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Processes that utilize solid adsorbents to capture CO2 are promising alternatives to

state-of-art Amine based technologies for capturing CO2 from large point sources.

Although the energy needs of solid sorbent-based processes are low, the process

footprint and consequently the capital cost connected to its implementation can be

large due to the relatively long cycle times needed to get the required purity and

recovery of the CO2 product. To overcome this challenge, processes having structured

adsorbents like laminates, monoliths etc. are needed due to their low pressure drop and

better mass transfer characteristics. The aim of this multiscale study is to evaluate the

process-based performance of a 3D printed sorbent containing polyethyleneimine (PEI)

and multiwalled carbon nanotubes (MWCNT) for capturing CO2 from a biomass fired

power plant flue gas. A 6-step vacuum swing adsorption (VSA) cycle was simulated and

optimized using equilibrium and kinetics data obtained from volumetry and breakthrough

experiments. The optimization study showed that it was possible to achieve purity values

>95% and recovery values >90% from dry CO2 feed streams containing 10 and 15%

CO2 respectively. The minimum specific energy values were 0.94 and 0.6 MJ/kg and

maximum productivity values were 0.8 and 2.2 mol/m3 ads s, respectively, for the

two scenarios.

Keywords: 3D printing, carbon capture & storage, adsorption isotherms, process optimisation, vacuum swing

adsorption

INTRODUCTION

It is widely acknowledged that carbon capture from large point sources like power plants is
advocated as a possible solution to reduce the global CO2 emissions and achieve the goals set by the
Paris agreement in 2015 (IPCC, 2018). Typically, power plants use fossil fuels like coal or natural gas
as fuels to produce energy. More recently, many power stations have started using Biomass as a fuel
to produce energy (Mcilveen-Wright et al., 2013; Wei et al., 2020; Mohamed et al., 2021). Biomass
is an organic matter available from plant and animal sources such as wood chips (Dell’antonia
et al., 2012), saw dust (Fogarasi and Cormos, 2017), garbage (Pan et al., 2020), and animal wastes
(Bijarchiyan et al., 2020; Lisbona et al., 2021) and are possible sources of renewable energy. It is also
beneficial for reducing emissions as it produces lower CO2 and SOX in comparison with fossil fuels
(Ali et al., 2017).
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Adsorption processes using porous solids in a
pressure/vacuum swing adsorption (P/VSA) technology are
widely studied in the context of capturing CO2 from power
plants and other CO2 emissions sources (Wang et al., 2013;
Krishnamurthy et al., 2014; IEAGHG, 2018). In case of a PSA
process, the regeneration of the solid is carried out by reducing
the pressure (Vacuum/atmospheric pressure) of the column and
therefore this can potentially reduce the energy consumption as
well as avoiding long heating and cooling times that are typical
of a temperature-based regeneration process.

For carbon capture to be economically viable, not only
must the process be energetically attractive, but also have
smaller capture footprint. This size of the capture unit can be
reduced by operating the P/VSA process at faster cycles and
higher flowrates. Traditional PSA processes employ packed beds
containing pelletized adsorbents shaped in the form of spherical
beads or cylindrical extrudates. A major drawback with respect
to these packed beds is the significant pressure drop encountered
at higher flowrates (Ruthven and Thaeron, 1997; Rezaei et al.,
2010). This would therefore increase the energy consumption
of the process. As an alternative, structure sorbents in the
form of monoliths, laminates, and foams etc can be used in
the adsorption process (Rezaei et al., 2010). These adsorbents
offer the advantages of lower pressure drop and better mass
transfer. Recently, these structured sorbents are being made by
a technique called 3D printing. With 3D printing it is possible
to make adsorbents with controlled channel sizes, channel wall
thicknesses and, channel geometry (Lawson et al., 2021; Sluijter
et al., 2021). There are several published studies in literature on
3D printed Zeolites (Thakkar et al., 2016; Couck et al., 2017,
2018; Middelkoop et al., 2019), carbons (Regufe et al., 2019;
Steldinger et al., 2019), silicas (Thakkar et al., 2017a; Sluijter
et al., 2021), metal organic frameworks (MOFs) (Thakkar et al.,
2017b; Grande et al., 2020) and zeolitic imidazolate frameworks
(ZIFs) (Lefevere et al., 2019) in the context of CO2 capture
applications. To the best of our knowledge most of these studies
talk about the characterization of the sorbents for obtaining the
adsorption equilibrium and kinetics and very few publications
discuss performance of these sorbents in a P/VSA process
(Mohammadi, 2017; Sharma et al., 2020).

The aim of this work is to study the performance of
a 3D printed sorbent that contains multi-walled carbon
nanotubes (MWCNTs) and polyethyleneimine (PEI) in a vacuum
swing adsorption process. This involves characterization of
the adsorbent for obtaining information on the adsorption
equilibrium and kinetics. In the next step, the equilibrium and
kinetics data were fed to a process simulator to simulate and
optimize a 6-step vacuum swing adsorption (VSA) process. The
optimization was performed to identify the minimum specific
energy and maximum productivity values for this cycle for
capturing the CO2 from flue gases of biomass fired power plants.

