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Catalytic Membrane Vacuum Regeneration: Enhancing
Energy Efficiency and Renewable Compatibility in Direct Air
Capture

Arash Momeni, Rebecca V. McQuillan, Hossein Anisi, Masood S. Alivand, Ali Zavabeti,
Geoffrey W. Stevens, Seungju Kim, and Kathryn A. Mumford*

Liquid-based CO2 direct air capture (DAC) is a pivotal technology for
mitigating climate change. Energy-intensive CO2 desorption, high
regeneration temperatures, and solvent degradation are key challenges. Here,
low-temperature catalytic membrane vacuum regeneration (C-MVR) as a
promising approach for sustainable and energy-efficient DAC is developed
and evaluated. Noncatalytic experiments are conducted using three
commercial membrane modules and four green amino acid salts under
varying conditions (e.g., temperatures and flowrates). Based on CO2 transfer
rates, ultra-thin dense composite membranes and aqueous potassium
taurinate (TauK) are the most promising for MVR in DAC applications. For
C-MVR trials, commercial ion-exchange resin improves CO2 desorption fluxes
by up to 64.4% and reduces thermal energy requirements by up to 39.1%.
TauK demonstrates the highest CO2 flux and lowest thermal energy
consumption. Parametric analysis of catalyst performance for varying
temperatures, catalyst amount, and solvent concentrations is also performed.
To minimize any potential precipitation in TauK, potassium carbonate (K2CO3)
is added, showing minimal impact on CO2 desorption kinetics and catalyst
improvement. The findings of this study highlight the practical applicability of
C-MVR using green amino acid salts as a sustainable approach to boost CO2

desorption rate and reduce thermal energy input.
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1. Introduction

Direct air capture (DAC) has emerged as
a key climate solution by removing carbon
dioxide directly from the atmosphere, offer-
ing a scalable way to reduce global emis-
sions and support meeting the targets set
by the Paris Agreement.[1–3] One of the ma-
jor challenges in this field is the energy-
intensive nature of the applied technolo-
gies (e.g., absorption and adsorption).[4] So
far, considerable advancements have been
made in adsorption systems using solid sor-
bents, enhancing energy efficiency and en-
abling the integration of sustainable heat
sources.[5,6] This is while, for solvent-based
approaches (despite their strong history of
industrial application[7,8]) research and de-
velopment have remained limited for DAC
implementation. One of the key obstacles
in this technology is the high energy de-
mand of the solvent regeneration process,
which typically requires boiling the solvent
above 120 °C.[9,10] This not only hinders
the use of sustainable energy sources but
also poses a risk of thermal degradation of
solvents.[11] The latter is particularly critical

for amino acid salts, which are one of the most suitable solvents
for DAC due to their favorable physicochemical properties, such
as low volatility and toxicity and high oxidative stability.[12,13] In
this regard, selecting and properly designing a contactor capable
of low-temperature CO2 desorption, along with implementing
advanced, energy-efficient regeneration methods, is essential to
making the liquid-based DAC process viable, cost-effective, and
sustainable.
Membrane vacuum regeneration (MVR) using hollow fiber

module contactors (HFMCs) is a reliable and well-established
method for low-temperature CO2 stripping.

[14,15] The applied vac-
uum enables regeneration at 80–100 °C, reducing thermal en-
ergy demand and limiting solvent degradation over time.[16,17]

Additionally, lower operating temperatures can be further cou-
pled with renewable energy sources such as solar energy or
low-grade heat, making DAC processes sustainable.[18] In this
context, one of the most important factors in CO2 transfer
through membranes is the optimization of membrane charac-
teristics and structure, which is crucial for minimizing mass
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Table 1. Specifications of three commercial HFMCs.

HFMCs HFMC1 HFMC2 HFMC3

Membrane type and material Porous PTFE Dense PDMS Ultra-thin PDMS composite

Module diameter [cm] 5.0 6.0 1.27

Module length [cm] 80 14 30

Effective fiber length [cm] 57.5 8.4 20

Number of fibers 240 12,600 160

Fiber ID [mm] 0.8 0.19 0.1

Fiber OD [mm] 1.57 0.3 0.374

PDMS wall thickness [μm] - 55 0.9–1.2

Membrane area based on fiber OD [m2] 0.68 1.0 0.0376

transfer resistance.[19] Hydrophobic porousmembranes are com-
monly used for this purpose, however they are prone to pore
wetting, which reduce performance.[20,21] This issue can be ef-
fectively addressed by using hydrophobic ultra-thin composite
membranes, which a dense selective layer prevents liquid en-
tering the pores.[22,23] Therefore, evaluating the performance of
HFMCs with varying characteristics (especially ultra-thin com-
posite membranes) is essential to further optimize and enhance
the CO2 transfer rates in low-temperature MVR under DAC con-
ditions, which has not been experimentally studied yet.
Since DAC process is highly energy-intensive (ultra-low

