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ABSTRACT: Potassium carbonate is a highly hygroscopic salt, and this
aspect becomes important for CO, capture from ambient air. Moreover,
CO, capture from ambient air requires adsorbents with a very low pressure
drop. In the present work an activated carbon honeycomb monolith was
coated with K,COj3, and it was treated with moist N, to hydrate it. Its CO,
capture capacity was studied as a function of the temperature, the water
content of the air, and the air flow rate, following a factorial design of
experiments. It was found that the water vapor content in the air had the
largest influence on the CO, adsorption capacity. Moreover, the
deliquescent character of K,CO; led to the formation of an aqueous
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solution in the pores of the carrier, which regulated the temperature of the

CO, adsorption. The transition between the anhydrous and the hydrated forms of potassium carbonate was studied by means of
FT-IR spectroscopy. It can be concluded that hydrated potassium carbonate is a promising and cheap alternative for CO, capture
from ambient air for the production of CO,-enriched air or for the synthesis of solar fuels, such as methanol.

1. INTRODUCTION

Mankind is approaching the point of no return with respect to
the consequences that the increased global warming effect will
bring in the future. CO, capture has been mainly focused on
application in power plants;' ~° nevertheless, in some cases gas
pretreatment is required before the capture unit can cope with
it.” Recently, capturing CO, directly from ambient air has
gathered much attention in the international community.”” Tt
has the advantage that it deals with any kind of CO, emissions
regardless of the type of source, which is especially important
for emissions coming from the transportation sector, where in
situ capture units are impractical. Moreover, using CO, as
feedstock for subsequent processes would make its harvesting
economically attractive. Possible applications are the produc-
tion of CO,-enriched air that can be used inside greenhouses to
enhance the growth of plants. Alternatively, pure CO, can be
used for the synthesis of methanol by means of solar energy,
ie., solar fuels.

A variety of options have been proposed for capturing CO,
from ambient air, including exchange resins,' " microalgae,12
amine-based adsorbents,*~ ' alkaline metal-based aqueous and
solid adsorbents,’™** and metal—organic frameworks
(MOF).>*** In general, amines have been presented as more
attractive adsorbents given their high CO, capture capacities;
however, some chemical or physical instability issues have been
reported.” %’

CO, capture from ambient air is characterized by the large
volume of air that needs to be treated, given its ironically very
low CO, content, around 400 ppm. Moving large volumes of
air through the reactor can bring operational issues; for
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instance, using aqueous solutions has the disadvantage that the
amount of water lost during the air flush can become
prohibitive.”® In addition, the pressure drop in the reactor
should be the lowest possible as the power required for moving
the air can render the process unfeasible. An attractive option is
the use of honeycomb monoliths given the high surface area
they provide with a very low pressure drop. Sakwa-Novak et
al.”” reported an adsorbent composed of an alumina monolith
loaded with poly(ethylenimine); the weight loading was 0.3
Zamine/ Gads (ads denotes grams of adsorbent), and the maximum
CO, capture capacity was 0.7 mmol of CO,/g,4, when treated
with a dry gas mixture containing 400 ppm of CO, at 30 °C.

K,CO; has already been studied as an alternative for
capturing CO, from flue gases; different types of carrier
materials have been proposed, among which activated carbon,
alumina, and TiO, have shown the best performances.’*™’
Alumina has the disadvantage that it forms a byproduct with
the salt.”® Primer studies on capturing atmospheric CO, using
K,CO; supported over alumina or yttrium oxide showed that in
order to keep a stable adsorption capacity the regeneration
must be carried at 150 °C.>%*'

Potassium carbonate is a very hygroscopic salt; it hydrates
forming the potassium carbonate sesquihydrate, K,COj:
1.5H,0, as indicated by reaction R1. The transition between
the anhydrous and the sesquihydrate was reported to happen in
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Figure 1. Diagram of the experimental setup (left) and location of the thermocouples inside the reactor (right).

the range from 6 to 10% relative humidity (RH) at 25 °C,*” and
further increase above 43% RH results in the formation of an
aqueous solution due to deliquescence.”” Both carbonates,
anhydrous and hydrated, are prone to react with CO,, forming
potassium bicarbonate (KHCOs;), as shown by reactions R2
and R3 (all AHay values from ref 41):

K,CO, + 1.5H,04) — K,CO,-1.5H,0

AH,y,x = —101.0 kJ/mol (R1)
K,CO; + COy, + H, O — 2KHCO,4

AHyyy = —141.7 kJ /mol (R2)
K,CO; 1.5H,0 + CO,,) — 2KHCO; + 0.5H,0,,

AH,, ¢ = —40.7 kJ/mol (R3)

