Corrigendum

This corrects parts of:

Screening Supported Amine Sorbents in the Context of Post-combustion Carbon Capture by Vacuum Swing Adsorption, S. Krishnamurthy, J. Boon,
C. Grande, A. Lind, R. Blom, R. de Boer, H. Willemsen, G. de Scheemaker, Chem. Ing. Tech. 2021, 93 (6), 929-940. DOI: https://doi.org/10.1002/
€ite.202000172

Eq. 2 should read:
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In Tabs. 1 and 2, the entry in column 1, line 3 is AU; [k] mol™'] and the entry in column 1, line 6 is AU, [kJ mol™'].
In Tab. 6, En of amino silane/SiO, at maximum productivity is 1.22 MJkg™" (line 6, column 6).

www.cit-journal.com © 2021 Wiley-VCH GmbH Chem. Ing. Tech. 2021, 93, No. 9, 1332-1336



Ingenieur  Research Article

Chemie
Technik

929

Screening Supported Amine Sorbents in the
Context of Post-combustion Carbon Capture by
Vacuum Swing Adsorption

Shreenath Krishnamurthy'*, Jurriaan Boon?, Carlos Grande', Anna Lind", Richard Blom',
Robert de Boer?, Hans Willemsen?, and Gabriel de Scheemaker®

DOI: 10.1002/cite.202000172

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

Supporting Information
available online

In Memory of Prof. Dr.-Ing. Jens Weitkamp

The aim of this work was to evaluate the performance of three different supported amine sorbents in a 6-step vacuum

swing adsorption (VSA) cycle through process simulation and optimization for a representative post-combustion CO,

capture system. Detailed process optimization revealed that all the adsorbents were able to achieve the desired purity-

recovery targets. The best performing adsorbent in terms of productivity was Lewatit with a productivity of 0.48 mol m™

adss™'. All the adsorbents exhibited similar minimum specific energy value of around 1 MJ kg™' on an electric basis.
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1 Introduction

The Paris Agreement of 2015 aims to keep the global average
temperature below 2 °C from pre-industrial levels [1]. A key
action to achieve this goal, is to capture and concentrate the
CO, from large emission sources such as power plants [2]. In
case of power plants, the three major approaches for CO,
capture are: (1) pre-combustion where the CO, is separated
prior to the combustion process, (2) post-combustion, in
which CO, capture is performed after burning the fuel and
(3) oxy fuel combustion where the fuel is burnt in the pres-
ence of pure oxygen [2]. All three methods give a CO, prod-
uct stream that can be used as carbon source for chemicals
(CCU) or permanently stored underground (CCS). Post-
combustion capture is particularly advantageous since the
capture unit can be retrofitted into existing power plants.
Processes utilizing solid adsorbents, together with absorp-
tion using amine solutions [3,4] and membranes [5, 6], are
the most commonly considered technologies for CO, cap-
ture. An adsorption process typically relies on the different
affinities of a porous solid for different gaseous compo-
nents. Based on the mode of regeneration, cyclic adsorption
processes are classified into pressure swing adsorption
(PSA) and temperature swing adsorption (TSA) processes.
TSA processes involve heating and cooling of the adsorbent
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bed and have long cycle times. Pressure swing adsorption
processes cycle between a high pressure and a low pressure.
If the PSA process cycles between atmospheric and vacuum
pressures, then it is called a vacuum swing adsorption
(VSA) process. A typical post-combustion flue gas contains
about 15% CO,, in case of a coal fired power plant, along
with moisture and a large amount of N, [7]. Therefore, in
this case, a vacuum swing adsorption process that avoids
compressing this flue gas with a large amount of nitrogen is
more suitable than a PSA process.

Traditionally, PSA processes have been designed for puri-
fying the less strongly adsorbing component, e.g., H, purifi-
cation process [8,9] and gas drying [9]. In the case of CO,
capture, the main goal is to recover the strongly adsorbed
CO, in sufficient concentrations. Therefore, this requires an
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adsorbent with a high CO, selectivity and capacity. Several
adsorbents such as zeolites [10-12], activated carbons
[13,14], metal-organic frameworks (MOFs) [15,16] and
zeolitic imidazolate frameworks (ZIFs) [17, 18] are currently
being explored for post-combustion CO, capture. Amongst
these adsorbents, Zeolite 13X is the most widely studied
adsorbent due to its commercial availability, low cost and
high CO, capacity [11,12]. A major drawback of this adsor-
bent is its hydrophilicity and that the strong adsorption of
water affects the adsorption of CO, [19,20]. Although it is
possible to achieve 95 % CO, purity and 90 % CO, capture
rate at low water concentrations, it is necessary to introduce
an initial layer of desiccant in the adsorption column or use
a separate column packed with a desiccant in order for the
VSA process to operate efficiently at higher moisture con-
tents [21-23]. The presence of water is also detrimental to
the CO, adsorption in most metal-organic frameworks and
in some cases can damage the crystal structure. A classic
example is the Mg-MOF-74, which is known to have a very
high CO, capacity, but is an unstable material showing sig-
nificant loss in CO, capacity with time in the presence of
water vapor [24].