CO2 partial pressure), integrating MVR with an additional
low-temperature, energy-efficient technology would be highly
beneficial.[24] Among different technologies,[25–27] catalytic sol-
vent regeneration using heterogeneous solid acid-base catalysts
is an emerging method that has shown promise in accelerat-
ing CO2 stripping rates.[28] So far, a broad range of heteroge-
neous solid acid catalysts (e.g., zeolites, sulfated metal oxides,
etc.) with various physicochemical properties have been devel-
oped and tested for this purpose under flue gas conditions,[29–31]

with a few under DAC conditions.[32] However, to the best of the
authors’ knowledge, ion-exchange resins have not yet been inves-
tigated in liquid-based low-temperature CO2 regeneration, either
in flue gas specification or DAC, despite their promising char-
acteristics and widespread use in various fields.[33–36] Availability,
low cost, strong acidic functional groups, stability, macroporosity,
and ease of operation are some of the important specifications of
strong cation resins, making them a great candidate for evalu-
ating its performance in catalytic solvent regeneration in MVR
DAC.
Herein, we have developed and evaluated green energy-

efficient catalytic membrane vacuum regeneration (C-MVR) for
liquid-based DAC, which is an integrated system of catalytic sol-
vent regeneration with vacuummembrane distillation operating
in low temperature ranges (80–100 °C). Following from our pre-
vious studies in DAC systems,[32,37,38] we have developed a DAC
desorption unit suitable for C-MVR tests. This work examines
the performance of three HFMCs with various characteristics,
including a polytetrafluoroethylene (PTFE) porous membrane,
an ultra-thin polydimethylsiloxane (PDMS) dense layer compos-
ite membrane, and a non-porous PDMS membrane. The best-
performing membrane with respect to its CO2 separation effi-
ciency and acceptable water transfer rate was selected and used to
investigate the CO2 desorption performance of four green amino

acid salts (i.e., glycine, sarcosine, proline, and taurine) all with
different and unique acidic and basic properties. Furthermore,
the effect of process conditions (e.g., regeneration temperature)
was studied. For C-MVR, a comprehensive set of trials of com-
mercial acidic cation resins with different concentrations (3 and 6
wt%) for various solvents were conducted. To gain a better under-
standing of the catalyst performance under different conditions,
the effects of regeneration temperature, solvent concentration,
and additives were investigated. The findings of this study pro-
vide a strong foundation for applying a green, energy-efficient
integrated system of catalytic solvent regeneration and MVR in
sustainable DAC processes.

2. Experimental Section

2.1. Chemicals

Four types of amino acid salts with unique acidic and basic prop-
erties, namely glycine (Gly), sarcosine (Sar), and L-proline (Pro),
all purity over 98% were purchased from Sigma–Aldrich. Tau-
rine (Tau) was supplied by Consolidated Chemical Co., Australia
(99.5% purity). Potassium hydroxide (KOH, >85.0% purity) was
purchased from Chem-Supply, Australia. Solutions of potassium
taurinate (TauK), potassium glycinate (GlyK), potassium sarcosi-
nate (SarK), and potassium prolinate (ProK) were prepared by
dissolving the respective amino acids in Milli-Q water with an
equimolar quantity of KOH.

2.2. HFMCs

Three commercial membrane modules (Figure S1, Supporting
Information) fabricated with different materials and structures
were assessed and compared for their CO2 transfer mechanisms
(i.e., membrane distillation and pervaporation) and rates in DAC
operation. Table 1 shows the detailed specifications of the used
HFMCs. Notably, for HFMC2 and HFMC3 the solvent was oper-
ated on the shell side whilst for HFMC1 it was on the lumen side
due to the large volume of the shell side.

2.3. Catalyst and Characterization

Ion-exchange resins are versatile, water-insoluble polymers with
a cross-linked polystyrene backbone and ion-active side groups,
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Figure 1. Scheme of the C-MVR apparatus for DAC.

that can be either positively or negatively charged. For this work,
two types of strong acidic cation resins, Resin A and Resin B,
composed of polystyrene crosslinked with divinylbenzene and
containing negatively charged sites (sulfonic acid groups), were
used for C-MVR trials. The structure, morphology, and elemental
distribution of resins were fully characterized. Scanning Electron
Microscopy (SEM) was conducted using the FEI Nova NanoSEM
200, an ultra-high-resolution (UHR) SEM equipped with a Field
Emission Gun (FEG). UHR imaging was performed using the
Through Lens Detector (TLD), with a spot size of 3.5 and an
accelerating voltage below 10 kV. The instrument operated in
immersion mode, utilizing the entire chamber as an objective
lens to immerse the sample in a magnetic field for enhanced
resolution. To prevent charging effects, samples were coated
with a 1 nm iridium layer using the Leica EM ACE600 Sput-
ter Coater prior to imaging. High-resolution transmission elec-
tron microscopy (TEM) was conducted with a JEOL JEM-F200
equipped with oxford EDX detector. X-ray photoelectron spec-
troscopy (XPS) experiments were done using Thermo Scientific
K-alpha withMonochromated AluminumK𝛼 (1486.7 eV) source.
Fourier Transform Infrared Spectroscopy (FTIR) ATR was col-
lected using Bruker TESNOR II and CHNSwas performed using
Perkin Elmer 2400 Series II.

