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ABSTRACT

CO2 capture and storage (CCS) is a technological solution to stabilize or even reduce the atmospheric
concentration of the greenhouse gas CO., to mitigate climate change. In this context, MgO is a
promising solid CO> sorbent, as the energy penalty sorbent regeneration is comparatively small, but
it requires the addition of promoters, typically alkali metal nitrates, to yield acceptable kinetics. Under
operating conditions, the promoters are in a molten state. The main objectives of this work are (i) to
assess experimentally the validity of different reaction mechanisms for the CO> uptake of promoted
MgO that are currently debated in literature and (ii) to elucidate the processes that lead to sorbent
deactivation. Our experimental results support the mechanism in which the dissolution of MgO in the
molten nitrate promoter is the rate-limiting step for carbonation. We were able to establish a direct
correlation between the solubility of MgO in the promoter and the initial rate of carbonation. In
addition, a systematic study of a large number of promoter compositions (mixtures of LiNOz, NaNOs,
KNO3) indicate that promoters with a lower melting point exhibit higher CO, uptakes, presumably
due to their lower viscosity and, thus, higher ion mobility at a given temperature. Concerning the
cyclic stability of promoted MgO, a decay of its CO> uptake with number of carbonation/calcination
cycles is ascribed only partially to sintering. Instead, the surface migration of the promoter was
identified as an at least equally relevant deactivation mechanism. Importantly, it was also found that
the CO> uptake of the deactivated sorbent can be restored to a large extent with a simple hydration
step.
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1 INTRODUCTION

The atmospheric concentration of carbon dioxide (COz) has increased by more than 45 % with respect
to pre-industrial levels, highlighting that anthropogenic emissions of CO. are most likely the main
contributors to global warming 2. Since the worldwide consumption of fossil fuels still increases
year by year, coal, oil and natural gas are expected to maintain their major role in the global energy
mix in the near- to mid-term future 3. Therefore, the deployment of industrial CO capture and storage
(CCS) technologies will be critical to achieve an appreciable reduction of anthropogenic CO;
emissions in the near term 4,

Among the different technologies proposed for CCS, the use of solid sorbents is receiving increasing
attention, owing to their low cost and relatively high sorption capacity >7. In particular, alkaline earth
metal oxides can capture CO> through the carbonation reaction and are regenerated via the reverse,
i.e. calcination reaction, typically performed by a temperature swing. The feasibility of such a cyclic
operation has already been tested in a number of pilot plants, using limestone-derived CaO as the
CO; sorbent 8. However, pure CaO suffers from a poor cyclic stability owing to a sintering-induced
capacity decay °. Despite recent efforts to improve the cyclic stability of CaO-based sorbents 1911, the
full-scale implementation of CaO-based CCS is still associated with a high energy penalty due to the
high temperature for sorbent regeneration 12,

This has triggered a resurgence of research aiming at using magnesium oxide (MgO) as a CO2 sorbent.
When compared to CaO 3, MgO offers (i) a higher theoretical CO2 uptake capacity of ~1.09 g CO2/
g MgO and (ii) operation in a low- to moderate temperature range (i.e., 200 — 450 °C), and thus a
reduced energy penalty for sorbent regeneration when compared to e.g., CaO, Li»ZrOs '* and LisSiOa
15, The underlying CO; capture reaction of MgO is its carbonation, viz.

MgO(s) + CO,(g) © MgCO3(s)  AHY%gx = F116.9 kJ mol™t (1)

Regeneration (i.e., the release of a pure stream of COy) is typically performed via a temperature swing

(calcination reaction) which requires temperatures exceeding 400 °C to yield a stream of pure CO>
16

However, in spite of its high theoretical capture capacity, the actual CO; uptake of pure MgO is
significantly lower, i.e., <4 wt. %. This has been attributed to the rapid formation of a dense MgCOs
layer on its surface, hindering the further carbonation of unreacted MgO through mass transfer
limitations 1718, Therefore, the primary focus of previous research efforts has been the development
of approaches to reduce the limitations due to product layer formation. For example, Zarghami et al.
16 found that increasing the system pressure to 20 bar and adding 30 vol. % water vapor improved the
apparent rate of carbonation, leading in turn to an almost complete conversion of the solid sorbent.
Ding et al. 1° showed that even at atmospheric pressure MgO can indeed reach CO2 uptakes that are
four times higher than for the reference dry gas when exposed to 70 % relative humidity. Yet, the
recorded CO; uptakes were still far from the maximal theoretical CO> uptake capacity of MgO. The
improved Kinetics in the presence of steam was attributed to an adsorbed layer of water which may
promote the formation of Mg?*ions 18,

More recently, the addition of alkali metal nitrates (e.g., LINO3z, NaNOs, KNO3) to MgO has been
found to increase appreciably its CO, uptake capacity. Vu et al. 2° reported that MgO-KNO3
composites yielded a CO» uptake of 13.9 wt. % for a carbonation time of 2 h at 325 °C. Zhang et al.
21 and Prashar et al. ?? obtained NaNOs-promoted MgO by ball milling or impregnation and reported
a CO; uptake as high as 57.6 wt. % after 1 h of carbonation at 330 °C. Harada et al. 2 showed that
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MgO coated with a ternary mixture of Li, Na, K nitrates yielded a CO, uptake of 43.6 wt. % for a
carbonation time of 4 h at 300 °C. In addition, the material showed a satisfactory regenerability and
faster carbonation kinetics compared to MgO mixed with a single nitrate. It is worth noting that the
promoting effect of NaNOs was also reported for dolomite 24, Na-Mg double salts 2° and synthetic
hydrotalcite 26. The most recent works that aimed at improving the mixing between the promoter and
MgO reported CO; uptakes as high as 0.7-0.8 g CO2/g sorbent 27-31,

Although it has been established that the addition of alkali metal nitrates improves appreciably the
CO; uptake of MgO, the mechanism through which alkali metal nitrates promote the CO; uptake is
currently not completely understood and different hypotheses have been put forward 2123, Given the
typical reaction temperatures for the carbonation of MgO (viz. 250 — 350 °C), it can be assumed that
the promoters are in a molten state.