MATERIALS AND METHODS

Preparation of Paste
Formulation of the past included the following materials:
multi-walled carbon nanotubes (MWCNT); grade NC7000;

batch A2199 from NANOCYL (Sambreville, Belgium);
polyethyleneimine (PEI) with 70,000 Dalton from TCI (Japan)
(ca. 30% in water); anionic surfactant UBEDISP1d83-N2 from
UBE Corporation Europe (Castellón, Spain); and polyvinyl
alcohol (PVA) grade Nichigo G-Polymer OKS-8077P from
Nippon Gohsei (Osaka, Japan), a dissolved polymer binder
commonly used in waterborne formulations to make minor
adjustments to the rheological properties of the paste. PVA was
dissolved in water at 25 wt% for 24 h at 65◦C prior to mixing in
the paste.

The role of the anionic surfactant was to improve the
dispersion quality and interaction between MWCNTs and
polyethyleneimine. PVA was used as a binder to improve the
viscosity and stability of the paste, ensuring the paste was
able to flow controllably with no phase separation during the
extrusion process.

The following formulation was selected: 49.1 wt% MWCNT
+ 42.5 wt% PEI + 6.0 wt% UBEDISP1d83-N2 + 2.4 wt% PVA.
The ratios are referred to the solid content of the components,
excluding water content of each one.

The components were stirred with water at 25 wt% in a

planetary mixer, model Dispermat© CN-40 (VMA, Barcelona,
Spain). Then, two complete steps of intensive shear mixing in
a three-roll calender, model 80S from EXAKT (Norderstedt,
Germany) were applied. In the first step, the gap between the
three rolls was fixed at 80 and 30µm, while in the second step
the gap was fixed at 30 and 5µm, respectively. The material was
mixed in the rolls three times in each step. The speed of the
rolls was kept constant during the whole process (100 rpm). The
final dispersed material was carefully stored in a hermetically
sealed container to avoid loss of water during transportation
and handling.

3D Printing
The paste was 3D printed into CO2 monolithic adsorbents by
the previously described 3D micro-extrusion process, relying on
a mechanically driven piston mounted on a CNC machine (see
Figure 1). While the piston was moving at a constant speed,
the paste was extruded at a constant volume flow through a
nozzle with an outlet diameter of 1.2mm. The homogeneity and
rheological properties of the paste are crucial to obtaining printed
structures with controlled dimensions. Cylinders with a diameter
of 40mm and height of 25mm have been laid down as “open
channel design” with a fiber spacing of 4mm and a rotation
of 90◦ between the fibers in successive layers. The layers were
stacked in the same orientation (0 or 90◦) on top of each other
without lateral shifts between the fibers, as schematically shown
in Figure 1.

A second processing step after printing involves the drying
of the structures to remove water. Drying was performed at
a temperature of 20 or 40◦C and 60% relative humidity. The
removal of a large amount of water in the paste resulted in a
large shrinkage of about 40% upon drying, leading to a final outer
diameter of 24mm. The outer diameter of the cylinders has been
machined to fit closely in the column used for the breakthrough
experiments. The printed structures are shown in Figure 2.
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ADSORBENT CHARACTERIZATION

Volumetric Experiments
CO2, N2, and H2O isotherms were measured on crushed
monolith structure using a volumetric/manometric apparatus
purchased from BELSORP. Prior to the isotherm measurements
the sample was degassed under vacuum and 100◦C overnight.
Once the sample was regenerated, the isotherm measurements
were carried out up to pressures of 1 bar and at different
temperatures. For CO2, the isotherms were measured at 70, 80,
90 and 100◦C. Nitrogen adsorption was performed at 70◦C.
It should be noted that the sample holders of the volumetric
apparatus used in this study is traditionally designed for pellets
and powders and therefore the adsorbent had to be crushed for
the measurements in order to be packed in the sample holders.

BET Surface Area Measurements
Specific surface areas were estimated fromN2 isotherms recorded
at liquid nitrogen temperatures (77K) using the BET formalism.
Sample activation was typically carried out overnight at an
external pre-treatment unit (BELPREP II vac) at 120◦C under
vacuumprior to a short (2 h) pre-treatment at the BELSORPMini
instrument. Micropore volume was estimated using the t-plot
method based on said N2 isotherm measurements at 77K.

FIGURE 1 | 3D printing of CO2 adsorbent structures.

Mercury Porosimetry Tests
Mercury intrusion experiments were carried out using an
AutoPore IV 9500 series from Micromeritics corporation. This
technique relies on pressure-controlled intrusion of mercury into
a porous sorbent to estimate the porosity, density, and the pore
size distribution. About 0.3 g of crushed sample was used in the
mercury porosimetry tests for this work.