2.4. C-MVR Apparatus

For this study, the previously designed and developed MVR DAC
rig[37] was used with further development. Figure 1 shows the
schematic view of the C-MVR apparatus (more details provided
in Figure S2, Supporting Information). The loaded solvents un-
der DAC condition using the procedure outlined in the previ-
ous work[32] (equilibrium values are reported in Figure S3, Sup-

porting Information) was placed in the solvent reservoir. Using a
peristaltic pump and an oil bath, the solvent was circulated (0.25
L.min−1) and heated up to the desired set regeneration temper-
ature, between 80 and 100 °C. At the solvent inlet and outlet of
the HFMC, pressure gauges were installed to monitor the pres-
sure drop during operation. One thermometer was used to record
the temperature profile of the circulating solvent. Sample points
were placed in the solvent loop to measure the CO2 content of
the solvent using the Chittick apparatus.[37] A vacuum pump was
used to apply vacuum pressure on one side of the membrane
(2–4 kPa(a)), and a pressure gauge was used to monitor the vac-
uum pressure level. Two acetone-ice-baths were placed before the
vacuum pump to condense and remove moisture from the high-
purity CO2 desorbed stream. The water collected at the end of
each experiment was recycled back into the solvent container to
ensure that the change in water content in the solvent remained
minimal. To further analyze and accurately measure the high-
purity CO2 stream, a CO2 analyzer and a flow meter were in-
stalled at the outlet of the vacuum pump. For C-MVR trials that
include catalysts, a fixed bed was installed between the HFMC
and oil batch heater so the solvent could get in contact with the
catalyst after heating and before entering the HFMC.

2.5. Analysis of MVR Performance

To evaluate the performance of CO2 desorption in MVR trials,
Equation (1) was used:

JCO2 =
N◦ × Xco2

A
(1)

where JCO2 (mol.m−2.s−1) stands for CO2 desorption flux, N°

(mol.s−1) and XCO2 are the molar flow and CO2 concentration of

Small 2025, 21, 2503023 © 2025 The Author(s). Small published by Wiley-VCH GmbH2503023 (3 of 11)

 16136829, 2025, 25, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202503023 by N
ational H

ealth A
nd M

edical R
esearch C

ouncil, W
iley O

nline L
ibrary on [27/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

the outlet vacuum pump stream, respectively. A (m2) is the effec-
tive surface area of the membrane.
To evaluate the water flux through the membrane, the rate of

changing liquid level in the container was monitored during op-
eration and compared to the water collected in acetone-ice-bath
traps at the end of the experiment, which were in good agree-
ment. Therefore, to calculate the water flux, Equation (2) was
employed:

Jwater =
V
AΔt

(2)

where Jwater (mol.m−2.s−1) is the water desorption flux, V (mol)
is the collected water in the ice-bath trap, A (m2) is the effective
surface area of the membrane, and Δt (s) is the operational time
frame.
For C-MVR tests, theCO2 flux calculated using Equation (1). To

assess the enhancement of the acidic cation resins, Equation (3)
was used:

CE =
JCO2_cat

− JCO2

JCO2

× 100 (3)

where CE (%) is the catalyst enhancement of the system, JCO2-cat
and JCO2 (mol.m−2.s−1) are the CO2 desorption fluxwith andwith-
out solid acid catalysts.
The thermal energy consumption (GJ.tCO2

−1) of the solvent in
HFMC was evaluated using Equation (4):

Q = 𝜂
(
mcpΔT

)
∕
(
JCO2

MwAΔt
)

(4)

where m (kg) is the total mass of solvent in the system, cp
(kJ.kg−1.°C−1), and ΔT (°C) are the mass heat capacity and sol-
vent temperature change, respectively, JCO2 (mol.m−2.s−1)is the
recorded CO2 flux, Mw (g.mol−1) is the CO2 molecular weight, A
(m2) andΔt (s) are membrane surface area and operation time. It
is important to note 90% heat recovery, considering an efficient
rich/lean heat exchanger was assumed (𝜂 to be equal to 0.1). Ad-
ditionally, for the calculated thermal energy consumption, an av-
erage operation time of 90 min was considered.
The relative heat duty (%) was calculated according to

Equation (5):

RH =
QCat

QBlank
× 100 (5)

where QCat and QBlank are the thermal energy consumption
(GJ.tCO2

−1) with and without catalyst, respectively.

3. Results and Discussion

3.1. Membrane Module Performance

Initially, three different HFMCs, each with distinct characteris-
tics, membrane resistance, and CO2 transfer mechanism, were
considered and evaluated (Table 1; Figure S1, Supporting Infor-
mation). These tests were conducted using 3 m GlyK at 90 °C.
In selecting a suitable membrane module for liquid-based DAC
operations, CO2 flux plays a critical role, while the water transfer

rate through the fibers is also an important consideration. The
latter significantly impacts the size and energy requirements for
the condenser and vacuum pump, as well as the ease of MVR op-
eration on a large scale. As illustrated in Figure 2a–c, HFMC3 ex-
hibited the highest CO2 flux and the lowest water to CO2 flux ratio
in theMVRDAC. This is primarily related to the coated ultra-thin
PDMS layer (a rate-determining layer for CO2 permeance), which
minimizes membrane resistance and accelerates CO2 transfer.
Furthermore, due to the pervaporation mechanism governing
the transfer process, CO2 selectivity was enhanced.