To overcome such issues, supported amine sorbents are
being explored as potential candidates for post-combustion
carbon capture from a wet flue gas. These adsorbents have
amine moieties grafted in silica or carbon substrates and are
known to exhibit high CO, capacities in the presence of
water [25-31]. Although these adsorbents are well known
to the scientific community for quite some time now, few
knowledge gaps still exist. First and foremost, most of the
studies are concentrated on equilibrium, adsorption kinetics
and stability tests. Very few studies have been carried out to
evaluate the performance of supported amine sorbents in
the context of a cyclic adsorption processes such as VSA/
TSA [31-36]. Therefore, there is not enough information
on whether the adsorbent will be able to achieve the DOE
targets (95 % purity and 90 % capture rate) and if so, what
would the minimum specific energy consumption and the
productivity of the adsorption process using these adsorb-
ents. Recent publications from the groups of Farooq and
Rajendran have shown that a more reliable way to predict
the performance of adsorbents in the context of carbon cap-
ture is by performing process simulations and optimization
[10, 35,37, 38]. Through rigorous process optimization, it is
possible to identify whether the chosen adsorbent was able to
meet the DOE targets. This approach also makes it possible
to rank adsorbents that satisfied these targets by means of an
energy consumption vs productivity trade-off plot. Secondly,
in most of the published work, powdered mesoporous silica
like MCM-41 or SBA-15 are used [31]. For the adsorption
process to be implemented as a CO, capture technology, a
large amount of these silica-based materials needs to be syn-
thesized and this might be costly. As an alternative, commer-
cially available silica materials can be used for grafting amine
groups onto the silica substrate and there are a few studies us-
ing commercially available silica adsorbents [39-41].
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In a recent study from our group, we had explored the
performance of commercially available silica grafted with
an amino silane [42]. This was a multiscale study in which
we had performed experiments to obtain the CO, and H,0O
adsorption isotherms and detail process optimization using
the isotherm data for identifying optimum operating condi-
tions. From this study, we had seen that it was indeed possi-
ble to obtain 95 % CO, purity and 90 % CO, recovery using
our sorbent, in a 6-step VSA cycle.

The aim of the present work is to compare our adsorbent
with two other supported amine sorbents. One adsorbent is
Lewatit VP OC 1065 containing a primary benzyl amine
group. The other adsorbent is a commercial silica grafted
with PEI (polyethyleneimine). The adsorption isotherms of
the latter two adsorbents were obtained from literature. The
first step was to perform detailed process optimization by
genetic algorithm to identify the operating conditions at
minimum specific energy and maximum productivity. The
adsorbents were then ranked based on the productivity vs
specific energy trade-off plots. The next step was to identify
any relationship between the performance of the adsorbents
and the two isotherm characteristics, namely CO, capacity
and isotherm nonlinearity. These results will be discussed in
the subsequent sections.

2 Materials

The three supported amine sorbents that will be evaluated
are Lewatit VP OC 1065 (Lewatit), and two other silica sor-
bents grafted with polyethyleneimine (PEI/SiO,) and N-[3-
(trimethoxysilyl)propyl]ethylenediamine  (amino silane/
Si0,). Data for CO, and H,O isotherms for the first two ad-
sorbents are extracted from the work of Veneman et al. [29]
and Dijkstra et al. [41] using the web plot digitizer software.
The amino silane grafted silica adsorbent was characterized
at SINTEFE. CO, isotherms were measured for 70, 90 and
110 °C while H,O isotherms were measured for 70, 80 and
90 °C. The data is reported in a previous publication [42].
Both in our work and in that of Dijkstra et al. [41] PERL-
KAT mesoporous silica was used. The isotherms of CO, in
all materials were fitted to a dual site Langmuir model
shown below.

boge 2
qs2002€  *7C;

[
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L+bgre “we; 1+ bye g
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_ gabpie g

qi* (1)

Where, g, and g, are the saturation capacities, by; and
by, are the pre-exponential Langmuir constants and AU,
and AU, are the internal energies of the two sites. Since the
isotherms in the work of Dijkstra et al. [41] were only
measured up to 0.2 bar, we have fitted CO, isotherms by fix-
ing the total saturation capacity of the two sites to be
2.3mmolg™'. The saturation capacity was obtained from
the work of Sutanto et al. [43] who had used a similar
adsorbent. For the other sorbents, no such constraints were
imposed. As the H,O isotherms were linear, the saturation

Chem. Ing. Tech. 2021, 93, No. 6, 929-940
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capacities were fixed to be that of CO, and only the b and
AU values were fitted.

