
Chemical Engineering Journal 430 (2022) 131000

A
1

H
f
S
a

b

A

K
T
P
O
C

1

t
i
s
i
d
g
i
a

r
f
l
p
o
a
o
c

b
i
i
w
m

h
R

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

eat transfer intensification with packed open-cell foams in TSA processes
or CO2 capture
tefano E. Zanco a, Matteo Ambrosetti b, Gianpiero Groppi b, Enrico Tronconi b, Marco Mazzotti a,∗

Institute of Energy and Process Engineering, ETH Zurich, 8092 Zurich, Switzerland
Department of Energy, Politecnico di Milano, Milano, Italy

R T I C L E I N F O

eywords:
SA
acked foam
pen-cell foam
O2 capture

A B S T R A C T

Packed open-cell foams are proposed as an alternative to standard packed bed configuration commonly adopted
for the adsorption columns of a temperature swing adsorption process. In this contribution, heat transfer
in an adsorption column with a packed foam configuration is investigated by experimental and modeling
analysis, in comparison to a standard packed bed. The introduction of the packed foam allows for more rapid
temperature transitions and substantial reduction of temperature gradients within the adsorption bed. The
impact of this heat transfer enhancement on the separation performance of a temperature swing adsorption
process is evaluated by modeling an example post-combustion CO2 capture application. Although the presence
of the foam implies a loss of sorbent inventory (-26.5%), higher process productivity (+80%) is achieved thanks
to faster temperature swings and more homogeneous temperature distribution within the adsorption columns.
. Introduction

Among adsorption based separations, Temperature Swing Adsorp-
ion (TSA) processes include all those processes, commonly performed
n fixed bed gas-solid contactors, where the regeneration of the solid
orbent is enabled by an increase in temperature of the system. The
nterest in this type of processes has noticeably risen over the last
ecades in parallel with the research on the reduction of greenhouse
as emissions, a purpose for which they have been identified as an
nteresting alternative to widely studied scrubbing processes using
queous amine solutions as solvent [1,2].

The application of TSA processes to the treatment of large gas flow
ates, like the ones usually involved in post-combustion CO2 capture
rom flue gas, has highlighted how this type of processes suffer from
ow productivity, defined as the capacity of separation of the desired
roduct per unit plant footprint and unit operation time. The reason
f this limitation has been identified with slow heat transfer kinetics,
n intrinsic feature of the fixed bed contactors operated with the aim
f gas separation, which play a rate-limiting role in the heating and
ooling phases of a cyclic TSA operation [3].

Several solutions have been proposed to overcome this limitation:
ed configurations alternative to the fixed bed (rotary beds [4], flu-
dized beds [5,6]), alternative heating approaches (electrical heat-
ng [7], direct heating [8], microwave heating [9]); structured sorbent
ith a shape different than the pellets adsorption column are com-
only packed with (both supported or self-supported [10–13]). Among

∗ Corresponding author.
E-mail address: marco.mazzotti@ipe.mavt.ethz.ch (M. Mazzotti).

structured sorbents and in the context of CO2 capture, particularly
interesting are the so-called Rapid TSA systems where the sorbent is
either embedded in a polymeric hollow fiber support [3] or formed into
self-supported monoliths [14,15]. On the one hand, these systems have
demonstrated to partially overcome heat transfer limits, thus enabling
for extremely fast cycling; on the other hand, the production of these
structures is not always economical, and the sorbent inventory they can
attain is often smaller than that of columns filled with pellets.

The topic of heat transfer limitations is of great relevance in cat-
alytic applications as well. Multitubular reactors with diameters in the
range 2–15 cm packed with pellets and indirectly heated or cooled
are widely employed in catalytic processes. These systems are typically
operated at high flow velocities for the combined needs of productivity,
adequate contact time to reach target conversions, and efficient heat
transfer to enable effective process temperature control [16]. A related
issue is that these solutions are not viable for a scale down of the
process: When reducing the tube length, the flow velocity scales down
and the heat transfer performance worsens, because the convective
mechanism that governs heat transfer is suppressed [17].

Several kinds of washcoated structured catalysts [18] (conductive
honeycombs [19], wire meshes [20], foams [21,22]) or packed systems
(packed monoliths [23], packed foams [24,25]) have been proven
effective to overcome heat transfer limitations. In particular, the use
of packed foams and of packed periodic ordered geometries has been
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demonstrated as a suitable solution for the intensification of energy-
intensive processes like methane steam reforming [21,25] and Fischer–
Tropsch synthesis [24].

Thanks to the adoption of highly conductive materials, these packed
structures outperform standard packed bed configurations in terms of
heat transfer kinetics in tubular reactors, especially at low flow rate
conditions, while they can house comparable catalyst inventories. The
non-ordered version of these packed structures, the open-cell foams,
features a combination of bulk materials with high thermal conductiv-
ity and interconnected frames throughout the reactor volume [26], thus
providing an effective thermal conductivity in the radial as well as in
the axial direction. The heat transfer mechanism of the packed open-
cell foams has been investigated in recent studies, where an electrically
equivalent network of heat transfer resistances has been developed to
derive an overall heat transfer coefficient as a function of the packing
geometry and of the operating conditions [25].

Given the strong analogies between catalytic and adsorption pro-
cesses, there is a potential for these concepts to be successfully em-
ployed also in adsorption processes [27]. In this work, we report the
– to the best of our knowledge – first experimental analysis of the
application of packed open-cell foams to TSA processes, applied to a
post-combustion carbon capture process using Zeolite 13X as sorbent.
The performance of the packed foam (PF) is assessed through the
comparison with a standard packed bed (PB) configuration. First, heat
transfer performances have been tested. Thereafter, the experimental
rig has been operated for the main step of a TSA cycle, to estimate the
benefits in terms of separation performance. Finally, a one-dimensional
model is used to investigate the overall efficiency of an optimized CO2
apture process with the packed foam. Our results show that, consis-
ently with the expectations, the heat transfer properties of open-cell
oams help in achieving a more homogeneous temperature distribution
nd faster column dynamics during operation, hence allowing for faster
ycling of a TSA process. This benefit overcompensates a partial loss
f adsorption capacity, eventually resulting in a substantial increase of
rocess productivity, at the inevitable cost of a slightly higher energy
onsumption.

. Experimental setup

.1. Adsorption column

In order to observe neatly distributed radial temperature profiles
eveloped both at steady state and under transient conditions, a cylin-
rical adsorption column with a large diameter of 80.2 mm has been
uilt in house.

The column, 800 mm long (length-to-diameter ratio of 10, to allow
or full development of a plug flow velocity profile), is divided into
wo sections (600 mm and 200 mm, respectively; Fig. 1a), the top one
osting the adsorbent bed of Zeolite 13X (ZeoChem, Switzerland), the
ottom part housing an inert packing of glass beads of the same size and
hape of the adsorbent (2.00 mm, spherical). With this configuration, a
imited amount of sorbent is used (approximately 1 l) in order to reduce
he duration of the breakthrough experiments.

The adsorber section of the column is jacketed. In the jacket, a
ontinuous flow of silicon oil works as indirect heat source or heat
ink. Two different oil streams may circulate in the external jacket,
ach of them being temperature-controlled by a dedicated thermostat
Huber AG, Switzerland), one set on a low temperature (i.e. 25 ◦C) and

one at a suitable temperature to perform heating experiments or bed
regeneration. While one stream is conveyed through the column jacket,
the other flows through a bypass, and the two can be switched by means
of automated valves to quickly adjust the temperature in the adsorber,
from heating to cooling and vice versa.