[39,40] Inter-
estingly, despite having a porous structure and the lowest mem-
brane resistance of HFMC1, It showed lower CO2 flux as com-
pared to HFMC3. A primary cause for this behavior is pore wet-
ting, a common issue in porous membrane modules that leads
to reduced CO2 removal efficiency. This issue can be minimized
by adjusting the membrane pore size and hydrophobicity (ma-
terial selection).[41] The significant water flux, due to water con-
vective flow through the larger pores, and consequently high ra-
tio of water to CO2 flux indicates the occurrence of this issue
in HFMC1. Among the HFMCs, HFMC2 demonstrated both the
lowest CO2 and water flux. This is mainly related to the existence
of a thick hydrophobic dense PDMS layer (55 μm), which con-
siderably increases membrane resistance and lowers both CO2
and water flux. Despite having the lowest water flux, the CO2 flux
for HFMC2 is 58.3% lower than HFMC3, highlighting the rate-
determining effect of the PDMS layer thickness. Hence, HFMC3
(the ultra-thin dense membrane layer) was selected as the suit-
able membrane for further MVR DAC analysis. Top-view and
cross-sectional SEM images, along with EDX elemental analysis
of the HFMC3 fibers, are provided in Figure S4 (Supporting In-
formation). To measure the accuracy and repeatability of the rig
and the experiments, two more trials were conducted at 90 °C
with HFMC3 using 3 m GlyK. The results are shown in Figure
S5 (Supporting Information), highlighting compelling accuracy
and repeatability of the MVR apparatus.

3.2. Amino Acids Performance

Figure 2d,e illustrates the performance of four amino acid salts,
including TauK,GlyK, SarK, and ProKwith a concentration of 3m
in the MVRDAC system. Due to the thermal stability of HFMC3,
100 °C was selected as the operating temperature. Figure 2d
shows the CO2 flux profiles of the amino acid salts along with
their temperature profiles over time. As the solvent temperature
increased and approached 90–100 °C, the CO2 analyzer and flow
meter started detecting high purity CO2 at the vacuumpump out-
let. The observed delay between the temperature profile and CO2
detection is due to the low amount of desorbed CO2 (because of
the low surface area of HFMC3) and the volume of the system
before the CO2 analyzer. As the operation continued at the stabi-
lized temperature, the CO2 flux increased and achieved the stabi-
lized conditions, which was considered the final CO2 flux for the
trial. Comparing the stabilized flux reported in Figure 2e, TauK
demonstrated the highest CO2 transfer rate, being 59.4% greater
than GlyK. This can primarily be attributed to the sulfonic acid
group (SO3

−H+), which gives taurine acidic properties, making
it easier to deprotonate during regeneration and release protons.
This facilitates the breakdown of carbamate, liberating greater
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Figure 2. a) CO2 flux, b) water flux, and c) ratio of water to CO2 flux for three used HFMCs at 90 °C. d) CO2 desorption profiles over time, and e) water
flux and CO2 flux of various 3 m amino acids at 100 °C. All trials were accomplished at 2–4 kPa(a), 0.25 L.min−1.

amounts of CO2 from the solution which is consistent with our
observation in recent study.[42] For the other solvents, GlyK, SarK,
and ProK were in descending order of the CO2 flux, respectively.
These results are well aligned with our previous study on the
DAC cyclic capacity of various solvents in the temperature range
of 25–98 °C.[32] For determining the water transfer rate for dif-
ferent solvents in HFMC3, the amount of water collected in each
trial was accurately measured. Figure 2e shows that GlyK exhib-
ited the highest water flux, followed by TauK and SarK in sec-
ond and third place, respectively, while ProK recorded the lowest.
The order and behavior can be likely attributed to the hydropho-
bicity and hydrophilicity degree of the amino acid salts. It is no-
table that the high CO2 flux for TauK resulted in the lowest water
to CO2 ratio flux among the examined solvents. This, combined
with the remarkable thermal stability of TauK,[42] makes it a suit-
able choice for MVR DAC.

