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Advancing carbon dioxide capture: investigation
into the kinetics and efficiency of absorption in
molten calcium oxide—chlorideTf

Melissa Hall, Sean P. Rigby and George Z. Chen®*

One promising carbon capture technology is the absorption of carbon dioxide (CO,) by molten salt,
specifically the molten mixture of calcium oxide and chloride (CaO + CaCl,, COC), as it solves some of
the key issues with alternative methods, including thermal stability and capture efficiency. The kinetics of
CO, absorption in a column of COC is examined by deriving a simple kinetic model and determining the
kinetic constants under various conditions. The model emphasises the importance of the oxide anion
(0?7) concentration and CO, partial pressure in driving the absorption rates. Applying this model to
reported experimental data on CO, absorption with varying molten salt height, or CaO wt% in molten
CaCl, produced values for the kinetic constants with high accuracy. The fastest rate of absorption, with
a rate constant of 0.00313 L mol™ min~* was achieved at a 15 cm molten salt height. Conversely, the
slowest rate, 0.00062 L mol™* min™, occurred at 20 wt% CaO in CaCl,. Comparative analysis with
conventional amine-based CO, capture systems reveals a slower absorption rate for the molten salt.
Nonetheless, there are further elements which need to be explored to perform a full comparison with
the amine system, for example the desorption kinetics or absorption capacity. This reinforces the need
for further research into molten salt absorption kinetics to gain a more holistic understanding of this
technology and enable an optimal process design for further assessment of the feasibility and scalability
of molten salt-based CO, capture in current and future processes. Ultimately, this will promote the
adoption of carbon capture technology, cultivating more sustainable practices in industry.

The urgent need to address climate change necessitates innovative carbon capture technologies to reduce greenhouse gas emissions. This paper investigates the

molten salt absorption of carbon dioxide, through the development of a kinetic model to advance understanding of the chemistry of this process. Unlike

conventional methods, molten salt absorption is free from toxic chemicals and can operate at high temperatures without the need to cool flue gases, thereby
enhancing energy efficiency. This research supports the UN Sustainable Development Goals (SDGs), notably SDG 7 (Affordable and Clean Energy) and SDG 13

(Climate Action), by promoting sustainable industrial practising and cutting carbon emissions. The findings encourage further exploration of molten salt
carbon capture, which if successful, will offer more cost-effective and viable solutions to carbon sequestration technologies, thereby enhancing sustainable

development and environmental protection.

Introduction

consequences including the destruction of ecosystems, rising sea
levels, resource shortages, and the eradication of livelihoods.*

The global impact of climate change is intensifying, as evidenced
by frequent and severe weather events such as flooding, wildfires,
and heatwaves." Greenhouse gas emissions trap heat in the
atmosphere, accelerating the planet's temperature towards the
1.5 °C warming threshold target established by the Paris Climate
Agreement. If current emission rates continue, this target could
be exceeded within the next decade, leading to catastrophic
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Carbon dioxide (CO,) is a major greenhouse gas. Despite it
absorbing less heat per molecule than other air pollutants, it
remains in the atmosphere for longer. As of January 2024, CO,
levels were at 423 ppm, a 150% increase since 1750, surpassing
the natural increase observed at the end of the last ice age 20
000 years ago.’

In addition, rapid urbanisation and growing populations are
amplifying energy and resource demands, whilst efforts are
being made to decarbonise industries and operate more sus-
tainably. Therefore, capturing harmful emissions is imperative
to achieving these goals, highlighting the importance of capture
technology in ongoing research.*
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Carbon capture technology can be implemented at the
emission point, or through Direct Air Capture (DAC). DAC has
intense energy requirements, as it involves cooling, compress-
ing, and separating ambient air to remove the CO,. Further-
more, the CO, concentration in the ambient environment is
more dilute than at the point of emission, necessitating high
gas flows and very specific adsorbents.?

Emission point capture can be achieved with various
mechanisms, including adsorption, absorption, or membrane
technology. Solid adsorption technology uses an adsorbent
material to concentrate CO, on the surface. Desorption of CO, is
then achieved by altering the temperature, pressure, composi-
tion, or a combination of these.® One common adsorbent is
a metal oxide, such as a calcium oxide-calcium carbonate (CaO-
CaCOg;) system. This technology can produce high-purity CO,
and requires less energy for regeneration, however material
costs are high, and adsorbent efficiency is limited due to the
observed rate of carbonation decreasing once the surface is
covered with a product layer of calcium carbonate.” In 2006,
Grasa and Abanades illustrated the decrease in CO, uptake for
a calcium oxide (CaO) sorbent, with a significant reduction in
the first ten cycles, and a residual conversion of 7-8% for the
remaining hundreds of cycles.® This explains the preference for
other methods, and lack of industry implementation of this
technology.

