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A B S T R A C T

This study examines the cyclic CO2 capture performance and degradation mechanism of molten salt-promoted 
MgO, a low-cost and scalable precursor, derived from commercially available hydromagnesite. The material 
was modified using different nitrate-based molten salt compositions to enhance CO2 uptake. Among the for
mulations, single- and double-salt-promoted MgO exhibited the highest initial capture capacities; however, 
performance declined with repeated cycling. Notably, the single-salt system demonstrated comparatively better 
stability over 10–22 cycles than others. The observed reduction in CO2 capture capacity is attributed to the 
gradual loss and transformation of nitrate species, which reduces the effective molten phase and pore blockage. 
Thermodynamic analysis supports the conversion of active nitrate phases into less effective forms during cycling, 
while X-ray diffraction and ICP-MS confirm a decrease in nitrate content despite minimal change in overall 
sodium levels. These findings highlight the critical role of molten salt stability in sustaining CO2 capture per
formance and provide insight into the design of more durable MgO-based sorbents.

1. Introduction

The global climate emergency calls for a drastic reduction in CO2 
emissions across all sectors (Climate change and human behaviour, 
2022; Meinshausen et al., 2009) and emphasizes the need for 
carbon-free alternatives in energy systems to achieve the goal of net-zero 
by 2050. Due to the limited availability of alternative energy sources, 
fossil fuels remain a dominant energy source, contributing the largest 
share of greenhouse gas emissions and significantly impacting the 
climate. This has made the development and implementation of 
advanced CO2 capture and storage technologies essential (Qiao et al., 
2017). Considerable efforts are being made to develop new technolo
gies, processes, and materials for CO2 capture, utilization, and storage 
(CCUS) that align with the requirements of energy systems (Wenxing 
et al., 2025; Wang et al., 2014b; Ruminski et al., 2011).

Three principal approaches; pre-combustion capture, post- 
combustion capture, and oxy-fuel combustion capture are commonly 
suggested to decarbonise processes (Gao et al., 2017; Ruhaimi et al., 
2021; Wang et al., 2011; Zheng et al., 2016). Although aqueous-based 

solvents (Gao et al., 2020; Dong et al., 2022; Rochelle, 2009; Stolaroff 
et al., 2008; D’Alessandro et al., 2010, Olajire, 2013) are widely used 
for CO₂ capture, they are frequently applied in post-combustion systems 
due to their operation at relatively low temperatures (Qiao et al., 2017). 
Pre-combustion CO2 capture is exemplified by integrated gasification 
combined cycle (IGCC) systems and related processes such as 
sorption-enhanced water–gas shift (SEWGS) and sorption-enhanced 
biomass reforming (SEBR). These processes (Abbasi et al, 2014; 
Norouzpour et al., 2025; Qin et al., 2017) utilise solid adsorbents over a 
broad temperature range (200–700◦C) (Qiao et al., 2017; Gao et al., 
2017). Among solid adsorbents, including zeolites (Bhatta et al., 
2015), metal–organic frameworks (MOFs) (Azmi and Aziz, 2019; 
Modak and Jana, 2019, Welton et al., 2025), silica (Wang et al., 2024;), 
carbon (Zeng et al., 2018; Adegoke and Tseki, 2025), and microwave 
assisted CO2 absorption (Shi et al., 2026), metal oxides offer several 
advantages (Qiao et al., 2017; Gao et al., 2017; Wang et al., 2025a). 
These include their abundance, low cost, low toxicity, broad applica
bility across temperature and pressure conditions, high working ca
pacity, and ease of disposal without significant environmental hazards 
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(Qiao et al., 2017; Wenxing et al., 2025; Ruhaimi et al., 2021; Vu et al., 
2014; Wang et al., 2014a). Among the various alkaline earth metal ox
ides (CaO, MgO, BaO, Fe2O3), MgO is considered one of the more 
promising sorbents for CO₂ capture in SEWGS and SEBR processes, 
particularly within the temperature range of 200–400◦C, owing to its 
high theoretical CO2 uptake (24.8 mol⋅kg⁻¹) (Qiao et al., 2017; Gao et al., 
2017). However, it has been reported that, in practice, the CO₂ capture 
capacity of MgO synthesised from layered double hydroxides is limited 
due to slow reaction kinetics and poor thermal stability (Bhatta et al., 
2015). Consequently, significant efforts have been directed toward 
enhancing its adsorption performance through approaches such as 
precipitation from mixed oxides (Li et al., 2013), dispersion on porous 
supports (Li et al., 2014), and modification with molten salts (Harada 
and Hatton, 2015).

In recent years, the synthesis of molten salt-modified MgO and its 
application in SEWGS have attracted increasing attention for CO₂ cap
ture (Qiao et al., 2017; Gao et al., 2017; Ruhaimi et al., 2021; Prashar 
et al., 2016; Cai et al., 2022; Gao et al., 2022). Fig. S1 illustrates pub
lication trends over the past decade—based on search terms including 
“metal oxide for CO2 capture,” “MgO for CO2 capture,” “molten 
salt-promoted MgO for CO2 capture,” and “nitrate-promoted MgO for 
CO2 capture”—highlighting the growing interest in molten salt-modified 
metal oxides for CO₂ capture on the Web of Science platform. Significant 
research efforts were devoted to produce molten salt-promoted absor
bents as they demonstrated excellent CO2 capture performance, regen
eration capability, and considerable thermal stability (Qiao et al., 2017; 
Gao et al., 2017; Ruhaimi et al., 2021; Prashar et al., 2016; Gao et al., 
2022; Harada et al, 2015; Jin et al., 2017; Zhang et al., 2013; Chen 
et al., 2021; Gui et al., 2024). Research interest in molten 
salt-promoted MgO was accelerated after a US patent was granted for 
sorbents with a wide range of CO2 capture capacity 1.1-12.9 mol.kg− 1 

depending on the synthesis condition and capture parameters (Mayorga 
et al., 2001).

Various mechanisms have been reported to promote the CO2 capture 
capacity of molten salt–modified MgO (Qiao et al., 2017; Gao et al., 
2017; Gao et al., 2022; Landuyt et al., 2022; Bork et al., 2022). It has 
been suggested that the molten salt provides liquid channels for rapid 
CO2 diffusion (Cai et al., 2022). The enhanced CO2 capture capacity of 
NaNO3-promoted MgO has been attributed to the substitution of nitrate 
groups into the MgCO3 lattice, resulting in increased lattice defects after 
partial desorption of CO2 (Prashar et al., 2016). Other studies have 
proposed that the molten salt acts as a medium for dissolving both the 
sorbent and CO2, thereby reducing the relative stability of MgCO3 dur
ing desorption and enhancing adsorption kinetics (Shen et al., 2023). 
Equations 1–3 illustrate the chemical reactions involving NaNO3-
promoted MgO during the adsorption and desorption processes (Jo 
et al., 2017).

Adsorption: 

MgO + NaNO3 + CO2 ̅̅̅̅ →
270 ∘C MgCO3 + NaNO3 (1) 

Desorption: 

MgCO3 + NaNO3 ̅̅̅̅ →
400 ∘C MgO + NaNO3 + CO2 (2) 

Decomposition: 

2NaNO3 ̅̅̅̅ →
550 ∘C 2NaNO2 + O2 (3) 

Although NaNO3 typically decomposes at or above 550◦C, repeated 
CO2 sorption–desorption cycles may induce its degradation even below 
this temperature (Bond and Jacobs 1966). It is widely accepted that 
molten salts are dispersed over the sorbent surface, rendering it partially 
wetted during both sorption and desorption. This facilitates the partial 
dissolution of solid MgO in the molten salt, forming solvated ion pairs 
[Mg²⁺⋯O²⁻] (Gao et al., 2017). Ultimately, the sorbent system can 
overcome strong lattice constraints (Zhang et al., 2014), thereby 
enhancing CO₂ capture kinetics through adsorption on the MgO surface 

and the formation of a gas–liquid–solid triple-phase boundary (TPB) 
(Qiao et al., 2017; Gao et al., 2017). In this process, gaseous CO₂ mol
ecules adsorb onto the bare MgO surface to form the TPB and react with 
the solvated ion pairs, followed by the precipitation of MgCO3 away 
from the initial dissolution site, thereby sustaining continued CO₂ up
take (Qiao et al., 2017; Gao et al., 2017; Gao et al., 2022).

Qiao et al. (2017) reported cyclical CO₂ capture for 
triple-salt-modified MgO and observed a pronounced decline in capacity 
(from 16.8 to 3.2 mol/kg after 15 cycles); the underlying degradation 
mechanisms were not systematically elucidated. Zhang et al. (2014)
demonstrated that molten salts can act as phase-transfer catalysts, 
achieving CO2 uptake of up to 15 mol/ kg, while Pozzo et al. (2019)
attributed cyclic performance decay primarily to partial sintering of the 
sorbent.

