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Abstract: A series of mesoporous MgO samples with different morphologies were synthesized
through a simple hydrothermal treatment and NaNO3/NaNO, were used as promoters to enhance
CO; capture capacity at an intermediate temperature range (200-400 °C). The effects of
hydrothermal solution pH and content of promoters were examined to determine the optimal
synthesis conditions. The influence of operational temperatures, CO, partial pressure, and
performance over repeated cycles was investigated and the reaction mechanism was discussed.
The mesoporous MgO promoted by NaNO3/NaNO, exhibited a COy capture capacity as high as
19.8 mmol-g" at 350 °C in the presence of 0.85 bar of CO, within only 50 min. A “three-stage”
reaction process was proposed based on a detailed sorption kinetics study, namely Stage I:
initiating interactions between CO, and exposed MgO; Stage II: generation and accumulation of
Mg** and COs>; and Stage III: fast carbonation. Gradual deterioration of sorbents was found
over the first 5 cycles followed by stable regenerability in the 5-15" cycles. A kinetic study of
the 15" cycle suggests that the deactivation of sorbents inhibited the accumulation of Mg”** and
CO;” in Stage IT and suppressed the carbonation in Stage III. A range of characterizations were
undertaken revealing the morphology and structure of both fresh and regenerated sorbents. The
results confirmed that, other than the sintering effect due to phase transition, the transformation
of MgO skeleton is also an important contributor to the gradual deactivation of the sorbents over
the first 5 cycles. More severe sintering effect under harsh decarbonation conditions suppressed

the stability of the sorbents over cycles.

Keywords: CO, capture, moderate-temperature sorbent, rapid absorption, mesoporous MgO,

molten state promoters



1. Introduction

The increasing level of atmospheric CO; is a crucial challenge today, since CO, is widely
accepted as the key greenhouse gas [1]. The application of carbon capture and storage (CCS)
technology is considered a central strategy to stabilize the global CO, level [2]. So far,
monoethanolamine (MEA) is the only commercialized CO, sorbent that is applied at
temperatures lower than 200 °C [2,3]; nevertheless, this aqueous absorption technology suffers
from a high energy penalty and capital costs, and is also challenged for environmental impacts
[4,5]. High-temperature solid sorbents such as CaO have also been intensively studied in recent
decades; however, the extremely high operational temperatures, i.e., sorption at ~ 650 °C and
desorption at > 900 °C, causes severe sintering, and leads to increased complexity for heat
integration design [6-9]. Development of intermediate-temperature (200-400 °C) solid sorbents
are thus an emerging goal for research directed to find reliable, cost-effective CO, capture

technologies [5].

As a potential candidate for intermediate-temperature CO, capture, MgO-based materials
have attracted considerable research interest [5,10], owing to their high theoretical CO, capture
capacity (1.09 g or 24.8 mmol of CO, per gram of MgO) and low regeneration energy (2.68 kJ-g’
U of CO,) [11]. For comparison, in the case of the well-known high-capacity sorbent, CaO, 1
gram of CaO can carry CO; up to 0.79 g or 17.9 mmol in the case of complete carbonation.
Additional advantages with MgO include high specific surface area and high pore volume [12-
14]. The conversion of MgO to MgCOs is believed to be limited kinetically, rather than
thermodynamically [15,16], and the intrinsically high lattice enthalpy restrains MgO from

achieving a fast reaction with CO, [17]; moreover, the rigid carbonate ‘“shell” would inhibit CO,
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molecules from accessing more deeply into the MgO structure [18]. These factors mean that
MgO has an extremely low capacity of 0.24 mmol-g" at 200 °C using the unmodified material
[15]. Thus, MgO is normally considered too poor a sorbent to be a feasible choice for CO,

capture.

Commonly used strategies to improve the CO, capture capacity of MgO include enlarging
the surface area [19-22], changing operation conditions [19,23,24], and incorporating promoters
[25-29]. Among these strategies, the use of appropriate promoters has been proved to be most
effective so far. Incorporation of K,COs into MgO sorbents through a precipitation method
increased the CO, sorption capacity from ~0.2 to 1.9 mmol-g™' at 375 °C and 1 bar of CO, [25].
A MgO-KNOj; composite exhibits a maximum capacity of 3.2 mmol-g™ at 325 °C in a pure CO,
stream [27]. Zhang et al. synthesized a composite of MgO and NaNO; (80:20 by mass) via ball-
milling, with the observation that the CO, sorption rate was greatly enhanced, leading to a
maximum capacity of 15 mmol-g* at 375 °C and 1 bar of CO, [18]. A mesoporous MgO
prepared using a supercritical drying process was found to be promoted by double sodium salts
(NaNOj; and Na,CO3) and exhibited a sorption capacity of 12.7 mmol-g” at 325 °C in a dry CO,
stream and 11.5 mmol-g" at 275 °C in a wet CO, stream [14]. Use of multiple alkali metal
nitrate/nitrite salts further improved both kinetics and capacity of CO; sorption for MgO (up to
15.7 mmol- g'1 at 340 °C) [29]. The melting point for NaNO3; and NaNO; are 308 and 271 °C,
respectively [30]. It has been concluded that alkali metal nitrates in molten/pre-molten state can
serve as an effective phase transfer catalyst (PTC) promoting the gas-solid reaction between CO;
and MgO [18]. A sorbent with higher capacity and faster kinetics is still highly probable, since
the maximum MgO conversion in the open literature is < 85% [14,16,28,29,31]. Moreover, the

role of each promoter in a double/triple promoting system needs to be investigated.



Alongside being used for post-combustion processes, MgO-based materials holds great
potential for carbon capture in some pre-combustion processes, which requires intermediate to
high temperature conditions. For example, in the Integrated Gasification Combined Cycle (IGCC)
processes, the effluent gas from the shift reactors is at temperature ~ 250-400 °C with CO»
concentration varying in range of 30-60 mol% [32]. It has been demonstrated that several MgO-
based sorbents work efficiently in this temperature range [14,16,28,29,31]. However, the study

on the effect of lower CO, partial pressure and wet conditions is still limited.

