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The capture of CO2 from the atmosphere via Direct Air Capture using solid supported-
amine sorbents is an important option to reduce the atmospheric concentration of CO2. It
addresses CO2 emissions from dispersed sources and delivers a location independent,
sustainable carbon source. This study evaluates the possibility for a continuous adsorption
process for direct air capture in a radial flow contactor, using both batch and continuous
mode of operation. Gas and solid flow were varied to determine hydrodynamic feasible
operating conditions. The operation modes are compared by their capture efficiencies in
the optimal adsorption time range of 0.5 tBsto and 1.5 tBsto. A 15–25% lower capture
efficiency is found for a continuous process compared to a batch process in the relevant
range for direct air capture. This decline in gas-solid contact efficiency is more pronounced
at longer adsorption time and higher superficial gas velocity. Overall, a batch process is
preferred over a continuous process in the majority of operating conditions.
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INTRODUCTION

Direct air capture (DAC) is the extraction of CO2 directly from the atmosphere. It is considered a
core element in reducing global CO2 emissions (Lackner et al., 2012). Capturing CO2 from air has the
ability to: 1) mitigate CO2 emissions from dispersed sources, which contribute for approximately
45% of the total CO2 emissions in the US (USEPA, 2018), 2) deliver, anywhere, a renewable carbon
source for carbon-neutral processes and 3) enable other carbon-negative products/technologies.

Even though we consider the CO2 concentration in air to be (too) high, it is very low regarding
separation purposes. Therefore, a highly selective separation process is required. Adsorption is
among the most promising technologies to capture CO2 from air (Goeppert et al., 2012; Brilman and
Veneman, 2013; Lu et al., 2013; Sanz-Pérez et al., 2016; Yang et al., 2019; Stampi-Bombelli et al.,
2020). Research on the development of adsorption materials is widely available in literature (Choi
et al., 2009; D’Alessandro et al., 2010; Shekhah et al., 2014; Kumar et al., 2015; Sanz-Pérez et al., 2016;
Gelles et al., 2020; Singh et al., 2020). Selective adsorption of CO2 onto the sorbent is usually based on
a chemical reaction of CO2 with functional groups on the sorbents internal surface. Amines in
particular are suitable for CO2 capture, as is evident from the benchmark CO2 absorption process
using an aqueous ethanolamine solution (Topham et al., 2014). Caplow (1968), and later Danckwerts
(1979), proposed a two-step reaction mechanism for reaction of amines with CO2 via the formation
of a zwitterion (Caplow, 1968; Danckwerts, 1979). The zwitterion is then deprotonated by a base. On
the other hand, Crooks and Donnellan (1989) proposed a termolecular mechanism where the
reaction occurs in a single step. CO2 reacts simultaneously with the amine and with a base. They
claim the termolecular mechanism is more likely than the zwitterion mechanism. Experimental
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results fromMukherjee et al. (2018) support this statement for the
reaction of CO2 with benzylamine in an aqueous environment.

The sorbent used in this study has a polystyrene backbone
with above mentioned benzylamine as functional group attached.
The sorbent is able to capture CO2 at both dry and humid
conditions. At humid conditions, depending on humidity, the
CO2 capacity is up to 50% higher, suggesting that both carbamate
formation and bicarbonate formation play a role.

A complete adsorption process cycle consists of two steps. The
first step is the adsorption of CO2 onto the surface of the sorbent.
This is preferred at ambient conditions, since large volumes are
processed (at least 1,400m3 for 1 kg of CO2) and a pre-treatment
would be energy intensive. The second step is the regeneration of
the sorbent. In this latter phase, the product gas is collected and lean
sorbent is obtained for reuse in the adsorption step. The reaction of
CO2 with the amine can be reversed by a temperature and/or
pressure swing (Bos et al., 2018; Elfving et al., 2021). In this research,
we focus on the adsorption step of a sorbent-based DAC process.

Efficient gas-solid contacting is an important aspect of the DAC
process, especially for the adsorption phase. Contactors for DAC
include monolith (Kulkarni and Sholl, 2012), fluidized bed (Zhang
et al., 2014) and fixed bed (Wurzbacher et al., 2012; Bajamundi
et al., 2019; Yu and Brilman, 2020), of which the latter one is the
most common. During adsorption, the sorbent material remains
fixed in the reactor during the process. In the systems of Bajamundi
et al. (2019) and Wurzbacher et al. (2012), sorbent regeneration
occurs in the same reactor where the operating conditions are
changed. As alternative, the sorbent itself can be transported
between separate adsorption and desorption units, as utilized in
the study of Yu and Brilman (2020). This limits the energy penalty
for temperature swing regeneration as only the sorbent material
needs to be heated, instead of the whole contactor.

