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ARTICLE INFO ABSTRACT

Keywords: Supported amine sorbents are extensively studied in literature due to their moisture tolerating abilities. Most of
Ces the work with this group of adsorbents pertain to experimental studies on adsorption capacity, kinetics, and
Supported amine sorbents stability tests on powdered sorbents. Only a handful of published studies have carried out thermodynamic
€02 capture . assessment and process modelling to evaluate the performance of supported amine sorbents in the context of
Vacuum swing adsorption . . . . .
Process optimization pressure and temperature swing adsorption processes. In this work, we have evaluated a commercially available
mesoporous silica (PERLKAT) adsorbent grafted with N-[3-(trimethoxysilyl)propyl] ethylenediamine for post-
combustion carbon capture by vacuum swing adsorption process (VSA). Experiments were first carried out to
obtain information on single component and ternary equilibrium data. The adsorbent has a total capacity of 0.95
mmol/g at 0.15 bar CO2 and 0.8 mmol/g at 0.05 bar CO; respectively at 70 °C. Ternary experiments at low
relative humidity shows that the CO; capacity is not affected in the presence of moisture. These results were used
as input to simulate and optimize a 6-step dual reflux vacuum swing adsorption (VSA) cycle. Detailed process
optimization shows that it is possible to capture 90% of the CO5 at 95% purity using our adsorbent. The min-
imum specific energy is 1 MJ/kg CO, captured on an electric basis when the VSA process is operated at 90 °C.

1. Introduction

Emissions from fossil fuel combustion and industrial sources account
for about 78% increase in greenhouse gas emissions since 1970s and
about a quarter of the global CO, emissions come from large point
sources such as power plants that use fossil fuels for generating elec-
tricity [1]. There are three major technologies for capturing CO, from
power plants: 1) pre-combustion carbon capture technology, where the
CO;, capture occurs before fuel combustion, 2) post-combustion carbon
capture technology, where the CO5 capture occurs after burning the fuel
and 3) oxy-fuel combustion in which the fuel is burnt in the presence of
oxygen. For existing power plants, post combustion carbon capture
technology is the most suitable since the capture unit can be retrofitted
to the power plant.

Absorptive COy capture using amines is the current benchmark
process for carbon capture, but its drawback is the high energy
requirement for regeneration of amines. Therefore, extensive research is
being carried out to evaluate absorption process [2-4], membranes [5,6]
and adsorption separation processes, as potential candidates for
capturing and concentrating CO5 from these sources [7-12]. In the case
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of adsorption processes, the research is mainly focused on the devel-
opment of novel materials, such as metal organic frameworks (MOFs),
zeolite imidazolate frameworks (ZIFs) and covalent organic frameworks
(COFs) with high CO, selectivity and capacity [13-15], and process
design and optimization to identify optimal process configuration and
operating conditions [7,10,16].

A typical post-combustion flue gas contains 4-15% CO,, depending
on the fuel used, along with a large amount of nitrogen and water vapour
[17-19]. One of the key challenges in implementing adsorption-based
carbon capture technologies is the presence of large amounts of mois-
ture in the flue gas, which is known to be detrimental to CO5 adsorption.
For instance in the case of zeolites, the H,O competes with CO2, and for
most MOFs, the stability in the presence of moisture may be an issue
[20-25]. Supported amine sorbents with good CO, adsorption capacity
and moisture tolerance can be potential adsorbents for COy capture
[26,27]. The supported amine sorbents are prepared by impregnating or
grafting a mesoporous silica or an activated carbon with various amines.

There are various studies on functionalizing silica, carbon and metal
organic frameworks (MOFs) with different amines, such as poly-
ethyleneimine (PEI) [27-32], tetraethylenepentamine (TEPA) [33-38],
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Fig. 1. Schematic of the breakthrough set up used in our study.

benzyl amine [39], various amino silanes [31,34,40,41] and other
amino groups [26,42,43], either by grafting or impregnation,. PEI is
commonly used, and most of the studies use silicas such as SBA-15 and
MCM-41 as substrates, with a few studies using commercially available
mesoporous silica. The variations in the silica substrate and the amines
used have resulted in a range of CO5 capacities at post combustion flue
gas conditions. For instance, SBA-15 silica impregnated with PEI had a
capacity of around 2.4-2.9 at 75 °C, while a TEPA impregnated SBA-15
exhibited a CO; capacity of 3.5 mmol/g at 0.1 bar at the same temper-
ature [44]. Amino silanes exhibited a range of capacities from around
0.5-2 mmol/g. MCM-41 silica impregnated with PEI had a CO5 capacity
of around 2 mmol/g [44]. A study on a Mg-MOF-74 grafted with TEPA
revealed that amine grafting enhanced the CO, capacity at 0.15 bar and
60 °C from 2.67 to 6.02 mmol/g. In the presence of moisture, the
adsorbent exhibited an increase in capacity to about 8 mmol/g [37].
There are few studies in the literature that have evaluated the per-
formance of supported amine sorbents in the context of cyclic adsorption
processes. Most of these studies are in the context of temperature swing
adsorption processes (TSA) in packed and fluidized beds for CO5 capture
[45-50]. A major drawback with the TSA process is that it is associated
with long heating and cooling times, which could affect the productiv-
ity. The other alternative is a pressure swing adsorption process that
cycles between a high pressure and low pressure and does not have any
heating or cooling steps. A PSA process cycling between atmospheric
pressure and vacuum is called a vacuum swing adsorption (VSA) process
and this is suitable for post-combustion CO, capture, as it avoids pres-
surizing the flue gas with large amounts of nitrogen. To the best of our
knowledge, there is only one study from Pai et al [51] on process

