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Abstract

Despite the great attraction of using potassium promoted magnesium-aluminum layered
double oxides (K-LDOs) as elevated temperature CO, adsorbents, the understanding of
CO; adsorption mechanism of K-LDOs is still confusing and controversial due to the
complexity of adsorbent compositions. In this work, in situ techniques were adopted to
verify the synergistic mechanism of K2COj3 doping (040 wt.%) and Mg/Al mole ratio
(0.55, 2.17, and 2.98) on the CO capture of K-LDOs. Before KoCO; doping, the
commercially available MG63 ([Mgo.60Alo31(OH)2](CO3)0.16zH20) exhibited the
highest working CO; capacity of 0.320 mmol/g at 400 °C and 1 atm. After doping with
20 wt.% K2COs, K20-MG70 (Mg/Al ratio: 2.98) gave highest CO» capacity of 0.722
mmol/g. At low CO» partial pressures, however, K20-MG30 (Mg/Al ratio: 0.55) with
the lowest Mg/Al ratio owned the best capture performance. Results from in situ Fourier
transform infrared spectroscopy indicate that the changeable CO> adsorption
performance of K-LDOs was controlled by two mechanisms. For K-LDOs with high
Mg/Al ratios, the K2CO3 doping is mainly localized in the bulk phase, and acts as a
reactant to form high stable K-Mg double carbonates after adsorbing CO,. With
increasing the Al content, surface modification occurs and becomes the dominant
enhancement mechanism via the interaction between K and unsaturated oxygen sites,
which are generated by the partial substitution of Mg?" with AI**. The reversible
formation of bidentate carbonates are the main CO; species on K-Al,O3, K-LDOs, and
K-MgO, whereas unidentate carbonates with a stronger binding affinity are only formed

on K»0-MG30, providing a superior performance for the adsorption of low
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1. Introduction

There is a growing concern that the anthropogenic emission of carbon dioxide is
causing the global climate change [1]. Note that the world’s energy is still dominated
by fossil fuels such as coal, oil, and natural gas, new technologies for CO capture,
storage, and utilization (CCUS) are necessary to mitigate the carbon emissions [2].
Layered double hydroxides (LDHs) are excellent precursors for the preparation of
elevated-temperature CO» adsorbents that have been widely applied in pre-combustion
carbon capture [3-5], sorption-enhanced reactions [6,7], and high-purity hydrogen
production from fossil fuels [8,9]. Compared with low temperature physical adsorbents
[ 10-12] and high temperature chemical adsorbents [ 13,14], LDH-derived CO> capture
materials with weak chemisorption sites have advantages such as high CO; adsorption
ability at elevated temperatures (200—450 °C), fast adsorption/desorption kinetics, and
long-term operation stability [15]. The molecular formula of LDH is given by
[M2*M3* (OH) 5 (x41) ] [A" 11/ - zH,0, where M?* and M3 are metal cations and
A" is the charge-compensating anion. Among different types of LDHs, MgAI-COj is
the most common precursor for elevated temperature CO> adsorption [ 16-19].

The crystal structure of LDH consists of positively charged brucite-like layers separated
by anionic interlayer galleries. During calcination, the crystalline layered structure of
LDHs is destroyed by calcination due to dehydration (70—190 °C), dehydroxylation and
decarbonation (190-508 °C) [20], forming amorphous layered double oxides (LDOs)
with abundant surface basicity including low- (OH™ groups), medium- (Mg-O pairs),

and high-basicity (O*" anions) [21]. The unsaturated oxygen sites from Mg-O pairs and
g y
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O’ anions are the predominant CO, adsorption sites at elevated temperatures [22],
which are formed either by the substitution of Mg?" with AI** or by the AI** migration
from the lattice sites during calcination [23].