Yu and Brilman (2020) designed a direct air capture system
using a radial flow contactor with the option of sorbent circulation.
Adsorption was performed in batches, where the complete sorbent
batch was transported to the regeneration section at once. Freshly
regenerated sorbent was then loaded to the radial flow contactor.
This system also allows for full continuous operation as a cross-
flow moving bed. In that study, a single run demonstrated the
technical feasibility, but also a significant reduction in capture
efficiency. In this work, we revisit this option to investigate
opportunities for performance improvement.

Moving bed contactors are well suitable for processes with a
rapid, but reversible decay in activity of the solid material. In
chemical reaction technology, this situation is encountered when
dealing with rapid catalyst deactivation (Ginestra and Jackson,
1985; Pilcher and Bridgwater, 1990; Shirzad et al., 2019). In
adsorption technology, like here for DAC, a similar rapid
decrease in activity occurs due to saturation of the sorbent.
Moving bed contactors are already considered for post-
combustion CO2 capture (Kim et al., 2013; Grande et al.,
2017; Mondino et al., 2019). However, these employ a
counter-current moving bed, whereas this study concerns a
cross-flow moving bed. In a cross-flow moving bed contactor,
the gas flow is perpendicular to the solid flow, which results in a
drag force that acts upon the particles. Under certain process
conditions this leads to undesired hydrodynamic phenomena

known as “pinning” and “cavity” (Ginestra and Jackson, 1985;
Doyle et al., 1986; Pilcher and Bridgwater, 1990; Long et al., 2015;
Wang et al., 2020). The drag force exerted by the cross flow gas
stream on the particles results in a friction force of the solids on
the downstream (with respect to the gas flow) porous wall. At a
sufficiently high gas velocity, this (partially or completely)
prevents the solids from moving downwards. This
phenomenon is known as “pinning”. A “cavity” may form
between the upstream porous wall and the solids, thus
reducing the effective bed length. As a result local gas
bypassing will occur, which lowers the efficiency of the process.

Research into the hydrodynamics of a moving bed contactor
started in the 1980s where Ginestra and Jackson (1985) analyzed
the mechanism of “pinning” and “cavity” of a rectangular cross
flow moving bed. Doyle et al. (1986) extended this analysis to a
radial flow moving bed, since this configuration is more common
for industrial applications. Pilcher and Bridgwater (1990) further
investigated the mechanism of “pinning” by varying particle size
and bed thickness and observed four distinct modes of pinning.
In addition, they mention several other parameters that can
influence the flow pattern of the solids such as solid
distribution at the inlet and packing structure near the porous
walls. Long et al. (2015) proposes a trapezoidal cross-flowmoving
bed, which significantly increases the critical gas velocity for
“pinning” compared to a rectangular configuration. Another
optimization is proposed by Wang et al. (2020), in which gas-
solid baffles are placed in the middle of the bed that reduces
pinning and cavity. However, the effect of the before mentioned
phenomena on the actual performance and potential of the
moving bed system is not discussed. In this study, we assess
the possibility of performing direct air capture in a radial flow
moving bed contactor. This is done by comparing the capture
efficiency of this continuous system with that of the
corresponding batch wise operated system. Therefore, we do
not investigate whether phenomena like “pinning” and
“cavity” occur. Instead, we investigate the magnitude of their
influence within the desired operating range of direct air capture
on the capture performance.

MATERIALS AND METHODS

Materials
The sorbent material used in this study is Lewatit® VP OC 1065
(Lanxess). This is a polymeric, amine-functionalized sorbent with
polystyrene-divinylbenzene copolymer as support and primary
benzyl amines as functional groups. Using energy-dispersive
X-ray spectroscopy, Alesi et al. (Alesi and Kitchin, 2012)
determined the concentration of these functional groups at
7.5 mol/kg. Other physical properties of the sorbent can be
found in Table 1. The sorbent was prepared in a two-step
process, which is only required upon first use of the sorbent.
In the first step, excess water is removed, since the sorbent
originally, as purchased, contains up to 50 wt% water. For this,
the sorbent is placed in an oven (80°C) under nitrogen flow for at
least 16 h. Approximately 98% of the adsorbed water is removed.
In the second step, a small amount of graphite (∼0.3 wt%) is
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mixed with the sorbent to reduces the static effects during sorbent
handling.