Breakthrough Experiments
Dynamic column breakthrough experiments were performed
using a single printed structure measuring 1.5 cm in height
and 2.08 cm in diameter. The schematic of the breakthrough
system is shown in Figure 3. The 3D printed sorbent was packed
in a stainless-steel column 2.1 cm in diameter and the sample
was regenerated overnight in a nitrogen purge at 100◦C. The
sample was then cooled to the experimental temperature under
nitrogen flow. Then a step input in the CO2 concentration was
provided, while the outlet concentration was monitored by a
mass spectrometer. Once the column was saturated, i.e., the CO2

signal was stable, desorption was carried out with nitrogen purge.
Between experiments the column was regenerated at 100◦C
under a nitrogen purge. The total flowrates in the adsorption and
desorption steps were 295 ml/min and 138 ml/min, respectively.
The breakthrough experiments were caried out for 70, 80, 90,
and 100◦C with dry CO2 mixtures containing 10 and 15%
CO2 and the rest N2. All the experiments were carried out at
ambient pressure.

The breakthrough experiments were analyzed using a 1D non-
isothermal non-isobaric adsorption process model. The model
equations are provided in the Supplementary Material. The
system of partial differential equations was discretized in the
spatial dimensions using the finite volume method and solved
using ode15s in MATLAB. For the analysis of the breakthrough
experiments, the fitting parameters were the linear driving force
coefficient, the internal and external heat transfer coefficient
values. The fitting exercise was carried byminimizing the residual
between the experimental and simulated concentration and
temperature curves.

Process Simulation
For this study, we have chosen a 6-step vacuum swing adsorption
process (Khurana and Farooq, 2016b) to concentrate CO2 from
15% to over 95% and with 90% recovery. The six-step cycle

FIGURE 2 | Top view of 3D printed CNT-PEI-UBE-PVA structure.
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contains the following steps, and its sequence of operation is
shown in Figure 4:

1. Adsorption at high pressure PH: In this step, feed is introduced
into the column and preferential adsorption of CO2 takes
place. Nitrogen is collected as the light-product from the
product end.

FIGURE 3 | Schematic of the breakthrough setup used in this work.

2. Rinse at high pressure PH: The purpose of the rinse step is to
enhance the CO2 concentration in the column and to get rid
of the nitrogen in the column. The rinse step uses the entire
product of the light reflux step and therefore its duration is
the same as that of the light reflux step.

3. Co-current evacuation step at Pint: The feed of the column is
closed, and the column is evacuated from the product end
to an intermediate vacuum pressure Pint to get rid of the
remaining nitrogen in the column and achieve high CO2

purity in the subsequent counter-current evacuation step.
4. Counter-current evacuation at PL: The product end is closed,

and the column is evacuated to a low pressure PL to recover
the CO2 product from the feed end.

5. Light reflux at PL: Here the column is purged with a part of the
nitrogen from the adsorption step and the column is evacuated
from the feed end. The light reflux product is recycled back in
its entirety to the rinse step.

6. Light product pressurization to PH: The column is pressurized
back to the high pressure with the rest of the nitrogen product
of the adsorption step. Pressurizing the column in the counter-
current direction sharpens the CO2 front inside the column
and helps tominimize CO2 lossess in the adsorption, rinse and
co-current evacuation steps.

The model equations are the same as described in the section
for the breakthrough experiments with appropriate boundary
conditions for each step (Table 2 of Supplementary Material).
The simulations were carried out until cyclic steady state (CSS)

FIGURE 4 | Schematic of the 6-step VSA process.
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TABLE 1 | Upper and lower bounds for decision variables for the optimization of 6-step VSA process.

Variable Adsorption

time (s)

Cocurrent

evacuation

time (s)

Reflux

step time

(s)

Counter

current

evacuation

time (s)

Cocurrent

evacuation

pressure

(PInt) (bar)

Counter

current

evacuation

pressure

(PL) (bar)

Feed

velocity

V0 (m/s)

Lower bound 10 10 1 10 0.1 0.1 0.1

Upper bound 300 300 100 300 0.5 0.5 3

conditions. The CSS is set to be achieved when the mass balance
error is <0.5% for 5 consecutive cycles. The performance of the
process is described by four performance indicators namely CO2

purity, CO2 recovery, specific energy, and productivity. These are
defined as follows:

Purity=
MolesCO2 ,counter-current evacuation

Molestotal,counter-current evacuation
× 100 (1)

Recovery=
MolesCO2 ,counter current evacuation

MolesCO2 ,fed
× 100 (2)

Productivity=
MolesCO2 ,counter current evacuation

Volume of adsorbent x cycle time
(3)

Specific energy=
Energyvacuum+Energycompression

MolesCO2 ,Counter-current evacuation
(4)

