° m?/s
are depicted in Fig. 9. The capacity enhances with a rise

0.8 1 1.2 1.4

CO, Partial pressure, P*x 10-5(N/m?)

Fig. 7. Sorption capacity vs. partial pressure curves for AC (F = 6.67 x 10 m¥/s).
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in the partial pressure of the adsorbable gas (CO,). The
minimal sorption capacity equal of 1.43 g CO,/kg sorbent
was obtained at a CO, pressure of 0.063 x 10° N/m? and
the capacity increased to 25.07 g CO,/kg adsorbent upon
raising the CO, pressure to 1.0 x 10° N/m? at a feed rate of
5.00 x 10”° m3/s. The maximal capacity equal to 32.36 g CO,/
kg sorbent was exhibited at the CO, partial pressure of
1.25 x 10°N/m? The increased capacity of 28.23 g adsorbent/
kg sorbent was determined at a CO, partial pressure equal
to 1.0 x 10° N/m? on fixing the feed rate at 6.67 x 10° m%/s.
The maximal capacity increased to 36.39 g CO,/kg sorbent
at a partial pressure of 1.25 x 10° N/m? with a feed rate of
6.67 x 10° m?*s. The minimal and maximal capacity of
1.68 g CO,/kg sorbent and 39.14 g CO,/kg sorbent with an
increased feed rate to 8.33 x 10° m?®/s adsorbent were real-
ized by controlling the partial pressures of 0.063 x 10° N/
m? and 1.25 x 10° N/m? respectively. Generally, capacity
improved remarkably with an increase in the feed flow of
CO,/N,. The dependence of the capacity is more pronounced
with adsorbable gas partial pressure compared to feed rates.

The temperature profiles of different temperature sen-
sors (T1-T6) are depicted in Fig. 10. Temperature sensors
T7 (308 K) represent hot water circulator temperature.
The temperature rising above the set point during the
initial sorption period attributes to the adsorption, which
is exothermic in nature and accompanied by the liberation
of heat. The temperature sensors are located at various
positions in the column along the length. The tempera-
tures T1 and T6 represent the top and bottom temperatures
respectively, whereas the temperatures T2-T5 corresponds
to the intermediate column temperature from the top to
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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 from the top of the col-
umn, 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.

Due to the exothermic nature of adsorption, the mass
transfer front is followed by a rise in temperature, which
is supported by temperature profiles at different positions.
Also, it was observed that like the concentration of CO,,
the heat generated due to adsorption led to a rise in the
temperature inside the adsorption column.

The accuracy was judged using the repeatability mea-
surement. Repeatability is measured by generating two
sets of data at 298 K and a feed flow rate of 5.00 x 10~ m?/s.
The closeness of the data depicted in Fig. 11 indicates the
reliability of the data. R-squared (R?) has been found to be
equal t0 0.9962, and its value near to 1 signifies a good correla-
tion among the repeated measurements. The data obtained
for CO, adsorption is of high quality and reliable. The
closeness of the data obtained under the same operating
conditions signifies the quality of the data obtained.

The uncertainty analysis (error analysis) was carried
out for all the measurements. The error in the measurement
of gaseous flow rate using mass flow controllers F, F,, and
F, as well as temperature measurement were determined.
The uncertainty in the analysis of all the measurements is
depicted in Table 3. The uncertainty in the measurement
of temperature is estimated as #0.15 K. The controllers
F, (N, flow) and F, (CO, flow) contribute to uncertainty

60.0
55.0

T1
50.0

3
45.0 5

T2

T4

Temperature T(°C)

0 1500 3000

4500 6000 7500 9000

Sorption-desorption cycle time t (sec)

Fig. 10. Temperature profiles inside the sorption column employing AC (F = 6.67 x 10° m¥/s).
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Fig. 11. Repeatability measurement for AC (T =298 K; F =5.00 x 10~° m%/s; C, = 5%).