Theoretical equilibrium calculations by Duan et al.*' showed
the anhydrous carbonate to be more reactive than the hydrate.
On the other hand, it is less energy intensive to regenerate
KHCO; back to K,CO;-1.5H,0 given the lower AH of
reaction. As indicated in reaction R3, K,CO;:1.5H,O can be
regenerated from KHCOj; by addition of water. Therefore, it
can be proposed to perform the regeneration step via a
moisture swing process. In addition, it has been concluded in
previous works that a treatment with H,O before the CO,
adsorption is advantageous for the CO, capture from simulated
flue gas.*>*

In the present work, a CO, adsorbent composed of a
monolithic activated carbon honeycomb (ACHC) carrier
coated with potassium carbonate was tested for CO, capture
from ambient air after pretreatment with H,O. A fractional
factorial design of experiments** was followed to investigate the
effect of the adsorption temperature (T), water vapor pressure
of the air (P,), and volumetric air flow rate (F) on the CO,
capture capacity of the adsorbent. Finally, one cycle run
carrying the regeneration of the adsorbent with a moisture
swing at mild temperature is presented to test the feasibility of
the process.

2. MATERIALS AND METHODS

2.1. Preparation of the Adsorbent. The activated carbon
honeycomb monoliths were purchased from COMELT S.p.A.
An activated carbon honeycomb monolith of dimensions 2.9 X
2.9 X 3.0 cm (11 X 11 channels) was dried in an oven at 120
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°C for 8 h; the resulting dry mass was 10.65 g. After cooling to
room temperature, it was immersed in 120 g of an aqueous
solution prepared with a weight ratio of 1 g of K,CO; (Sigma-
Aldrich, >99.0%) per 8 g of demineralized water. The
immersion was prolonged until no more air bubbles were
released from the solution. Afterward, the monolith was shaken
manually to remove all excess solution remaining in the
channels, and it was calcined in the experimental setup at 170
°C with a flush of dry N, to convert all the salt into K,CO;.
The salt loading was calculated from the increase of the
adsorbent’s weight over the preparation method. The final
weight registered was 11.28 g, which resulted in a salt loading of
0.0558 gx.co./Guts (5-58 Wt %).

2.2. Characterization Techniques. The samples were
analyzed using X-ray diffraction, FT-IR spectroscopy, SEM, and
BET N, adsorption—desorption techniques. A standard X-ray
diffractometer (PANalytical X'Pert Pro Powder) equipped with
a copper anode X-ray tube was used for the phase identification
using Joint Committee Powder Diffraction Standards (JCPDS).
An FT-IR spectrometer (PerkinElmer Spectrum 100 FT-IR
equipped with a Universal ATR sampling accessory) was used
to obtain the infrared spectra. The samples were observed in a
SEM microscope (Jeol JSM-6400). The surface area of the
activated carbon carrier was calculated based on N, adsorption
data collected with a Micromeretics ASAP 2400 apparatus,
using the BET theory® and the pore volume using the BJH
theory.*

2.3. Experimental Setup. The scheme of the experimental
setup is shown in Figure 1. It consists of a fixed bed reactor
(R1) of square cross section with dimensions 5 X $ X 20 cm,
while the gas is fed at the bottom of the reactor. A plate is
placed at the inlet of the reactor to distribute the flow. The
adsorbent is placed on top of a metal foam to further ensure a
uniform flow distribution. Metal foams wrapped in aluminum
foil are placed between the adsorbent and the inner walls of the
reactor to prevent gas bypassing (see right-hand side of Figure
1). Two thermocouples are inserted from the top of the reactor
and go through the honeycomb at two locations: at the top and
bottom parts, as depicted on the right-hand side of Figure 1.
The gas stream fed to the reactor varied among experiments
from N, to air (400 ppm CO,), either dry or humid. The air
stream was prepared by passing dry air at a pressure of S bar
through column C1, filled with zeolite 13X beads that removed
all CO, in it. The flow coming out of the column was divided in
two flows controlled by means of controllers FC2 and FC3.
The water was added by bubbling one of these flows through
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the water reservoir kept at a constant temperature. The CO,
(Linde, >99.7 vol %) addition was controlled by flow controller
FC1. Before each experiment the gas mixture prepared was left
to stabilize, meanwhile exiting the system from valve V1 below
the reactor R1. Once the gas mixture measured remained
stable, valve V1 was switched, feeding the reactor. The
concentrations of CO, and H,O in the feed stream were
measured using sensor S1 (PP Systems SBA-5S CO,) and sensor
S2 (Omega HX92A coupled with a thermocouple), respec-
tively. The CO, content in the stream exiting the reactor was
measured with sensor S4 (LI-COR LI-820). The humidity
content in the stream exiting the reactor was measured at two
points: immediately after the reactor with sensor S3 (Omega
HX92A coupled with a thermocouple) and after the
condensation system by means of sensor S5 (PP systems
SBA-S CO,/H,0). The total volumetric flow rate was
measured at the exhaust by means of a flowmeter FM (DryCal
Mesa Labs Defender 520). Calibration of the CO, sensors was
checked throughout the experimental set.