The literature review reveals that previous studies have largely 
established the fundamental mechanisms responsible for the high initial 
CO₂ capture performance of molten salt–promoted MgO sorbents, 
particularly following single or limited sorption–desorption tests. 
Moreover, the influence of molten salt chemistry, desorption tempera
ture, and salt phase evolution on regeneration efficiency and long-term 
cyclic stability has received little focused attention. In particular, 
degradation and transformation pathways of different molten salt sys
tems during repeated CO₂ capture–regeneration cycles remain poorly 
understood.

This study presents a systematic investigation into the role of molten 
salt chemistry on MgO-based CO2 capture performance. The impact of 
single salt (SS: 10 mol% NaNO3), double salts (DS: 7 mol% NaNO3 + 4 
mol% NaNO2), and triple salt (TS: 2 mol% LiNO3 + 7.6 mol% NaNO3 +

0.4 mol% Na2CO3) modified MgO sorbents has been comparatively 
evaluated under multiple adsorption (300 and 310◦C) and desorption 
(380, 400, and 450◦C) conditions, together with extended cyclic CO2 
capture testing. In this study, the degradation and phase transformation 
mechanisms of these molten salt systems during cyclical operation are 
elucidated through thermodynamic modelling using FactSage 8.0, and 
are rigorously validated by complementary ICP-MS, XRD, and FTIR 
analyses. This integrated experimental-thermodynamic approach pro
vides new mechanistic insights into salt stability and sorbent perfor
mance, offering a robust framework for the rational design of durable 
MgO-based CO2 capture materials.

2. Experimental

2.1. Materials

Commercial hydro-magnesite (>90% purity, chemical formula 
4MgCO3⋅Mg(OH)2⋅4H2O; <1% quartz, balance: moisture) supplied by 
Inoxia Ltd, UK, was used as the primary MgO source material. Addi
tionally, 99% pure LiNO3, NaNO3, NaNO2, Na2CO3⋅10H2O, and meth
anol were purchased from Merck Life Science UK Limited to synthesize 
molten salt promoted MgO.

2.2. Method

2.2.1. Sample preparation
Single (SS), double (DS), and triple salt (TS) promoted MgO were 

synthesized. The doses of the molten salts were selected from the pre
vious studies by Jin et al., (2017) and Zhao et. al., (2018) as they found 
high capture capacity with their selected doping methodologies. The 
primary objective of the present work is to systematically evaluate the 
cyclical CO2 sorption behaviour of representative molten salt–modified 
MgO systems and to elucidate the associated degradation and phase 
transformation mechanisms during repeated operation, but not to 
perform a comprehensive optimisation or screening of all possible 
molten salt compositions and loadings. Hence, salt compositions were 
selected that have been consistently reported to be effective, stable, and 
practically relevant in previous studies [34, 46], allowing meaningful 
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comparison with the existing literature while avoiding an excessively 
large compositional parameter space.

Two different concentrations of the SS promoted MgO were prepared 
using NaNO3, keeping the molar ratio MgO: NaNO3 equal to 1: 0.1 (10 
mol%) and 1:0.05 (5 mol%). Similarly, DS-promoted MgO was prepared 
using a mixture of NaNO3 and NaNO2 keeping the molar ratio MgO: 
NaNO3:NaNO2 equal to 1:0.07:0.04 (NaNO3 - 7 mol% and NaNO2 - 4 mol 
%). Triple salt modification of MgO was conducted using a mixture of 
LiNO3, NaNO3 and Na2CO3⋅10H2O (10 mol%) considering the molar 
ratio MgO:LiNO3:NaNO3:Na2CO3 equal to 1:0.02:0.076:0.004 (LiNO3- 2 
mol%, NaNO3 - 7.6 mol% and Na2CO3 - 0.4 mol%). The hydromagnesite 
(HM) was initially calcined (Cal) in a horizontal tube furnace (1600◦C 
capacity furnace, Sl. No.: 21-502145, Lenton Ltd., UK) at 600◦C for 3h 
under 4L/min N2 purge, followed by cooling it inside the furnace for 12 
h. The cooled MgO was then stored in an air-tight 200 mL glass bottle.

Single salt–promoted (SS) MgO was prepared by dissolving 0.1078 g 
of NaNO3 in 50 mL of methanol in a 200 mL glass bottle using a magnetic 
stirrer at 300 rpm for 10 min under a fume hood. Subsequently, 0.5013 g 
of MgO was added to the NaNO3 solution, and the suspension was 
allowed to impregnate for 24 h at 600 rpm under ambient conditions (20 
± 2◦C). The resulting mixture was then transferred to a 250 mL beaker, 
and most of the methanol was removed by evaporation in a preheated oil 
bath at 90◦C until no free liquid was observed. The semi-dry solid was 
transferred to a glass Petri dish and dried in an oven at 105◦C for 24 h. 
The obtained sample was stored in an airtight 50 mL centrifuge tube 
prior to CO2 uptake testing. Double-salt (DS) and triple-salt (TS) modi
fied MgO samples were prepared and stored following the same pro
cedure. Photographs illustrating the synthesis steps for all samples are 
provided in Figs. S2–S4 (Supplementary Information).

2.2.2. CO2 capture tests
CO2 uptake was measured using a Q500 TA-TGA (TA instrument Q 

Series, England), varying the desorption temperature (500, 450, 400, 
and 380◦C) and adsorption temperature (275, 300, 310 and 350◦C), 
keeping the desorption and adsorption time fixed at 60 min and 240 
min, respectively. Most of the literature suggests that molten salt
–promoted alkaline earth metal oxides exhibit optimal CO2 adsorption 
kinetics in the 200–400◦C range (Qiao et al., 2017; Gao et al., 2017; Gao 
et al., 2022; Jo et al., 2017; Zhang et al., 2014; Pozzo et al., 2019; Zhao 
et al., 2018; Wang et al., 2025a). In practice, carbonation is typically 
performed at 275–350◦C, while desorption is usually carried out at 
400–450◦C (Qiao et al., 2017; Wang et al., 2025b). In this study, a 
comprehensive range of temperatures for both adsorption and desorp
tion was investigated, followed by cyclic CO2 capture tests conducted at 
the optimized conditions. The investigation initially adopted 
literature-based temperature ranges and was subsequently extended to 
both lower and higher temperatures to fully assess performance.

For cyclical tests, 10-15 mg of sample was used. The desorption and 
adsorption tests were conducted, respectively, under 30 mL/min N2 flow 
and 123 mL/min CO2 (99.9% pure) flow from a compressed gas cylin
der. It is acknowledged that in a practical CO2 capture system the con
centration will be lower; this is an initial scouting study to investigate 
degradation mechanisms; further work at lower concentrations, and in 
the presence of other impurities, is required. Employing pure CO2 during 
the capture process minimizes interference from other gases and mois
ture, thereby allowing the intrinsic molten salt degradation mechanism 
to be established. The flow rate was selected to obtain the optimal up
take of CO2 by maximising the quantity of CO2 flowing through the TGA 
chamber without engendering noise within the results. An initial heating 
stage (with a rate of 10◦C/min) was conducted under flow of N2, this 
heating stage continued for the entire desorption duration including the 
time needed to reach the desired adsorption temperature. The CO2 flow 
was started when the desired adsorption temperature reached, and it 
continued for the entire adsorption duration. Fig. S5 represents a typical 
heating and cooling cycles, showing mass change as a function of time. 
The CO2 uptake (%) was determined using the formula in equation 4. 

CO2 uptake (%) =
mt − mi

mi
× 100 (4) 

In equation iv mi= Mass of sorbent (g) after 1st desorption at a 
particular desorption temperature (e.g., 380, 400 and 450◦C) and mt =

Mass of sorbent (g) kept for time t at a particular adsorption temperature 
(e.g., 275, 300, 310, 350◦C) following the desorption.

Table 1 summarizes single CO2 capture test conditions. Additionally, 
cyclical CO2 capture tests were performed varying the number of cycles 
(5, 10, 20, and 22), desorption temperature (450, 400, and 380◦C), 
adsorption temperature (300 and 310◦C), and time for desorption (15 
and 14 min) and adsorption (60, 20, 12, and 24 min). Although 14 vs. 15 
minutes made little difference in practice, we used 15 min for the 60 min 
adsorption case to be conservative in ensuring complete desorption. 
Table 2 shows the cyclic CO2 capture test conditions and sample identity 
(Table 1 presents all notations used in this study).

2.2.3. Characterization
X-ray diffraction (XRD Aeris, Malvern Panalytical, UK) was used to 

study the sorbent samples (with and without molten salt modification) 
before and after the cyclic tests. The diffractogram was recorded over a 
2θ range of 20–70◦, using a step size of 0.1◦ and a dwell time of 0.9 s per 
step. After conducting the X-ray scan, all diffractograms were analysed 
using ICDD pdf4+ for peak search and match, followed by Rietveld 
refinement using High Score plus.