Table 3
Uncertainty analysis of measured data
Variable (x) Sensor type Uncertainty (dx)
N, flow rate (m?/s)  Mass flow meter (F)  +0.04
CO, flow rate (m%s) Mass flow meter (F,)  +0.02
IR feed flow (m*/s) Mass flow meter (F,)  +0.01

Bed temperature (K) Thermocouple type-K +0.15

between +0.04 and #0.02 m?®s, respectively. The uncer-
tainty with the measurement of feed flow to the IR sensor
using mass flow controller F, stands at +0.01 m®/s.

3.3. Silica gel

The sorption response curves generated at different
temperatures using silica gel (wt. = 275 g) sorbent are depicted
in Fig. 12. The feed rate was controlled at 6.67 x 10> m?/s
with the initial CO, concentration fixed at 0.05 (vol. frac-
tion). The sorption periods alter significantly with the bed
temperature. The breakthrough time and saturation time of
195 and 350 s, respectively, were estimated at a temperature
of 298 K. The breakpoint time reduced to 152 s upon raising
the temperature to 308 K with a saturation time of 290 s.
The bed temperature of 318 K contributed to the decline in
the breakpoint time and saturation time of 122 and 240 s,
respectively. The breakpoint time and saturation time both
retarded remarkably with an increase in the temperature.
The prolonged breakthrough time and saturation time that
characterize the capacity of adsorption were reported for

AC compared to the SG type sorbent. Under the same con-
ditions of sorption temperature, that is, 298 K and feed rate
(6.67 x 10° m¥/s), the breakpoint periods between 870 and
195 s were exhibited for AC and SG, respectively. The break-
point time reported for AC is almost more than 4 times that
reported for SG at a fixed temperature (T = 298 K) and feed
rate (F = 6.67 x 10 m?/s). In the case of SG, the time required
to reach the saturation condition of the bed from the break-
through point is 155 s at a sorption temperature of 298 K
compared to alower value of 118 s at a temperature of 318 K.

The influence of the feed rates on the sorption response
of CO, separation utilizing SG is exhibited in Fig. 13.
The sorption response was analyzed at feed rates of
5.00 x 10° m3/s, 6.67 x 10”° m3/s and 8.33 x 10 m?/s con-
trolling the temperature at 298 K. The prolonged break-
point and saturation times of 250 and 425 s, respectively, are
exhibited for SG adsorbent at a feed rate of 5.00 x 10° m?/s.
The breakpoint time declined to 195 s on increasing the
feed rate to 6.67 x 10~ m?/s. The saturation time of 370 s was
reported at a constant feed rate of 6.67 x 10~ m?/s. The break-
through and saturation times of 180 and 340 s, respectively,
were achieved at a maximal feed rate of 8.33 x 10° m?3/s.

The characteristic parameters of the CO, sorption deter-
mined from the breakthrough curves (Figs. 12 and 13) for
SG are depicted in Table 4. In general, the reduced break-
through and saturation time have been obtained for SG
compared to AC. The breakthrough and saturation times
reduce with an increase in temperature, resulting in lon-
ger MTZ. Also, these times reduce with an increase in the
feed flow rate, resulting in an increase in the L, . In gen-
eral, the L,,, increases with a rise in temperature and feed
rate. The maximal value of L, = 15.65 cm was obtained at a
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Table 4
Effect of operating conditions on characteristics parameters for SG

T (K) F, x 107 (m®%/s) t,(s) t (s) Length of mass transfer Utilization
zone (L,,.,) (cm) factor (f)
298 6.67 195 350 13.65 0.706
308 6.67 152 290 14.99 0.688
318 6.67 122 240 15.65 0.674
328 6.67 105 206 15.59 0.675
298 5.00 250 425 12.44 0.740
298 8.33 180 340 14.77 0.692

temperature of 318 K and a feed flow rate of 6.67 x 10° m?/s.
The utilization factor decreases with an increase in sorp-
tion temperature and feeds flow rate. The maximal uti-
lization factor f = 0.740 was determined at T = 298 K and
F =5.00 x 10° m®%s for SG. The capacity utilization factor
obtained for AC is significantly higher compared to that of
SG under the same operating condition of temperature and
feed rate. Also, the L,,., determined for AC is considerably
small in comparison with L, ., of SG.

