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CO2 capture and storage (CCS) is an important strategy in combatting anthropogenic climate change. However, commercial ap-
plication of the CCS technique is currently hampered by its high energy expenditure and costs. To overcome this issue, CO2 cap-
ture and utilization (CCU) is a promising CO2 disposal method. We, for the first time, developed a promising method to mineral-
ize CO2 using earth-abundant potassium feldspar in order to effectively reduce CO2 emissions. Our experiments demonstrate that, 
after adding calcium chloride hexahydrate as an additive, the K-feldspar can be transformed to Ca-silicates at 800C, which can 
easily mineralize CO2 to form stable calcium carbonate and recover soluble potassium. The conversion of this process reached 
84.7%. With further study, the pretreatment temperature can be reduced to 250C using hydrothermal method by adding the solu-
tion of triethanolamine (TEA). The highest conversion can be reached 40.1%. The process of simultaneous mineralization of CO2 
and recovery of soluble potassium can be easily implemented in practice and may provide an economically feasible way to tackle 
global anthropogenic climate change. 
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Carbon dioxide (CO2), produced from the combustion of 
fossil minerals, is considered to be one of the main factors 
responsible for global climate change. CO2 emission reduc-
tion has become a significant issue of common concern 
worldwide. CO2 capture and storage (CCS) is currently 
considered one of the most effective techniques for reducing 
emissions, maintaining the current atmospheric CO2 con-
centration, and alleviating greenhouse gas effects [1,2]. 
While a number of countries or regions have carried out 
field demonstration projects related to CO2 geological stor-
age to test CCS, wide application of the CCS is mainly 
hampered by its high costs. To alleviate the associated costs, 
appropriate strategy should be focused on carbon capture 

and utilization (CCU) [3–6]. By CCU, we mean CO2 being 
captured and used as raw material to produce high-value 
products (or related by-products) thereby reducing CO2 
emissions. In industry, one of method of utilization of CO2 
is transforming CO2 into organic chemicals or polymers. 
Another method was regenerate methanol and hydrocarbon 
from CO2 and H2O which can be used as fuel. These two 
methods confronted the problem of high material cost, high 
energy consuming and short lifetime of product. Therefore, 
many people considered that the CCU method can only 
transforming small amount of CO2, which has little effect 
on reducing the emission of CO2, and the CCU cannot be 
regarded as the main CO2 disposal method. 

CO2 mineralization is a relatively new technology in the 
field of CO2 geological sequestration [7]. Compared with 
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other CCS technologies, it has the advantage of safely stor-
ing CO2 for a very long, if not infinite, time, by converting 
CO2 into a solid phase. Through a reaction between rich 
calcium and magnesium ions in natural alkaline ores [8–18] 
and alkaline wastes [19–23], CO2 could be converted into 
stable solid carbonates, such as magnesium carbonate and 
calcium carbonate. Forsterite, with a high CO2 conversion 
rate, is the main mineralization material. Current research 
shows that when reacting with CO2 within a solution of 
NaCl and NaHCO3, at a temperature of 185C and pressure 
of 15 MPa, forsterite with a particle size of 37 µm can reach 
a conversion rate of 81% [1,18]. Unfortunately, forsterite (a 
magnesium silicate) tends to distribute along either present 
or ancient continental boundaries [1], and thus are not 
available in all countries with significant CO2 emissions, 
such as China. Thus, it is difficult to obtain low-cost forsterite 
in many countries or regions important for reducing global 
CO2 emission. Neither on-site nor off-site mineralization of 
CO2 based on forsterite has been implemented. Seeking rich, 
low-cost alternative raw materials for CO2 mineralization, and 
the means to fulfill high reaction efficiency, low reaction 
requirements, and easy industrialization, will likely be the 
future direction of CO2 mineralization. 

