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Conceptual evaluation of an integrated CCU technology based on Na-salts 
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A B S T R A C T   

This work proposes an alternative indirect pH swing CO2 Capture and Storage by Mineral Carbonation (CCSM) 
process in order to decrease the energy intensive salts regeneration. In the proposed process, NaHSO4 is used to 
extract Mg from the mineral ore, which is then carbonated after a pH swing step. The remaining Na2SO4 is then 
separated from the carbonation solution taking advantage of its low solubility at temperatures close to 0 ◦C and 
then regenerated to NaOH and NaHSO4 in three stages. The integrated process that uses both Mg-rich silicates 
and inorganic wastes, was experimentally proved, and their energy consumption calculated. The final CO2 
sequestration capacity was of 77.4% with enhanced recovery of metals in the pH swing step, which could offset 
the CCSM by about $50/t CO2. The final regeneration step showed a 55% conversion of Na2CO3 to CaCO3 at 
120 ◦C under 3 bar and the conversion rate could be improved further by optimization. The energy consumption 
estimation without optimisation indicated that the sodium-based process would require about 19.6 GJ/tCO2, 
which at this stage of development is larger than the optimised Åbo Akademi process (12–15.5 GJ/tCO2), but 
considerably lower than the University of Nottingham’s process (30 GJ/tCO2).   

1. Introduction 

Carbon dioxide capture and storage by mineral carbonation (CCSM) 
is a Carbon Capture and Utilisation (CCU) technology that can poten-
tially sequester billions of tonnes of carbon dioxide (CO2) and reduce the 
global warming potential by 4–48% compared to no CCU [1]. Despite 
this potential, the costs and energy demand of CCSM are currently too 
high for a large deployment of the technology and new processes are 
being investigated to attempt to overcome these limitations [2]. 

Several CCSM technologies have been investigated so far, which are 
able to use different feedstock (industrial wastes, minerals), CO2 con-
centration (pure CO2, flue gas) and generate different products [2–4]. 
These technologies can be grouped as (1) direct carbonation and (2) 
Indirect carbonation approaches. The direct technologies, which involve 
direct reaction of CO2 with Ca- or Mg-silicate minerals are not able to 
reach high carbonation efficiency without the employment of high 
pressure/temperatures and the use of very small particles, due to 
diffusion limitations, and therefore, present very high costs and large 
materials handling issues [5]. On the other hand, in the indirect 
carbonation processes, the kinetics limitations are overcome by 
extracting the reactive fraction of the silicates (Mg/Ca cations) using a 

series of different pre-treatments (thermal- mechanical- chemical- acti-
vation) and then reacting them with CO2. As a result, carbonation pro-
ceeds much faster [3,5–11]. However, the commercial viability of 
indirect carbonation processes mainly depends upon the identification 
of affordable and recyclable solvents and the resulting environmental 
impact [2,12]. 

Indirect dry and aqueous carbonation processes in the presence of 
NH4-salts have attracted attention due to the recyclability of the 
chemicals used [13–16]. A process developed at Åbo Akademi [14,15] 
uses an indirect gas-solid process, where Mg(OH)2 is extracted from 
minerals by heating at 450–500 ◦C in presence of (NH4)2SO4. The 
resulting MgSO4 is dissolved in water and Mg(OH)2 and Fe2O3/Fe3O4 
are precipitated by addition of NH4OH. Then, the Mg(OH)2 is carbon-
ated at 20 bar and 500–550 ◦C in a dry process. However, a maximum 
Mg recovery of 50–52%, a regeneration of ammonium salt of only 72% 
and the high temperature used both in the dissolution and carbonation 
stages hinder its deployment [2,13–15]. 

Aqueous NH4-salts pH swing processes indirectly carbonated a Ca/ 
Mg-silicate aqueous slurry via several steps [16–18]. These processes 
can reach 80% carbonation efficiency, whilst recycling the chemicals 
used in the process, and therefore representing a promising pathway for 
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the development of CO2 CCSM. Eloneva et al. (2012) used different 
ammonium salts (-nitrate, -acetic, -chloride) to dissolve steel slag, 
obtaining ~70% carbonation efficiency [18]. However, this process is 
limited by the low availability of steel slag compared to the CO2 emis-
sions and have not been proved using more available rock resources 
[19]. Wang and Maroto-Valer (2011) developed an aqueous multi-step 
process with recyclable NH4-salts (University of Nottingham’s pro-
cess), which has been tested for both silicate minerals and industrial 
wastes [16]. An overall carbonation of 80% was achieved after 3 h 
dissolution at 100 ◦C in presence of NH4HSO4 and 1 h carbonation at 
80 ◦C, when using serpentine. The process was able to recycle more than 
90% of the chemicals used in the different steps, by separating the 
(NH4)2SO4 remaining after the carbonation step from the water solution 
and then decomposing it at 300 ◦C to NH4HSO4 and NH3. The main 
drawback of this technology was identified in the large amount of water 
(56 t/tCO2 using a Solid to Liquid (S/L) ratio of 50 g/L) to be evaporated 
in the regeneration steps [16]. A modified process was proposed to 
overcome this limitation by using a semi-continuous pressurised reactor 
to prevent ammonia vapour being lost and an increased S/L ratio to 300 
g/L, which reduced the amount of water to be evaporated to 16 t/tCO2 
[17]. However, even if reduced, the energy required to evaporate 16 t 

water/t CO2 and the decreased CO2 fixation at S/L ratio of 300 g/L 
(47%) still limit the deployment of this technology. 

As illustrated above, NH4-salts indirect processes have been pro-
posed to overcome the kinetics limitation of direct approaches using 
recyclable chemicals, but still present a prohibitive energy penalty 
associated with the regeneration stages of the salts or are suitable only 
for inorganic wastes. Therefore, there is a need to develop processes 
suited for magnesium-rich silicates that can recycle the chemicals with 
lower energy penalty compared to the other direct CCSM processes 
already proposed. 