Absorption-based technology uses a liquid solvent to selec-
tively dissolve CO, from the gas mixture.” Amine scrubbing is
widely used in industry due to its fast absorption rate and high
capacity. Emission gases are passed through a liquid solution of
amines in an absorption column, which selectively absorbs the
CO,. The CO,-rich amine solution is then separated in a strip-
ping column, and the amine is regenerated using temperature
or pressure swing methods. These methods, however, are
energy-intensive, increasing operational costs.® A key concern is
that despite the amine solution not being inherently corrosive,
the capture process produces carbamate and bicarbonate
compounds. These compounds reduce the solution's alkalinity
due to the presence of carbonic acid. The corrosion caused by
this acid exceeds the effects of hyaluronic acid, leading to
equipment degradation, shorter design lives, and increased
maintenance.” The carbamate compound will gradually
decompose due to the presence of CO,, oxygen (O,), nitrous
oxides (NO,), sulphur dioxide (SO,) and high temperatures
during regeneration. This poses significant challenges to the
reduction in CO, capture capacity, requiring more frequent
regeneration cycles and regular solvent replacement.” Addi-
tionally, concerns arise about the environmental risks associ-
ated with amine solutions. Amines can be absorbed by water
droplets in the purged gas or emitted directly into the atmo-
sphere in gaseous form. Gupta et al investigated aerosol
emissions during post-combustion CO, capture and concluded
that 80 tons of MEA will enter the atmosphere per 1 million tons
of CO, captured when using a 30 wt% MEA aqueous solution.*

A similar gas-liquid absorption process is high-temperature
carbon capture, using molten salt. This process involves the
partial dissolution of CaO into a molten salt, where the solution
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absorbs CO, by reacting with CaO to form calcium carbonate
(CaCOj3). This occurs in an absorption chamber.

Carbonation reaction between calcium oxide and carbon
dioxide

Ca0 + CO, — CaCOs (1)

To recover the CO,, the molten carbonate salt is stripped by
raising the temperature (decarbonation) in a second reactor
chamber. Fig. 1 highlights the Gibbs energy change (AG®) of eqn
(1), demonstrating that the reaction reverses at temperatures
higher than 900 °C. This temperature swing facilitates the
absorption and desorption processes of the CO,, while the
recovered solid oxide is reused for further CO, absorption,
closing the ab-/desorption cycle. In 2013, Olsen and Tomkute
demonstrated a high CO, capture rate using a CaO sorbent,
with no sorbent deterioration after several cycles of CO,
capture.” This combination of high efficiency, regeneration
abilities, and its applicability with high-temperature sources
makes it an attractive solution to some of the disadvantages of
alternative methods. Notably, evidence supporting molten salt
absorption is often obtained under laboratory conditions, and
commercial-scale application is still absent.* This introduces
complexities surrounding scaling up and operating in non-ideal
conditions. Johnsen et al. highlighted that scale-up ratios are 3—-
15 times larger than previous CO, recovery systems, and
emerging technologies will likely have ratios of a greater order
of magnitude due to the increase in flue gas volumes to be
treated.” In addition to CaCl,—CaO, some other metal oxide in
molten salts have been explored for CO, capture, due to their
advantageous thermodynamic properties. Examples include
magnesium oxide (MgO) and fluoride (LiF or NaF) based
sorbents which have demonstrated high absorption
efficiencies.”®

Table 1 compares the key properties of solid absorption,
amine scrubbing and molten salt carbon capture technologies.
A molten salt system offers high capture capacities, competitive
costs and the temperature range means the full heat of reaction
can be utilised, eliminating the need to cool the flue gas stream
prior to absorption. This emphasises the need for further
research and understanding of this process. The derivation of
the reaction kinetics and subsequent investigation into the
application of these equations to experimental data has not
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Fig. 1 Gibbs energy change of eqn (1) as a function of temperature.
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Table 1 Comparison of the capture efficiency, energy consumption, cost, and adsorption/absorption temperature of a metal oxide (solid),*¢~*®

amine’®=22 or molten salt,>*=2¢ capture system

Metal oxide

Amine scrubbing Molten salt

Capture capacity (g CO, per kg sorbent) 149.6
Energy consumption (GJ per tCO,) 11