2.4. Hydration Experiments. The water uptake by the
activated carbon carrier and the adsorbent was tested at 40 °C
under a flow of N, with different moisture contents, up to 80%
RH. The experiments were run until the water vapor pressure
in the reactor’s outlet equaled the level in the inlet side. The
H,0O uptake, H,0,4 [g1,0/8eonals Was calculated from the

weight change of the sample with respect to its dry weight.
HZOads = (mﬁnal - mdry)/mdry

where mg,, is the mass of the sample measured after the
experiment was finished and my,, is the mass of the dry sample.

Also, in the interest of identifying the formation of K,COj;
1.5H,0, a few milligrams of K,CO; was heated in an oven up
to 160 °C and then treated with moist N, at 40 °C, varying the
humidity content up to 20% RH. The products were analyzed
by means of FT-IR spectroscopy to follow any phase change.

2.5. CO, Adsorption Experiments. For the study of the
CO, adsorption capacity, the experimental route consisted of
an initial calcination at 170 °C with N,. Then the cycles were
run as follows: humidification, adsorption, and calcination of
the adsorbent. The humidification was performed at 40 °C
under a flush of 5 L/min of N, with a moisture content of P, =
40 mbar (53% RH) for 2 h. Following the hydration, a CO,
adsorption experiment was performed under the conditions
specified in Table 1 (not in the order shown). The regeneration
of the adsorbent was realized by calcining it at 170 °C under a
flush of S L/min of dry N,. It has been reported that KHCO,
decomposes quickly and completely above 120 °C.*’

The CO, adsorption capacity [mmol/g,g,] was calculated as

Table 1. Experimental Conditions Tested with Coded Units
in Parentheses

T [°C] P,, [mbar] F [L/min]
20 (-1) 5(-1) 5(-1)
20 (-1) 5(-1) 15 (1)
20 (-1) 17 (1) 5(-1)
20 (-1) 17 (1) 15 (1)
40 (1) 5(-1) 5(-1)
40 (1) 5(=1) 15 (1)
40 (1) 17 (1) 5(-1)
40 (1) 17 (1) 15 (1)
30 (0) 12 (0) 10 (0)
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F .
capacity CO, = mn—m /(COZin = COy ) dt
ads

where F, ;. is the molar flow rate of air (dry) at the exhaust of
the experimental setup, m,g4, is the mass of the adsorbent, CO,;,
and CO,, are the concentrations of CO, in the inlet and
outlet of the reactor, and ¢ is the time.

A blank cycle was run using an activated carbon monolith
without any K,CO; to test the CO, uptake by the carrier. It was
observed that no CO, was captured as the outlet concentration
equaled the inlet value immediately.

The effects of T, P,, and F on the CO, adsorption capacity
were investigated following a fractional factorial design of
experiments. The ranges tested were as follows: temperature
from 20 to 40 °C, water vapor pressure from 5 to 17 mbar, and
air flow rate from S to 15 L/min. The experiments were
performed in a random way so to avoid dependence on the
conditions of previous runs. The center point corresponds to
the condition at which each of the factors were set at or close to
its middle value; those were T = 30 °C, P,, = 12 mbar, and F =
10 L/min. This point was used to investigate the presence of
curvature in the response of the adsorption capacity. The
repeatability of the results was evaluated by running the center
point in triplicate. The experimental conditions used are listed
in Table 1 and represented in a cube plot in Figure S1 (see
Supporting Information). The CO, adsorption capacity data
were analyzed using Minitab Statistical Software Version 17.

A desorption experiment was performed with a moisture and
temperature swing. For this, a longer adsorbent was prepared
using a 6 cm long monolith. The preparation method was the
same as described in section 2.1. The salt loading achieved was
0.052 gx,co,/8adss The adsorbent was hydrated and fed with 15

L/min air (400 ppm of CO,) at 30 °C and P,, = 12 mbar. The
desorption test was performed at 65 °C and P, = 75 mbar
under 4 L/min of air (400 ppm of CO,). The adsorbent was
first heated up to the desorption temperature, and then valve
V1 was switched. The complete regeneration of the adsorbent
was achieved by further calcination under N, at 170 °C.

3. CHARACTERIZATION OF THE ADSORBENT

Figure 2 shows the X-ray diffractograms of the activated carbon
carrier, the adsorbent, and the adsorbent after the hydration
treatment at 40 °C and 53% RH. The loading of the salt over
the carrier was corroborated from the presence of reflections
characteristic of K,CO;-1.5H,0. The low intensity of these
reflections is explained due to the low amount of salt loaded in
the carrier, 5.58 wt %. The rest of the peaks corresponded to
distinct phases in the carrier, such as carbon and SiO,.