The performance of the 6-step VSA cycle is dependent on the
durations of the steps, feed flowrate and the pressure values
in the evacuation steps. With multiple variables controlling the
performance of the cycle, a simple parametric study will not
provide the information on the minimum energy or maximum
productivity conditions under USDOE requirements of 95%
purity and 90% recovery (DOE-NETL, 2013). The true minimum
therefore can only be obtained by rigorous optimization of the
VSA process (Haghpanah et al., 2013). For the optimization,
non-dominated sorting genetic algorithm (NSGA-II) function
gamultiobj in MATLAB was used. Genetic algorithm-based
optimization of cyclic adsorption processes is well-documented
in literature (Haghpanah et al., 2013; Rajagopalan et al., 2016;
Yancy-Caballero et al., 2020; Krishnamurthy et al., 2021b).

The objective functions for the genetic algorithm are provided
below and the purity and recovery values of >95 and >90%,
respectively, were the constraints.

Obj1 =
Specific Energy

100
+10000*max

(

0, 0.95-
CO2 purity

100

)2

+10000*max

(

0, 0.9-
CO2recovery

100

)2

(5)

Obj2 =
1

Productivity
+10000*max

(

0, 0.95-
CO2 purity

100

)2

+10000*max

(

0, 0.9-
CO2recovery

100

)2

(6)

The simulations were carried out in a HP Z6 G4 workstation
with Intel(R) Xeon(R) Gold 6134 CPU @ 3.20GHz processor
with 8 cores. The decision variables or the variables affecting the
performance (Table 1) are the step durations of the adsorption,
co-current evacuation, counter-counter evacuation and the light
reflux step, the vacuum pressures in the co-current and the
counter-current evacuation steps and the feed velocity. The
maximum duration of the light reflux step is that of the
adsorption step. The duration of the rinse step is the same as
that of the light reflux step. The duration of the LPP step is also
dependent on the adsorption step and its maximum duration
is that of the adsorption step time—light reflux time. In the
program the LPP step is stopped when the column pressure
reaches 99% of the adsorption step. The column dimensions and
the feed are fixed in the simulations. The following constraint
is also placed to avoid a situation where the optimizer choses
the same pressure for the co-current and counter-current
evacuation steps.

Pint ≥ PL + 0.02bar (7)

RESULTS AND DISCUSSION

BET Surface Area Measurements
The adsorption desorption curves of N2 at 77K are shown
in Supplementary Figure 1 of the supporting information. The
BET surface area was found to be 27 m2/g. This value is an order
of magnitude lower in comparison with that of a pure MWCNT
(Freitas et al., 2021).

Mercury Intrusion
Figure 5 shows the pore size distribution in the 3D printed
sorbent and there is a bimodal pore size distribution with
the presence of mesopores and micropores. The average pore
diameter was found to be 0.03µm and the density and porosity
values were found to be 730 kg/m3 and 51% respectively.

Volumetric Experiments
CO2 and N2 isotherms on the crushed monolith structure are
shown in Figure 6A. Nitrogen adsorption in negligible at 70◦C
and this is consistent with the findings in literature for amine
supported sorbents (Dijkstra et al., 2018; Krishnamurthy et al.,
2021b). The CO2 adsorption capacity was 0.38 mol/kg at 70◦C
and 3.6 mol/m3 (0.1 bar), the typical post-combustion flue gas
conditions. In comparison, the fresh paste prior to printing has
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FIGURE 5 | Pore size distribution obtained from mercury

intrusion experiments.

capacity of 1.9 mol/kg at the same conditions (Figure 6B). The
loss in capacity can be due to the printing and drying processes.
The loss in CO2 capacity of the 3D printed adsorbent compared
to that of the precursor paste is indeed puzzling. In principle, the
amount of available amine sorption sites should be similar, so the
reason for the different apparent CO2 capacity must be a change
in the sorption kinetics caused by the printing process itself,
making part of the amine moieties less available for sorption. We
have tried to elucidate the main reasons for this by analyzing
physical parameters such as macro- and meso- porosity and
surface area, but we have still no conclusions on this. Therefore,
further work outside the scope of the present contribution is
needed to get closer to the origin of the reduction in capacity
upon 3D-printing.

The CO2 capacity was almost the same as that of a similar
carbon-PEI structure printed for this project (0.37 mol/kg)
under same conditions (Krishnamurthy et al., 2021a). The
aforementioned sample had a similar composition of MWCNT
used in this work but did not contain any PVA. Other
3D printed sorbents containing amines group had a higher
capacity (Thakkar et al., 2017a; Sluijter et al., 2021)and this
may be due to the differences in the amine groups and
substrate combinations which influences the adsorption of CO2

significantly (Gelles et al., 2020).
One can also observe that the CO2 adsorption capacity

at 70◦C is smaller than 80 and 90◦C at concentrations >10
mol/m3 (pressure is 0.2 bar or greater). At 70◦C, the CO2

adsorption capacity increases with an increase in CO2 pressure/
concentration and a plateau is achieved as the pressure increases.
This is possibly due to the kinetic limitations and as the
temperature increases 80 or 90◦C, the adsorption kinetics
becomes faster, thereby improving the adsorption capacity
(Ebner et al., 2011). As the temperature increases to 100◦C, the
physisorption mechanism possibly becomes more dominant and
one may see a decrease in capacity with increase in temperature

FIGURE 6 | (A) CO2 and N2 isotherms in the 3D printed sorbent, (B)

comparison of CO2 isotherms on the printed sorbent and paste and (C)

dual-site langmuir isotherm predictions for CO2 adsorption.