K-type thermocouples (Moser TMT AG, Switzerland) are installed
longitudinally at three different positions along the radial direction,
namely at the center, close to half-radius length, and close to the
2

vessel wall (Fig. 1b). These three can slide along the axial direction
for most of the bed length to obtain a 2D temperature map during
steady-state heat transfer experiments, whilst they are kept at a fixed
position (60% of the bed length, 120 mm from adsorption bed inlet)
during transient experiments. An additional thermocouple is installed
transversely 32.0 mm below the interface between the two sections, to
measure the temperature of the gas entering the adsorbent bed.

The gas mixtures (Pangas AG, Switzerland) are fed to the col-
umn while controlling the inlet flow rate with a mass flow controller
(Bronkhorst, Netherlands), whereas at the column outlet a mass flow
meter (Bronkhorst, Netherlands) and a mass spectrometer (Pfeiffer,
Germany) measure flow rate and gas composition, respectively. Tem-
perature and pressure are measured upstream and downstream of the
column with additional K-type thermocouples and pressure transducers
(Keller, Germany).

2.2. Column packing

The same column has been used to perform all the experiments, with
and without metal foams.

The used adsorbent particles all belonged to the same production
batch of those characterized by Hefti et al. [28] and Marx et al. [29]
through equilibrium and kinetic experiments. The beads (nominal av-
erage size: 2.0 mm) have been sieved to separate the particles with
diameter smaller than 2.00 mm. During the packing operations, the
particles have been exposed to air (at approximately 23 ◦C, 25% RH).
After the packing and prior to the experiments, the bed has been
regenerated by heating and under vacuum (150 ◦C, 0.005 bar) for 12 h.

For the packed bed (PB) experiments, larger particles (average
diameter: 2.00 mm) have been packed within the column by simply
pouring them and packing them tightly with the aid of a vibrating
support. A final void fraction of 0.388 has been determined from the
amount of sorbent loaded in the column (as expected for this specific
tube to particle diameter ratio), corresponding to a zeolite inventory of
664 kg/m3 (measured after exposure to air).

The foam has been characterized with optical microscopy to de-
termine the cell size, whereas its porosity has been determined by
gravimetric measurements coupled with ethanol picnometry, determin-
ing a void fraction of 0.95 and an average cell size equal to 5.0 mm.
For the packed foam (PF) experiments, a series of disks (40.0 mm
high, 80.1 mm in diameter) have been shaped out of a pure-aluminum
foam sheet by high-precision cutting (Electro Discharge Machining —
EDM), and bored with holes to house the thermocouples in the positions
described before. The disks have been first placed within the vessel
and filled with slightly smaller particles (average diameter: 1.78 mm)
layer by layer with the aid of a vibrating support (Figs. 2a and 2b).
The final packing has resulted into a void fraction of 0.485 (defined
on the residual void space in the column after placing the foam),
also confirmed by preliminary measurements performed outside of the
column and consistent with previous works performed at Politecnico
di Milano [30], corresponding to an inventory of zeolite of 531 kg/m3

(measured after exposure to air).
Considering that the particles have been exposed to moist air, the

mass measured during the packing likely includes a certain amount of
adsorbed water. Since its presence is highly detrimental for the adsorp-
tion capacity of other species, as shown by Hefti and Mazzotti [31], it
is important to determine the amount of adsorbed water loaded on the
sorbent in order to forecast the right adsorption capacity for CO2.

According to the water isotherms measured by Hefti and Mazzotti
on the very same adsorbent, at equilibrium conditions at 25% relative
humidity Zeolite 13X can adsorb approximately 15.4 mol of water per
kg of particles, which corresponds to an apparent mass increase of
the solid inventory of 27.9%. However, due to the slow kinetics of
water adsorption on zeolites, it is unsure that equilibrium conditions
have been reached during the exposure time. Moreover, it cannot be
excluded that, even after a long regeneration time, at 150 ◦C all the
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Fig. 1. Experimental setup with large cross-section adsorption column. (a) Adsorption column installed within the rig and connected to the heating/cooling system and the gas
feeding system. The top part with the steel jacket is packed with the adsorbent beads, while the lower part (covered by a thermo-insulating tape) is packed with inert glass beads.
(b) Scheme of the adsorber section of the column.
moisture adsorbed is released, thus recovering full capacity for the
adsorption of CO2.

In order to determine the real mass of zeolite packed for the two
configurations, after the experiments the solid inventories have been
unpacked from the column, weighed again (686 and 534 kg/m3 of
pellets, for PB and PF respectively), and finally sampled by means of
thermogravimentric analysis (TGA). During the TGA measurement, the
two samples (one from the PB packing, one from the PF one) have been
exposed to an atmosphere of pure N2, whose adsorption capacity on
Zeolite 13X can be considered negligible at high temperatures, heated
up progressively to 600 ◦C (at a heating rate of 10 ◦C/min) and then
left at this temperature for additional 20 min. The mass decrease of
the samples as a function of temperature, as measured during the
TGA, is shown in Fig. 3. From this measurement, the net total zeolite
inventory has been estimated to be 562 and 413 kg/m3, for PB and PF,
respectively. The difference in the mass variation observed during the
two TGA measurements is justified by the fact that the two inventories
have been unpacked in different moments, after being exposed first to
different experimental conditions and later to ambient air for different
periods of time.

In total, the introduction of the metal foam causes a loss of sorbent
inventory of 26.5%, thus implying a corresponding reduction of the
capacity for adsorption per unit column volume.
3

It is also worth noting that the total heat capacity is virtually
the same for the two configurations: In the PF case, the lower sor-
bent inventory is compensated by an almost equal mass of aluminum
(135 kg/m3), which has a very similar specific heat capacity as that
of the zeolite, as reported in Table 1. Therefore the absolute thermal
capacity of the two systems is comparable.

3. Heat transfer measurements

In a standard PB configuration, heat transfer relies mainly on two
mechanisms, namely the conduction through the gas and solid phase,
and the convection due to the fluid flow. Due to the relatively low
temperatures reached in the application that is object of this study,
radiation can be neglected. Under flow conditions typical of packed bed
reactors (Reynolds number large than 50), the convective contribution
neatly predominates due to the poor thermal conductivity of the pellets
and the absence of radial and axial continuity of the solid material. As a
consequence, the effectiveness of the temperature control in the system,
as applied from an indirect heat source or sink, strongly depends on
the fluid dynamics of the gas, and is particularly hindered in absence
of flow, e.g. during the heating and cooling transitions, that end up in
representing the bottleneck steps in cyclic processes.

It has been demonstrated, instead, that in a packed foam config-
uration the heat transfer mechanisms of a standard packed bed are
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Fig. 2. Pictures of the metal foam packing with zeolite beads. (a) Adsorption column with the first disks of foam inserted and packed with zeolite beads, before the experiments.
(b) Detail of a foam disk packed with zeolite beads. Picture taken while dismantling the column packing, after the experiments.
Fig. 3. Relative mass difference (to the final measured mass) as a function of the
temperature to which the samples are exposed during the TGA measurement.

assisted by those of the open-cell foam metal frame [25,32], which
shows high effective thermal conductivity thanks to both the solid
continuity [26] and a material conductivity four orders of magnitude
higher than that of the sorbent beads (see Table 1). As a consequence,
the insertion of the foam within the column allows not only to reduce
the overall thermal resistance within the adsorption column, but also to
switch from a mainly convective to a mainly conductive heat transfer
mechanism. Since conduction through the solid phase is not affected by
the gas flow, higher thermal conductivities entail advantages especially
at low-velocity operating conditions.