The Rietveld refinement of the X-ray diffractograms was performed 
using search-and-match parameters based on the ICDD PDF-4 diffraction 
database within HighScore Plus. From the peak matching results, 
appropriate reference standard diffraction patterns (Section 3.4.2) cor
responding to phases with known structural information were selected. 
Subsequently, in the refinement control tab, global parameters for all 

Table 1 
Summary of a single CO2 capture test condition and sample identity.

Sample ID Treatment D. Temp.a (◦C) and 
time (min)

A. Temp.b (◦C) and 
time (min)

HM-Cal-D500-60- 
A300-240

No 500 and 60 300 and 240

HM-Cal-TS(0.1)-D500- 
60-A275-240

TSc 500 and 60 275 and 240

HM-Cal-TS(0.1)-D500- 
60-A300-240

TS 500 and 60 300 and 240

HM-Cal-TS(0.1)-D500- 
60-A350-240

TS 500 and 60 350 and 240

HM-Cal-TS(0.1)-D450- 
60-A300-240

TS 450 and 60 300 and 240

HM-Cal-TS(0.1)-D400- 
60-A300-240

TS 400 and 60 300 and 240

HM-Cal-DS(0.11)- 
D450-60-A300-240

DSd 450 and 60 300 and 240

HM-Cal-DS(0.11)- 
D400-60-A300-240

DS 400 and 60 300 and 240

HM-Cal-SS(0.1)-D450- 
60-A300-240

SS(0.1)e 450 and 60 300 and 240

HM-Cal-SS(0.1)-D400- 
60-A300-240

SS(0.1) 400 and 60 300 and 240

HM-Cal-SS(0.1)-D380- 
60-A310-240

SS(0.1) 380 and 60 310 and 240

HM-Cal-SS(0.05)- 
D400-60-A300-240

SS(0.05)f 400 and 60 300 and 240

a Desorption temperature;
b Adsorption temperature;
c A mixture of 0.02 molar ratio of LiNO3 (2 mol%), 0.076 molar ratio of NaNO3 

(7.6 mol%) and 0.004 molar ratio of Na2CO3 (0.4 mol%);
d A mixture of 0.07 molar ratio of NaNO3 (7 mol%) and 0.04 molar ratio of 

NaNO2 (4 mol%);
e 0.1 molar ratio of NaNO3 (10 mol%);
f 0.05 molar ratio of NaNO3 (5 mol%). Irrespective of the temperature and 

time variation, desorption was conducted in N2 flow with 30 mL/min and 
adsorption conducted in CO2 flow with 123 mL/min
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phases were defined. In particular, the solver tolerance was set to 10− 5, 
error calculation was enabled, and the asymmetric peak function was 
specified as split width and shape within the phase profile.

A suitable parameter set function was then applied; in this case, the 
extended Rietveld function was selected to achieve the best fit to the 
diffractograms. Automatic fitting was performed, followed by phase 
quantification based on the lowest weighted profile residual (Rwp) 
value. To assess the reliability of the quantification, the goodness-of-fit 
(GoF) was evaluated for each diffractogram. If the GoF deviated 
significantly from unity, the search-and-match procedure and subse
quent Rietveld refinement were repeated. It should be noted that this 
approach is statistical in nature and does not necessarily represent ab
solute gravimetric quantification. However, it is widely accepted as a 
semi-quantitative method for phase analysis in X-ray diffraction studies.

Additionally, an X-ray fluorescence study in the energy dispersive 
mode was conducted using an Epsilon 3 XRF spectrometer, Malvern 
Panalytical, UK, to judge the elemental composition, impurities, and 
contaminants in the sorbent samples.

Fourier Transform Infrared Spectroscopic (FTIR) study of the molten 
salt-promoted MgO before and after cyclic tests was performed using an 
Agilent Cary 630 FTIR Spectrometer. The spectrum for each sample was 
recorded after the summation of 32 scans within the wave number range 
4000-400 cm− 1.

To determine the Na and Mg content in the molten salt-promoted 
MgO before and after the cyclic tests run, an inductively coupled 
plasma mass spectrometry (ICP MS) study was conducted using an 
Agilent ICP-MS 7900 analyser. Before performing ICP MS analysis, solid 
samples were digested using HNO3 and HCl (10:1 molar ratio) in a PTFE 
container with a lid in a 3150 W microwave (CEM Matthews. NC, MARS 
6 240/50, CEM Corporation, USA) for 20 min at 180◦C. Following the 
digestion, the aliquot was diluted to 2% HNO3 solution and one-tenth of 
the initial concentration by adding deionized water. Each sample was 
analysed with respect to a blank analysis prepared using the same 
concentration of acid.

The microstructures of SS-promoted MgO, before and after the cyclic 
CO2 adsorption test at different desorption temperatures (380–450 ◦C), 
were examined using a JEOL JSM-6010LA scanning electron microscope 
(SEM) (JEOL Ltd., Japan). Microstructural images were recorded at an 
accelerating voltage of 20 kV and a magnification of 3 kX. Before the 
SEM analysis, the powder samples were mounted on SEM stubs using 
carbon tape and coated with a very thin layer of gold via sputtering.

2.2.4. Thermodynamic analysis
Thermodynamic modelling for the phase transformation and reac

tion equilibrium of the sodium nitrate-promoted sorbent was carried out 
using the computer program FactSage 8.0 (©FactSage Software and 
Databases, www.FactSage.com). FToxid and FactPS 8.0 data libraries 
were used for the thermodynamic calculations. The phase trans
formation and the possible product formation at the reaction equilib
rium and their thermodynamic parameters were analysed to explore the 
potential of the molten salt's activity/degradation/conversion.

3. Results and discussion

3.1. CO2 capture test

Fig. 1a represents the CO2 capture performances of molten salt (with 
and without triple salt) -promoted MgO conducted at different adsorp
tion temperatures (275, 300, and 350◦C) keeping the desorption tem
perature constant at 500◦C. From the figure, the unmodified MgO (No 
salt) possesses the lowest CO2 capture capacity (<1%) compared to that 
of the other samples. The CO2 adsorption test conducted at 300◦C with 
99.9% CO2 for 240 min showed the best capacity and 275◦C showed the 
least capacity among all temperatures. It is reported elsewhere that 
300◦C is the optimal temperature to maximise CO2 adsorption capacity 
(Qiao et al., 2017). At lower temperatures, such as 275◦C, the molten 
salt may not spread properly over the MgO surface, as this temperature 
is insufficient to form a melt phase. This limits the dissolution of [Mg²⁺... 
O²⁻] ion pairs in the melt phase, ultimately reducing the adsorption 
capacity (Gao et al., 2017; Gao et al., 2022; Zhang et al., 2014). How
ever, at a very high adsorption temperature (350◦C), the driving force 
for CO2 adsorption decreases, most likely owing to the reduction in 
driving force for adsorption.

A temperature of 500◦C is quite high for desorption and can damage 
the molten salts; therefore, the following tests were performed, reducing 
the desorption temperature. Figs. 1b-d depict the CO2 adsorption ca
pacity of different molten salts (SS, DS and TS)-promoted samples at 
different desorption temperatures (450 and 400◦C in 30 ml/min N2 
flow) and different molar concentrations of SS keeping the adsorption 
temperature fixed at 300◦C for 240 min. As shown in the figure, the CO2 
adsorption capacity of the SS-promoted sample increases with 
decreasing desorption temperature. A similar trend is observed for both 
DS- and TS-promoted MgO samples. The decrease in CO2 capture ca
pacity with increasing desorption temperature (Fig. 1b-c) is governed by 
the conversion of nitrate salts into their respective carbonates (as indi
cated by thermodynamic analysis) or their decomposition (as demon
strated by XRD) at higher temperatures. This, in turn, reduces the overall 
dispersion of the melt phase across the MgO surface and ultimately 
decreases CO2 uptake (Gao et al., 2017; Pozzo et al., 2019).

The CO2 uptake for SS-promoted MgO was observed to be 14.84 mol/ 
kg (65.3 w/w%) at a desorption temperature of 380◦C (graph not 
shown), which is slightly higher than that obtained at 400◦C (14.73 
mol/kg corresponding 64.8 w/w%) using the same sample and identical 
adsorption kinetics. Notably, an identical CO2 adsorption capacity of 
13.2 mol/kg (corresponding weight % is 58.1%) is observed for SS- and 
TS-promoted MgO at their respective desorption temperatures of 450◦C 
and 400◦C. However, when evaluated at 450◦C, the TS-promoted sample 
exhibits the lowest CO2 capture capacity (12.11 mol/kg corresponding 
to 53.3 w/w%) compared to that of SS- and DS-promoted samples under 
identical conditions. Overall, among the salt-modified MgO samples, SS- 

Table 2 
Summary of cyclic CO2 capture test condition and sample identity.

