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ARTICLE INFO ABSTRACT

Keywords: Comparison of different regeneration options for direct air capture (DAC) has usually been limited to only consider pure
Direct air capture CO,, production, limiting the process options to e.g. temperature-vacuum swing adsorption (TVSA) or steam-stripping.
CO; adsorption ) In this work, detailed experimental comparison is conducted of temperature swing adsorption (TSA/TCSA) and TVSA
Adsorbent regeneration for DAC. Particularly, TVSA is assessed with air or inert gas purge flow (TVCSA) and without purge flow. The working

Working capacity
Specific energy requirement
Regenerability

capacity, regeneration specific energy requirement (SER) and adsorbent regenerability of these processes was com-
pared. For all other studied regeneration options except TVSA without purge flow, over 85% regeneration was obtained
already at 60 °C. Isobaric TSA at 60 °C had the lowest regeneration SER of 4.2 MJ/kgcoz. Coupling TSA with mild
vacuum improved desorption rate and increased working capacity from 0.47 to 0.51 mmolcoo/8sorbents requiring
7.5 MJ/kgcoo for regeneration. Without purge flow, TVSA resulted in only 0.39 mmolcos/gsorbent With the SER of
8.6 MJ/kgco2 at 100 °C. Due to lower allowable regeneration temperature of 60 °C, mild vacuum TVSA with air flow
also had a lower cyclic capacity decrease rate of 0.26%;/cycle compared to 0.38%/cycle with TVSA without purge flow
at 100 °C. However, using 100 °C with air flow in the TVSA process lead to a significant capacity decrease of 0.6%/
cycle. Therefore, using either air or inert purge flow below 100 °C coupled with mild vacuum has benefits over the
TVSA process with no inflow in terms of CO, productivity, specific energy requirement and adsorbent regenerability.
For utilization purposes that require low-concentration CO,, TVSA with purge flow should thus be considered as a
viable regeneration option for direct air capture along with isobaric TSA.
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1. Introduction

For carbon capture and storage (CCS) or utilization (CCU) purposes,
CO,, capture from flue gases or air has been proposed using various
technologies. Aqueous amine solvent-based post-combustion capture
(PCQ) is a relatively mature technology, but suffers from high heat
demand related to the regeneration of the solvent [1,2]. Also, PCC
processes based on primary and secondary amines such as mono-
ethanolamine (MEA) may emit amine degradation compounds that are
toxic and carcinogenic [3]. Therefore, alternatives such as amino acid
salt solutions have been proposed as a more environmentally friendly
option to conventional amines [4]. NaOH-based process was the first
process type suggested for direct air capture (DAC) [5]. This approach
was deemed as highly energy-intensive [6], although pilot-scale results
have shown better results for the process type using KOH-solution than
the early techno-economic analysis in terms of energy requirement [7].
As an alternative to solvent-based processes, solid adsorbents have been
widely studied for both PCC [8-10] and DAC [11]. Solid adsorbent-
based DAC has several advantages over the solvent-based solutions such
as small unit size and scalability [12], low temperature requirement of
usually less than 100 °C [11,13] and fairly simple design, while still
being able to produce almost pure CO, [11,13].

While physical adsorbents such as activated carbons and metal-or-
ganic frameworks (MOF) are reasonable to use in PCC [8,10,14], in
DAC they are usually not selective enough, and amine-functionalization
of the porous structure is required to obtain higher capacities for the
resulting adsorbent [11,15]. CO, adsorption capacities for amine-im-
pregnated and amine-grafted adsorbents in PCC conditions (10-15%
CO,) are in the range of 2-5 mmolcoa/gsorbent and below 3 mmolcoo/
Zsorbent, Tespectively [8]. In DAC conditions, amine-impregnated ad-
sorbents usually have 1-2 mmolcoa/8sorbents While for amine-grafted
materials the capacities range from 0.1 to even over 2 mmolcoz/8sorbent
[11]. However, even higher capacities have been obtained in both PCC
and DAC conditions, such as 11.8 mmolcoa/8sorbent fOr @ mesoporous
silica functionalized by surface-initiated amine polymerization from
humid 8% CO, [16] and 3.89 mmolcoa/gsorbent from dry 400 ppm CO»
for a MOF functionalized with diamines [17]. While a higher CO,
concentration in PCC leads to higher CO, capacities compared to DAC
conditions, the difference is not always significant for amine-based
adsorbents. For example, a commercial aminoresin Lewatit VP OC 1065
shows fairly steep improvements as a function of CO, concentration,
having a CO, adsorption capacity of 1.06 mmolcos/8sorbent from
400 ppm CO,, 1.64 mmolcoa/gsorbent from 5000 ppm CO, at 20 °C [18]
and 2.6 mmolcoa/gsorbent from 40% CO-, at 40 °C [19]. However, Lee
et al. [20] reported the CO, capacities of a diamine-functionalized MOF
in dry DAC (0.39 mbar CO,) and PCC conditions (0.15 bar CO,) fairly
close to each other, being 2.83 and 3.62 mmolcoa/8sorbent, respectively.
The adsorption capacity of the proprietary aminoresin used in this
study has been measured in earlier work [21] to be 0.54 mmolcoy/
Zsorbent i dry DAC conditions and 0.89 mmolcoz/gsorbent i humid
conditions at 25 °C. It is therefore in the lower end of the reported
materials capacity-wise, but is fairly comparable to amine-grafted ad-
sorbents.

Equally important to obtaining a high CO, adsorption capacity is
regeneration of the adsorbent. One of the most important goals in the
regeneration is to maximize CO, working capacity, since with low CO,
capacity the allowable cost of adsorbent drops unrealistically low,
making the whole process economically infeasible [22]. While pressure
swing adsorption (PSA) may be a viable regeneration option for PCC
[10], in DAC this method cannot be used without extensive compres-
sion of air or unpractically low vacuum levels [21,23]. Temperature
swing adsorption (TSA) is often the method for regeneration of amine-
based CO, adsorbents in laboratory-scale studies [11]. This method is
simple in design, but the disadvantages are that the product CO, is
diluted and significant oxidative degradation of amine can take place at
desorption temperatures slightly above 100 °C [24]. To counter the
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oxidative degradation, inert gas can be used instead of air, which can be
costly in process scale. An option for using TSA for high-purity CO,
production is to use pure CO, as stripping gas, but in this approach the
risk is adsorbent deactivation via urea formation [25,26]. Also, because
desorption takes place in a high-concentration CO, atmosphere, the
working capacity is reduced. A derivative of TSA is steam-stripping, in
which saturated steam is used as the inert gas purge and high-purity
CO, can be produced if water is condensed from the product gas
[18,27]. However, a significant drawback in this process is adsorbent
deactivation via leaching of the amines [28,29]. This process can also
be coupled with vacuum to enhance desorption rate and produce steam
at lower than 100 °C temperatures, but leaching of amines by steam
remains a problem [30].

Temperature-vacuum swing adsorption (TVSA) process uses cou-
pled vacuum and temperature swing for desorption of CO,, and can be
used to produce near 100% CO,, from air [13,31]. However, this process
reduces the attainable CO, working capacity and increases required
temperature swing compared to TCSA or TSA [21,23]. This is because
in the TVSA process the inlet is closed during desorption to prevent
product dilution, which leads to desorption taking place in high-con-
centration CO, atmosphere when CO, is produced into the adsorption
chamber and the vacuum pump [13,23]. For example, Wurzbacher
et al. [23] produced 0.44 mmolcoa/8sorbent Using TCSA at 90 °C, while
using TVSA only produced 0.27 mmolcoz/8sorbent With 50 mbar vacuum
at 90 °C. With a pilot-scale DAC device using TVSA process, Bajamundi
et al. [13] produced only 3.4 kg CO, at 80 °C from over 5.6 kg of the
CO,, adsorbed on the aminoresin beds in the best case. Increasing the
desorption temperature may help increase the working capacity, but
increases energy requirement and the risk of adsorbent thermal de-
gradation. Based on CO, isotherms [21], another option for increasing
working capacity is to couple air or inert gas flow simultaneously with
the TVSA process. Using TVSA coupled with air or inert gas purge has
not been proposed for DAC, probably due to assumed high energy re-
quirements of vacuuming and lowered product purity. TVSA with inert
gas purge has been compared to steam stripping with vacuum as a re-
generation method for DAC in terms of desorption rate [30], but the
energy requirement or adsorbent regenerability using this process has
not been compared to other options to the authors’ best knowledge.