Figure 3 shows the SEM pictures of the activated carbon
carrier. As seen in Figure 3a, the channels are of square
geometry with a length of 1.979 + 0.006 mm per side, and the
wall thickness between the channels is 0.651 + 0.022 mm.
Figure 3b shows the surface of the inner walls of the channels;
they looked homogeneous.

The BET surface area of the carrier was 729 m?/g. The
micropore volume calculated with the t-plot method was 0.29
cm®/g, while the total pore volume in the range of diameters
from 1.7 to 300 nm was 0.12 cm?/ g, as determined with the
BJH method.
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Figure 2. XRD of the carrier, the adsorbent, and the adsorbent after
hydration at 40 °C and 53% RH. (@) K,CO,;-1.5H,0.
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Figure 3. SEM pictures of the activated carbon carrier: (a) view of the
channel arrangement; (b) surface of a channel wall.

4. RESULTS OF THE HYDRATION EXPERIMENTS

It has been reported that K,COj; starts to hydrate at 25 °C
when the relative humidity is somewhere in the range from 6 to
10% RH and that it deliquesces above 40% RH.”” The latter
observation is in line with the empirical model proposed by
Greenspan® which indicates that the relative humidity of
saturated solutions of K,COj; is around 43% RH, in the
temperature range from 10 to 30 °C.

The water adsorption capacities at 40 °C for the carrier and
the adsorbent are shown in Figure 4. The uptake by the
activated carbon carrier increased sharply at 60% RH, reaching
a maximum of 23% weight gain at 80% RH. The uptake at 20%
RH for the adsorbent was 4.1 wt %; this is 3 wt % higher than
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Figure 4. Water uptake by the carrier and the adsorbent at different
RH at 40 °C.

the carrier. With respect to the salt loading of 5.58 wt %, the
water uptake required to completely convert K,CO; into
K,CO5:1.5H,0 is 1 wt %, indicating that the salt was entirely
hydrated. The largest difference between the water uptakes of
the samples was seen for the condition at 44% RH. There, the
adsorbent’s uptake is almost 6 times that of the carrier, and
foremost, it is much higher than the theoretically required
amount for the formation of K,CO;-1.5H,0. The reason for
this significant difference is that the salt deliquesces at around
43% RH, and therefore all the excess water condensed in the
pores of the carrier material producing an aqueous solution of
the salt. Finally, the water adsorption capacities of the two
samples were not very different above 60% RH. For the CO,
adsorption cycles from the design of experiments set, the
hydration step was performed at 40 °C and 53% RH; the
average water uptake for these tests was 12.5 wt %. Figure 2
shows the XRD of the adsorbent after hydration at 40 °C and
53% RH; no reflections corresponding to K,CO; or K,COj;-
1.5H,0 appeared. It is concluded that this treatment with H,O
produced an aqueous solution of K,COj in the pores of the
carrier material, losing the crystalline structure, making it not
visible in the diffractograms.

The salt hydration was investigated by means of infrared
spectroscopy. Figure 5 shows the spectra of a K,COj; sample
subjected to different relative humidity conditions at 40 °C
under a flush of N,. It is noticed that the sample dried in air at
160 °C presented only the peaks corresponding to the
anhydrous carbonate ion, CO;™*: out-of-plane bending at 879

160°C [ air
]
= 7%RH /N, “
S, T
W _\Y""\f
G 13%RH /N,
=
€ /Y’W
[
§\/ 20%RH/N,
~ /r-
N\ \V\/\[

3500 2500 1600 1400 1200 1000 800
wavenumber flem™"1
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Figure S. FT-IR spectra of dry K,CO; and under different relative
humdities in N, at 40 °C.
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cm™!, asymmetric stretching at 1400 cm™', and in-plane
bending at 686 cm™.* When the salt was subjected to
increasing humidity conditions, the spectrum changed sig-
nificantly. At 7% RH the initial peaks corresponding to the
anhydrous carbonate were still present, although the strongest
peak at 1400 cm ™" was now a shoulder and new peaks appeared
at 1449, 1350, 1060, and 704 cm™'. Even though it was not
possible to assign the type of vibration that corresponds to each
of these signals, they all fall in the range where C—O vibrations
are seen. In particular, it has been found that only hydrated
carbonates show a peak at around 1060 cm™' owing to the
change of symmetry of the carbonate ion.*’ Additionally, wide
peaks appeared at 3000 cm™" due to vibrational modes of water.
With further increase of the relative humidity, the peak at 1400
cm™ from the anhydrous carbonate was completely lost at 20%
RH.