Sample ID Cycle 
number

D. Temp. (◦C) and 
time (min)

A. Temp. (◦C) and 
time (min)

HM-Cal-SS(0.1)-D450- 
15-A300-60

5 450 and 15 300 and 60

HM-Cal-DS(0.11)- 
D450-15-A300-60

5 450 and 15 300 and 60

HM-Cal-SS(0.1)-D450- 
14-A300-20

10 450 and 14 300 and 20

HM-Cal-DS(0.11)- 
D450-14-A300-20

10 450 and 14 300 and 20

HM-Cal-SS(0.1)-D450- 
14-A300-12

10 450 and 14 300 and 12

HM-Cal-DS(0.11)- 
D450-14-A300-12

10 450 and 14 300 and 12

HM-Cal-TS(0.1)-D450- 
14-A300-12

10 450 and 14 300 and 12

HM-Cal-SS(0.1)-D450- 
14-A300-12

22 450 and 14 300 and 12a

HM-Cal-DS(0.11)- 
D450-14-A300-12

22 450 and 14 300 and 12a

HM-Cal-SS(0.1)-D400- 
14-A310-12

10 400 and 14 310 and 12

HM-Cal-SS(0.1)-D380- 
14-A310-12

10 380 and 14 310 and 12

HM-Cal-SS(0.1)-D380- 
28-A310-12

10 380 and 28 310 and 12

HM-Cal-SS(0.05)- 
D380-14-A310-12

10 380 and 14 310 and 12

HM-Cal-SS(0.05)- 
D400-14-A310-12

10 400 and 14 310 and 12

HM-Cal-SS(0.05)- 
D450-14-A300-12

10 450 and 14 300 and 12

a The adsorption time given doubled, i.e., 24 min at 11th and 22nd cycles.
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and DS-promoted MgO demonstrate the best CO2 capture performance, 
achieving adsorption capacities of 14.73 mol/kg (corresponding weight 
% is 64.84%) and 14.95 mol/kg (corresponding weight% is 65.8%), 
respectively, with the DS-promoted sample showing a slightly higher 
uptake at a desorption temperature of 400◦C.

On the other hand, reduction in the quantity of the molten salt de
creases CO2 capture capacity as depicted in Fig. 1d. From the figure, the 
CO2 capture capacity of the 5 mol% SS-promoted MgO sample is 8.7 
mol/kg indicating that reducing the molten salt concentration by 50% (i. 
e., decreasing the MgO:NaNO3 molar ratio from 0.1 to 0.05) results in a 
40.9% decrease in CO2 capture capacity. The difference in adsorption 
capacity observed in Fig. 1d can be attributed to the dilution effect. The 
dilution of molten salt content may reduce the formation of solvated ion 
pairs of MgO in the molten salt phase, limit the interaction of gaseous 
CO2 with the MgO surface, and restrict the formation of triple-phase 
boundaries (Gao et al., 2017). Consequently, this may lead to a lower 
population of MgCO3 precipitates.

3.2. Cyclic CO2 capture test

3.2.1. Five cycle test, test condition: desorption 450◦C for 15 min 
adsorption at 300◦C for 60 min

Fig. 2a represents a five-cycle CO2 capture test of SS(0.1) and DS 
(0.11) promoted samples. The desorption was performed at 450◦C for 15 
min, while adsorption was performed at 300◦C for 60 min as summar
ised in Table 2. Table 3 presents the CO2 capture capacity of all samples 
at the end of cyclical tests. The CO2 adsorption capacities of both sam
ples are found to be similar in the first cycle, followed by an increasing 
difference in adsorption capacity. At the end of the fifth cycle, the DS 

(0.11) promoted sample exhibits a higher adsorption capacity (32.5%) 
compared to the SS-promoted sample. The higher adsorption capacity of 
the DS(0.11) sample compared to the SS(0.1) sample at the end of the 
fifth cycle could be attributed to the presence of NaNO2 (37%) in the DS 
sample, which has a higher proportion of melt phase due to its lower 
melting point (271◦C), as well as a lower O²⁻ content. This composition 
likely allows more CO2 interaction (resulting in faster reaction kinetics) 
with the bare MgO surface compared to the NaNO3-promoted sample 
(Qiao et al., 2017; Gao et al., 2022).

The mass change at the end of the desorption cycle (i.e., the 
remaining mass after CO2 has been desorbed) is lower for the DS(0.11)- 
promoted sample than for the SS(0.1) promoted sample (Fig. 2b), indi
cating mass loss from the solid / liquid particles. Additionally, the 
change in mass between the carbonated and uncarbonated states de
creases as exposure time or number of cycles increases. This phenome
non can either due to the sintering of MgO over cyclic heating cooling or 
be attributed to the decomposition of molten salt, as confirmed by XRD 
analysis (see Section 3.4.2).

3.2.2. Ten cycle test, test condition: desorption 450◦C for 14 min 
adsorption at 300◦C for 20 min

Fig. 3 presents the results of a ten-cycle test for SS(0.1) and DS(0.11) 
promoted samples, with desorption conducted at 450◦C for 14 min and 
adsorption at 300◦C for 20 min. The trend observed is similar to that of 
the five-cycle test, with the DS-promoted sample revealing a higher CO₂ 
capture capacity up to the eighth cycle. However, beyond the eighth 
cycle, the CO2 capture capacity of DS(0.11) declines, resulting in a lower 
adsorption capacity at the tenth cycle compared to the SS-promoted 
sample. A critical observation is that when the adsorption time was 

Fig. 1. (a) CO2 capture performances of molten salt (without and with triple salt) promoted MgO conducted at different adsorption temperatures (275, 300, and 
350◦C) keeping the desorption temperature constant at 500◦C, (b) CO2 adsorption capacity of different molten salt (SS, DS and TS) promoted samples, desorption 
conducted at 450◦C and adsorption at 300◦C, (c) CO2 capture capacity of different (SS, DS, and TS) promoted samples, desorption conducted at 400◦C and adsorption 
at 300◦C, (d) Effect of different molar concentrations (10 and 05%) on the CO2 capture capacity of SS promoted sample, desorption done at 400◦C and adsorption 
at 300◦C.
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maintained at 60 minutes (Fig. 2a), the DS-promoted sample exhibited 
only slightly higher adsorption than the SS-promoted sample during the 
first cycle. In contrast, when the adsorption time was reduced to 20 
minutes (Fig. 3a), the DS-promoted sample showed a significantly 
higher uptake. In the subsequent cycles up to the eighth cycle, the DS- 
promoted samples desaturated more quickly and demonstrated faster 
CO2 adsorption kinetics than the SS-promoted sample.

3.2.3. Ten cycles test for different molten salts promotes samples keeping 
adsorption time at 12 min

Analysing the ten-cycle test behaviour of different samples (SS(0.1), 
DS(0.11), and TS(0.1)-promoted MgO), which involved desorption at 
450◦C for 14 minutes and adsorption at 300◦C for 12 minutes (Fig. 4a), it 
is observed that, similar to other cyclic tests, the DS-promoted sample 
exhibits the highest adsorption capacity during the initial cycles, up to 
five cycles, after which it decreases with increasing exposure time or 
cycle number. This may be because NaNO2 melts at a lower temperature 
(Bond and Jacobs, 1966; Fei et al., 2019; Pacheco et al., 2002), rapidly 
becoming saturated with dissolved CO₂ and [Mg²⁺...O²⁻] ion pairs 
compared to other molten salt compositions (Qiao et al., 2017; Gao 
et al., 2022). In contrast, a longer adsorption time (60 minutes and 20 
minutes instead of 12 minutes as in Figs. 2a and 3) results in a higher 
adsorption capacity for the DS-promoted sample, compared to the 
shorter adsorption time (12 minutes in Fig. 4a). This can be explained by 
allowing more time for desaturation through the precipitation of MgCO3 
and the movement of reaction products away from the reaction site (Gao 
et al., 2017), which facilitates further CO2 accumulation in the melt 

phase.
On the other hand, the SS-promoted sample performs relatively 

better with a shorter adsorption time, demonstrating a better adsorption 
capacity after the tenth cycle (Fig. 4b), surpassing both the DS and TS- 
promoted samples. However, it shows a lower CO2 adsorption capac
ity than the DS-promoted sample during the initial cycles.

The TS-promoted sample initially exhibits a low CO2 adsorption 
capacity, potentially owing to its lower nitrate content compared to the 
SS and DS-promoted samples. However, its adsorption capacity becomes 
comparable to that of the SS-promoted sample after the fourth cycle. 
This could possibly be attributed to the retention of a similar amount of 
molten salt, particularly NaNO3, in both the SS and TS-promoted sam
ples after the fourth cycle. Fig. 4c illustrates the mass change percent 
after the desorption cycle for different samples over ten cycles. The 
graph displays that the SS-promoted sample possesses a higher mass 
change (more negative mass change%) compared to the DS and TS- 
promoted samples.