Rodrigues and co-workers systematically studied the correlation between morphology
(pore structure, interlayer space, and charge density) and CO, adsorption performance
of LDOs [ 15,24-27]. MgAl-COj3 with different Mg/Al mole ratios (0.55, 1.28, and 2.98),
interlayer anionic species (CO3~ and OH™), and adsorption temperatures (20, 200, and
300 °C) has been tested [25]. The commercial MG50 with a Mg/Al ratio of 1.28 showed
the highest CO; adsorption capacity of 0.41 mmol/g at 300 °C and 1 atm CO,. The CO»
adsorption capacity of LDOs can be enhanced by impregnating with alkali metal
carbonates such as KoCO3; and CsCO3 [24]. After doping 20 wt.% K>COs, the CO»
adsorption capacity of MG30 (Mg/Al ratio: 0.55) increased from 0.10 mmol/g to 0.76
mmol/g (403 °C, 0.4 atm). Wang et al. investigated the effect of trivalent cations (M>"
= Al Fe, Ga, and Mn) [ 28] and interlayer anions (CO3~, HCO3, NO3, SO3~,and Cl7)
[29] on the CO, adsorption capacity of Mg-M>" based LDOs. They proved that due to
its excellent thermal stability and high surface area, Mg3Al-COs obtained the optimal
CO; adsorption capacity (0.53 mmol/g at 200 °C and 1 atm). After impregnating 20 wt.%
K>CO3, the CO; adsorption of Mg3zAl-CO3 was further increased to 0.81 mmol/g [29].
Attempts have been reported to understand the CO; adsorption behavior of K-LDOs
[24,30-34]. Ding et al. [30] claimed that the CO; adsorption of K-LDOs at elevated
temperatures was a combination of physisorption and chemisorption, which could be

described by Langmuir model and linear driving force (LDF) model. Later, Oliveira et
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al. [24] proposed a bi-Langmuir model with an exothermic physisorption process and
an endothermic chemisorption process. Lee et al. [31] suggested that a multi-
chemisorption process occurred at CO; partial pressures above 0.2 atm. On the other
hand, Ebner et al. [32,35], Zheng et al. [33], and Silva et al. [34] reported that the CO»
adsorption of K-LDOs was determined by several highly-coupled and totally-reversible
surface reactions.

The above conclusions are mainly based on CO; adsorption experiments and so the
surface speciation has not been directly validated. Therefore, in situ analytical
techniques are required to gain further insight into the enhancement mechanism of
K>CO3 doping on K-LDOs. In situ Fourier transform infrared spectroscopy (FTIR) is
an efficient method to monitor the change of surface functional groups during
adsorption and desorption. The IR band for the free carbonate ion is 1415 cm™ (v3
vibration), where the band is splitted into two bands on both sides of 1415 cm™ in the
adsorbed state due to lowered symmetry. The Avs splitting can tell the type of surface
carbonates and the basic strength of adsorption sites. In-situ FTIR results from Du et al.
[36] for the CO, adsorption of K>,CO3; promoted Mg>Al-CO; revealed that several
reversible processes and one irreversible process occurred. During 300 min adsorption,
reversible surface bridged (Avs = 390 cm™), bidentate (Avs = 253 cm™!), and unidentate
carbonates (Avs = 125 cm™') were formed. The formation of bidentate carbonate was
favored and continued during the adsorption step, but the bridged and unidentate
carbonates started to transform into irreversible bulk polydentate carbonate (Avs = 70

cm) after 60 min of adsorption. Walspurger et al. [37] observed a similar Avs splitting
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on the 22 wt.% K>COj3 impregnated Al,O3 (Avs = 198 cm™) and Mg, 33A1-COs (Avs =
190 cm™) after CO, adsorption, and thus concluded that K* creates new adsorption sites
by reaction with Al-O centres. However, in situ FTIR results from Zhang et al. [38]
indicated that the CO, adsorption sites of KoCO3 promoted MgzAl-CO3 are the new
Lewis adsorption sites Mg(Al)-O-K and Mg-O-K, and the CO; adsorption mechanisms
varies with K>COs loading ratios. Recently, Coenen et al. [39] used in situ FTIR to
study the CO; adsorption on commercial K-MG30 in the presence of 5% steam, and
claimed that the CO> adsorption only forms reversible bidentate carbonates (Avs = 235
cm'). However, the CO> adsorption sites of K-MG30 are heterogeneous, as the Avs
splitting decreased after desorbing with N purge (Avs = 220 cm™!) and steam purge
(Avs =180 cm™).