The expected benefits are twofold: On the one hand, thermal tran-
sitions are supposed to occur faster; on the other hand, the reduced
thermal resistance should flatten out both the axial and the radial
temperature gradients, enabling a more precise control of the temper-
ature across the adsorbent bed, thus with a potential increase in the
adsorption capacity.

To evaluate the thermal response of the adsorption column in the
two different configurations, measurements have been performed under
inert conditions. Argon (99.995% vol. purity) has been chosen as
inert gas, given its similarities to CO2 in terms of molar mass, heat
capacity and thermal conductivity. Heat transfer in the column has
been assessed by means of two types of experimental observations:

1. Analyzing the temperature profiles, both in the axial and in the
radial direction within the column once the system has reached
steady state and the column is continuously heated from the
jacket and fed with cold inert gas at different flow rates by
moving the thermocouples inside the bed.
4

Table 1
Experimental setup and materials.

Adsorption column vessel

Material Stainless steel, type 1.4404
Wall thickness 1.9 mm
Inner diameter, 𝐷in 80.2 mm
Inert bed length 600.0 mm
Adsorbent bed length 200.0 mm
Thermocouple radial positions:

Central 0.0 mm
Half-radius length 21.0 mm
Close to wall 37.4 mm

Material density 10 000 kg/m3

Heat capacity 400 J/kg/K
Thermal conductivity 60 W/m/K

Adsorbent

Material Zeolite 13X
Pellet shape Spherical beads
Pellet size D50 PB, 𝑑p 2.00 mm
Pellet size D50 PF, 𝑑p 1.78 mm
Material density 2359 kg/m3

Particle density, 𝜌p 1085 kg/m3

Bed inventory PB (after exposure to air) 664 kg/m3

Bed inventory PB (regenerated), 𝜌PB 562 kg/m3

Bed inventory PF (after exposure to air) 531 kg/m3

Bed inventory PF (regenerated), 𝜌PF 413 kg/m3

Heat capacity 920 J/kg/K
Thermal conductivity, 𝑘p 0.17 W/m/K

Metal foam

Material Aluminum
Void fraction, 𝜀F 0.95
Average cell diameter, 𝐷cell 5.0 mm
Aluminum inventory 135 kg/m3

Material density 2710 kg/m3

Heat capacity 900 J/kg/K
Thermal conductivity, 𝑘F 200 W/m/K

2. Analyzing the dynamic evolution of the temperature within the
column, when it undergoes a step change of temperature of the
indirect heating and cooling system by keeping thermocouples
in a fixed bed position. These experiments have been performed
both at zero flow conditions at different pressures, and under
flow conditions, feeding cold inert gas at different flow rates.

3.1. Steady state temperature profiles

The first set of measurements was aimed at the observation of the
temperature gradients within the column at steady state. To perform
these experiments, cold Ar has been fed at flow rates between 12.5 and
81 nL/min (normal liter per minute, referred to 𝑇 = 0 ◦C, 𝑃 = 1.01325
bar).
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Fig. 4. Axial temperature profiles at steady state during heating at 150 ◦C while feeding Ar at 25 ◦C at 25 nL/min. The colors indicate the position of the thermocouples: central
(magenta, 𝑟 = 0 mm), half-radius (green, 𝑟 = 21 mm) and close to wall (blue, 𝑟 = 37.1 mm). The dotted lines indicate the temperature of the oil flowing in the heating jacket (red)
and the gas inlet temperature (blue).
Fig. 5. Radial temperature profiles at steady state during heating at 150 ◦C while feeding Ar at 25 ◦C at different flow rates. The three thermocouples are placed at 120 mm
from the inlet of the adsorbent bed, at different radial positions corresponding to the positions indicated in Fig. 4: central (𝑟 = 0 mm), half-radius (𝑟 = 21 mm), and close to wall
(𝑟 = 37.1 mm). The dotted lines indicate the temperature of the oil flowing in the heating jacket (red) and the gas inlet temperature (blue).
Under flow conditions, the observed temperature profiles are char-
acterized by temperature gradients both in the axial direction and in the
radial direction. The heat is provided transversely to the flow direction
from the column wall, and transferred toward the center of the column
by a mixed conductive–convective heat transfer mechanism, while
being transported along the column by advection. This prevents the
adsorbent bed from reaching the wall temperature, and causes the
development of axial temperature gradients due to the progressive
heating of the gas stream. After waiting for the thermal steady-state,
the measurements were performed.

In Fig. 4 the temperatures measured at the three radial positions
and at different axial positions (from 30 mm to 120 mm from the
column inlet) are shown. In order to perform this measurement, the
inert gas has been fed constantly at 25 ◦C while applying a heating
step (from 25 to 150 ◦C) to the column. Once at steady state, the
thermocouples have been shifted along the axial direction, so as to
measure the temperatures at different axial positions. As expected, the
temperature always increases from the center of the column toward the
wall, where the heat is provided to the bed. In the PB case, the three
temperature profiles are neatly separated, while in the PF case they
are closer to each other and to the temperature of the external heating
fluid, as a consequence of the reduced thermal resistance of the system.
5

The observation of the profiles suggests that the radial gradients
reach a maximum extent at a certain axial position, while they are flat
at the inlet (where the gas is fed at uniform temperature) and tend to
flatten out toward the outlet. The position of the maximum gradient
mainly depends on the ratio between the amount of heat conveyed
by advection by the gas flow and the amount of heat exchanged
radially through the bed. Since the gas flow rate is the same in the two
measurements (and thus the heat advection terms), the fact that this
maximum gradient is reached for this specific flow conditions at around
9 cm from the inlet for the PB and 4 cm for the PF further proves that
heat transfer in the radial direction is significantly enhanced in the PF
configuration for low Re and large column diameters.

The temperature gradients in the radial direction at 120 mm from
the column inlet are displayed in Fig. 5 for four different gas flow rates,
in order to show the influence of the gas velocity on the temperature
distribution within the column.

The advective term of heat transfer becomes larger with increasing
velocity, implying that with a cold feed the larger the flow rate,
the lower the average temperature in the bed, provided that heat
convection increases less than proportionally with the velocity. The
comparison between the measurements highlights though a neat differ-
ence in the impact of the velocity on the radial temperature gradients,
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Fig. 6. Dynamic evolution of the temperature within the column as measured by the three thermocouples placed at 120 mm from the inlet of the adsorbent bed, during a
temperature change from 25 ◦C to 150 ◦C with a flow rate of 81 nL/min of Ar at 25 ◦C. The dashed lines indicate the measurements in the packed bed. The solid lines indicate
the measurements in the packed foam. The colors indicate the position of the thermocouples: central (magenta), half-radius (green) and close to wall (blue). The dotted lines
indicate the temperature of the oil flowing in the heating jacket (red) and the gas inlet temperature (blue).
Fig. 7. Dynamic evolution of the temperature within the column as measured by the three thermocouples placed at 120 mm from the inlet of the adsorbent bed, during a heating
transition from 25 ◦C to 150 ◦C under continuously drawn vacuum from the column (at 5 mbar). The dashed lines indicate the measurements in the packed bed. The full lines
ndicate the measurements in the packed foam. The colors indicate the position of the thermocouples: central (magenta), half-radius (green) and close to wall (blue). The dotted
ed line indicates the temperature of the oil flowing in the jacket.
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n the range of tested flow rates. For the PF case, the temperature
ifference measured between the central thermocouple and the one
lose to the wall is always significantly smaller (in general, less than
0% compared to the PB case), the profiles are flatter, and the av-
rage temperature decreases progressively with the velocity. In the
B case, the parabolic shape of the temperature profiles is more pro-
ounced, and already at 50 nL/min the heat transfer limitations lead
lmost to a negligible temperature increase on the internal temperature
easurements.