optimization of a VSA cycle using supported amine sorbents. This study
was performed to identify the minimum specific energy and maximum
productivity achievable in a 4-step VSA process. They found that sup-
ported amine sorbents perform better than zeolite 13X owing to their
very low nitrogen adsorption.

In most of the studies reporting CO5 adsorption isotherms, SBA-15 or
MCM-41 mesoporous silica is used in a powdered form. For an actual
VSA process, these adsorbents must be available in large quantities in
pelletized form. As these silica adsorbents are expensive to make,
commercially available mesoporous silicas can be used as substrates for
grafting or impregnation of amines.

The objective of this work is to evaluate the performance of an amino
silane grafted commercially available silica sorbent in the context of a
vacuum swing adsorption (VSA) process. First, the first adsorption iso-
therms of CO,, N5 and H5O were obtained from a commercial volumetric
apparatus. An inhouse breakthrough set up was then used to study
adsorption of binary and ternary mixtures of CO3 and Ny and COj, Ny
and H5O, respectively. The breakthrough set up was also used to study
the sorption kinetics of CO,. These data were then used to simulate and
optimize a 6-step vacuum swing adsorption cycle comprising of
adsorption, rinse, co-current evacuation, counter-current evacuation,
light reflux, and light product pressurization for CO, capture from a
representative coal-fired power plant. Detailed optimization of the 6-
step VSA cycle was then carried out to identify operating conditions at
minimum specific energy and maximum productivity subject to 95%
COq, purity and 90% CO; capture rate targets.
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2. Experimental section
2.1. Chemicals and materials

Mesoporous silica (PERLKAT) beads (1-3 mm diameter) were
received from BASF. N-[3-(trimethoxysilyl) propyl] ethylenediamine
(97% purity) and toluene (>99.5% purity) were purchased from Sigma-
Aldrich. CO5 and N5 gases were purchased from AGA (99.999% purity).

2.2. Grafting of amine functionalized groups

The silica beads were functionalized with amine groups using the
following grafting method adapted from previous publications [52,53].
The silica support (3.0 g) was dried at 150 °C for 2 h before adding it to a
solution of N-[3-(trimethoxysilyl)propyl]ethylenediamine (9 ml) and
toluene (75 ml) in a 250 ml round bottom flask under Ar atmosphere.
The mixture was stirred at room temperature for 1 h before heating in an
oil bath to 85 °C under Ar and reflux and kept under these conditions for
24 h. After that, the round bottom flask was lifted from the oil bath and
the mixture was allowed to cool down for 30 min before adding water
(0.9 ml). The round bottom flask was again lowered into the oil bath to
reach 85 °C, and the reaction continued at this temperature for another
24 h with stirring under Ar atmosphere and reflux. After the reaction,
the final material was filtered and washed with toluene before drying at
80 °C overnight.

2.3. BET and pore characterization

Specific surface areas were estimated from N isotherms recorded at
liquid nitrogen temperatures (77 K) using the BET formalism. Sample
activation was typically carried out overnight at an external pre-
treatment unit (BELPREP II vac) at 90 °C under vacuum prior to a
short (2 hr) pre-treatment at the BELSORP Mini instrument. Micropore
volume was estimated using the t-plot method based on said Ny isotherm
measurements at 77 K, while larger pores were analysed using a Hg-
porosimeter (Micromeritics AutoPore IV 9520) operating from 10°°
bar to 4140 bar covering the pore diameter range from approximately
360 to 0.003 pm.

2.4. Crushing strength

The crushing strength of the beads was measured by using a Zwick/
Roell Z250 universal test machine equipped with 500 N load cell. One
bead at a time was placed between the parallel compression plates. The
lower compression plate was raised at a rate of 0.2 mm per minute while
the force (Newton) was recorded as a function of deformation of the
bead in millimeter. The force at the moment when each particle breaks is
recorded (TestXpert II) and results for the 3-4 beads are averaged and
reported as the average crushing strength.