The disagreement for the CO; adsorption mechanism of K-LDOs might be due to the
adoption of various compositions (Mg/Al ratio and K>COs loading ratio), synthesis
procedures of LDH precursors, and testing gases with different CO; partial pressures.
There are evidences suggesting that the Mg/Al ratio and K,CO; doping work
cooperatively and together play an important role in the CO> adsorption of K-LDOs.
For instance, although previous researchers concluded that there is an optimal Mg/Al
molar ratio between 1.3 and 3.5 for the CO, adsorption of Mg-Al-CO3 [23.25.40],
Coenen et al. [41] recently found that the CO» adsorption capacity of 20 wt.% K>COs-
impregnated Al2O; and Mg-Al-CO3; LDOs (Mg/Al ratios: 0.55 and 2.98) at 400 °C
increases with increased Mg/Al ratios. In fixed-bed scale tests, significant amount of

residual CO2 impurities was observed in the product hydrogen before breakthrough
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when alkali metal promoted MgO or LDOs with a high Mg/Al ratio were adopted as
CO; adsorbents [42-44]. However, Zhu et al. [8,9] found that the thermodynamically
balanced CO; pressure of K-MG30 at 400 °C can be lower than 92 x 10°® atm. To the
best of our knowledge, the cooperative effects of Mg/Al ratio and K»CO3 doping on the
nature of the CO; adsorption sites in K-LDOs has not yet been considered.

To clarify the roles of KoCOs3 doping on LDOs, K>COs-impregnated Al,O3, MgO, and
LDOs with different Mg/Al ratios (0.55, 2.17, 2.98) were synthesized and
comprehensively characterized in this work. The CO; adsorption performance of
samples at 400 °C was investigated in terms of working capacity, adsorption/desorption
kinetics and isotherms. To examine the CO adsorption mechanism, the
adsorption/desorption process on KoCOs-impregnated samples including K-AlO3, K-
MG30, K-MG70, and K-MgO was monitored by in situ FTIR. The basic strength of the
CO; adsorption sites in K-LDOs was also evaluated by thermal programmed desorption
(TPD).

2. Materials and methods

2.1. Sample preparation

ALO3 (99.7% purity, Sinopharm Chemical Reagent Co., Ltd., China), MgO (98.5%
purity, Sinopharm Chemical Reagent Co., Ltd., China), and three commercial LDHs,
namely, MG30 (Mg/Al ratio: 0.55), MG63 (Mg/Al ratio: 2.17), and MG70 (Mg/Al ratio:
2.98) (Sasol, Germany), were used as precursors. Typically, 10 g of sample was added
to 50 mL of an aqueous solution containing a specific amount of K2CO;3 or deionized

(DI) water for non-impregnated samples. The mixture was then stirred for 1 h at room
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temperature, dried in an oven for 3 h at 120 °C, and calcined in a muffle furnace for 3
h at 450 °C. The synthesized samples were designated as Ka-B, where A represents the
K>COs3 loading (10, 20, 30, or 40 wt.%) and B is the precursor (Al2O3, MgO, MG30,
MG63, or MG70). For the water scrubbing process, the calcined samples were washed
with DI water until pH 7, and was redried/recalcined. Samples subjected to water
scrubbing were designated as Ka-B(w).

2.2. Sample characterisation

The crystal structure of samples was analysed by XRD using an X’Pert Pro MPD
diffractometer (Philips, Holland) with Cu K, radiation. The accelerating voltage and
current were 40 kV and 40 mA, respectively. The diffraction patterns were recorded in
the range 10°-90° with a step size of 0.02°. The nitrogen BET specific surface area and
pore size of samples were measured using a 3H-2000PS analyser (Beishide, China).
Prior to analysis, samples were degassed at 150 °C overnight. The surface areas Sggry
and average pore diameters D, were calculated based on the BET method, whereas
the pore volumes ¥V, between 2 nm and 90 nm were measured using the Barrett—
Joyner—Halenda desorption method. The micropore volumes Vo Were calculated
using the T-plot method. The morphologies and elementary distributions were detected
via MERLIN compact scanning electron microscope (SEM) equipped with an Oxford
energy dispersive spectroscopy (EDS). Sample powders were sprayed with platinum
before experiments.