In general, the average temperature of the bed is considerably
igher with the foam at any flow rate, and a more homogeneous
istribution of the heat across the cross section is achieved.

.2. Dynamic temperature profiles

Being the two systems characterized by comparable thermal capac-
ties, a faster transition to the steady state is expected for the system
xhibiting higher heat transfer rates.

Fig. 6 shows the dynamic evolution of the three temperatures mea-
ured by the thermocouples during a step change of temperature of the
eating system. To reproduce operations in a temperature swing, cold
il (25 ◦C) flow has been initially conveyed through the column jacket;
hen suddenly the cooling stream and the heating stream of oil have
een switched. As it can be seen from the figure, the temperature of the
xternal fluid changes quickly and stabilizes in approximately 5 min at
ts final setpoint (150 ◦C). For the whole duration of the measurement,
flow of cold Ar (81 nL/min, 25 ◦C) has been continuously fed to the

olumn inlet.
6

The two systems display a steady state temperature distribution
fter approximately 12 and 9 min for the PB and PF, respectively.
owever, the temperatures keep rising further, most likely due to sec-
ndary phenomena associated with the slow heating of the surrounding
etal parts of the setup, and the consequent further increase of the wall

emperature close to the column inlet. After approximately 35 min, the
ltimate steady state (as reported in Fig. 5) is reached.

The homogeneity of the temperature distribution across the radius is
he most evident feature of the PF configuration. Once the steady state
s reached, the difference between the temperature in the center of the
olumn and that close to the wall is 85.4 ◦C and 12.1 ◦C for the PB

and the PF, respectively. This highlights the predominant role played
by the metal foam in transferring heat and thus limiting the internal
temperature gradients.

The benefits deriving from an increased conduction through the bed
are even more evident in absence of flow, as demonstrated by Am-
brosetti et al. [33]. Temperature step experiments have been performed
at zero gas velocity at close to ambient pressure (in Ar) and under
vacuum, all yielding the same results. In Fig. 7 the dynamic evolution
of the temperatures for the same heating step under vacuum is shown.
Here, given the absence of flow, the whole column is brought to the
same temperature at steady state, and radial gradients can be observed
during the transient phase of the experiment.

The PB responds to the change of oil temperature with slow dy-
namics. The distance between the curves of the three thermocouples
demonstrates how the conduction through the zeolite beads alone has
difficulties in transferring heat to the center of the bed. In total, the
system needs more than 150 min to reach the thermal steady state.
The PF, instead, stabilizes at the highest temperature after only 48 min,
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Fig. 8. Breakthrough experiment. A binary mixture of CO2/N2 (12/88% vol.) is fed at 35 nL/min and 25 ◦C. (a) Dynamic evolution of the temperature within the column as
measured by the three thermocouples placed at 120 mm from the inlet of the adsorbent bed. The dashed lines indicate the measurements in the packed bed. The full lines indicate
the measurements in the packed foam. The colors indicate the position of the thermocouples: central (magenta), half-radius (green) and close to wall (blue). The dotted red line
indicates the temperatures of the oil flowing in the jacket. (b) Dynamic evolution of the gas composition at outlet, as measured by the mass spectrometer. The dashed lines indicate
the measurement in the packed bed. The full lines indicate the measurement in the packed foam. The colors indicate the two species of the binary mixture, namely CO2 (black)
and N2 (red). The dotted lines indicate the gas composition at inlet.
with a reduction of about 70% of the transition time, and restrains the
formation of radial temperature gradients for the whole duration of the
experiment.

4. Adsorption measurements

To assess the impact of the two different heat transfer regimes on the
separation performance of the adsorption column, breakthrough exper-
iments with a CO2-N2 mixture (12%–88% vol.) have been performed.
The gas mixture has been fed until saturation of the bed and further
(duration: 60 min), giving time to the system to re-stabilize at its initial
temperature (25 ◦C). Two different flow rates have been tested, 35 and
70 nL/min. Thereafter, regeneration at high temperature (120 min) and
a successive cooling (180 min) of the column have also been measured
following a systematic procedure, to reproduce the most relevant steps
of a TSA process. During regeneration and cooling, no gas has been fed
to the column; during the former, the bottom end of the column has
been left open to allow for gas evacuation, whereas during cooling both
ends of the column have been kept close. Three different regeneration
temperatures (120, 150, and 200 ◦C) have been tested. Between each
series of experiments (adsorption, regeneration, cooling) the column
has been regenerated by heating and drawing vacuum (150 ◦C, 0.005
bar) for 12 h.

4.1. Adsorption breakthrough

Fig. 8 shows the dynamic evolution of the simultaneous measure-
ments of the three thermocouples (Fig. 8a) and of the mass spectrome-
ter (Fig. 8b) during an adsorption breakthrough experiment performed
with the smaller gas flow rate, 35 nL/min.

The different heights of the temperature fronts can be readily ob-
served. The measurements of the three thermocouples always deviate
by less than 15 ◦C with the PF, which become more than 40 ◦C in the
7

PB case. This shows how the radial temperature distribution within
the column is flattened out. Although not directly shown by these
measurements, this is also true in the axial direction, as it can be
inferred by the more pronounced spreading of the temperature waves
in the PF, compared to the steeper fronts observed with the PB.

It can also be immediately observed how the CO2 breaks through
earlier in the PF case, as clearly demonstrated by both the concen-
tration front at the column outlet and the temperature front within
the column. This is expected, consistently with the loss of sorbent
inventory mentioned in Section 2, which is intrinsic of the packed
foam configuration. Moreover, the spreading of the temperature front
coincides with a smoother concentration profile at the outlet, which is
undesirable in adsorption processes. On the contrary, the shorter and
shallower tail of the temperature wave enables a faster saturation of
the sorbent capacity, and corresponds to a higher average loading in
the column at breakthrough. This is confirmed by the elbow formed by
the concentration front at breakthrough: The point where the profile
bends and flattens toward the feed concentration occurs at a higher CO2
concentration in the PF case, thus implying that the adsorption capacity
has been exploited better up to that point. This is clearly consistent with
the lower average temperature reached within the column.

Although the most obvious reason of the shorter breakthrough time
lies in the lower sorbent inventory housed by the foam, the calcula-
tion of the total adsorbed amounts of CO2 during the breakthrough
experiments produces unexpected results. This calculation is done by
integration of the inlet and outlet flow rates of the single species, i.e.

𝑞tot,CO2
= ∫

𝑡ads

0

(

𝐹in 𝑦in,CO2
− 𝐹out(𝑡) 𝑦out,CO2

(𝑡)
)

d𝑡 (1)

It returns values close to the prediction of the extended Sips isotherm
for the PB case, whereas it shows a consistent reduction of the total
adsorbed amount 𝑞tot,CO2

of 40%–45% from the PB to the PF case

throughout all breakthrough curves, which is significantly higher than
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Fig. 9. Adsorption of CO2 on Zeolite 13X pre-loaded with water at 25 ◦C [31]. The
writings indicate the amount of pre-loaded water. PB case: dashed line for isotherm
with estimated loading, □ experimental values, ■ average of experimental values.
PF case: full line for isotherm with estimated loading, ○ experiments,  average of
experimental values. The dotted lines refers to other water loading values, as reference.

expected, given the 26.5% reduction of sorbent inventory already
mentioned in Section 2.