5. RESULTS OF THE CO, ADSORPTION EXPERIMENTS

5.1. CO, Breakthrough during the Adsorption Experi-
ments. Once the hydration treatment was completed, the
reactor was fed with a gas stream mimicking ambient air with
400 ppm of CO, at specific temperature and relative humidity
conditions. Figure 6 shows the CO, breakthroughs for the
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—— T20 Pw17 F15
0 . . . . .
40 80 120 160 200
time [min]
400
é 300
= —&— T40 Pw17 F5
o, 200 —O— T40 Pw5 F5
S —4— T40 Pw17 F15

-
o
o
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Figure 6. CO, breakthroughs for the experiments at (a) 20 °C and (b)
40 °C.

experiments listed in Table 1, except for the center point
triplicate. It is noticeable that for both adsorption temperatures
the lines paired depending on the flow rate. The CO, capture at
S L/min reached the lowest CO, concentration in the outlet.
This lower outlet CO, concentration is a consequence of a
longer residence time of the gas in the reactor. Looking at the
experiments done at 40 °C, shown in Figure 6b, those
performed with P, = 5 mbar presented an odd shape in the
form of a two-step adsorption process. The reason for this
behavior is discussed in more detail in section 6.4.

For the sake of making a direct comparison among the
different adsorption experiments the cumulative CO, adsorp-
tion capacity is plotted in Figure 7. There the slopes of the lines
show qualitatively the rate at which CO, was adsorbed. Again,
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Figure 7. Cumulative capture capacity for adsorptions at (a) 20 °C
and (b) 40 °C.

the lines paired during the first 15 min depending on the flow
rate used; in general, the adsorbent got saturated after 80—120
min when the flow rate was 15 L/min, and it took more than
150 min when the flow rate was S L/min.

Figure 8 shows the adsorption capacities for the different
tests. The highest adsorption capacity of 0.249 mmol CO,/g,4;

0.3 T T T T T T T T T T T
20°C - 5mbar
0251 5L/min  15L/min 40°C - 5mbar |
SLimin 16Linin 30°C - 12mbar - 10U/min
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5L/min 15L/min
015 8

o
&
T
|

Ads capacity [mmol COzlga ds]
o
o
(9]

Adsorption experiment

Figure 8. CO, adsorption capacities from the design of experiments
set.

(61.6% salt conversion) was reached for the experiments run at
20 °C and P, = 5 mbar, and it was independent of the flow rate.
On the other hand, the lowest adsorption capacity of 0.143
mmol CO,/g,q (35.4% salt conversion) was obtained at 20 °C,
P, = 17 mbar, and 15 L/min. It was reported in a previous
work by Zhao et al.*® that an adsorbent composed of activated
carbon particles, loaded with 4.43 wt % K,CO;, was completely
converted into KHCO; at 20 °C and P,, = 20 mbar under
10000 ppm of CO,. This indicates the influence of the CO,
partial pressure on the total salt conversion. Furthermore, the
capture capacity of our adsorbent was lower than the 0.7 mmol
CO,/g.q4s reported by Sakwa-Novak et al.”’ for their amine-
based adsorbent. However, the difference in the active
compound loading is also significant: 30.5 wt % for their
poly(ethylenimine) and 5.58 wt % for our current K,COj-based
adsorbent. In this work, it was not possible to reach higher salt
loadings on the activated carbon carrier as this led to rather
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unstable adsorbents that got destroyed after a few cycles.
Moreover, it is not the ultimate objective of this work to reach
the highest CO, capture capacity, but to investigate the
underlying mechanism and the influence of various parameters
on the CO, capture performance. Certainly, stronger carriers
should allow to reach higher capture capacities; increasing the
salt loading is one of the principal improvements required in
future work.

The triplicate of the center points showed a decrease in the
capacity in the order of 0.207, 0.201, and 0.197 mmol CO,/g,4;
for the first, middle, and last experiment, respectively, indicating
that the adsorbent lost 4.8% of its initial capacity. This capacity
loss could be due to some physical deterioration observed in
the form of crumbling into a very fine dust.

5.2. Statistical Analysis of the CO, Capture Capacity
Data. The adsorption capacity data were further analyzed using
Minitab Statistical Software version 17 to determine the
influence of the T, P,, and F factors as well as any interaction
effect among them. The output is a statistical model to predict
the adsorption capacity for a given set of T, P, and F
conditions. The fitted equation (E1) in normalized or coded
units (a coded unit sets —1, 0, and 1 to the lowest, middle, and
highest values of a given factor, respectively) was

capacity [mmol CO,/g_, | = —0.034P, — 0.006F
+ 0013(TP,) + 0.200 (E1)