2.3. Evaluation of CO2 adsorption performance

The CO» adsorption/desorption performance was evaluated by thermogravimetric
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analysis (TGA) on a Q600 TGA analyser (TA Instruments). Prior to analysis, about 15
mg of adsorbent was placed on a microbalance and calcined in situ at 450 °C for 1 h
under a 100 mL/min N> flow rate to avoid the reconstruction of samples when exposing
to the atmosphere due to the “memory effect” [23]. The temperature of the furnace was
then set to the testing temperature (400 °C). After the sample weight became stable, the
inlet gas was alternately switched between CO; and N at 1 h intervals. A gas flow rate
of 300 mL/min was used during analysis to avoid the replacement effect caused by the
system dead volume [45]. The CO; isotherms at 0—1 atm and 400 °C were measured on
a 3H-2000PH instrument (Beishide, China) with 2—5 g of samples using the previously
described static volumetric method [46]. The CO2 working capacity of samples qco,
was calculated according to the mass variation during the adsorption and desorption

processes (Eq. (1)) [41.,47].

abs(Amgq4s) +abs(Amges)

(1)

1¢02 = T aMco, myampte

Where, Am,qs/Amgyes represents the weight of adsorbed/desorbed CO> during
adsorption/desorption process (g), Mco, represents CO, molar mass (mmol/g), and
Msample Tepresents the sample initial weight (g). Different with some published works
that only adopted the CO; adsorption capacity [22,28,31], the capacities of both the
adsorption and desorption were considered here, which was more instructive for the
application in pressure swing adsorption processes.

2.4. Evaluation of CO2 adsorption mechanism

In situ FTIR experiments were carried out on a Bruker Tensor 27 analyser (Bruker Optik,

Germany) at 4 cm™! resolution and 32 scans. Prior to analysis, the powder sample was
y y p p
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pressed into a wafer of 13 mm diameter and 12 mg/cm? thickness. The sample was then
introduced into a stainless steel cell with KBr windows and a maximum operating
temperature of 1000 °C, and calcined in situ at 450 °C for 1 h under a 60 mL/min He
flow rate. After cooling to 400 °C, the IR spectra during adsorption and desorption were
recorded by switching the gas between CO; and He at 1 h intervals, and the difference
spectra were obtained by subtracting the original sample spectra.

CO,-TPD experiments were carried out using a Q600 TGA instrument. After
calcination at 450 °C, the temperature was adjusted to 400 °C and the inlet gas was
switched to CO2 at a flow rate of 100 mL/min for 1 h. Subsequently, the temperature
was decreased to room temperature, and the inlet gas was switched again to He at the
same flow rate for 30 min to remove the physically adsorbed CO>. The CO,-TPD
profiles were obtained by increasing the temperature up to 800 °C at a heating rate of
10 °C/min. The thermal decomposition profiles were obtained using the same procedure
but without the CO> adsorption step.

3. Results and discussion

3.1. Material characterisation

XRD patterns of K20-Al2O3, K20-MG30, K20-MG63, K20-MG70, and K20-MgO were
shown in Fig. 1(a), and patterns of AlbO3, KoCO3, and MgO were shown in Fig. S1
(Supporting Information, the same below). The results reveal that K2o-MgO kept a well-
crystallized MgO structure after calcination, whereas all K-LDOs showed majority
amorphous structures with low intensity MgO Bragg reflections due to the collapse of

layered structures [20]. The MgO Bragg reflections in K-LDOs shifted to higher 26
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angles and their intensity decreased with the increased Al content, which was an
evidence that the octahedral Mg?" ions in MgO structures were partially substituted by
APP". In addition, peaks for bulk K2CO3 were more clearly observed in the pattern of
K20-MgO, probably due to the well-crystallized structure reduced the chemical
incorporation and dispersion of K2COs3 in the sample surface. The surface area and pore
volume of non-impregnated and impregnated samples calculated by N> adsorption-
desorption isotherms at 77 K were shown in Fig. 1 (b) and (c), respectively. All the
samples exhibited a type IV isotherm according to the IUPAC classification, in
agreement with the literature data [22,45]. LDOs/K-LDOs and MgO/K-MgO showed
no adsorption limitations at relatively high pressures, which is typical of the H3
hysteresis loop observed for plate-like particles with slit-shaped pores. Al2O3/K-AlO;
showed an H4 hysteresis loop, which is commonly associated with narrow slit-shaped
pores.

Table 1 lists the textural properties of samples including the surface areas, average pore
sizes, and pore volumes. As expected, all samples were mesoporous materials with very
limited micropore volumes. Interestingly, the increased surface area of LDOs with the
increased Al content might indicate the partial substitution of Mg®" with AI** created
more defects on the octahedral MgO structures (Fig. | (d)). The surface area and pore
volume of all samples rapidly decreased after KoCOj3; impregnation, which was due to
the blockage of small pores by K.COj3 [48].

