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A B S T R A C T

This study demonstrates enhanced CO2 desorption from nano-dispersed “Na2O”/γ-Al2O3 using a low moisture
content purge gas. As little as 2 mol% moisture (generated at the vapor pressure of water at 20 ◦C) present in an
inert purge gas enhances the amount and rate of CO2 desorbed over a series of temperatures relative to a dry
purge. Multi-cycle aging tests of 317 h, at various desorption conditions, confirmed the stability of system ef-
ficiency with the potential for energy savings in avoiding steam production commonly used for CO2 desorption.

1. Introduction

The ever-increasing carbon dioxide (CO2) concentration in the at-
mosphere, reaching ~ 423 ppm in 2024, is recognized as a significant
contributor to climate change. Thus, direct air capture is essential to
reduce the CO2 levels to pre-industrial revolution values of 280 ppm [1].
In parallel, increases in CO2 during the green transition must be mini-
mized [2] using fossil-free renewable energy.

Direct air capture (DAC) technology has developed in various ways,
including not only the use of specialized high-capacity amines [3] but
also ion exchange liquids [4], electrochemical processes [5], and
membranes [6]. The cost for DAC is high primarily due to energy-
intensive processes of separating captured CO2 from the saturated
amine in the aqueous solutions[7]. According to the World Resources
Institute, the reported range of costs for DAC varies between $250 and
$600 per ton of CO2 [8]. A large-scale facility in Iceland by Climeworks
(Mammoth) suggests $600 per ton of CO2 for DAC [9]. Any improve-
ment in decreasing process energy costs would be an important contri-
bution to mitigating climate change with lower energy consumption
[10]. The technology discussed in this paper shows an initial feasibility
study that may be a step toward achieving this goal.

CO2 capture using aqueous amine scrubbing from flue gases was
developed as a source for CO2 in urea production as early as 1930 [11].
Today, it is considered the “state of the art” for CO2 capture due to its
high level of adsorption capacity, rates, selectivity, and separation from
the aqueous amine by distillation [12]. Steam is also considered to

improve CO2 separation from solid sorbents for temperature vacuum
swing adsorption/desorption cycles [13]. Also, catalytic materials, such
as SnO2-modified attapulgite (SnO2/ATP), were used to increase CO2
desorption rates and reduce heat energy input [14]. The major chal-
lenges of CO2 capture include the need for large-scale infrastructure [15]
and its energy-intensive nature, especially for regeneration [16].

Solid inorganic sorbents are considered one of many alternative
capture technologies offering the advantages of corrosion-free opera-
tions and high stability relative to organic amines [17]. Recently, spe-
cific inorganic solid sorbents have been shown to have excellent
selectivity for CO2 while providing stability over an extended period of
cyclic aging in simulated ambient air (400 ppm CO2 in moisture-
containing air). However, separating the captured CO2 from the sor-
bent still requires excessive energy [18].

Na2CO3 is a representative CO2 adsorbent with high sorption ca-
pacity under humid conditions [19]. The key reaction with moisture is
believed to be some variation of the formation of alkaline sodium
bicarbonate:

Na2CO3 + H2O + CO2 ↔ 2NaHCO3

Nano-dispersed alkali have strong basic chemistry on high surface
area carriers such as Al2O3, thereby possessing increased CO2 adsorp-
tion capacity [20]. For example, Goldman reported that a sorbent for
DAC containing 10 % sodium oxide (speculated to be “Na2O”) dispersed
on Al2O3 washcoated onto a ceramic monolith, demonstrating stable
CO2 capture and desorption for hundreds of hours under simulated
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ambient air cyclic conditions followed by dry desorption up to 200 ◦C.
Additionally, he reported a significant enhancement of CO2 adsorption
capacity in the presence of moisture at room temperatures, speculated to
be due to the formation of nano-dispersed NaHCO3 [21]. This finding is
confirmed in several other publications using similar materials [22–24].

This paper demonstrates that CO2 captured with “Na2O”/-Al2O3
shows enhanced desorption capacity and rates when using moisture
generated at low temperatures (2 mol%) in the purge gas. This avoids
the need for energy-intensive steam generation.