This work evaluates a novel indirect Na-based pH swing CCSM 
concept with the aim to reduce the energy required in the overall CO2 
sequestration process, by consistently decreasing the energy required to 
separate the salts remaining in the water solution after the carbonation 
step. To do that, the process takes advantage of the very low solubility of 
Na2SO4 in water at low temperature. NaHSO4 was used as leaching 
agent to extract Mg2+ (as MgSO4) from silicates at 70 ◦C (50% Mg 
extracted) and then carbonated the CO2 in form of Na2CO3 with Na2SO4 
from the leaching stage (90% efficiency), for a total CO2 sequestration 
efficiency of 45% (in terms of Mg converted) [20]. However, the feasi-
bility of the integrated process by experimentally verifying the different 

Fig. 1. R-101 Dissolution reactor; R-102 pH swing reactor; R-103 Carbonation; R-104 Regenaration reactor; R-105 Regeneration reactor; R-106 Regeneration 
reactor; R-107 Regeneration reactor; R-108 NaOH scrubber; CRY-101 crystalliser; S-101,S-102,S-103,S-104, S-105,S-106 filters. Step 1 - streams: F-128 (NaOH, H2O); 
F-129 (CO2); F-130 (CO2); F-133 (NaOH, H2O, Na2CO3); Step 2-streams: F-100 (Fe2(SO4)3, Mg3Si2O5(OH)4); F-120 (NaHSO4, H2O); F-101 (NaOH, Fe2(SO4)3, SiO2, 
MgSO4, Mg3Si2O5(OH)4, NaHSO4, H2O); Step 3 – streams: F-103 (NaOH, Na2SO4, Fe(OH)3, MgSO4, NaHSO4, H2O); F-104 (NaOH, Fe2(SO4)3, MgSO4, NaHSO4, H2O); 
Step 4a – streams: F-132 (NaOH, Na2SO4, MgSO4, NaHSO4, H2O, Na2CO3); F-107 (NaOH, Na2SO4, MgSO4, NaHSO4, H2O, Na2CO3, MgCO3); Step 5 – streams: F-114 
(Na2SO4, NaHSO4, H2O); F-119 (Na2SO4, NaHSO4, H2O, CO2, H2SO4); F-131 (H2O, CO2); F-120 (NaHSO4, H2O, CO2, H2SO4); Step 6 – streams: F-115 (Na2SO4, 
NaHSO4, H2O); F-116 (CO2); F-117 (Na2SO4, NaHSO4, H2O, Na2CO3, CO2, H2SO4); F-134 (H2O, Na2CO3, CO2); Step 7a – streams: F-122 (CaO); F-121 (H2O); F-123 
(H2O, Ca(OH)2); Step 7b – streams: F-123 (H2O, Ca(OH)2); F-133 (Ca(OH)2); F-118 (H2O,Na2CO3); F-124 (NaOH, H2O, Ca(OH)2, CaCO3). 
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reactions including the regeneration stages has not been demonstrated 
yet. Also, different process configurations (optimisation of the leaching 
stage, S/L ratios and in presence/absence of the contaminants removal 
stage) were tested to evaluate in view of decreasing the footprint of the 
process. As in the case of the NH4-salts processes, the Na-salts process 
allows sequestering CO2 into benign and stable carbonates, generating 
separated streams of valuable products, which could decrease the cost of 
the technology, but on top would allow to also reduce the energy use 
associated to recycling the solvent. Since Ca-rich industrial wastes 
generally require a lower degree of pre-treatment in comparison to raw 
minerals and are strategically located near CO2 emitters and are often 
available where the CO2 is generated, the proposed concept evaluates 
the possibility of their integration with Mg-rich silicates in CCSM. 

2. Experimental section 

2.1. Proposed new process 

Fig. 1 shows the configuration of the Na-based pH swing multi-steps 
mineral carbonation process. The reactions involved in the Na-based pH 
swing mineral carbonation process are listed below:  

Step 1: 2NaOH + CO2 → Na2CO3 + H2O ΔH=5⋅47•105 kJ/kg-mole, DG◦=

− 128⋅35 kJ/mol                                                                               (1)  

Step 2: 3NaHSO4 + Mg3Si2O5(OH)4 → 3MgSO4 + 2SiO2 + 3NaOH + 2 H2O 
ΔH=− 1⋅69•106 kJ/kg-mole, ΔG◦= 179⋅29 kJ/mol                                (2)  

Step 3: (Fe,Al,Ni)2(SO4)3 + 6 NaOH → 2 FeAlNi(OH)3 + 3 Na2SO4 
ΔH=− 1⋅91•106 kJ/kg-mole, ΔG◦=− 660⋅17 kJ/mol                              (3)  

Step 4: Na2CO3 + MgSO4 → Na2SO4 + MgCO3ΔH=− 1⋅03•106 kJ/kg-mole, 
ΔG◦=− 60⋅67 kJ/mol                                                                        (4)  

Step 5: Na2SO4 + H2SO4 → 2NaHSO4ΔH=1⋅77•106 kJ/kg-mole, 
ΔG◦=− 28⋅70 kJ/mole                                                                      (5)  

Step 6: Na2SO4 + CO2 + H2O → Na2CO3 + H2SO4ΔH=9⋅34•106 kJ/kg-mole, 
ΔG◦=− 142⋅11 kJ/mol                                                                      (6)  

Step 7⋅a: CaO + H2O → Ca(OH)2ΔH=− 4⋅13•105 kJ/kg-mole, 
ΔG◦=− 57⋅80 kJ/mol                                                                        (7)  

Step 7⋅b: Ca(OH)2 + Na2CO3 → CaCO3 + 2NaOHΔH=2⋅15•105 kJ/kg-mole, 
ΔG◦=58⋅54 kJ/mol                                                                          (8)  