From the observation of the adsorbent particles before and after the
experiments, from the shape of the breakthrough profiles, and from
the reproducibility of the experiments, it is suggested neither that the
different structure of the packing might have caused an additional loss
of capacity to adsorb CO2 for the PF, nor that there might have been
some mismatching of the experimental conditions between the two sets
of experiments (those performed with PB and those with PF). Therefore,
it has been inferred that the loss of capacity is due to a residual
amount of water loaded on the sorbent, which could not desorb under
the conditions the column had been regenerated at. This is plausible
because the zeolite beads used in the PF had been exposed to air for
a longer period of time, also due to the different packing procedures;
on top of that, the PB only has also been briefly exposed to higher
temperatures (up to 200 ◦C) after being packed in the column, while
performing some auxiliary measurements that were necessary for the
preparation of the experimental setup.

From the comparison of the adsorbed amounts with the isotherms
for CO2 adsorption over Zeolite 13X pre-loaded with water, computed
according to Hefti and Mazzotti [31], the amount of residual water
adsorbed is estimated equal to 0.15 and 1.85 mol per kg of adsorbent,
for PB and PF respectively, as shown in Fig. 9. The partial pressure of
CO2 shown is the one reached in the column at the end of the break-
through experiment (after full saturation), where the total pressure of
the column was higher than ambient (about 2.3 bar) due to pressure
decay downstream of the adsorption bed.

4.2. Regeneration by heating

Fig. 10 shows the temperature and outlet concentration profiles
measured during the regeneration. Regeneration has been performed
immediately after the breakthrough experiment, in this case heating
the column up to 120 ◦C.

The temperature profiles shown in Fig. 10a confirm the trends
observed in the heating experiments with absence of flow, given the
small flow rates of released gas recorded at column outlet. The PF
configuration allows for significantly faster heating and homogeneous
temperature distribution in the radial direction. The desorption wave
is more dispersed for the PB, due to the resistance encountered by
the heat reaching the center of the bed, as shown by the delay with
which the central thermocouple detects a temperature increase. Here
8

heat transfer is so slow that the bed does not reach the thermal steady
state by the time the desorption of CO2 is completed.

In the PF, the heat is quickly transferred to the whole cross section
instead. This turns out into a quick release of the adsorbed CO2, hence
the time required for desorption is reduced from 120 min of the PB case
to less than 50 min (Fig. 10b).

4.3. Cooling

The last step of the experiment, cooling down to 25 ◦C, has been
performed immediately after regeneration; this is the reason why the
temperature in the center of the PB starts from a sensibly lower value
compared to that of the PF. Fig. 11 shows the evolution in time
recorded by the three thermocouples, while the flow rate at the outlet
has not been monitored in this phase, because both column ends have
been kept closed.

The dynamics here observed are analogous to those recorded during
the heating step.

5. Modeling

To simulate the behavior of the adsorption column with the two
different packing configurations, we have resorted to the use of the
adsorption process modeling tool developed in house at ETH [34]. The
employed dynamic one-dimensional (in the axial coordinate) model
has been validated for different sorbents, gas mixtures and process
operations on a laboratory scale rig with 2.5 cm diameter columns [29,
34–37].

Due to the sensibly larger diameter of the column used in these
study, and the strongly non-uniform temperature distributions observed
during the heating experiments, the assumption of negligible radial
temperature gradient may be questionable, especially in the PB case.

However, we were interested in testing the capability of the one-
dimensional model to reproduce the adsorption breakthrough curves.
To partially compensate for the intrinsic inaccuracy of the one-
dimensional model, instead of constant heat transfer coefficients we
have used coefficient calculated according to literature correlations as
function of the bed geometry, the sorbent properties, the fluid dynamics
and the thermodynamic properties of the gas mixture. Contextually,
two different formulations of the heat transfer coefficients have been
used for the PB and PF case, in order to describe the different heat
transfer mechanisms involved.

For both packing configurations, a single pseudo-phase accounting
for the gas phase, the solid phase and the adsorbed phase is considered,
assuming thermal equilibrium among the phases. Therefore a single
energy balance for the whole bed can be written, whereas an additional
energy balance for the vessel walls is computed, as in Joss et al. [2].
Consistently with the aim of resorting as little as possible to values
fitted on the current experiments, the overall heat transfer coefficient
bed-to-wall, 𝑈ov, has been determined from available validated correla-
tions, as detailed in Sections 5.1 and 5.2. The convective heat transfer
coefficient from the external side of the wall to the thermostat fluid has
been instead fitted to the profiles of the heating experiments, resulting
in a value of 100 W/m2/K.

Regarding the adsorption isotherms for CO2 and N2 on Zeolite 13X,
the Sips isotherms measured by Hefti et al. [28,31] have been employed
in the model, while the heat transfer coefficients for the linear driving
force (LDF) kinetic model have been assumed equal to 0.1 and 0.5 s−1,
for CO2 and N2 respectively, according to the experimental estimates
made by Marx et al. [29] on the same sorbent.
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Fig. 10. Regeneration experiment. The bed is heated up to 120 ◦C while the bottom of the column is left open to allow for gas evacuation. (a) Dynamic evolution of the
emperature within the column as measured by the three thermocouples placed at 120 mm from the inlet of the adsorbent bed. The dashed lines indicate the measurements in the
acked bed. The full lines indicate the measurements in the packed foam. The colors indicate the position of the thermocouples: central (magenta), half-radius (green) and close to
all (blue). The dotted red line indicates the temperatures of the oil flowing in the jacket. (b) Dynamic evolution of the gas flow rate at outlet, from the combined measurements
f the mass flow meter and of the mass spectrometer. The dashed lines indicate the measurement in the packed bed. The full lines indicate the measurement in the packed foam.
he colors indicate the two species of the binary mixture, namely CO2 (black) and N2 (red).
Fig. 11. Dynamic evolution of the temperature within the column as measured by the three thermocouples placed at 120 mm from the inlet of the adsorbent bed. The dashed
lines indicate the measurements in the packed bed. The full lines indicate the measurements in the packed foam. The colors indicate the position of the thermocouples: central
(magenta), half-radius (green) and close to wall (blue). The dotted red line indicates the temperatures of the oil flowing in the jacket.
5.1. Packed bed

For the PB case, 𝑈ov is derived according to Dixon et al. [38] from a
eries of two thermal resistances, which consider heat transfer at wall
nd heat transfer through the bed, respectively:

1
𝑈ov,PB

= 1
ℎw,PB

+
𝐷in

𝑎 𝑘eff ,PB
(2)

𝑎 = 6 Bi + 4
Bi + 3

(3)

where the Biot number 𝐵𝑖 is calculated as ratio between the heat
transfer from the bed to its surroundings and heat transfer within the
bed, as follows

Bi =
ℎw,PB𝐷in

2 𝑘eff ,PB
(4)

and where ℎw,PB and 𝑘eff ,PB are both calculated according to Specchia
t al. [39] as sum of a static and a convective term. In particular,
9

considering the interstitial void fraction of the packed bed

𝜀PB = 1 −
𝜌PB
𝜌p

(5)

the two terms are calculated as functions of the velocity of the gas 𝑢,
of the density 𝜌g, of the conductivity 𝑘g, of the viscosity 𝜇g, and of the
heat capacity 𝑐p,g of the gas phase, all computed by the model at every
time and at every axial position by interpolation from a database on
the basis of the gas composition and the gas temperature, according to
the following equations:

Re =
𝜌g𝑢 𝑑p
𝜇g

(6)

Pr =
𝜇g𝑐p,g
𝑘g

(7)

Pe = Re Pr (8)

ℎ = ℎ + ℎ (9)
w,PB w,PB,static w,PB,convective
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Fig. 12. Heating experiment. Comparison of experimental measurements and simulations with the PB configuration. Dynamic evolution of the temperature within the column as
measured by the three thermocouples placed at 120 mm from the inlet of the adsorbent bed. The dashed lines indicate the experimental measurements of the thermocouples:
central (magenta), half-radius (green) and close to wall (blue). The dashed black line indicates the mixing-cup temperature obtained from the experimental measurements. The full
black line indicates the simulation. (a) No-flow conditions: Vacuum. (b) Flow conditions: Ar 25 nL/min.