In this study, we synthesized a series of mesoporous MgO samples coated with
NaNOs3/NaNO, as promoters for CO, capture at intermediate temperatures. The CO, capture
capacity and kinetics were examined under designed conditions. The use of lab-conditions for
new materials is quite common and some studies only reported the performance of MgO sorbents
under pure CO, stream. Although highly stable capture performance of CO, sorbents over cycles
were reported, their testing conditions have been criticized to be “unrealistic” or “too mild”
[14,33,34]. Thus, use of harsh conditions, especially in the calcination stage is highly suggested.
Therefore, in this work, firstly, we conducted the screening tests to find out the optimal synthesis
and operation conditions under 0.85 bar of CO, (balanced with 0.15 bar of N;). Then, the
performance of the best sorbents under pure CO; and lower partial pressure of CO, were tested
as reference or comparison. Finally, we tested the best sorbents under more harsh conditions or
wet conditions over carbonation-decarbonation cycles. The specific objectives and strategies
included: 1) to thoroughly analyze the characterizations and structure of synthesized MgO
sorbents; 2) to find out the optimal conditions for the preparation of the best synthetic materials,
by studying the effect of hydrothermal solution pH and loadings of promoters; 3) to investigate

the influence of operational temperature and CO,; partial pressure, and examine the multi-cycle



performance under both ideal and realistic conditions; 4) to compare the sorbents in this work
with other MgO-based CO, sorbents from the open literature; and 5) to propose the mechanisms

of sorption through analyzing the sorption kinetics data in depth.

2. Materials and methods

2.1. Chemicals and materials
All chemical reagents used in this study are of analytical grade or higher. Magnesium acetate
tetrahydrate (Mg(CH3COO),-4H,0, 98%) was purchased from Alfa ‘Aesar (Ward Hill, MA,
USA). Sodium nitrate (NaNO3, 99%), sodium nitrite (NaNQ,, 99%), urea (CO(NH;),, 99%), 25-
28% ammonia solution, and acetic acid (99.5%) were obtained from Xilong Co. (Guangdong,
China). The water utilized in the experiments was deionized water (18 MQ-cm). Pure CO, and

N, (Qianxi Co., China; 99.999%) were mixed to prepare simulated flue gas.

2.2. Fabrication of mesoporous MgO

The mesoporous MgO was synthesized through a hydrothermal process followed by
calcination. In a typical experiment, Mg(CH3COO),-4H,0O (0.08 mol) and urea (0.24 mol) were
dissolved into 50 mL deionized water. The morphology of MgO was controlled via varying the
initial pH of the Mg** and urea mixture. The pH of the hydrothermal solution was 8.2 but can be
adjusted to 5.0 and 6.0 using acetic acid (99.5%), or to 9.0 and 10.0 using concentrated ammonia
solution (25-28%). The mixture was then transferred into a 100 mL Teflon autoclave and heated
at 180 °C in a muffle furnace for 5 h. After cooling to room temperature, the white precipitates
were collected through filtration and washed with deionized water and absolute ethanol, then
dried at 60 °C for 4 h. The white powder was then calcined in air for 5 hours at 500 °C to obtain

mesoporous MgO with different morphologies.



To produce a coating of promoters, the calcined MgO was dispersed in ethanol solution of
the designed alkali metal nitrates/nitrites. Typically, 2 g of MgO was mixed into 50 mL of
ethanol with the required dose of NaNO3 or NaNO, (both from stock solutions). The mixture was
then ultrasonicated for 1 h followed by evaporation of ethanol at 60 °C overnight. The
MgO/NaNOs/NaNO, molar ratio was denoted as 1:x:y; x was varied from O to 0.15 to test the
effect of NaNO; content with y fixed at 0, while y was controlled from 0 to 0.08 to examine the

effect of NaNO, with x fixed at 0.07.

2.3. Materials characterization
Morphological studies on the samples were carried out using scanning electron microscopy
(SEM, Zeiss MERLIN VP Compact). Powder X-ray diffractometer (XRD) analysis was
conducted using a Dmax/2500 XRD (Rigaku, Japan) using Cu K« radiation at a scan rate (26) of
8°-min"'. The Brunauer-Emmett-Teller (BET) surface area was measured by N, physisorption on
a Quantachrome autosorb iQ-C instrument. Pore volume and pore size distribution were obtained

following the Barrett-Joyner-Halenda (BJH) method.

2.4. Absorption and cycle tests

CO; capture behavior was examined using a Thermogravimetric Analyzer (TGA, TA
Instruments, TGA-QS50) under a flow of 0.85 bar dry CO, at atmospheric pressure (total flow
rate = 110 mL-min" with 0.15 bar N,). For each run, around 20 mg of dry sample was loaded
into the TGA, and subjected to a precalcination at 450 °C for 30 min under pure N, (110
mL-min") to remove the preabsorbed species. When the chamber temperature reached the
designated value, the measurement was initiated by switching the sample gas from N; to CO,. To
test the effect of CO, partial pressure, the sample gas was changed from 0.85 bar to 0.70, 0.50

and 0.30 bar, respectively. To test the regenerability of the samples, the system was changed
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from 0.85 bar of CO, at 325 °C (or 350 °C) for 30 min for carbonation, to 1 bar of N, at 400 °C
for 20 min for calcination over 15 cycles, and this scenario was named as “S1”. To test more
harsh conditions, we also conducted the cycle tests under three more scenarios and their
carbonation and decarbonation conditions (temperature/partial pressure of CO,) are: S2:
Carbonated at 350 °C/0.85 bar and decarbonated at 450 °C/1 bar; S3: Carbonated at 325 °C/0.3
bar and decarbonated at 450 °C/1 bar; S4: Carbonated at 325 °C/0.3 bar (with‘~0.01 bar of steam)
and decarbonated at 450 °C/1 bar. For all scenarios, the carbonation and decarbonation time are

30 and 20 min, respectively.