Along with the specific energy requirement and daily working ca-
pacity, adsorbent regenerability is one of the most important economic
factors of the cyclic DAC process [22]. However, in testing the re-
generability of amine-based adsorbents for PCC or DAC applications,
cyclic experiments have usually been done with less than 20 cycles
[25]. Especially in DAC studies cyclic experiments have been limited
with usually less than 10 cycles [32,33], although in some papers over
20 cycles [34] or even 100 cycles [35] have been conducted. From only
a few cycles it is hard to deduce anything about the long-term stability
of the adsorbent, especially if the uncertainty of the method has not
been reported. The long-term regenerability should also be compared
between different regeneration options, but the studies comparing re-
generation conditions have mainly focused only on degradation me-
chanisms [19,25,36]. Little to no comparison has been made on the
trends of cyclic CO, adsorption and desorption capacities in over 20
cycles using different regeneration processes.

Different CO, utilization purposes require different CO, purities and
therefore different DAC process types. High purity of the produced CO,
is especially important for CO, utilization in e.g. Fischer-Tropsch pro-
cess [37], and may thus require processes such as TVSA. However,
many CO, utilization purposes exist where there is no need to supply
near 100% CO,, such as greenhouses and microbial and algae cultiva-
tion for food or fuels. In greenhouses and especially in closed ones, CO,
supply is required to not let the CO, concentration decrease and reduce
plant growth [38]. The use of DAC for greenhouses has been proposed
earlier by the use of low-capacity sorbents such as zeolite 13X [39] and
alkali metal carbonates [40,41]. Another low-concentration application
where DAC has been proposed and tested is microalgae cultivation, in
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which Brilman et al. [42] found optimal growth in CO, concentration of
only 1.5-2%. Also, DAC has been used to supply CO, for microbial
cultivation to produce edible protein in the Neo-Carbon Food project
[43], although the optimal CO, concentration for the cultivated mi-
crobes is as of yet unknown. With 40-60% capture ratio that is a rea-
listic range for adsorbent based DAC [13], Wilcox et al. [44] estimated
the work of separation to rise e.g. from less than around 200 kJ/molco2
(4.5 MJ/kgco2) to over 550-700 kJ/molcos (12.5-15.9 MJ/kgcoo) with
produced CO,, purities less than 5% and over 90%, respectively. Thus,
these results hint that to lower the cost of DAC, the process should be
tailored in terms of required CO, purity for each purpose. This requires
detailed comparison of all the available regeneration methods and not
just the process options that aim to produce pure CO,.

In this work, an automated and modifiable fixed-bed ad-
sorption-desorption device is used for studying the regeneration op-
tions for DAC using temperature-swing adsorption (TSA) and tem-
perature-vacuum swing adsorption (TVSA) processes with and without
inlet flow. The purpose of this analysis is to assess whether using re-
generation methods with inlet flow such as TSA, leading to low-purity
CO,, show significant working capacity or specific energy requirement
benefits compared to the TVSA process without inlet flow during re-
generation. Also, combining purge flow such as air or inert gas with the
TVSA process is assessed here in DAC conditions using an amine-based
adsorbent. Evaluating such process for DAC with amine-based ad-
sorbent using dry air as the purge gas is done here for the first time to
the authors’ best knowledge. First, the pseudo-equilibrium working
capacities are compared for all selected experimental conditions. Then,
the working capacity dynamics of these processes are compared, fol-
lowed by a preliminary assessment of the specific energy requirements.
Finally, the progress of cyclic adsorption and desorption capacities are
studied over multiple experimental cycles for TCSA and TVSA processes
to see the effect of different process options on the regenerability of the
amine-based adsorbent.

2 9 @
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2. Experimental and calculation methods
2.1. Fixed-bed CO adsorption—desorption setup

The experimental setup used in this study was designed and built in
VTT. Schematic of the experimental setup is shown in Fig. 1. The setup
has five Bronkhorst mass-flow controllers (MFCs) to reach the wanted
inlet gas composition. MFCs 1-3 are mainly used for inert purging gas
or air, whereas MFCs 4-5 are mainly used for 100% CO,, mixtures of
CO,, or air. Fig. 1 shows two different inlet routes to the adsorption
column as well as a column bypass route, which are needed e.g. when
having to purge the column with N5 from MFC 1 or 2 while measuring
the inlet concentration fed through the column bypass route. Option-
ally, the inlet gas through inlet route 2 can be humidified, although in
this study only dry experiments were done. The inlet gas flow is then
led to the adsorption column with two thermocouples. Pressure mea-
surements are located before and after the column. Safety valves are
also located before and after the column for the instance of pressure
reaching over 6 bar. After the column, the gas flow can be directed
through vacuum (< 1 bar) route or overpressure (1-5 bar) route. The
total pressure over both routes is controlled by separate Flowserve
Kammer pressure control valves either via manual set-point or using the
pressure measurement after the column for PID control. At the outlet
there are measurements for gas flow rate, humidity, pressure and ppm-
and %-scale measurements of CO, concentration. All gas flow move-
ments are controlled by 2-way or 3-way magnetic valves.

Fig. 2 shows the structure of the adsorption column, dimensions of
the sample chamber and places of the thermocouples. The adsorption
column is practically a steel pipe surrounded by a steel jacket, in which
cooling or heating liquid flows. The adsorbent sample is placed on the
top of a sieve welded into the column and fixed from top by placing
quartz wool between the sample and a sieve that is attached to the
thermocouple. Temperature of the sample is measured radially from the
middle of the sample and axially 10 mm above the lower sieve. Thus,
the tip of the thermocouple inside the adsorption column is

8 o o,

Outlet
Vacuum pump
Y Column
: X JAN bypass
- route
@) S @ Vacuum route Overpressure
route
Heating and
cooling baths
Inlet route 1
Inlet route 2
Xl
N1 J
Humidifier

Fig. 1. Experimental setup for fixed-bed adsorption and desorption of CO,.
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Fig. 2. The adsorption column. The sample in the figure represents volume of
0.5 g of the studied resin.

approximately 2 and % from the bottom of the adsorbent for 0.5 g and
1 g samples of the aminoresin used in this study, respectively. Also,
temperature is measured from the outer wall of the column 20 mm
above the lower sieve. Temperature of the sample is controlled by
leading hot or cool liquid to the jacket surrounding the column. For this
purpose, separate hot and cool liquid circulations are controlled by two
Julabo Corio CD 200F refrigerated/heating circulators. The pass of ei-
ther cool or hot liquid to the jacket is controlled by 2-way magnetic
valves. Currently the operable temperature range is between —10 °C
and 105 °C.

All magnetic valves, MFCs, pressure control valves and the vacuum
pump are controlled via a LabVIEW-based control and data acquisition
program. The program was developed in co-operation between VTT and
LUT School of Energy Systems. The program is capable of manual
control as well as user-built automatic stepwise sequences. The se-
quences are built as a spreadsheet that is fed to the program at the start
of the experimental run. Each step is run until a fixed time determined
in the spreadsheet. The sequence-based control allows to perfectly re-
produce the experimental cycles, saves time and resources, and allows
to conveniently run continuous cyclic adsorption/desorption. Data
sampling rate was 0.5 Hz. Lists of the main components and dimensions
of the experimental setup can be found in Supplementary data.