Step 7⋅b: Ca(OH)2 + Na2CO3 → CaCO3 + 2NaOHΔH=2⋅15•105 kJ/kg- 
mole, ΔG◦=58⋅54 kJ/mol                                                                  (8) 

In Step 1 of the process, CO2 is separated from flue gas using an 
aqueous solution of sodium hydroxide (NaOH), forming a solution of 
sodium carbonate (Na2CO3) and sodium bicarbonate (NaHCO3) [21]. 
CO2 absorption in NaOH solution has been studied extensively since the 
1940 s [22,23]. For example, Kar et al. (2018) showed that NaOH so-
lution captured 13.8 mmol of CO2 after 3 h, corresponding to 1 mol of 
CO2 per mole of OH- [24]. In additions, the thermodynamic feasibility of 
the reaction was verified by using HSC Chemistry 5.1 (see Table S3), 
which confirms that the use of NaOH for absorbing CO2 is favourable at 
low temperatures as can be seen by the values of log(k) being well above 
zero. Step 2 consists of the dissolution of Mg-silicates using sodium 
bisulphate (NaHSO4), where the cations present in the minerals are 
leached out in acid environment as the sulphates (e.g. MgSO4). Sodium 
bicarbonate has been studied as additive during the dissolution of 
olivine in presence of perchloric, hydrochloric and sulphuric acid, where 
it was found to remarkably enhance the mineral dissolution efficiency 
due to dipole interaction between the H+ and SO4

- ions and active sites 
on the solid surface [5]. Despite this, NaHSO4 has not been used as main 
CO2 dissolution agent. In Step 3, NaOH is added dropwise to the 

Fig. 2. Mg extraction based on ICP-MS data. Stirring rate: 800 rpm; NaHSO4 
concentration: 1.4 M; pressure: 1 bar; S/L ratio: 50 g/L (excluding experiment 
at 200 g/L). 

Fig. 3.(. a) Fe, (b) Al and (c) Ni extraction from serpentine at 70 ◦C, 1 bar, 
800 rpm and a S/L ratio of 50 g/L using Na-based and NH4-based processes. 
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dissolution solution to raise the pH of the solution from 1 to 2–9 and 
precipitate all the impurities such as iron and aluminium oxides and to 
prepare the solution for the carbonation stage. This stage therefore 
represents an integrated Enhanced Metal Recovery (EMR) stage. Step 4a 
of the process is the carbonation of the capture and dissolution steps’ 
products resulting in the formation of hydromagnesite 
[(Mg5(CO3)4(OH)20.4 H2O)]. A water solution of sodium sulphate re-
mains after the carbonation step, which needs first to be separated from 
the water and then recycled into NaOH and NaHSO4. In the proposed 
process, the regeneration of Na2SO4 takes place in three stages. Before 
the regeneration stages, the sodium sulphate salt is separated at tem-
perature of ~ − 2 ◦C from the water in Step 4b, by exploiting its low 
solubility at temperatures close to 0 C (7 g/100 mL) (See Fig. S1 [25]). 
In comparison, (NH4)2SO4 solubility is 71 at 0 ◦C; 104 g/100 mL at 
100 ◦C, respectively. This unusual characteristic allows the separation of 
Na2SO4⋅10 H2O by cooling crystallisation at temperature just below 
0 ◦C, allowing to save energy compared to the energy intensive evapo-
rative techniques required in the NH4-salts based MC methods. Three 
regeneration stages (Steps 5, 6, and 7 in Fig. 1) are employed to 
regenerate Na2SO4 into NaHSO4 and NaOH. In the 1st regeneration 
stage (step 5), 50% of the Na2SO4 previously separated from water, is 
reacted with H2SO4 to generate the NaHSO4 used in the dissolution 
stage; in the 2nd stage (step 6), the other 50% of Na2SO4 is reacted with 
CO2 (flue gas) to generate the H2SO4 required in Steps 5 and 6. The 
Na2CO3 coming from step 5 is reacted with calcium hydroxide or oxide 

to produce 50% of the NaOH required in the capture stage. The remnant 
NaOH is produced in the dissolution stage. Previous work indicates 
complete crystallisation of Na2SO40.10 H2O when the temperature is 
reduced from 30◦ to 6◦C, using a starting solution of 30% Na2SO4 in 
water [25]. The concentration of the Na2SO4 in solution plays an 
important role for quantifying its recovery by freeze crystallisation. 
Reddy et al. (2010) found out that 80% and 90% of Na2SO40.10 H2O can 
be recovered operating at − 6 ◦C and − 15 ◦C, respectively, starting 
from a 5% Na2SO4 solution in water [26]. 

To validate the theoretical data and verify the technical feasibility of 
the proposed process, all the steps of the process (excluding the CO2 
fixation into Na2CO3 (Step 1) and regeneration Step 5) were tested. The 
starting material was a serpentinised lherzolite from the Lizard penin-
sula, Cornwall, UK, which was characterized in previous work [17]. 
NaHSO4, NaOH, Na2CO3, Na2SO4, H2SO4 and Ca(OH)2 have been pro-
cured from Sigma Aldrich, when not produced in the reactions. The 
dissolution, pH swing and carbonation experiments were carried out 
using a 0.25 L 3-neck flask and a hot stirring plate. 20 g of the serpen-
tine, with particle size ranging from 75 to 150 µm was dissolved in 
0.25 L using 1.4–3 M NaHSO4 solution at 70/100 ◦C for 3 h. The solu-
tion was stirred at 800 rpm. At the end of the dissolution, the content of 
Mg in the solution was determined by ICP-MS (Thermo-Fisher Scientific 
X Series Instrument). For instrument calibration, Scandium (100 μg/L), 
Rhodium (20 μg/L) and Iridium (10 μg/L) in 2% trace analysis grade 
(Fisher Scientific, TAG) and HNO3 were used as internal standards. 5 mL 
of the dissolution solution was then filtered with a 0.7 µm Pall syringe 
filter and the solid residue dried for 24 h at 105 ◦C and then stored. 
Following the dissolution experiments, NaOH was slowly added to the 
solvent to raise the pH of the solution from 1 to 2–7 first and then 9, to 
precipitate impurities such as iron and aluminum and prepare the so-
lution for the carbonation stage. The carbonation experiments were 
carried out at 80 ◦C and pH 9 using the same set-up as for the dissolution 
and pH swing steps. 200 mL of the solution produced after the pH swing 