2. Material/experimental

2.1. Sample preparation

Sorbent materials were prepared using previously published

methods [21]. An aqueous solution of sodium carbonate (Na2CO3) was
impregnated into 300 µm γ-Al2O3 granules (Sasol TH100) using the
incipient wetness method. Multiple impregnation steps were needed to
reach the target loading (10 % “Na2O”). Between each step, the sample
was dried at 120 ◦C for 4 h in static air. When the sorbent was fully
loaded, it was calcined at 400 ◦C for 4 h in static air.

A catalytic metal is optionally included in the preparation to increase
the extent of the Na2CO3catalytic hydrogenation, which significantly
enhances CO2 adsorption [26]. To incorporate Ru into the sorbent, an
aqueous solution of ruthenium nitrosyl nitrate (Ru(NO)(NO3)3) pre-
cursor salt (Alfa Aesar, containing 32 % Ru) was impregnated to achieve
a loading of 0.25 % Ru. Nickel nitrate hexahydrate (Ni(NO3)2 • 6H2O)
salt (Sigma Aldrich, Ni 99.9 %) was used as a possible substitute for Ru
since Ni metal is also capable of decomposing Na2CO3 during the H2
pretreatment. Either salt in deionized water was added dropwise to the

Fig. 1. Schematic of the reactor system.

Fig. 2. The adsorption (black squares) and desorption performance of samples,
with 0.25 %Ru, 10 % “Na2O”/Al2O3 under both moist (left) and dry desorption
(right) conditions. Adsorptions were always conducted with a gas flow at 20 ◦C
with 400 ppm CO2/air + 2 mol% H2O, while temperature-swing desorption was
conducted in N2 from room temperature to 150 ◦C with 5 ◦C/min heating rate
(moist: N2 + 2 mol% H2O, dry: pure N2). Each data point is an average of 5
repeated runs.

Fig. 3. All adsorptions were conducted in humid conditions. Desorption per-
formance is shown in the sample of 1.0 % Ni, 10 % “Na2O”/Al2O3 with moist
(left) and dry desorption (right). The adsorption was conducted with a gas flow
at 20 ◦C with 400 ppm CO2/air + 2 mol% H2O, and the temperature-swing
desorption was conducted from room temperature to 150 ◦C then to 200 ◦C
with 5 ◦C /min heating rate (moist: N2 + 2 mol% H2O, dry: pure N2).
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pre-calcinated sample. The final loading was either 0.25 % Ru or 1
%/2.5 % Ni when dried at 120 ◦C for 4 h in static air. It is imperative to
avoid extensive oxidation of the Ni since it must be in its reduced state to
catalytically hydrogenate the Na2CO3 to “Na2O”. The sample is fixed in
the reactor and subjected to flowing 20 % H2/N2 for pretreatment at
350 ◦C for 20 h with a temperature ramp of 5 ◦C/min. CH4 is measured
during the pretreatment to confirm the catalytically hydrogenation of
the dispersed Na2CO3. The final material comprises 0.25 % Ru or 1
%/2.5 % Ni, intimately dispersed on 10 % “Na2O”/Al2O3 granules.

2.2. Reactor

2.2.1. Setup
All direct air capture and desorption procedures were conducted

using the reactor schematic shown in Fig. 1. Three cylinders (100 % N2,
20 % H2/N2, and 400 ppm CO2 + air) were connected to three discrete
mass flowmeters (MSK instrument) with a three-way valve, establishing
the desired gas flow path. This arrangement allows gas flows for
adsorption in simulated air with ambient humidity and desorption in N2
under either moist or dry conditions. Two separate saturators were used
since the water in the adsorption feed gas path becomes saturated with
CO2, which could affect desorption results if only a single path were
utilized. Gas flows through the water saturator for both moist adsorption
and moist desorption generated at 20 ◦C, resulting in about 2 mol%
moisture. It should be noted that the humidity will decrease during
temperature-swing desorption, but the gas still contains 2 mol% mois-
ture. All adsorption steps were conducted at 20 ◦C with 2 mol%moisture
and a flow of 400 ml/min simulated air containing 400 ppm CO2. Any
moisture in the exit gases was condensed in the cold trap before entering

the CO2/H2O analyzer (Li-Cor 850).
The reactor quartz tube (O.D. = 12.75 mm, I.D = 10.5 mm, L = 500

mm) was located within a Mellon Microthermal Furnace (USA) with a
temperature controller. The sample thermocouple (K-type Omega, USA)
was positioned at the inlet center of the sample bed supported by glass
wool (Supelco, USA); The void volume in the reactor tube was filled with
glass beads (4 mm McKesson, USA) to reduce the dead volume for more
rapid analysis.