2.2. CO, adsorption—desorption experiments

The adsorbent used in this study is a proprietary aminoresin, the
characterization of which has been reported earlier in Elfving et al.
[45]. In this work, the adsorbent was pre-dried in air at 90 °C. Typically,
0.5 g or 1 g of pre-dried adsorbent was weighed and fixed into the
adsorption column with 0.04 g of silica wool below sieve and above the
adsorbent. The pre-dried resin had a bulk density of approximately
0.45 g/ml and therefore the sample batch sizes correspond to volumes
of 1.1 ml and 2.2 ml. The lower mass was used in cyclic experiments.

Table 1
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For other experiments, to achieve higher dynamic responses during
desorption i.e. higher CO, concentration and flow-rate peaks, 1 g of
adsorbent was used, in which case the sample chamber was almost full.
The pre-dried adsorbent still had CO, and H,O adsorbed from air, and
in this work these are referred to as pre-adsorbed species.

All experiments were designed beforehand and then run on the se-
quence-based control in LabVIEW. Because this study focuses on re-
generation, the adsorption phase was kept constant in all experimental
runs, using 1000 ml/min total flow rate of approximately 400 ppm CO,
mixed using 1% CO, with purities of 3.5 CO, and 5.0 N,, and 5.0 ni-
trogen at 25 °C. For regeneration, different conditions were used based
on each process. The regeneration processes were divided into four
steps: 1) ‘Purge 1’ consisting of concentration swing to 0 ppm CO; in
TCSA coupled with vacuuming in TVCSA, or only vacuuming in TVSA;
2) temperature swing to 60 °C (‘TS 1’); 3) temperature swing to 100 °C
(‘TS 27); 4) concentration swing to 0 ppm CO, for TSA and TVSA pro-
cesses (‘Purge 2”). In TVSA processes with inlet flow, ‘Purge 1°, ‘TS 1’
and ‘TS 2’ were conducted using 400 ppm CO,. The TVSA process
without inlet flow is referred to as “closed TVSA” in this work. Step
times were fixed to enable comparison between process steps. The
different processes and steps involved are illustrated in Table 1.

For regeneration processes targeting equilibrium or pseudo-equili-
brium CO, capacities, 1000 ml/min flow rate was used. For studying
dynamics more closely, 40 ml/min was chosen as a compromise be-
tween fast measurement response and process-relevant flow rate to
adsorbent mass ratio. Used vacuum levels were 500 mbar representing
a mild-vacuum process, and the minimum achievable at the given flow
rate, being 200 mbar with 1000 ml/min and 25 mbar with 40 ml/min.
Used inlet gas was either N, for concentration swing, 400 ppm CO,
mixed similarly as in the adsorption phase for 1000 ml/min flow or
premixed 400 ppm CO, for 40 ml/min flow. Also, compressed dry air
with approximately 400 ppm CO, was used in the cyclic experiments to
find the effect of oxygen on regenerability.

2.3. Calculation of capacities

Here the CO; capacities are represented as mmol per gram of dry
activated adsorbent, using the mass of pre-adsorbed species (CO,, H,0)
in each sample to correct the pre-dried sample mass. The mass of pre-
adsorbed species was calculated by measuring the CO, and H,O con-
centrations leaving the sample during initial regeneration phase with
1000 ml/min N flow and heating to 100 °C before the actual experi-
mental cycle. The same procedure was also done without sample, but
the resulting masses were negligible, being mainly the contribution of
air inside the experimental setup column and lines. The contribution of
pre-adsorbed species of the pre-dried sample measured this way was
1.4-2.5 w-%.

Typically, the capacities were calculated based on integration of the
CO,, concentration and flow rate [21,23]. The CO, concentration was
pressure- and temperature corrected to SATP-conditions (see
Supplementary data). The capacities in the desorption phase were
constructed of capacities calculated using ppm-scale measurements
when under 5000 ppm, and %-scale measurements when over
5000 ppm. Typically this meant that combination of ppm and %-scale

Experimental CO, adsorption/desorption processes and step changes. Total inlet gas flow rate was 40 or 1000 ml/min during all phases, except for TVSA closed. For

TVSA closed, inlet flow during ‘Purge 2’ was 1000 ml/min.

Process Adsorption Time Purge 1 Time TS 1 Time TS 2 Time Purge 2 Time
TSA 400 ppm CO,, 25 °C 2h - 60 °C 1h 100 °C 1h 0 ppm CO, >05h
TCSA 400 ppm CO,, 25 °C 2h 0 ppm CO, 0.5h 60 °C 1h 100 °C 1.5h - -

TVSA 400 ppm CO,, 25 °C 2h 400 ppm CO,, vacuum 0.5h 60 °C 1h 100 °C 1/1.5 h* 0 ppm CO, >0.5h
TVCSA 400 ppm CO,, 25 °C 2h 0 ppm CO,, vacuum 0.5h 60 °C 1h 100 °C 1/1.5 h* - -

TVSA closed 400 ppm CO,, 25 °C 2h No inflow, vacuum 0.5h 60 °C 1h 100 °C 1h 0 ppm CO, >05h

* 1 hor 1.5 h for 1000 or 40 ml/min experiments, respectively.



J. Elfving, et al.

results were used when inlet flow was 40 ml/min in regeneration phase,
while only ppm-scale results were used in case of 1000 ml/min flow.
Consequently, the results with only 1000 ml/min flow are more accu-
rate than the 40 ml/min results, due to higher uncertainty of the
%-scale sensor (< 0.25% = 5% reading) vs. the ppm-scale sensor
(£ 5 ppm CO, + 2% reading). Dynamic profiles of both sensors in a
40 ml/min case along with other relevant variable profiles can be found
in the Supplementary data.

Instead of measured inlet concentration like in Elfving et al. [21], in
this work the inlet concentration was in the form of a step function. In
adsorption phase and in desorption with 400 ppm CO, inlet flow, the
step function value was calculated as a mean value of the concentration
of the inlet gas when bypassing the column. Otherwise the step function
was set to zero. This is an acceptable approximation, because the effect
of dispersion was found to be small, which is shown in a typical ex-
perimental cycle in the Supplementary data. However, to gain the most
accurate capacity values, the “empty column capacity”, was subtracted
from the pseudo-equilibrium and cyclic capacities presented in this
work. For the dynamic capacity and specific energy requirement pro-
files in chapter 3.2, no such correction was used due to very small effect
on the final capacity, typically less than 1%.

In closed TVSA runs the calculation was based on only integrating
the volume flow rate instead of both volume and concentration due to
practical reasons. Due to high amount of vacuumed total volume of
about 81 ml compared to the less than 10 ml of produced CO,, the
produced CO, was generated between the adsorption column and the
outlet of the vacuum pump. Therefore, no CO, was detected in the
measurements during this vacuuming stage. The CO, capacity of the
TVS phase was thus calculated based on the detected flow rate pulse,
assuming the pulse detected in the flow-meter is nitrogen.
Determination of experimental uncertainty in the calculation of capa-
cities can be found in Supplementary data.

2.4. Calculation of regeneration specific energy requirements

The specific energy requirements calculated in this work are optimal
numbers that are based on the experimental dynamic profiles of capa-
city, temperature, flow rate and vacuum pressure during regeneration
phase. The specific energy requirement (SER) at each time point re-
presents the cumulative specific energy requirement calculated based
on the experimental vacuum level and temperature at that point, total
gas volume flowed until that point, and the desorption CO, capacity
acquired until that point. The SER values calculated in this work are
ideal, and consider no energy losses. The energy requirement of the
regeneration phase was calculated by:

a 1 . . . . .
0.9 |2 Adsorption -
I Purge 1
_ 0% |E===mTse0°c i
20.71 | TS 100 °C -
S 064 [ Purge 2 I
S 0.51 i
_©
o - 5
2 04
E 03] I
o
0.2 -
0.1 .
0. L
> \S \{ \{ \{
< o @o? o 02 © @e? © N\
P h opP op®
<N <N N[EPN(v)
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Ereg,tot = Efan + Es,a + Es,COZ + Edes,COZ + Evac (€8]

where E,cg o is the total energy requirement of the regeneration phase,
divided into Egap, Esa, Esco2, Edes,coz and Eyae, which are the energy
requirement contributions of air blowers, sensible heat of the ad-
sorbent, sensible heat of adsorbed CO,, desorption enthalpy of CO, and
vacuum, respectively.