The stability of the sorbent is validated to make sure that the
quality of the sorbent does not decrease over time. A sample is
taken at several time intervals during the experiments and the
capacity is determined by thermogravimetric analysis. The CO2

capacity of the sorbent is measured at 1.76 ± 0.04 mol/kg at 40°C
and 15% CO2 in N2. The performance of the sorbent did not
decrease over time (Figure 1).

In all adsorption experiments, air is sucked in directly from the
laboratory. The air composition (CO2 concentration and
humidity) is affected by weather conditions, lab use and air
ventilation. In all desorption experiments, high purity N2 is used.

Batch Experiments
Batch (or fixed bed) experiments are used as reference point for
the continuous experiments. The experimental set-up is shown in
Figure 2. The gas-solid contactor is a π-type radial flow contactor
with inwards flow. The sorbent is contained between two porous
faces with amesh size of 400 µm. Yu and Brilman (2017) designed
this contactor specifically for direct air capture. In this respect, a
bed length of 40 cm and bed thickness of only 1.5 cm is selected,

which enables operation at a low pressure drop. This results in an
effective sorbent mass of 1.72 kg. Also, some sorbent is present in
the volume between the radial flow part of the reactor and the
rotary valve, which results in a total sorbent mass of
approximately 2 kg. During adsorption, the air flow is
controlled by a centrifugal fan (ER 120, Itho Daalderop). The
CO2 concentration, temperature and pressure drop are measured.
Two CO2 analyzers (LI-COR LI840A) determine the CO2

concentration in the inlet and outlet of the contactor, the
temperature is monitored at three location in the sorbent bed
(4, 19, and 36 cm from sorbent inlet) and in the ingoing air and,
finally, the pressure drop between the inner and outer channel is
measured with a differential pressure transmitter (DMD 341
from DB SENSORS).

Adsorption and sorbent regeneration is performed in the
radial flow contactor, so the same sorbent batch is used for all
batch experiments. The sorbent is regenerated before all
adsorption experiments. For this, a temperature of 100°C and
a nitrogen flow of 70 NL/min (0.55 cm/s) is used. Regeneration is
continued until the CO2 concentration in the outlet is below
10 ppm. This corresponds to an equilibrium capacity of
approximately 2 mmol/kg. Batch adsorption experiments are
performed for a superficial gas velocity of 0.10–0.40 m/s,
corresponding to a Reynolds number of 4.2–17.8. Adsorption
is continued until equilibrium is reached.

Continuous Experiments
Continuous (or moving bed) experiments are carried out in the
same set-up as batch experiments (Figure 2). The experiments
are very similar to ones in the batch mode of operation, except
that the solid particles are continuously added to and withdrawn
from the contactor. The solid flux is driven by gravity and
controlled with a rotary valve by adjusting the motor voltage.
Steady-state operation is expected to begin after all sorbent in the
contactor is replaced once with freshly added (regenerated)
sorbent and this steady-state was maintained for another
sorbent residence time. This procedure thus requires an
available amount of sorbent of at least three times the sorbent
hold-up of the contactor (hence, around 6 kg). The experiments
are continued until all sorbent passed the contactor through the
rotary valve. The performance of the moving bed configuration is
evaluated between t � τCs , the average sorbent residence time, and
2τCs . The solid flux is varied between 60 and 275 g/m2/s.
Regeneration follows the same procedure as for the fixed bed
experiments, to ensure a fair comparison between the different
types of experiments. The regeneration was carried out in three
batches, since three times as much sorbent is required here. The
regenerated sorbent is stored in a closed container under nitrogen
atmosphere, to avoid adsorption of CO2 during storage.

Methodology
The basis of this study is to compare the performance of the
continuous operation with batch operation. Therefore, a
methodology is required to fairly compare these results. As
performance indicators, the gas- and solid efficiencies are
used. The gas efficiency is defined as the fraction of CO2 that
is captured from the air that is supplied (Eq. 1) and the solid

FIGURE 1 | CO2 capacity of the sorbent as function of operation time.
The capacity is determined by thermogravimetric analysis at 40°C and 15%
CO2 in N2. The average CO2 capacity is 1.76 mol/kg with a standard deviation
of 0.04 mol/kg.