The isotherms of CO, and H,O at 90°C are shown in
Fig.1 and the corresponding isotherm parameters are
shown Tabs. 1 and 2. The order of CO, capacity at 0.15 bar
in these adsorbents are PEI > Lewatit > amino silane. The
corresponding capacity values are 1.4, 1.2 and 0.73 mmol g ',
respectively.

The H,O adsorption capacities were similar in PEI and
amino silane grafted silica as shown in Fig. 1b. In the case of
Lewatit, Veneman et al. [29] reported isotherm data at 30,
40 and 75 °C. For the sake of consistency, we have used the
H,O isotherm data on amino silane and scaled appropri-
ately to match the H,O adsorption isotherm on Lewatit at
75°C. This isotherm was then used in the process simula-
tions. The adsorption isotherm parameters are reported in
Tabs. 1 and 2.

The adsorption of nitrogen in the amino silane grafted
silica was negligible under these conditions [42]. Nitrogen is

also considered non-adsorbing in PEI grafted sorbents and
Lewatit [34, 44].

3 Vacuum Swing Adsorption Process

In this study a 6-step vacuum swing adsorption (VSA) pro-

cess was chosen to evaluate the different amine groups. This

cycle has already been studied by Khurana and Farooq [10].

The schematic of the 6-step VSA process is shown in Fig. 2.

The cycle consists of the following steps:

1) Adsorption with feed: This step takes place at a high
pressure Py. Feed is introduced to the column from the
feed end (bottom). Preferential adsorption of CO, and
H,O takes place and the light product N, is collected at
the product end (top), at ambient pressure.

2) Rinse step: In this step, the column is purged with a
stream that is rich in heavy product CO, and the light
product is collected at the product end. The purpose of

this step is to enhance the CO, purity. The

heavy reflux step is carried out with a stream
from the subsequent light reflux step. There-
fore, the duration is the same as that of the
light reflux step.

Cocurrent evacuation: The feed end is closed,
and the column is evacuated to an intermedi-
ate pressure Pryr from the product end to
remove the nitrogen that is remaining in the
column. This step also aids in improving the
product purity.

3)

4)

Countercurrent evacuation: The column is

evacuated in the countercurrent direction to
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remove the adsorbed CO,. Here the column
is evacuated to the low pressure P;.

Light reflux: The column is purged with a
part of the adsorption product to remove the

remaining CO, the column. The entirety of
this stream is recycled back to the column in
the rinse step. This step also takes place at
the low pressure P;. Since this step is carried
out with the adsorption product, the dura-
tion of this step cannot be greater than the
adsorption step.

Light product pressurization: Finally, the col-
umn is pressurized to Py with the light prod-
uct of the adsorption step in the countercur-
rent direction.

6)

3.1 Modeling of the Vacuum Swing
Adsorption Process

] A non-isothermal, non-isobaric model based on

20

30

Pressure (mbar)

40

50 the following assumptions is used:

Figure 1. a) CO, and b) H,0 isotherms in the different supported amine sor-

bents at 90°C.
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1) axial dispersion is considered,
2) no radial temperature or concentration gra-
dients,

www.cit-journal.com
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Table 1. CO, adsorption isotherm parameters for different sup-
ported amine sorbents

Table 2. H,0 adsorption isotherm parameters for different sup-
ported amine sorbents.

Parameter Amino Lewatit ~ PEI/SiO, PEI_A2 Parameter Amino Lewatit PEI/SiO, PEI_A2
silane VP OC silane VP OC
qs1 [mmol g’l] 0.8 1.54 2.12 1.92 gs1 [mmolg™'] 0.8 1.54 2.12 1.92
bo,1 [molm™) 2710 37.10° 57.10° 98-107° bo,i [molm™] 1.5-10° 1.88-10° 1.1-10° 1.2-107"
~AU; [kJ mol™] -107.8 -84.7 -102.1 -95.2 -AU; [kJ mol™] -36.8 -32.9 -63.9 -61.9
gs> [mmol g™'] 05 1.33 0.18 1.8 gs» [mmol g™'] 0.5 1.33 0.18 1.8
bo.2 [molm™) 65-10° 25-10" 3.11-10° 7.9-107 by, [molm™] 15-10° 1.88-10° 1.1-10" 1.6-10"
-AU, [mol™]  -46.7 -6101  -438 -40.35 -AUy [ mol '] -36.8 -32.9 -63.9 -61.1
qo (0.15bar, 90°C) 0.73 1.2 14 14 qo (0.05bar, 90°C)  0.48 0.41 0.5 0.5
[mmol g] [mmolg™']
Nonlinearity 0.56 0.42 0.61 0.37
4 (q0/g5) N S(2
Oyi  yioP y;oT T taz) TO\TY
g AT p _Z
3) ideal gas law is valid, o Pot T_at P 0z P02 ®)
. . RT (1 —e¢) og
4) the adsorbent properties are uniform throughout the -5
column, € t
5) instantaneous thermal equilibrium between gas and sol- The overall mass balance equation is given by
id phases, B ( P v) 3
6) uniform porosity throughout the column. 10P 10T _ T°\") (1—¢) RT aq; (4)
Pot T ot P 0z £ p ot