The fan energy required to blow air was calculated according to:

Epp = f Ap Vtot de (2

where Ap is the pressure drop along the adsorbent bed and V; is the
total flow rate. Pressure drop over the adsorbent bed was here calcu-
lated using the Ergun equation:

150 t Lieq (1 — €)% N 1.75 Lyea g, (1 — €)vy?

Ap =
P dy%e’ dy e 3)

where 11 is the dynamic viscosity, Lyeq is the length of the adsorbent bed,
¢ is the bed porosity, v, is the superficial velocity of the gas, d;, is the
adsorbent particle size and py is the gas density [46]. Sensible heat of
dry adsorbent was calculated according to:

Ega = mycp AT 4)

where m, is the mass of adsorbent sample, c; , is the specific heat ca-
pacity of the adsorbent, AT is the temperature difference in the tem-
perature swing. Similarly, the sensible heat of desorbed CO, could be
calculated as:

Es.co2 = Mco2Cp.co2AT 5)

where mco, is the mass of desorbed CO,, c,co2 is the specific heat
capacity of CO,. However, the sensible heat of desorbed CO, was
negligible in the calculations. The desorption heat of CO, was calcu-
lated using:

Edes,coz = f AH nco,dt 6)

where AH is the CO, desorption enthalpy, 71co,is the molar flow rate
of CO,. The energy of the vacuum pump was calculated based on iso-
thermal and irreversible work equation according to [47]:

- P, P, P,
Evac = —Bout f Viot dt(Pl - PZ + 11’1(;2)) o
out out 1

where P, is the mean outlet (ambient) pressure during regeneration,
P, is the pressure before vacuuming and P, is the vacuum pressure at
given time point, measured after the column. To gain the specific en-
ergy requirements, the total energy requirement in Eq. (1) was then
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Fig. 3. Adsorption and desorption CO, capacities using a) 1000 ml/min; b) 40 ml/min total flow rate in desorption phase. ‘Purge 2’ in TVSA closed resulted from
using N, purge after the closed TVS step with 1000 ml/min total flow rate. Error bars show the uncertainty.
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divided by the produced mass of CO, in given experiment. A table with
values and/or the source of each constant and variable used for the
energy requirement calculations is supplied in the Supplementary data.

3. Results & discussion
3.1. Working capacity comparison

As described in chapter 2.2, adsorption of 400 ppm CO, was fol-
lowed by a stepwise regeneration of the adsorbent. Fig. 3 shows the
attained working capacities after each step in the studied regeneration
processes. The adsorption capacities are within 0.50-0.53 mmol¢o,/
Zsorbent- Comparison of Fig. 3b with Fig. 3a shows that the desorption
capacities in the runs with 40 ml/min inlet flow are slightly higher than
those with 1000 ml/min inlet flow. This difference originates from the
different method of capacity calculation in the 40 ml/min results
compared to 1000 ml/min results (see chapter 2.3). The total deso-
rption capacities in 1000 ml/min and 40 ml/min cases are in the range
of 0.50-0.53 mmolcoa/gsorbent @and 0.55-0.60 mmolcoa/gsorbents Te€-
spectively. Because the total desorption capacities are equal or higher
than the adsorption capacities with uncertainty taken into account,
regeneration of the adsorbent was complete after each 4-step re-
generation process.

Fig. 3a shows that the effect of vacuum level on the initial purge
step working capacity is larger for TVSA than for TVCSA in regenera-
tion with 1000 ml/min flow rate. This is an expected result in that the
partial pressure of CO, for TVCSA is zero with both vacuum levels. In
the regeneration experiments with 40 ml/min flow rate, the vacuum
level differences were higher. Consequently, Fig. 3b shows much bigger
differences in initial purge working capacities between the two vacuum
levels compared to Fig. 3a. On the other hand, the equilibrium state in
terms of CO, partial pressure is still the same in the TVCSA experi-
ments, although the vacuum level is different. The differences in the
purge capacities between the two vacuum levels, especially with the
lower flow rate, mainly originate from dynamics, since the first step
was not carried out until equilibrium.

It is notable that the working capacities are mostly above 90% of the
total desorption capacity already with 60 °C temperature swing.
Especially in the case of TVCSA with 1000 ml/min inlet flow only
negligible desorption was observed at 100 °C. As expected, the largest
working capacity differences between 60 °C and 100 °C temperature
swing are for TSA, TCSA and closed TVSA cases. However, even for TSA
the working capacities at 60 °C are already 85% and 86% of the total
desorption capacity using 40 and 1000 ml/min flow rate during deso-
rption, respectively. However, for closed TVSA the effect of tempera-
ture increase from 60 °C to 100 °C is notable, with only 0.13 mmolco,/
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Zsorbent Deing released at 60 °C. Also, the total desorption capacity re-
leased during TVS with closed inlet is only 0.35 mmolcoz/8sorbent, that
is considerably lower than in any of the experiments with inlet flow.
Total desorption capacity of 0.56 mmolcoa/8sorbent il the closed TVSA
experiment was obtained when opening the column inlet to nitrogen
purge.

The desorption capacity results show that even 60 °C can be used for
regeneration with no significant decrease of working capacity com-
pared to 100 °C when using inert purge or 400 ppm CO,, flow. The result
is in line with other studies showing that air [48] or purge flow such as
steam under vacuum [30] can be used to fully regenerate amine-based
adsorbents even below 100 °C. However, although lower desorption
temperatures may be enough to fully regenerate the adsorbent with
plenty of time, kinetics may be slowed significantly. Also, possible
benefits of coupling vacuum and purging flow during temperature
swing steps seem to be minor if only comparing the final working ca-
pacities. Therefore, the experimental dynamic capacity profiles are
presented below to broaden this comparison to the differences in dy-
namics. The runs with 1000 ml/min inlet flow in desorption are not
discussed in terms of dynamics because the flow rate per mass of ad-
sorbent ratio is too high considering process scale.

3.2. Dynamic capacity profiles

Fig. 4a shows that in TSA regeneration the production of working
capacity is delayed at first, taking about 4 min before the capacity starts
to increase. This delay could be attributed to three factors: 1) heat
transfer from the jacket through the steel wall and into the adsorbent;
2) time spent for the flow to reach the concentration measurements
and; 3) CO, concentration measurement sensor response time. After
this initial period the capacity starts to rise quickly, but slows down
eventually, showing that equilibrium state was not reached within 1 h
of heating. Fig. 4b shows that the trend for TCSA is very similar to TSA,
except for the start where an almost insignificant amount of CO, is
removed by cool N, purge alone. Therefore, probably even slightly
higher capacities are obtainable for TSA/TCSA already at 60 °C. How-
ever, the desorption rates at 60 °C are much slower than at 100 °C.
Increasing the temperature to 100 °C quickly increases the working
capacities from 0.47 and 0.48 to maximum values of 0.55 and 0.56
mmolcoa/Esorbent fOr TSA and TCSA, respectively. Second purge in TSA
increases the working capacity to the same as in TCSA, 0.56 mmolcoy/
Zsorbent- Similar type behavior was reported by Goeppert et al. [48] for a
fumed silica-PEI adsorbent, who found that only 12-14% of the ad-
sorption capacity at 25 °C was left at 65 °C. On the other hand, they also
reported significantly reduced desorption kinetics below 85 °C, espe-
cially at 50-60 °C.
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Fig. 4. Desorption capacity profiles using 40 ml/min flow of a) 400 ppm CO; b) 0 ppm CO,. Temperature of the adsorbent was set to 60 °C a) at start; b) after ‘TS 1’
and to 100 °C after ‘TS 2’. ‘Purge 2’ refers to switching flow from 400 ppm to 0 ppm CO,.
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Fig. 5 shows the clear effect of vacuum level on the capacity profiles
of the initial purge phase before any heating. At both vacuum levels, the
working capacity is still rising after 30 min of purging, but especially
with 25 mbar vacuum a steep rise can be seen for both TVSA and
TVCSA processes. The 25 mbar vacuum purge capacity profiles are si-
milar whether using air or nitrogen as purge gas, which can be ex-
plained by the very small CO, partial pressure difference of 0.01 mbar
(10 ppmv) CO, in these vacuum conditions. With 500 mbar vacuum the
purge-step desorption occurs very slowly for both processes. It was not
assessed whether the isothermal purging alone could regenerate the
adsorbent fully like it should be based on CO, isotherms [21], but it is
clear this would take at least several hours, which would probably lead
to a very energy-intensive process.