2.5. Adsorption equilibrium

2.5.1. Single component adsorption isotherms

Single component CO5, N3 and H,0 isotherms were measured using a
commercial volumetric adsorption apparatus obtained from Belsorp.
About 100 mg of sample was packed into a sample cell and regenerated
overnight at vacuum and 100 °C. Once regeneration was finished ex-
periments were carried out for three different temperatures 70, 90 and
110 °C for CO; and at 70, 80 and 90 °C for H;0. The experiments were
carried up to 1 bar for CO, and 0.04 bar for H,O.

2.5.2. Dynamic column breakthrough experiments

The schematic for the breakthrough experiment is shown in Fig. 1
and has been used to study supported amine adsorbents in an earlier
publication [50]. The set up contains an oven, which houses the
adsorbent column made of stainless steel, mass flow controllers for
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different gases and a bubbler for introducing moisture. The adsorbent
column was 10 cm long and 0.69 cm in diameter. The column also had a
provision for a thermocouple to monitor the temperature inside the
column. A humidity probe (Vaisala HMT 310, Accuracy + 0.6% RH) was
kept downstream of the column to monitor the humidity. The mass flow
controllers were purchased from Bronkhorst (ELFLOW 0-200 ml/min
CO3, 0-400 ml/min, Ny, accuracy + 0.1% FS). About 2 g of the beads
were packed inside the column. The mass flow controllers were cali-
brated with the corresponding gases, CO; and N prior to the experi-
ments. The transient exit concentration was monitored by a mass
spectrometer (ThermoFischer PROLAB). The experiments and the data
logging were done by LabVIEW software.

First, the packed column was regenerated in-situ overnight at 100 °C
under a nitrogen purge of 100 ml/min, and then cooled to the experi-
mental temperature. Once thermal equilibrium was attained, a step
change in CO2 concentration was introduced (30% CO3 in Nj).
Desorption with pure nitrogen succeeded the adsorption step. These
experiments were carried out with 30% COs in Ny at 70, 80 and 90 °C.
The adsorption and desorption steps had a flowrate of 150 ml/min and
35 ml/min respectively.

As seen from Fig. 1, the breakthrough apparatus contains a saturator
that was filled with 80 ml water and this was used to perform experi-
ments with moist feed. CO; and N, gases were bubbled through the
saturator and the humid gas was fed to the column. After the sample was
saturated, desorption was carried out by purging the column with pure
nitrogen at 35 ml/min. The breakthrough apparatus has a humidity
probe at the downstream of the column, which recorded the relative
humidity with respect to time. These breakthrough experiments were
carried out with a feed containing 10% COg, 2% H30 and the rest Nj.

Once the breakthrough experiments were complete, the raw mass
spectrometer signal was converted to a normalised concentration (C/Cop)
in the following manner

C _a(t) — Guin
EO a Omax — Omin (1)
Here, ¢ is the mass spectrometer signal, subscripts max and min corre-
spond to the maximum values of the signal.

The mol fraction of CO, with respect to time can be obtained by

C
y(t) =0 Co 2)
Here, yy is the mol fraction of CO; in the feed.

After completion of the breakthrough experiments, the packed col-
umn was removed and replaced by a 1/16” tube fitting and adsorp-
tion—desorption experiments were repeated with dry and wet gases. This
was done to estimate the adsorption isotherms while accounting for the
dead volume in the system. To measure the complete isotherm up to 0.3
bar for the dry experiments and 0.1 bar for the wet experiments, we used
the desorption branch of the breakthrough experiment. The isotherms
were calculated in the following manner by performing mass balance

e e
*7FCT ! Tg _ ' i (3)
T 1—<dyo 1—<yo
ads 0 W o .oy

<o c
packed blank

In this manner, the complete isotherm was obtained from a single
experiment by the integration the desorption curve at various concen-
tration levels.

2.5.3. Adsorption kinetics

The breakthrough apparatus was also used to study the kinetics of
CO adsorption in the amine sorbent. The breakthrough experiments
conducted at 70, 80 and 90 °C were simultaneously analysed using an
adsorption model for packed bed, which will be described in the sub-
sequent section. The residual between the experimental temperature
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Fig. 2. Schematic of the 6-step VSA cycle with LPP.
Table 1
Input parameters to the adsorption cycle simulation.
Parameter Value
Length of column (m) 1
Internal diameter (m) 0.1
External diameter (m) 0.11
Column void fraction 0.37
Adsorbent pellet density (kg/m>) 1052
Adsorbent specific heat (J/kg/K) 1700
Diameter of pellets (mm) 2
Internal heat transfer coefficient (W/m? K) 0
External heat transfer coefficient (W/m? K) 0
Specific heat of the gas mixture (J/kg/K) 1054

1.5 x 1073
106 x e—6415/T

Axial dispersion coefficient (m?%/s)
K LpF, coz 1)

and concentration curves and the model was minimized by fitting the
linear driving force (LDF) coefficient and the heat transfer coefficient
values. The objective function for the adsorption step was the following

3 m Vi —y 3 )4 © _T . 2
_ Z Z < 1.j.sim ij, evp) Z Z ( ik, sim 0. !,],exp) (4)

=1 j=1 i=1

where y and T are the mol fraction and the normalized temperature
respectively, the subscripts, sim, exp and 0 stand for simulation,
experiment, and feed values, while m and p correspond to the number of
experimental points for the concentration and temperature data. For
studying the adsorption kinetics, the breakthrough experiments were
carried out with a mixture of 15% CO5 and 85% N> as feed.