stage was poured into a 250 mL 3-neck flask and heated up to the 
required temperature by using a silicon-oil bath with continuous stirring 
at 800 rpm. As soon as the desired temperature was stable, a stoichio-
metric amount of Na2CO3 was added to start the carbonation reaction. A 
FEI Quanta 600 SEM (Tungsten filament) with Oxford Inca 200 EDS 
system was used to determine the morphology and elemental compo-
sition of the original minerals and extraction residues/carbonation 
products. The starting chemical composition of the serpentine rock was 
determined by X-ray fluorescence analysis (XRF) at the Panalytical 
Laboratory at BGS and used to calculate the composition of the starting 
serpentine and to quantity the sodium bisulphate needed in the disso-
lution step. Table S1 shows that the serpentine is rich in Mg and Si and 
contains 7 wt% iron oxide and 0.3 wt% nickel oxide. Dissolution and pH 
swing efficiency was calculated considering the initial Mg content in the 
serpentine (from XRF) and the Mg in the solutions after these steps (from 
ICP-MS), by using the following equation: 

Efficiency % =
Mg conc. Initial − Mg conc. After step

Mg conc. Intial
100 [%]

(9) 

Carbonation efficiency was instead calculated by considering the Mg 
extracted from the serpentine during the dissolution stage (from ICP- 
MS) and the CO2 released from the carbonation products (from TGA 
as shown in Fig. S1) as in the following equation:   

The mineral phases were also determined by XRD using a PAN-
alytical X’Pert Pro series diffractometer equipped with a cobalt target 
tube, X’Celerator detector and operated at 45 kV and 40 mA. A Perki-
nElmer Frontier infrared spectrometer was also used to gain additional 
information on the crystal structure of the investigated minerals before 
and after the dissolution experiments. The regeneration steps 6 and 7 
were studied using stoichiometric amount of chemicals acquired from 
Sigma Aldrich (purity of 99.9%) in a stirred 300 mL Parr T316 stainless 
steel autoclave reactor, which includes a heating system, and a tem-
perature control box (Parr 4843 controller) to accurately maintain a 
stable heating environment from ambient to 225 ◦C, mechanical stirring 
and a cooling water system. Regeneration step 6 was studied at 140 ◦C 
for 0.5 and 1 hr at 30 and 45 bar N2, while regeneration step 7 was 
studied at 120 ◦C and under a temperature derived pressure of 3 bar. 

Using the data collected during the experimental campaign, the 
single stages and overall process mass and energy balances were ob-
tained by Aspen Hysys as schematised in Fig. 1. All the compounds 
involved into the process have been defined by Aspen Plus library and 
their thermodynamic properties calculated by NTRL-ideal equation of 
state. Furthermore, the reactors have been designed by a conversion 
reactor, knowing the operating condition and conversion for each step 
(from experiment and literature data), the stream in output and the 
energy required. For a generic i-compound the flow rate was calculated 
such as: 

Fouti = FinA

(

Θi +
νi

νA
xA
)

(11)  

Where, Θi νi, νA, xA are i/A molar ratio, stochiometric coefficient of 
limitation reactant and conversion, respectively. While the thermal en-
ergy required (Q) for the reactor: 

Q =
∑n

i
cpi (Tin − T0)Fini −

∑n

i
cpi (Tr − T0)Fouti +ΔHrFinA xA (12) 

Efficiency % =
carbonation product mass ∗ % CO2 in carb. product ∗ MW Mg(in hydromagnesite)

MW CO2(in hydromagnesite) ∗ Mg concentration in solution (after extraction)
100 [%] (10)   

G. Bagnato and A. Sanna                                                                                                                                                                                                                     
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Where, cpi Tin, T0, Tr, n, ΔHr are specific heat capacity, the temperature 
in input, reference temperature, rection temperature, number of com-
pounds present into the stream and the reaction enthalpy, respectively. 

An ideal separator has been used for designing the filter, imposing 
the split ration equal to 1 for removing the desiderated compounds. 

3. Results and discussion 

3.1. Dissolution (Step 2) 

The main function of the dissolution step is to leach out the reactive 
cations from the mineral matrix, which is mainly Mg in the case of 
serpentine, Fig. 2 compares the Mg extraction efficiency of NaHSO4 vs 
NH4HSO4 at 100 ◦C. Also, based on our previous work [17], different 
dissolution conditions were studied to establish their effect on the 
serpentine leaching. Data for serpentine leaching in presence of 
NH4HSO4 has been taken from authors’ previous work [17]. Fig. 2 
clearly indicates that NaHSO4 and NH4HSO4 have same efficacy in 
leaching out Mg from serpentine in the first 20 min, where about 40% 
Mg is extracted. Then, between 20 min and 60 min, NaHSO4 is able to 
leach out about 8% more Mg than NH4HSO4. This difference does not 
significantly change in the following 2 h, with final Mg extraction at 
100 ◦C being 86% and 76%, for NaHSO4 and NH4HSO4, respectively. As 
expected, temperature has an important effect on enhancing Mg 
extraction from serpentine, with leaching carried out at 50 and 70 ◦C 
being not able to extract sufficient Mg from the serpentine matrix. The 
use of small particles (<75 µm) speeded up the extraction of Mg process 
in the first 30 min (+7 wt% Mg removed), compared to the experiment 
run at 100 ◦C using 75–150 µm. Leaching using < 75 µm particles is 
particularly effective in the first 15 min of dissolution with an increment 

Fig. 4. Fe, Al, and Ni separated in the pH swing at pH 7.  