Fig. 5 shows that the first temperature swing to 60 °C leads to a
rapid rise of working capacity in both TVSA and TVCSA processes.
Comparing the temperature swing steps in TVSA to those of TSA, using
even a mild vacuum of 500 mbar clearly enhances the desorption dy-
namics at 60 °C. For example, with 500 mbar vacuum in TVSA the
working capacity gained during 30 min of heating is 0.44 mmolcoo/
Zsorbent, While for TSA this is 0.36 mmolcos/8sorbent- Using a higher
vacuum of 25 mbar leads to even faster desorption. For TVSA with
25 mbar vacuum, over 99% of the maximum capacity at 60 °C is
reached within 20 min. However, using 500 mbar vacuum TVSA, this
takes over 50 min and equilibrium is not reached after 1 h. The second
temperature swing to 100 °C leads to a fast increase of working capacity
like in the TSA process. For example, in the TVSA 500 mbar experiment
reaching 99% of the maximum capacity at 100 °C takes less than 15 min
from the start of ‘TS 2’. With the higher vacuum level of 25 mbar the
desorption at 100 °C is not significant anymore, which could also be
seen from Fig. 3b.

In the closed TVSA runs, initial vacuum purge state produced only
negligible amounts of capacity. This is further evidence to proving that
isothermal vacuum swing adsorption without compression is not rea-
sonable in DAC [21,23]. Therefore, Fig. 6 shows no observable increase
in working capacity in this initial purge phase. However, the tem-
perature swings quickly increase the working capacity with less than
1 min delay, as now there are no delays caused by gas travel time and
sensor response like in the other experiments as mentioned above. For
TVSA with temperature ramping, it takes about 7 min to reach 0.13
mmolcoa/gsorbent i the first temperature swing to 60 °C. A higher
temperature increases both working capacity and desorption rate con-
siderably. For TVSA without temperature ramping, the increase from
zero to 0.39 mmolcos/8sorbent takes about 5 min. The final working
capacity in the temperature ramping case is about 0.04 mmolcoy/
Zsorbent lOWer than in the experiment without temperature ramp. In
addition to experimental uncertainty, the difference may be caused by
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Fig. 6. Desorption capacity profiles in TVSA runs closed from inlet with and
without temperature ramping. The initial period is vacuuming at 25 °C. With
temperature ramping the temperature of the adsorbent was set to 60 °C after ‘TS
1’ and to 100 °C after ‘TS 2’. Without temperature ramping the temperature was
set to 100 °C directly after ‘TS 1.

very slowly continuing desorption of CO, after the initial period at
60 °C, in which case the flow rate is under the detection limit of the flow
meter.

From the working capacity profiles the promoting effect of high
vacuum and temperature on both final working capacities as well as
dynamics is clear. Fairly good results were gained with the combination
of mild vacuum and temperature as well. In the next chapter, specific
energy requirements of TSA and TVSA with 40 ml/min air flow and
closed TVSA processes are compared. TVCSA is omitted in the following
discussion due to the results being fairly similar with TVSA.

3.3. Specific energy requirements of regeneration

Like explained in chapter 2.4, the following specific energy re-
quirements (SER) are cumulative, taking into account the changes in
experimental temperature, vacuum level, CO, capacity and gas flow.
Because the energy requirement is divided by the capacity obtained
until given time point, SER figures start from very high values because
the first capacity values are close to zero. Only the contribution of the
regeneration phase is taken into account in the following SER numbers
because the adsorption phase was similar for all runs. Also, the flow
rate during adsorption was 1000 ml/min, resulting in too high flow rate
per mass of adsorbent ratio considering process scale. Also, it should be
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Fig. 5. Desorption capacity profiles under vacuum using 40 ml/min flow of a) 400 ppm CO,; b) 0 ppm CO,. The initial period is vacuuming at 25 °C. Temperature of
the adsorbent was set to 60 °C after ‘TS 1’ and to 100 °C after ‘TS 2’. ‘Purge 2’ refers to switching flow to pure No.
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noted that most of the energy requirement in this analysis resulted from
latent heat of adsorbent and vacuum energy. The contribution of fan
energy was typically negligible due to short desorption time and low
pressure drop over the adsorbent bed of typically below 30 Pa even
though the bed height-to-diameter ratio was 4. Therefore, the results of
this chapter only apply if the pressure drop is manageable, e.g. below
450 Pa such as in Bajamundi et al. [13], in a tall adsorption column.

The empty volume measured by the flow meter in an evacuation
step was 80 ml. The energy consumed in evacuating the empty volume
of the system has been subtracted from the total energy requirement in
steps where vacuum was used. The reasoning for this is that in a
practical process the amount of empty volume in the system would be
minimized to reduce capital costs. Also, in a practical process the en-
ergy consumed by the evacuation step is only around a few percent of
the total energy requirement [49], and therefore shouldn’t affect the
conclusions of the following specific energy requirement analysis.
Working capacity is presented alongside the specific energy values,
because working capacity is the meter for estimating daily production
of CO,. Also, working capacity is linked with the produced CO, purity
in that with a constant flow rate the more produced working capacity
within certain time, the higher the average purity is. With 40 ml/min
inflow, the purities peaked to 1.3%, 1.8% and 2.7% during the first
temperature swing for TSA, TVSA at 500 mbar and TVSA at 25 mbar,
respectively. However, the produced CO, purities of the current small-
scale column do not represent the actual purities in process scale due to
high amount of empty volume (see Supplementary data Table S2), and
therefore the purities are not shown as a function of time in the fol-
lowing analysis.

Fig. 7 shows that the specific energy requirement for the TSA process
reaches the minimum of 4.2 MJ/kgco, at the end of the first temperature
swing, at which point around 0.47 mmolcoy/gsorbent has already been
reached. After the second temperature swing the SER settles to 6.4 MJ/
kgcoo, with working capacity of 0.55 mmolcoa/gsorbent: Therefore, 17%
increase in working capacity (0.08 mmolcoy/8sorbent) T€quires about 52%
SER increase mainly caused by 40 °C higher desorption temperature. The
actual additional SER increase may be even more due to increased cooling
demand.

Fig. 8 shows that the SER in TVSA with 25 mbar vacuum rises very
sharply with time. After the initial vacuum purge step, rapidly produced
CO, reduces the SER, reaching the minimum of 26 MJ/kgco» at around
43 min. At this point the working capacity is about 0.53 mmolcos/8sorbent
and still increasing. The working capacity of 0.56 mmolcos/8sorbent iS
reached at 50 min, at which point the SER is already 28 MJ/kgco,. After this
point the working capacity increases only marginally, but the SER increases
significantly. The high specific energy requirement in this case is caused by
coupling relatively high vacuum with the fairly high regeneration flow rate
to adsorbent mass ratio of 40 1/(min’kg). This ratio e.g. for the DAC de-
monstration unit reported earlier [13] is around 100 1/(minkg) during
adsorption. The DAC unit total SER was between 44 and 52 MJ/kgcoo [13],
of which the contribution of total regeneration energy has been determined
to be around 60-70%. Therefore, the optimal SER values gained in this
work with TVSA using 25 mbar vacuum and inlet flow of 40 ml/min are
already near the SER of the demonstration unit that is by no means an
optimal DAC process. This strongly imparts that the high-vacuum TVSA
with purge flow is an unreasonable option for process scale regeneration.