TABLE 1 | Physical properties of Lewatit® VP OC 1065.

Property Value Ref

Particle size (average) 668 μm (Driessen et al., 2020a)
Bulk density 533 kgs m

−3
r (Driessen et al., 2020b)

Particle density 861 kgs m
−3
s (Driessen et al., 2020b)

BET surface area 50 m2g−1 (Lanxess, 2017)
Pore volume 0.27 cm3g−1 (Lanxess, 2017)
Pore size 25 nm (Lanxess, 2017)
Heat capacity 1.5 kJ kg−1K−1 (Alesi and Kitchin, 2012)
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efficiency is defined as the saturation level of the sorbent (Eq. 2).
In both Eqs 1 and 2, we neglect the effect of the reduced CO2

concentration on the total gas flow rate. For batch operation,
these are a function of time, since the sorbents get saturated as the
adsorption progresses. Therefore, the solid efficiency increases
with time. This results in a lower driving force for adsorption and,
hence, a lower adsorption rate and decreasing gas efficiency over
time. During continuous operation, on the other hand, a steady
state situation is reached. Therefore, the continuous operated
system results in a single gas and solid efficiency (Eqs 3 and 4,
again, neglecting the effect of reduced CO2 concentration on the
total gas flow rate).

ηBg �
∫tBads
0
(Cin

CO2
− Cout

CO2
)dt

∫tB
ads

0
Cin
CO2

dt
(1)

ηBs �
q(t)
qeq

� ϕV ,g ∫
tB
ads

0
(Cin

CO2
− Cout

CO2
)dt

ms qeq
(2)

ηCg � 1 − Cout
CO2

Cin
CO2

(3)

ηCs � ϕV ,g(Cin
CO2

− Cout
CO2

)
ϕM,s qeq

(4)

A comprehensible method is required to compare both
operation modes. The approach selected here is to process the
same amount of sorbent for a given amount of time. In batch
operation always the same amount of sorbent is used, whereas for
the continuous operation this depends on the solid flux. To
compare both process operating modes, the same gas-sorbent
contact time is applied, which is calculated with Eq. 5. Note that
this is not necessarily the real average residence time of the solid
sorbent in the contactor since the value of Ms is taken constant,
based on the sorbent hold-up during fixed bed operation. The
actual sorbent residence time during moving bed operation may
therefore be somewhat lower due to a lower solid hold-up.

tBads � τCs � Ms

ϕM,s

(5)

The adsorption time is normalized by the stoichiometric time.
This is the point when the amount of CO2 fed is equal to the
maximum amount of CO2 that can be adsorbed. The
stoichiometric time concept was shown to be very useful for
the optimization of a direct air capture process (Yu and Brilman,
2017).

For a batch process the stoichiometric time is calculated by Eq.
6. For a continuous process it is not possible to define a
stoichiometric time, but is merely operating at a certain
normalized adsorption time. This is found by combining Eqs.
5 and 6 to obtain Eq. 7. This is the ratio of the CO2 supply rate
and the maximum CO2 removal rate.

tBsto �
Msqe

ϕV ,gC
in
CO2

(6)

τCs
tBsto

� ϕV ,gC
in
CO2

ϕM,sqeq
(7)

By combining Eqs 1–7, the following relation is found:

tBads
tBsto

� ηBs
ηBg

� τCs
tBsto

� ηCs
ηCg

(8)

RESULTS

Batch Operation
Batchwise adsorption experiments were performed in the radial
flow contactor for a superficial velocity of 0.10–0.40 m/s. Figure 3

FIGURE 2 | Schematic of the experimental set-up. Blue arrows illustrate
gas flow direction and red arrows illustrate solid flow direction (in case of a
continuous process).
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shows the CO2 loading of the sorbent over time. Faster adsorption
is observed at increasing flowrate due to the higher average bulk
concentration over the radial length of the adsorption bed.
External mass transfer and feed rate limitations are negligible
above 0.20 m/s, hence internal mass transfer resistance and
reaction rate limitations control the sorbent saturation rate. A
flowrate above 0.20 m/s is therefore not preferred and the
experiments at 0.10 and 0.20 m/s are used as basis for
comparison between batch and continuous operation.