3.3. Solvent Temperature and Flow Rate

To gain a better understanding of the MVR DAC process, the
role of crucial parameters such as regeneration temperature and
solvent flow rate were assessed on the CO2 flux. Two amino
acid salts, 3 m TauK and 3 m GlyK (Figure 3a), having the high-
est CO2 desorption kinetics among the studied solvent were se-
lected to screen their performance in temperature ranges of 80–
100 °C. Figure 3b depicts the various temperature profiles and
corresponding CO2 desorption curves for 3 m TauK over time.
As illustrated, an increase in temperature leads to an increase
in CO2 desorption kinetics, driven by a higher CO2 equilibrium

partial pressure, and reaction rate across themembrane. Notably,
the trials using lower temperatures were longer due to the re-
duced number of desorbed CO2 moles and, consequently, more
time was needed to achieve a stabilized condition. Figure 3c
shows the stabilized CO2 flux values for 3 m TauK and 3 m
GlyK, where in all temperature ranges, TauK outperforms GlyK.
Additionally, TauK significantly enhanced its CO2 desorption
performance (over ≈180%, from 5.4 × 10−5 to 15.3 × 10−5

mol.m−2.s−1) by increasing the temperature from 80 to 100 °C,
while GlyK showed ≈120% improvement (4.3 × 10−5–9.6 × 10−5

mol.m−2.s−1). This is mainly attributed to the different molecular
structures of the two amino acids and the presence of a sulfonic
acid group in TauK, which is more effective for proton exchange
(TauK deprotonation) at high temperatures.[29,32] Hence, to max-
imize the CO2 desorption efficiency of the MVR in DAC, 100 °C
was chosen as a suitable regeneration temperature.
The hydrodynamics of theMVR system are another key feature

that was evaluated. Figure 3d highlights the effect of solvent flow
rate on CO2 desorption performance for 3 m GlyK at 100 °C. As
shown, a minor change was observed as the flow rate decreased
from 0.25 to 0.05 L.min−1. The Reynolds number (Re) (Figure 3d)
in these flow ranges suggested that the solvent flow stayed in the
laminar regime. This can explain the non-effectiveness of the sol-
vent flow rate on the stripping performance. Thus, more experi-
ments can be accomplished in the future in a wider range of sol-
vent flow rates and Re values to analyze the hydrodynamic effects
on the performance of the system in DAC. Additionally, it would
be advantageous for MVR to operate at a lower solvent flow rate
with a specific and constant efficiency, as this would require less
thermal energy for continuous solvent heating.

Small 2025, 21, 2503023 © 2025 The Author(s). Small published by Wiley-VCH GmbH2503023 (5 of 11)
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Figure 3. a)cb) 3 m TauK CO2 desorption profiles over time at various temperatures. c) 3 m TauK and GlyK CO2 flux at various temperatures. d) 3 m
GlyK CO2 flux at 100 °C under different solvent flow rates. All trials were accomplished at 2–4 kPa(a). Solvent flow rates set to 0.25 L.min−1 for (b,c).

3.4. Catalytic Membrane Vacuum Regeneration (C-MVR)

For C-MVR DAC trials, a catalyst fixed bed filled with strong,
acidic resin beads functionalized with SO3

−H+ (schematically
shown in Figure 4a) was added to the solvent circulation loop to
analyze its effect on CO2 desorption kinetics. Two types of ion
exchange resins were employed with distinct physicochemical
properties, crosslinking, and acidic strength.
To start the C-MVR DAC trials, a concentration of 3wt% was

selected for both types of catalysts (Resin A and B) to analyze
their impact on enhancing CO2 desorption kinetics. Based on
our previous study,[32] since GlyK showed considerable desorp-
tion improvement with acidic catalysts, the first catalytic trials
assessed 3 m GlyK being regenerated at 100 °C. Interestingly,
Resin B, resulted in negligible improvement in the CO2 desorp-
tive flux. However, Resin A exhibited an enhancement in CO2
flux by 21.2%. Based on the SEM and TEM results (Figure 4a;
Figures S6, S7, Supporting Information), both catalysts showed
the same morphology, porous amorphous structure, and bead
size distributions. TEM-EDX mapping on crushed catalysts fur-
ther confirmed the integrated distribution of carbon, sulfur, and
oxygen (Figure 4a; Figure S6e, Supporting Information). How-
ever, XPS results highlighted that ResinAhad threefoldmore sul-
fur content (14.8 at.%) compared to Resin B (4.8%), a strong in-
dicator of an increased amount of Brønsted acid sites (Figure 4b).
Brønsted acid sites play a crucial role in enhancing catalyst per-
formance by effectively acting as proton donors. This functional-
ity facilitates key reactions such as deprotonation and carbamate
breakdown, thereby improving CO2 desorption rates.

[28] Several
studies in the literature have discussed possible catalytic mecha-
nisms, most of which focus on 5 m monoethanolamine (MEA)
solvent under flue gas conditions.[30] A few works have inves-
tigated amino acid solvents,[27,43] particularly in the context of

DAC.[32] Nevertheless, nearly all studies follow a similar mecha-
nistic pathway involving three main steps: 1) chemisorption and
proton transfer, 2) structural rearrangement (isomerization), and
3) dissociation.
To further investigate the properties of the resins, Figure 4c,d

depicts the XPS analysis for S2p spectrum of the two catalysts,
Resin A and B, respectively. The binding energies at 168.5 (i.e.,
S 2p3/2) and 169.7 eV (i.e., S2p1/2), related to SOH and SO,
confirm the presence of −SO3