(Su et al., 2009). This behavior of a lower capacity at a lower
temperature is widely observed for sorbents containing such
nitrogen groups (Thakkar et al., 2017a; Dhoke et al., 2020).
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TABLE 2 | CO2 and H2O adsorption isotherm parameters in the 3D

printed sorbent.

Parameter CO2 H2O

qs1(mol/m3 ) 229.7 3,407.5

b0,1(m
3/mol) 0.77 0.132

1U1 (kJ/mol) −107.2 −29.1

qs2(mol/m3 ) 350.3 1,935.3

b0,2(m
3/mol) 0.052 0.132

1U2 (kJ/mol) −18.8 −29.1

The adsorption isotherms were fitted to a dual site Langmuir
model of the form given by equation

q∗ =
qs,1b0,1e

−1U1
R

(

1
T−

1
TREF

)

c

1+ b0,1e
−1U1

R

(

1
T−

1
TREF

)

c

+
qs,2b0,2e

−1U2
R

(

1
T−

1
TREF

)

c

1+ b0,2e
−1U2

R

(

1
T−

1
TREF

)

c

(8)

TREF was the average temperature of the measurement which was
360K. The fitting was carried out in Origin 2021 software by
minimizing the sum of squares between the experimental data
and model predictions. The resultant isotherm parameters are
provided in Table 2. A good agreement between the model and
the experimental data can be seen from Figure 6C. The heat of
adsorption calculated from the isotherm parameters was around-
−100 kJ/mol, which is typical for sorbents containing amine
groups (Sutanto et al., 2017; Gelles et al., 2020). The values of
qs reported in mol/m3 are obtained by multiplying the values of
saturation capacities in mol/kg by the density. For the process
simulations, the saturation capacities are used in mol/m3 units.

A metric which is widely discussed in literature when talking
about CO2 isotherms is the working capacity. It is defined as the
difference in the amount between the adsorption and desorption
pressures. For a 15% CO2 stream at 1 atmosphere, the adsorption
and desorption pressures are 0.15 bar and 0.1 bar, respectively.
Therefore, the working capacity in this case is the difference in
capacity at these two pressures. The values at 70◦C and 90◦C
are 0.031 and 0.064 mol/kg, respectively. The higher working
capacity at 90◦C is a consequence of the fact that the isotherm
at this temperature is less step in comparison with 70◦C.

Breakthrough Experiments
Figure 7 shows the comparison between the experimental and
simulated breakthrough curves. The experimental breakthrough
curves were obtained from the normalized mass spectrometer
signal i.e., the signal was normalized between 0 and 1 using
the maximum values and the baseline value defined by the
following equation

c(t)

C0
=

σ (t) − σmin

σmax − σmin
(9)

Here σ is the mass spectrometer signal and subscripts min and
max correspond to the maximum and minimum values of the

FIGURE 7 | (A) Concentration and (B) temperature breakthrough curves for

15% CO2-85% N2 feed.

signal. The maximum values were 1.0 × 10−7 and 1.5 × 10−7

for 10 and 15% CO2 mixtures and the minimum value was
about 4 × 10−11. The flow controllers were calibrated prior
to the experiments, and this gave us reliable values for the
CO2 concentrations in the feed. It should be noted that the
breakthrough experiments were carried out with a second 3D
printed sorbent that was not crushed unlike the sorbent used for
the volumetric experiments.

The adsorption capacity was obtained by performing a
mass balance around the desorption curve (for the packed
and the empty column, shown in Equation 10). Here c/C0 is
the normalized concentration from 1 to 10−4. F and CT are
the flow rate of the carrier in the desorption and the total
feed concentration, while y0 is the mol fraction of CO2. The
adsorption capacity values are summarized in Table 3 and a
comparison is also made with the volumetric experiments under
similar conditions. In general, one can see a good agreement
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TABLE 3 | Comparison of CO2 adsorption capacities at 0.15 bar (5 mol/m3 )

obtained from volumetric experiments and breakthrough experiments.

Temperature Volumetric

experiment

(mol/kg)

Binary

breakthrough

(mol/kg)

70◦C 0.43 0.41

80◦C 0.41 0.4

90◦C 0.34 0.32

TABLE 4 | Input parameters for the process simulation.