Harada et al. 23 and other researchers 203233 have argued that the molten layer of nitrates acts primarily
as a diffusion medium for CO., allowing for an improved contact between MgO and the gaseous
reactant. While carbonation on bare MgO produces a rigid, monodentate carbonate layer impermeable
for gaseous reactants, in nitrate-promoted MgO the molten layer dissolves CO> and, owing to the high
concentration of oxygen (O%) ions in the nitrate melt, carbonate (CO3>") ions form rapidly % leading
in turn to the fast formation of MgCOs. On the other hand, Zhang et al. 2> and other investigators 343
have hypothesized that the main role of the molten nitrates is to dissolve bulk MgO, thus overcoming
its high lattice energy barrier for carbonation. The dissolution of MgO leads to [Mg?* --- O%] ionic
pairs. The CO> adsorbed on bare MgO can migrate to the gas-liquid-solid interface and react with the
solvated ionic pairs in the melt to form [Mg?* --- CO3*7] pairs, which eventually, upon saturation,
precipitate as solid MgCOs. In the first reaction model the carbonation of MgO is controlled by the
solubility of CO> in the nitrates, while in the second reaction scheme the dissolution of MgO in the
promoter melt is the rate controlling step. Elucidation of the validity of the two reaction schemes
proposed is a critical step to develop more effective MgO-based CO- sorbents 3.

Besides the reaction mechanism, it is currently also unclear which properties of the promoters control
the CO; uptake. Although it has been established that the promoter has to be in a molten state to be
effective, differences in the CO2 uptake between a number of promoters have not been explained yet
2% Hence, a systematic study of a large variety of promoters (and mixtures thereof) at identical testing
conditions is of interest to the community as it would allow the identification of the promoter
properties that are most relevant for the optimization of the CO, uptake of MgO. Such a systematic
study is reported here.

Another concern related to promoted MgO-based CO- sorbents is their deactivation with number of
carbonation and calcination cycles. Indeed, deactivation in the range of 30-60% of the initial uptake
has been reported 233334, Previous studies have attributed the decay in the CO, uptake of MgO largely
to sintering, however without providing experimental evidence 23272 assuming instead an analogy
to the behavior of CaO-based sorbents 1011:37.38 QOnly recently, Zhao et al. 3! provided evidence that
the surface area and pore size of a NaNOs-promoted mesoporous MgO sorbent decreased after
carbonation and subsequent regeneration. However, recent work indicates that the loss of CO>
carrying capacity might not only be related to changes in the morphology of the material (i.e. pore
volume and surface area), but also due to some partial de-wetting of the MgO surface . Observing
a different contact angle of NaNOs drops on MgO and MgCOs surfaces, Jo et al. % argued that the
“repulsive” carbonate surface might lead to a migration of NaNO3z upon carbonation. As a
consequence, after regeneration, the surface of calcined MgO would have a poorer coverage with
NaNOg, leading to a lower active surface area and hence, a smaller CO> uptake. Yet, so far there is
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no experimental support for the deactivation mechanism proposed by Jo et al. *°. Elucidation of the
prevailing deactivation mechanism is important to devise countermeasures to re-activate a sorbent.

Considering the uncertainties concerning the reaction and deactivation mechanisms of promoted
MgO-based CO> sorbents, the systematic assessment of a large number of promoters and mixtures
thereof reported here, allowed us to narrow down further on the prevailing reaction and deactivation
mechanisms of this class of CO; sorbents. Using our improved understanding of the deactivation
mechanism, an inexpensive re-activation route is reported. The new insights reported here provide
the basis for the fabrication of more effective, yet inexpensive MgO-based CO; sorbents.

2 EXPERIMENTAL

Synthesis. Alkali metal nitrate-promoted MgO was prepared via the wet mixing of commercial basic
magnesium carbonate (Mgs(CO3)s(OH).2-4H20, Acros Organics), also known as hydromagnesite
(HM), with alkali metal salts and the subsequent calcination of the slurries obtained. Alkali metal
nitrates (LiINOs, NaNOs, KNO3z) were purchased from Sigma-Aldrich. In a typical synthesis, 6 g of
MgO precursor (corresponding to ~0.07 mol of Mg) and appropriate amounts of salts (5-70 % molar
ratio with respect to Mg) were mixed in 15 mL of deionized (DI) water and stirred magnetically for
1 hat room temperature. Table 1 summarizes the compositions of the synthesized samples. Therefore,
for a sample denominated e.g. MgO — 10 % mol NaNOs, 0.1 mol of sodium nitrate were used for
each 1 mol of Mg in the precursor. For a sample denominated e.g. MgO — 10 % mol (Li,Na,K)NOs
(eutectic), 0.1 mol of ternary nitrate mixture of eutectic composition (as expressed in Table 1) were
used for each 1 mol of Mg in the precursor.

The aqueous slurries were dried in an oven at 120 °C overnight, ground with a mortar and placed in
a muffle furnace for calcination in air (450 °C, 4 h, heating rate 3 °C/ min). The selected calcination
temperature allowed for a calcination of both MgCOs and Mg(OH). without causing a significant
decomposition of the alkali metal nitrate mixtures (expected to occur at temperatures exceeding 550
°C) 40,



Table 1: Summary of the composition and melting points of the salt mixture of the promoted MgO
samples.

Composition Melting point of
Salt mixture (molar fraction in the mixture) the salt mixture

LiNOs NaNOs KNOs3 (°C)?