The simulation of the breakthrough curves was carried out in
MATLAB. We have simultaneously fitted the parameters for three tem-
peratures in the adsorption experiments, using a 1-dimensional non-
isothermal, non-isobaric model that is well established and validated
with experimental data [7,8]. The model is based on the following
assumptions:

1. Axial dispersion is considered

Table 2
Lower and upper bounds of the decision variables for the optimization.
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2. Ideal gas law is applicable

. Instantaneous equilibrium between the solid and the gas phases

4. Linear driving force (LDF) approximation to describe the mass
transfer

5. Radial gradients in concentration, temperature and pressure are
neglected

6. Adsorbent properties and bed voidage are uniform throughout the
column

7. The pressure drop is described by Blake-Kozeny equation [54]

w

The model equations were converted into the non-dimensional form
and numerically discretized in the spatial dimension using finite volume
technique. Thirty finite volumes and Van-Leer Flux smoothening func-
tion were used for discretization [55]. The discretized equations were
numerically solved in MATLAB using odel5s solver. Details of the model
equations are provided in the Supporting information. The first step was
to validate our code by comparing the CO, bed profiles from our sim-
ulations with the profiles reported in the work of Khurana and Farooq
[56].

3. Process study

We have chosen a 6-step cycle with light product pressurization,
light reflux, and heavy reflux, as shown in Fig. 2, for this work. This
cycle has already been studied by Khurana and Farooq [56] for CO5
capture from a dry flue gas in post-combustion conditions. The cycle
consists of the following steps:

1. Adsorption with feed: Here the feed is fed from the bottom of the
column (feed end). Preferential adsorption of CO5 and HO occurs
inside the column and the light product which is predominantly
made up of N> is collected at the product end.

2. Heavy reflux or rinse: The purpose of this step is to enhance the
purity of the CO, product. Here, the product stream from the sub-
sequent light reflux step is recycled in its entirety back to the column
to enhance the CO, concentration in the bed, close to the feed end.
This step is carried out at the same pressure as the adsorption step.

3. Co-current evacuation: The purpose of this step is to remove the
nitrogen from the column and to improve the CO5 product purity.
The column is closed at the feed end, and is evacuated from the
product end to an intermediate vacuum pressure (Piyt).

4. Counter-current evacuation: Here, the column is evacuated from
the feed end to a low pressure (P) for recovering the COy product.
The product end of the column is closed.

5. Light reflux: The light reflux step is carried out with a part of the
light product from the adsorption step to recover the remaining CO,
adsorbed in the solid by pulling vacuum from the feed end. The
entire stream from the light reflux step is refluxed to the rinse step to
conserve the productivity. This stream will have a slightly higher
concentration than the feed, but less than that of the counter-current
evacuation step. Since the step uses the light product nitrogen from
the adsorption step, the duration of this step must be less than the
duration of the adsorption step.

6. Light product pressurization: The column is pressurized with the
remaining light product from the adsorption step to prepare for
subsequent feed step.

Variable Adsorption Cocurrent Reflux step Counter current Cocurrent evacuation Counter current evacuation Feed velocity
time (s) evacuation time (s) time (s) evacuation time (s) pressure (Pyt)(bar) pressure (Pp)(bar) Vo (m/s)
Lower 10 10 1 10 0.1 0.1 0.1
bound
Upper 300 300 300 300 0.5 0.5 3

bound
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We have considered a system containing 15% CO2, 5% H>0 and rest
N3 at atmospheric conditions and at feed temperatures of 70 °C and
90 °C. Although the water content in the flue gas at these temperatures is
significantly higher than 5%, we have not extrapolated our isotherm
data to higher partial pressures to avoid any errors. The presence of
oxygen in the flue gas is not considered here. The CO5 kinetics data were
obtained from the dry breakthrough experiments. Nitrogen was
considered to be inert and hence a value of 1000 was assigned for the
mass transfer coefficient. For water, as an approximation, an equivalent
macropore diffusivity (Molecular and Knudsen) was calculated using the
mesopore diameter obtained from independent mercury intrusion
experiments.