3.2.4. Twenty-two cycles test for different samples with the 11th and 22nd 

cycles adsorption time doubled
Fig. 5 presents the twenty-two-cycles CO2 adsorption and desorption 

Fig. 2. (a) Five cycles CO2 capture test behaviour of SS(0.1) and DS(0.11) 
samples conducted desorption at 450◦C for15 min and adsorption at 300◦C for 
60 min, (b) Mass change (%) at the end of desorption cycles of SS(0.1) and DS 
(0.11) samples Vs. time.

Table 3 
Summary of CO2 capture capacity at the end of cyclic tests and mass change (%).

Sample ID No. of 
Cyclic test

CO2 uptake at the 
end of cycles % and 
(mol/kg)

Mass change (%) at the 
end of final desorption 
cycle

HM-Cal-SS(0.1)- 
D450-15- 
A300-60

5 29.39 (6.68) -1.69

HM-Cal-DS 
(0.11)-D450- 
15-A300-60

5 35.41 (8.05) -2.91

HM-Cal-SS(0.1)- 
D450-14- 
A300-20

10 17.93 (4.08) -1.62

HM-Cal-DS 
(0.11)-D450- 
14-A300-20

10 19.23 (4.37) -1.23

HM-Cal-SS(0.1)- 
D450-14- 
A300-12

10 18.70 (4.25) -1.60

HM-Cal-DS 
(0.11)-D450- 
14-A300-12

10 08.34 (1.89) -1.24

HM-Cal-TS(0.1)- 
D450-14- 
A300-12

10 17.29 (3.93) -1.45

HM-Cal-SS(0.1)- 
D450-14- 
A300-12a

22 13.03 (2.96) -2.53

HM-Cal-DS 
(0.11)-D450- 
14-A300-12a

22 04.99 (1.13) -1.74

HM-Cal-SS(0.1)- 
D400-14- 
A310-12

10 20.91 (4.75) -0.98

HM-Cal-SS(0.1)- 
D380-14- 
A310-12

10 18.02 (4.10) 9.52

HM-Cal-SS(0.1)- 
D380-28- 
A310-12

10 21.15 (4.81) -4.32

HM-Cal-SS 
(0.05)-D380- 
14-A310-12

10 16.04 (3.65) 13.58

HM-Cal-SS 
(0.05)-D400- 
14-A310-12

10 15.08 (3.42) -1.12

HM-Cal-SS 
(0.05)-D450- 
14-A300-12

10 15.00 (3.41) -1.68

a The adsorption time given doubled, i.e., 24 min at 11th and 22nd cycles
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test results for the SS(0.1) and DS(0.11) samples. Desorption was con
ducted at 450◦C for 14 min, while adsorption occurred at 300◦C for 12 
min up to the 10th cycle and from the 12th to 21st cycle. For the 11th and 
22nd cycles, the adsorption time was doubled to 24 min to assess 
whether this enhanced CO2 capture capacity. The cyclic test graph re
veals that, similar to the previous ten-cycle test, the DS-promoted 
sample exhibits a higher adsorption capacity up to the 5th cycle than 
the SS(0.1), followed by a decline through the 10th cycle. Increasing the 
CO₂ adsorption duration at the 11th cycle resulted in a higher CO₂ cap
ture capacity for the DS(0.11) sample (24.4%) compared to the SS(0.1) 
sample (21.1%). However, beyond the 11th cycle, the adsorption ca
pacity of both samples gradually declines. By the 22nd cycle, the DS 
(0.11) sample exhibits a lower adsorption capacity (12.82%) than the SS 
(0.1) sample (16.1%), even with the extended adsorption time (24 min).

3.2.5. Ten cycles test for SS-promoted sample at different desorption 
temperatures

To assess the impact of desorption temperature on the cyclical test 
performance, three different desorption temperatures were considered 
and compared. Fig. 6a illustrates the ten-cycle test behaviour of SS- 
promoted MgO, with desorption conducted at 450, 400, and 380◦C for 
14 min and adsorption at 300 and 310◦C for 12 min. Note that for 
desorption temperatures of 400◦C and 380◦C, the adsorption tempera
ture was 310◦C, while for a desorption temperature of 450◦C, the 
adsorption temperature was 300◦C. The results indicate that the CO₂ 
capture capacity of the SS-promoted sample tested at a desorption 
temperature of 400◦C and an adsorption temperature of 310◦C is su
perior to that of the other desorption conditions (450 and 380◦C). In the 
first cycle, the sample tested at 450◦C shows a slightly higher capture 
capacity. However, from the subsequent cycles onward, the sample 
tested at 400◦C dominates the CO2 adsorption performance up to the 
tenth cycle.

Fig. 6b presents the variation in maximum CO2 adsorption (w/w%) 
at the end of each cycle over time for SS-promoted samples tested at 
different desorption and adsorption temperatures. Regardless of the 
cycle number, the sample subjected to 400◦C desorption and 310◦C 
adsorption consistently exhibits a higher adsorption capacity (except the 
first cycle) than those tested at 450 and 380◦C. Notably, after ten cycles 
at 400◦C desorption, the SS-promoted MgO retains a CO₂ capture ca
pacity of 20.9%, whereas the capacities after ten cycles at 450 and 380◦C 
desorption are measured at 18.6% and 18.0%, respectively.

A critical analysis of the cyclical test conducted on the SS-promoted 
sample at a desorption temperature of 380◦C reveals a significantly 

different behaviour compared to the other samples (Fig. 6a). As shown 
in Fig. 6c, the mass change (%) remains higher than zero (the CO2 up
take percentage for SS-promoted MgO does not reach zero) during 
desorption at 380◦C, indicating that a slower desorption of MgCO3 
molecules delays the regeneration of MgO. Notably, the percentage of 
mass change increases up to the fifth cycle before declining.

A different phenomenon of not achieving full calcination after 
desorption in the CO2 capture test (up to the fifth cycle), conducted at a 
desorption temperature of 380 ◦C for the SS(0.1)-promoted sample 
(Fig. 6a and c), could be attributed to the incomplete decomposition of 

Fig. 3. Ten-cycles test of SS(0.1) and DS(0.11) samples, desorption conducted 
at 450◦C for 14 min and adsorption at 300◦C for 20 min.

Fig. 4. (a) Ten-cycles test behaviour of SS(0.1), DS(0.11) and TS(0.1) promoted 
MgO samples, desorption conducted at 450◦C for 14 min and adsorption at 
300◦C for 12 min, (b) Variation of maximum CO2 adsorption (w/w%) after each 
cycles of SS(0.1), DS(0.11) and TS(0.1) promoted MgO samples with time, (c) 
Mass change (%) at the end of desorption cycles of SS(0.1), DS(0.11) and TS 
(0.1) promoted MgO samples Vs. time.
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MgCO3 molecules within the core region of microparticle agglomerates 
and pore clogging caused by molten phases (Qiao et al., 2017). Decrease 
in mass change beyond the fifth cycle may result from the gradual 
decomposition of the molten salt due to prolonged exposure. A mecha
nism has been proposed in Section 3.4.

3.2.6. Ten cycles test of SS-promoted MgO at 380◦C maintaining the 
desorption time doubled

Fig. 7a depicts the ten-cycle CO₂ capture test results for SS-promoted 
MgO, with desorption conducted at 380◦C for 14 and 28 minutes while 
maintaining a constant adsorption condition at 310◦C for 12 minutes. 
The figure shows that increasing the desorption time to 28 minutes leads 
to a significantly smaller CO2 uptake after multiple desorption cycles. 
Fig. 7b presents the mass change percentage at the end of the desorption 
cycles as a function of exposure time. The weight loss indicates a loss of 
the sorbent, likely resulting from the decomposition of molten salt 
(Zhang et al., 2014) when the sorbent is exposed to a high temperature 
(380◦C) for an extended period.