The model equations are a set of coupled partial differen-

tial equations, which are given below.
Component mass balance:

As mentioned earlier, the mass transfer between the gas
and the solid phases was described by linear driving force

oc;i - _ 9 crD; %i +ev| — (1 —¢) o, 2) approximation, which is of the following form:
ot 0z ot e Ot
0g; _
. B L =ki(q*—7;) (5)
By applying ideal gas law ¢ = P/(RT) Eq. (2) becomes ot
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. Figure 2. Schematic of the
Time 6-step VSA cycle.
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where, k; is the linear driving force (LDF) coefficient and g;*
is the equilibrium solid phase concentration.

The column energy balance and the wall temperature bal-
ance equations are as follows:

(1—c¢) _\|0T k, &*T Cp 0(vP)
[ € pscp5+CP“;qi ot € 0z22 R 0z

CyoP (1—¢) <& g, 2h
Pg i i
— T TN (CAH, — Cp T) S (T -
R ot € 1:21( R )at sr,-( w)
(6)
oT, T, 2r;h; 2roh

C —W — k w [A8e} T _ T _ 0o

Pwlpw ot W a2 P ( w) P
x (T, —T,) (7)

The pressure drop across the column was described by
Blake Kozeny equation [45].

oP 180 /1 —¢\? ®)
_of 10 v
0z 47}3 e #

Rearranging Eq. (8) gives the local velocity

4 € \2,( o©OP
" 180u (1 —e) " (7§> ©)

The set of model equations has been used in earlier stud-
ies [23,35,46,47] and the model was validated using pilot
plant experimental data of Krishnamurthy et al. [48]. The
model equations are converted to dimensionless form by
using appropriate dimensionless variables, the details of
which are provided in the Supporting Information (SI).

3.2 Process Performance Indicators

The performance of the process is quantified by the follow-
ing performance indicators namely:

InoleSCOZ ,cn—evac

Purity = (10)

m01estotal,cnfevac - mOleSHZO,cnfevac

In case of a wet flue gas, the purity is reported on a dry
basis and therefore the moles of H,O obtained in the evacu-
ation step is subtracted from the total moles in the evacua-
tion step.

rnoleSCOZ ,cn—evac
molesco, fed

(63))

Recovery =

Recovery determines the rate of CO, capture and is the
ratio of the amount of CO, captured to the amount of CO,
in the feed.

rnOlesCOZ ,cn—evac

12
of adsorbentx cycle time (12)

Productivity = Vol
olume
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Productivity is an indicator of the footprint of the capture
unit. Higher the productivity, smaller is the footprint.

Enerngacuum + EnergYCompression

N[OleSCOZ ,cn—evac

Specific energy = (13)

The energy consumption of the vacuum pumps was cal-
culated assuming 72 % efficiency using Eq. (14) [49]

1=cuum

1 fy Putm y%l
Energy = —emr] v (7 !
vacuum n l'}/ — 10 s P(t)vucuum

(14)

For each individual step, appropriate boundary condi-
tions have been used and these are given in the SI. The ini-
tial conditions of a given step are the final conditions of the
previous step. The simulations are carried out till cyclic
steady-state condition, i.e., the mass balance error for three
consecutive cycles is less than 0.6 %. The maximum number
of cycles was kept to 200.

3.3 Process Simulation and Optimization

To obtain the numerical solution, the non-dimensional
model equations were discretized in the spatial domain and
converted to a set of differential algebraic equations using
the finite volume method. Finite volume numerical method
has been found to be robust and less intensive in terms of
computational time [47,50]. It is also capable of handling
sharp fronts encountered in case of CO, adsorption and
providing non-oscillatory solutions [47,50]. The system of
differential algebraic equations was then numerically solved
using odel5s solver in Matlab.

The 6-step VSA cycle simulation was first validated with
the results from Khurana and Farooq [10]. The next step was
to perform detailed process optimization to rank these ad-
sorbents in terms of specific energy and productivity. The
ranking is based on identifying the minimum specific energy
and maximum productivity subject to 95% CO, purity and
90% CO, recovery targets. In case of the 6-step VSA process,
there are seven key variables or decision variables that affect
the process performance. These variables are adsorption step
time, reflux time, cocurrent and countercurrent evacuation
step times, interstitial feed velocity and the cocurrent and
countercurrent evacuation pressures. In order to identify the
operating conditions corresponding to the minimum specific
energy and maximum productivity, the 6-step VSA cycle was
optimized rigorously using genetic algorithm. Genetic algo-
rithm for VSA optimization is widely studied in literature
[35,46,51,52] and we have used the inbuilt multi objective
optimization function in Matlab, gamultiobj, which is based
on the non-dominated sorting genetic algorithm (NSGA-II)
of Deb et al. [53].