2.2.2. Sequence procedure of adsorption and desorption
All samples were pretreated in the reactor by the procedure stated in

Section 2.1. Cyclic adsorption and desorption for the granular sorbent
particles were tested following the steps listed below.

1) Capture stage: A flow rate of 400 ml/min of air containing 400
ppm CO2 passes through the water saturator at 20 ◦C, resulting in about
2 mol% moisture. The 2 mol% moisture refers to absolute humidity, and
the partial pressure calculation is shown below in yellow highlight (PH2O
(20 ◦C) refers to the partial pressure of water at 20 ◦C, and Patm refers to
the atmospheric pressure):

Mol%Moistureinair(20◦C) =
PH2O(20

◦C)
Patm

=
17.5 mmHg
760 mmHg

≈ 2mol% (1)

2) Purge stage: The reactor is then purged with dry N2 at 100 ml/min for
20 min to remove residual feed gas until no CO2 is observed in the exit
gas.

3) Desorption stage: A flow of N2 (100 ml/min) is passed through the
other saturator, generating about 2 mol% moisture. Simultaneously, the
furnace is heated at 5 ◦C/min to the various maximum desorption
temperatures, as indicated in the figures, until the CO2 level decreases to
a baseline value.

2.2.3. Characterization
A Panalytical Xpert3 Powder XRD was used. The X-ray diffraction

(XRD) device was outfitted with copper K-alpha XRD. Patterns were

Table 1
The amount of adsorbed and desorbed CO2 using 1.0 % Ni, 10 % “Na2O”/Al2O3.
Adsorption was conducted at ambient conditions with 2 mol % H2O and a flow
rate of 400 ml/min air containing 400 ppm CO2. Desorption was conducted at
two temperatures (150 ◦C and 200 ◦C) under moist (100 ml/min N2, and 2 mol%
H2O) and dry (100 ml/min N2) conditions. Each data is an average of 3 cycles
with a percent error.

Unit (μmol/g) Steady state (2 mol%
H2O)

Temperature

150 ◦C 200 ◦C

Ambient
Adsorption
after des 200 ◦C

567 (± 0.4 %) ​ ​

Moist Desorption ​ 390 (± 3.7 %) 528 (± 0.9 %)
Ambient
Adsorption
after des 200 ◦C

491 (± 1.6 %) ​ ​

Dry desorption ​ 158 (± 1.7 %) 330 (± 0.7 %)

Fig. 4. A. the average adsorption and desorption performance after 5 cycles with 2.5 % Ni, 10 % “Na2O”/Al2O3 under moist conditions. The adsorption capacities
(20 ◦C, 400 ppm CO2/air + 2 mol% H2O) and moist desorption were conducted at each temperature. (5 ◦C /min, N2 + 2 mol% H2O). Fig. 4b. Temperature-
programmed desorption profiles under moist conditions.

Table 2
Adsorption, purge, and desorption capabilities of 2.5 % Ni, 10 % “Na2O”/Al2O3
at three different desorption temperatures under moist conditions (100 ml/min
N2, 5 ◦C /min, and 2 mol% H2O in N2). All adsorptions were conducted at 20 ◦C
with 2 mol % H2O in air.

Unit(μmol/g) Temperature

120 ◦C 150 ◦C 200 ◦C

Ambient Adsorption
(2 mol% H2O)

309 416 659

Moist Desorption 220 337 572
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measured for fresh and aged samples of 2.5 % Ni with 10 % “Na2O”/
γ-Al2O3 at a 2θ scan range from 20◦ to 85◦ using a step size of 0.01◦.

Brunauer-Emmett-Teller (BET) multi-point nitrogen adsorption was
measured using ASAP 2020 Plus version 2.00 (Micromeritics, USA).