Fig. 13. Breakthrough experiment. Comparison of experimental measurements and simulations with the PB configuration. (a) Dynamic evolution of the temperature within the
column as measured by the three thermocouples placed at 120 mm from the inlet of the adsorbent bed. The dashed lines indicate the experimental measurements of the
thermocouples: central (magenta), half-radius (green) and close to wall (blue). The dashed black line indicates the mixing-cup temperature obtained from the experimental
measurements. The full black line indicates the simulation. (b) Dynamic evolution of the gas flow rate at outlet. The dashed lines indicate the experimental measurements in the
packed bed. The full lines indicate the simulation. The colors indicate the two species of the binary mixture, namely CO2 (black) and N2 (red).
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Fig. 14. Regeneration experiment. Comparison of experimental measurements and simulations with the PB configuration. (a) Dynamic evolution of the temperature within
he column as measured by the three thermocouples placed at 120 mm from the inlet of the adsorbent bed. The dashed lines indicate the experimental measurements of
he thermocouples: central (magenta), half-radius (green) and close to wall (blue). The dotted black line indicates the mixing-cup temperature obtained from the experimental
easurements. The full black line indicates the simulation. (b) Dynamic evolution of the gas flow rate at outlet. The dashed lines indicate the experimental measurements in the
acked bed. The full lines indicate the simulation. The colors indicate the two species of the binary mixture, namely CO2 (black) and N2 (red).
Fig. 15. Comparison of experimental measurements and simulations for a cooling experiment with the PB configuration. Dynamic evolution of the temperature within the column
s measured by the three thermocouples placed at 120 mm from the inlet of the adsorbent bed. The dashed lines indicate the experimental measurements of the thermocouples:
entral (magenta), half-radius (green) and close to wall (blue). The dashed black line indicates the mixing-cup temperature obtained from the experimental measurements. The full
lack line indicates the simulation.
ℎw,PB,static =
𝑘g
𝑑p

⎛

⎜

⎜

⎝

2𝜀PB + (1 − 𝜀PB)

(

0.0024
(

𝐷in

𝑑p

)1.58

+
𝑘g
3 𝑘p

)−1
⎞

⎟

⎟

⎠

(10)

ℎw,PB,convective =
𝑘g
𝑑p

0.0835Re0.91
(

Pr
Prref

)
1
3

𝑅𝑒 ≤ 1200

(11)

w,PB,convective =
𝑘g
𝑑p

1.23Re0.53
(

Pr
Prref

)
1
3

𝑅𝑒 > 1200

(12)

where Prref = 0.7018, and

𝑘eff ,PB = 𝑘eff ,PB,static + 𝑘eff ,PB,convective (13)

𝑘eff ,PB,static = 𝑘g𝜀PB +
𝑘g(1 − 𝜀PB)

0.22𝜀2PB
+ 2

3
𝑘g
𝑘p

(14)

𝑘eff ,PB,convective = 𝑘g
Pe (15)
11

Peref
Peref = 8.65

(

1 + 19.4
( 𝑑p
𝐷in

)2)

(16)

In order to compare the three temperatures measured by thermo-
couples and the single temperature value calculated by the model,
a mixing-cup temperature has been computed from the experimental
measurements after fitting the following polynomial expression of the
temperature, 𝑇 , as function of the radial position, 𝑟, to the three
measured values:

𝑇 (𝑟) = 𝛼 + 𝛽 𝑟2 + 𝛾 𝑟4 (17)

where 𝛼, 𝛽 and 𝛾 are the three fitting parameters.
Fig. 12 shows the comparison between simulations and measure-

ments for heating only experiments performed in the PB. As foreseen,
the prediction capability of the one-dimensional model is limited with
this configuration, where the radial effects are pronounced. However,
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Fig. 16. Graphical representation of the heat transfer mechanism within the packed
foam using an equivalent circuit of resistances. Wall and bed are the two poles between
which heat is transferred through a series of two thermal resistances, namely ℎw,eq and
eq, which represent the transfer mechanism at the wall interface and within the bed,
espectively. Each resistance consists of two parallel pathways: PF is that of the zeolite
eads, F that of the foam.

he model is rather successful in identifying the timing of the tempera-
ure transition, as well as the final average temperature reached by the
olumn under flow conditions.

With the above definition of the overall heat transfer coefficient,
he one dimensional model has also provided a reasonable prediction
f both the temperature and concentration dynamic profiles for the
reakthrough experiments, observed differences are compatible with
he intrinsic limitation of neglecting any radial gradient. Fig. 13 shows
he comparison between the experimental measurements and the sim-
lated profiles for the same breakthrough experiment shown in Fig. 8,
ith temperature and flow rates expressed in non-dimensional form
ith reference to the inlet conditions of the gas.

From the comparison it can be seen how the model struggles in
redicting the exact shape of the profiles. Also the calculation of the
ixing-cup temperature, given its derivation through the fitting of a

adial temperature profile, possibly contributes to the misalignment
etween the temperature profiles due to the strong gradients of the
adial profile. Nevertheless, there is an adequate matching in the
iming of the temperature and concentration front, as well as in the
emperature range observed within the bed. This suggests the one-
imensional model could be use to predict quantitatively the separation
erformance of the column.

More problematic is instead the simulation of the regeneration
tep, as shown in Fig. 14, where all properties are again shown in
on-dimensional form with reference to the inlet conditions of the
dsorption experiment. At the beginning of the regeneration step the
wo-dimensional effects are pronounced, which translates into particu-
arly large radial temperature gradients. The pattern followed by the
eat fluxes, which proceed transversely through the column, causes
he more external portion of the bed to release CO2 earlier, whereas
t desorbs later at the core. This is evident from the shape of the
emperature fronts in Fig. 14a. As a consequence, a large amount
f adsorbate is released before the inner part of the column is actu-
lly heated. This effect cannot be represented by the one-dimensional
odel, where the adsorption dynamics are all dependent on a single

veraged temperature. The simulations thus predict a very delayed and
xcessively distributed desorption front, as shown in Fig. 14b.

As for the cooling step, the matching between model and exper-
ments is somehow satisfying, consistently with the fact that, after
egeneration and with both column ends closed, adsorption kinetics
re slower and play a minor role in impacting the temperature profiles
Fig. 15).

.2. Packed foam

For the packed foam instead, the approach suggested by Balzarotti
t al. [25] is followed, where an overall heat transfer coefficient, 𝑈
12

ov i
s computed by considering that the metal foam and the adsorbent
ed form two separated heat transfer pathways, both at the bed-wall
nterface and within the bed, as schematically shown in Fig. 16. Inside
he bed, the model assumes the presence of a gas/solid resistance
etween the solid foam and the pellets (represented by 𝑈F−PF).

The transfer coefficients ℎw,PF and 𝑘eff ,PF are computed analogously
o those of the PB case according to Eqs. (9) and (13), while only
hanging the interstitial void fraction 𝜀 consistently with the solid
nventory measured for the PF case and taking into account the volume
ccupied by the metal foam, i.e.