Fig. 1. (a) XRD patterns of 20 wt.% K2CO3 impregnated samples after calcination

at 450 °C; (b) N2 adsorption-desorption isotherms for non-impregnated samples;
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(c) N2 adsorption-desorption isotherms for K2CO3 impregnated samples; (d) BET
surface area for non-impregnated samples.

Table 1. Textural properties of the samples.

Fig. S2 and Fig. 2 shows SEM and EDS results of Al,O3, MG30, MG63, MG70, and
MgO with and without KoCOs doping, respectively. The slit-shaped morphologies of
all K2COs-impregnated samples agreed well with the conclusions of N> adsorption
isotherms. One obvious difference after KoCOs doping was that some needle-like
species was formed on the surface of samples, and could be more clearly observed when
increasing the KoCOj3 loading ratios (Fig. 2(c)). This species was also confirmed by
other researchers, which belonged to the bulk KoCOs [24.,49]. On the other hand, EDS
results indicate that the K element was detected not only in the bulk phase but also
throughout the whole surface of particles. Therefore, it was deduced that the
impregnated K>COs also participated the surface modification.

Fig. 2. SEM image and K distribution of (a) K20-Al203; (b) K20-MG30; (¢) Kao-
MG30; (d) K20-MG63; (e) K20-MG70; (f) K20-MgO.

3.2. Characterisation of CO: adsorption/desorption performance

Fig. 3 shows the CO; adsorption results of Al,O3, LDOs, and MgO before and after
K2COs doping. Before impregnation, LDOs exhibited higher CO2 working capacities
at 400 °C than both AlbO3 and MgO (Fig. 3(a),). Although the Mg-O sites are supposed
as the main CO; adsorption sites of Mg-Al-COs3 [ 50], the working capacity of pure MgO
at elevated temperatures was very low due to its slow kinetics and high CO»

thermodynamic equilibrium pressures at temperatures above 300 °C [51]. On the other
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hand, Al-O sites were not the main CO> adsorption sites for LDOs as demonstrated by
the poor CO> working capacity of pure Al,Os. Therefore, the introduction of AI** in
LDOs was assumed to change the CO2 adsorption basicity of Mg-O, making it more
reactive toward CO>. Among all three types of LDOs, MG63 with a Mg/Al ratio of 2.17
showed the highest working capacity of 0.320 mmol/g. In fact, previous work exhibited
the same trend in the CO; adsorption capacity of LDOs [25]. Considering the three
types of LDOs have a similar CO> adsorption/desorption kinetics, which will be
discussed below, the finding in Fig. 3(a) agreed well with previously reported results.
The decrease in CO; working capacity with further decreasing Mg/Al ratio lower than
2.17 might be attributed to the decrease in total Mg-O adsorption sites. Fig. 3(b) shows
the effect of K2COs loading ratios on the CO2 working capacity. The CO> working
capacity of K-MG30 after impregnation with 20 wt.% K>COs reached the highest value
of 0.624 mmol/g. Further increasing the K2COj3 loading resulted in a decrease in CO2
working capacity to 0.430 mmol/g (40 wt.%) that we ascribe to blockage of the
mesopores within the LDO by KoCOs (Table 1). Therefore, the KoCOs loading ratio
was fixed at 20 wt.% in this study.

Fig. 3. CO2 working capacity at 400 °C of (a) samples with different Mg/Al ratios,
(b) MG30 with different K2CO3 impregnation ratios, (c) 20 wt.%-impregnated
samples with different Mg/Al ratios, and (d) 20 wt.%-impregnated samples at (.01
atm COz: partial pressure.

Fig. 3(c) shows that after KoCO3; impregnation, the CO, working capacity of all the

samples (Al2O3, LDOs, and MgO) was 2-5 times larger than that of non-impregnated
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samples. Unlike non-impregnated samples, the CO2> working capacity showed a
positive correlation with the total number of Mg-O adsorption sites. The K20-MgO with
the highest Mg content owned the highest CO> working capacity of 0.883 mmol/g. The
improvement of CO» capture ability of LDOs after alkali carbonates impregnation was
commonly observed by researchers. Table 2 compared the CO> adsorption capacity of
LDOs and K-LDOs between this work and literatures. Considering alkali carbonates
have no CO; working capacity at elevated temperatures (Fig. S3), the remarkable
enhancement effect upon K>COs impregnation on LDOs needs further in-depth study.
Table 2. Comparison of CO: adsorption capacities of LDOs at temperature T and
CO: partial pressure pco, before and after K2CO3 impregnation.