Fig. 8 depicts a possible physical mechanism underlying the critical 
behaviour of NaNO3-promoted MgO (HM-Cal-SS(0.1)-D380-14-A310- 
12) during cyclical testing at a desorption temperature of 380 ◦C. It 
highlights the presence of trapped CO2 molecules in the sealed zone, 
attributed to the impregnation of molten salts into the pore structure. 
The figure also illustrates the effect of CO2 partial pressure, which in
creases with temperature (see Section 3.3). Since NaNO3 melts above 
310◦C (confirmed by thermodynamic analysis), the melt phase may 
penetrate the micro or nanopores at 380◦C, effectively sealing local 
zones. Even if MgCO3 decomposes, the relatively low CO2 partial pres
sure at 380◦C in these localized regions prevents its escape through the 
protective melt phase, which is already saturated with Mg²⁺ and CO3

2⁻ 
ion pairs (Gao et al., 2017). Numerous reports explain that sealed in
ternal porosity during calcination of CaCO3 leads to a self-generated CO₂ 
atmosphere inside the particle that can stop calcination before 
completion, leaving an unreacted carbonate core and enhancing particle 
densification by sintering and shell formation, pore blockage, and 
shrinkage (Qiao et al., 2017; Qian et al., 2023; Maya et al., 2018; 
Martinez et al., 2024). On the other hand, the tests conducted at higher 
desorption temperatures (400 and 450◦C) demonstrate that trapped CO2 
can escape more easily (results shown in Fig. 6 and Table 3) due to the 
generation of high internal partial pressure. However, very high 

desorption temperatures may have adverse effects on the stability of the 
molten salts. Hence, a 400◦C desorption temperature appeared to be 
optimal for SS-promoted MgO in cyclic CO2 capture tests.

3.2.7. Dilution effect of SS (NaNO3) concentration in the cyclic CO2 
capture performance

Fig. 9a shows the ten-cycle performance of 10 mol% and 5 mol% SS- 
promoted MgO samples, with desorption carried out at 400◦C for 14 min 
and adsorption at 310◦C for 12 min. Fig. 9b presents the maximum CO2 
capture capacity at the end of each adsorption cycle. The results 

Fig. 5. Twenty two-cycles CO2 adsorption and desorption test of SS(0.1) and 
DS(0.11) samples conducted desorption at 450◦C for 14 min and adsorption at 
300◦C for 12 min up to 10th cycle and from 12th cycle to 21st cycle, the 
adsorption time was doubled, i.e., 24 min, for eleventh and twenty- 
second cycle.

Fig. 6. (a) Ten-cycles test behaviour of SS-promoted MgO conducted desorp
tion at 450, 400, and 380◦C for 14 min and adsorption at 300 and 310◦C for 12 
min, (b) The variation in the maximum CO2 adsorption (w/w%) of the SS- 
promoted sample after each cycle with the time tested at different desorption 
and adsorption temperatures, (c) Mass change (%) at the end of desorption 
cycles of the SS-promoted samples over time.
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demonstrate that the CO₂ capture capacity of the 5 mol% SS-promoted 
sample is lower than that of the 10 mol% sample. This can be attrib
uted to the reduced molten salt concentration, which decreases the 
triple-phase boundary (TPB) population at the solid–liquid–gas interface 
(Gao et al., 2017), eventually, leading to a reduced CO2 capture 

performance.
The CO2 capture capacity of the 10 mol% SS-promoted sample de

creases by 50.7% from the first to the tenth cycle, whereas the 5 mol% 
sample shows a comparatively smaller reduction of 24.9%. Fig. 9c il
lustrates the percentage mass change at the end of the desorption cycles 
as a function of exposure time. Both samples exhibit similar mass change 
behaviour up to the sixth cycle; however, beyond this point, the 5 mol% 
sample shows a more rapid decline. The lower mass change (%) of SS 
(0.05)-promoted MgO compared to SS(0.1)-promoted MgO (Fig. 9c) is 
attributed to the greater decomposition of 5 mol% NaNO3 relative to 10 
mol% NaNO3. This behaviour can be explained by the thinner distri
bution of the salt over the MgCO3 surface (Choudhary et al., 2025), 
which facilitates faster evaporation and consequently leads to a reduc
tion in CO₂ capture capacity.

3.3. Thermodynamic analysis

Fig. 10a illustrates the phase diagram of the MgCO3-NaNO3 mixture 
over the temperature range of 200–500◦C, analysed using FactSage 8.0 
(FactSage Software and Databases) with the FToxid database. Initially, 
the gas phase is not considered to allow an approximate understanding 
of the phase behaviour with temperature. The phase diagram indicates 
that NaNO3 remains intact in the mixture up to 266◦C, after which, it 
begins to partially transform into sodium carbonate, even though it does 
not melt until 310◦C. Above this temperature, a mixture of sodium 
carbonate and molten NaNO3 forms within the system, which ultimately 
enhances CO₂ capture capacity.

Given the high MgCO3/(MgCO3 + NaNO3) ratio of 0.9090 used in 
this study, the phase diagram predicts the presence of MgO, MgCO3, and 
Na2CO3 below 400◦C. This would imply that all NaNO3 converts to 
Na2CO3; however, in practice, after ten cycles, nearly 50% of the total 
NaNO3 remains in the system, as demonstrated by XRD analysis and 
Rietveld refinement (section 3.4.2). If complete NaNO3 conversion had 
occurred, the NaNO3-promoted sample would exhibit behaviour similar 
to that of calcined only MgO (Fig. 1a), but this is not observed. Cyclical 
tests results reveal that even after ten cycles, the SS-promoted sample 
retains a CO2 capture capacity of 18–21%, regardless of the desorption 
conditions. This suggests the presence of a certain amount of SS in the 
sorbent, a finding further supported by XRD and Rietveld refinement.

The conversion of NaNO3 to Na2CO3 is expected to result in sub
stantial mass loss during the desorption cycles. Specifically, one mole of 
NaNO3 yields only 0.5 mol of Na2CO3, corresponding to a theoretical 
mass loss of 37.64% relative to the molar mass of NaNO3. This translates 
to an overall mass loss of 6.66% relative to the total mass of SS (10 mol% 
NaNO3) promoted MgO, as calculated from equations S(i)–S(iv) (in the 

Fig. 7. (a) Ten-cycle CO2 capture test graphs of SS(0.1)-promoted MgO, with 
desorption conducted at 380◦C for 14 and 28 min, keeping the adsorption 
condition the same at 310◦C for 12 min, (b) Mass change (%) at the end of 
desorption cycles as a function of time for the above samples, with desorption 
conducted for14 and 28 min at 380◦C.

Fig. 8. Plausible mechanisms for explaining the critical behaviour of SS-promoted MgO (HM-Cal-SS(0.1)-D380-14-A31012) tested cyclically at 380◦C desorption 
temperature. Due to the relatively low partial pressure of CO2 around the particles’ pores during desorption at 380◦C, CO2 molecules inside the capillaries 
are trapped.
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Supplementary Information). Notably, this theoretical value is signifi
cantly higher than the mass change observed experimentally after 
desorption cycles.

If the mass loss of the SS-promoted samples arises entirely from the 
conversion of NaNO3 to Na2CO3, the calculated conversion ratios 
(Table S1, Supplementary Information) indicate that the highest con
version ratio (64.86%) occurs for the sample subjected to a longer 
desorption period (28 min) at 380◦C. In addition, dilution of the SS 
loading from 10 mol% to 5 mol% promotes the conversion, with the 5 
mol% SS-promoted MgO exhibiting a conversion of 46% at 450◦C. 
Although the thermodynamic analysis and mass-change data suggest 
conversion of NaNO3 to Na2CO3, these results are not confirmed by XRD 

analysis. While the phase diagram of the MgCO3-NaNO3 mixture cannot 
predict kinetic limitations, it does indicate the formation of a molten 
phase beyond 310◦C during desorption, which may play a role in 
influencing the CO2 capture capacity of MgO.

For adsorption, the phase diagram analysis (Fig. 10b) using FactSage 
at 300◦C shows that a mixture of 100 mol% MgO with less than 35 mol% 
CO₂/(CO₂ + NaNO3) contains both solid NaNO3 and Na2CO3. However, 
as the CO2 mole fraction increases, all NaNO3 molecules transform into 
solid Na2CO3. Additionally, all MgO molecules transform into MgCO3 
when the MgO/(MgO + CO₂) mole fraction falls below 50%. A similar 
phase diagram is observed for this three-component mixture at 310◦C 
(Fig. 10c). However, in this case, all NaNO3 phases appear in the liquid 
state. This suggests that 310◦C is the optimal temperature for NaNO3 
melt-phase formation (Fei et al., 2019), which can enhance CO2 accu
mulation. Fig. 10d presents the thermodynamic properties (ΔH, ΔS, and 
ΔG) of the reaction at different temperatures per mole of MgCO3. Basic 
calculations of the partial pressure of CO2 above MgO, utilising the 
NASA Glenn database (McBride et al., 2002) indicate that for the MgO / 
MgCO3 / CO2 system, the partial pressure of CO2 above which MgCO3 
forms increases from 0.2 bar to 2.4 bar to 4.1 bar with an increase in 
temperature from 310 to 380 to 450◦C. The increase in temperature 
enhances the driving force for desorption.

