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Introduction 

Aims and Objectives 

The aim of this deliverable is to optimise the carbonation reaction by maximizing the 
magnesium carbonation efficiency within one hour and gaining understanding of the 
rate of reaction. This will be done by changing different variables and identifying the 
effects they have on the process. 

Background and Theory 

Carbon capture utilization and storage (CCUS) will play a vital role in reducing global 
CO2 emissions. In order to overcome the disadvantages of traditional CCS for CO2 
reduction, CO2 Capture and Utilization (CCU) has been proposed as a promising 
method. Unlike CCS, CO2 is utilized as a resource to be converted into 
thermodynamically stable materials by chemical reaction. The CCU process not only 
reduces CO2 emission, but also obtains high-value products. CO2 mineralization is one 
of the feasible CCU processes. There are several different elements that can be 
carbonated to produce water-insoluble carbonates, but alkaline earth metals, calcium 
and magnesium, have proven to be the most suitable ones since Ca/Mg-bearing 
compounds have a wide range of sources and huge reserves. Mg in particular is found 
in, the raw material, Olivine, used in carbon capture process discussed in the present 
research.  

This report will focus on the operation of the carbonation of Mg-based solution. This is 
carbon capture section of the process, currently being actively researched. The CO2 is 
permanently sequestered in the form of nesquehonite mineral (MgCO3.3H2O) which 
can be used to replace various carbon intensive construction products, such as fired 
clay bricks, blocks, and gypsum boards. There have been several studies that looked at 
CO2 sequestration via carbonation by bubbling CO2 through Mg(OH)2 solutions, 
however literature is very limited in the carbonation in a solution of MgSO4 [1–3]. 

 

 

 



Carbonation Operation 

7 

Reaction Mechanism 

The overall reaction taking place in the carbonation process is: 

MgSO4 + CO2 + 2 NH4OH + 2 H2O → MgCO3.3H2O + (NH4)2SO4   Eq.1 

Step 1: Formation of Carbonate ions 

1. Dissociation of Ammonium Hydroxide: 

NH4OH → NH4+ + OH‒   Eq. 2 

2. Reaction of CO2 with Hydroxide Ions: 

CO2 + OH‒ → HCO3‒   Eq. 3 

HCO3‒ + OH‒ → CO32‒ + H2O   Eq.4 

3. Formation of Ammonium Carbonate (in the presence of excess ammonia): 

2 NH4+ + CO32‒ → (NH4)2CO3   Eq. 5 

Step 2: Formation of Magnesium Carbonate 

4. Dissociation of Magnesium Sulfate: 

MgSO4 → Mg2+ + SO42‒   Eq. 6 

5. Reaction of Magnesium Ions with Ammonium Carbonate: 

Mg2+ + CO32‒ MgSO4 → MgCO3   Eq. 7 

6. Formation of Ammonium Sulfate: 

2 NH4+ + SO42‒ → (NH4)2SO4   Eq. 8 

Step 3: Hydration of Magnesium Carbonate 

7. Hydration of Magnesium Carbonate:  

MgCO3 + 3 H2O → MgCO3.3H2O   Eq. 9 

8. Combined Ionic Equations 

Mg2+ + SO42‒ + CO2 + 2 NH4+ + 2 OH‒ + 2 H2O→ MgCO3.3H2O + (NH4)2SO4   Eq. 
10 



Carbonation Operation 

8 

Set of Experiments 

Reaction variables have been selected in order to investigate their impact on the 
reaction: 

1. pH 
2. CO2 and NH3 injection period 
3. Stoichiometric ammonia/MgSO4 ratio 
4. Testing experimental MgSO4 solution 
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Table 1. Covers the set of experiments conducted in the report to optimize the process 