LiNOs 1 - - 255
NaNOs - 1 - 308
KNOs3 - - 1 334
0.9 - 0.1 240

0.7 - 0.7 200

(Li,K)NOs 0.45 - 0.55 130"
0.3 - 0.7 200

0.1 - 0.9 300

- 0.9 0.1 290

- 0.8 0.2 270

- 0.6 0.4 230

(Na,K)NO: : 0.46 0.54 2210
- 0.4 0.6 230

- 0.25 0.75 270

0.8 0.2 - 230

0.6 0.4 - 200

(Li,Na)NO3 0.5 0.5 - 200°
0.4 0.6 - 220

0.2 0.8 - 270

0.3 0.5 0.2 215

(Li,Na,K)NO3 0.3 0.18 0.52 120°
0.3 0.1 0.6 160

a: Experimentally determined melting point of the mixture of alkali metal nitrates .
b: Eutectic point of the binary or ternary mixtures 4243,

In control experiments, MgO was replaced by CaO or aluminum oxide (Al20z3), while alkali metal
carbonates (Li2CO3, Na,COs, KoCOg), silver nitrate (AgNOs) and chlorides (LiCl, KCI) were
assessed as alternative promoters. In addition to HM, the following MgO precursors were also used:
commercial magnesium hydroxide (Mg(OH)2, Sigma-Aldrich) and laboratory-synthesized
magnesium carbonate (MgCQOz). The latter was prepared by the precipitation of a 1 M solution of
magnesium nitrate (Mg(NOs)2, Sigma-Aldrich) with a 2 M solution of sodium carbonate (Na2COs,
Sigma-Aldrich). During precipitation the pH value was kept constant (pH = 11) through the dropwise
addition of a 3 M solution of sodium hydroxide (NaOH, Fisher Chemicals). The performance of the
MgO-based sorbents that have been derived from other precursors than commercial HM are reported
in Fig. S1 of the Supporting Information (SI).

Performance characterization. The CO, uptake of the sorbents was measured in a
thermogravimetric analyzer (TGA, Mettler Toledo TGA/DSC 3+). A small amount (~10 mg) of the
sorbent was placed in an alumina crucible and pre-calcined at 450 °C under a N2 flow of 80 mL/min
for 30 min to remove adsorbed water and ensure that the sorbent was in the calcined state.
Subsequently, the sample was cooled down to the desired reaction temperature and the gas flow was
switched to CO2 (80 mL/min). Repeated cycles of carbonation and regeneration were performed at
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the desired reaction temperature in 100% CO- for 1 h and regeneration at 450 °C in 100% N for 15
min. The reaction conditions were chosen in accordance to previous reports, allowing for a
comparison between the different studies 2123, To assess the effect of steam on the CO, uptake
characteristics, the gas flow was bubbled through a saturator (located outside of the reaction chamber)
filled with de-ionized water. The steam concentration in the TGA at 300 °C was ~2.0 vol %.

XRD measurements. The crystalline phases present in the sorbents were investigated using X-ray
powder diffraction (Bruker, AXS D8 Advance) using Cu Ka radiation with a wavelength of 1.5406
A. The X-ray diffractometer was operated at 40 mA and 40 kV. Each sample was scanned within the
20 range of 10-90°. The step size was 0.025° with a time duration per step of 0.8 s.

The mean size t of the crystallites was estimated using the Scherrer equation:

KA

T=—
A, 5050

where K, A, A;,,and 6 are the shape factor (0.94 for spherical particles), the X-ray wavelength, the

peak width at half the maximum intensity and the reflection angle, respectively. Rietveld refinement
of the XRD data was performed using the FullProf suite 4.

DRIFTS spectra. Diffuse reflectance infrared spectroscopy (Nicolet, 6700 FT-IR) was employed to
characterize the carbonates formed. In situ DRIFTS data were collected by placing the sample in a
Harrick Praying Mantis cell. After heating up to 450 °C in N, the sample was exposed to a CO> flow
of 30 mL/min at different temperatures (100, 150, 200, 250, 275, 300, 350, 400 °C).

Solubility experiments. The dissolution of MgO in different alkali metal nitrates was studied by
immersing a single crystal of pure MgO (Sigma Aldrich) in a crucible filled with nitrate powder. The
mole ratio of MgO to alkali metal nitrate was maintained in each run. The dissolution of MgO took
place at 350 °C in a N2 atmosphere for 10 h. The amount of Mg retained in the cooled nitrate melt
was quantified by inductively coupled plasma-optical emission spectrometry (ICP-OES).

3 RESULTS & DISCUSSION
3.1 Characterization of synthesized sorbents

Fig. 1 shows SEM images and XRD patterns of a representative sample in which the HM
(hydromagnesite, Mgs(COz)4(OH)2-4H,0) precursor was promoted by 10 mol % NaNOz. The as-
prepared sample, (i.e. dried after the wet mixing of HM with NaNOs3), exhibits a plate-like
morphology that is indeed typical for HM 45. Upon calcination, MgO with an average particle
diameter of < 100 nm was obtained (Fig. 1b). Rietveld refinement of the XRD pattern of MgO - 10
mol % NaNO3z (Fig. S2) confirms that the phase composition of the material synthesized is close to
the expected values. The grain-like morphology of the sample is maintained after exposure to a CO-
atmosphere at 300 °C (Fig. 1c-d) leading to the partial conversion of MgO to MgCOg3, as confirmed
by XRD (Fig. 1e). After 10 carbonation and calcination cycles (carbonated state), the peaks due to
MgCOs appear less intense (relative intensities with respect to MgO peaks) compared to the first
cycle and, most likely due to a decreasing CO2 uptake with cycle number.
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Fig. 1: SEM images of MgO - 10 mol % NaNOs: a) after drying (as prepared), b) after calcination at
450 °C (calcined), c) after 1 h of carbonation at 300 °C in CO> (carbonated, 1 cycle), d) after 10
cycles of 1 h of carbonation at 300 °C and regeneration at 450 °C (carbonated, 10 cycles), Scale bars:
500 nm. e) XRD patterns of the samples shown in (a-d) and the identified phases at room temperature,
f) XRD patterns of MgO obtained from the calcination of pure HM, HM with NaNOs, and HM with
(Li,Na,K)NOa.