PF = 1 − 1
𝜀F

𝜌PF
𝜌p

(18)

while the terms for the metal foam ℎw,F and 𝑘eff ,F are computed as in
ghaei et al. [40] and in Bracconi et al. [26], respectively

ℎw,F =
𝑘g
𝛿gap

(19)

𝛿gap = 0.00013 + 0.14𝐷cell (20)

𝑘eff ,F =
( 1
3
+ 2

3
(

1 − 𝜀F
)

)

(1 − 𝜀F) 𝑘F (21)

where 𝐷cell is the average diameter of the foam cells.
As regards the exchange term between metal foam and bed, 𝑈F−PF,

it is computed by analogy through Eq. (2)

1
𝑈F−PF

= 1
ℎw,int

+
𝐷cell

𝑎 𝑘eff ,int
(22)

here ℎw,int and 𝑘eff ,int are calculated as ℎw,PF and 𝑘eff ,PF, respectively,
ubstituting the column diameter 𝐷in with the cell diameter 𝐷cell.
he Biot number for the calculation of the factor 𝑎 is also computed
ccordingly.

The series (ℎw and 𝑘eff ) of parallel (bed and metal foam) heat
ransfer pathways are then represented by a single overall heat transfer
oefficient 𝑈ov as
1

𝑈ov,PF
= 1

ℎw,eq
+ 1

𝐶eq
(23)

ℎw,eq = ℎw,PF + ℎw,F (24)

𝐶eq =
1

𝑅PF
+ 1

𝑅F
(25)

𝑅PF =
𝐷in

6.13 𝑘eff ,PF
(26)

𝑅F =
𝐷in

6.13 𝑘eff ,F
+ 4

𝐷in 𝑆V,F 𝑈F−PF
(27)

here 𝑆V,F represents the foam surface per unit volume, computed
ccording to Ambrosetti et al. [41].

As shown by the comparison of simulated and experimental profiles
Fig. 17, the one-dimensional model is very effective in predicting
he temperature distribution within the PF, where the radial effects
ubstantially lessen compared to the PB. With the formulation adopted
or the heat transfer coefficient within the column, and the estimated
alue of the wall-to-fluid coefficient for the external side of the wall,
he temperature transient is predicted very precisely. This demonstrates
hat the heat transfer model proposed and validated by Balzarotti
t al. [25] on a 30 mm diameter column can be effectively deployed
or diameters up to 80 mm.

The one-dimensional model predicts the temperature and concen-
ration profiles with good accuracy, although a minor deviation can
e observed from the experimental data in both the height of the
emperature front and its spreading. The latter is more pronounced
han in the PB case, reasonably due to the combination of an enhanced
xial conductivity in the bed and a mild inhomogeneity of the packing
ensity across the cross section, which could not be clearly observed
uring the packing and unpacking operations though (Fig. 18).

In order to predict the breakthrough time, it is necessary to take
nto account the residual amount of water loading left on the zeolite
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Fig. 17. Heating experiment. Comparison of experimental measurements and simulations with the PF configuration. Dynamic evolution of the temperature within the column as
measured by the three thermocouples placed at 120 mm from the inlet of the adsorbent bed. The dashed lines indicate the experimental measurements of the thermocouples:
central (magenta), half-radius (green) and close to wall (blue). The dashed black line indicates the mixing-cup temperature obtained from the experimental measurements. The full
black line indicates the simulation. (a) No-flow conditions: Vacuum. (b) Flow conditions: Ar 25 nL/min.

Fig. 18. Comparison of experimental measurements and simulations for a breakthrough experiment with the PF configuration. (a) Dynamic evolution of the temperature within
the column as measured by the three thermocouples placed at 120 mm from the inlet of the adsorbent bed. The dashed lines indicate the experimental measurements of
the thermocouples: central (magenta), half-radius (green) and close to wall (blue). The dotted black line indicates the mixing-cup temperature obtained from the experimental
measurements. The full black line indicates the simulation, whereas the dotted yellow line indicates the simulation with less residual water loading, as if it were the same of the
PB case. (b) Dynamic evolution of the gas flow rate at outlet. The dashed lines indicate the experimental measurements in the packed bed. The full lines indicate the simulation.
The colors indicate the two species of the binary mixture, namely CO2 (black) and N2 (red). The dotted yellow lines indicate the simulation with less residual water loading.
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Fig. 19. Comparison of experimental measurements and simulations for a regeneration experiment with the PF configuration. (a) Dynamic evolution of the temperature within
the column as measured by the three thermocouples placed at 120 mm from the inlet of the adsorbent bed. The dashed lines indicate the experimental measurements of the
thermocouples: central (magenta), half-radius (green) and close to wall (blue). The dashed black line indicates the mixing-cup temperature obtained from the experimental
measurements. The full black line indicates the simulation, whereas the dotted yellow line indicates the simulation with less residual water loading, as if it were the same of the
PB case. (b) Dynamic evolution of the gas flow rate at outlet. The dashed lines indicate the experimental measurements in the packed bed. The full lines indicate the simulation.
The colors indicate the two species of the binary mixture, namely CO2 (black) and N2 (red). The dotted yellow lines indicate the simulation with less residual water loading, as
if it were the same of the PB case.
Fig. 20. Comparison of experimental measurements and simulations for a cooling experiment with the PB configuration. Dynamic evolution of the temperature within the column
s measured by the three thermocouples placed at 120 mm from the inlet of the adsorbent bed. The dashed lines indicate the experimental measurements of the thermocouples:
entral (magenta), half-radius (green) and close to wall (blue). The dashed black line indicates the mixing-cup temperature obtained from the experimental measurements. The full
lack line indicates the simulation, whereas the dotted yellow line indicated the simulation with less residual water loading, as if it were the same of the PB case.
n

N

fter the regeneration, consistently with the measurement reported in
ection 2. The extended Sips isotherms have been adapted according to
he adsorption competition between water and the other species. Hence
he timing of both temperature and concentration fronts is correctly
redicted by the model, as well as the shapes of the concentration shock
adsorption) and wave (desorption), which would diverge more from
he experimental ones if a lower residual water loading were considered
Figs. 18b and 19b).

As expected, the flatter radial temperature gradients observed with
he PF configuration enable a better prediction of the temperature and
oncentration profiles during the regeneration steps, than for the PB
ase.

Good agreement is also found for the cooling step, as shown in
ig. 20. The slight overestimation of the cooling rate by the model
s most likely related to the fact that a single wall-to-oil heat transfer
14
coefficient is used for all steps in the model, while heating and cooling
are performed in the laboratory rig using two different thermostats that
recirculate slightly different oil flow rates.

In order to provide a quantitative reference for the heat transfer
enhancement yielded by the PF, the lumped heat transfer coefficients,
𝑈ov, for the two configurations are compared in Fig. 21 through the
ondimensional Nusselt number, defined as

u =
𝑈ov 𝐷in
2 𝑘g

(28)

in analogy with Bastos Rebelo et al. [42], where 𝑘g is the conductivity
of the gas phase, in this specific case for pure Argon at 25 ◦C and 1 atm
(1.01325 bar). For the PF configuration, heat transfer is enhanced by a
factor 5 under no-flow conditions, and the increase with the Reynolds
number of the particle, Re , is also steeper than in the PB case.
p
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Fig. 21. Comparison of the Nusselt number defined according to Eq. (28) as a function
f the Reynolds number of the particle Rep for the two configurations.

. Process performance

In order to assess the impact of the introduction of the open-cell
oam on the overall process efficiency, PB and PF have been compared
n the optimization of a simple 3-step TSA cycle for post-combustion
O2 capture.