−H+ groups.[27,44] Comparing the
intensity peaks in the XPS spectra of Figure 4c,d, Resin A in-
tensity peaks are considerably higher than Resin B, highlight-
ing stronger acidity. Further analysis by XPS characterization was
performed for O1s, and C1s of Resin A (Figure S8a,b, Supporting
Information) to also show carbon, O─H and O─S binding ener-
gies. Additionally, characterization using FTIR (Figure S9, Sup-
porting Information) confirmed the XPS results (Figure 4b–d).
To accurately measure the elemental content of the catalysts,
CHNS analysis was conducted and reported in Table S1 (Sup-
porting Information). Based on the reported values, the nor-
malized sulfur to carbon ratio (S/C) for Resin A is four times
higher than for Resin B, which confirms a stronger acidity.
Therefore, for the rest of the C-MVR experiments, Resin A was
utilized.
Figure 4e shows the CO2 desorption performance of 3 m TauK

with (3 and 6 wt%) and without catalyst (blank). Comparing
the curves with the blank, it is compelling to see that the CO2
flux ramp starts at lower temperature ranges when the cata-
lyst is present. This highlights the impact of the resin beads on
the MVR process, which can facilitate and increase the quan-
tity of CO2 liberated by exchanging protons in lower tempera-
ture ranges in a certain timeframe. This results in an increase
in the CO2 partial pressure on the liquid side of the membrane
module, ultimately leading to a higher CO2 flux. Continuing the

Small 2025, 21, 2503023 © 2025 The Author(s). Small published by Wiley-VCH GmbH2503023 (6 of 11)
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Figure 4. a) Schematic diagram of acidic cation resins, SEM images and TEM-EDXmapping of Resin A. b) Sulfur content analyzed by XPS for two cation
resins. c) High-resolution XPS spectra of Resin A, and d) Resin B. e) 3 m TauK CO2 desorption profiles over time, and f) CO2 flux values for various 3
m amino acids without/with catalyst for different concentrations. g) Catalyst enhancement values for different concentrations and various 3 m amino
acids. h) Relative heat duty using 6wt% catalyst for 3 m amino acids. All trials were accomplished at 100 °C, 2–4 kPa(a), 0.25 L.min−1, using Resin A. No
catalyst was used for blank solvent.

operation at a constant regeneration temperature, the CO2 flux
curves stabilized at 15.3 × 10−5, 17.9 × 10−5, and 20.5 × 10−5

mol.m−2.s−1 for the blank, 3 and 6 wt% catalyst, respectively,
equivalent to a 17.0% and 34.5% enhancement (Figure 4f,g). The
result shows that by doubling the catalyst concentration for TauK,
the enhancement is also doubled. In addition, it demonstrates the

effectiveness and applicability of acidic cation resins in a fixed bed
in the MVR process using an ultra-thin dense layer membrane.
To evaluate the catalyst impact on different amino acid salts

with different molecular structures and CO2-containig species,
the same trials were conducted for 3 m GlyK and SarK. Accord-
ing to Figure 4f,g, in the presence of 3 and 6 wt% resin beads, the

Small 2025, 21, 2503023 © 2025 The Author(s). Small published by Wiley-VCH GmbH2503023 (7 of 11)
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Table 2. Thermal energy consumption for well-established DAC technologies.

Technology System type Thermal energy
needs

Thermal energy
consumption (GJ.tCO2

−1)
Thermal energy source Refs.

Carbon Engineering Liquid solvent 900 °C 5.3–8.81 Natural gas with CCS [46,47]

Climeworks Solid sorbent 80–120 °C 5.8–14.5 Non-fossil energy resources (geothermal,
waste heat)

[6,48,49]

Global Thermostat Company Solid sorbent 105–120 °C 4.4 Energy resource agnostic [47,49]

GlyK CO2 desorption performance was promoted by 21.2% and
64.4%, respectively, with the latter being the highest observed cat-
alyst improvement. Interestingly, for SarK, which has the highest
DAC-loaded saturation point (420 ppmCO2 and 25 °C) compared
to TauK and GlyK (Figure S3, Supporting Information) demon-
strated the poorest catalytic effect, only 22.9% in the presence of a
6wt% catalyst. As reported in our previous study on catalytic sol-
vent regeneration in the DAC process,[32] the acidic catalyst had
the highest impact on CO2 desorption with GlyK and the least
impact with SarK among the short-chain amino acids. Several
factors may contribute to this behavior, including the nature of
CO2-containing species, the strength of acidity and basicity (pKa
values), molecular weight, andwater solubility.[27] To gain a better
understanding of how these parameters influence catalytic per-
formance, a comprehensive study involving various amino acids
with different physicochemical properties should be conducted
in future work. In the case of TauK, despite its large cyclic CO2
capacity,[42] it exhibited a lower catalytic effect compared to GlyK.
One possible reason is the presence of a sulfonic acid group in
the taurine structure, which facilitates the deprotonation of pro-
tonated taurine and increases the availability of free protons. This
could reduce the relative impact of the catalyst when compared
to GlyK.
Figure 4h shows the relative heat duty using a 6wt% catalyst for

different solvents. Considering the catalyst performance, GlyK
and TauK exhibited a 39.1%, and 25.2% reduction in thermal en-
ergy input, respectively. Nonetheless, among all the conducted
C-MVR trials, the highest recorded CO2 flux was for TauK (20.5
× 10−5 mol.m−2.s−1) which was 29.7% more than GlyK (15.8 ×
10−5 mol.m−2.s−1) (Figure 4f). CO2 flux is a critical parameter in
the MVR process, as it influences overall efficiency, solvent cyclic
capacity, system size, and both capital and operating costs. To fur-
ther investigate, the CO2 transfer rates for the 6 wt% catalyst were
used to estimate the thermal energy consumption in the C-MVR
system using Equation (4). The results showed thermal energy
consumption of 8.6 GJ.tCO2