The XRD pattern of MgO promoted by NaNOs was compared to that of MgO obtained by the
calcination of pure HM under the same conditions without the addition of nitrates (Fig. 1f). MgO
peaks are considerably sharper in the sample calcined in the presence of NaNOgs, indicating that the
presence of alkali metal nitrates affects the average crystallite size of MgO. The average crystallite
size of the MgO obtained through the calcination of pure HM is 7-8 nm, while for MgO obtained
through the calcination of HM in the presence of NaNOs or a ternary nitrate mixture (i.e.,
(Li,Na,K)NO3) is noticeably larger (~20 nm). This suggests that the alkali metal nitrates accelerate
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the crystal growth of MgO. In addition, monitoring the calcination of HM in a TGA (Fig. S3), it was
observed that its promotion with NaNOs lowers the onset temperature of MgO formation when
compared to the unpromoted sample. Specifically, the temperature for MgO formation (identified as
the peak temperature of the associated weight loss event) is lowered by approximately 40, 55, and 75
°C in the presence of 2, 5, and 10 mol % NaNOg, respectively. The coarser morphology of NaNOzs-
or (Li,Na,K)NOs-promoted MgO translates into a significantly lower surface area of, respectively, 27
m?/g and 22 m?/g, compared to 284 m?/g for MgO obtained through the calcination of HM.

3.2 Alkali metal (Li, Na, K) nitrate promotion on the CO2 uptake of MgO
3.2.1 Temperature-programmed carbonation of unpromoted and promoted MgO

Fig. 2a plots the temperature-programmed carbonation (followed by TGA) of a series of alkali metal
nitrate-promoted MgO sorbents. The samples were exposed to CO2 while heating from 50 to 500 °C.
Unpromoted MgO showed an immediate CO» uptake at the very beginning of the experiment (i.e.,
50 °C), reaching its maximal CO- uptake at 150 °C and then slowly releasing the CO. absorbed with
increasing temperature. The broad CO- desorption peak can be attributed to different (surface) species
formed during the carbonation of unpromoted MgO, ranging from weakly physisorbed CO; to
chemisorbed monodentate carbonates 4647,

Conversely, for MgO samples promoted with alkali metal nitrates, the extent of carbonation was
negligible at low temperatures and accelerated abruptly after a threshold temperature was reached.
This threshold temperature, determined as the inflection point of the CO; uptake curve (see Fig. S4),
differed appreciably with the type of promoter used and appears to be linked to the physical state of
the promoter. At low temperatures, the nitrates are in the solid state, hindering the carbonation of
MgO by covering its surface with a solid film. When approaching the melting point of the alkali metal
nitrate, the kinetics of CO> absorption increased dramatically. For MgO-LiNO3 (MPLinoz = 255 °C),
the transition took place at 225 °C, whereas for MgO-NaNO3z (MPnano3z = 308 °C), the transition
occurred at 275 °C owing to its higher melting point. The observation that the enhanced CO>
absorption started at temperatures below the bulk melting temperature of the promoter can be
explained by the fact that close to the melting point, the surface of the promoter is already partially
disordered, leading to the partial formation of a liquid-like film at the interfaces (a phenomenon
known as “premelting” 4849). For example, NaNOs undergoes a solid-state transition from an ordered
to a disordered rhombohedral structure at 275 °C (33 °C below the melting point) °° and this structural
rearrangement might trigger premelting, which in turn can be related to the observed simultaneous
acceleration of CO; uptake.

Indeed, the onset temperature for the carbonation of MgO could be reduced further by its promotion
with eutectic mixtures of alkali metal nitrates 1. Fig. 2a shows that, by lowering the melting point of
the promoter through the use of a (Na,K)NOs eutectic mixture (60% NaNOs, 40% KNO3z; MP =230
°C), the onset temperature of carbonation is reduced to 230 °C. Using a ternary eutectic mixture
(Li,Na,K)NO3, MP =120 °C), the onset temperature of carbonation is reduced further to 160 °C. The
difference between the melting point of this promoting mixture and the onset temperature of
(significant) carbonation in the temperature-programmed experiment suggests that at low
temperatures the accelerating effect of the addition of alkali metal nitrates on the carbonation of MgO
is reduced. When the carbonation time is extended to 10 h, the promoting effect of (Li,Na,K)NO3
compared to unpromoted MgO is also visible at lower temperatures, i.e. near the melting point of the
promoter (see Fig. S5 for isothermal carbonation at 150 °C).