Fig. 5. Carbonation product after pH swing step. (a) XRD of carbonation product (red curve) vs hydomagnesite standard (green lines); (b) SEM-EDS of carbon-
ation product. 
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of Mg in solution of 15%. The use of a much higher solid to liquid ratio 
(200 g/L) is of particular interest in view of a reduction of plant foot-
print and energy consumption reductions. Fig. 2 also denotes a high Mg 
removal efficiency (~47%) up to 15 min dissolution, and then the 
removal of Mg slows down with a final extraction of 68% after 3 hrs. 
Final Mg extraction was found very similar (64%) with previous study, 
where NH4HSO4, a S/L ration of 200 g/L at 100 ◦C were used [27]. 

Fig. 3 compares the extraction of (a) Al, (b) Fe and (c) Ni, by using 
NaHSO4 and NH4HSO4 solutions at 70 ◦C. The extraction of Ni was 
similar by using the two different salts, while the extraction of Fe and Al 

resulted higher in presence of NaHSO4. NaHSO4 was able to remove 87% 
of Al, 70% of Fe and 52% of Ni in three hours. This represents an 
advantage in terms of purity of silica product due to the high level of 
impurities removed in solution and in terms of recovering valuable by- 
products. The serpentine dissolution behavior (from ICP-MS) in pres-
ence of NaHSO4 was also confirmed by FTIR (Fig. S2) and XRD (Fig. S3) 
analyses. 

3.2. pH swing process (Step 3) 

Since carbonation takes place only at pH > 8/9, the pH of the 
dissolution solution must be increased from ~1 to ~8. Valuable metals 
can be recovered from the silicate resources (including mineral wastes) 
by employing a separated pH swing step with selective precipitation of 
metal oxides [19]. This has been recently called Enhanced Metal Re-
covery (EMR) and represents an integrated CO2 utilization method that 
can decrease the cost of the mineral carbonation technology. Therefore, 
some tests were carried out to evaluate the efficiency in extracting 
valuable elements from the extraction solution before the carbonation 
step. Fig. 4 shows the % of the most abundant metals that precipitated 
out in the pH swing step at pH 7, and the comparison with the NH4-based 
process under the same conditions. Fe and Al were selectively precipi-
tated out of the solution, together to Ti, V and Cr (see Table S2). 
Assuming there is no additional separation costs and based on these 
elements price, starting content in the serpentine and % extracted in 
Step 2 and recovered in the pH swing process, the EMR could recover 
about 33 kg Fe, 18 kg Ni and < 1 kg Ti and Co that could sell for about 
$50/t CO2 sequestered. Table S2 also shows that elements such as Ni, Cu 
Zn, Pb are not efficiently separated, implying the carbonation product 
purity will be affected. 

3.3. Carbonation (Step 4a) 

A carbonation experiment was carried out at 80 ◦C after the pH 
swing step, to evaluate the capacity of the proposed process in con-
verting the CO2 fixed as sodium carbonate into magnesium carbonates.  
Fig. 5(a) shows that the carbonation product at the investigated condi-
tions corresponds to pure hydromagnesite and Fig. 5(b) indicates that 
the particles of the precipitated hydromagnesite are small (<5 µm), 
uniform and spherical in shape. These are quite interesting properties in 
terms of potential application of the carbonate powders in the fillers 
industry [19]. The carbonation efficiency was found to be 92% as shown 
in Table 1. 

Then, a combined pH swing and carbonation experiment (without 
separating the pH swing precipitate from the MgSO4 rich solution) was 
also carried out with a starting S/L ratio of 200 g/L. Fig. 6(a) presents 
the Mg remaining in solution during the pH swing and carbonation 
steps, showing that about 30% of Mg precipitated during the pH swing 
with Mg content going down from about 70% after the dissolution to 
40% at pH 7. The reaction that may have occurred during the pH swing 
at 60 ◦C is the following:  

2NaOH + MgSO4 → Mg(OH)2 + Na2SO4 (ΔH= − 41⋅2 kcal; ΔS= − 2⋅1 cal/ 
k; ΔG= − 40⋅5 kcal)                                                                      (11) 

All the Mg in solution disappears in the first 5 min of the carbon-
ation. Fig. 6(b) shows that together with the expected hydromagnesite 
and Fe hydroxides (from the pH swing), there was precipitation of 
thenardite (Na2SO4). This can be related to the high solid to liquid ration 

Table 1 
Carbonation efficiency calculations in presence of 200 g/L.   

Mg in solution (g/100 mL) Hydromagnesite theor. weight (g) Mass of product (g) TGA CO2 (wt%) Carbonation efficiency (%) 

Carbonation (50 g/L) 1.10  4.21  3.84  32.18  92.26 
Carbonation (200 g/L)* 0.94 *  3.62  10.00  9.81  72.06  

Fig. 6. (a) Mg in solution, (b) XRD and (c) FTIR of carbonation experiment 
without the previous separation of the metal impurities using a S/L ratio of 
200 g/L. 
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used in this experiment, since the same did not occur when 50 g/L were 
used. The presence of a mixture of thenardite and hydromagnesite is also 
confirmed by the FTIR analysis (Fig. 6(c)), where the absorption pat-
terns of the two standard compounds (hydromagnesite and sodium 
sulphate) clearly match the obtained precipitate. For this experiment, 
the extent of carbonation was calculated by considering: 1) the CO2 
released between 350 and 550 ◦C (9.81% from TGA analysis), 2) the 
weight of the final product, 3) the weight of Mg at the start of the 
carbonation and 4) the theoretical weight of the hydromagnesite that 
could be formed from the Mg in solution after the dissolution step. As 
shown in Table 1, the carbonation efficiency resulted to be 72% of the 
theoretical one. Therefore, a S/L ratio of 50 g/L was further considered. 

3.4. Regeneration steps 

The regeneration steps proposed were tested using bench scale re-
actors as described hereafter. 