The standard deviation is 0.006 mmol CO,/g.q, (this
represents 4.2% of the lowest adsorption capacity measured),
and R? is 97.85%, indicating a good fit. As seen from eq E1, the
capture capacity is defined by P,, F, and the interaction TP,
The sign and magnitude of the coefficients show that water
vapor pressure has the largest negative influence on the
capacity, and the flow rate has only a slightly negative effect.
The temperature—water pressure interaction has a positive
effect in the capture capacity. An important aspect to point out
is the absence of a term for the temperature itself as it could be
expected that it should have the largest negative influence in the
CO, capture due to shifting of the chemical equilibrium.
Moreover, opposite to previous works, increasin% P, did not
have a beneficial effect on the capture capacity.*>">*

Figure 9 shows the main effects plot for each of the factors
studied; the capture capacity varies linearly in the window of
conditions tested, as the average of the center point triplicate
falls in the lines predicted by the linear model.

Regarding the interaction among the factors, only T—P,, has
a considerable influence while T—F and P,—F do not have a
noticeable effect. Figure 10 shows the T—P,, interaction plot,
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Figure 9. Main effects plot for the capture capacity data.

T [degC] * Pw [mbar]

0.250
)
kel
©
2 0225
8 Pw [mbar]
° —e— 5 Corner
1 —m~ 12 Center -
E, 0.2001 |.q.- 17 Comer
o
©
o
ke
é 0.175 e ®

0.150 ”

20 30 40
T [degC]

Figure 10. T—P,, interaction plot for the capture capacity data.

where an opposite behavior can be seen at lower and higher P,,.
At high P, the capture capacity increases with temperature; on
the other hand, at low P, it decreases with temperature.
Nevertheless, lower P,, resulted in better adsorption perform-
ances for any temperature.

It seemed rather inconsistent that higher temperatures could
somehow result in a better CO, capture performance. It could
be expected that for the chemical equilibrium of an exothermic
process, such as CO, adsorption, an increase of temperature is
detrimental for the conversion. However, repetition of
experiments with P, = 17 mbar at both 20 and 40 °C and
for both flows led to the same results. To elucidate the reasons
for this trend, as well as for the magnitude of each the
coefficients in the statistical model, the evolution of P, and T
throughout the experiments and the effect of F are discussed in
detail in the next sections.

6. DISCUSSION

6.1. Evolution of the Water Vapor Pressure during the
Adsorption Experiments. The water vapor pressure
measured in the outlet of the reactor during the adsorption
experiments is shown in Figure 11. It is seen in Figure 11b that
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Figure 11. P, at the outlet of the reactor during the CO, adsorption
experiments at (a) 20 °C and (b) 40 °C.
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Figure 12. Temperature profiles in the reactor during the CO, adsorption. Left-hand side: at 20 °C. Right-hand side: at 40 °C. Gray line: “bottom”

location; black line: “top” location.

for all the experiments performed at 40 °C the adsorbent
evaporated water into the air stream as the moisture content at
the outlet was higher than the inlet level of either S or 17 mbar.
For the experiments performed at 20 °C, Figure 11a shows that
at P, = 5 mbar water evaporation occurred, while at P, = 17
mbar a slight uptake can be noticed.

To explain the behavior in each experiment, four possible
subprocesses that either consume or release water can be
proposed; three of them are related to the potassium salt, and a
fourth one is associated with the activated carbon carrier. Those
related with the salt are (i) adsorption or evaporation of water
according to the water vapor equilibrium of the aqueous
solution of the salt, (ii) release of water due to the carbonation
of K,CO5-1.5H,0, as indicated in reaction R3, and (iii) release
of water from the dehydration of K,CO;-1.5H,0. Regarding
the activated carbon carrier, (iv) uptake or release of water
depending on its water adsorption equilibrium, shown in Figure
4.

With respect to the first process listed, it was concluded that
the hydration pretreatment at 53% RH led to the formation of
an aqueous solution of the salt in the pores. Since the saturation
pressure of this solution is 43% RH, if the air stream supplied
has a lower relative humidity, the solution will evaporate H,O
to counteract this condition. This is the case for all experiments
performed at 40 °C and that at 20 °C and P,, = 5 mbar. This
also explains why the experiments run at 20 °C and 17 mbar
did not evaporate any water as this corresponds to 74% RH.
The product of this evaporation will be K,CO;-1.5H,0,
provided that the relative humidity does not go below the
vapor pressure of the sesquihydrate. It should be noticed that
the aqueous solution of the salt, present from the beginning,
can capture CO, as well. Concerning the second and third
processes mentioned, even though CO, is indeed being
captured, the amount of water released during the carbonation
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of K,CO;-1.5H,0 is just 1 mol of H,O per two of CO,
captured. Thus, even in the case of removing all CO, from the
airstream only 0.2 mbar of H,0O (200 ppm) would be released
into it; the profiles show much larger water releases. It is not
likely that K,CO;-1.5H,0O dehydrated as the relative humidity
in all the experiments is above 10% RH, except in the case of
the experiments run at 40 °C and P, S mbar, with
approximately 7% RH. The CO, breakthrough of those cases
shows a two-step adsorption process, which is attributed to the
dehydration of K,CO;1.5H,0. In any case the amount of
water released during the adsorption experiment is much larger
than the water released by complete dehydration of the
sesquihydrate.