3. Results and discussion

3.1. Characterizations

3.1.1. Characterizations and morphology control of MgO

The powders obtained after the hydrothermal process with a solution pH range of 5.0-10.0
were examined by XRD and the patterns are given in Fig. 1a. All these peaks can be indexed as
pure hexagonal-symmetry MgCO3; (JCPDS No. 08-0479). The crystallite sizes estimated by
Scherrer Equation with respect to the hkl Miller indices (104), (113) and (116) are tabulated in
Table S1 (Supporting Information). It is observed that the increase of solution pH from 5.0 to 9.0
resulted in decreasing crystallite sizes of MgCOs;, while the size increased when pH changed
from 9.0 to 10.0, suggesting that the smallest crystallite size can be obtained at pH 9.0. Moreover,
as shown in Fig. 1a, the peak with highest intensity changed from (104) to (113) facet, when pH
increased from 8.2 to 9.0 and higher. Therefore, the increase of pH appeared to increase the
intensity of the (113) reflection, indicating a promotion in the crystal growth in the (113)

direction.



[Fig. 1]
[Table 1]

These MgCO; powders were used as precursors to prepare mesoporous MgO by calcination
at 500 °C for 5 h. For the calcined samples, the peaks present in XRD patterns in Fig. 1b
correspond to the cubic MgO (JCPDS No. 45-0946). The crystallite sizes estimated by Scherrer
equation with respect to the skl Miller indices (111), (200) and (220) are tabulated in Table 1.
The crystallite sizes of MgO followed the same trend of MgCOs and minimized at hydrothermal
pH 9.0. A previous study also reported that the calcination does not destroy the morphology of
MgCOs and for a series of precursors the smallest MgO. crystals can be obtained from the

smallest MgCOj crystals [13].

The micro- to nano-structural characteristics of the mesoporous MgO were further analyzed
by SEM (Fig. 2). Interestingly, at hydrothermal solution pH of 5, mainly ball-like rhombohedral
MgO with a diameter of 40-60 um was obtained (Fig. 2a). The mesoporous MgO synthesized at
a higher pH range (Fig. 2b-2e) exhibited a micro-rod like morphology with fan-shaped trihedral

ends. It is evident that smaller sized micro-rods can be produced at pH 9.0.
[Fig. 2]

The information on BET-based specific surface area, pore volume and average pore size is
summarized in Table 1. All the MgO are mesoporous materials with high BET specific surface
area (> 180 m*g™), pore volume (> 0.39 cm’g"') and meso-pore size (5-7 nm). The MgO
synthesized at hydrothermal pH 9.0 exhibited the highest BET specific surface area (230 m*g™),

highest pore volume (0.49 cm’-g™) and smallest pore size (5.65 nm).



Generally, the intrinsic symmetry of crystalline lattices and growth kinetics govern the shape
of a crystalline nanostructure [13]. During hydrothermal processes, major reactions are proposed

such as [13,35]:

CO(NH,),+H,0 — CO,+2NH, (1)
NH,+H,0 — NH} +OH"~ )

Mg** +20H™ — Mg (OH), (3)
Mg(OH), +CO, — MgCO,+H,0 4)

The nanoscale self-assembling of MgCOs can be realized by homogeneous precipitation.
Firstly, urea decomposition under hydrothermal conditions can release OH ions and CO,
molecules (Eqns. 1-2) [13]. Subsequently, the Mg”* can precipitate out rapidly with Mg(OH),
nuclei formed according to Eqn: 3, then transformed to MgCOs (Eqn. 4). Apparently, the
formation of Mg(OH), and the decomposition of urea are pH dependent. It has been reported that
during the initial stage of hydrothermal treatment of a mixture of Mg** and urea, amorphous
seeds (termed xMgCO3-Mg(OH);) can form as intermediates [36,37]. These seeds can then be
rearranged <into_more stable structures through a dissolution-formation process, and the final
morphology/structure depends on various parameters including temperature, growth time,
solution pH, concentration of free carbonate ion and pressure [35-37]. The anisotropy of growth
rates in different crystallographic directions controls the final morphologies of materials. The
newly formed crystallites can be self-assembled on the existing nuclei [13]. In this study, a clear
solution mixture of Mg”* and urea was observed when pH was adjusted to 5.0, 6.0, 8.2 and 9.0,

while the solution turned turbid at pH 10.0 indicating the presence of amorphous seeds, which
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may explain the larger size in the case of pH 10.0 since the seeds exist before the hydrothermal
treatment. While in the pH range of 5.0-9.0, since less COs> or OH™ available at lower pH, the
nucleation rate of Mg is limited and the nuclei are prone to assemble into larger particles [38].
Therefore, in this study, pH 9.0 is the optimal pH to synthesize MgO with smallest crystallite

size.

3.1.2. Characterizations of MgO promoted with NaNO3/NaNO,

The mesoporous MgO-pH9.0 coated with NaNO; and NaNOs;+NaNO, were analyzed by
XRD as shown in Fig. 3a and 3b, respectively. The spectra of Fig. 3a reveal both components:
MgO skeleton and NaNOs as promoter in the sample before absorption. The well-crystallized
MgCOs particles were produced after the reaction with CO». After regeneration of the sorbents at
the 15" cycle, there was no MgCO; identified, suggesting a full decomposition during
regeneration. Three components of MgO-NaNO3;+NaNO, were also found in the sample before
sorption as shown in Fig. 3b. The formation and full decomposition of MgCO; was also
confirmed in the spectra of sorbent after absorption and after regeneration. For both sorbents, all
the XRD results indicated that no double carbonates (Na,Mg(CO3),) were formed during the
sorption/regeneration processes. In addition, sharper peaks were observed in the regenerated
samples than the fresh samples, and details of Miller indices (111), (200) and (220) of MgO
based ‘on Scherrer Equation (as shown in Table 1) demonstrated that crystallite size was

increased after regeneration.
[Fig. 3]