Cost analysis (USD per tCO,) 26
Adsorption/absorption temperature (°C) 450-850
Desorption temperature (°C) 700-1000

been extensively explored in previous literature, presenting
a significant gap in current investigations. Existing carbon
capture kinetic studies primarily focus on solid or amine
absorption systems. While the fluid-based nature of the amine
system provides some insight into the predicted molten salt
mechanism, it is not a direct representation. Research by Ive-
land et al. presents a kinetic model for CO, absorption in
a molten CaO-CaF,-CaCl, system, providing a simplified
framework using CO, concentration, temperature, CaO wt%,
and molten salt surface area. However, the generalisability of
this model is limited, and conclusions may not be directly
transferable to other systems.”

This paper reports our preliminary findings from an ongoing
programme that aims to develop a suitable kinetic model
applicable across a broad range of molten salt compositions.
Such a model can presumably provide a more holistic under-
standing of the kinetic behaviour so that more reliable predic-
tion of the CO, absorption rate and capacity can be achieved.
This will enable investigations into scaling up the technology
and its potential implementation in decarbonizing current and
future processes. Such advancements would positively impact
the sustainability of various processes, aligning with legislation
and intended emission targets.

Experimental

The kinetic model was developed by analysing relevant ionisa-
tion and reaction equations in the molten salt process. The gas-
liquid interaction resembles that of an amine carbon capture
system, as supported by Iveland et al.,”” therefore similar
studies of gas-liquid absorption aided in the derivation.”**
The absorption of CO, into molten salt was simulated in
Excel using lab-scale experimental data. The Excel ‘Solver’ tool
was used to determine the kinetic constants and minimise
discrepancies between the estimated and actual values. This
method is widely adopted for non-linear analysis and calcula-
tion of kinetic parameters in research, often achieving high

accuracy.>”**?

Kinetic model derivation

The kinetic model describes the rate of CO, absorption into
molten salt, building upon established chemical principles, and
is based on the following assumptions:

(1) The overall reaction system follows second-order kinetics
as shown in eqn (1). This is supported by Zheng et al.'s working
hypothesis of the carbonation reaction, aligning with that of
a solid-state CaO system.>***

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(2) The formed calcium carbonate continuously dissolves in
the molten salt.**** This dissociation leaves reactive CaO at the
surface, and explains the rapid reaction.

(3) Hu et al. emphasised the affinity of oxide ions for CO,,
and this is represented in eqn (2), leading to carbonate ion
formation in the molten environment, contributing to the
overall CO, absorption.?

(4) Simplification is achieved by assuming constant (or unity)
activities for the calcium ions and calcium carbonate.

Relevant chemical equations in the molten salt-CO, system:

Dissociation of CaO

Ca’* + 0~ = Ca0 (2)
Oxide anions react with carbon dioxide
CO, + 0% — CO*~ (3)
Calcium oxide reacts with carbon dioxide
CaO + CO, — Ca®" + CO5*~ (4)
Dissociation of calcium carbonate
Ca®* + CO5*~ = CaCO; (5)
Equilibrium constant for calcium oxide dissociation
Koo = e o )
Equilibrium constant for calcium carbonate
Rate of reaction representing eqn (4)
rco, = ko[CaOlpco, (8)
Rate of reaction representing eqn (3)
rco, = ki[0* Ipco, 9)
The overall rate of CO, absorption:
Overall rate of CO, absorption
rco, = ki[0* Ipco, + k>[CaOlpco, (10)

RSC Sustainability, 2025, 3, 341-351 | 343
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However, simplification of eqn (10) can be achieved with
assumption eqn (4):
Simplified rate of CO, absorption

rco, = <kl + k;) [0°" ]pco, (11)

where k’2 = Kcaoks.

It is worth noting that the derivation above remains valid if
Ca or Ca*' is replaced by another alkaline earth metal or its
cation, e.g. Mg/Mg>* and Ba/Ba”". For alkali metals and cations,
similar equations can be derived. Due to limited time, space
and literature data, this study has focused on Ca/Ca** or CaO/
CacCl, leaving other candidates to future research. Another point
is that O*~ and CaO are considered as the absorbents for CO,,
whilst other absorbents may also be present in the molten salt.
If so, these seem to have an insignificant effect because the
simulations discussed below achieved highly satisfactory
results.