To overcome the issue of the model inaccuracy in predicting the
emperature profiles during the heating step with the PB configuration,
s discussed in Section 5.1, a column geometry with a diameter of
0 mm is considered, being in line with the column diameters used
oth for the validations of the adsorption model [29,35,37], and of
he model of heat transfer in the foam [25]. Moreover, the lab scale
xperiments on the 80 mm column have highlighted the development
f strong temperature gradients in the case of packed bed, which would
ead to a loss of separation performance. Such large cross sections are
or this reason commonly avoided in tubular packed beds, although
hey could be used for PF configurations instead, leading to a likely
ecrease in the capital cost of the adsorption vessels. For the sake of
fair comparison and a conservative assessment, both configurations

re anyway optimized for the same column diameter, namely 30 mm.
he heat transfer coefficient for the external side of the column wall
as been chosen so as to be representative of an industrial shell-and-
ube heat exchanger, in line with other applications of tubular reactors
eported in literature [29,43]. The main process parameters used in
he optimization are reported in Table 2; the column design and the
odel parameters do not differ from those used in the simulation of

he experiments, unless specified.
The sorbent considered is the same used in the experiments, Zeolite

3X, as well as the composition of the fed CO2-N2 mixture, i.e. 12%–
8%. The cycle configuration corresponds to the cycle A described by
oss et al. [2], which consists of:

1. an adsorption step at ambient pressure, cooled at 30 ◦C
2. a regeneration step with the open column bottom, heated at

150 ◦C
3. a cooling step with closed column, cooled at 30 ◦C

As reported by Joss et al. this cycle configuration allows reaching
either CO2 recovery rates much higher than 70%, nor CO2 purity
uch higher than 80%. Therefore, the cycle design has been opti-
ized subject to these recovery and purity specifications to minimize

he specific process consumption of thermal energy (meant as energy
equired for heating purposes only, and expressed per unit mass of
O2 captured) and maximize the process productivity (computed as
ass of CO captured per unit mass of adsorbent and per unit cycle
15

2 f
able 2
arameters used in the multi-objective optimization.

Adsorption column geometry

Wall thickness 2.5 mm
Inner diameter 30.0 mm
Column length 1500.0 mm
External wall heat transfer coefficient 300 W/m2/K

Gas feed

Inlet composition (volumetric) CO2/N2 12.0/88.0%
Inlet temperature 30 ◦C
Inlet pressure 1.3 bar

Table 3
Optimal cycle configurations.

PB PB PF PF
min. en. max. prod. min. en. max. prod.

Optimal variable values

𝑡ads [s] 991 489 997 342
𝑡reg [s] 1898 733 1676 417
𝑡cool [s] 1219 380 965 100
�̇�feed [m/s] 0.311 0.495 0.241 0.495

Performance

Recovery [%] 72.8 70.1 70.7 71.7
Purity [%] 87.7 84.7 87.1 82.7
en. cons. [MJth/kgCO2] 7.07 8.72 8.72 11.5
prod. [kgCO2/h/tads] 63.9 125.1 75.8 226.5

time). The two-objective optimization has been performed by means
of both a sensitivity analysis and a genetic algorithm optimization, for
which MATLAB gamultiobj optimizer has been used. Given the trade-off
between the two objectives, the optimization has resulted into a set of
Pareto-equivalent optima.

The following design parameters have been considered as optimiza-
tion variables: (1) the adsorption step duration, 𝑡ads; (2) the regenera-
tion step duration, 𝑡reg; (3) the cooling step duration, 𝑡cool; and (4) the
inlet gas volumetric flow rate of a single tube, �̇�feed, upper-bounded
y the limit associated with the minimum fluidization velocity of the
dsorbent pellets.

Fig. 22 shows the Pareto fronts obtained from the optimization in
he energy-productivity plane.

As expected, the benefit of the PF configuration on the productivity
f the process is evident. The maximum productivity achieved with
he packed foam is 80% larger than that obtained with the standard
ixed bed, which implies that the same flue gas flow rate can be
reated with 45% less sorbent. In general, the whole cloud of simulated
rocess designs that meet the separation specifications is shifted toward
igher productivity values for the PF case. The reduced duration of the
egeneration and cooling steps is the key enabler for this improvement
n process performance, as it can be inferred from the value of the
ptimal cycle design reported in Table 3, corresponding to the two ends
f the Pareto front.

However, the increase in process productivity comes at the in-
vitable cost of a higher energy consumption per unit mass CO2 cap-
ured. This is not surprising, provided that the heat capacity of the
wo adsorption beds (including the metal foam, where present) per unit
ass adsorbent are equal to 920 kJ/kg/K for the PB and 1214 kJ/kg/K

or the PF. Provided that the two configurations operate with the same
yclic sorbent capacity for CO2 and the same inner temperature swing,
his would imply that 32% more thermal energy has to be provided to
he PF process to capture the same amount of CO2. The comparison
etween the two Pareto fronts shows, instead, that the increase in
nergy consumption for the PF case is of about 23% for the points with
he lowest energy consumption. It can be therefore concluded that the
mproved management of the heat fluxes within the bed also allows
or a more efficient consumption of the heat transferred to the sorbent,
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Fig. 22. Pareto front in the energy-productivity plane for a minimum CO2 recovery rate of 70% and a minimum captured CO2 purity of 80%. The blue points represent all the
ycle designs, among those simulated, that meet the separation specifications. The black symbols connected by the lines identify the Pareto front.
ecause the overall energy penalty is lower than the additional thermal
equirement associated with the heat capacity of the metal foam. Or,
n other words, that with the foam more CO2 is captured per unit
dsorbent mass and unit energy consumed.

In conclusion, determining whether the increase of productivity
ould be worth the increase in energy consumption may only be possi-
le by means of a detailed cost analysis of the capital and operational
xpenditure associated with the process, which is beyond the scope
f this contribution. However, it can be reasonably guessed that the
apital expenditure should cover a large share of the total cost of
TSA, because of the expensive heat exchanging systems integrated

n the adsorption columns. Thus, provided that productivity is an
ffective proxy of the capital cost of a separation unit, the application of
acked foam to TSA processes would eventually result into a significant
eduction of the total cost. It is also to be considered that an increase
f tube diameter, as allowed by the use of the foam, could possibly be
onducive to a decrease in equipment costs, thanks to the reduction of
he total number of tubes.

. Conclusions

With the present contribution, the authors have presented experi-
ental and modeling results of the application of conductive open-cell
acked foams to temperature swing adsorption processes for CO2 cap-
ure. All results have been assessed in a systematic comparison with the
tandard bed configuration for TSA separations, i.e. fixed bed of packed
ellets.

A first experimental campaign, aimed at measuring heat transfer
ithin the two different bed configurations, has identified a substantial
dvantage of the packed foam configuration over the standard packed
ed in terms of fast heat transfer and homogeneous heat distribution
ithin the column.

A second experimental campaign, dedicated to the reproduction
f the main steps of a TSA cycle for CO2 capture, has highlighted
wo contrasting features intrinsic to the packed foam configuration: on
he one hand, the partial loss of adsorption capacity compared to the
acked bed; on the other hand, the reduction of the time required for
he regeneration and the cooling of the adsorption bed.

Moreover, a one-dimensional model for the simulation of adsorption
rocesses, properly modified to account for the different heat transfer
egime observed in the packed foam, has been tested against the ex-
erimental measurements to assess its prediction accuracy. It has been
16
concluded that the accuracy of the model is good, both qualitatively
and quantitatively, for all those cases where limited radial temperature
gradients are developed in the adsorption vessel.

Finally, the model has been applied to a two-objective optimization
of the process design of a simple TSA process for CO2 capture, aimed at
minimum energy consumption and maximum process productivity. The
results obtained from the optimization demonstrate that the TSA pro-
cess with the packed foam achieves significantly larger (+80%) process
productivity, at the expenses of a mildly higher energy consumption
(+23%).
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