Feldspar is one of the most stable and abundant minerals 
in the earth, accounting for about 60% of the total mass of 
the earth’s crust. Taking the average content of potassium 
within feldspar of 4% into account, within the scope of hu-
man use (about 5 km underground), the reserves of K-feld- 
spar (KAlSiO3) is about 95.6 trillion tons. If the K-feldspar 
were used for mineralization of CO2 with a conversion rate 
of 50%, it could theoretically sequestrate more than 3.82 
trillion tons of CO2. According to a report by the Interna-
tional Energy Agency [24], global carbon dioxide emission 
in 2010 was expected to reach 30.06 billion tons. Potentially, 
in theory the earth’s natural potassium feldspar can miner-
alize as much as 127 years of global CO2 emissions. 

Unfortunately, because of the structural stability of potas-
sium feldspar, the feldspar does not easily react with weakly 
acidic CO2—the reaction progress is given in eq. (1) [1].  

2CO2+2H2O+3KAlSi3O8→KAl2[AlSi3O10](OH)2 
 + 6SiO2+2K++2HCO3

−    (1) 

Under natural conditions, the reaction between CO2 and 
potassium feldspar usually takes hundreds to thousands of 
years [1,25]. Even after increasing the reaction temperature 
and the partial pressure of CO2, it is still difficult to signifi-
cantly increase the reaction rate of potassium feldspar with 
CO2 [26]. Therefore, meaningful CO2 mineralization, during 
the time period of interest for CCS, can barely be achieved 
by this chemical reaction. So far, there has been neither re-
search nor industrial application of K-feldspar with respect 
to effective mineralization of CO2. 

Using earth’s natural potassium feldspar to mineralize 
CO2 with high efficiency and low cost faces at least two 
challenges: (1) how to destabilize the stable crystal structure 

of potassium feldspar to make it react efficiently with CO2; 
and (2) how to generate a stable mineralization product in 
nature, since the soluble carbonate generated through the 
reaction of natural potassium feldspar and CO2 is easily 
decomposed. In this study, we use calcium chloride, a 
common by-product in alkali industry, which currently has 
limited practical use, to partially deal with these challenges. 
Resulting from the interaction between calcium and alumi-
nosilicates, calcium chloride may help undermine the struc-
ture of potassium feldspar to form relatively active calcium 
aluminosilicates that react easily with CO2 to produce stable 
solid calcium carbonate.  

1  Experiments 

1.1  Materials 

Feldspar (reddish in color, from Shandong Province, China) 
was used as a raw material. By crushing and ball-milling the 
feldspar samples, the feldspar particle sizes reduced to   
45 µm. X-ray diffraction (XRD) results indicate that the 
main mineral composition of feldspar includes microcline 
(KAlSi3O8) and Albite (NaAlSi3O8). Energy dispersive 
X-ray fluorescence (XRF) analysis shows that the silicon 
content in the ore is 32.7%, the aluminum content 9.3%, 
potassium content 8.5%, sodium content 2.5%, calcium 
content 0.17%, and copper content 0.15%. There are also 
trace amounts of zinc, iron, phosphorus, and chromium. A. 
R. grade calcium chloride hexahydrate (CaCl2·6H2O) and 
anhydrous calcium chloride (CaCl2) was used without fur-
ther purification. The CO2 was purchased from Dong Feng 
(China) with the purity of 99.99%. 

1.2  CO2 mineralization procedures 

In order to destabilize the structural of K-feldspar, two dif-
ferent pretreatment has been taken to transform K-feldspar 
to Ca-silicates. In high temperature pretreatment, 2.5 g K- 
feldspar and 2.5 g calcium chloride hexahydrate were mixed 
together and heated to 800°C in furnace. After activating 1h 
at 800°C, the reaction was stopped. The product was putted 
out and cooled to room temperature, then washed by dis-
tilled hot water (80°C) and filtered. The filtrate was diluted 
to 1 L. The solid was oven-dried at 110°C.  