3.4. Justification of the cyclic CO2 test behaviour by characterisations

The preceding sections indicate that the CO₂ capture capacity of 
molten salt-promoted commercial MgO declines with increasing cycle 
numbers/exposure time, regardless of the molten salt composition, 
concentration, or test conditions. This decline could be attributed to the 
loss of molten salts or sintering of the MgO sorbent. This section presents 
the results of ICP-MS, XRD, and FTIR analyses to further investigate and 
correlate these findings with the observed phenomena.

3.4.1. ICP-MS analysis
To assess the degradation of molten salt, ICP-MS analysis was per

formed on 10% NaNO3-promoted MgO before and after ten cycles of 
testing. Table 4 presents the measured concentrations of Na and Mg in 
various acidic medium dilutions. Additionally, the atomic weight ratio 
of Mg to Na was calculated based on these values. The concentrations of 
Mg and Na vary with solvent dilutions. However, regardless of the 
dilution, the atomic mass ratio of Mg to Na remains unchanged at 1:0.12 
before and after the cyclic tests. The Mg:Na atomic mass ratio for SS- 
promoted MgO closely matches the theoretical value (Mg:Na = 0.1) 
used for sample synthesis. Minor deviations may arise due to moisture 
content, atmospheric CO₂ exposure, and impurities in the commercial 
MgO.

Upon reviewing the ICP-MS analysis (Table 4), it is evident that the 
sodium content (Mg:Na) in the NaNO3-promoted MgO remains constant 
even after ten cycles of CO2 capture tests. Therefore, nitrate decompo
sition is the only likely cause for the deterioration of CO2 uptake. 
Additionally, it has been established that the nitrate form of the sodium 
salt is solely responsible for the development of the melt phase, which 
accelerates CO2 accumulation on the bare MgO surface (Gao at al., 
2017).

3.4.2. XRD analysis
Fig. 11a–f present the X-ray diffractograms of molten salt-promoted 

MgO before and after ten cycles of testing. To determine the chemical 
phases semi-quantitatively, Rietveld refinement was performed. Table 5
provides the search and match conditions, along with the ICDD PDF 
selection for different phases. Figs. S6–S17 display all X-ray diffracto
grams after Rietveld refinement using HighScore Plus (refer to the 
supplementary information). In the X-ray diffractograms of both molten 
salt-modified and unmodified samples, peaks at 2θ = 36.8◦, 42.7◦, and 
62.1◦ correspond to MgO (Periclase, denoted as ‘p’), while peaks at 
32.6◦, 42.9◦, 53.9◦, 66.3◦, and 69.3◦ indicate the presence of MgCO3 

Fig. 9. (a) Ten-cycles test behaviour of 10 mol% and 5 mol% SS-promoted MgO 
samples conducted desorption at 400◦C for 14 min and adsorption at 310◦C for 
12 min, (b) The variation of the maximum CO2 capture capacity after the 
completion of each adsorption cycle with time, (c) Mass change (%) at the end 
of desorption cycles as a function of time.
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(Magnesite, denoted as ‘m’) (Qiao et al., 2017; Gao et al., 2022). Peaks at 
2θ = 29.4◦, 31.9◦, 35.4◦, 38.9◦, 47.9◦, 48.3◦, 55.6◦, and 56.4◦ corre
spond to NaNO3 (denoted as ‘n’), while small peaks at 30.0◦, 51.2◦, and 
58.8◦ are attributed to NaNO2 (denoted as ‘n2’) (Gao et al., 2022).

From the diffractograms (Fig. 11a), periclase (MgO) peaks appear 
broader in samples that have not undergone CO₂ capture testing (after 
calcination of the hydromagnesite), while magnesite peaks exhibit low 
intensity (appeared for SS and DS-promoted calcined hydromagnesite 
samples). Such findings may indicate sintering in the sample (since 
larger grains are associated with sharper peaks); unfortunately, we were 
unable to test this owing to the small quantities utilised in these ex
periments preventing retention for e.g. BET or BJH analysis. After the 
CO2 capture test, the periclase peaks become sharper, and additional 
high-intensity magnesite peaks emerge (12b-f), indicating the conver
sion of MgO to MgCO3. The effect of salt promotion is evident, as a minor 
magnesite peak is observed even before CO₂ capture testing in SS- and 
DS-promoted samples (Fig. 11a). Additionally, the intensity of sodium 

nitrate (NaNO3) peaks decreases after ten cycles of CO₂ capture, sug
gesting partial decomposition.

Rietveld refinement of the X-ray diffractograms was performed 
following the procedure described in section 2.2.3 (Misture and Snyder 
2001; Lee et al., 2014). This was conducted using search-and-match 
parameters based on the ICDD PDF-4+ diffraction database in High
Score Plus. Based on the peak matching results, the reference standard 
diffraction patterns (presented in Table 5) corresponding to phases with 
known structural information were selected. The phase composition of 
each sample is summarized in Table 6. As shown in the table, the initial 
NaNO3 content in the SS(0.1) sample is 22.23%, but it decreases across 
all samples subjected to cyclic testing, regardless of test conditions and 
salt concentration. The decrease in NaNO3 content after the cyclical tests 
through the Rietveld refinement confirms its decomposition. This 
decomposition causes weight loss during the desorption cycles, which 
ultimately reduces the CO2 capture capacity as the number of cycles 
(exposure time) increases (Qiao et al., 2017; Zhang et al., 2014; Pozzo 
et al., 2019).

It is important to note that as the desorption temperature increases, 
the content of retained MgCO3 (by weight) decreases, while the content 
of retained MgO (by weight) increases. This suggests that higher expo
sure temperatures increase the likelihood of molten salt decomposition, 
which in turn reduces the CO2 capture capacity and results in a higher 
retention of MgO after completing the test cycles. Thermodynamic 
analysis predicts complete (100%) conversion of NaNO3 to Na2CO3, 
while mass-change analysis based on thermodynamic considerations 
indicates a degree of conversion. However, the XRD results do not 
confirm this interpretation, as no diffraction peaks corresponding to 

Fig. 10. (a) The phase diagram of the MgCO3 and NaNO3 mixture over the temperature range 200-500◦C analysed using FactSage 8.0 (FactSage Software and 
Databases) with Ftoxid database, (b) Three-component phase diagram of MgO, NaNO3 and CO2 considering the situation during CO2 adsorption at 300◦C, (c) Three- 
component phase diagram of MgO, NaNO3 and CO2 considering the situation during CO2 adsorption at 310◦C, (d) The thermodynamic properties (ΔH, ΔS, and ΔG) 
of desorption at different temperatures per mole of MgCO3.

Table 4 
Summary of the ICP-MS analysis of 10% SS promoted MgO before and after the 
ten cycles of CO2 capture test.

Sample Dilution in 
HNO3

Mg% Na% Mg: Na (atomic 
weight ratio)

HM-Cal-SS(0.1) 2.0% 88.69 9.87 1 : 0.117
6.9% 88.39 10.37 1 : 0.123

HM-Cal-SS(0.1)- D400- 
14-A310-12

2.0% 86.76 10.04 1 : 0.122
6.9% 88.04 9.96 1 : 0.119
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Na2CO3 are detected. It is, of course possible that Na2CO3 is forming, but 

that it is amorphous.

3.4.3. FTIR analysis
Fig. 12 presents the FTIR spectra of calcined MgO and SS(0.1)- 

promoted samples before and after cyclic tests. A broad peak at 1418 
cm⁻¹, observed in calcined hydro-magnesite (MgO), corresponds to the 
asymmetric stretching of the C–O bond in carbonates, attributed to CO2 
adsorption on MgO surfaces (Trivedi et al., 2015). The presence of a 
sharper peak at the same position in all other samples (except pure 
NaNO3) indicates CO₂ chemisorption on MgO. Additionally, broad peaks 
at 1119 cm⁻¹ and 852 cm⁻¹ are observed in calcined MgO corresponding 
to the symmetric stretching and bending of the C–O bond in 
surface-adsorbed carbonates, respectively (Zahir et al., 2019; Wang 
et al., 2023). These peaks become more intense and well-defined in 
SS-promoted samples before and after cyclical tests, confirming active 
CO₂ capture. In the SS(0.1)-promoted MgO sample, a new peak at 1478 

Fig. 11. XRD patterns of (a) different salts promoted samples that had not undergone cyclic test, (b) 10 cycles test run of SS(0.1) promoted sample at different 
desorption temperatures, keeping the desorption time 14 min and adsorption time 12 min, (c) 10 and 22 cycles run of SS(0.1) promoted sample, for 22 cycles test, the 
adsorption time kept 24 min for 11th and 22nd cycles. (d) XRD pattern of 10-cycles tested different molten salts promoted sample: SS(0.1) and DS(0.11), (e) 10 cycles 
tested SS(0.1) promoted samples, desorption run at 380◦C for different time: 14 min and 28 min, (f) Without and with 10 cycles tested SS(0.05) promoted sample.