The contact time of the gas phase with the sorbent is very short
(0.04–0.15 s), therefore immediate breakthrough is observed.
This is visible in the gas efficiency, which immediately drops
considerably at the start of the adsorption, especially for the
higher gas velocity (Figure 4). The capture efficiency decreases
strongly with the gas velocity when going from 0.2 to 0.4 m/s, but
the productivity increases to a much lesser extent (Figure 3). This
effectively means that more compression power is spend for a
faster adsorption of CO2. On the other hand, for the envisioned
thermal swing adsorption process, this will save energy during
desorption as more CO2 is produced with the same energy
penalty. The time of adsorption is therefore a trade-off
between compression duty and thermal energy duty. For this
specific adsorption process using a radial flow contactor,
circulating sorbent batches and the considered gas velocity
range, the optimal adsorption time was found between 0.5 tBsto
and 1.5 tBsto (Yu and Brilman, 2017).

Moving Bed
Operation Window
The operation window of a radial flow moving bed contactor in
terms of gas velocity and solid flux is specific to each design.
Phenomena as pinning and cavity limit the possible operating
range of such a contactor (Ginestra and Jackson, 1985; Doyle
et al., 1986; Chen et al., 2007). General parameters such as particle

size, bed thickness and Reynolds number affect this operation
range. However, other aspects are very specific such as the
location of gas inlet, the distribution of solid particles and
mesh size of the porous faces. To determine whether it is
possible to operate this contactor at the desired process
conditions, its hydrodynamic operation window with respect
to gas and solids flow is determined. The solid flux is
measured for gas velocities ranging from 0–0.5 m/s. For this,
the solids are collected after the reactor and solid flux is
determined by measuring the mass of the sorbent collected in
a certain amount of time.

FIGURE 3 | Breakthrough curves of the batch experiments for various
superficial gas velocities. The equilibrium capacity at direct air capture
conditions under the prevailing lab conditions is indicated as well.

FIGURE 4 | Gas and solid efficiencies as function of stoichiometric time
corresponding to the measured breakthrough curves from Figure 3.

FIGURE 5 | Operation window for moving bed operation in the radial
flow contactor. The solid flow is either good (green, ug <0.24m/s), irregular
(orange, 0.24< ug <0.32 m/s) or blocked (red, ug >0.32m/s).
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It was found that only the gas velocity affects the
hydrodynamic operation range. No limitations are observed in
terms of solid flux, at least up to 400 g/m2/s (Figure 5). This is in
line with the investigation of Chen et al. (2007) for a comparable
operation window in terms of gas velocity and solid flux. Above
approximately 0.3 m/s the solid flux stops completely due to the
effects of cavity formation and pinning. Irregularities in solid flux
are sometimes observed below this threshold gas velocity down to
approximately 0.25 m/s. In this range, the total solid flux is as
expected. However, by visual observation it was found that the
solid flow is either not continuous over time or not evenly
distributed across the radial cross section. At gas velocities up
to 0.2 m/s, this radial flow moving bed contactor can be operated
without any notable disturbances in solid flow. These critical
values for the gas velocity are much lower than reported by Chen
et al. (2007), 0.3 m/s and 0.84 m/s respectively. This is caused by
the smaller particle size (0.67 mm vs. 1.96 mm) and smaller bed
thickness (15 mm vs. 105 mm).

The optimal adsorption time, or solid residence time, for a
DAC process (0.5 tBsto to 1.5 t

B
sto) corresponds to a combination of

gas velocity (CO2 supply) and solid flux (CO2 removal). This is
also derived in Eq. 7 and is visualized in Figure 5 by the addition

of the (dashed) working lines. Since the gas and solid flow are
normalized to the corresponding surface areas, the slope of these
lines are a function of the dimensions of the contactor. The
desired operating window (for optimum performance in view of
solid and gas efficiency) lies well within the range of
hydrodynamic feasible operating conditions, therefore
continuous adsorption is possible with this cross flow moving
bed contactor and the process conditions optimization is not
hindered by constraints imposed by hydrodynamics.

Breakthrough Experiments
Continuous adsorption experiments reach a steady state
situation. Since adsorption is started with lean sorbent, this is
observed after the bed is fully refreshed (Figure 6). The
experiment runs until no more sorbent is available, hence the
outlet CO2 concentration equals the inlet. After one sorbent
refreshment, the CO2 concentration remains stable, however
some fluctuations are present in all experiments. This indicates
that some disturbances in either solid flux of gas distribution are
always present.