Temperature-programmed carbonation of MgO promoted with LiNO3z, NaNOs, (Na,K)NOs and
(Li,Na,K)NO3 was also probed by in situ DRIFTS (Fig. 3, same conditions as the TGA experiments
reported in Fig 2a). The analysis of the low frequency region of the infrared spectra of the materials
allowed to track the evolution and emergence of peaks due to nitrates and carbonates. In all of the
samples, the peak at 836 cm™, attributable to the out-of-plane bending of NOs™ shifted to lower
wavenumbers, 825 cm™, and broaden, upon heating, owing to melting of the salt (and in the case of
NaNOs the R3c—R3m phase transition from an ordered to a disordered rhombohedral structure) °2.
The emergence of peaks due to the v1, v2and va modes of the COs? ion is associated with carbonation.
For MgO-LiNOs (Fig. 3a) and MgO-(Na,K)NOs (Fig. 3c), the evolution of these peaks confirms a
gradual increase of CO> sorption from 250 °C onwards, while MgO-NaNO3z (Fig. 3b) shows fast
carbonation in the temperature range 300 - 350 °C. For MgO-(Li,Na,K)NOs (Fig. 3d), the DRIFTS
analysis confirms that carbonation proceeds already at 150 °C (emergence of a shoulder at 879 cm™;
out-of-plane bending motion (v2) of the carbonate ion), in line with the observations made by TGA
shown in Fig. S5.
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Fig. 2: CO. uptake of a series of MgO-based sorbents: a) CO. uptake of MgO promoted by 10 mol
% alkali metal nitrate during heating in CO- at a ramp rate of 10 °C/min; b) CO> uptake of MgO
promoted with different alkali metal nitrates (LiNO3, NaNOz, KNO3) at 300 °C in COg; ¢) conversion
of MgO promoted with different amounts of LiNO3z or NaNOs after 1 h carbonation in CO2 at 300 °C.
Inset plots the conversion of MgO as a function of volume of promoter added per mol of Mg; and d)
CO2 uptake of MgO promoted with eutectic mixtures of alkali metal nitrates: 1. (Na,K)NO3, 2.
(Li,Na)NOs, 3. (Li,K)NOs, and 4. (Li,Na,K)NOgz, carbonation in CO, at 300 °C compared to pure
MgO and MgO promoted by the individual nitrates.
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Fig. 3: In situ DRIFTS spectra of MgO promoted with a) 10 mol % LiNOs, b) 10 mol % NaNOs, ¢)
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3.2.3 Isothermal CO- sorption by promoted MgO

To obtain a qualitative understanding of the effect of different promoters on the carbonation kinetics,
Fig. 2b plots the isothermal CO, uptake at 300 °C of a series of MgO samples that were promoted
with 10 mol % of different alkali metal nitrates as a function of time. Carbonation of unpromoted
MgO occurs in the first few minutes, albeit reaching very rapidly an asymptotic limit of 19 mg CO>/g
sorbent owing to limitations due to product layer diffusion. On the other hand, the carbonation of
promoted MgO samples (with LINO3z or NaNOs) is initially slower. Yet, after an induction period of
~2 min the rate of carbonation accelerated appreciably, leading to a high CO> uptake. MgO-LiNO3
and MgO-NaNO3 yield CO> uptakes of 196 and 432 mg CO>/g sorbent, respectively. As expected,
MgO promoted by KNOs3 did not show any notable carbonation owing to the high melting point of
KNO3 (MP = 334 °C). The binding of CO2 on a MgO surface during the isothermal carbonation of
both NaNOs-promoted and unpromoted MgO was examined further by in situ DRIFTS. Figs. S6-S8
in the SI demonstrate that on bare MgO only a surface layer of monodentate carbonates form, whereas
vibrations due to carbonate ions are present for promoted MgO.

We also observe that the quantity of promoter added to the sorbent has a substantial impact on the
extent of carbonation of MgO. Fig. 2c explores the effect of molar content of the alkali nitrate on the
CO. uptake of LiNOs- and NaNOs-promoted MgO. For LiNOz-promoted MgO, the extent of
carbonation of MgO increased when the ratio of LiNO3z to MgO increased from 5 to 50 mol %,
followed by a remarkable decline when the content of LiNOs reached 70 mol %. For NaNO:s-
promoted MgO, the optimal molar ratio of NaNO3 was determined as 10 mol %, with the extent of
carbonation of MgO decreasing almost linearly with increasing quantities of NaNOz for higher
loadings. For both promoters, it appears that an increase in the quantity of the promoter enhances the
carbonation of MgO, presumably by increasing the interfacial area between MgO and the promoter,
thus increasing the surface of MgO available for reaction. Once a certain thickness of the molten layer
is reached, the mass transfer resistance for CO2 may increase appreciably.

Fig. 2d extends the analysis of Fig. 2b, by exploring the effect of binary and ternary eutectics with
different melting points on the carbonation of MgO at 300 °C. MgO promoted with an eutectic
mixture of (Na,K)NOsz (MP = 221 °C) exhibited the slowest kinetics, yielding a CO> uptake of 365
mg CO./g sorbent, lower than that of MgO-NaNOs, which is in agreement with previously reported
results 23. The eutectic mixtures (Li,Na)NOs (MP = 200 °C) and (Li,K)NO3 (MP = 130 °C) promoted
appreciably the CO. uptake of MgO yielding CO, uptakes of 433 and 470 mg CO2/g sorbent,
respectively. Promotion with the eutectic, ternary mixture (Li,Na,K)NOs (MP = 120 °C) gave the
highest CO> uptake of 474 mg CO./g sorbent.

To explore the general validity of nitrate promotion, isothermal carbonation experiments were
performed for nitrate-promoted CaO. These experiments demonstrate an improved CO capture
performance of promoted CaO compared to unpromoted CaO (see Figs. S9-S11 and related
discussion in the Sl).

3.3 CO2 uptake kinetics and reaction mechanism

Examining the CO. sorption kinetics (Fig. 4a), of a representative sample of promoted MgO (MgO -
10 mol % NaNO:s3), it appears that the carbonation proceeds through four distinct stages: i) an initial,
rapid, but brief carbonation stage, resembling the behavior of uncoated MgO, ii) an abrupt levelling-
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off of the CO> uptake, iii) a reaction stage with an accelerated rate of carbonation and iv) a final stage
characterized by a slow, but continuous decline of the carbonation activity, preventing the full
conversion of the sorbent. The intermediate stage iii that lasts approximately 4-5 min distinguishes
the behavior of promoted MgO samples from pure MgO. The MgO conversion profile in stage iii, as
shown in Fig. 4b, can be interpreted by the Avrami model for reactions governed by nucleation-and-
growth dynamics 53

‘;_’t‘ =k-n(1-X)(—In(1 —X))l_% )

where X is the fractional conversion of the sorbent, k is the apparent reaction rate (s*) and n a power
index (assumed as 2). The agreement between the experimental data and the model suggests that the
nucleation and growth of MgCOs crystals is the controlling process in stage iii.