Parameter Value Comments

Length of column (m) 1 Khurana and Farooq,

2016a,b

Internal diameter (m) 0.1445 Khurana and Farooq,

2016a,b

External diameter (m) 0.162 Khurana and Farooq,

2016a,b

Feed temperature (◦C) 90 Krishnamurthy et al.,

2021a,b

Column void fraction 0.51 From mercury intrusion on

one sorbent

Adsorbent pellet density

(kg/m3 )

730 From mercury intrusion

Adsorbent specific heat

(J/kg/K)

1,650 Calculated based on

structure composition

Channel dimensions (mm) 1.4 Adsorbent property

Channel wall thickness (mm)0.7 Adsorbent property

Internal heat transfer

co-efficient (W/m2 K)

0 Adiabatic column

External heat transfer

co-efficient (W/m2 K)

0 Adiabatic column

Specific heat of the gas

mixture (J/kg/K)

1,034 Based on gas feed mixture

LDF co-efficient of CO2 (s−1)

10% CO2 2.74 × 105 e−4824/T Breakthrough experiments

15% CO2 2 × 1010 e−8,524/T

LDF co-efficient of N2 (s−1) 10 Assumed and N2 is

considered inert

between the adsorption capacity values obtained from the
breakthrough and volumetric experiments. The similarity in
capacity shows good uniformity in printing between different
structures and eliminated any uncertainty caused in the
volumetric experiments due to the crushing of the structures. The
breakthrough experiments were also reproducible as shown from
the overlap of the desorption curves in Supplementary Figure 2

of the supporting information.

q∗ =
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mads





∫ t

o

c(t)
C0

1− c(t)
C0

y0

∣

∣

∣

∣

∣

packed

−

∫ t

o

c(t)
C0

1− c(t)
C0

y0

∣

∣

∣

∣

∣
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(10)

For accurate estimation of the capacity, the desorption must be
complete, i.e., the mass spectrometer signal should reach the base

FIGURE 8 | Specific energy vs. Productivity Pareto fronts for 10 and 15%

CO2 feed.

line value of 10−4. Further, the completion of the desorption
process was also verified by tracking the mass spectrometer
signal during the regeneration step. No spikes in the CO2 signals
were observed while heating the sample at 100◦C, suggesting
that complete desorption was possible with nitrogen purge for
about 3 h.

The breakthrough experiments were also used to study the
adsorption kinetics. For this, the experiments were modeled
using a 1D non-isothermal and non-isobaric model given in
the supporting information (Equations 11–17 and boundary
conditions in Table 2). The residual between the experimental
data and the simulation was minimized by fitting the linear
driving force coefficient and the heat transfer coefficient values
and the residual function obj is defined as follows:

Obj =

m
∑

j=1

(

yj,sim − yj, exp

y0

)2

+

p
∑

k=1

(

Tk, sim − Tk,exp

T0

)2

(11)

Subscripts sim and exp correspond to the simulated and
experimental data, y and T are the mol fraction and
temperature values. The experimental temperature is the
corrected thermocouple response based on equation 25 of the
supporting information. Table 3 of the supplementary material
shows the physical properties of the thermocouple. The analysis
was carried out for 4 different temperatures viz., 70, 80, 90, and
100◦C in order to obtain meaningful set of parameters. For the
analysis, we have used MATLAB’s genetic algorithm function.
The comparison of the experimental and simulated breakthrough
curves is shown in Figure 7. With 3 fitting parameters, the 1D
model was able to predict the experimental breakthrough curves
reasonably. Minor differences were observed in concentration
breakthrough curve as the breakthrough approaches the feed
concentration (between 100 and 200 s) and the peak of the
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FIGURE 9 | Productivity vs. (A) adsorption time and (B) interstitial feed velocity and specific energy vs. (C) counter-current evacuation pressure, (D) co-current

evacuation pressure, (E) reflux step duration and (F) reflux step energy consumption.

temperature breakthrough. These could be attributed to an under
estimation/over estimation of the heat transfer parameters by
the fitting exercise. Nevertheless, one can say that there is a
reasonable agreement between the model predictions and the
experimental data, and one can use the 1D model for a 3D
printed sorbent.

Process Simulations
It has been shown earlier in literature that simple metrics such
as CO2 capacity, working capacity and selectivity do not reflect
the performance of an adsorbent in a cyclic adsorption process
(Khurana and Farooq, 2016a; Rajagopalan et al., 2016). The
suitability of an adsorbent for a particular emission source is
dependent on process metrics such as CO2 purity, CO2 recovery,
energy consumption, and productivity. The US department
of energy (DOE) stipulates that the CO2 capture process
should achieve 95% purity and 90% recovery (DOE-NETL,
2013). Further, the energy consumption must be lower than
existing solvent-based technologies. This information can only be
obtained through rigorous process simulation and optimization
with the right equilibrium and kinetic parameters. Therefore, a
6-step VSA cycle (Figure 4) was rigorously optimized to identify
maximum productivity and minimum energy conditions for the
DOE stipulated purity and recovery targets. The 6-step VSA
cycle uses a rinse step which could enable high CO2 purities
and the high purity CO2 product can be obtained by evacuating
the column to reasonable vacuum pressures of >0.1 bar. This is
advantageous when compared with other 4-step cycles reported

in literature where the cycle needs a minimum of 0.03 bar to
recover the CO2 (Khurana and Farooq, 2016b).