Application of experimental data

Research data was sourced from the paper entitled “Investiga-
tion of High-temperature CO, capture by CaO in CaCl, Molten
salt”.”® This study provides valuable data on CO, absorption
from a simulated flue gas in a controlled lab-scale environment,
and is supported by subsequent studies, affirming the reliability
of their methodology and results.*” The data utilised depicts the
CO, percentage in the gas outlet plotted against time under
varying conditions. Specifically, the selected experimental data
looks at varying the molten salt melt heights, and CaO wt% in
CacCl,.

Data manipulation

Various calculations were conducted to determine the theoret-
ical rate of CO, absorption. Often in kinetic analysis, simplifi-
cation is achieved by assuming no molar transfer into and out
of the salt, such as shown in Iveland et al's derivation.*
However, studies of gas-liquid systems such as Rushdi and
Thamer's on an amine-CO, system accounts for this molar
transfer.®® Arifin et al suggested that in cases where the
carbonation occurs rapidly at the gas-liquid interface, the
calcium carbonate will leave this interface quickly, dissolving
back into the molten salt, therefore this justifies the assump-
tion of no molar transfer in our system.*

Data extraction

Numerical data, focusing on CO, volume percentage in the gas
outlet against time in minutes during the absorption phase, was
extracted using the Webplot Digitizer Tool.

Experimental CO, absorption

The theoretical amount of CO, absorbed was calculated by
subtracting the CO, volume percentage of the gas exiting, from
the inlet CO, volume percentage.

Assumption of the ideal gas law was employed to calculate
the molar fraction of CO, (yco,) absorbed from the gas stream.
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The total number of moles sequestered at each time point (¢) is
calculated using eqn (12) and (13).
Molar fraction of CO,

CO, vol (%)

100 (12)

Yco, =

Moles absorbed (M,) at time (¢). 7 = molar flow (mol min™").

Mico,= (co, X x 1) + M, _ co, (13)
Therefore, the rate of absorption (R,) is:
Rate of absorption at time (£) in mol min ™",
M, — M,
R, = ( t plev) (14)
(l, - [prev)

CaO concentration

The stoichiometry in eqn (4) means the decrease in CaO
concentration can be calculated by:

CaO concentration at time (¢) given in mol L™ ". V = volume of
salt (L)

M,,..cao — M,
[CaOL _ ( tprev,Ca0 t.CaO) (15)
Vmolten salt
Partial pressure of CO,
The partial pressure of CO, (pco,) is calculated using:
Partial pressure of CO,
(¢0) 1%
Pco, = €O, (vol%) x 1 atm (16)

100

Oxide concentration and predicted rate of absorption

The oxide concentration can be found based on the stoichi-
ometry of eqn (2).

The predicted rate of absorption is calculated by applying the
derived kinetic model.

Kinetic constants k; and k,

The square of the error between the experimental and theoret-
ical absorption rates was calculated, and the total error across
the absorption range was determined. The Excel ‘Solver’ tool
was then used to perform iterative calculations to minimise the
overall sum of squared errors, with the objective function set to
minimise the total error. The reaction kinetic constants (k; and
k,) were treated as the adjustable parameters, iteratively
adjusting with the goal of producing the best of fit of the model
to the experimental data. The only constraints applied were that
k; and k, must be greater than or equal to zero, allowing solver
to explore the parameter space, whilst ensuring physically
meaningful values were assigned for the constants.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results & discussion
Kinetic model derivation

The derived kinetic model for CO, absorption into a molten salt
system is based on various assumptions aimed at simplifying
the overall equation. One key assumption is considering the
activity of the calcium ions and calcium carbonate as unity due
to the high mobility and ionic nature of the molten salt ions; as
supported by studies such as that of Zhang et al*® Another
assumption equates the CaO concentration to Kcao[Oz |,
resulting in a second-order reaction that accounts only for the
oxide anion concentration and CO, partial pressure. This
assumption can be considered an oversimplification of the
system, as studies such as Zhang et al's conclude that the
concentration of oxide anions is not necessarily equivalent to
the concentration of the CaO in the system, based on electro-
chemical measurements.**

Similarly, application of Le Chatelier's principle to eqn (2)
suggests that as the oxide anion concentration decreases when
reacting with CO,, the CaO concentration would increase, due
to the equilibrium position shifting to replenish the consumed
oxide anions. However, eqn (4) shows that CaO is consumed
due to the reaction with CO,, therefore the net effect on the
calcium oxide concentration is likely to be an overall reduction.
The extent of this decrease needs to be determined in future
investigations.