Testing Variable MgSO4 
concentration 

pH Injection 
Time 

Stoichiometric 
ammonia/MgSO4 
ratio 

Testing 
Method 

pH 0.2 M 7.5 30 min x2 Titration  

 0.2 M 8.9 30 min x2 Titration  

 0.2 M 9.5 30 min x2 Titration  

 0.2 M 10.0 30 min x2 Titration  

Injection Time 0.2 M 9.5 10 min x2 Titration 

 0.2 M 9.5 15 min x2 Titration 

 0.2 M 9.5 30 min x2 Titration 

 0.2 M 9.5 60 min x2 Titration 

 0.5 M 9.5 15 min x2 Titration 

 0.5 M 9.5 30 min x2 Titration 

 0.5 M 9.5 60 min x2 Titration 

Stoichiometric 
Ammonia/MgSO4 
ratio 

0.5 M 9.5 15 min x1 Titration, 
XRD & 
SEM 

0.5 M 9.5 15 min x1.5 Titration, 
XRD & 
SEM 

 0.5 M 9.5 15 min x2 Titration, 
XRD & 
SEM 

Experimental 
Solution 

0.4 M 9.5 15 min x1.5 Titration, 
XRD & 
SEM 
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Method 

Experimental Setup 

The experiment was conducted in a semi-batch operation in a 5 L beaker (reactor). The 
reactor is connected to a peristaltic pump that allows for constant flow of ammonia 
solution into the reactor. A porous diffuser is also connected from a CO2 tank to the 
reactor set at 0.5 bar. A pH meter is inserted into the beaker throughout the experiment 
to ensure the reaction is taking place at the desired pH. The first set of experiments 
were conducted using the set up in Figure 2A using a magnetic stirrer, however as the 
thickness of the solution increased a better stirring mechanism was required hence set 
up in Figure 2B was used. 

 

Figure 1. Lab based carbon mineralization experimental setup 

 

 

Experimental Steps 

• Preparation of MgSO4 Solution: 

A 5 L beaker was filled with 3 L of the required amount of hydrated MgSO4 crystals and 
deionized water based on the target concentration: 

• Solution Setup: 
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The beaker was appropriately positioned and secured as described in your setup 
section. 

The initial pH of the MgSO4 solution was measured. 

• pH Adjustment: 

Ammonia solution was gradually added dropwise while continuously stirring until the pH 
of the solution reaches 9.5. 

The pH was closely monitored to avoid overshooting the desired pH. 

• Sampling and Dilution: 

Before starting the reaction, a 1.5 mL sample was taken of the solution. 

The sample was diluted by a factor of 10 using deionized water. 

• Setting Ammonia and CO2 Flow Rates: 

The ammonia peristaltic pump was set to the desired flow rate based on stoichiometric 
requirements (e.g., x1, x1.5, x2). 

The CO2 flowmeter was calibrated and set to maintain the desired pH during the 
reaction. 

• Commencing the Reaction: 

Simultaneously the ammonia peristaltic pump and the CO2 flow were switched on 

Continuous stirring was maintained to ensure uniform mixing throughout the reaction. 

• Periodic Sampling: 

Samples were collected at specified time intervals during the reaction (e.g., every 15 
minutes). 

Each sample was diluted by a factor of 10 using deionized water. 

• Titration: 

Titration was conducted on the diluted samples to measure the concentration of 
magnesium ions remaining in the solution [4]. 

The percentage completion of the reaction based on the titration results was calculated. 

• Solid Extraction, Drying & Analysis 
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At the end of the reaction, the solution is filtered to separate the solid product. 

The solid was washed with deionized water to remove any remaining soluble impurities. 

The solid is dried in an oven at 60°C overnight to ensure complete removal of moisture. 

The dried solid is analysed using X-Ray Diffraction (XRD) set at 7.5 degrees per min, 
Cu Ka radiation to determine its crystalline structure. 

Scanning Electron Microscopy (SEM) test set at 15 kV back-scattered electron was 
conducted to study the morphology of the solid product. 

• Specific method for each section: 

Effect of pH 

Using a 0.2 M MgSO4 solution, several experiments were conducted at different pH 
levels ranging from 7.5 to 10. This was done by balancing the CO2 and ammonia 
flowrate to achieve desired pH. The reaction was allowed to run for 30 minutes, with 
samples taken every 5 minutes. 

Effect of Injection Period 

This essentially required a constant flow of CO2 and ammonia into the beaker for varied 
times ranging from 10 min to 60 minutes then it is stopped. The absolute amount of 
ammonia remained at 2x the stoichiometric required amount for each experiment. 
Samples were still taken after the feed flow of CO2 and ammonia were stopped and the 
stirring was also allowed to carry on. This was initially conducted on a 0.2 M MgSO4 
then a 0.5 M MgSO4 solution. 

Effect of stoichiometric ammonia/MgSO4 ratio 

The effect of the different stoichiometric ratios of ammonia to MgSO4 was conducted 
(x1, x1.5 and x2). In order to maintain a constant pH of 9.5 when the rate of ammonia 
addition is increased, the CO2 flow rate must also be increased.  

Magnetic stirrer vs overhead electric stirrer (OES) 

It was observed that a higher MgSO4 initial concentration solution resulted in a thicker 
MgCO3 mixture which prevented the magnetic stirrer from mixing the solution as the 
reaction was taking place. Therefore, an overhead electric stirrer was purchased with a 
maximum RPM of 1800. Initially, an experiment was conducted at 1700 rpm at 0.5 M 
MgSO4 using x1.5 ammonia and 15-minute injection time while maintaining pH at 9.5. 
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Two experiments were then conducted at different rpms of 900 and 1400 to see the 
effect of different mixing speeds. The experiments were conducted on a 0.5M MgSO4 
solution using x1.5 ammonia ratio. This was repeated for 1400 rpm agitation at different 
ammonia/MgSO4 ratios (x1, x1.5 and x2). 