Step 5 (Na2SO4 + H2SO4 → 2 NaHSO4) was not tested, since it is well 
known that mixing solid sodium sulphate (neutral salt) with sulfuric 
acid gives the acid salt sodium bisulphate, where the equilibrium con-
stant for this process depends on concentration and temperature [28]. 
The thermodynamics of this step was verified using HSC Chemistry 5.1 
(See Table S4), resulting thermodynamically favourable at low tem-
peratures with deltaG, deltaH and deltaS being all negative. Further-
more, Faber et al. (1970) proposed a method for the production of 
anhydrous NaHSO4 from aqueous solution of 60 wt% H2SO4 and 7% 
Na2SO4 at 60–70 ◦C, with constant stirring during cooling to 25–40 ◦C 
[29]. 

3.4.1. Regeneration (Step 6) 
The conceptual feasibility of step 6 (Na2SO4 + CO2 + H2O → Na2CO3 

+ H2SO4) was experimentally verified. Fig. 7 shows the FTIR spectra of 
the regeneration products obtained under different conditions vs the 
standard solution of sodium carbonate. The thermodynamics of this 

reaction are not favourable (ΔG at 100 ◦C 173 J/k). This process is 
endothermic and would require about 240.4 kWh/tCO2. The regenera-
tion process was firstly attempted at 30 bar (N2) and 140 ◦C, but the 
reaction was not successful. To obtain the desired product, the pressure 
had to be increased to 45 bar (N2) and thirty minutes were enough for 
the reaction to occur. The efficiency at the latter conditions was found to 
be 80%. 

3.4.2. Regeneration (Step 7) 
Exothermic hydration reaction occurs between the water vapor and 

CaO (Step 7(a)) with hydration times of 2–3 hrs [30]. The so-called 

Fig. 7. FTIR of product from regeneration step 6 under different conditions.  

Fig. 8. FTIR of product and CaCO3 standard from regeneration step 7. 120 ◦C, 
3 bar, 30 min. 

Table 2 
Mass and heat balance of Step 1 (CO2 capture step).  

Name F-128 F-130 F-133 

Vapour Fraction  0  1  0 
Temperature [◦C]  25  25  40 
Pressure [kPa]  101.3  101.3  101.3 
Molar Flow [kg-mol/h]  449.1  22.72  449.06 
Mass Flow [kg/h]  9089  1000  10089 
Liquid Volume Flow [m3/h]  8.23  1.22  8.72 
Component molar flow rate [kg-mol/h] 
NaOH  45.45  0  0.003 
H2O  403.6  0  426.3 
Na2CO3  0  0  22.72 
CO2  0  22.72  0  

Table 3 
Mass and heat balance of Step 2 (dissolution step).  

Name F-100 F-120 F-101 

Vapour Fraction  0  0  0 
Temperature [◦C]  25  100  100 
Pressure [kPa]  101.3  101.3  101.3 
Molar Flow [kg-mol/h]  10.58  548.4  604.4 
Mass Flow [kg/h]  3163  12545  15708 
Liquid Volume Flow [m3/h]  2.06  14.50  16.06 
Component molar flow rate [kg-mol/h] 
NaOH  0  0  22.72 
Fe2(SO4)3  1.88  0  1.88 
SiO2  0  0  15.15 
MgSO4  0  0  22.72 
Mg3Si2O5(OH)4  8.70  0  1.13 
NaHSO4  0  26.12  3.40 
H2O  0  522.2  537.4  
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causticization reaction represents the traditional approach for the 
regeneration of alkali carbonates in the paper industry, where the alkali 
carbonate is reacted with lime produced by hydration of quicklime, 
which for this process is available from industrial wastes. Regeneration 
step 7(b) was tested at 120 ◦C under 3 bar (N2) and the FTIR spectra of 
the produced solid and calcite standards are shown in Fig. 8. As ex-
pected, sodium carbonate was converted into CaCO3. Therefore, this 
reaction occurs at the studied conditions. In the Kraft process, the same 
reaction is carried out at 85–90 ◦C resulting in a maximum efficiency of 
90% [31]. CaCO3 mud is then removed mechanically, either by sedi-
mentation or filtering (pressure/vacuum) [32]. Therefore, a total NaOH 
make-up of 10% was taken into account for the evaluation of the 
process. 

3.5. Process evaluation 

The complete process was simulated in Aspen Hysys. Following the 
PFD (Fig. 1) 1 ton/h of CO2 (F-130) was processed by a caustic scrubber 
(R-108), in presence of 20 wt% NaOH (F-129), able to be entirely con-
verted to Na2CO3 at 1 bar and 40 ◦C. Table 2 reports the mass and en-
ergy balance for Step 1 of the whole process, where since the reaction is 
endothermic, 5.73 MJ/kgCO2 must be supplied. The liquid stream from 
the output of the reactor is then sent to the carbonation reactor (R-103). 
The heat required here can be partially recovered to run the dissolution 
step, which takes place at 100 ◦C and the carbonation step (Step 4), 
which takes place at 80 ◦C. This reaction can also be used to remove 
other impurities such as SO2 and NOx from flue gas, but this topic is not 
further discussed here. The amount of CO2 absorbed in the NaOH so-
lutions (~98%) have been shown to be just below the theoretical value 
[31]. The theoretical value was assumed in this work. 

In the dissolution step (Step 2 – R101), shown in Table 3, ~3.1 ton of 
serpentine rock are used each tonne of CO2 captured. Table 4 presents 
the mass and energy balance of the pH swing step required to raise the 
pH from ~1 to ~8, for the carbonation to take place. In this step, 

Table 4 
Mass and heat balance of the Step 3 (pH swing step).  