In the reaction stage ii (induction time), the accumulation of the rate-limiting species for carbonation
takes place. As mentioned in the Introduction, the rate-limiting step is considered to be either 1) the
formation of COs? ions (owing to the solubility of CO, and the high concentration of O% ions in the
molten nitrate), or 2) the formation of Mg?* ions through the dissolution of MgO in the molten
promoter. Once a critical concentration of the ions has been reached, the rapid nucleation of MgCOs
crystals, i.e. stage iii, takes over.

To assess the validity of these two hypotheses, the dissolution of MgO in LiNOs, NaNO3 and the
ternary eutectic mixture (Li,Na,K)NO3 was assessed via the immersion of a MgO single crystal in a
crucible of molten salts at 350 °C for 10 h. The amount of Mg retained in the salt after cooling down,
expressed as a molar ratio of Mg to the cations of the nitrate, was quantified by ICP-OES. For the
LiNO3 and the NaNO3z melt, the molar ratio of Mg to Li and Na was 1.42 x 10 and 1.75 x 10,
respectively. For the ternary mixture, the ratio n(Mg)/(n(Li)+n(Na)+n(K)) was equal to 2.25 x 10,
As shown in the inset of Fig. 4b, the apparent reaction rate constants k obtained from Fig. 4b for
MgO-LiNOs, MgO-NaNOs; and MgO-(Li,Na,K)NOs correlate well with the amount of Mg?*
dissolved in the respective nitrates. Overall, our findings support the hypothesis that the rate of
MgCOz nucleation and consequently, the rate of CO, uptake is controlled by the dissolution and
accumulation of Mg?* in the molten promoter. Previously, this hypothesis has been supported only
through density functional theory calculations 2334, Conversely, our results do not support the
hypothesis that the carbonation reaction is controlled by the solubility of CO; in the molten promoter.
According to previous reports %, the solubility of CO2 in molten alkali metal nitrates should
increase with decreasing ionic radius of the alkali metal cation (see also Fig. S12). Hence, one would
expect that MgO-LiNOs exhibits the highest CO- uptake rate, yet it shows the lowest. In addition, the
observation that also molten alkali metal chlorides show an appreciable promotion effect (with
reference to CaO as a sorbent, see Fig. S10) suggests that a high concentration of O?% ions
(hypothesized to be present in molten nitrates) is not a necessary condition for the promotion of
carbonation. Of course, it cannot be excluded that the solubility of CO; and rapid formation of CO3*
ions in molten nitrates play a role in the reaction kinetics (in particular at later stages), but the
mechanism controlling the initial reaction rate (stage iii) appears to be the formation of Mg?* ions (by
MgO dissolution in the molten promoter).
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Fig. 4: a) Comparison of the CO> sorption kinetics of 10 mol % NaNOs-promoted and pure MgO
(continuous lines: cumulative CO> uptake, dashed lines: rate of CO. uptake). The CO. uptake profile
of promoted MgO is divided into four reaction stages labelled i, ii, iii and iv. b) Experimental uptake
of nitrate-promoted MgO samples in the reaction stage iii (dashed line) and predictions of the Avrami
model (continuous lines). Inset: Correlation between the solubility of MgO in the nitrates (LINO3,
NaNOs and ternary mixture as determined by ICP-OES measurements) and the apparent reaction rate
k of the Avrami model.

3.4 Effect of melting point and composition of the nitrate mixture on the isothermal CO2 uptake

Although all the nitrates tested that are in the molten state at the CO- capture conditions promote the
reactivity of MgO, the extent of promotion was found to differ appreciably from salt to salt. Hence,
to assess the dependence of the CO. uptake on the composition and the melting point of the nitrates
(and mixtures thereof), a systematic study was performed. Here, the mole fraction of the promoter(s)
was fixed to 10 mol % and binary mixtures of nitrates of different composition were tested for CO:
capture at 300, 275 and 250 °C). Fig. 5 plots the CO. uptake of MgO promoted by mixtures of
(Na,K)NO3z, (Li,Na)NO3z or (Li,K)NOs as a function of their melting point and composition.
Analogously, Fig. S13 shows the CO> uptake of MgO promoted by (Li,Na,K)NOs using a fixed
quantity of Li and varying the ratio of Na : K.

For MgO-(Li,K)NO3z we observed a correlation between the CO. uptake of the sorbent and the
melting point of the promoter. At a given carbonation temperature, e.g., 300 °C, promoters with a
lower melting point show a stronger enhancement of the CO- uptake. This could be linked to a higher
mobility of ions in promoters with lower melting points.

In molten alkali metal nitrates, the viscosity (which generally relates inversely to the self-diffusivity
of ions 56-%8) decreases with increasing temperature (Fig. S14). To (indirectly) confirm the role of ion
mobility on the enhancement of the carbonation activity, Fig. S15 shows the CO, uptake of MgO
promoted with a ternary mixture of (Na,K)NO3z and Ca(NOs3).. Ca(NO3)2 increases the viscosity of
alkali metal nitrates and hence lowers the self-diffusion of ions in molten salts °. In line with the
previous argumentation, the rate of CO. uptake is reduced when Ca(NOs). was added to the
promoting mixture.