The kinetic model shares similarities with an amine-CO,
system, and this is valid for several reasons. The overall reaction
of CO, with the amine material is similar to that with molten
salt, and the formation of carbamate as an intermediate
resembles carbonate formation. The simplified rate expression
for an amine-based absorption system also resembles that of
a molten salt-CO, interaction, where the CO, absorption rate is
proportional to the concentrations of amine and CO,.** This
analysis reinforces the derived kinetic model's validity, while
also highlighting its simplification of the system's chemistry by
ignoring factors like compound dissociation, equilibrium
balances, and the zwitterion mechanism which control the
amine-CO, kinetics.

Despite these simplifications, the model offers a reliable
framework for estimating CO, absorption rates, and this can be
applied to experimental data. This satisfies some of the goals of
this paper and provides a foundation for more research.

Experimental data application

The kinetic model was successfully applied to experimental
data, yielding high accuracy in predicting the rate of CO,
absorption under varying conditions of CaO wt% in CaCl,, or
the molten salt height. During data conversion for analysis,
assumptions were made either for simplification or due to
insufficient information in the selected sources. One key
assumption is the constant volume of the molten salt melt,
which is accounted for in calculations of the oxide anion
concentration. Based on the characteristics of an ionic liquid
medium, this can be taken as a reasonable assumption. The
ionic medium has low-density ions with large gaps between

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

0.0012 10
x Experimental

Predicted
0.001

——Error XF

0.0008

0.0006 ¥

Rate of CO2 absorption (mol/min)
x
Calculated Error (x10-10 )

00004 o /
—— y
e -
x4 \\ / 2
0.0002 x/ .3 ./
x / N i
XA N S
2 s =
0l ¥ = < 0

28 285 29 295 3 305 31
0 concentration in molten salt (mol/L)

Fig. 2 Predicted rate of absorption vs. actual at 10 cm molten salt
height, compared to oxide anion concentration, with absolute error
calculated at each data point.

them, and when CO, is absorbed, the oxide ions react to form
carbonate ions, a larger molecular anion consisting of 3 oxygens
and 1 carbon. This molecule occupies the pre-existing gaps
between the ions in the molten salt, and therefore we can take
the volume change as negligible.

Varying the molten salt height

The derived rate equation was successfully applied to experi-
mental data of varying molten salt heights. Fig. 2-4 outline that
increasing the oxide concentration initially causes a rapid
increase in the rate of CO, absorption, which eventually
plateaus. Notably, the calculated rate of absorption for all salt
heights never exceeds 0.001 mol min ", and the predicted rate
follows the same pattern: initially underestimating the rate of
absorption for a given oxide anion concentration, then
achieving high accuracy, and finally overestimating the rate of
CO, absorption. The calculated error is greater at higher oxide
concentrations, corresponding to the start of absorption.
Furthermore, the maximum error varies with salt height, with
the lowest value at 10 cm (8.0 x 107 '°), and the largest at 15 cm
with (14.0 x 107'°).

Analysing Fig. 5 highlights how the rate of absorption
changes across the CO, vol% in the gas outlet, exhibiting

00012 16
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02 concentration in molten salt (mol/L)

Fig. 3 Predicted rate of absorption vs. actual at 15 cm molten salt
height, compared to oxide anion concentration, with absolute error
calculated at each data point.
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Fig. 5 Predicted rate of absorption vs. actual for all molten salt
heights, compared to CO, vol%.

a linear relationship. Regarding the experimental data, Table 2
shows that for all salt heights, the parameters of the derived
linear model are identical. The parameters for the predicted
calculation however vary slightly, but this variation is minor.
The predicted rate of absorption also follows the same pattern
of discrepancy, underestimating the rate of absorption at higher
CO, vol% (corresponding to a lower oxide anion concentration)
and overestimating it at a lower CO, vol% in the outlet gas
(corresponding to a higher oxide anion concentration).

Varying CaO in CaCl, weight percentage

A similar pattern to the molten salt height variations is seen
across Fig. 6-8. In the 15 wt% CaO experiment, the rate of

Table 2 Parameters of a linear model derived from Fig. 5 for both
predicted and actual rate of absorption data

Experimental Predicted
Salt Gradient Intercept Gradient Intercept
height (107%) (1079 (107?%) (107
10 cm —6.81 9.53 —6.93 9.58
15 cm —6.81 9.53 —7.03 9.66
20 cm —6.81 9.53 —6.93 9.58
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Fig. 6 Predicted rate of absorption vs. actual at 10 wt% CaO in CaCly,
compared to oxide anion concentration, with error calculated at each
data point.
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Fig. 7 Predicted rate of absorption vs. actual at 15 wt% CaO in CaCly,
compared to oxide anion concentration, with error calculated at each
data point.