Lowering the vacuum level reduces the SER significantly for TVSA
with inlet flow. Although not shown in Fig. 9, after the initial vacuum
purge step the SER first increases higher than in TVSA with 25 mbar
vacuum, which is caused by slower desorption of CO,. However, the
SER then decreases to the minimum of 6.9 MJ/kgco. at 63 min, at
which point the reached working capacity is 0.47 mmolcoa/8sorbent: FOT
comparison, to reach the same working capacity in the TSA required
39% smaller SER. Continuing the desorption until 90 min increases the
working capacity to 0.51 mmolcoa/8sorbent and comes with the SER of
7.5 MJ/Kkgcoz- The increase in both SER and working capacity is around
9%. Therefore, in this case stopping the desorption process at SER
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minimum cannot be recommended. Although the SER values are sig-
nificantly lower with the milder vacuum, the process is slowed down.
For example, reaching the SER minimum after the start of heating took
only 13 min in the 25 mbar process, while for the 500 mbar process this
took 33 min. Temperature swing to 100 °C for the 500 mbar TVSA
increases the working capacity to 0.56 mmolcoz/8sorbent and the SER to
over 10 MJ/kgcoz, corresponding to approximately 10% and 33% in-
creases in SER and working capacity, respectively.

Fig. 10 shows that after the initial vacuum purge and first tem-
perature swing, the SER of closed TVSA settles to 11 MJ/kgcoo with
working capacity of 0.14 mmolcoa/8sorbent- After the second tempera-
ture swing the SER settles to 9.4 MJ/kgco, with a working capacity of
0.35 mmolcoa/gsorbent- HOWever, in another experiment where the
temperature was directly ramped to 100 °C the maximum working ca-
pacity was 0.39 mmolcoz/8sorbents With a lower SER value of 8.6 MJ/
kgcoz. Therefore, for closed TVSA using a higher regeneration tem-
perature is not only highly recommended in terms of working capacity,
but also beneficial in terms of the specific energy requirement.

Table 2 summarizes the results of working capacity and SER for the
different regeneration methods. The results are from a time point after
which the desorption rate slows down significantly. With 60 °C and
100 °C temperature swing this point marked reaching 90% and 99% of
the maximum working capacity of the step, respectively. With 60 °C
temperature swing this point was also at or near the minimum SER
value. Also, daily productivities were calculated using these working
capacities and the amount of cycles per day. The amount of cycles per
day was calculated using a cycle structure with desorption times in
Table 2 and fixed adsorption and cooling times of 120 min and 30 min,
respectively. In Table 2, TCSA rather than TSA values should be used
for comparison of productivities because it has the same initial purge
step than other regeneration options. It should also be stressed that
comparing the 60 °C productivity values directly with the 100 °C values
is not fair in most cases due to temperature ramping in all except ‘TVSA
closed’. With 60 °C desorption temperature, TCSA has a lower pro-
ductivity of 0.122 kgcoa/(Kgadsorbenrd) compared to 0.139 and
0.150 kgcoz/(Kgadsorbencd) for TVSA and TVCSA with mild vacuum,
respectively. Because closed TVSA has the lowest working capacities
with both desorption temperatures, the productivities are also lower
compared to other options, except when using direct heating to 100 °C.
Closed TVSA also has higher SER values compared to TSA/TCSA or the
mild vacuum TVSA/TVCSA at 60 °C, even with direct heating to 100 °C.
On the other hand, the SER values of mild vacuum TVSA/TVCSA are
higher than for TSA/TCSA.

Few examples can be found in the literature where purge flow with
vacuum is assessed as a regeneration method for amine-based adsorbent
CO, capture. Serna-Guerrero et al. [50] found increased desorption
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profiles for temperature-vacuum swing adsorption at 11 mbar vacuum.

rates with an amine-grafted mesoporous silica adsorbent when using
purge gas coupled with TVS desorption. On the other hand, Wijesiri
et al. [30] found lower desorption rates for the TVS desorption with N5
purge compared to using steam as purge with a polyethylenimine-
functionalized mesoporous silica adsorbent. However, these studies did
not assess the total specific energy requirement of the process. Bos et al.
[19] compared the regeneration options for biogas upgrading using a
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commercial amine-functionalized polystyrene resin, and also con-
sidered TVSA case with 100 mbar vacuum and 60 °C with air purge.
This option had otherwise low regeneration energy requirement com-
pared to other options, but the contribution of vacuum was almost
equal to the heat demand, therefore leading to the highest total energy
requirement of the considered cases. Like in this work, Bos et al. found
that if only considering SER, TSA/TCSA was the most attractive option.

In a later work, Bos et al. [18] compared regeneration options for
DAGC, but didn’t consider the option with vacuum combined with air or
inert gas as purge flow. In dry conditions, they reported much higher
SER values for PTSA (closed TVSA) than in this work, even though the
reported working capacities of less than 0.25 mmolcoz/8sorbent at 91 °C
are not very far from those in this work. However, at a higher tem-
perature of 116 °C the SER in Bos et al. was around 10 MJ/kgco2, which
is close to the values in this work. As an interesting result, the specific
energy requirement decreased with co-adsorbed water, but increased if
steam-stripping was applied. Wurzbacher et al. [31] reported working
capacities of 0.32-0.65 mmolcoa/8sorbent fOr (closed) TVSA process in
humid conditions in adsorption. They also reported the SER values of
493-640 kJ/molcos (11.2-14.5 MJ/kgcoo), with increase as a function
of humidity content in air. Although the boosting effect of humidity on
working capacity has been shown also for the sorbent in this work [21],
the effect of humidity on SER during regeneration is not obvious, and
should be assessed in future work in detail.

Based on the results of chapters 3.2 and 3.3, a mild vacuum TVSA
with purge flow doesn’t have unreasonably high energy requirement, as
long as the purge flow rate is not unreasonably high. Also, even 40 ml/
min is high for the sample size of 1 g considering a practical process,
and it is possible that significantly lower specific energy requirements
are obtainable for TVSA with purging flow when the flow rate and
sample size are properly scaled. On the other hand, the boost in pro-
ductivity from using purge flow during vacuum may still be worth a
higher energy requirement. However, it should be taken into account
that the differences in productivity between TSA/TCSA vs. TVSA/
TVCSA may be smaller in cases where adsorption phase is much longer
than desorption, as the effect of desorption rate becomes less sig-
nificant. On the other hand, the contrary is true for closed TVSA com-
pared to other methods, because less working capacity per cycle means
lower daily productivity when the amount of cycles per day is smaller.
The results therefore confirm the equilibrium modelling result [21] that
the use of closed TVSA process for other utilization purposes than those
that require 100% CO. cannot be recommended in terms of pro-
ductivity. Also, because of the lower working capacity, the closed TVSA
process has a higher specific energy requirement than the methods
utilizing inlet purge flow with or without mild vacuum. However, be-
fore assessing adsorbent regenerability, no conclusions of the overall
performance of each regeneration method can be made.

3.4. Cyclic experiments

All cyclic experiments done with 19-23 cycles lead to a capacity
decrease, which means that the aminoresin studied here started to lose
capacity even with a relatively low number of cycles. Significant ca-
pacity drops for amine-based adsorbents in only a few cycles have in
some cases been measured, while in some cases the sorbent has lasted
100 cycles or more with less than 10% capacity decrease [25]. For
example, for the commercial amine-based sorbent Lewatit VP OC 1065,
no capacity decrease was noted in 50-60 cycles in various desorption
conditions [18,19], and only 4.8% loss of capacity was found in 275
cycles with desorption in N, flow at 105 °C [51]. However, in this work,
significant differences in adsorbent regenerability were found between
the studied regeneration methods.