Fig. 4 presents the SEM images of raw MgO-pH9.0 and the promoted MgO. Clear cracks and

meso-pores can be observed for the mesoporous MgO as shown in Fig. 4a. Coating using NaNOs
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or NaNO3;+NaNO; did not change the overall morphology or size of MgO according to Fig. 4b
and 4c, and specific surface area and pore size were examined to reveal the change of the textural

properties.
[Fig. 4]

The N, adsorption/desorption isotherms and pore size distributions of mesoporous MgO-
pHO9.0 and promoted MgO are shown in Fig. 5. Irreversible isotherms were recorded for these
materials, and they were all Type IVa isotherms (according to the 2015 IUPAC classification),
which are typically given by mesoporous sorbents [39]. A sharp hysteresis loop of Type H2b was
given by the mesoporous MgO, suggesting the robust network effects in the pore structure. Type
H2b is commonly reported for hydrothermally-treated materials [39], while the loops produced
for the promoted MgO are more likely classified as Type H4 hysteresis, which is often found
with aggregated crystals, indicating the loss of pores due to the covering of promoters. This was
again confirmed by the significant reduction of both specific surface area and pore volume, and
the increased crystallite size of MgO (as shown in Table 1). The pore size distribution of these
materials is quite narrow (inset of Fig. 5), and after adding the promoters, the average pore size
decreased from 5.65 nm to 3.94 nm with pore volume decreased from 0.49 to 0.08 cm’-g™,

implying the crystals of promoters may have occupied the mesoporous pores.
[Fig. 5]

3.2. CO: sorption behavior

3.2.1. Effect of hydrothermal solution pH
Fig. 6 shows the uptake of CO, by mesoporous MgO synthesized at various hydrothermal
solution pH with a fixed NaNOs loading (x=0.07) at 325 °C. Evidently, more alkaline

12



hydrothermal solution (at pH range of 5.0 to 9.0) could produce MgO with higher CO, capture
capacity, and the CO; uptake of a batch produced with pH 9.0 (MgO-pH9.0) reached up to 15.2
mmol-g” in 70 min. The batch prepared at pH 10.0 exhibited comparable performance with a
batch prepared at pH 8.2, despite relatively faster kinetics at initial state. Thus, the optimal
hydrothermal solution pH for MgO synthesis i1s determined to be 9.0 and MgO-pH9.0 was used

for further study on the promoting effects.
[Fig. 6]

As discussed above, the mesoporous MgO-pH9.0 has the smallest crystallite size, and the
largest specific surface area and pore volume. Though the introduction of promoters can
significantly reduce the surface area and block the mesoporous pores, the overall performance of
promoted MgO is still highly dependent on the morphology and textural structure of the MgO.
These results imply that the structure of MgO skeleton plays a key role and its large mesoporous

pores are activated when promoters melt.

3.2.2. Effect of content of NaNO3;/NaNO,

As shown 1n Fig. 7, the introduction of NaNO; and NaNO, as promoters led to a significant
enhancement for CO, uptake compared to pure MgO-pH9.0. Thus, in Fig. 7a, the CO, capture
capacity of mesoporous MgO was only 0.29 mmol-g" at 325 °C in 70 min. While the addition of
0.05 mol of NaNOs into 1 mol of MgO (x=0.05) improved the capacity over 40 times (up to 11.7
mmol-g™). The uptake was further increased to 15.2 mmol-g” when NaNOj loading ratio x=0.07

and then suppressed to 10.7 mmol-g" when x=0.15.

[Fig. 7]
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Furthermore, the addition of NaNO, into MgO-NaNOs led to a synergetic effect and boosted
its CO; capture capacity at 350 °C. The NaNOs content was fixed as x=0.07 to study the effect of
NaNO; addition. As shown in Fig. 7b, the MgO solely promoted by NaNO; (x=0.07, y=0) only
exhibited a CO, uptake of 5.7 mmol-g”'. While the MgO solely promoted by NaNO, (x=0,
y=0.04) showed extremely low uptake (1.1 mmol-g™"), indicating the improvement of either
single promoter was limited at this temperature. However, when the NaNQ, loading ratio y
increased from 0.02 to 0.04, the CO, uptake increased from 12.8 mmol-g”'to 19.8 mmol-g.
Again, with higher loading (y=0.08), the overall capacity decreased, suggesting the optimal

NaNO, loading ratio y is around 0.04.

In this study, the highest CO, uptake of MgO-NaNO; is 15.2 mmol-g"' at 325 °C,
corresponding to MgO conversion of 70.4%, while the highest CO, uptake of MgO-
NaNO3+NaNO, is 19.8 mmol-g" at 350 °C with a MgO conversion of nearly 96%. Thus, it is
clear that an optimal dosage of promoters exists. The addition of promoters induces a sharp drop
of specific surface area of mesoporous MgO (as shown in Table 1), suggesting the strong wetting
and covering effect of NaNO3/NaNO,. Higher loadings of promoter can suppress the specific
surface even more [18]. Triple phase boundaries exist in between the solid MgO, molten (or pre-
molten) promoters and gaseous CO,. A low dose of promoter is not enough to penetrate the
phase boundaries or the rigid structure of formed carbonates on the surface. However, excessive
loadings of promoters do not enhance the interactions further due to the limited CO; solubility in
promoters (the reported solubility is ~107 mol-L™ at 300 °C[40]). In addition, the too-high
coverage of promoters on MgO will inhibit the initial contact between MgO and CO,, which is

also an important factor in enhancing the promoting effect as discussed below (Section 3.2 Stage
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I). Thus, both too-low and too-high doses of promoters can cause a decrease in the sorption

capacity and the CO, capture rate.