absorption exceeds 0.001 mol min™", but in all other experi-
ments, it remains below this value. Furthermore, the same
conclusion prevails: an increase in oxide anion concentration
causes a greater rate of absorption, but there is a larger change
in absorption at lower concentrations, which eventually
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Fig. 8 Predicted rate of absorption vs. actual at 20 wt% CaO in CaCly,
compared to oxide anion concentration, with error calculated at each
data point.
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Fig. 9 Predicted rate of absorption vs. actual for all CaO concentra-
tions, compared to CO, vol%.

plateaus. The kinetic model underestimates the rate of
absorption at lower concentrations before overestimating it at
higher anion concentrations for all CaO wt% in CaCl,. The
maximum error increases most from 10 wt% to 15 wt% CaO,
increasing by a factor of 3.4. The error then further increases
from 15 wt% to 20 wt% CaO.

The predicted rate of absorption using the kinetic model has
the same pattern of discrepancy as before, underestimating the
rate of absorption at higher CO, vol% (corresponding to a lower
oxide anion concentration) and overestimating it at a lower
CO, vol% in the outlet gas (corresponding to a higher oxide
anion concentration). Compared with the experimental data,
the predicted gradient is always larger than the experimental,
highlighting that the predicted change in the rate of absorption
as the CO, vol% increases is being overestimated (Fig. 9).

The data indicates that increasing the wt% of CaO in the
molten salt initially increases the efficiency of carbon dioxide
conversion, however this then decreases after 15 wt% (Table 3).

Fig. 11 outlines the total error for each derived graph, dis-
playing a dramatic difference in the total error, increasing as
the wt% in CaO increases. This is likely due to the changes in
the physical conditions of the molten salt, such as the viscosity
affecting diffusivity.

Despite this, the overall error is relatively low, highlighting
that good accuracy has been achieved here, however this is not
as high as for the molten salt height data.

Kinetic constant's and error analysis

Fig. 10 shows how the kinetic constants vary with the molten
salt height, showing an initial increase from 10 cm to 15 cm by

Table 3 Line equations derived from Fig. 9 for both predicted and
actual rate of absorption data

Experimental Predicted
CaO wt% Gradient Intercept Gradient Intercept
in CaCl, (107°) (1079 (1079 (1079
10 —6.84 9.58 —6.92 9.61
15 —6.87 9.62 —7.02 9.68
20 —6.84 9.58 —7.01 9.65
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Fig. 10 Calculated kinetic constants for the molten salt and CaO wt%
in CaCl, data.

a factor of 1.37. This then essentially plateaus from 15 c¢cm to
20 c¢m, remaining at 0.00312 L mol ' min . This increase in
the rate constant with increasing height can be explained by
mass transfer conditions. When the salt height is lower, the
gas-liquid contact time is shorter, so the CO, molecules are less
likely to absorb into the melt. A plateau in the kinetic constant
after 15 cm can be explained by the kinetic equation. The rate of
absorption depends on the oxide anion concentration; when the
volume increases (due to the height increasing), there are fewer
reactant ions in the same given volume, so interactions between
the oxide anion and CO, molecules at the gas-liquid interface
are less likely. Subsequently, there is less absorption. A simu-
lation study, in HYSYS, of amine absorption of CO, identified
a similar trend, where increasing the column height increases
CO, removal, but after a certain point, the calculations diverge,
indicating a potential maximum.*

Further investigation into this would be beneficial for opti-
mising the melt height and volume, however, overall, the
discrepancy between the predicted and experimental data is
relatively low across all molten salt heights, indicating that the
model is accurate under these conditions.

For the CaO wt% in molten salt, there is an almost linear
decrease in the kinetic constant from 10 wt% to 20 wt% CaO in
CaCl,, corresponding to a gradient of 6.0 x 10°. The largest
absorption constant is at 15 cm salt height, whereas the
smallest is at 20 wt% CaO. The reduction in conversion effi-
ciency was attributed to factors such as agglomeration of the
sorbent, therefore leading to a reduction in the available surface
area of the absorbent and reducing the reaction efficiency.*
This explanation can be applied to the reduced absorption rate
with increasing CaO concentration; however, it appears that the
relationship between conversion efficiency and the rate of CO,
absorption is not a direct correlation, based on the differing
results between 10 and 15 wt%. Higher concentrations of CaO
can lead to mass transfer limitations, due to the increased
number of reactant oxide anions promoting the carbonate
formation, but this reduces the surface availability for CO,
absorption. The higher concentration also causes the viscosity
to increase, therefore diffusion of the carbonate particles is
slower, reducing the number of surface reactants.>® Iveland
et al. strengthened this argument by highlighting that calcium
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carbonate can start to precipitate at higher concentrations,
therefore the continuous dissolution of the reaction product
becomes limited, reducing the availability of reactive sites.**
These effects are unaccounted for in the kinetic model, and
therefore may explain the discrepancy at higher CaO
concentrations.