The experimental conditions and results for the continuous
adsorption experiments are given in Table 2. Air is extracted
from the laboratory, hence some variation in the experimental
(inlet-) conditions is unavoidable. The differences in
temperature and CO2 concentration result in an equilibrium
loading between 0.82 and 0.87 mol/kg. With this, the standard
deviation in reaction rate remains within 4%. Relative humidity
is another (weather) condition that is known to influence the
equilibrium loading. The spread in the humidity (40–60% RH)
is larger than the variation in the temperature and CO2

concentration in the current set of (indoor) experiments.
However, we do not see a clear effect of this variation in
relative humidity in the results. Overall, we conclude that
within this dataset the fluctuations in experimental
conditions do not influence the results significantly.

It is expected that the sorbent loading increases with sorbent
residence time and gas velocity, similar to the batch process. This
is indeed also observed for the continuous process. However, the
influence of gas velocity seems less pronounced. Especially for a
solid flux of 60 g/m2/s there is barely any increase in sorbent
loading when the gas velocity increases from 0.10 to 0.22 m/s. For
the gas efficiency there is a significant difference in efficiency
noticeable. This indicates that also at 0.22 m/s some influence of
cavity formation or pinning is present that is more prominent at a
lower solid flux.

FIGURE 6 | Typical CO2 concentration profiles for a continuous
adsorption experiment. A steady-state is observed after the sorbent is
refreshed once. The experiment ends when all sorbent left the reactor.

TABLE 2 | Experimental conditions and results for moving bed experiments.

ug

[m/s]
ΦM,s

[g/m2s]
Tin

[K]
RH
[%]

τCs
[min]

COin
2

[ppm]
COout

2

[ppm]
τCs /t

B
sto

[− ]
qC

[mol/kg]
ΦCO2

[mmol/s]
ηCs
[− ]

ηCg
[− ]

0.22 63.8 22.4 60 57.3 435 335 1.94 0.38 0.19 0.47 0.23
0.22 126 20.5 42 28.7 424 286 0.96 0.27 0.27 0.31 0.32
0.22 246 20.6 51 14.6 438 267 0.51 0.17 0.34 0.20 0.39
0.10 60.2 20.2 61 59.7 431 232 0.92 0.36 0.18 0.42 0.46
0.10 126 20.2 46 28.7 426 166 0.43 0.23 0.23 0.26 0.61
0.10 276 22.0 59 13.0 421 106 0.19 0.12 0.27 0.14 0.75
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There is a clear trade-off between solid efficiency (ηCs ) and
productivity (ΦCO2). The productivity is proportional to the
difference in CO2 concentration of inlet and outlet. Increase in
productivity can be achieved by increasing the solid flux.
Consequently, a lower saturation level of the sorbent is
obtained due to the reduced solid residence time.

Comparison
Capture Efficiency
The CO2 capacity of the sorbent (qC) in the continuous process
(Table 2) is compared to that obtained in the batch process,
evaluated at the solid residence time in the gas-solid contactor

(Figure 7). From this, a decrease in process performance is
evident. For an adsorption time of approximately an hour, the
CO2 loading of a batch process at 0.10 m/s is even higher than for
a continuous process at 0.20 m/s. The reduced performance
points toward a serious drop in gas-solid contacting efficiency.

Furthermore, we compare the batch and continuous processes
by their gas and solid efficiencies. The adsorption time and solid
residence time are normalized to their stoichiometric times and
plotted in Figure 8A together with the dimensionless curves for
the batch process. This allows for a fair comparison between gas
velocities and reduces the influence of slightly different operation
conditions as well. Batch operation is in all cases more efficient
than a continuous process in terms of capture efficiency. A
reduction of 15–25% is observed within the desired operation
range of 0.5 tBsto to 1.5 tBsto(Figure 8B). We identify here two
trends. Firstly, the performance (efficiency) declines when the
solid flux is lowered or, in other words, for a longer adsorption
phase. Secondly, the performance declines for a higher gas
velocity.