The results seem to contradict the findings of previous works
in the sense that a higher P,, durin§ the adsorption resulted in a
better CO, capture performance.’”**** Those studies included
a pretreatment of the K,CO;/AC adsorbent with water,
resulting in the conversion of the salt into K,CO;-1.5H,0,
and then the CO, capture was performed under CO, contents
higher than 400 ppm. At first sight, it seems contradictory that
increasing the water content in the gas stream would be
beneficial for the carbonation of the sesquihydrate. In fact, this
is already indicated by the chemical reaction (R3) where water
is on the right side, inhibiting the carbonation. It has been
proposed that higher humidities lead to the formation of a
quasi-liquid interface that enhances the transport of reactants
and thus favors the carbonation.”

6.2. Evolution of Temperature in the Reactor. In
principle, CO, adsorption is an exothermic process; however, it
can be expected that the overall evolution of heat will be
determined by either the adsorption or desorption of water
from the adsorbent. This is due to that this happened in a larger
extent, but parallel to the CO, capture. Figure 12 shows the
temperatures measured at the “bottom” and “top” locations.
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Looking at the graphs on the left-hand side, experiments at 20
°C, only experiments with P, = 5 mbar show a slight initial
cooling effect of approximately 3 °C, and then the temperature
slowly raises until the set point. In contrast, the experiments
run with P, = 17 mbar show an initial slight temperature
increase and then a decrease until the set point. These
temperature evolutions match well with the trends of P,, in the
outlet of the reactor shown in Figure 11. The cooling is linked
to the water evaporation, and the slight warming is caused by
the adsorption of water. Regarding the experiments run at 40
°C, depicted on the right-hand side of Figure 12, a cooling
effect is occurring in all the cases. The largest drop in
temperature, of about 8 °C, is seen for P, = S mbar and a
temperature decrease of around 5 °C for P, = 17 mbar. This
larger temperature drop compared to the experiments at 20 °C
is explained by the fact that the evaporation rate of water is
much faster at 40 °C than at 20 °C. Moreover, the adsorbent
starts to cool at the entrance of the channel, and if the relative
humidity of this stream is not 43% RH yet, the adsorbent will
keep cooling in the direction of the flow along the channel
length, resulting in the temperature profiles seen.

This cooling effect can also explain why the temperature did
not appear in the statistical model. The relative humidity
conditions of the incoming air determine if water will evaporate
from the adsorbent, and this process regulates the temperature
locally. The T—P,, interaction buffers the effect of a higher inlet
temperature. This is a rather important characteristic of the
adsorbent as it makes it possible to capture CO, from ambient
air in warm places where the local temperature might, in
principle, be inconvenient for the process. For instance, in a real
application it is proposed to regenerate the adsorbent by
converting KHCO; back to K,CO;1.5H,O and further
formation of the aqueous solution via a moisture swing
process, therefore resulting in an adsorbent loaded with an
excess of water that will function as coolant in a subsequent
adsorption step.

Nonetheless, this cooling effect does not explain why the
experiments at P,, = 17 mbar perform better at 40 °C than at 20
°C. To explain this, the effect of a higher temperature on the
diffusion of components in a gaseous mixture needs to be
considered. The local cooling of the adsorbent is much larger
for the experiments at 40 °C than at 20 °C. Therefore, the
temperature difference of the adsorbent’s surface among these
experiments was not 20 °C, but less as shown in Figure 12. It
might be that the adsorbent’s surface was cooler than measured
by the thermocouples as those were inserted throughout the
channels; ie., they were not directly over the adsorbent’s
surface. For this reason, it is possible that the CO,
concentration just next to the adsorbent’s surface, i.e.
interphase, is not very distinct among these experiments.
However, the temperature in the bulk of the gas stream should
be closer to the set point conditions. Then, the diffusion of
CO, from the bulk of the gas will be favored by a hotter bulk
temperature,”* ultimately enhancing the CO, capture.