Table 5 
ICDD reference code used to identify the chemical phases in X-ray diffractogram 
using ICCD pdf-4.

Phases ICDD reference 
code

Notation used in this 
study

Magnesium oxide (periclase) 01-073-3815 p
Magnesium carbonate 

(magnesite)
04-014-4846 m

Sodium nitrate 01-079-2056 n
Sodium nitrite 01-087-1121 n2

Table 6 
Weight percent of the chemical phases obtained by the Rietveld refinement of X- 
ray diffractograms.

Sample Cycles 
run

Main Chemical phases (%)

MgO MgCO3 NaNO3 NaNO2

HM-Cala 0 99.7 0.20 00.00 0.0
HM-Cal-SS(0.1) 0 77.7 0.00 22.3 0.0
HM-Cal-SS(0.05)b 0 92.0 0.00 07.2 0.0
HM-Cal-DS(0.11) 0 76.9 0.00 21.5 1.6
HM-Cal-SS(0.1)-D450-14- 

A300-12
10 49.0 38.7 12.2 0.0

HM-Cal-SS(0.1)-D400-14- 
A310-12

10 38.5 48.8 12.7 0.0

HM-Cal-SS(0.1)-D380-14- 
A310-12

10 25.9 61.6 12.5 0.0

HM-Cal-SS(0.1)-D380-28- 
A310-12

10 39.2 48.8 12.0 0.0

HM-Cal-SS(0.1)-D450-14- 
A300-12

22 45.0 42.6 12.1 0.0

HM-Cal-DS(0.11)-D450-14- 
A310-12

10 38.2 49.4 09.0 0.1

HM-Cal-TS(0.1)-D450-14- 
A300-12c

10 50.7 36.7 12.0 0.0

HM-Cal-SS(0.05)-D400-14- 
A310-12d

10 52.8 40.5 06.1 0.0

a Contains 0.1% CaO.
b Contains 0.7% Na2CO3.
c Contains 0.4% CaCO3.
d Contains 0.5% CaCO3. Fig. 12. FTIR spectra of MgO produced from hydromagnesite, pure NaNO3, SS 

(0.1)-promoted samples, SS(0.1)-promoted sample after 10 and 22-cycle of CO2 
capture tests (denoted as 10-cycle and 22-cycle, respectively, in the figure).

S. Chakraborty and P. Fennell                                                                                                                                                                                                               Carbon Capture Science & Technology 19 (2026) 100633 

12 



cm⁻¹ is observed due to the asymmetric stretching of the C–O bond in 
magnesite (Zahir et al., 2019), indicating enhanced CO₂ capture capacity 
facilitated by NaNO3, as reported elsewhere (Qiao et al., 2017; Gao 
et al., 2017; Gao et al., 2022, Zhang et al., 2013; Chen et al., 2021).

Pure NaNO3 and SS(0.1)-promoted samples exhibit a symmetric N–O 
stretching peak at 834 cm⁻¹ (Zahir et al., 2019). Since NaNO3 influences 
CO₂ adsorption on MgO surfaces even before any CO2 capture test, SS 
(0.1)-promoted MgO does not show the asymmetric N–O stretching 
peak of NO₃⁻ at 1359 cm⁻¹ (Zahir et al., 2019). However, after ten and 
twenty-two cycles of CO2 capture tests, both pure NaNO3 and 
SS-promoted MgO show a distinct asymmetric N–O stretching peak at 
1359 cm⁻¹. This indicates that while NaNO3 does not fully decompose, 
its content significantly decreases after cyclic tests, as evidenced by the 
reduced peak intensity of N–O stretching after ten and twenty-two 
cycles.

FTIR analysis (Fig. 12) reveals that the NaNO3 peak remains even 
after ten and twenty-two cycles of the CO2 capture test for SS-promoted 
MgO samples. However, a decrease in the intensity of the N-O peak of 
NaNO3 is observed as the number of test cycles increases (from ten to 
twenty-two), indicating the decomposition of NaNO3 with more cycles. 
Regarding the C-O peak intensities of CO3

2− at 1418 cm⁻¹ and 884 cm⁻¹, a 
higher amount of magnesite is exhibited after the cyclical test.

3.4.4. Microstructure analysis
Fig. 13 illustrates the microstructural images of SS-promoted MgO 

before and after the cyclical CO2 capture tests conducted at various 
desorption temperatures (380–450 ◦C). The SEM image of the fresh SS- 
promoted MgO (Fig. 13a) reveals a rosette-like structure, attributed to 
the mixing of sodium nitrate with the MgO particles. After ten cycles of 
CO2 capture test, the particles of SS-promoted MgO become sintered, 
and the rosette-like structures are destroyed due to the decomposition of 
the composite structure, regardless of the desorption temperature. As 
the desorption temperature increases from 380 ◦C (Fig. 13b) to 400 ◦C 
(Fig. 13c) and then to 450 ◦C (Fig. 13d), the degradation of the rosette- 
like configuration becomes more pronounced and porous nature of the 
particles reduces. This structural breakdown and reduction in particle 

decoration eventually reduces the CO2 capture capacity of SS-promoted 
MgO, leaving more unreacted MgO after the cyclic test at the higher 
desorption temperature (450 ◦C), as confirmed by XRD analysis.

It is important to note that the specific surface area (derived from the 
Brunauer–Emmett–Teller (BET) equation) and pore size distribution 
(calculated using the Barrett–Joyner–Halenda (BJH) method) are crit
ical parameters for elucidating the mechanism behind the decline in CO2 
capture capacity over repeated cycles. Previous studies consistently 
report that fresh sorbents exhibit higher BET surface area and larger 
pore volumes, whereas cyclic CO₂ capture leads to a progressive 
reduction in pore volume and surface area (Qiao et al., 2017; Chen et al., 
2021; Zhang et al., 2014). This deterioration is further exacerbated 
during high-temperature desorption (400–450◦C), likely due to pore 
clogging caused by the molten state of metal nitrates (Qiao et al., 2017).

Consistent with these findings, the cyclic CO2 capture tests con
ducted at 300◦C (adsorption) and 400–450◦C (desorption) in this study 
suggest a similar mechanism, as hypothesised in Fig. 8 (Section 3.2.6) 
and supported by XRD, FTIR, and microstructural analyses. Although 
BET measurements could not be performed due to limited sample 
quantity (~10 mg), the observed CO2 capture performance of sodium 
nitrate–promoted samples aligns well with existing literature and is 
corroborated by complementary characterization techniques. It is 
acknowledged that BET analysis is an important component of future 
work when sufficient sample quantities become available.

It is important to note that high-resolution TEM mapping would 
enable direct visualization of the spatial distribution of alkali metal 
species within the MgO matrix, thereby providing deeper insight into 
the relationship between additive dispersion and CO2 capture perfor
mance. However, this analysis has not been conducted at the present 
stage. We acknowledge this as a limitation of the current study and have 
explicitly identified it as an important direction for future investigation.

Hence, it can be conclusively stated that, irrespective of salt 
composition, the cyclic CO2 capture performance of alkali metal nitra
te–promoted MgO declines with increasing cycle number. This degra
dation is primarily attributed to sintering and/or structural degradation 
of the metal nitrate phase, leading to pore clogging, as evidenced by ICP- 

Fig. 13. SEM image of (a) fresh SS-promoted MgO, (b) SS-promoted MgO after 10-cycle test at D = 380◦C, (c) SS-promoted MgO after 10-cycle test at D = 400◦C, and 
(d) SS-promoted MgO after 10-cycle test at D = 450◦C.
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MS, XRD, FTIR, and SEM analyses.

4. Conclusions

This study investigated the cyclical CO2 capture performance of 
molten salt–promoted commercial MgO sorbents using single, double, 
and triple-salt systems. Cyclic adsorption–desorption tests were con
ducted at adsorption temperatures of 300–310◦C and desorption tem
peratures between 380 and 450◦C.

The highest CO₂ capture capacity was obtained at an adsorption 
temperature of 300◦C. At a desorption temperature of 400◦C, single and 
double-salt–promoted MgO exhibited comparable capture capacities 
(~65%). Higher regeneration temperatures led to reduced performance, 
attributed to molten salt decomposition.

All sorbents showed a gradual decline in CO₂ capture capacity with 
increasing cycle number. The double-salt–promoted MgO performed 
better in the initial cycles, while the single-salt–promoted MgO 
demonstrated improved stability and higher capacity during extended 
cycling. Incomplete mass recovery during desorption at 380◦C for the 
single-salt–promoted sample was associated with partial MgCO3 
decomposition and pore blockage.

The loss in cyclic performance was primarily attributed to the 
decomposition of nitrate-based molten salts, particularly NaNO3. This 
was confirmed by XRD, Rietveld refinement, FTIR, and ICP-MS analyses, 
which indicated nitrate decomposition without significant loss of so
dium content.
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