3.2.3. Effect of temperature

The influence of temperature on the CO, sorption rate and CO, uptake on MgO-pH9.0
promoted by NaNOs and NaNOs+NaNO, was examined over a temperature range of 275 °C to
375 °C. For MgO promoted by NaNO; as shown in Fig. 8a, when temperature increased from
275 °C to 325 °C, the CO, sorption capacity increased from 9.4-to 15.2 mmol-g”'. Further
increase of temperature inhibited the CO, uptake and led to a severe decrease of capacity down
to 0.2 mmol-g'1 at 375 °C in 70 min, which is almost the same as the capacity of unmodified
MgO, indicating nearly no CO, sorption. Based on a4-h kinetics study as shown in Fig. S1 in SI,

equilibrium has not been reached until ~ 150 min at temperature 275 °C to 325 °C.
[Fig. 8]

Fig. 8b summarizes the CO;, capture performance of MgO promoted by NaNO3;+NaNO, at
different temperatures. The highest uptake was recorded at 350 °C even though the evidently
faster initial kinetics were observed at lower temperatures (275-325 °C). The sorption
equilibrium was reached within nearly 20 min at temperature 275-325 °C, and within 40 min for
350 °C, which'is much faster than the MgO with single NaNO; promoter. Again, suppressed

CO, uptake occurred at a higher temperature (375 °C).

The theoretical melting point for NaNO; and NaNO; are 308 and 271 °C, respectively [30],
and the reported eutectic melting point of their mixture is ~ 185 °C [41]. It has been observed
that nitrate/nitrite salts exhibited pre-molten phenomena, during which a continuous solid-state

transition occurred even prior to reaching the melting point [42]. Based on the results in Fig. 8a,
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the temperature of 275 °C is high enough for NaNOs to promote the MgO sorbent, suggesting

that the promoters can be activated at a pre-molten state.

The uptake performance is strongly affected by temperature. Increased temperature can cause
a double effect on the interactions between CO, and promoted MgO. Positively, higher
temperatures enable faster kinetics for more rapid reaction between CO, and MgO; negatively,
especially when the temperature exceeds the optimal value, several problems can occur: 1) the
solubility of CO, in the molten salt decreases with increasing temperature [40,43], resulting in
less CO, being dissolved into the molten promoter at elevated temperatures. The relatively
higher concentration of available CO, dissolved in promoters may explain the faster initial
kinetics at 275-325 °C than that at 350-375 °C in Fig. 8b; and 2) the enthalpy change of MgCO;
formation (CO,+MgO—MgCO;, AHszpr=" =106 kJ .mol™) s negative [44], thus
thermodynamically, the conversion to MgCOs is inhibited and its decomposition is enhanced at
higher temperatures. Taken together, the overall performance of a sorbent depends on the
balance of these effects, and an optimal operating temperature exists for a promoted MgO. In this
study, the optimal value for MgO-NaNOs; and MgO-NaNO3;+NaNO, are 325 °C and 350 °C,
respectively. Thiscan be explored further by breaking down the interactions of CO, and MgO.
Firstly, both reactants are dissolved into the molten or pre-molten promoters, resulting in a
decrease of enthalpy (AH) for the MgCOs; formation [43,45]; moreover, the MgO dissolution into
the promoters is more predominant than CO, dissolution, and induces an overall decrease of
entropy (AS), which is also negative in terms of the MgCO; formation [29]. The dissolution of
MgO in NaNOs; was proven and the measured solubility was 10”7 mol-kg™" at 300 °C [46] and 3.1

X107 mol-kg'1 at 450 °C [47]. Previous study demonstrated that for the promoted MgO, the

alterations of the enthalpy and entropy lead to a transition point shift to higher temperatures for
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MgCOs formation [29]. Apparently in this study, the introduction of NaNOs produces an optimal
MgCOs formation temperature up to ~325 °C and the addition of NaNO raises this temperature
point even higher (350 °C). Interestingly, a similar trend was reported for MgO nanoclusters

promoted by nitrates solely and nitrates/nitrites mixtures [29].

3.2.4. Effect of CO; partial pressure

The CO, partial pressure effects on the variations in uptake were examined at four different
CO; levels at fixed temperature for promoted MgO-pH9.0. Evidently for both materials, MgO-
NaNOs (as shown in Fig. 9a) and MgO-NaNOs;+NaNO; (Fig. 9b), the CO, uptake was strongly
dependent on the partial pressure of CO,. For both materials, the overall trend was that lower
uptake was found at decreased partial pressure of CO,. For both sorbents, the use of pure CO,
during carbonation could only fasten the kinetics with slightly enhancement on the final CO,
uptake within 70 min under otherwise identical conditions. The uptake of MgO-NaNO3;+NaNO;
was even more sensitive to these influences than MgO-NaNOs, and nearly no transition was
observed for MgO-NaNO;+NaNQO, at a CO, partial pressure of 0.30 bar at 350 °C. However, its
uptake increased to 9.9.mmol-g™ at 0.30 bar of CO, when temperature decreased to 325 °C (Fig.
9b), suggesting that the uptake was also strongly temperature-dependent. Harada reported a
similar observation that with 0.30 bar of CO,, the uptake by MgO nanoclusters coated with
LiNO3;+(Na-K)NO, did not exceed 0.3 mmol- g'1 at 340 °C, while they achieved more than 13
mmol-g™ at 300 °C [29]. Since higher temperature inhibits the dissolution of CO, into promoters,
the low partial pressure of CO; leads to insufficient CO, available for sorbents and the resulting
effect is suppressed capture. The observations in the present study and the available literature all

suggest that with lower CO; partial pressure (less than 0.50 bar), a relatively lower temperature
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1s more favorable for CO, trapping. Thus, the overall performance of MgO sorbents is not only

strongly temperature-dependent, but also CO,-partial pressure-dependent.
[Fig. 9]