However, the data presented in Fig. 5 seem to indicate that the melting point of the promoter is not

the only determinant for the CO, uptake of the sorbent. For MgO-(Na,K)NOz and MgO-(Li,Na)NOs

the relationship between the CO, uptake and the melting point of the promoter is present but
14



somewhat “misaligned”, with higher CO- uptakes typically observed for higher Na contents. The best
performing samples containing (Na,K)NOs- and (Li,Na)NOz promoters have a higher Na content than
the eutectic composition. At lower carbonation temperatures (275 °C and 250 °C), the effect of the
higher Na content disappears and a clearer alignment between the CO> uptake and the melting point
emerges. In light of the superior solubility of MgO in NaNOz compared to other nitrate salts (Fig. 4),
it appears from Fig. 5 that coating mixtures with a high Na content might benefit from the lower
melting point compared to single nitrates (favoring ion dynamics of the reactant species) and the
higher concentration of Mg?* ions in molten NaNOs.
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3.5 Cyclic CO2 uptake: deactivation and re-activation

3.5.1 Effect of sintering and nitrate segregation

The cyclic stability of the CO. uptake of nitrate-promoted MgO samples was assessed in a TGA by
performing 10 cycles of repeated carbonation and regeneration, as shown in Fig. 6a. NaNOs-
promoted MgO showed a pronounced decay in the CO> uptake during the first 3 cycles, in agreement
with previous findings 2%22°0, In contrast, the CO; uptake of MgO promoted by (Li,Na,K)NOs or
LiNOs exhibited a rather gradual decline, yielding CO uptakes of, respectively, 353 and 73 mg CO2/g
sorbent after 10 cycles. The cyclic CO> uptake of MgO promoted by binary mixtures of (Li,Na)NOs
and (Li,K)NO3 (Fig. 6b) was similar to that of the ternary mixture (Li,Na,K)NOz (the CO. uptake
after 10 cycles was 340 and 344 mg CO./g sorbent for, respectively, (Li,Na)NOz and (Li,K)NO3),
while (Na,K)NOz rapidly lost its CO> uptake capacity, yielding only 44 mg CO2/g sorbent after 10

cycles.
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promoted with the most effective binary mixture of nitrates, as determined by a single carbonation
step, see Fig. 5, c) cyclic performance of MgO promoted by 10 mol % (Li,Na,K)NO3s under varying
partial pressures of CO2 at 300 °C, and d) cyclic performance of MgO promoted by 10 mol %
(Li,Na,K)NO:s for different carbonation temperatures at a partial pressure of CO. of 0.2 atm.

Next, we aimed to elucidate the underlying mechanism(s) for sorbent deactivation. The surface area
and the pore volume of the fresh sorbents and after 10 cycles (regenerated state) are listed in Table
2. In addition, Fig. 7a shows the morphology of the samples prior to and after cyclic testing as probed
by EDX-SEM. Table 2 confirms that promoted MgO loses its surface area and pore volume during
cycling. The loss of surface area and pore volume occurs primarily in the first cycle (see Fig. S16).
Interestingly, sintering appears to be more pronounced in samples that have shown, on average, a
higher CO> uptake capacity. Specifically, MgO promoted by (LiNa,K)NOs or NaNOs exhibited a 65
% and 45 % reduction of their surface area, whereas LiNOs-promoted MgO lost only 35 % of its
surface area. This can be explained by the fact that the phase that is most likely subject to sintering,
i.e. MgCOs (with its low Tammann temperature of ~ 180 °C 3%), is present in higher quantities in the
samples that show a higher CO> uptake.

Table 2: Surface area and pore volume of MgO-based CO, sorbents as determined by N>
physisorption experiments prior to and after cyclic testing (Fig. 6a).

Sample BET surface area (m?/g) BJH pore volume (cm®/g)
before cycling | after 10 cycles | before cycling | after 10 cycles
MgO — LiNOs 28 17 0.22 0.13
MgO — NaNOs 27 15 0.19 0.04
MgO — (Li,Na,K)NOs 22 8 0.08 0.02

As there is not a direct relationship between the degree of sintering and the reduction of the CO-
uptake, sintering alone cannot explain sorbent deactivation. Hence, it is likely that also some
promoter-related deactivation occurs. As salts such as NaNOs do not decompose at the reaction
temperatures used here 4°, deactivation might be a consequence of surface segregation of the molten
nitrate, leaving parts of the MgO surface uncovered. SEM-EDX images of the fresh sorbent before
cycling shows a well-distributed nitrate phase (Fig. S17). On the other hand, after the first carbonation
step, EDX mapping of MgO-NaNOs (Fig. 7b) shows a more heterogeneous distribution of NaNOs
on the MgO surface (see also Fig. S18). Our experimental observation seems to support the
hypothesis that, owing to the poor wettability of MgCOz with nitrates, the active surface area (i.e. the
interface MgO-NaNOs) reduces with cycle number.
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3.5.2 Re-activation of spent nitrate-promoted MgO

Aiming at developing strategies to re-activate promoted MgO-based CO: sorbents, a series of
experiments were carried out. First, a sample of MgO promoted by 10 mol % NaNOsz was taken after
10 carbonation/calcination cycles (“cycled sample”) and the water-soluble NaNO3z was removed by
vacuum filtration through a polycarbonate membrane. The remaining MgO was then “recoated” by
mixing it with 10 mol % NaNOgz in a mortar and tested for an additional 10 cycles of carbonation and
calcination. This process should remove the segregated NaNOs and substitute it with new, well-
distributed NaNOs. In order to isolate the contribution of the “re-coating” process to the re-activation
of the sorbent (i.e. exposure of MgO to an aqueous environment), two additional control experiments
were carried out: (i) mechanical grinding: re-grinding of the cycled sample taken at the 10"
calcination step in a mortar, without washing and without addition of new fresh NaNOs, and (i)
treatment with water: immersing the cycled sample (taken at the 10" calcination step) in water,
without filtering or the addition of fresh NaNOs, and drying at 80 °C. Therefore, the two control
samples retained the “original” NaNOz of the sample, whereas in the “re-coated” sample the original
NaNOs is removed and replaced with fresh NaNO:s.