3. Result & discussion

3.1. Moisture (2 mol%) effect on CO2 desorption with 0.25 %Ru, 10 %
“Na2O”/Al2O3

The viability of moist feed for adsorption and desorption in a tem-
perature swing operation was evaluated using a sorbent sample
composed of 0.25 %Ru in combination with 10 % “Na2O”/Al2O3. The
presence of Ru is only for the pretreatment to catalytically hydrogenate
the Na2CO3 sorbent precursor dispersed on gamma Al2O3 under an H2
flow at 350 ◦C. This pretreatment method generates nano-dispersed
“Na2O”/Al2O3 with high CO2 capacity, as disclosed in [25] as indi-
cated in Section 2.1.

The enhancement effect of CO2 adsorption in moist air (2 mol%) was
published previously [25] and included as black squares in Fig. 2. The
addition of moisture to the feed is believed to convert nano-dispersed
“Na2O”/Al2O3 to nano-dispersed 2NaHCO3/Al2O3 with a high CO2
desorption capacity of 643μmol/g (Fig. 2, left column) relative to that in
a dry inert purge gas, 503μ mol/g (right column).

3.2. Replacing ruthenium with 1 % for nickel for sorbent pretreatment

Previously, we reported that Ni can replace Ru as a less expensive
catalyst to hydrogenate Na2CO3 during pretreatment to enhance CO2
adsorption [26]. Data in Fig. 3 reports adsorption/desorption data for a
sample composed of 1 % Ni, 10 % “Na2O”/Al2O3.

The CO2 steady state adsorption (black squares) was followed by
either moist desorption (left) or dry desorption (right) to 150 ◦C (or-
ange) and then 200 ◦C (orange + green). Both moist and dry scenarios
were conducted for 5 cycles. Table 1 summarizes the enhanced
desorption for moist vs. dry desorption for 1 % Ni. However, Ni is less
effective in catalytically decomposing the Na2CO3 than Ru, resulting in
lower CO2 adsorption, as seen by comparing Fig. 3 to Fig. 2. Conse-
quently, the extent of desorption from the 1 % Ni (569 μmol/g) is lower
than that of 0.25 % Ru (643 μmol/g).

3.3. Desorption using 2.5 % Ni as the catalyst for sorbent pretreatment

Fig. 4a shows the adsorption (black squares) and moist and dry
desorption at three different maximum desorption temperatures using
2.5 %Ni, 10% “Na2O”/Al2O3. This sorbent replaces the Ru with 2.5 %Ni
for the pretreatment to improve CO2 enhancement. It is clearly advan-
tageous to set a high desorption temperature to improve the yield of CO2
but at the expense of higher energy consumption. Moist desorption
performance at different temperatures (120 ◦C, 150 ◦C, and 200 ◦C)

Fig. 5. The average adsorption and desorption performance (5 cycles) of 2.5 %
Ni, 10 % “Na2O”/Al2O3 under various moist conditions (0.75 %mol, 1.5 %mol,
and 2.0 %mol). The adsorption was conducted at 20 ◦C with 400 ppm CO2/air
+ 2 mol% H2O. The desorption was conducted at 200 ◦C with 5 ◦C /min heating
rate, and the gas used was N2 with different moisture levels.

Fig. 6. Cumulative CO2 adsorbed/desorbed during 20 cycles on 2.5 % Ni, 10 %
“Na2O”/Al2O3. The cyclic experiment consists of adsorption (20 ◦C, 400 ppm
CO2/air + 2 mol% H2O, 3 h) and desorption (5 ◦C/min to 120 ◦C, 2 mol% H2O
in N2) for each cycle. The adsorption and desorption are the same throughout
this experiment series.

Table 3
The amount of CO2 desorbed at each temperature range is reported as capacity (μ mol/g) and fraction (%) using 2.5 % Ni, 10 % “Na2O”/Al2O3. All adsorptions were
conducted at ambient conditions with 400 ml/min air containing 400 ppm CO2 and 2 mol% moisture. Desorption was conducted under moist (100 ml/min N2, 5 ◦C
/min, 2 mol% moisture) and dry (100 ml/min N2, 5 ◦C /min) conditions to the indicated temperature increment.