−1 for TauK and 11.2 GJ.tCO2
−1 for

GlyK. Despite TauK’s lower catalyst enhancement and higher rel-
ative heat duty, its higher CO2 flux led to a 23.2% reduction in
final energy consumption compared to GlyK.
To compare the regeneration energy of the current system

with other DAC technologies, the total thermal energy consump-
tion was estimated by adding the enthalpy of desorption for
3 m TauK (2.04 GJ.tCO2

−1)[45] to the calculated energy input
(8.6 GJ.tCO2

−1), resulting in a total of 10.6 GJ.tCO2
−1. Table 2

summarizes the reported thermal energy requirements of several
well-established DAC technologies.
Due to various reported energy consumption for number of

technologies in Table 2, a range of values is provided. While
Carbon Engineering’s liquid-based DAC process demonstrates

relatively lower energy consumption, it operates at extremely
high temperatures (≈900 °C), which require heat from fossil
fuel combustion. Compared to other DAC systems in Table 2,
a particularly promising and green sustainable approach is the
temperature-vacuum swing adsorption (TVSA) process, which
employs amine-functionalized, biodegradable cellulose sorbents.
This system captures CO2 and regenerates it under vacuum at
temperatures between 80 and 120 °C.[6] Notably, TVSA is also
the core technology used by Climeworks. Comparing the energy
consumption of the TVSA process with the C-MVR system de-
veloped in this work, the values fall well within the same range.
This highlights the potential of the C-MVR system as sustainable
and scalable liquid-based DAC technology.
Notably, using a larger ultra-thin dense membrane module

with greater surface area than HFMC3 could enhance the total
number of CO2 desorption and further reduce energy consump-
tion which is a part of future work of this study.

3.5. Catalyst Impact by Solvent Condition

To further examine crucial variables in the C-MVR process,
the catalyst effectiveness was investigated at lower temperature
ranges (90 °C) for TauK and GlyK with the highest observed cat-
alytic effect on CO2 desorption performance. All trials were ac-
complished with a fixed catalyst concentration of 6 wt%. The
CO2 desorption curves at 90 °C are depicted in Figure 5a,b, and
the corresponding final stabilized CO2 flux and catalyst improve-
ments are shown in Figure 5f. Comparing the results with 100 °C
(Figure 4f,g), it can be seen that by decreasing the regeneration
temperature, the ultimate CO2 flux and the catalytic impact both
decrease. In fact, a 10 °C decrease in regeneration temperature
reduced the catalyst performance from 64.4% to 48.9% for 3 m
GlyK and from 34.5% to 20.7% for 3 m TauK. Notably, the CO2
flux for TauK was halved. Hence, increasing the temperature en-
hanced catalyst activation in the process.[32]

One of the limitations of applying green amino acids on a large
scale is the potential formation of solids in the solution in lower
absorption temperature ranges, and at high CO2 loadings or high
solvent concentrations.[17] This can cause operational problems
and reduce the CO2 uptake rate.

[50] It is notable that during CO2
absorption in the TauK (near its saturation point) and after C-
MVR trials, the formation of solids was noticed in the solution.
Therefore, considering the ultra-low partial pressure of CO2 in
air, which contributes to lower saturation points in DAC pro-
cesses, the CO2 desorption performance was assessed at two ad-
ditional TauK concentrations (2 m and 2.5 m). The evaluations
were conducted both with and without catalysts to assess system
efficiency and monitor any potential precipitation. The results

Small 2025, 21, 2503023 © 2025 The Author(s). Small published by Wiley-VCH GmbH2503023 (8 of 11)
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Figure 5. a) CO2 desorption profiles for GlyK, and b) TauK with/without catalyst at 90 °C. c) CO2 desorption profiles for 2 m TauK, d) 2.5 m TauK, and e)
3 m TauK+0.5 m K2CO3 with/without catalyst at 100 °C. f) CO2 flux and catalyst enhancement values for (a-e). g) Catalyst stability in four cycles. h) Sulfur
and O─H bond content for fresh, first and forth cycles. All trials were accomplished at 2–4 kPa (a), 0.25 L.min−1, using Resin A (6 wt% concentration).