www.cit-journal.com
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A feed gas containing 15% CO,, 5% H,O and 80% N, was
considered. The feed temperature was 90 °C. The choice of
the feed temperature is based on our previous study where
we had seen that our amine grafted sorbent performed better
in VSA process at 90 °C than at 70 °C [42]. The amount of
water in the feed is restricted to 5 % owing to the limitations
in the experimental setup where it was possible to measure
isotherms only up to 4.2kPa. The input parameters for the
simulations are summarized in Tab. 3. The expression for the
LDF coefficient reported in Tab. 3 was obtained from break-
through experiments carried out with the amino-silane
adsorbent and the details of the breakthrough experiments
are provided in another publication [42].

Table 3. Input parameters for the process 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 [kgm™] 1052
Adsorbent specific heat [J kg’lK’l] 1700
Diameter of pellets [mm] 2
Internal heat transfer coefficient [W m K] 0
External heat transfer coefficient [W m2K™'] 0
Specific heat of the gas mixture [Jkg'K™] 1054

LDF co-efficient of CO, [s7'] 106 e 0415/t

In total, 7000 simulations were performed for each adsor-
bent using genetic algorithm with the upper and lower
bounds of the decision variables given in Tab. 4. The objec-
tive functions are

. Specific energy
bl =g

+ 10000max| 0, 0.95 —
100

CO, purity> z

CO, capture rate :
+ 10000max| 0, 0.9 — — w00

(15)

Table 4. Upper and lower bounds for the decision variables.

CO . 2
Obj, + 10000max (o, 0.95 — ﬂ)

~ Productivity 100

CO, capture rate z
+ 10000max{ 0,09 - ————

100
(16)

Once the optimization was complete, productivity vs spe-
cific energy Pareto fronts were obtained, corresponding to
95 % purity and 90 % recovery. These Pareto fronts were
then used to rank these adsorbents.

4 Results and Discussion

Fig. 3 shows the Pareto fronts for the three different adsorb-
ents. All the points on the Pareto fronts for the different
adsorbents satisfy the 95 % purity on a dry basis and 90 %
recovery constraints. The specific energy consumption
reported in this work is on an electric basis. Each point on
the Pareto front corresponds to different values of the deci-
sion variables. As mentioned earlier, the simulations were
carried out till cyclic steady state (CSS). This means that the
mass balance error, defined below between three consecu-
tive cycles is less than 0.6 %

moles;, — moles,,;

Mass balance error = * 100 17)
moles;,
1.6 -
[ ]
H
g
3 1.5 ]
21 U
8 e PEISIO, = Lewatit A Aminosilane/SiO, "
<) e
o 14+ =
o ‘- F °
= ol
] - [ o ']
2 ]
£ 137 L] °
5
2 — o ©
>
S 12- ¥ f ”°
g a" °
] L} ’.
g 114 - L :
g - ¥
’ ol
1.0 A
T T T T 1
0.1 0.2 0.3 5 0.4 0.5
Productivity (mol/m™ ads/s)

Figure 3. Specific energy vs productivity Pareto fronts for the
different sorbents.

Variable Adsorption  Cocurrent Reflux Counter current  Cocurrent evacuation Counter current Feed
time evacuation time  step time evacuation time  pressure Py evacuation pressure P velocity V;
[s] [s] [s] [s] [bar] [bar] [ms™']
Lower bound 10 10 1 10 0.1 0.1 0.1
Upper bound 300 300 100 300 0.5 0.5 3
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From the Pareto fronts it can be seen that the amino silane
grafted silica had the lowest productivity and the productiv-
ity values ranged from 0.21-0.32 mol m™ adsorbents™. PEI
grafted silica exhibited productivity values between 0.2-
0.45mol m™ adsorbents™, while Lewatit had a productivity
ranging from 0.17-0.48 molm™ adsorbents™. Therefore,
from this it is evident that the best performing adsorbent in
terms of productivity is Lewatit. Fig.4 shows the feed flow
rate (interstitial velocity) with respect to the productivity. In
case of Lewatit and PEI grafted silica, the optimizer chose a
higher flow rates in comparison with the amino silane grafted
silica sorbent. This can be attributed to the high CO, capacity
in the two sorbents over the amino silane grafted silica, there-
by resulting in improved productivity.

0.5
o'
Z 0.4 "P
s o
© ()
€ o
°
£ 03 -
2 S
: LA
]
2 A
o 0.2+ F e PEI/SIO, m Lewatit A Aminosilane/SiO,
L]
0.1 T T T T T 1
0.1 0.2 0.3 0.4 0.5 0.6
Velocity V,, (m/s)

Figure 4. Interstitial velocity vs productivity.