Name F-103 F-104 

Vapour Fraction  0  0 
Temperature [◦C]  60  36.70 
Pressure [kPa]  101.3  101.3 
Molar Flow [kg-mol/h]  695.7  699.42 
Mass Flow [kg/h]  16607  16607 
Liquid Volume Flow [m3/h]  18.09  17.64 
Component molar flow rate [kg-mol/h] 
NaOH  16.83  28.10 
Na2SO4  5.63  0 
Fe(OH)3  3.75  0 
Fe2(SO4)3  0  1.88 
MgSO4  22.72  22.72 
NaHSO4  3.40  3.40 
Water  643.3  643.3  

Table 5 
Mass and heat balance of Step 4a (carbonation step).  

Name F-132 F-107 

Vapour Fraction  0  0 
Temperature [◦C]  38.70  80 
Pressure [kPa]  101.3  101.3 
Molar Flow [kg-mol/h]  1140.9  1140.9 
Mass Flow [kg/h]  26295  26295 
Liquid Volume Flow [m3/h]  26.08  26.32 
Component molar flow rate [kg-mol/h] 
NaOH  16.83  16.83 
Na2SO4  5.63  26.54 
MgSO4  22.72  1.82 
NaHSO4  3.40  3.40 
H2O  1070  1070 
Na2CO3  22.72  1.82 
MgCO3  0  20.90  

Table 6 
Mass and heat balance of the regeneration step 5.  

Name F-114 F-119 F-131 F-120 

Vapour Fraction  0  0  1  0 
Temperature [◦C]  25  25  100  100 
Pressure [kPa]  101.3  101.3  101.3  101.3 
Molar Flow [kg-mol/h]  315  224.9  36.33  503.5 
Mass Flow [kg/h]  6717  5958  711.4  11963 
Liquid Volume Flow [m3/h]  6.15  5.25  0.73  13.31 
Component molar flow rate [kg-mol/h]  
Na2SO4  7.60  1.90  0  0 
NaHSO4  0.97  2.43  0  22.39 
H2O  306.4  201.2  34.13  473.5 
CO2  0  2.31  2.19  0.12 
H2SO4  0  17.04  0  7.55  

Table 7 
Mass and heat balance of the regeneration step 6.  

Name F-115 F-116 F-117 F-132 

Vapour Fraction  0  1  0  1 
Temperature [◦C]  25  25  80  80 
Pressure [kPa]  101.3  101.3  101.3  101.3 
Molar Flow [kg-mol/h]  784.6  25  782.3  10.23 
Mass Flow [kg/h]  16730  1100  17496  335.5 
Liquid Volume Flow [m3/h]  15.32  1.34  15.77  0.39 
Component molar flow rate [kg-mol/h] 
Na2SO4  18.93  0  1.89  0 
NaHSO4  2.42  0  2.43  0 
H2O  763.2  0  741.7  4.54 
Na2CO3  0  0  17.00  0.05 
CO2  0  25  2.31  5.65 
H2SO4  0  0  17.04  0  

Table 8 
Mass and heat balance of regeneration step 7a.  

Name F-122 F-121 F-123 

Vapour Fraction  0  0  0 
Temperature [◦C]  25  25  40 
Pressure [kPa]  101.3  101.3  101.3 
Molar Flow [kg-mol/h]  22.89  83.26  83.26 
Mass Flow [kg/h]  1283.6  1500  2783.6 
Liquid Volume Flow [m3/h]  4.45  1.50  5.54 
Component molar flow rate [kg-mol/h] 
H2O  0  83.26  60.37 
CaO  22.89  0  0 
Ca(OH)2  0  0  22.89  

Table 9 
Mass and heat balance of regeneration step 7b.  

Name F-123 F-133 F-118 F-124 

Vapour Fraction  0  0  0  0 
Temperature [◦C]  40  -5  25  40 
Pressure [kPa]  101.3  101.3  101.3  101.3 
Molar Flow [kg-mol/h]  83.26  16.83  557.4  674.5 
Mass Flow [kg/h]  2783.6  673.3  11537  14994 
Liquid Volume Flow [m3/h]  5.54  0.35  10.52  16.35 
Component molar flow rate [kg-mol/h] 
NaOH  0  16.83  0  50.82 
H2O  60.4  0  540.5  600.8 
Na2CO3  0  0  17.00  0 
Ca(OH)2  22.89  0  0  5.90 
CaCO3  0  0  0  17.00  
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impurities (e.g. Fe, Al etc.) are precipitated in form of solid hydroxides at 
pH 7 (Step 3), leaving solely MgSO4 in solution to react in the carbon-
ation stage (Step 4). The mass and energy balance of the pH swing step 
indicates that no additional energy is required being exothermic. Also, 
since the temperature is close to that used in the carbonation step, the 
required heat could partially be recovered from the carbonation step. 
The thermodynamic calculations for the carbonation step as shown in  
Table 5. 

In step 5 (Tables 6), 8.50 kg-mol/h of Na2SO4 reacts with 17.04 kg- 
mol/h of H2SO4 forming 22.39 kg-mol/h of NaHSO4 that is used in the 
dissolution of Mg-silicates. Step 5 regenerates only 50% of the Na2SO4 
coming from the carbonation step. In step 6, the remnant of Na2SO4 is 
reacted with CO2 (g) in H2O to produce Na2CO3 and H2SO4 that is then 
used in step 5 to produce the NaHSO4 for the dissolution stage. There-
fore, an additional 1.1 ton/h CO2 can be captured in the next step, which 
needs to be accounted in the total mass balance giving a total theoretical 
CO2 capture capacity of 2.2 ton CO2/h. 

In the last exothermic regeneration step (Step 7), CaO contained in 
inorganic wastes such as steel slag, fly ashes and cement kiln dust is first 
sent to a slaking lime unit to be converted to Ca(OH)2 and then the latter 
is reacted with the Na2CO3 (coming from regeneration Step 6) to pro-
duce CaCO3 and the residual NaOH required in the capture step, as 
shown in Table 8 and Table 9. Typically, about 90% of CaCO3 is 
recovered from the Kraft causticizing step by pressure filtration. 