revealed that lowering the solvent concentration significantly
minimized precipitation (Figure S10, Supporting Information).
However, as expected, Figure 5c,d,f shows that reducing the TauK
concentration from 3 m to 2.5 m and 2 m led to a decline in both
CO2 flux and catalyst effectiveness. In fact, in the presence of 6
wt% catalyst, comparing the CO2 transfer rate of 3 m to 2 m TauK
at 100 °C, a 28.8% loss (20.5 × 10−5–14.6 × 10−5 mol.m−2.s−1)
was observed. The reduction can be ascribed to a decrease in
the number of solvent molecules in the solution, causing a de-
crease in the number of carbamate molecules. This can nega-
tively affect the proton exchangemechanism of catalysts and sub-
sequent CO2 flux across the membrane. Therefore, to keep the
CO2 flux and efficiency of the C-MVR as high as possible without
any potential precipitation in the process, potassium carbonate
(K2CO3) was used as an additive to 3 m TauK solution and tested
in the C-MVR rig at 100 °C. K2CO3 is widely recognized as a suit-
able solvent for CO2 removal in a range of industries due to its

stability, environmental friendliness, and cost-effectiveness.[51]

However, its slow reaction rate with CO2 poses significant chal-
lenges for its widespread application.[52,53] In this study, K2CO3
was selected as a 0.5 m additive to the 3 m TauK solution due
to its buffering effect, which helps control pH and minimize
precipitation.[54–56] Figure 5e,f shows the resulting CO2 desorp-
tion performance curves, CO2 fluxes, and catalyst enhancement
for the 3 m TauK+0.5 m K2CO3 solution. Compared to the re-
sults of 3 m TauK, the formation of precipitation in the solvent
used was significantly reduced (Figure S10, Supporting Informa-
tion). The CO2 transfer rate and catalyst effect showed only amin-
imal reduction, from 34.5% (Figure 4f,g) to 32.5% (Figure 5e,f),
despite the basic behavior of the added K2CO3, which could ad-
versely affect the regeneration process. Considering these obser-
vations, optimizing the concentrations of TauK and K2CO3 would
be beneficial to further adjust the CO2 transfer rate, minimize
any potential precipitation, and operational issues.

Small 2025, 21, 2503023 © 2025 The Author(s). Small published by Wiley-VCH GmbH2503023 (9 of 11)
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3.6. Catalyst Stability

The stability of ion exchange resins was investigated in the
four consecutives C-MVR trials at 100 °C for 3 m TauK. As
shown in Figure 5g, the catalyst performance dropped by 4.9%
for the first cycle followed by 1.5% reduction for the sec-
ond and third. The latter reduction highlighted the success-
ful and continuous proton exchange mechanism in the cat-
alytic solvent regeneration process for resin beads which can
recover the lost protons. Furthermore, XPS analysis confirmed
the stability in intensity of SOH and SO groups and con-
tent of sulfur and O─H bonds in different cycles of the cat-
alyst (Figure 5h; Figure S8c, Supporting Information). Also,
it is notable that for full recovery of acidic cation resins af-
ter long-term operation, it can easily be regenerated by strong
acids such as sulfuric acid (H2SO4) or hydrochloric acid
(HCl).

4. Conclusion

To summarize, in this study, a sustainable integrated system of
solid acid catalysts (ion exchange resins) and low-temperature
membrane vacuum regeneration (MVR) using green amino acid
salts was developed and analyzed for use in DAC systems. For
non-catalytic trials, various commercialmembranemodules with
distinct features and transfer mechanisms (membrane distilla-
tion and pervaporation) were assessed. Ultra-thin dense PDMS
composite membrane was selected as a suitable contactor for
MVR in DAC. Among the four screened green amino acid salts,
TauK exhibited the highest CO2 separation performance (59.4%
higher compared to GlyK). Further parametric analysis was per-
formed at different regeneration temperatures (80–100 °C) and
solvent flow rates (0.05–0.25 L.min−1). From 80 to 100 °C, a ma-
jor improvement (over ≈180%) in CO2 desorption performance
was measured for TauK and no considerable effect was observed
by a change in solvent flow. For catalytic experiments (C-MVR),
the performance of 3 and 6 wt% of commercial acidic cation
resins with various green amino acid salts was assessed. The re-
sults showed that doubling the catalyst concentration doubles or
triples the catalyst effectiveness, depending on the solvent type.
Among the amino acid salts, the maximum catalyst enhance-
ment (using 6wt% concentration) was observed on GlyK with
a value of 64.4%, followed by 34.5% for TauK. The catalyst en-
hancement resulted in up to a 39.1% reduction in thermal energy
input. Despite the lower catalytic impact on TauK, the highest
CO2 flux and lowest thermal energy consumption values were
recorded for TauK. Furthermore, a 10 °C decrease in regenera-
tion temperature resulted in a ≈14–15% reduction in the cata-
lyst enhancement parameter (CE%). To minimize any potential
solid formation in TauK, C-MVR trials at lower concentrations
and in the presence of K2CO3 as an additive were conducted.
Lower solvent concentrations resulted in lower CO2 desorption
rates and catalyst effects. Additionally, adding K2CO3 minimized
solid formation and had a minimal effect on the CO2 desorption
performance and catalyst effect. The results of this study clearly
illustrate the suitability of integrating catalyst solvent regenera-
tion withMVR for a sustainable and energy-efficient liquid-based
DAC.
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