The minimum specific energy was 1 MJ kg™ electric for
the amino silane grafted sorbent. For PEI grafted silica and
Lewatit the minimum specific energy values were 1.04 and
1.13MJ kg™, respectively. The operating conditions and the
energy consumption in the various steps are shown in
Tabs. 5 and 6. The higher minimum specific energy of Lew-
atit can be attributed to the fact that the amount of CO, fed
was also lower, although the energy consumed by the vacu-
um pumps and compressors were the lowest for this adsor-
bent at the minimum specific energy consumption.

From Tab.6, it can be seen that the bulk of the energy
consumption in the VSA process comes from the light
reflux and the countercurrent evacuation steps. These two
steps contribute to about 98 % of the energy consumption
in the 6-step VSA cycle and the remaining steps contribute
to the remaining 2 %. The specific energy consumption ver-
sus the energy consumption in the light reflux step and the
evacuation step are shown in Fig. 5. Looking at Eq. (5) we
can interpret that the energy consumption is a function of
the pressure ratio and the flowrate to the vacuum pumps.
Higher the flowrate, higher is the energy consumed by the
vacuum pumps. The maximum energy consumptions in the
light reflux steps were 95kJ, 68k] and 48k] for Lewatit,
PEI/SiO, and amino silane/SiO,, respectively. For the evac-
uation steps, these values were 31kJ, 25kJ] and 15k] for
Lewatit, PEI/SiO, and amino silane/SiO,, respectively. At
specific energy values of below 1.4MJkg™ Lewatit per-
formed better than PEI, which is result of the low pressure
values chosen by the optimizer. In case of Lewatit the values
were between than 0.14-0.22 bar, whereas for PEI, the value
was 0.14 bar or less. At the highest energy consumption val-
ues, where the productivity was maximum, the optimizer
chose an evacuation pressure closer to the lower bound of
0.1 bar as seen from Fig. 6.

It should be noted that although PEI/SiO, had the highest
capacity, the maximum productivity was 0.45 mol m~ adss™
as opposed to 0.48 mol CO, m™ adss™ of Lewatit. This we
suspect could be due to the high nonlinearity of CO, iso-
therm in PEI/SiO,, which is a result of fixing the saturation
capacity. The isotherm nonlinearity is defined as the ratio of
the adsorption capacity at the feed conditions to the satura-
tion capacity (A = qo/gs). Nonlinearity is a measure of the
shape of the isotherm, an isotherm with a nonlinearity value
of 1 is considered rectangular and a nonlinearity close to 0
is considered linear. With respect to this work, the values of
nonlinearity were 0.42, 0.57 and 0.61 for Lewatit, amino
silane/SiO, and PEI/SiO,, respectively.

A different set of isotherm parameters was obtained when
the total saturation capacity was not fixed and is shown in
Tab.2. The isotherms are plotted in Fig.7 and these iso-
therms have different shapes but the capacity at 0.15 bar is

Table 5. Operating conditions for the minimum specific energy and maximum productivity conditions for the different adsorbents.

Operating Sorbent tads [8] teo-evac 18] fenevac [S] treflux [S] Pyt [bar] Py [bar] Vo [ms™] CO, fed [m?] Cycle time [s]
configuration
Minimum Lewatit OC 70.66 25.28 55.11 24.75 0.36 0.24 0.18 0.02 210.54
specific energy .
PEI/SiO, 62.47 28.90 45.28 14.37 0.33 0.15 0.22 0.02 175.39
Amino 89.42 24.75 42.77 22.00 0.34 0.17 0.18 0.03 210.94
silane/SiO,
Maximum Lewatit OC 66.13 25.02 53.63 25.54 0.40 0.10 0.52 0.06 205.85
productivity .
PEI/SiO, 57.96 28.23 39.54 19.17 0.35 0.10 0.48 0.05 174.06
Amino 84.45 25.26 34.67 25.18 0.37 0.13 0.27 0.04 204.73
silane/SiO,
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Table 6. Performance indicators at the minimum specific energy and maximum productivity conditions.