The dependence of sorption capacity on the temperature
for SG is depicted in Fig. 14. The data were generated at a
superficial velocity of 6.67 x 10~ m?/s. The capacity of sorption
reduced considerably with an increased sorption tempera-
ture. The maximal sorption capacity of 6.35g CO,/kg sorbent
was achieved at a temperature of 298 K and it declined to

7.00

6.50

6.00 AN

5.50 AN

5.00 ‘e
4.50

4.00

3.50

Sorption Capacity, g, (gm CO,/Kg sorbent)

3.00

2.50

2.00

295 300 305 310

4.95g CO,/kg sorbent on raising the temperature to 308 K.
The bed temperature of 318 K contributed to a CO, capac-
ity of 4.19 g CO,/kg sorbent at similar operating conditions.
The capacity further reduced to 3.30 g CO,/kg adsorbent
on raising the sorption temperature at 328 K. It was clearly
demonstrated that the adsorption capacity of the adsorb-
able gas (CO,) declined notably with the increase in the bed
temperature (Fig. 14). The concentration of the adsorbed gas
or adsorption capacity lessened with an increase in the tem-
perature at a given equilibrium pressure. The capacity exhib-
ited by the silica gel is considerably lower compared to that
obtained for activated carbon at the same temperature.

The adsorption isotherms produced at sorption tem-
peratures ranging from 298 to 328 K for SG are presented in
Fig. 15. The sorption capacity increases considerably with

315 320 325 330

Sorption temperature, T(K)

Fig. 14. Sorption capacity vs. temperature curve for SG (Q = 6.67 x 10 m’/s; C, = 5%).
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Fig. 15. Sorption capacity vs. partial pressure curves for SG (F = 6.67 x 10° m%/s).

an increase in CO, pressure. The capacity of 4.63 g/kg sor-
bent was determined at a CO, pressure of 1.0 x 10° N/m?
for isotherms generated at T = 298 K. At the same sorption
temperature of T =298 K, the minimal and maximal capac-
ity of 0.20 g CO,/kg sorbent and 6.35 g CO,/kg sorbent was
attained at CO, partial pressures of 0.063 x 10° N/m? and
1.250 x 10° N/m? respectively. At an increased sorption
temperature of 308 K, the maximal capacity of 4.95 g CO,/
kg sorbent was attained at a fixed partial pressure of
1.25 x 10° N/m?. Similar trends of capacity variation with
CO, partial pressure have also been realized at an increased
sorption temperature of 318 K, fixing the feed rate equal to
6.67 x 10~° m>/s. The capacity of adsorption further declines
on raising the temperature to 328 K. The adsorption capacity
of 1.0 g CO,/kg sorbent was estimated at a CO, partial pres-
sure of 0.5 x 10° N/m? and further increased to 2.76 g CO,/
kg sorbent on raising the partial pressure at 1.13 x 10° N/m?
The maximal capacity of 3.3 g CO,/kg sorbent was deter-
mined at a maximal partial pressure of 1.25 x 10° N/m?.

The impact of the feed rate on the capacity of CO, uti-
lizing the SG sorbent from a mixture of CO, + N, has been
depicted in Fig. 16. The temperature was fixed at 298 K
and the adsorbable gas concentration in feed was adjusted
at 5% (vol.%). It is noticed that the capacity increases con-
siderably with increased feed flow rate (N, + CO,). The
capacity of adsorption of 5.91 g CO,/kg sorbent was real-
ized at the feed flow rate of 5.00 x 10° m?/s. It was further
increased to 6.78 g CO,/kg sorbent on raising the feed flow
rate to 6.67 x 10° m®s. The maximal adsorption capacity
equal to 7.64 g CO,/kg sorbent was attained at a feed rate of

8.33 x 10° m?/s. It was realized that as the increasing amount
of feed (fluid) is passed through the adsorption column, the
adsorbent adsorbs an increasing amount of solute (CO,)
from the feed gas mixture resulting in increased adsorption
capacity. Therefore, it can be concluded that the adsorption
capacity of the sorbent enhanced significantly with feed rate.
The higher feed flow favors the increased adsorption capac-
ity of the adsorbed gas from the feed mixture (N, + CO,). It is
suggested that higher feed flow is advantageous for achiev-
ing a higher adsorption capacity.