Fig. 11 highlights the total calculated error across the entire
absorption range. It was previously noted for the CaO in CaCl,
that the maximum error increased significantly between the
10 wt% and 15 wt% data, but this plateaus from 15 wt% to
20 wt%. When summing up the total error, there is an addi-
tional increase in the total discrepancy between the model's
predicted and actual rate of absorption, indicating that the
model's accuracy decreases with increasing CaO wt% in CaCl,.

For the molten salt height, the trend for the total error
remains consistent with that of the maximum error between
actual and predicted absorption rates. There is an initial
increase in the discrepancy between 10 cm and 15 cm salt
height, followed by a decrease between 15 cm and 20 cm. The
main difference in terms of the behavioural pattern is that the
total error at 20 cm molten salt height is lower than at 10 cm.

Notably, in nearly all cases of varying salt height, the overall
error is less than the overall error for the CaO wt% in CacCl,
experiments.

Across all datasets analysed, there's a consistent trend of
underestimation of the CO, absorption rate at lower concen-
trations and overestimation at higher concentrations. This
pattern is also observed in Iveland et al.'s study at 5 wt% Ca0O.*”
One explanation for this is that at the start of the absorption
process, the actual oxide anion concentration is smaller than
the calculated value, which would shift the data point to align
with the general trend. Conversely, at lower concentrations, the
actual concentration is larger than the calculated value, and if
rectified, the data point would fit the general trend.

Alternatively, this suggests a shift in the governing kinetics
during the absorption reaction. In the analysis of an amine-CO,
system, Pawalak discussed the Hatta number, a criterion for
whether a reaction takes place in the liquid film or in the liquid
bulk, and the infinite enhancement factor, which represents the
ratio of the reaction rate on a catalytic surface to the reaction
rate in the absence of the catalyst when the surface is saturated

-#-Molten Salt Height

#-Cao in CaCl2

Total Error (x10-10)
8

2
2

L]
/

a
&
| |

N
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5 10 15 20 2
Molten Salt Height (cm) or CaO wt% in CaCl2

Fig. 11 Total calculated error for the molten salt height and CaO wt%
in CaCl, data.
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with reactant molecules. Depending on the value of the Hatta
number and the ratio of the infinite enhancement factor to the
Hatta number, the second-order absorption rate can vary to
between a fast pseudo-first-order regime, a fast intermediate
regime, or an instantaneous regime. The first-order regime, for
example, exists when the amine is present in excess relative to
CO,. As the absorption reaction proceeds, this condition would
change due to the reactant being used up, and therefore the
governing regime would vary as the reaction continues.** Based
on the parallel nature of the kinetic mechanisms, this may also
occur in the salt, so further research would be beneficial.

The average total error across all datasets examined equals
9.64 x 10~ "%, demonstrating that the derived kinetic model is
highly accurate. Although the overall error remains very low,
there are slightly larger discrepancies at the start and end of the
absorption process due to complex mechanisms in the system
that are not fully captured. Similar trends have been observed in
both amine-CO, systems and analogous molten salt studies,
suggesting the need to account for changing physical proper-
ties, concentrations, or governing mechanisms.*”*

Across all datasets analysed, the largest discrepancy occurs at
the highest CaO concentration, with an average absolute error of
12.19 x 10 '°, As CaO is likely to have the greatest impact on the
kinetics, this trend is understandable. Initial interpretations of
the data outlined that an almost identical plot could be achieved
when varying the CaO concentration separate from the oxide
anion concentration, but the lack of information on the equi-
librium constant (K¢,0) limits the accuracy of utilising this in the
study. Coupled with the fact that the exact values for the change
in CaO concentration are unknown, representative results would
not be achievable by including this analysis, hence its omission.
This further reinforces the areas for improvement in the kinetic
model's accuracy and robustness.