3.2.5. Stability of the sorbents over cycles under idea and harsh conditions

The regenerability of MgO-NaNO; and NaNOs;+NaNO, were examined by repeating the
cycle of CO; sorption and desorption as shown in Fig. 10. Here, the program for the CO,
sorption was 30 min with CO, partial pressure of 0.85 bar, at temperature of 325 °C for MgO-
NaNO; and 350 °C for MgO-NaNO;+NaNO,, respectively. The decarbonation step was
conducted at 400 °C with pure N, for 20 min for both sorbents. In both cases, the uptake of CO,
decreased gradually in the first 4 or 5 cycles, then was quite stable with minimal further
degradation. The sorption capacity dropped from 12.4 mmol-g'1 at the 1* cycle to 5.6 mmol-g'1
at the 15" cycle for MgO-NaNO; and from 18.9 mmol-g' to 8.6 mmol-g' for MgO-
NaNOs;+NaNO,. Gradual deterioration over repeated cycles was reported for some other MgO-
based sorbents [14,18,29,31]. A sintering effect due to phase transition is suggested to be the
main reason for the deactivation [14,27]. In addition, MgCOs has a low Tammann temperature
(the empirical temperature at which bulk sintering effect becomes significant, 7tammann 1S usually
half of the absolute melting point), which in this case is ~180 °C, which is lower than either the
temperature of carbonation (350 °C) or calcination (400 °C). In this study, the specific surface
area, pore volume, and average pore size of sorbents decreased with increasing cycles as shown
in Table 1. In addition, the XRD profiles in Fig. 3 confirm that the crystallite sizes of sorbents
increased after 15 cycles. Fig. 11 presents the SEM images of the sorbents after sorption (Fig.
I1a and 11c) and after regeneration (Fig. 11b and 11d). It is evident that after reaction with COs,
the surface of MgO-NaNO; became more thorn-like (Fig. 11a) and the surface of MgO-
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NaNOs;+NaNO; became more knobby (Fig. 11c). These changes to produce a rougher surface
may be a result of the much lower mass density of MgCO3 (2.96 g-cm’) than that of MgO (3.58
g-cm3). After regeneration at the 15" cycle, the pores became much larger (with diameter >100
nm, as shown in Fig. 11b and 11d) for both sorbents, suggesting that the mesoporous structures
were all damaged. Therefore, for the mesoporous MgO sorbents in this study, the destruction of
the MgO skeleton is also an important contributor to the material deactivation during repeated
cycles. In addition, since molten promoters can be decomposed to generate O® [48], the gradual

loss of active promoters can also be a reason for the decay of capacity over cycles.
[Fig. 10]
[Fig. 11]

We also tested the best sorbent under more harsh and realistic conditions as shown in Fig. 12.
It is evident that when the test conditions changed from ideal scenario (S1) to more harsh
conditions (S2-4), the capacity of the sorbents were suppressed significantly (detailed data can
also be found in Table 2).due to more severe sintering effects [34,49]. For S2-4, since pure CO,
stream was used as regeneration gas, an “over-carbonation” was observed during the temperature
ramping process of decarbonation as shown in Fig. S2 in SI. The decarbonation did not initialize
until the temperature reached 428 °C, thereby we used 450 °C as the calcination temperature to
make sure completed regeneration. In addition, the weight gain due to the “over-carbonation”
was not included as the CO, uptake over cycles. After 15 cycles in S1, the BET surface area and
pore volume for the samples were 18 m* g and 0.032 cm’ g™, respectively, yet the values were
further decreased to 15 m* g™ and 0.023 cm’-g™' for S2, suggesting more severe deactivation of

the sorbents. It is noteworthy that water vapor can improve the cyclic performance of the
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sorbents according to the results of S3 (dry) and S4 (wet). This trend is in agreement with
previous study [49] and the enhancement under wet conditions was mainly due to the formation

of transient Mg(OH),, which is more powerful than MgO for CO, capture [14].
[Fig. 12]

3.2.6. Comparison with other MgO sorbents

The CO, sorption performance of several synthesized MgO samples with different promoters
was compared and summarized in Table S2 in SI. The capture capacity of synthesized
mesoporous MgO [27] is only 0.5 mmol-g”', which is comparable to the value found in this study
(0.29 mmol-g™), indicating the poor reactivity of MgO. Utilization of Al,Os as inert support can
increase the capacity up to 1.8 mmol-g" due to enlarged specific surface area [50]. The addition
of Na,COs3 or K,CO; into the composite can facilitate the formation of Na,Mg(COs), or
K>Mg(COs3),, but still the promotion effect is not significant and the conversion of MgO is far
below its theoretical limit [14,25,51]. Not until Zhang et al. discovered the role of NaNOs as a
PTC with a conversion of MgO increasing up to 75% [18,26], did the use of alkali metal
nitrates/nitrites become attractive to promote the MgO-based CO, sorbent [14,27-29,31,51]. It
was demonstrated that the combination of two or three promoters can work even better, and the
commonly used pairs/groups include double sodium salts (NaNOs; and Na,COj;) [14,51],
mixtures of alkaline metal nitrates (Li-Na-K)NOs [28,31], or mixtures of alkaline metal nitrates
and nitrites LiINOs+(Na-K)NO, [29]. In these papers, the promoting effect was observed on
different types of MgO, i.e., synthesized mesoporous MgO, commercial MgO powder, ball-
milled MgO powder, and MgO nanoclusters. In the present work, the mesoporous MgO
promoted by NaNO3+NaNO, exhibited a CO, capture capacity as high as 19.8 mmol-g" within
only 50 min, making it the most efficient MgO-based CO, sorbent with highest capacity and
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fastest sorption rate demonstrated so far. The pore size (5-6 nm) of the MgO skeleton is smaller
than the reported values in literatures (usually 15-25 nm) [14,52]. Previous study suggested that
for mesoporous materials, the capillary condensation caused by the nanoscale channels could
also contribute to CO, capture [53,54]. Therefore, we hypothesize that the unique mesoporous
structure of MgO in this study may provide a strong capillary condensation effect resulting in an
improved CO, capture capacity. The capture performance over cycles for sorbents were also
summarized in Table S2. Under ideal conditions, the sorbent in this work exhibited highest
capacity but worse stability over cycles compared to MgO-(Li, K)NO;+(Na-K),CO, sorbent
synthesized by precipitation method [34]. Under more harsh conditions as S3 and S4, the best
sorbent in this study showed high capacity as 4.8 and 5 mmol-g”', respectively, even after 15

cycles.