As shown in Fig. 8, the CO> uptake in the 1% carbonation cycle after re-activation of the sorbent
(“recoated” sample) is significantly higher than that in the in the last cycle before reactivation, yet
lower than the CO, uptake of the fresh, initial material. The partial restoration of the CO> uptake
capacity after the distribution of fresh NaNO3 is an additional evidence that the loss in performance
during cycling is not only due to the reduction of surface area and pore volume, but also due to
morphological changes of the promoter.

On the other hand, the fact that some decay of the CO> uptake performance is due to material sintering
(visible to some extent in the SEM images shown in Fig. 7a) is supported by the observation that the
CO- uptake is not completely recovered after reactivation of the sorbent by the addition of fresh
NaNOsz. The control experiments (i.e., grinding and rehydration) clarified whether sorbent
reactivation can be achieved even without washing and “recoating” with fresh NaNOs. As shown in
Fig. 8, only a small recovery of the CO> uptake was observed after mechanical grinding. Conversely,
reactivation by simple re-dispersion of the nitrate promoter using water, lead to a similar recovery of
the CO> uptake as the “recoating” process. By first immersing the cycled sample in water and then
slowly evaporating the water, the process induces the dissolution and re-deposition of the nitrate in
the cycled sample. Besides the redistribution of the promoter, the addition of water also affects the
texture of the sorbent. As shown in Fig. S19, after 10 cycles of carbonation/calcination the crystallite
size of MgO in MgO-NaNO3 has increased from 24 to 35 nm. After the addition of water and heating,
the average crystallite size of MgO was reduced to 29 nm. The exact reason behind this reduction in
crystallite size is currently unclear, but might be linked to the formation of Mg(OH)., which after
calcination yields MgO of relative smaller crystallize size compared to the cycled material. Indeed, a
similar effect has been observed for the hydration of CaO . To conclude, it seems that hydration of
the de-activated sorbent is a promising route for sorbent reactivation.
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Fig. 7: a) SEM images of different CO2 sorbents before cycling (calcined state), at the 10" cycle

(carbonated state) and at the 10" cycle (calcined state) and b) SEM images and EDX mapping of of
MgO promoted by 10 mol % NaNOg after 1 h of carbonation at 300 °C in CO..
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3.6 Discussion and implications for applications

Although it has been shown that the melting point of the promoter is a key determinant for the CO-
capture performance, the data of Fig. 5 and Fig. S13 indicate that, especially for NaNOs-containing
mixtures, the CO; uptake remains high even when deviating from the eutectic ratios. This information
is useful for industrial exploitation, for which material costs have to be minimized. The data acquired
here provide the experimental basis to determine an optimum between material costs and CO> uptake.
An additional issue with regards to the different pre- and post-combustion CO; capture applications
are the diverse gas compositions. Fig. 6¢ plots the CO> uptake of the best CO> sorbent tested here
(i.e., MgO-(Li,Na,K)NOs) as a function of CO> partial pressure. Although the performance of the
material in 50 vol. % CO2 was comparable to the uptake obtained in pure CO2, lowering the CO>
concentration further (i.e., 20 vol. %) resulted in a sharp decrease in the CO; uptake, yielding an
average value of 101 mg CO2/g sorbent over 10 cycles. The CO; uptake in an atmosphere of 20 vol.
% CO2 was assessed also as a function of the carbonation temperature (Fig. 6d). Lowering the
reaction temperature to 275 °C resulted in a doubling of the CO, uptake (average value of 243 mg
COo/g sorbent over 10 cycles). This observation might be explained by the higher thermodynamic
driving force at lower carbonation temperatures. In this context, eutectic mixtures become particularly
interesting as the low melting point broadens the operating window of the material. Furthermore,
under realistic conditions, the presence of steam in the CO. stream has to be considered. In Fig. S20
we compare the performance of the best material tested here, i.e. MgO-(Li,Na,K)NO3z with and
without the presence of steam. Although the presence of steam improves slightly the CO> uptake in
the first cycles, the CO> carrying capacity is reduced from cycle number six onwards. The mechanism
behind this steam-induced deactivation is currently unclear and will require further investigation.
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4 CONCLUSIONS

The CO uptake and the cyclic stability of MgO promoted by alkali metal nitrates was studied in
detail. It was demonstrated that the addition of nitrate salts to the MgO precursor affects both the
microstructure (triggering the formation of larger MgO crystallites) and the CO> capture performance
of the sorbent (significantly enhanced compared to bare MgO).

NaNOs was identified as the salt with the highest promoting effect on the carbonation of MgO. We
attribute this to the higher solubility of MgO in NaNOs, leading in turn to a faster formation of Mg?*,
which appears to be the rate-limiting step of nitrate-mediated carbonation.

Eutectic mixtures of nitrates were shown to improve further the CO» uptake performance of MgO, by
both increasing the solubility of MgO in the promoter and providing fast ion dynamics in the melt. In
addition, the low melting point of eutectic mixtures enables a wider operation window of the CO>
capture process.

The CO> uptake of nitrate-promoted MgO decays with number of carbonation/calcination cycles.
MgO is subject to sintering, but a direct relationship between the extent of sintering and the cyclic
CO- uptake was not observed. Instead, SEM-EDX indicates that upon carbonation the promoter
migrates and segregates on the surface, reducing the active surface area. The loss in the CO> carrying
capacity can be restored partially via a simple hydration approach.

The results reported here have advanced our understanding of the factors that determine the CO;
uptake and the cyclic stability of nitrate-promoted MgO, thus providing useful insight for the further
improvement of the formulation and synthesis protocols of MgO-based CO> sorbents.
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