For simulating the 6-step VSA cycle, the model that
was validated using the breakthrough experiments was used
with appropriate boundary conditions for the different steps
(Supplementary Information Table 2). The input parameters
included the isotherm data, kinetic parameters the adsorbent
properties such as porosity, density, specific heat etc. and the
column dimensions. These are summarized in Table 4. As
mentioned earlier, MATLAB was used to simulate the cyclic
adsorption process. Therefore, the VSA cycle simulator was
coupled with MATLAB’s inbuilt genetic algorithm function
gamultiobj to perform process optimization. Flue gas from
a biomass fed power plant typically contains about 10–15%
CO2 (Dell’antonia et al., 2012; Ali et al., 2017). Therefore, the
optimization was carried out for two different gas compositions
10 and 15% CO2 in N2. In total 4,200 simulations were
performed by the optimizer for each case. This corresponded
to 30 generations and 140 population per generation. The
total optimization time was around 50 h of CPU time for
4,200 simulations.

Figure 8 shows the specific energy vs. productivity Pareto
plots for 10 and 15% CO2 in the feed. All the points satisfy
95% purity and 90% recovery targets, thereby demonstrating the
suitability of this adsorbent for capturing CO2 from a biomass
fired power plant. The minimum specific energy for capturing
CO2 from a 10% feed is 0.94 MJ/kg of CO2 captured and the
maximum productivity is 0.8 moles of CO2 captured/m3 ads s.
For the 15% CO2 feed, these numbers were 0.6 MJ/kg of CO2
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captured and is 2.2 moles of CO2 captured/m
3 ads s. The specific

energy reported in this work is on an electricity basis.
To explain the differences in performance we plot some of

the two objectives i.e., productivity and specific energy against
some of the key decision variables in Figure 9. The productivity
is directly proportional to the amount of CO2 fed/recovered and
is inversely proportional to the cycle time and the volume of the
adsorbent. With a fixed volume of sorbent, high productivities
are achieved with fast cycling. In case of the 6-step cycle, the
feed enters the column in the adsorption step. The adsorption
step time in case of 10% CO2 was 25–49 s whereas it was
around 12–43 s in case of 15% CO2. In a real scenario, the
velocity of the concentration front inside column is a function
of the fluid velocity and is also inversely proportional to the
slope of the isotherm (Ruthven, 1984). The slope of the CO2

isotherm is higher at 10% than at 15% CO2. This means
that the concentration wave travels slower through the column
at the lower concentrations. This, therefore, means that the
adsorption step can be operated longer before the CO2 front can
breakthrough from the column in the case of a feed containing
less CO2. The longer adsorption step led to increased cycle times
and the values chosen by the optimizer for the 10 and 15%
CO2 feed were 62–112 s and 31–117 s, respectively. Moreover,
the optimizer also chose higher velocity values for the 15%
feed (0.28–0.62 vs. 0.28–1.2 m/s) as seen from Figure 9B. The
combination of a higher velocity and shorter cycle durations
improved the productivity when the process operates with a 15%
CO2 feed.

The bulk of the energy consumption in the 6-step VSA process
comes from the vacuum pumps used for the evacuation and
the light reflux steps. In this optimization, the optimizer chose
higher evacuation pressures for the 15% CO2 feed than for
a 10% CO2 feed in both the co-current and counter-current
evacuation steps. With respect to the co-current evacuation step,
the optimizer chose evacuation pressures of 0.22–0.28 bar for
10% CO2 vs. 0.28–0.38 bar for the 15% CO2 case. The purpose
of the co-current evacuation step is to enhance the purity of
the CO2 by removing the nitrogen remaining in the column.
Higher the nitrogen amount in the feed, deeper is the vacuum
needed to remove it in the co-current evacuation step. Further,
the optimizer also chose higher feed velocities which would
help in removing most of the nitrogen in the adsorption and
rinse steps and therefore, deeper vacuum was not needed at
the higher CO2 feed concentration. As mentioned earlier, the
CO2 isotherm is steeper at 0.1 bar (10% CO2) than at 0.15
bar (15% CO2). This, therefore meant that the counter-current
evacuation pressure is operated at coarser vacuum in case of
15% CO2 feed than 10% CO2 feed (0.115–0.124 bar for 10%
vs. 0.115–0.142 bar for 15%). The energy consumed by the
vacuum pump is inversely proportional to the vacuum pressure
as shown in Supplementary Equation 23 in the supporting
information. This meant that the cycle operating at coarser
vacuum consumed less energy in the co-current and counter-
current vacuum steps. Additionally, the reflux step durations
and the energy cosumption in the light reflux step are lower
for the 15% CO2 feed as seen from Figures 9E,F. These factors
contributed to the lower energy for the 15% CO2 feed. The

FIGURE 10 | (A) H2O adsorption isotherms in the 3D printed sorbent and (B)

adsorption isotherms of CO2 under binary and ternary conditions. The ternary

breakthrough experiments were carried out with 15% CO2, 7% H2O in N2.