6.3. Effect of the Flow Rate on the Adsorption
Capacity. The flow rate had the lowest influence of all the
parameters included in the statistical model (E1). It was
reported previously that increasing the flow rate was beneficial
in getting higher adsorption capacities with faster rates.
However, above certain flow the adsorption capacity drops
again. This has been attributed to a shorter contact time of the
gas with the adsorbent’s surface for larger flows.">**°
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6.4. Phase Transition of the Sesquihydrate. The CO,
breakthrough curves showing a two-step capture profile were
seen for experiments at 40 °C and P, = S mbar; those
correspond to a relative humidity of around 7% RH. However,
there was a large temperature drop inside the reactor,
increasing the relative humidity locally. In Figure 13 the
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Figure 13. Relative humidity inside the reactor and derivative of the

CO, in the outlet.

relative humidity calculated from the temperature measured at
the “bottom” and “top” locations inside the reactor is plotted
against the derivative of the CO, concentration in the outlet.
Showing the derivative rather than the concentration itself gives
a better impression of the change in the CO, adsorption
performance. It is observed that the derivative drops from the
start of the experiment and rises again before reaching 40 min,
indicating a reactivation of the CO, adsorption. The relative
humidity at the inflection point is 8.8% RH and 10.8% RH at
the “bottom” and “top” locations, respectively. It was
mentioned that previous theoretical studies showed anhydrous
K,COj; to be more reactive with CO,.*" This two-step behavior
suggests the dehydration of K,CO5-1.5H,0. Figure 14 shows
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Figure 14. XRD of the adsorbent hydrated at 40 °C and 53% RH and
after exposition at 40 °C and 7% RH, both in N,. (A) K,COs.

the diffractograms of the adsorbent hydrated at 40 °C and 53%
RH in N,, and after a subsequent treatment at 40 °C and 7%
RH in N,, the formation of anhydrous K,COj is corroborated.
To support this hypothesis, an adsorption experiment was run
at the same conditions, but without prior hydration of the
adsorbent. Figure 15 shows that the CO, breakthrough of the
sample not hydrated was a one-step process as the reaction
happening is the direct carbonation of K,COj;.

It should be noted that there is not a unique mechanism for
the CO, capture by hydrated K,CO;. According to the
experiments performed, an aqueous solution of the salt was
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Figure 15. CO, breakthrough at 40 °C, Py o = 5 mbar, and S L/min.

deposited over the pores of the carrier. Part of this solution
acted as the CO, adsorbent, and the other part was evaporated,
leaving K,CO;-1.5H,0. If the relative humidity of the incoming
air was below the stability level for the sesquihydrate, it dried to
K,CO;. Both K,CO;-1.5H,0 and K,CO; were able to capture
CO, as well, within the T and P,, ranges tested.

7. REGENERATION OF THE ADSORBENT VIA A
MOISTURE SWING AT MILD TEMPERATURE

Finally, a desorption experiment was performed via a moisture
swing at mild temperature to regenerate the KHCO; back to
K,CO;1.5H,0. Regeneration steps at elevated temperatures
and under a flow of N, will have a large energy penalty, making
the process not economically feasible. The desorption experi-
ment was performed at 65 °C and P,, = 75 mbar under an air
flush (400 ppm of CO,) of 4 L/min. This method allows to
obtain CO,-enriched air streams that can be used in
greenhouses. Figure 16 shows that the CO, concentration
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Figure 16. Desorption test at 65 °C and P,, = 75 mbar under F= 4 L/
min air with 400 ppm of CO,.

peak was just below 5000 ppm. The mass balance showed that
50% of the total CO, captured was released in the experiment.
Even though the maximum CO, concentration was not high
enough for a practical application (e.g, 1% CO,), this
experiment proved the concept of cycling between K,COj;-
1.5H,0 and KHCO;. Further optimization of the desorption
process is required.

8. CONCLUSIONS

The results showed that CO, can be removed from ambient air
using an adsorbent composed of potassium carbonate
supported on an activated carbon honeycomb. Depending on
the relative humidity, the supported potassium carbonate takes
moisture from the ambient producing potassium carbonate
sesquihydrate or an aqueous solution inside the pores of the
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carrier. From the hydration treatment performed prior to the
CO, adsorption, an aqueous solution capable of capturing CO,
was formed. This solution will evaporate toward K,COj;-
1.5H,0 or K,COs; if the water vapor pressure of the incoming
air is below their corresponding equilibrium water vapor
pressures. This evaporation induces a local cooling in the
adsorbent which is beneficial for the CO, adsorption. The
influences of the adsorption temperature, the air moisture
content, and the air flow rate on the CO, capture capacity were
studied following a multifactorial design of experiments,
showing that the water vapor pressure had the largest influence.
The highest capture capacity achieved was 0.249 mmol CO,/
8.45; however, the salt loading was only 0.0558 gy co,/8.4s- The

salt content was kept rather low due to physical deterioration of
the carrier at higher loadings. Sturdier carriers should allow
higher salt loadings, resulting in higher capture capacities.
Finally, a complete cycle of adsorption and regeneration with a
moisture swing at 65 °C and 75 mbar of water vapor produced
a peak CO, concentration of ca. 5000 ppm, making it an
attractive option for application in greenhouses.
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