Subsequently, the CO2 working capacities of K2o-Al203, K20-LDOs, and K20-MgO were
measured using an inlet gas mixture composing of 1% COz in N2. As shown in Fig. 3(d),
despite having the largest CO> working capacity at 1 atm, the K20-MgO showed the
lowest value at low CO; partial pressures, whereas the K-LDO with the lowest Mg/Al
ratio, K20-MG30, exhibited the highest CO> working capacity of 0.252 mmol/g. The
ability to reversibly adsorb/desorb trace amounts of CO; is particularly important in the
production and purification of high-purity H» for fuel cells [9]. Our results suggest that
the basicity of the CO adsorption sites in K-LDOs was largely affected by both Mg/Al
ratio and K»COj3 impregnation; specifically the partial replacement of Mg*" with AI**
combined with K,CO3 impregnation may create stronger CO> adsorption sites with
higher thermodynamic stability after adsorbing CO».

The CO; adsorption/desorption kinetics of samples was analysed using normalized CO»
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uptakes (Fig. S4) at 400 °C. All non-impregnated samples showed similar normalized
kinetics (except for the faster initial desorption rate of Al>Os3), with about 80% of
desorption ratio after 60 min of desorption. After impregnating KoCOs3, the adsorption
kinetics of K20-Al2O3 and K20-MgO increased and reached an equilibrium after 20 min
adsorption, whereas the CO> adsorption on K-LDOs continued during the whole
adsorption process. The adsorption kinetics of K-LDOs conforms to an Elovich-type
behavior owing to the heterogeneity of the adsorption sites [22]. The desorption curves
of impregnated samples show that CO> was more difficult to desorb from K-LDOs with
higher Al content, which is in agreement with the results in Fig. 3.

The CO; isotherms of K20-Al203, K20-MG30, and K20-MgO between 0 and 1 atm were
measured (Fig. 4). The relationship of CO, working capacities for the three adsorbents
at high and low partial pressures were consistent with the TGA results shown in Fig.
3(c) and (d). The CO> working capacity of K20-MgO had a fast increase between 0 and
0.8 atm and the increase rate slowed down after 0.8 atm. Considering the
thermodynamic equilibrium temperature for the carbonation reaction of MgO is 303 °C
at 1 atm (Fig. S5), the fast increase of CO, working capacity below 0.8 atm indicated
the change of CO» thermodynamically balanced pressure after K2CO3 impregnation.
Fig. 4. COz isotherms of K20-Al203, K20-MG30, and K20-MgO at 400 °C.

3.3. Mechanistic role of K2CO3 impregnation and Mg/Al ratio

In situ FTIR experiments were performed to get a deeper insight on the role of KoCOs
impregnation and Mg/Al ratio in the CO> adsorption of K-LDOs. The IR spectra of Kao-

AL O3, K2o-LDOs, and K20-MgO pretreated at 450 °C were recorded and are shown in
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Fig. S6. A broad absorption band between 1300 cm™! and 1600 cm ™' was observed for
all samples, which is due to the overlapping of the vs stretching vibration of surface
carbonates and the 2v; stretching vibration of bulk K2COs (1443 cm™). The vibration
at 1414 cm™!' was ascribed to the v; stretching mode of free carbonate ions. After
coordination with metal ions, the vs stretching band was split into two peaks due to the
surface rearrangement of carbonates reduces the symmetry [37]. The appearance of the
vibration at 1744 cm™! after KxCO3 impregnation was ascribed to the v3 vibration of
bulk K>CO3, and was consistent with the XRD results in Fig. 1(a).

By subtracting the original sample IR spectra, the differential IR spectra of 20 wt.%
K>COs-impregnated samples during CO; adsorption/desorption at 400 °C were
obtained in Fig. 5, and those for non-impregnated samples were shown in Fig. S7. Table
3 lists the IR bands for KoCOs-impregnated samples in literatures and this work. Before
K>COs3 doping, all the samples exhibited very weak vibrations for bidentate carbonates
with a similar Av of 372-389 cm™!. Additional vibrations with a Av of 295 cm™! appeared
in MgO, which also belonged to bidentate carbonates but with stronger bonding
strength. After KoCOs doping, changes in the IR difference spectra were more clearly
observed owing to enhanced CO, capacities. Vibrations at 1626 cm™! and 1290 cm™
with a Av of 336 cm™ for K20-MgO can be ascribed to the asymmetric and symmetric
stretching of bidentate carbonate. These vibrations appeared immediately after
adsorption, increased with adsorption time but at a slower increasing rate, and were still
observed after 60 min desorption, which was consistent with the change of CO» uptakes.