The adsorption isotherms obtained at T = 298 K for the
feed rate ranging from 5.00 x 10° m®/s to 8.33 x 10° m®/s have
been depicted in Fig. 17. The sorption capacity improves
with raised CO, pressure. The minimal capacity equal to
0.188 g CO,/kg sorbent was realized at a CO, pressure of
0.06 x 10° N/m? and the capacity increased to 1.49 g CO,/kg
sorbent on raising the pressure at 0.38 x 10° N/m? under the
constant feed rate of 5.00 x 10° m?/s. The maximal capacity
equal to 5.91 g CO,/kg sorbent was achieved at a CO, pres-
sure of 1.25 x 10°N/m?2 The capacity increase of 4.85 g /kg
sorbent was tabulated at a CO, partial pressure of 1.0 x 10°N/m?
with an increased feed flow rate of 6.67 x 10° m®s. The
maximal capacity improved to 6.78 g CO,/kg sorbent at
a partial pressure of 1.25 x 10° N/m? under a fixed feed
rate of 6.67 x 10° m’/s. The minimal and maximum capac-
ity of 0.22 g CO,/kg sorbent and 7.64 g CO,/kg sorbent
with an increased feed rate of 8.33 x 10°m?®’s was realized
at partial pressures of 0.06 x 10° N/m? and 1.25 x 10° N/m?,
respectively. Generally, the sorption capacity of the sor-
bent improved remarkably with increased feed flow of the
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CO,/N,. The dependence of the sorption capacity is more
pronounced with adsorbable gas partial pressures compared
to feed rates.

4. Conclusion

The sorption breakthrough time relies strongly on the
sorption temperature and reduces with an increase in tem-
perature. The maximal breakthrough and saturation periods
of 870 and 1050 s were exhibited for AC at a bed tempera-
ture of 298 K, respectively. The prolonged breakthrough
and saturation times have been realized for AC compared
to SG under constant operating conditions. The prolonged
breakthrough time results in increased adsorption capacity.
The breakthrough curves of AC are vastly steep signifying
the maximal utilization of bed capacity at the breakpoint.
A narrow MTZ characterizes the efficient use of the sorbent
resulting in the reduction of costs of energy regeneration.
The breakthrough and saturation times reduce significantly
with an increase in the feed rate, respectively, and the pro-
longed breakpoint time of 1,145 s was attained at a feed
rate of 5.00 x 10°m?/s for AC. These times are considerably
higher than the values obtained for SG. In general, the L,
increases with raised temperature and feed flow rate, and the
maximal L, equal to 5.78 cm was determined at T = 328 K
and F = 6.67 x 10°m®/s for AC. The utilization factor reduces
with an increase in temperature and feed rate. The maximal
utilization factors of 0.919 and 0.740 were determined at
T=298 Kand F=5.00 x 10° m®*/s for AC and SG, respectively,
signifying the relevance of AC for CO, separation. The CO,
capacity strongly depends on temperature and significantly
reduces with an increase in bed temperature. The maxi-
mal capacities of 32.99 g CO,/kg sorbent and 6.35 g CO,/kg
sorbent were determined at a temperature of 298 K for AC
and SG, respectively. The capacity improves considerably
with a rise in the pressure of CO,, and AC exhibited higher
sorption capacity compared to SG at a lower adsorption
temperature of 298 K and flow rate of 6.67 x 10° m?/s. The
adsorption capacity increases considerably with increased
feed rates ranging from 5.00 x 10° m?/s to 8.33 x 10 m?s,
and maximal capacity of 39.14 g CO,/kg sorbent was
determined for AC. AC may be used for economical sep-
aration of CO, from the N,/CO, mixture owing to higher
sorption capacity, good utilization factor, and smaller L.
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