Moist condition Dry condition

Temperature ( ◦C) Desorbed CO2 (μ mol/g) Integrated desorbed CO2 (μ mol/g) Fraction
(%)

Desorbed CO2 (μ mol/g) Integrated desorbed CO2 (μ mol/g) Fraction
(%)

25–100 160.65 160.65 28.2 90.90 90.90 27.32
100–125 124.83 285.48 21.91 27.12 118.02 8.15
125–150 122.88 408.36 21.57 43.05 161.06 12.94
150–175 84.81 493.17 14.89 71.60 232.66 21.52
175–200 76.44 569.61 13.42 100.74 333.39 30.27
Total ​ ​ 100 ​ ​ 100
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using this sample is shown in Fig. 4a.
The adsorption capacity decreases with lower desorption tempera-

tures due to the retained CO2 on the alkali sorbent sites. At 200 ◦C,
nearly all CO2 was desorbed within the error brackets shown. Using the
desorption capacity at 200 ◦C as a reference, 58.9 % was achieved at
150 ◦C, and 38.5 %was achieved at 120 ◦C. Fig. 4b illustrates the rate of
moist desorption from 25 ◦C to 200 ◦C. The amount of CO2 in the
desorption profile decreases with time because most of the adsorption
capacity is sufficiently desorbed at 125 ◦C and 150 ◦C because the
presence of small amount of moisture accelerates the catalytically hy-
drogenation of NaHCO3, leading to a higher CO2 desorption at reduced
temperatures [27]. Table 2 summarizes the data at each desorption
temperature.

Table 3 shows the fractions of CO2 desorbed with and without
moisture at each temperature increment. The total moist desorption
capacities are lower than those of the ruthenium-containing sample
(Table 2), but 2.5 % nickel is a possible replacement for more expensive
ruthenium for the pretreatment, resulting in cost savings.

The rate of desorption is also faster for moist desorption than for the
dry condition. On average, approximately 54 min is necessary to desorb

334 µmoles CO2/g in the presence of moisture vs. 135 min for dry.

3.4. Desorption testing at varying moisture contents

The impact of moisture on desorption capacity was also tested on
various moisture contents. Fig. 5 demonstrates the adsorption and
desorption capabilities of the sample under 0.75 %, 1.5 %, and 2.0 %
mol moisture levels, and the results from dry adsorption were also
included as a reference point.

There is little difference in CO2 yield between 2 mol% and 1.5 mol%
moisture (572.1 µmol/g vs. 664.1 µmol/g). However, the capacity of
desorption decreased to 417.7 µmol/g at 0.75 mol%, which is similar to
the results of dry desorption. It is speculated that there is a threshold for
the moisture enhancement effect between 0.75 mol% and 1.5 %mol. The
impact of moisture is not significant in terms of desorption capacity
below that threshold, while increasing the moisture doesn’t significantly
improve the enhanced results above that threshold. However, more
investigation with other intermedium moisture levels is required for a
clear conclusion.

It is better to avoid moisture levels higher than 2 mol%, which is
above the vapor pressure of H2O at the adsorption condition (20 ◦C).
Achieving a higher moisture level requires a higher adsorption tem-
perature, increasing energy consumption and negatively impacting
adsorption capacity.

3.5. Cyclic aging for the DAC application conditions

An aging test was conducted with 2.5 % Ni, 10 % “Na2O”/Al2O3 with
adsorption at 20 ◦C followed by moist desorption (2 mol% H2O in N2) up
to 120 ◦C is shown in Fig. 5. The first data point should be ignored since
the surface is fresh, with no retained CO2 from previous cycles. The data
reaches a steady value after 7 or 8 cycles.

Following the tests shown in Fig. 6, the same sample (2.5 % Ni, 10 %
“Na2O”/Al2O3) was subjected to varying desorption conditions to
establish stability according to the protocol of Fig. 7. The desorption at
200 ◦C under moist conditions served as the reference point (marked by
a yellow star) for evaluating performance changes after 5 cycles for each
desorption temperature condition. The aging performance data is pre-
sented in Fig. 8. Each capture condition was conducted with 400 ppm
CO2 in air with 2 mol% moisture added from water vapor pressure at
20 ◦C.

Fig. 8 provides significant data validating its desorption capacities
under various sequential conditions. The results show stability after
both moist and dry desorption under varied temperatures, confirming
short-term system stability. This suggests that altering desorption con-
ditions had no discernible short-term effect on the sample life.