Interestingly, negative bands were observed near the characteristic vibrations of bulk
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K>COs, indicating that some of bulk KoCOj participated in the CO> adsorption. This is
in agreement with the results of in situ XRD study that the improvement of the
adsorption performance of MgO after KoCO3 was mainly due to the formation of K-
Mg double carbonates with higher thermal stability (Eq. (2)) [54,55]. In fact, Duan et
al. [56] studied the thermodynamic equilibrium of K>COs-impregnated MgO by ab
initio calculations, and concluded that mixing with the metal carbonate increases the
CO; adsorption temperature of pure MgO.

K,CO3; + MgO + CO, < K,Mg(C03), (2)
Fig. 5. IR difference spectra of samples during CO:z adsorption/desorption at 0
(within seconds), 1, 3, 5, 10, 20, 40, and 60 min (400 °C, 1 atm).
Table 3. IR bands (cm™) of K2COs-impregnated samples.
Similar to K20-MgO, the adsorption vibrations of bidentate carbonate at 1643 cm™! and
1279 cm™! were observed in the spectrum of K20-Al,Os. These vibrations were weaker
than those of K20-MgO due to a lower amount of adsorbed CO> of K20-Al203. The Av
of the v3 vibrations was 364 cm™!, which was larger than that of K»0-MgO, but smaller
than that of pure Al,O3 [57]. In addition, no negative bands were detected for the bulk
K>COs. Hence, the promotional effect of KoCO3 impregnation on the CO adsorption
capacity of Al,O3 was only due to surface modification. The K" ions reacted with A1O3
to form new adsorption sites that have a higher affinity to CO-, as the coordination with
K" ions having low polarisation energy increased the symmetry of the vs bands.
The vibrational bands of bidentate carbonates at 1603 cm™ and 1302 cm™' were

detected in the spectrum of K»0-MG70. The Av value of 301 cm™! was lower than that
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observed in the spectra of AI-O and Mg-O but higher than that of K-O [38], suggesting
that K" reacted with the surface of MG70 to form K-O-Mg adsorption sites. Compared
to MgO with a perfect crystal structure, a higher amount of unsaturated oxygen has
been reported on the surface of MG70 due to partial replacement of AI** with Mg?" and

escape of AI**

from the lattice sites during calcination [24]. These findings suggest that
K" reacted more easily with unsaturated oxygen on K»-MG70 to form K-O-Mg
adsorption sites. In addition, the negative bands of bulk K»COs3 also appeared for Kao-
MG70, suggesting that the enhancement effect of KoCO3 on MG70 might be due to
both surface modification and reactivity of bulk K»COs. To verify the above hypothesis,
the working capacities of K2o-MG70(w) and K20-MgO(w) subjected to water scrubbing
after calcination were studied and compared with those of K20-MG70 and K20-MgO
(Fig. 6). As expected, for both samples, the working capacity decreased due to the loss
of bulk K>COs. However, the decreasing ratio for K2o-MG70(w) (44.7%) was smaller
than that for K»0-MgO(w) (68.3%). Notably, the working capacity of K20-MG70(w)
(0.399 mmol/g) was still much higher than that of the corresponding non-impregnated
sample (0.195 mmol/g). The IR difference spectra for K20-MG70(w) and K2o-MgO(w)
in Fig. 7 indicates that the negative bands of bulk K,COs disappeared after water
scrubbing and bidentate carbonates were formed in both samples but with increased Av
of 350 cm™ for K20-MG70(w) and 363 cm! for K20-MgO(w). The Av value was still
lower than that of MG70 (385 cm™!), which suggests that the enhanced working capacity

of K-LDOs after water scrubbing compared to those without KoCO3 doping was due to

the surface modification of the strongly bonded K ions.
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Fig. 6. CO2 working capacity of samples at 400 °C after water scrubbing.

Fig. 7. IR difference spectra of samples after water scrubbing during CO:
adsorption/desorption at 0 (within seconds), 1, 3, 5, 10, 20, 40, and 60 min (400 °C,
1 atm).