Experimental MgSO4 solution 

Experimental MgSO4 solution from the previous steps within the whole process shown 
in Figure 1 is used instead of preparing a synthetic MgSO4 solution. Titration was 
conducted to estimate the amount of Mg ions available in the solution. Based on that a 
1.5x stoichiometric amount of ammonia was used injected with the first 15 minutes 
alongside CO2 to maintain the pH at 9.5. A magnetic stirrer was used for the stirring. 
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Results and Discussion 

Effect of pH  

The first set of experiments aimed to determine the optimum pH for the reaction. The results in 
Figure 3 indicated that pH 9.5 was optimal, yielding the highest percentage completion after 30 
minutes, consistent with the literature. At pH 7.5, no carbonation occurred as the solution 
remained clear; therefore, these samples were not tested or plotted, confirming that 
carbonation at pH 7.5 is unsuitable. At pH 8.9, the initial rate of carbonation was similar to that 
at pH 9.5. However, as time progressed, the reaction at pH 9.5 experienced an exponential 
increase, leading to a higher percentage completion.  pH has a significant impact on the 
solubility of CO2 in water and the dissolved species it exists as (HCO3- or CO32-). The higher 
the pH, the more thermodynamically favourable CO32- ions become [5], resulting in greater 
conversion to MgCO3.3H2O. However, increasing the pH further to 10 did not enhance the 
final reaction completion, due to the competing effect of magnesium precipitation as brucite 
(Mg(OH)2), which is insoluble above pH 10. 

Figure 2. The effect of pH on the percentage completion of the reaction with time 
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Effect of Injection Period 

After concluding that pH 9.5 was the most optimum for a higher percentage completing, we 
investigated the effect of ammonia and CO2 feed period while maintaining the pH at 9.5. 
Figure 4 presents the results for a 0.2 M MgSO4 solution which shows a shorter induction time 
as the injection period is decreased. This is likely because a shorter injection period results in 
the solution reaching supersaturation conditions more quickly, allowing earlier nucleation and a 
greater nucleation rate. It was also observed that the shorter the injection time, the greater the 
rate of precipitation and therefore, faster overall reaction. Finally, after 1 hour, the final 
percentage completion of the reaction was highest for the 10-minute injection period test. This 
is likely because of greater availability of CO23- ions within the reaction solution at earlier 
times. It can be seen in the 1-hour graph that the crystal growth phase did not reach 
completion since the gradient is still increasing as it got to the 1-hour mark. 

Figure 3. The effect of CO2 and ammonia injection period on the percentage completion of 
the reaction with time for a 0.2 M MgSO4 solution 

 

The same experiment was repeated for the 15-minute, 30 minute and 60 minutes injection 
periods for 0.5 M MgSO4. The results were plotted on Figure 5. It was observed that there was 
an increase in final reaction percentage completion with the highest being 97.1% for the 15-
minute injection period. It can also be seen that all experiments plateaued after 60 minutes. 
This shows that as you increase the concentration of MgSO4, the induction period decreases 
and overall rate of reaction increases. This is due to the greater availability of magnesium ions 
within the solution. 
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Figure 4. The effect of CO2 and ammonia injection period on the percentage completion of 
the reaction with time for a 0.5 M MgSO4 solution 

 

 

Effect of stoichiometric ammonia/MgSO4 ratio 

From the previous section we concluded that the highest percentage completion was when the 
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Figure 5. The effect of ammonia ratio on the percentage completion of the reaction with time 
for a 0.5 M MgSO4 solution 

 

Samples of the solid product were tested for different ammonia/MgSO4 ratio experiments to 
see the impact on the carbonate identity and its morphology.  XRD diffractograms from each 
sample, given in Figure 7, shows that all magnesium carbonate products are nesquehonite. 
Some of the additional small peaks are magnesium sulfate hydrate, resulting from imperfect 
washing of the nesquehonite. 

Figure 6. XRD data of the solid product from the carbonation reaction at different 
stoichiometric MgSO4 to ammonia ratios 
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SEM was also conducted on the samples to see if the ammonia ratio has an impact on the 
morphology or particle size of the nesquehonite. Figure 8 shows the three solids resulting from 
using x1, x1,5 and x2 the stoichiometric amount of ammonia required. In all cases, the 
characteristic needle-like nesquehonite crystals were observed. It can be seen that the particle 
size increases as we increase the amount of ammonia used. This is likely due to the samples 
with greater ammonia addition also having more dissolved CO2, leading to earlier nucleation 
and more enhanced crystal growth. 