3.6. Characterization

XRD and BET surface area measurements were made after the aging
tests shown in Figs. 6 and 8. The XRD patterns in Fig. 9 show no

Fig. 7. The experimental aging protocol for varying desorption conditions (arrows indicate the sequence) was studied to understand performance stability. Each
capture condition was conducted with 400 ppm CO2 in air with 2 mol% moisture.

Fig. 8. Sequential cyclic performance of sample (2.5 % Ni, 10 % “Na2O”/Al2O3
over time at various desorption conditions. The yellow stars highlight the stable
performance at a reference condition (200 ◦C), after each change in desorption
conditions during the cyclic tests. Cyclic tests consist of an adsorption condition
of (20 ◦C, 400 ppm CO2/air + 2 mol% H2O, 3 h). Desorption conditions were
(5 ◦C /min to target temperature, with and without 2 mol% H2O in N2). The
error bars indicate the standard deviation for each 5-cycle test. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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significant changes in the 2 θ values, peak shapes, and intensities before
and after aging.

Fig. 9a shows that 0.25 % Ru, and 2.5 % Ni samples, Na2CO3 is only
very small peak due to its catalytically hydrogenation. Furthermore, a
large amount of CH4 is observed during pretreatment of catalyst and
Na2CO3 indicating carbonate begins to catalytically hydrogenate. Na2O
is amorphous, therefore, no peak appears because of its nano size.

Fig. 9b shows that the XRD pattern for fresh and aged 2.5 % Ni, 10 %
“Na2O”/Al2O3 show evidence of Al2O3, NiO, and traces of unreacted
Na2CO3, consistent with our previous publication [28]. A position is
shown for Na2O [29,30]. There are minimal differences between fresh
and aged samples [31]. However, between 50◦ and 55◦, the sample
showed no defined pattern for Na2O due to its amorphous nature. A
slight increase in detection is noted in the aged sample at approximately
2 θ = 54◦, suggesting some minor growth in the Na2O species. The
presence of NiO is due to the oxidization of Ni after pretreatment and
exposure to air during the capture step. The primary overall conclusion
is that no deactivation in performance or obvious structural changes
occurred during aging in the tests. Fig. 9c and 9d shows the multi points
of N2 adsorption and desorption. Both adsorption isothermal curves
rapidly reached a plateau and closely followed the Langmuir isotherm
model [32], but the aged sample diminished the amount of adsorbed N2.
The BET measured after the pretreatment in H2 at 350 ◦C (88 m2/g) did
show some decline after aging to 86 m2/g Nonetheless, this minor
change did not affect the CO2 desorption efficiency.

It is postulated that small amounts of moisture will enhance (i.e.,
catalyze) the rate of NaHCO3 decomposition, producing a greater yield
of CO2 at lower temperatures compared to dry, according to the iden-
tical reactions below.

2NaHCO3
/
Al2O3 ̅̅→

Dry
Na2O

/
Al2O3 + 2CO2

+H2O ​ (slow reaction at elevated temperature)

2NaHCO3
/
Al2O3̅̅̅̅̅ →

Moisture
Na2O

/
Al2O3 + 2CO2

+H2O ​ (fast reaction at low temperature)

4. Conclusion

A sorbent system composed of 2.5 % Ni, 10 % “Na2O”/Al2O3 pro-
vides an improvement in direct air capture for both CO2 adsorption and
moist desorption. The presence of 2 mol % moisture, which was
generated at the vapor pressure of water at 20 ◦C for desorption, en-
hances the yield of CO2 at lower temperatures and a higher rate relative
to a dry desorption purge. The low partial pressure of moisture avoids
the necessity to generate steam and its energy penalty. A 60-cycle aging
study (317 h) was conducted at varying maximum desorption temper-
atures (120 ◦C, 150 ◦C, 200 ◦C). The test protocol included both moist
and dry desorption conditions, with results showing initial stability of
the material as consistent with XRD results.

The preliminary laboratory-scale study underscores the technical
value of low energy content moisture in decomposing nano-dispersed
NaHCO3/Al2O3 with the liberation of larger yields of CO2 than for the
dry purge.
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