Compared to K20-MG70, the adsorption difference spectrum of Ko-MG30 with a
higher Al content was more complex. Besides the typical bands of bidentate carbonate
(1598 cm™! and 1321 cm™), vibrations at 1508 cm™ and 1396 cm™ were detected,
which could be attributed to the asymmetric and symmetric stretching of more basic
unidentate carbonate. The formation of adsorption sites for unidentate carbonate may
be responsible for the high adsorption capacity of K20-MG30 at low CO; partial
pressures. Moreover, no negative bands for bulk K»CO3 were observed, indicating that
surface modification was the main adsorption enhancement factor for K20-MG30.

The basicity of K20-MG30, K20-MG70, and K20-MgO was studied by CO>-TPD (Fig.
8). As samples may decompose after 450 °C, the actual CO» desorption curve during
heating was estimated from the difference spectra between CO2-TPD and the thermal
decomposition spectra. As expected, the maxima of the CO> desorption curves of K-
LDOs shifted to higher temperatures with increasing the Al content, indicating the
higher basicity of CO; adsorption sites. The peak width of K20-MG30 was larger than
those of K20-MgO and K20-MG70 because of the existence of adsorption sites of both
low (bidentate carbonate) and high basicity (unidentate carbonate).

Fig. 8. Difference spectra between the CO:-TPD and thermal decomposition

spectra.
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Combined with the above results, a possible CO> adsorption route of K-LDOs were
illustrated in Fig. 9. The enhancement of K2COs; impregnation on the CO; working
capacity of LDOs resulted from both the surface modification and the existence of bulk
K>2COs. In K-LDOs with high Mg/Al ratios, the crystal structures of MgO were well
preserved after calcination, which made the easier formation of bulk K>COs. During
CO; adsorption, the bulk KoCOs3 participated into the reaction and formed K-Mg double
carbonates with higher thermal stability. When reducing the Mg/Al ratio, the partial
substitution of Mg?* with AI** created more unsaturated oxygen on the surface of K-
LDOs. The unsaturated oxygen was then reacted with the impregnated K ions, creating
K-O-Mg adsorption sites with higher basicity. The adsorbed CO: on the surface of K-
LDOs mainly formed reversible bidentate carbonates. However, unidentate carbonates
would be also formed in K-LDOs when further reducing Mg/Al ratios, which was able
to capture extremely low concentration CO»

Fig. 9. Schematic illustration of the possible CO:z adsorption routes of K-LDOs.
4. Conclusion

In this work, the CO» adsorption mechanism of K-LDOs with different Mg/Al ratios
was studied by in situ FTIR. For K20-MG70, the bulk K2COs3 on the surface participated
into the CO; adsorption and formed K-Mg double carbonates with high thermodynamic
stability, which allowed the increase of operating temperatures at a given CO» partial
pressure. On the other hand, the K»CO3 doping was also demonstrated to enhance the
CO; adsorption capacity of K20-MG70 through surface modification. The K* ions were

speculated to react with the surface unsaturated oxygen, forming K-O-Mg adsorption
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sites with higher reaction activity. The surface modification dominated in K-LDOs with
a low Mg/Al ratio, probably because of increased unsaturated oxygen sites created by
the substituted of AI**. The basicity of the CO, adsorption sites of K-LDOs increased
with increasing Al content, and K20-MG30 showed the largest CO>-TPD peak width
due to the existence of both weak (bidentate carbonate) and strong adsorption sites
(unidentate carbonate). To the best of our knowledge, the promotion effect of bulk
K2COs on the CO» adsorption thermodynamic stability of K-LDOs with high Mg/Al
ratios and the reason for the trace CO; adsorption ability of K-LDOs with low Mg/Al
ratios have not been reported yet. These findings about the synergistic mechanism of
K>2COs doping and Mg/Al ratio might provide solutions for the design of efficient CO:
adsorbents and systems with either/both higher CO> working capacities or/and deep

purification abilities.
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Fig. 1. (a) XRD patterns of 20 wt.% K2CO3 impregnated samples after calcination
at 450 °C; (b) N2 adsorption-desorption isotherms for non-impregnated samples;
(¢) N2 adsorption-desorption isotherms for K2CO3 impregnated samples; (d) BET

surface area for non-impregnated samples.
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633  Fig. 6. CO2 working capacity of samples at 400 °C after water scrubbing.
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646  Fig. 9. Schematic illustration of the possible CO:z adsorption routes of K-LDOs.
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