The main performance indicators of the VSA process are CO; purity,
CO4, capture rate, specific energy consumption and productivity which
are defined as follows

CO, Purity = Molesco, counter - current evacuation ®

MOIeS(oml.coumer - current evacuation

MO]eSCOg‘counlcr current evacuation (6)

CO, capture rate =
MOleSCOZ,fed

MOIESCO counter current evacuation
Productivity = 2 - (V2]
Y Volume of adsorbent x cycle time

Energy icum 1+ ENCIY ompression

MOleSC()z ,Counter - current evacuation

(8)

Specific energy =

The energy consumption of the vacuum pumps was calculated using
equation 9 given below

= tacuum P 7
Y / P (S —) 1|t ©
7 — 10 o P(t)vacuum

Here ¢, is the bed void fraction, 1 is the thermodynamic efficiency of the
vacuum pump and Y is the ratio of the heat capacities. In our simula-
tions, the value of Y' is 1.4 and we have used a vacuum pump efficiency
of 72%.

The simulations were carried out until cyclic steady state was
reached, which means that the mass balance error for 5 consecutive
cycles was less than 0.6%. The mass balance error is described in the
following manner

1
2
Energyvacuum = ﬁgb”ri

Mass balance error = |MO]eSCOZ'm - MOleSCOE‘mu‘

X1 1
MOleSCOg,in 00 ( 0)

The maximum number of cycles used in the simulations was 300.

3.1. Process optimization

The next step was to perform rigorous process optimization for
identifying operating conditions with minimum energy consumption
and maximum productivity subject to 95% CO5 purity and 90% CO,
capture rate targets. The objective functions are as follows [7,57]
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Table 3
Crushing strength values for 4-different pellets.

Sample number Max crushing strength (N)

109
75.5
113
99.5

S W N =

Here 0.95 and 0.9 correspond to the 95% purity (dry basis) and 90%
capture rate constraints. The optimization was carried out using a non-
dominated sorting genetic algorithm (NSGA-II) in MATLAB, similar to
earlier published studies on VSA cycles [7,10,57]. The input parameters
to the process simulator are provided in Table 1. The performance of the
VSA cycle is dependent on the feed flowrate, the step durations, and the
vacuum pressures. In case of the 6-step cycle the decision variables that
affect the performance of the cycle are adsorption step time, the co-
current evacuation step time, the counter-current evacuation step
time, the reflux step time the co-current evacuation pressure, the
counter current evacuation pressure and the feed velocity. The
maximum duration of the reflux step was the duration of the adsorption
step. The duration of the rinse step was the same as the light reflux step
due to the fact that the entire stream is refluxed back into the column.
The duration of the light product pressurization step was dependent on
the durations of the adsorption and the reflux steps and the light product
flowrate. The LPP step was stopped once the high pressure (Py) was
attained as a longer duration does not have any significant impact on the
process performance (Table 2.).

The following constraint was imposed to prevent the optimizer from
choosing same pressures for co-current and counter-current evacuation
steps [7,56]

Pinr — P 20.02 bar (13)
4. Results and discussion
4.1. Crushing strength and BET measurements

The crushing strength of four different beads is shown in Table 3. The
values vary from 75 to 113 N with the average crushing strength being
99.5 N. The variation in the value is due to expected differences between
beads.

The BET measurements using 90 mg of the silica beads showed that
the material has a surface area of 117 m2/g post-grafting while the un-
grafted mesoporous silica has a surface area of 328 m?/g. In comparison
the surface area values for SBA-15 and MCM-41 silica are around
550-800 and 1000 m?/g respectively [58-60].

. Specific Energy CO, purity 2 CO, capture rate 2
Obj, =0 + 10000 * max( 0, 0.95 - R + 10000 * max( 0, 0.9 - — 00 an
. CO, purity z CO, capture rate 2
bj, = ——— 1001 0,095 - ———— 1001 0,09- ——— 12
Obj, Productivity + 10000 * max< , 0.95 100 + 10000 * max | 0, 0.9 100 (12)
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Fig. 3. (a) CO, and N, and (b) HyO isotherms obtained from volumetric
experiments.

4.2. Volumetric apparatus

Adsorption isotherms of CO3, N and HO are shown in Fig. 3. It can
be seen that the nitrogen adsorption is negligible in this sample. The
adsorption capacity of CO3 is 0.95 mmol/g at 0.15 bar and 70 °C. For
zeolite 13X, the current benchmark, the value is around 2 mmol/g at the
same pressure and temperature in dry conditions [8]. Comparison with
other amine grafted sorbents revealed that the CO, capacity obtained in
our study is in the range of the CO; capacity values reported in published
literature studies on amino silanes and with those reported by Rezaei
et al., on an amino silane grafted silica hollow fibre [31]. Fan et al., on a
PEI impregnated silica hollow fiber [61] and Psarras et al., with a pyr-
rolic group functionalised silica [62]. The CO capacity in our adsorbent
is much less than that the values reported for PEI impregnated MCM-41
or SBA-15 mesoporous silica.

The adsorption isotherms of water are linear at the measured range.

Table 4
CO, and H,0 adsorption isotherm parameters.