On one hand, the potential integration of Ca-rich wastes (e.g. cement 
waste, steel production slags) to Mg-rich silicates allows integrating CO2 
emitters not particularly suited for geological storage, such as small 
industrials plants located far from large clusters or far from injection 
sites by reusing their own waste in the process. On the other hand, sil-
icate resources and industrial wastes must in vicinity. 

About 85% of the entire cost of the process can be related to the 
feedstock and energy utilities, unless mining tailings are used [33]. The 
energy consumption for each step has been calculated and reported in  
Table 10, where it can be appreciated the overall endothermicity that 
requires 4.53•107 kJ/h. Among the various steps, the highest energy 
demand is related to the regeneration Steps 5 and 6, which required 
~10.8–10.9 MJ/kg of CO2, twice the energy demand of the NaOH 
scrubber, due the endothermicity of the reactions and the large amount 
of water that needs to be heated. Furthermore, the crystallizer requires 
2.49•106 kJ/h for operating at a temperature of ~− 5 ◦C, which implies 
use of electricity. Overall, the energy requirement for the process was of 
19.63 kJ/Kg CO2. 

To put this energy requirement into context, the proposed concept 
was compared to the most established pH-swing wet MC processes 
namely the Åbo Akademi and Nottingham wet processes, all based 
(although different) on recyclable ammonium sulphate salt [13,34]. 
Similarly, the University of Nottingham process requires the separation 
of the (NH4)2SO4 from the carbonation solution followed by a thermal 
regeneration or liquid/liquid (optimised) extraction of the same, 
resulting in a very large energy consumption of about 30 and 22 

GJ/tCO2, respectively [34]. The Åbo Akademi wet process instead uses a 
hybrid dry Mg extraction (as above) and a wet carbonation (after the pH 
swing) at 30 ◦C in order to produce moslty hydromagnesite [13]. The 
wet route resulted in an exergy of 15.4 and 12.1 GJ/tCO2 when asso-
ciated to a lime kiln gas and a natural gas power plant, respectively [13]. 
It has to be stressed that this is a proof of concept and no optimization (e. 
g. heat integration) has been considered, which could considerably 
lower the energy consumption. To minimise the energy utilities, the heat 
produced from the dissolution reactor, pH swing reactor and carbon-
ation reactor can be used for minimising the cold utility for the NaOH 
scrubber. In addition, the temperature of the flue gas entering the pro-
cess has been assumed to be 25 ◦C, while in reality should be considered 
much higher (e.g. 500 ◦C) if coming from gas power plants or lime kilns 
[13]. Moreover, the S/L ration used for the calculation (50 g/l) can be 
replaced by the 200 g/l, consequently lowering the amount of water 
used throughout the process and associated energy consumption, 
although at the expense of the carbonation efficiency as shown in 
Table 1. Considering that the process was experimentally tested as a 
batch process and that for large scale CO2 sequestration the process 
should be continuous or semi-continuous, the residence time for the 
difference stages were calculated or retrieved from literature when not 
available to provide an indication of the slowest stage. 

Overall, the process to capture and utilize the CO2 reqires around 
14–15 hr, with steps 3, 4a, 5 [29] and 6 requiring 0.5 hr; step 7b − 1hr; 
step 4b – 2 hr [25]; step 7a [30] - 3 hr and step 1 [24] requiring 3–4 hr to 
be completed, resulting the slowest step. 

4. Conclusions 

This work investigated the feasibility of a novel CO2 mineral 
carbonation process based on both Mg-rich silicates and Ca-rich inor-
ganic wastes, where NaHSO4 and NaOH are employed for the seques-
tration of CO2, in order to minimise energy requirements typically 
associated to pH swing processes. The results indicate that NaHSO4 is 
able to leach out (Step 2) about 8% more Mg than NH4HSO4 after 2 h 
with final Mg extraction being 86%. The pH swing (Step 3) separated 
70% iron, 87% Al and 30% Ni of the starting serpentine, which could 
result in a $50/t CO2 recovered value from the process. Carbonation 
efficiency of 90% was reached at 80 ◦C (Step 4a), which resulted in small 
(<5 µm), uniform and spherical in shape hydromagnesite particles, 
while the final CO2 sequestration capacity was of 77.4%. The multiple 
regeneration steps required to reuse the Mg extraction and CO2 capture 
solvent were experimentally (Steps 6 and 7) or theoretically (all) proved, 
with Step 7b resulting in a 55% conversion of Na2CO3 to CaCO3 at 
120 ◦C under 3 bar., which increases the potential utilization of the 
captured CO2. 

The overall process energy requirement was calculated using Aspen 
Hysys in 19.6 GJ/tCO2, which could be further lowered by heat inte-
gration, increasing the conversion in the currently inefficient Step 7b 
and decreasing the water usage. 

Table 10 
Energy utilitilies.    

Tin [◦C] Tout [◦C] 
Energy required  

[kJ/h] [MJ/ kgCO2] Utility 

R-101 Dissolution reactor  25  100 -2.45•106  -1.11 Cold water 
R-102 pH swing reactor  36.7  60 -4.89•106  -2.22 Cold water 
R-103 Carbonation  38.7  80 -6.29•106  -2.86 Cold water 
R-104 Regeneration reactor Step 5  25  100 2.41•107  10.9 Low pressure steam 
R-105 Regeneration reactor step 6  25  80 2.38•107  10.8 Low pressure steam 
R-106 Regeneration reactor step 7a  25  40 -8.29•106  -3.77 Cold water 
R-107 Regeneration reactor step 7b  50  40 4.79•106  2.18 Low pressure steam 
R-108 NaOH scrubber  25  40 1.26•107  5.73 Low pressure steam 
CRY-101 Crystalliser  25  -5 -2.49•106  -1.13 Refrigerant 
E-100 Heat exchanger  -5  25 2.44•106  1.11 Low pressure steam 

Σ= 4.53•107 19.63   
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