Operating Sorbent Pu Re Prod En Wiads Weo-evac Wen-evac Whiinse  Wir Wiotal
configuration [%] [%] [molm™adss™] [MJ kg'l] [kJ] [kJ] [kJ] [kJ] [Kk]] [kJ]
Minimum Lewatit OC  96.47 91.03 0.17 1.13 0.07 0.51 6.47 0.24 25.97 33.26
specific energy
PEI/SiO, 95.05 90.23 0.22 1.04 0.09 0.56 9.80 0.17 23.40 34.01
Amino 95.84 90.17 0.21 1.00 0.09 0.53 9.42 0.19 26.17 36.40
silane/SiO,
Maximum Lewatit OC  96.02 90.15 0.48 1.59 0.56 0.42 31.6 1.25 95.94 129.8
productivity .
PEI/SiO, 96.82 90.25 0.45 1.43 0.42 0.55 25.40 0.81 68.84 95.80
Amino 95.98 91.12 0.32 0.00 0.2 0.61 14.6 0.44 48.08 63.9
silane/SiO,
100 1.6
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Figure 5. The energy consumption in the a) light reflux step
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the same. This isotherm had a nonlinearity parameter of
0.37. With the resultant parameters the optimization was
repeated and this time the performance was better in terms
of specific energy and productivity as seen from Fig. 8. The
maximum productivity and minimum specific energy val-
ues were 0.5molm™ adss™ and 1.03 MJ kg™". This increase
in productivity was attributed to the increased amount of
CO, treated, as seen from Fig. 9.
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Figure 8. Specific energy vs productivity Pareto fronts for dif-
ferent sorbents.
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Figure 9. Amount of CO, fed with respect to the productivity in
case of PEI/SiO,.

From this exercise it is clear that the fitting of isotherms
plays a key role in predicting the performance of an adsor-
bent. In case of the work of Dijkstra et al. [41] the isotherms
were only measured up to 0.2bar and, thus, saturation
capacity had to be fixed based a follow up work. Therefore,
it is recommended that isotherms are measured up to 1bar
pressure, to avoid uncertainties in the estimation of satura-
tion capacities. One may also consider low temperatures
below ambient conditions to obtain capacities close to satu-
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ration at 1bar, but this may not be suitable for supported
amine sorbents due to their slow adsorption kinetics. A
more challenging but more rewarding application would be
to the use of molecular simulation tools to obtain the iso-
therms of the various constituents up to 1 bar and at various
temperatures.

Through this exercise of isotherm fitting, it was also
shown that there is an effect of the nonlinearity on the pro-
cess performance. We acknowledge that about 11%
improvement in productivity was possible, and may not be
significant. Nevertheless, the effect could be more pro-
nounced as the adsorption isotherm becomes closer to
being rectangular i.e., nonlinearity close to 1. In such a sce-
nario, the 6-step VSA cycle may have to operate at lower
vacuum of < 0.1 bar to achieve the desired recovery and this
would increase the energy consumption and as well as affect
the productivity values.

Fig. 10 shows the temperature profiles along the column
for the three different adsorbents. The temperature swing is
maximum in case of the amino silane grafted silica, which
had the highest heat of adsorption of ~111kJmol™. The
maximum temperature observed at the cyclic steady-state
condition is around 125°C. The stability of this material
with respect to temperature was not studied, but we suspect
that the CO, adsorption capacity would be affected over
time if such temperatures are attained in the process. The
high heat of adsorption also explains the spread in the CO,
concentration profile in case of amino silane sorbent as seen
in Fig. S3. As expected, Lewatit with the lowest heat of
adsorption of —87 k] mol ™" exhibited the lowest temperature
swing, and the maximum temperature was around 110 °C.
The sorbent is reported to be stable up to 130°C, after
which formation of urea may take place [34]. In case of PEI,
the maximum temperature is around 120°C and like
Lewatit this sorbent is also stable up to 130°C in the pres-
ence of the CO, and H,O [43]. In this study, the presence
of oxygen was not considered, ie., the oxygen has been
modeled along with nitrogen. The presence of oxygen in the
flue gas could be detrimental for the supported amine sor-
bents at higher temperatures > 100 °C [54] and, therefore, it
is necessary to design cyclic processes with due consider-
ation to sorbent stability as well as the kinetics.

We have also carried out tests to ensure the consistency
of the pareto fronts generated for this study. In the first step,
the output from the process optimization was periodically
monitored and the Pareto front was plotted for every thou-
sand simulations. The evolution of the Pareto front is
shown in Fig. S1 of the SI and it can be seen that there is
minimal change in the two objectives, i.e., minimum specif-
ic energy and maximum productivity after 4000 simula-
tions. The optimization for one of the cases (PEI_A2) was
repeated to verify the reproducibility of the results from the
process optimization. The resultant Pareto front is shown
in Fig. S2 of the SI. The differences in the two objectives
minimum specific energy and maximum productivity were
2 % and 4 %, respectively.
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Figure 10. Temperature profiles in the adsorption and rinse
steps at cyclic steady state for a) amino silane/SiO,, b) Lewatit
and c) PEI/SiO,.

In this work, we have only used 5% H,O since isotherms
were not measured beyond the above-mentioned partial
pressure for the amino silane grafted silica [42]. In reality,
at 90°C, the partial pressure of H,O in the flue gas would
be much higher than 0.05 bar. Extrapolating to higher parti-
al pressures would lead to significant errors and therefore, it
is necessary to study the competitive adsorption isotherms
of CO, and H,O at higher H,O partial pressures. Doing this
experimentally may be time consuming and also has chal-
lenges such as condensation of water along the tubings of

www.cit-journal.com

© 2021 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH

the apparatuses due to improper insulation. As an alterna-
tive to experiments, molecular simulations can be a useful
and less time intensive tool to obtain adsorption isotherms
of CO, and H,O0 in supported amine sorbents [55].