Parameter Reference pellet

CO, H,0
qs1(mmol/g) 0.8 0.8
bo,1(bar ™) 1.84 x 1077 1.85 x 107°
AH; (kJ/mol) -112.78 -39.8
qs2(mmol/g) 0.5 0.5
bo,o(bar ™) 1.35 x 107 1.85 x 107°
AH, (kJ/mol) -49.5 -39.8
AH (kJ/mol) -111.1 -39.8
Ky 70 °C (mmol/g/bar) 2.2 27.5
Mean squared error 4.4 x 107 2.2 x 107
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Fig. 4. (a) Adsorption and (b) desorption breakthrough curves at 80 °C. Fig. 4c
contains the normalised CO, desorption curves for the packed column and
the blank.

In this case we were only able to measure the isotherms up to 0.04 bar
due to the limitations in our set up.

The isotherm data was fitted to a dual site Langmuir model, which
can be expressed as

H-
—AZ2
gsobpe "7 P

1+ bozeiA%P

H|
— AL
o qs1by e %P

; H] (13)
1+ by e A7 P

For the sake of consistency, we have kept the saturation capacities
for water to be the same as that of CO». In general, the fitting is good,
except for the higher partial pressures at 80 °C. The dual site Langmuir
model may not be the right model to describe H,O adsorption, never-
theless, the model was able to predict the experimental data. Moreover,
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Fig. 5. Comparison of the CO, isotherms obtained from the breakthrough ex-
periments and volumetric set up.

Table 5
Comparison of CO, capacities obtained from volumetric and breakthrough
experiments.

Pressure and CO, capacity from CO;, capacity from

temperature breakthrough experiment volumetric experiment
(mmol/g) (mmol/g)

0.15 bar 70 °C 1.0 0.95

0.15 bar 90 °C 0.78 0.76

0.05 bar 70 °C 0.8 0.8

0.05 bar 90 °C 0.49 0.53

it is straightforward to describe the competitive adsorption with the dual
site Langmuir model. The isotherm parameters are provided in Table 4.
From the isotherm parameters we can see that the heat of adsorption for
CO4 is around -111 kJ/mol, which is typical of a chemisorption process.
This value agrees with the findings of Sanchez-Zambrano et al. [63].
H20 has a much lower heat of adsorption, which is consistent with
literature data [39]. The limiting henry’s constant value at reported in
Table 4 is obtained from the product of the saturation capacity and the
affinity coefficient at 70 °C. For CO», the value is 2.2 mmol/g/bar. In
comparison, zeolite 13X has a value of 38.2 mmol/g/bar at the same
conditions for CO, [8].

4.3. Dynamic column breakthrough apparatus

4.3.1. Adsorption equilibrium

Fig. 4 shows the adsorption and desorption curves of CO, at 80 °C.
The breakthrough of CO; is instantaneous with a breakthrough time of
17 s. One can see a slight roll up in the adsorption curve which is related
to the temperature effects due to adsorption. Equilibrium with feed
concentration is reached in about 10 min. As seen from Fig. 5b,
desorption takes longer time than the adsorption and it should be noted
that the desorption was carried out at 35 ml/min as opposed to 150 ml/
min in adsorption. The desorption is said to be complete if the nor-
malised concentration is 10~ and the base line of the mass spectrometer
signal 1071 is achieved. From the normalized CO, concentration profile
one can see that it takes about 7 h for the completion of the desorption
step.

The complete isotherm was obtained using equation 3 shown in the
earlier section, using the desorption curves of the blank and the packed
columns reported in Fig. 4c. Fig. 5 shows the adsorption isotherms up to
0.3 bar for 70, 80 and 90 °C from the breakthrough experiments. In
general, there is a good agreement with the isotherms from the volu-
metric apparatus. The differences in the shape of the isotherm can be
attributed to the differences in the samples used in the two experimental
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Fig. 6. (a) CO; and (b) H,O isotherms under ternary conditions. The isotherms
are from a breakthrough experiment carried out with 10% CO, and 2% H,0 in
N, at 90 °C.

rigs (2 g in the breakthrough experiments vs 100 mg in the volumetric

apparatus). We have also calculated partition coefficient used by a few

studies to compare different adsorbents and it is defined in the following

manner [64,65]

Partition coefficient = 7Am0'unt adsorbed 14
partial pressure

At 0.15 bar, the value was found to be 6.4 mmol/g/bar, and this is
about 3 times higher than the henry’s constant reported from the
volumetric experiments. The value of partition coefficient is slightly
lower than a TEPA grafted activated carbon, which has a value of 8.5
mmol/g/bar [64]. Table S1 in the Supporting information provides the
raw data for the isotherms obtained from the breakthrough experiments.
A comparison of the CO5 loading at two different partial pressures and
temperatures obtained from breakthrough experiments and the volu-
metric experiments is provided in Table 5.