3.3. Reaction mechanisms and the role of promoters

Fig. 13a and 13b focus on the details of CO, sorption kinetics for the 1¥ cycle and 15™ cycle
of the two sorbents. The sorption rate, which is calculated as the first order derivative of CO,
uptake variation with respect to time, was also plotted as dashed lines to allow the analysis of
reaction mechanisms [55]. As shown in Fig. 13a, for the untreated MgO, the sorption rate peaked
within 1 min and then stabilized to ~0 quickly. For both promoted MgO samples, the sorption
rate clearly exhibited a “three-stage” evolution, indicating the potential dynamic variations along
with reaction time. Their sorption rate experienced a similar peak within 1 min (Stage I), then
held stable for nearly 1.5 min (Stage II) followed by a remarkable rebound lasting for more than
20 min (Stage III). To better discuss the phenomena and elucidate the mechanisms, we here

focus on the interactions between MgO, promoters and CO; in these three stages.

[Fig. 13]
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Stage I: initiating interactions between CO, and exposed MgQO. The rather large similar
peaks for pristine MgO and promoted MgO suggest intensive interactions between CO, and
exposed MgO 1in this initial stage (< 1 min). This carbonation reaction can produce a unidentate
carbonate layer [28]. The rigid structure of this carbonate layer can constrain the generation of

carbonate ions (CO32'), resulting in an inhibition of further carbonation [15].

Stage II: generation and accumulation of Mg®>* and COs>. The dissolution of MgO into
nitrates/nitrites breaks the strong ionic bonds in the bulk MgO and generates solvated ionic pairs
of magnesium ions (Mg2+) and oxide ions (02') [29]. The molten promoters can produce high

concentration of O (~ 2X 107 mole-L™ or higher) [56], and usually NaNO, can generate more

O” than can NaNO; [48]. The O is predominantly produced from promoters melting rather than
MgO dissolution. On the other hand, CO, molecules can be dissolved into molten promoters with
a solubility at scale of ~10° mol- L™ at 300 °C [40]. Thus, the molten promoters may serve as a
sink for the generated O* and accumulated CO, molecules to produce COs>. In this work (Fig.
13a), a higher amount of O™ is expected in the MgO-NaNO;+NaNO,, while it shares a
comparable value at Stage II with MgO-NaNOs, suggesting the O> generating is not the rate-
limiting step. A recent study proposed that the generation of Mg”" is the rate-limiting step, since
it 1s the most energetically unfavorable process according to density functional theory (DFT)
[18]. Thus, it is likely that the slow generation of Mg** holds the material staying in Stage II for

nearly 1.5 min.

Stage III: fast carbonation. Sufficient Mg** and COs> in molten promoters trigger the fast
nucleation of MgCOj5 crystals. Moreover, the O” can also activate the unidentate carbonates
through oxygen exchanges, thereby smoothing the conversion of unidentate carbonates to CO3>

[28,57]. The mesoporous MgO skeleton also contains some lattice defects of variances and
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mesoporous pores, which may also contribute to the rapid growth of MgCOs [28,58]. In this
work, the sorption rate of MgO-NaNOs;+NaNO, exhibits a larger hump than that of MgO-NaNOs,
indicating the addition of nitrite can further enhance the promoting effect. It has been reported
that MgO in molten nitrite can generate magnesium nitro (Mg—NO,) or nitrato (Mg—O-NO,,
Mg-0,-NO, (Mg-0),=NO), which are all capable of creating lattice defects to enhance the

nucleation of MgCOs [29].

“Three stages” in 15™ cycle. Fig. 13b depicts the sorption kinetics-and sorption rate for both
sorbents in the 15" cycle. Compared to the 1% cycle, two smaller peaks were observed in Stage I,
suggesting that there was less exposed active MgO after many repeated cycles. Thus, the reduced
surface area, pore size and damaged MgO structure all support this hypothesis. Stage II also
lasted for longer time than the one seen with the 1% cycle, implying that the deactivation of
sorbents inhibited the accumulation of Mg** and CO;>. The sorption rate in Stage III also

decreased significantly due to suppressed carbonation.

In this study, based on the content, the NaNO3s and NaNO, were used as major promoter and
sub-promoter (or co-promoter), respectively. As proposed in the previous publication, molten
NaNO; mainly served as a medium in which both CO, and MgO can dissolve [14,18,26,47].
Based on the results in this work, the roles of NaNO, as sub-promoters mainly include: 1) alter
the eutectic melting point for promoters mixture; 2) change the optimal temperature for
carbonation reaction due to the alterations of the enthalpy and entropy for MgCOs3 formation (as
discussed in Section 3.2.3); 3) generate more O° during Stage II; 4) molten nitrite can generate
magnesium nitro (Mg—NO) or nitrato (Mg—O-NO,, Mg—0,-NO, (Mg—0),=NO) to enhance the

nucleation of MgCOs.
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4. Conclusions

This work provides a detailed investigation of the synthesis and performance of a series of

MgO-based CO, sorbents. The major findings are summarized as follows:

1Y)

2)

3)

4)

Mesoporous MgO with high specific surface area and high pore volume can be synthesized
through a simple hydrothermal method. The morphology of the materials can be tuned by
varying the solution pH. A pH of 9.0 maximized the surface area and pore size and, therefore,

produced the highest CO, uptake for the promoted sorbents;

With a molar ratio of 1:0.07 and at 325 °C, the MgO-NalNOs sorbent can uptake the highest
amount of CO, from an 85% CO, stream, i.e., 15.2-mmol-g”', corresponding to a MgO
conversion of 70.4%. The highest uptake of MgO-NaNO;+NaNO,, 19.8 mmol-g", was
detected with a molar ratio of 1:0.07:0.04 and at 350 °C, equal to an MgO conversion of
~96%. This is, to the best of our knowledge, the highest CO, capture capacity reported in the

open literature for MgO;