Figure 7. SEM images of the solid product from the carbonation reaction at different 
stoichiometric MgSO4 to ammonia ratios (Magnification x500) 

x1 NH3 x1.5 NH3 

  

x2 NH3 
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Magnetic stirrer vs overhead electric stirrer (OES) 

When the overheard electric stirrer was used, due to the high shear mixing, the solution 
became frothy due to improved mixing between the gas (air from surrounding and bubbled 
CO2) and liquid. As shown in Figure 9A, the final carbonate produced was floating instead of 
settling as typically observed (Figure 9B), likely due to increased air entrainment in the 
precipitated solid network. 

Figure 8. Picture of the final solid product when using an overheard electric stirrer (A) and a 
magnetic stirrer (B) 

 

According to the XRD diffractogram in Figure 10 we can conclude that both are nesquehonite 
and that the mixing rate has no impact on the phase identity of the product. However, SEM 
analysis (Figure 11) of the nesquehonite formed in both cases revealed that when using the 
OES at high 1600 rpm, the mean crystal size is much smaller than when using a magnetic 
stirrer. The high shear mixing associated with the OES is widely reported as likely limiting the 
particle size through two complementary impacts [6]: 

• Disrupting crystal growth – As the precipitation of nesquehonite is a bulk diffusion-
controlled growth process, it relies greatly on concentration gradients within the solution. 
The high sheer mixing disrupts these, favouring nucleation overgrowth [7]. 

• Facilitating increased nucleation rates as air bubbles generated with strong agitation 
may act as heterogeneous nucleation sites. 

 

A B 
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Figure 9. XRD data of the solid product from the carbonation reaction when using an OES 
vs a magnetic stirrer 

 
Figure 10. SEM images of the nesquehonite from the carbonation reaction when using an 
OES vs a magnetic stirrer 

OES Nesquehonite Magnetic Stirrer Nesquehonite 
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Figure 11. Compares the effect of agitation speeds (900 rpm and 1400 rpm) on the % 
completion of the reaction 
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Figure 12. Compares between OES and magnetic stirring in their effect on percentage 
completion of the reaction with time for a x1 ammonia/MgSO4 ratio (A),  x1.5 
ammonia/MgSO4 ratio (B) and  x2 ammonia/MgSO4 ratio (C) 
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Experimental MgSO4 Solution 

Figure 13. SEM data of the solid product from the carbonation reaction when using the 
experimental MgSO4 solution 

 

 

Figure 14. XRD data of the solid product from the carbonation reaction when using the 
experimental MgSO4 solution 
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Conclusion 
This study focused on optimizing the carbonation reaction of magnesium sulfate (MgSO4) to 
sequester CO2 in the form of nesquehonite (MgCO3·3H2O). The optimal pH for the reaction 
was found to be 9.5, as this condition yielded the highest reaction percentage completion. The 
injection period of ammonia and CO2 significantly influenced the reaction rate, with shorter 
injection times while maintaining the same absolute amount of ammonia and CO2 leading to 
faster reactions and higher completion rates. A 15-minute injection period for a 0.2 M MgSO4 
solution resulted in rapid supersaturation and efficient nucleation. Moreover, an increase in 
MgSO4 concentration from 0.2 M to 0.5 M increased the percentage completion of the 
reaction. 

Adjusting the ammonia/MgSO4 ratio impacted both the reaction rate and product morphology. 
Using excess ammonia (up to twice the stoichiometric requirement) facilitated higher reaction 
completion but introduced challenges for subsequent process stages with the highest 
percentage completion being 97.1%. The study showed that an overhead electric stirrer (OES) 
enhanced mixing but resulted in smaller particle sizes and increased frothiness due to high 
shear mixing, which disrupted crystal growth and consequently reduced percentage completion 
of the reaction. 

Experiments using the experimental MgSO4 solution demonstrated lower carbonation 
efficiency, suggesting interference from other ions present in the solution. XRD and SEM 
analyses confirmed the formation of sodium carbonate rather than nesquehonite, indicating 
that impurities can significantly affect the carbonation process. Therefore, previous steps within 
the process should be optimized to prevent disruption of the process. 

Overall, the findings emphasize the importance of controlling pH, injection periods, and 
reactant ratios to optimize the carbonation process for effective CO2 sequestration using 
MgSO4 solutions.  
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