The CO; isotherm under ternary conditions (10% COs2, 2% Ny and
rest No, 90 °C) are shown in Fig. 6. The presence of HyO in the feed
stream did not enhance the adsorption of CO, unlike other supported
amine sorbents grafted with PEL. We suspect that this could be due to the
fact that the water concentration is too low to cause any influence
[29,33].0n the other hand, CO5 adsorption is significantly affected in
zeolites owing to their strong hydrophilicity. In the work of Cmarik and
Knox [66], it was seen that if the zeolite was preloaded with more than
3.6 mol/kg of water, then the CO; adsorption capacity becomes
negligible.

Using the desorption curve of HyO, we calculated the ternary
adsorption isotherm for HyO, and we see from Fig. 6 b that there is small
drop in the adsorption capacity in comparison to the single component
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isotherms. This could indicate some competition for adsorption between
the two gases. As mentioned above, we have used a very low HyO
concentration in the breakthrough experiments. A better understanding
of the co-adsorption at high water partial pressures of 10% or more is
needed. Performing experiments with a high moisture content may be
challenging and molecular simulations can be a good tool to study CO»-
H,0 binary adsorption mechanisms [38,62].
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4.4. Adsorption kinetics

The kinetic constants were obtained by the minimizing the residual
between the experiment and simulated concentration and temperature
curves simultaneously for experiments carried out at three different
temperatures. The temperature dependence of the LDF coefficient was
described by the Arrhenius equation. The simulated concentration and
temperature curves in the breakthrough experiments are shown in
Fig. 7.

4.5. Process study:

In the previous sections, the adsorption capacities at different tem-
peratures and pressures were obtained from two different experimental
techniques. Further, we have also reported the henry’s constant and the
partition coefficient at 0.15 bar and 343 K. These metrics are typically
used to compare and rank adsorbents in literature. However, the true
ability of the material to achieve the desired process performance targets
such as 95% purity and 90% capture rate depend on the specifics of the
process configurations. It has been shown in literature that these metrics
calculated at constant pressure and temperature conditions do not
reflect the conditions in an actual adsorption process [9,10]. Moreover,
the performance of these materials is affected by the presence of water
and other contaminants as in the case of zeolites and most MOFs
[24,25]. Studying the performance of the materials in a cyclic process is
therefore a reliable way of assessing the performance of a given
adsorbent.

As mentioned before, we have employed a 6-step VSA cycle in this
study to evaluate the performance of our amino silane grafted silica.
First, we have validated our code with the bed profiles reported in the
work of Khurana and Farooq [56]. Fig. 8 shows the CO, concentration
profiles at cyclic steady state for the different steps of the VSA cycle. It
can be seen that there is a very good agreement between the two
simulated profiles.

The next step was to carry out detailed process optimization of the 6-
step VSA cycle to understand the performance of our supported amine
sorbent. We have used the adsorption equilibrium and kinetics data from
the volumetric and breakthrough experiments. The breakthrough ex-
periments were conducted with 2% H»0 in the feed due to the limita-
tions in our set up. Therefore, we used the volumetric data measured up
to 0.04 bar and extrapolated the competitive effect. The optimization of
the VSA cycle was carried out using the gamultiobj, function, which is a
part of MATLAB and uses a variant of the NSGA-II algorithm. In total
7000 simulations were performed (50 generations X 140 population per
generation) and the trade-off between specific energy and productivity
was plotted. Fig. 9 shows the Pareto fronts for the two temperatures, i.e.
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70 and 90 °C, respectively. The specific energy reported here is on an
electrical basis. All the points that lie on the Pareto front satisfy 95%
purity on a dry basis and 90% capture rate.

As seen from Fig. 9, the adsorption process shows a much better

Table 6
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performance at 90 °C than at 70 °C. This can be explained from the plots
of the two decision variables, evacuation pressures and flow rate in
Fig. 10. At 90 °C the feed velocities are higher than at 70 °C, which led to
more moles of CO; being treated per cycle and consequently an increase
in productivity was observed.

At the higher temperature, the cycle operated with a coarser vacuum
in the evacuation steps compared to 70 °C. This is due to the fact that at
70 °C the flowrates are lower and consequently less N is removed in the
adsorption and rinse step. So, a deeper vacuum was required in the co-
current evacuation step to get rid of the nitrogen. Furthermore, at 70 °C
water and CO are adsorbed much stronger, which necessitated a deeper
vacuum in the counter-current evacuation step, than at 90 °C. All this
resulted in a better performance at the higher temperature.