Although we operate in the “green” area of the operating
window, we observe a decrease in performance of the continuous
process compared to the batch process. We propose two effects
that contribute to this. The first effect is the reduced solid hold-up
in the radial flow contactor during continuous operation, which
was briefly mentioned before. This reduces the residence time of
the sorbent and lowers the adsorption rate. To give an idea, the
solid hold-up for this sorbent at minimum fluidization is about
17% lower than for a fixed bed. In a cross-flow moving bed the
reduction in solid hold-up is most likely not that large, but can
still be significant. This may explain the decrease in capture
efficiency for an increasing gas flow. However, this will not
explain the decreased efficiency over time. The second effect
that may play a role is the possible occurrence of non-
homogeneous sorbent flow inside the contactor. Possible

FIGURE 7 | Working capacity of the continuous process compared to
the batch process at corresponding solid residence time.

FIGURE 8 |Comparison of the continuous process with the batch process. Error margins represent the standard deviation by error propagation. (A)Gas and solid
efficiency according to Eqs (1)–(4) and (B) the ratio of the efficiency between batch and continuous.
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causes are the formation and collapse of cavities or deviation from
plug flow behavior due to shear forces on the porous faces. This
will contribute to a lower solid hold-up, as well as a wider
residence time distribution of solid material.

Pressure Drop
Reduced gas-solid contacting is expected to give rise to a
reduction in pressure drop. The pressure drop is measured
between the inner channel and the outer channel. This is only
measured at a single vertical position, but is confirmed to be
constant along the axial length of the contactor. Along the
azimuth angle we were not able to validate this, but it might
vary due to the location of the gas inlet.

For a superficial gas velocity of 0.20 m/s, a small (some 10%)
reduction in pressure drop is observed for the continuous
operation in comparison to batch operation. This is in
contrast with the results at a gas velocity of 0.10 m/s. The
pressure drop is found to be independent of the solid flux
(within the experimental range), and consequently the gas-
solid contacting is also not likely to be affected by the solid
flux. The difference in results between 0.10 and 0.20 m/s gas
velocity in Figure 9, might indicate the formation of cavities in
the radial bed and a (slightly) reduced sorbent hold-up.

Temperature Profile
During the adsorption process a temperature profile may develop.
The reactive adsorption of CO2 on the surface of the sorbent is an
exothermic process and the specific heat of the sorbent is low.
However, the adsorbing particles are cooled by a large convective
air flow. Since the saturation level of the sorbent negatively effects
the reaction rate, a temperature profile as function of time or axial
length of the contactor is expected for respectively the batch and
continuous process. A possible gradient in temperature can affect
the local reaction rate and hence capture efficiency. The
temperature is measured at three locations in the bed (at a

height of 4, 19 and 36 cm) and in the air inlet. For all
experiments, the air inlet has a slightly different temperature
due to temporal variations in the ambient temperature. For that
reason, the temperature increase with respect to air inlet
temperature is used for comparison and not the absolute
temperature.

The temperature profiles in Figure 10A do not show large
surprises. Convective cooling is very significant, as the
temperature excursion is lower for 0.2 m/s while the average
CO2 uptake rate is higher. One could argue that the higher
temperature causes a higher reaction rate and that this is the
difference observed in capture efficiency. However, the difference
between continuous and batch processes, shown in Figure 8, is
present for both gas velocities. In order to compare the
temperature profiles to the batch process, the temperature
should be described as a function of sorbent residence time.
For example at 19 cm, the residence time of the sorbent is 27.2,
13.6 and 6.8 min for 0.5, 1 and 2 g/s (or 63, 125 and 250 g/m2/s)
respectively. The temperature for the batch process is taken as the
average temperature of the three locations.

With this transformation, the temperature profile is nearly
identical for the batch and continuous process (Figure 10B). For
the continuous process, the peak temperature seems slightly
lower. This might be related to heat dispersion by the moving
solids. Considering the reduced reaction rate during continuous
operation, the temperature is actually expected to be lower than
during batch operation. This is not the case, if any the
temperature is higher for the continuous process. Therefore,
convective cooling is less efficient in a continuous process,
which indicates to a decrease in gas-solid contacting.