For both promoted sorbents, when temperature is fixed, lower CO, uptake was found with
decreasing CO, partial pressure. While with lower CO; partial pressure (less than 0.50 bar), a

relatively lower temperature is more favorable for CO, capture;

Gradual deterioration of sorbents was found over the first 5 cycles followed by stable
regenerability through the 5"-15" cycles. A sintering effect due to phase transition and
transformation of mesoporous structure of MgO might be the main reason for the
deactivation. More severe sintering effect under harsh decarbonation conditions suppressed

the stability of the sorbents over cycles;
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5) The interaction between promoted MgO and CO, exhibited a “three-stage” evolution: Stage I:
initiating interactions between CO, and exposed MgQO; Stage II: generation and accumulation

of Mg2+ and CO32'; and Stage III: fast carbonation.
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Fig. 1. Powder XRD patterns of (a) MgCO; synthesized at hydrothermal solution pH 5.0-10.0 and (b) MgO samples after

annealing
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Fig. 2. SEM images of MgO synthesized at hydrothermal solution pH of (a) 5.0, (b) 6.0, (c) 8.2, (d) 9.0 and (e) 10.0.
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Fig. 3. Powder XRD patterns of (a) MgO-pH9.0 promoted with NaNO; and (b) MgO-pH9.0 promoted with NaNOs+NaNO,.
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Fig. 4. SEM images of (a) MgO-pH9.0, (b) MgO promoted with NaNO3, and (c) MgO promoted with NaNO3;+NaNO,.
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Fig. 5. N, adsorption/desorption isotherms of mesoporous MgO-pH9.0, MgO promoted with NaNO;, and MgO promoted with
NaNOs+NaNO, (inset: BJH method pore size distribution for these three materials)
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Fig. 6. CO, uptake by MgO synthesized at different solution pH. (Experimental conditions: 0.85 bar of CO,, at temperature of
325 °C, NaNO; dose: x=0.07)
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Fig. 7. CO, uptake by MgO-pH9.0 promoted by (a) NaNO; and (b) NaNOs+NaNO,. (Experimental conditions: 0.85 bar of CO,,
at temperature of 325 °C for Mg-NaNO; and 350 °C for Mg-NaNOs+NaNO,, MgO/NaNO;/NaNO, molar ratio of 1:x:y)
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Fig. 8. CO, uptake by MgO-pH9.0 promoted by (a) NaNO; and (b) NaNO;+NaNO, at temperature 275-375 °C. (Experimental
conditions: 0.85 bar of CO,, MgO/NaNO3/NaNO, molar ratio of 1:x:y, x=0.07 and y=0.04)
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Fig. 9. CO, uptake by MgO-pH9.0 promoted by (a) NaNO; and (b) NaNOs+NaNO, at different concentrations of CO,.

(Experimental conditions: at temperature of 325 °C for Mg-NaNO; and 350 °C for Mg-NaNO;-NaNO,, MgO/NaNO;/NaNO,

molar ratio of 1:x:y, x=0.07 and y=0.04)
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Fig. 10. CO, uptake over repeated cycles by MgO-pH9.0 promoted by (a) NaNO; and (b) NaNO;+NaNO,. (Experimental
conditions: absorption temperature of 325 °C for Mg-NaNO; and 350 °C for Mg-NaNO3-NaNO,, 0.85 bar of CO, and
absorption time of 30 min; desorption temperature of 400 °C for both materials in 1 bar of N, for 20 min)
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Fig. 11. SEM images of MgO-pH9.0 promoted with NaNO; (a) after absorption and (b) after regeneration (at the 15" cycle);
MgO-pH9.0 promoted with NaNO;+NaNO, (c) after absorption and (d) after regeneration (at the 15" cycle).
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Fig. 12. CO, uptake over repeated cycles by MgO-pH9.0 promoted NaNO;+NaNO,. (Experimental conditions: For all scenarios,
the carbonation and decarbonation time are 30 and 20 min, respectively. The carbonation and decarbonation conditions
(temperature/partial pressure of CO,) are: S1: Carbonated at 350 °C/0.85 bar and decarbonated at 450 °C/0 bar; S2:
Carbonated at 350 °C/0.85 bar and decarbonated at 450 °C/1 bar; S3: Carbonated at 325 °C/0.3 bar and decarbonated at

450 °C/1 bar; S4: Carbonated at 325 °C/0.3 bar (with ~0.01 bar of steam) and decarbonated at 450 °C/1 bar.
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Fig. 13. CO, sorption kinetics with MgO or promoted MgO-pH9.0 at the (a) 1% cycle and (b) 15" cycle. (Solid line-primary axis:
sorption data; Dashed line-secondary axis: sorption rate by the first order derivative)
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Table 1. Crystallite size and textural properties of the MgO materials.

Crystallite size (nm)

Sample (111) (200) (220) BET surface area (mz'g'l) Pore volume (cm3'g'1) BJH average pore size (nm)
MgO-pH5.0 11.6 8.5 9.0 186 0.39 6.86

MgO-pH6.0 9.4 8.3 8.8 192 0.43 6.31

MgO-pHS8.2 6.9 8.2 8.8 208 0.45 5.96

MgO-pH9.0 6.3 8.2 8.6 230 0:49 5.65

MgO-pH10.0 7.6 8.6 9.0 224 0.46 5.77

MgO-NaNO;-before absorption 7.2 8.3 8.7 29 0.082 3.94

MgO-NaNO;- 277 217 212 20 0.026 3.28

after regeneration

MgO-NaNO;+NaNO,-before absorption 7.2 8.4 8.6 23 0.073 3.87

MgO-NaNQO;+NaNO,-after regeneration ~ 30.8 25.6 25.8 18 0.032 3.33




Mesoporous MgO with different morphologies can be synthesized through hydrothermal
method.

Double promoters (NaNOs3/NaNO,) enhance CO, capture kinetics and capacity of MgO.

The interactions between the promoted MgO and CO, experience a “three stage” process.
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Morphology control of MgO by varying h
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