The minimum specific energy for 70 and 90 °C is 1.22 and 1 MJ/kg,
respectively. The maximum productivity values are 0.2 and 0.31 mol/
m°3ads/s, respectively. The corresponding operating conditions are
provided in Tables 6 and 7. The numbers are closer to the values of 0.27
mol/m® ads/s productivity and 0.8 MJ/kg specific energy reported for
zeolite 13X, the current reference adsorbent, by Krishnamurthy et al.
[57] in a 4-step VSA cycle. Pai et al. [51], reported similar productivity
numbers of 0.25-0.4 mol/m* ads/s, but much lower energy consump-
tion values of around 0.51-0.63 MJ/kg. However, it should be noted the
cycle configuration, feed compositions and operating temperatures in
these studies were different and comparison on a similar basis is
therefore necessary to benchmark this class of adsorbents with zeolite
13X. The energy performance is comparable with amines like mono-
ethanolamine (MEA) which have a specific energy of 1.1-1.4 MJ/kg
[67,68] on an electric basis and the sorbent performs slightly better at
90 °C (1.22 and 1 MJ/kg minimum energy at 70 and 90 °C for the 6-step
VSA process). However, new amines that show lower energy con-
sumption than MEA process for CO, capture are currently in develop-
ment [69,70]. Therefore, this requires a detailed study on supported
amine sorbents via adsorbent ranking in a VSA process and cycle syn-
thesis to identify operating configurations with much lower energy
consumption than the MEA process.

Fig. 11 shows the temperature swings in the column for the
adsorption and rinse steps corresponding to the feed temperature of 70
and 90 °C. These are the two steps where CO is fed to the column. In
both the cases, the maximum temperature values were close to about
120 °C. Such high temperature swings are normally associated with
sorbents having high heats of adsorption. Furthermore, the column is
also considered adiabatic, which could result in large thermal swings. It
has been shown from previous studies that there is a possibility of
deterioration in performance if the adsorbent temperature goes beyond
120 °C [31,71]. One can recommend lower feed temperatures to avoid
material deterioration, but this can slow down the kinetics and thereby
compromising the performance of the VSA process [30]. This necessi-
tates the careful use of these sorbents in the context of a cyclic adsorp-
tion process. These large temperature swings also eliminate the need for
a temperature swing adsorption process, which would have resulted in a
much higher cycle time. A vacuum swing adsorption process with an
amine grafted adsorbent exhibiting high COy/N; selectivity and good
moisture tolerance, operating at feed temperatures of 70-90 °C can
indeed meet the desired purity and capture rate targets.

5. Conclusions:

In this study we have evaluated a supported amine sorbent in the
context of post combustion carbon capture. Single component CO, and

Operating conditions and performance indicators corresponding to minimum specific energy conditions.

tads (8) teo-evac (S) ten-evac (8) treflux () Pyt (bar) Py, (bar) Vo (m/s) Purity (%) Capture rate (%) Prod (mol/m>/ads/s) Energy (MJ/kg)
70 °C 68.3 35 48.2 19.1 0.26 0.13 0.15 95 90.5 0.15 1.22
90 °C 89.5 24.7 42.7 22 0.34 0.17 0.18 95.8 90.2 0.21 1.0
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Operating conditions and performance indicators corresponding to maximum productivity conditions.

tads (8) teo-evac (8) ten-evac (8) treflux () Pt (bar) Py, (bar) Vo (m/s) Purity (%) Capture rate (%) Prod (mol/m®3/ads/s) Energy (MJ/kg)
70°C 541 26 35.5 18.8 0.25 0.11 0.21 95.1 90.4 0.21 1.49
90°C 845 25.3 34.6 25.2 0.37 0.13 0.27 96 91.1 0.32 1.23
ads/s. This work is a basic step to understand the performance of sup-
1207 @ e .. ported amine sorbents in a VSA process. Further work is necessary to
understand CO- adsorption at high moisture contents and also to iden-
110 tify the optimum operating configurations with energy consumptions
_____ comparable to that of the amine-based absorption process with novel
swod T solvents.
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H»0 isotherms were obtained from volumetric experiments performed
on a commercial equipment. Dynamic column breakthrough experi-
ments were performed with a 30% CO2-70% N, mixture for three
different temperatures (70, 80 and 90 °C). CO; isotherms obtained from
the breakthrough experiments were in good agreement with the results
from the volumetric apparatus. These results also confirmed that Ny
adsorption is negligible in this adsorbent. Ternary breakthrough ex-
periments were then carried out with a 10% CO» and 2% H50 in N3 as
feed at 90 °C. This experiment revealed that at low moisture concen-
trations, the CO5 adsorption was not affected. In comparison, adsorbents
grafted with PEI show an increase in CO5 adsorption in the presence of
moisture. Nonetheless, unlike zeolites and MOFs, the capacity is not
drastically reduced, and this is a positive aspect of our adsorbent. The
information from lab scale experiments was used to simulate and opti-
mize a six-step vacuum swing adsorption cycle. With the 6-step cycle it
was possible to achieve the purity capture rate targets of 95% and 90%
respectively at two feed temperatures of 70 and 90 °C. The adsorbent
performed better at the higher temperature owing to less intense vac-
uum requirements and higher volume of CO, treated due to better ki-
netics. The minimum specific energy at 90 °C was 1 MJ/kg CO, captured
on an electrical basis and the maximum productivity was 0.31 mol/m>
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