Fig. 11 shows the slightly decreasing trend of cyclic adsorption and
desorption capacity over 19 TCSA cycles. Fig. 11b shows that in ad-
sorption capacities there is a significant drop of about 0.03 mmol/g
when comparing the first and third cycles. After this, the adsorption
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Table 2

Chemical Engineering Journal 404 (2021) 126337

Working capacities, productivities and specific energy requirements at 90% and 99% of maximum working capacity at desorption temperatures of 60 °C and 100 °C,
respectively. Total flow rate during desorption was 40 ml/min in other experiments except TVSA closed and TVSA closed with temperature ramp. All other
experiments were done using temperature ramping to 60 °C and then 100 °C except TVSA closed. Uncertainties based on uncertainty of capacity.

Regeneration method WC (mmolcoa/8adsorbent) Time (min) Productivity (kgcoz/(Kgadsorbent'd) Regeneration SER (MJ/kgco2)

90%, 60 °C 99%, 100 °C 90%, 60 °C 99%, 100 °C 90%, 60 °C 99%, 100 °C 90%, 60 °C 99%, 100 °C
TSA 0.423 = 0.014 0.542 *= 0.018 43.9 85.9 0.138 =+ 0.005 0.146 + 0.005 45 * 0.2 6.4 + 0.2
TCSA 0.434 = 0.015 0.551 = 0.019 74.9 117.8 0.122 = 0.004 0.130 * 0.004 44 = 0.1 6.3 + 0.2
TVSA, 25 mbar 0.508 = 0.017 0.564 = 0.019* 41.2 72.4 0.168 + 0.006 0.161 =+ 0.005 26.2 + 0.9 384 = 1.3
TVSA, 500 mbar 0.463 = 0.016 0.555 = 0.019 61 102.4 0.139 + 0.005 0.139 + 0.005 6.9 + 0.2 10.0 = 0.3
TVCSA, 25 mbar 0.509 = 0.017 0.563 = 0.019* 42.4 82.5 0.168 = 0.006 0.153 =+ 0.005 26.1 = 0.9 417 = 1.4
TVCSA, 500 mbar 0.515 = 0.018 0.599 = 0.02 68.1 106.7 0.150 + 0.005 0.148 + 0.005 6.2 = 0.2 9.0 = 0.3
TVSA closed, T ramp 0.122 *= 0.005 0.345 = 0.014 36.3 95.7 0.042 + 0.002 0.089 =+ 0.004 11.7 += 0.5 85 + 0.3
TVSA closed - 0.386 = 0.016 - 34.6 - 0.133 + 0.005 - 7.5 + 0.3

* Working capacity was already achieved at 60 °C.

capacities show no significant drop for at least the next 6 cycles. The
desorption capacities show a fairly steadily decreasing trend rather than
a significant drop in the first few cycles. Overall, the drop in capacity
over 19 cycles is approximately from 0.57 to 0.53 mmolcoa/8adsorbent
(7%) and from 0.53 to 0.51 mmolcoa/gadsorbent (4%) in adsorption and
desorption, respectively. The significant drop at the start for the ad-
sorption capacities may be related to incomplete regeneration during
the cyclic desorption phases, the effect of which mostly disappears after
a couple of cycles, leading to stabilization of the cyclic adsorption ca-
pacity. Therefore, the decrease in desorption capacities may be the
more reliable metric for long-term regenerability in the TCSA case.

To gain an idea of how high decrease of capacity in cyclic conditions
can be expected in the worst case, cyclic test was done using TVS re-
generation mechanism at 200 mbar vacuum, 100 °C and 1000 ml/min
flow of compressed dry air. Fig. 12 shows that the decrease of ad-
sorption and desorption capacities in the TVSA cycles is significant due
to coupling high temperature with oxygen-containing gas. Fig. 12a
shows an increase in the purge capacities before temperature swing like
in the TCSA cycles in Fig. 11, which may be related to positive sensor
drift (see Supplementary data). However, both the adsorption and total
desorption capacities decrease from approximately 0.52 to 0.45
mmolcoa/Zadsorbent (13%) over 22 cycles. It is also notable from these
numbers and from Fig. 12b that this time the adsorption and desorption
capacities are very close to each other, the maximum difference being
within 0.01 mmolco2/8adsorbent- The main reason for this probably lies
in almost complete regeneration due to coupled vacuum and con-
centration swing with a high flow rate. Also, the method of capacity
calculation was changed after the cyclic TCSA run so that instead of
measuring the step function (see chapter 2.3) only at the start of the

a

[ Adsorption
I Purge
I TS 100 °C

0.81

0.7 1

—_

£0.61

0.41
0.31

q (mmolq,/g

0.21
0.11

1 3 5 7 9 11 13
Cycle number

15 17 19

cyclic experiment, it was measured at the start of each cycle. This
method may yield more accurate results and was thus used in the
processing of consequent cyclic experiment results.

The same regeneration method was then used for cyclic runs but this
time with temperature swing to only 60 °C. Fig. 13 shows that the de-
crease of both adsorption and total desorption capacities is now only
from approximately 0.53 to 0.50 mmolcoo/8adsorbent (6%) in 22-23
cycles. The last three cycles do not show a decreasing trend in capacity,
although from this number of cycles it is still too early to draw any
conclusions whether the decrease has stabilized or not. Compared to the
100 °C case, the cyclic working capacities with 60 °C temperature swing
are slightly smaller, although only less than 10%.

Fig. 14 shows that in the cyclic closed TVSA runs only mild decrease
of adsorption capacity took place. It should be noted, that after the
closed TVS desorption step the column was purged with nitrogen to
fully regenerate the sorbent between each cycle. The desorption capa-
cities shown in Fig. 14a are only the contribution of closed TVS deso-
rption. The adsorption and desorption capacities decrease from ap-
proximately 0.53 to 0.49 mmolcos/8adsorbent (8%) and 0.37 to 0.31
mmolcos/8adsorbent (16%), respectively. In the desorption capacities
most of the decrease takes place between the first two cycles, in which
it drops from 0.37 to 0.33 mmolcoa/8adsorbent- If NOt taking into account
this initial drop, the capacity decrease from the second to 23rd cycle is
only 0.02 mmolcoy/gadsorbent (6%), being close to the capacity decrease
in the adsorption results.

Calculating the desorption capacity loss in percent per cycle, the
precise values are 0.18, 0.26, and 0.60%/cycle for TCSA, TVSA with air
flow at 60 °C and 100 °C, respectively. For TVSA closed the capacity
decrease from adsorption results is 0.38%/cycle. Although the

1 3 5 7 9 11 13
Cycle number

15 17 19

Fig. 11. CO, adsorption and desorption capacities in repeated cycles of temperature-concentration swing adsorption. Adsorption was done using 400 ppm CO2/N. b)

is a close-up of a).
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0.541
0.531
0.52+
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0.47 1
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1 3
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Fig. 12. CO, adsorption and desorption capacities in repeated cycles of temperature-vacuum swing adsorption with also concentration swing (‘Purge 2’) at the end.
Adsorption and desorption before ‘Purge 2’ were done using compressed air. b) is a close-up of a).

desorption in the TCSA process was conducted in inert conditions, the
slight capacity decrease is in line with literature, as capacity decrease
using inert purge such as N, at elevated temperatures has been noted
for both impregnated and grafted amine adsorbents [25]. The second-
lowest capacity decrease for the 60 °C TVSA with air purge can perhaps
be explained with slight oxidative degradation, although for example
Bos et al. [19] found that oxidative degradation in a 1 h test did not
begin until the temperature was at 70 °C for the commercial Lewatit VP
OC 1065. The largest capacity decrease for TVSA with air flow at 100 °C
imparts significant oxidative degradation taking place. This is because
the capacity loss is much higher than in the 100 °C TCSA cycles, which
are devoid of air during desorption.