Wider impact

The derived kinetic model has been successfully applied to
experimental data, demonstrating high accuracy and adapt-
ability under various reaction conditions. However, it is
acknowledged that this is a simplified representation of the
molten salt mechanism, and improvements can be made by
considering mass-transfer processes, potential changes in the
governing kinetics, or including the concentration of CaO. The
kinetic constants derived agree with published values, such as
Iveland et al.'s study, which determined a value of 7.7 x 107>
Mgy S, therefore enhancing the reliability of the derived
values.”

Comparing the kinetic constants between a molten salt and
amine system reveals a slower reaction rate for molten salt
absorption. For instance, at a 15 cm salt height, the molten salt
system's kinetic constant is 0.00313 L mol ' min~", whereas
a MDEA amine system is significantly faster at 6.71 m® kmol *
s'.* Crucially, the kinetic constant alone does not provide
a complete reflection of the overall efficiency and effectiveness
of a CO, capture system. Other factors such as the absorption
capacity, solvent reusability, energy for solvent regeneration,
and the environmental impact of the solvent must also be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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considered. This necessitates a more holistic assessment of the
process to make more representative comparisons, such as in
a lifecycle assessment or measurements of the desorption
kinetics.

Despite this, the derived reaction kinetics provide crucial
insights into the CO, absorption rate into molten salt systems.
This will aid in preliminary designs and techno-economic
assessments for implementing a molten salt carbon capture
system into a process. This understanding of the key operating
parameters affecting absorption will aid optimisation and under-
standing of the suitability of the technology in various processes.

Through quantification of the derived kinetic constants,
plant designers can make informed decisions on the viability
and performance of integrating the molten salt carbon capture
system into a process. This supports the development of new,
efficient carbon capture technologies for energy-intensive
industries, thereby improving their sustainability.

Conclusions and recommendations

This paper has presented an initial kinetic representation of the
molten salt absorption of carbon dioxide, offering valuable
insight into the behaviour of this system. The model is appli-
cable to experimental data and demonstrates high accuracy in
determining the kinetic constants for the absorption process,
with the findings reported by Iveland et al. (2024) confirmed due
to the similarity in the derived values.”” The largest value for the
kinetic constant representing the rate of CO, absorption was at
a 15 cm molten salt height, calculated at 0.00313 L mol "
min ", while the lowest was 0.00062 L mol ™' min~" at 20 wt%
CaO in CaCl,. The analysis of the constants has outlined vari-
ability in the rate of absorption when altering the salt height or
the CaO concentration, aiding in determining the optimum
conditions for maximising the rate of absorption. While the
study outlined a slower rate of absorption in the molten salt
compared with an amine system, further research would be
beneficial to gain a more holistic understanding of the system,
such as the desorption behaviour. Despite this, the model has
provided an initial basis for future investigations and highlights
that the oxide anion concentration and partial pressure of CO,
are major elements of the overall absorption reaction. The study
is limited due to the lack of varied experimental data and the
simplification of the reaction kinetics, yet the derived model
can be beneficial in performing comparisons between carbon
capture systems and deducing the feasibility of molten salt
systems in future decarbonisation efforts. Referring to the aims
and objectives, these have been successfully achieved, and the
chosen methodology ran smoothly. Despite this, recommen-
dations have been provided to improve the model and lead to
a better understanding of the complex mechanisms present in
the molten salt system.

Recommendations

One method of improving the accuracy of the derived model is
through derivation of the equilibrium constant for CaO (Kgao)
to determine the behaviour of the concentration in the system.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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On the other hand, the model could be more universally
applicable if the molten salt height and CaO content can be
treated as independent variables. Furthermore, potential
investigation into other parameters, such as the Hatta or
infinite enhancement factor, may represent the varying regime
throughout the absorption process, depicting a more accurate
model of the process. Temperature dependence is another
factor affecting the reaction kinetics, so further investigations
could explore these variables. Similarly, applying the kinetic
model to a wider variety of data, such as pilot plant data or
where other independent variables are explored, would improve
the reliability of the model, and highlight other aspects of the
reaction not fully captured in the current equation. Finally, the
absorption kinetics is only one portion of the entire process, so
deriving kinetics for the desorption would also be suitable.
Graphical data suggests the kinetics to be much faster, and once
this is understood, a more complete view of the process would
be achieved, supporting the implementation of molten salt
carbon capture technology.

A particularly promising prospect is that after or even before
more experimental data become available, the model may be
further improved upon consideration of different influential
factors including temperature, pressure, and convection or
sonication. Further development of the model can also benefit
from the aid of sophisticated computer modelling tools such as
the neural network function in Matlab or other machine
learning or AI empowered capabilities.
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