Lines in (A) correspond to dual-site Langmuir fit.

performance of this 3D printed sorbent is compared with a
similar 3D printed sorbent from a previous study for a 15% CO2

feed (Krishnamurthy et al., 2021a). The minimum specific energy
and maximum productivity values in that work was about 0.67
MJ/kg which is very similar to that of the present study. However,
the 6-step VSA cycle exhibited a lower maximum productivity of
0.9 mol/m3 ads s. This is due the fact that the optimizer chose a
value for the velocities to be 0.3–0.7 m/s, as opposed to values
of 0.3–1.2 m/s in the present work. Moreover, the cycle times
were longer in the previous study (71–126 vs. 40–117 s). This is
a result of fast kinetics, i.e., the LDF coefficient was higher (1.15
vs. 0.18 s−1) in sorbent used for the present study, even though
the adsorption capacities are similar in both the sorbents. This
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comparison highlights the importance of the adsorption kinetics
in determining the productivity of the VSA process.

The Effect of Water Vapor on CO2

Adsorption
In the process simulations we have not considered the presence
of water vapor in the flue gas. To understand the effect of
water vapor breakthrough experiments with 15% CO2, 7%
H2O, and rest N2 were carried out at 70◦C. The breakthrough
experiments were complemented by volumetric experiments on
the crushed sample. Figure 10 shows the isotherms of H2O at
three different temperatures measured up to 1.4 mol/m3 (4.2
kPa, due to limitations of the set up). Water is strongly adsorbed
in comparison with CO2 with about 4.5 times higher capacity
around 4 kPa. This could explain the lower capacity in the
breakthrough experiments shown in Figure 10B as water may
compete with the CO2 adsorption. Further work is ongoing to
better understand the water adsorption in these sorbents. Based
on preliminary findings on theH2O co-adsorption, onemay need
a pre-drying step to remove the moisture before the flue gas
enters the adsorption column.

CONCLUSIONS

In this work a 3D printed polyethylene imine and multiwalled
carbon nanotube containing sorbent was studied in the context
of post-combustion carbon capture from a biomass fired
power plant flue gas containing 10 and 15% CO2. Isotherm
measurements showed that 3D printing of the water-based
paste resulted in a loss in capacity in comparison with the
actual paste. Next, column breakthrough experiments were
performed and analyzed using a 1D adsorption process model
to obtain the adsorption kinetic constants. With the results
from the experiments, a 6-step VSA process was optimized to
obtain minimum energy and maximum productivity values for
capturing 90% of the CO2 and concentrating the CO2 to 95%.
The 6-step VSA process performed better with a 15% CO2 feed
and the minimum energy and maximum productivity values
in this case were 0.6 MJ of electricity /kg CO2 captured and
2.2 mol/m3 ads s. On a thermal basis, this value is closer to
new absorbents (Campbell, 2014; Singh and Stéphenne, 2014).
However, the study does not consider the presence of oxygen
or water in the flue gas, which could have a detrimental effect
on the performance of the VSA cycle. The aim of this work is
solely to study the performance of a 3D printed adsorbent in a
6-step VSA cycle and therefore, we have not performed a cycle
synthesis to map the adsorbent’s best cycle configuration, which

could potentially be a further study. Currently our effort is also
focussed on improving the paste formulation and the printing
process for obtaining a structure with a better CO2 capacity and
fast kinetics.
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LIST OF SYMBOLS

b0: affinity parameter of the dual-site Langmuir model (m3/mol),
subscripts 1 and 2 denote sites 1 and 2.
c: concentration of the feed/gas (mol/m3).
C0: concentration of the gas in the feed (mol/m3).
CT: Total concentration of the feed (mol/m3).
PH: High pressure in the adsorption/rinse step (Pa).
Pint: Intermediate vacuum pressure for the co-current evacuation
step (Pa).
PL: Vacuum pressure in the counter-current evacuation step (Pa).
q∗: Equilibrium adsorption capacity (mol/kg).
qs: Saturation adsorption capacity (mol/kg), subscripts 1 and 2
denote sites 1 and 2.
T: Temperature (K).
Tref: Reference temperature used in isotherm fitting (K).
y: mol fraction of the adsorbate.
σ: CO2 signal of the mass spectrometer.
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