For the process optimization, the kinetic constants
obtained for the amino silane grafted silica was fixed for the
other sorbents. This is probably one of the reasons why the
differences in the performance of PEI/SiO, and Lewatit
were not significantly different. The use of appropriate
kinetics for the different sorbent could help in predicting
the true performance of the sorbents considered in this
work. An adsorbent with good capacity and fast kinetics is
necessary to achieve high productivity values.

From this work, we see that the energy consumption is
around 1-1.4MJ kg™ and this is on an electric basis. On a
thermal basis, this may be close to 4 MJ kg ". This is compa-
rable with an absorption process with monoethanolamine
(MEA) [56], but new solvents are currently being developed
that can capture CO, at lower energy consumption values
[3,4,56]. The ranking of these amine grafted sorbents in a
six-step cycle is just the preliminary step to understand the
performance of these adsorbents in an adsorption process.
Further studies are therefore necessary to identify the best
cycle configuration for the supported amine sorbents to
lower the energy consumption and benchmark adsorption
technology with absorption and to improve the productivity
of the CO, capture process.

5 Conclusions

In this work, the performance of three different supported
amine sorbents in a 6-step VSA cycle was studied through
detailed process optimization. All these adsorbents were
able to achieve 95 % CO, purity and 90 % CO, recovery tar-
gets. Amino silane grafted silica had the lowest specific
energy consumption of 1 MJkg™. Lewatit OC showed the
best productivity of 0.48 molm™ adss™, followed by PEI
grafted silica and amino silane grafted with values of 0.45
and 0.31 molm™ adss™'. Although, the PEI grafted silica
had the highest capacity, it did not exhibit the best produc-
tivity due to its high nonlinearity (1). To validate this
hypothesis, the PEI isotherms were refitted, and a rigorous
optimization performed. For the isotherm with the new iso-
therm data a better performance in terms of energy and
productivity was observed. This exercise demonstrated the
importance of measuring isotherms up to near saturation
conditions by means of experiments or molecular simula-
tions to accurately determine the saturation capacity as well
as the nonlinearity of the isotherm. These supported amine
sorbents are associated with high heats of adsorption and
consequently high temperature swings were observed. This
could potentially degrade the CO, adsorption capacity with
repeated cycling and, hence, in the design of the VSA pro-
cess the thermal stability of these adsorbents must be taken
into consideration.
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I Symbols used

by (-] affinity coefficient of the dual-site
Langmuir isotherm for sites 1 and 2

Cr [molm™] total gas phase concentration

¢ [mol m™] gas phase concentration of

component i

Cpg Jkg'K'] specific heat capacity of the gas

mixture

Cpa [J kg'lK'l] specific heat capacity of the adsorbed
phase

Cps Jkg'K™']  specific heat capacity of the
adsorbent

Cow [J kg’lK'l] specific heat capacity of the column
wall

D, [m%s!] axial dispersion coefficient

AH [Jmol™] heat of adsorption

h; [Wm™2K™'] internal heat transfer coefficient

ho [Wm™2K™"] internal heat transfer coefficient

k, [Wm™K™] axial thermal conductivity of the gas

k, [Wm™'K™'] thermal conductivity of the wall

ki [s] linear driving force coefficient

p [Pa] total pressure in the system

Py [Pa] high pressure in the adsorption step

Py [Pa] vacuum pressure in the counter-
current evacuation step

Pt [Pa] vacuum pressure in the co-current
evacuation step

Py [Pal ambient pressure

qi [molm™]  solid phase concentration

qs [molm™]  solid phase concentration at
saturation

q,»* [mol m™] equilibrium solid phase
concentration at saturation

R [Jmol 'K™'] gas constant

T [m] column internal radius

To [m] column external radius

"p [m] pellet radius
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&

Ps
Pg

P
n
Y
u

[K] temperature inside the column
[K] wall temperature

(K] ambient temperature

[s] time

[Jmol™] internal energy of adsorption
[ms™] interstitial velocity

(-] mole fraction of component i
[m] axial dimension

[-] bed void fraction

[kgm™] density of the adsorbent
[kgm™] density of the gas mixture
[kgm™] density of the wall

(-] vacuum pump efficiency
(-] ratio of the specific heats
[Pas] viscosity of gas mixture

I Subscripts

ads
cn
co

evac
LR

adsorption step
Countercurrent
Cocurrent
evacuation step
Light reflux step

I Abbreviations

PSA
TSA

pressure swing adsorption process
temperature swing adsorption process

VSA  vacuum swing adsorption process
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