Discussion
The capture efficiency of a continuous adsorption process in a
radial flow moving bed contactor is significantly lower compared
to the corresponding batch process. This efficiency decreases with
1) the increasing superficial gas velocity and 2) increasing
adsorption time. The contacting of gas and solid becomes less
effective for a moving bed. Temperature profiles support this
statement, where a decline in convective cooling is observed. Also,
the pressure drop is slightly lower, especially for 0.20 m/s. Since
the pressure drop is only measured at a single location, local
variations cannot be observed, but are most likely present. A
reduced solid hold-up and irregularities in solid flow are
identified as possible sources of the decrease in gas-solid
contacting. The solid hold-up in the gas-solid contactor during
a continuous process is estimated to be at most 17% lower than
for a batch process. How the solids hold-up is affected by solid
flux and gas velocity is not known and requires further study.
Irregularities in solid flow give rise to a wider residence time
distribution for the sorbent phase. A detailed and dedicated
hydrodynamics study of this gas-solid contactor is therefore
recommended and required to investigate the magnitude of
these phenomena.

The reproducibility is validated for a batch operation
experiment. Although weather conditions do not allow for an
exact replication of the experiment, the deviation in loading
after 4 h was only 2%. Continuous experiments are not

FIGURE 9 | Pressure drop over the radial flow moving bed contactor as
function of solid flow.
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reproduced due to the time consuming desorption procedure.
However, for each and every experiment, the gas and solid flows
are checked. Also, the performance of the sorbent itself is
verified and found to be stable throughout the measurement
campaign. Therefore, the results are considered reproducible
and trends to be reliable.

All experiments started with nearly completely regenerated
sorbents, since this ensures an equal starting point for all
experiments. In an actual process with sorbent circulation, full
regeneration is not likely because it takes too much time to reach
such a high regeneration level. Since the required adsorption time
is then also a bit shorter, the difference between continuous and
batch may become smaller.

Two other factors diminish the difference between the
performance of batchwise operation and continuous
operation. These will be related to the process economics for
both energy consumption as well as the effective use of invested
capital on equipment. Firstly, in continuous operation, the
availability of the gas-solid contactor is full time, whereas for
batch wise operation the loading and unloading of the contactor
must be accounted for. For the contactor in this study, the down
time is about 4 min per cycle, but can vary widely for other
configurations. The reduction in equipment availability can be
as high as 30% (0.22 m/s and τcsto � 0.5 tBsto). Secondly, the total
amount of sorbent differs between batch and continuous
operation. During batch operation, around 15% of the
sorbent in the gas-solid contactor is required to fill the feed-
and exit pipes. This sorbent fraction did not participate in the
adsorption process, but is still transported, without loading, to
the regenerator, where it is heated to regeneration conditions. A
recent study by Bos et al. (2020) estimates sorbent heating to
account for 45% of the operating costs. Therefore, around 10%
of total operating costs can be saved in the continuous process.
Another important issue regarding total sorbent inventory is the
cost contribution by the (initial) sorbent mass required. The

afore mentioned study showed that for a fixed bed process
almost 70% of the capital cost is related to the sorbent costs.
When operating the gas-solid contactor in a continuous
manner, sorbent hold-up in the entire process (adsorber,
desorber and intermediate storage) can be reduced by some
30%. This stems from the required intermediate storage in a
batch process, in contrast to a continuous process where all
sorbent material participates in either adsorption or
regeneration. Overall, the investment costs for sorbents can
be reduced by 20–25% for a continuous process. With these
considerations, a continuous process can be on par or even
becomemore beneficial than a batch process, especially for short
adsorption time and low gas velocity. For example, for a
continuous process operating at 0.5tBsto and 0.1 m/s, the
efficiency is 15% lower than for the batch process. In this
case, only a 4 min transition phase between batches is
available for the batch process to remain more efficient.

CONCLUSION

This study compares the performance of a radial flow moving
bed adsorption process with a batch process. The process is
tailored for Direct Air Capture using a supported amine sorbent.
In the desired operating regime for DAC, the capture efficiency
of a continuous process is lowered by 15–25% compared to a
batch process. This decrease in gas-solid contacting efficiency is
higher with increasing superficial gas velocity, which indicates
the occurrence of pinning and cavity even at these low Reynolds
numbers. In addition, the continuous process performs
increasingly worse as the adsorption progresses. Nonetheless,
a continuous process can still become more profitable is case of a
low gas velocity combined with a short adsorption phase, due to
the time penalty for sorbent replacement during batch
operation.

FIGURE 10 | Temperature increase during the steady-state phase of the radial flow moving bed experiments as function of: (A) axial location of the contactor (0 �
top; 40 cm � bottom) and (B) solid residence time (batch process data is added for comparison). The error margins represent the standard deviation in the steady-state
temperature.
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