In the case of the closed TVSA process, no oxygen should be present
during desorption due to evacuation of the adsorption column, but the
cyclic capacity loss is still higher than in TVSA with air flow at 60 °C.
The stability of an amine-functionalized nanofibrillated cellulose sor-
bent was studied in 100 cycles of closed TVSA cycles by Gebald et al.
[35], who reported only 5% of capacity decrease, although at a lower
temperature of 90 °C. They also reported that in TVS operation the
degradation was attributed to loss of amines and formation of amides or
imides. However, it was unclear whether both were the cause of re-
sidual oxygen in the system, or that loss of amines could occur by
thermal degradation only. In any case, it seems that degradation of
amine-functionalized sorbents cannot be avoided with the closed TVSA
method, since lowering the desorption temperature is not a reasonable
option due to lowered working capacities.

Based on the working capacity and specific energy requirement

a
0.8- [ Adsorption
I Purge 1
_ 0.71 TS 60 °C
£ [ Purge 2
20.61
3
2 0.5
N
3
E 0.4+
g 0.31
© 0.2
0.1+
o.

1 3 5 7 9 11 13 15 17 19 21 23
Cycle number

results of this study, regeneration options that utilize purge flow are
more flexible in terms of regeneration temperature than the closed
TVSA method. To avoid the loss of capacity, the regeneration tem-
perature should be maintained well below 100 °C. In this regard, the
mild vacuum TVSA process coupled with purge flow and low tem-
perature seems promising in terms of all studied aspects: working ca-
pacity, specific energy requirement and adsorbent regenerability.
However, even in mild desorption conditions the cyclic capacity drops
per cycle predict only a few hundred cycles before all of the capacity is
lost, while in practice the sorbent should withstand thousands if not
tens of thousands of cycles with realistic adsorbent costs [22]. On the
other hand, it is not known whether the capacity drop follows a linear
trend, stabilizes at some point or even accelerates. Also, in inert con-
ditions or in vacuum, the actual mechanism for degradation is less
obvious than in the presence of air, and it is not known if for example
the vacuum level has an effect on the loss of capacity along with tem-
perature. Therefore, further work is required in cyclic process com-
parison that takes into account these aspects as well.

4. Conclusions

In this study, a detailed experimental comparison of regeneration
methods for CO, capture from air was made using an amine-functio-
nalized adsorbent. The experiments were conducted with an automated
fixed-bed CO, adsorption and desorption device. Especially, the focus
was in comparing methods that produce low-purity CO, with closed
inlet TVSA that produces pure CO,. The working capacity, dynamics of

b

0.551
0.541
0.531
AE 0.521

é 0.51+

0.51
0.49+
0.48+
0.47+
0.46
0.45-

q (mmolcozlg

7 9 11 13 15 17 19 21 23
Cycle number

Fig. 13. CO, adsorption and desorption capacities in repeated cycles of temperature-vacuum swing adsorption with also concentration swing (‘Purge 2’) at the end.
Adsorption and desorption before ‘Purge 2’ were done using compressed air. b) is a close-up of a).
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Fig. 14. CO, adsorption and desorption capacities in repeated cycles of temperature-vacuum swing adsorption with closed inlet. Adsorption was done using com-
pressed air. After ‘TS 100 °C’ the sample was fully regenerated by maintaining temperature at 100 °C and purging with nitrogen under vacuum. b) is a close-up of a).

desorption and specific energy requirement were evaluated for TSA,
TCSA and TVSA with or without purge flow. Also, regenerability in
TCSA and TVSA processes with and without purge flow was studied
over 19-23 adsorption and desorption cycles. Coupling vacuum and
temperature swing with inlet flow has not been assessed as a re-
generation method for DAC in detail before.

Working capacity comparison showed that TSA/TCSA at 60 °C is
sufficient to reach 85-86% regeneration, while coupling purge flow
with vacuum in TVSA/TVCSA leads to over 90% regeneration.
However, using closed TVSA process with no inlet flow left the ad-
sorbent with significant residual loading even at 100 °C. The lowest
minimum regeneration specific energy requirement of 4.2 MJ/kgcoo
was achieved with isobaric TSA at 60 °C with the working capacity of
0.47 mmolcoz/8sorbent- TVSA at 25 mbar with air flow gave high re-
generation SER of over 26 MJ/kgco». However, utilizing a mild vacuum
of 500 mbar lead to only 7.5 MJ/kgco. with working capacity of 0.51
mmolcoa/Esorbent- The TVSA process with no inlet flow had the re-
generation SER of 8.6 MJ/kgco» with the maximum achievable capacity
of only 0.39 mmolcoo/8sorbent-

Determination of dynamic working capacity allowed the calculation
of daily productivities, which with 60 °C regeneration temperature
were 0.122 and 0.150 kgcoz/(Kgadsorbentd) for TCSA and 500 mbar
TVCSA with purge flow, respectively. TVSA with air flow at 500 mbar
had a slightly lower productivity than TVCSA of 0.139 kgcoo/
(kgadsorbent'd). The productivity for TVSA with no inlet flow was 0.133
kgco2/(Kgadsorbentd) at 100 °C, being lower than for the regeneration
options utilizing vacuum coupled with purge flow. In cyclic adsorption/
desorption tests the current adsorbent showed a significant capacity
loss of 0.6% per cycle at 100 °C with vacuum and air flow. Even with air
evacuated out, a capacity loss of 0.38% per cycle was found for the
closed inlet TVSA process. Lowering the desorption temperature to
60 °C was highly beneficial for the TVSA method with air flow, because
the capacity loss was then only 0.26% per cycle, while still over 90%
regeneration was maintained.

The results of this study impart that TVSA coupled with air or inert
gas purge flow has clear productivity benefits compared to either iso-
baric TSA/TCSA or the closed inlet TVSA process. While coupling high
vacuum with purge flow leads to unreasonably high energy consump-
tion, mild vacuum can be used to keep the SER lower than in the TVSA
process with no inlet flow. The lowest possible specific energy re-
quirements can be obtained using isobaric TSA/TCSA. Flow from the
inlet side allows a low regeneration temperature of 60 °C, which cannot
be achieved with the closed TVSA process due to drastically reduced
working capacity. Even though the column is evacuated of air in the
closed TVSA process, degradation of the adsorbent cannot be avoided if
even moderate working capacity has to be achieved. Consequently,
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mild vacuum TVSA with air flow at 60 °C leads to a better regener-
ability of the adsorbent. Overall, mild vacuum and temperature TVSA/
TVCSA coupled with purge flow seems a viable option for low-con-
centration CO, production from air. The low regeneration temperature
also allows the use of process waste heat or district heating in this
process or in TSA/TCSA. Therefore, in applications such as greenhouses
or microbial and algae cultivation, TSA, TCSA or these coupled with
mild vacuum should be the preferred options to the closed TVSA pro-
cess.

The current study is however limited only to dry conditions with
reasonable boundaries for temperature and an upper limit for the flow-
rate. In future studies, productivity and specific energy requirement
should be assessed as a function of temperature and flow-rate, which
could be achieved e.g. by combining experimental work with dynamic
modelling. Also, the process scale limitations related to heat transfer,
vacuum pumps and purge gas cost should be taken into account. The
effect of humidity on process dynamics and specific energy requirement
also needs to be evaluated. Adsorbent regenerability should also be
studied with a wider set of conditions and even more cycles.
Particularly, the different modes of TSA and TVSA should be compared
with the steam-stripping method in terms of specific energy require-
ment and adsorbent regenerability. Also, it should be confirmed whe-
ther long-term exposure to desorption conditions or repeated shift be-
tween adsorption and desorption conditions is the main driver for
degradation. This information would help in deciding whether to
maximize daily productivity by maximizing capacity per cycle or by
minimizing the cycle duration.
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