The pretreatment test using low temperature was under-
taking in 250 mL autoclave, 2.5 g K-feldspar was added 
with 75 mL solution, which contain 1.85 mol/L CaCl2 and 
0–1.5 mol/L triethanolamine (TEA). The pretreatment was 
kept 2 h at 250°C. When the autoclave cooled to room tem-
perature, it was opened, and the suspension was filtered. 
The filtrate was diluted to 250 mL. The solid was ov-
en-dried at 110°C. As a comparison, another test was done 
using NaOH instead of TEA. The pH of the solution used in 
this latter test was about 10.05 and the same as that obtained 
by adding 1.5 mol/L TEA. 
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The reaction of mineralization of CO2 was undertaken in 
a 250 mL autoclave. After adding the solid from pretreat-
ment and 75 mL distilled water, the autoclave was sealed 
and heated to the reaction temperature (150°C for high 
temperature pretreatment and 200°C for low temperature 
pretreatment). CO2 was directly added into the solution by 
gas booster, until the partial pressure of CO2 goes to 4 MPa. 
The reaction was going at a specific stirring rate (350 r/min), 
When the reaction time was elapsed (1 h), the autoclave was 
cooled to 70°C and depressurized, and opened. The suspen-
sion was filtered, and the solid was dried at 110°C. 

1.3  Analysis of solid phases 

The mineralogical composition was determined by X-ray 
diffraction (XRD).  The amount of sequestrated CO2 in 
product was analyzed by thermal gravimetrical analysis 
system (TG). Samples (10–20 mg) were heated in alumi-
num oxide ceramic cups under an oxygen atmosphere at 
20°C/min. The amount of CO2 sequestrated as calcium car-
bonate was defined on the basis of its dry weight(m105°C)  
and the weight loss between 105 and 1000°C (∆m105–1000°C): 

 CO2 [wt%] =(∆m105–1000°C/ m105°C) ×100. (2) 

1.4  Conversion of K-feldspar 

The concentration of K+ and Al3+ in solution was test by 
ICP (Inductive Coupled Plasma Emission Spectrometer). 
The conversion rate of K-feldspar ξ was defined by com-
prising the total mass of K in solution mK

+ with that in the 
material MK, which can be calculated by  

 ξ = mK
+/MK. (3) 

2  Results and discussion 

2.1  CO2 mineralization with high temperature pre-
treatment 

Figure 1 shows the XRD result of mineralogical composi-
tion of solids after high temperature pretreatment and min-
eralization of CO2. The experimental results indicate that 
calcium chloride hexahydrate was decomposed at a high 
temperature into anhydrous calcium chloride and calcium 
oxide. Anhydrous calcium chloride and calcium oxide react 
with potassium feldspar at high temperatures and generate 
three different calcium silicate salts—pseudo-wollastonite 
(Ca3Si3O9,), anorthite (CaAl2Si2O8) and mayenite 
(Ca12Al14O33)—that mineralize CO2 in the form of stable, 
solid calcium carbonate. These reactions are 

 KAlSi3O8+0.5CaCl2→0.5CaAl2Si2O8+2SiO2+KCl  (4) 
54CaO+14KAlSi3O8→14Ca3Si3O9+Ca12Al14O33+7K2O  (5) 

 CaAl2Si2O8+CO2+H2O→CaCO3+Al2O3·2SiO2  (6) 
 Ca3Si3O9+3CO2→3CaCO3+3SiO2   (7) 
 Ca12Al14O33+11CO2→12CaCO3+7Al2O3    (8) 

 
Figure 1  (Color online) XRD results of the reaction (conversion and 
mineralization) of CO2 using K-feldspar and calcium chloride hexahydrate 
at high temperature. (a) Result from natural K-feldspar; (b) result from 
reaction of K-feldspar and calcium chloride hexahydrate at 800°C; (c) 
result from the reaction of the conversion production at 800°C and CO2. 

The result of XRD proved the possibility of simultaneous 
mineralization of CO2 and recovery of soluble potassium. 
The conversion of K-feldspar reached 84.7% after reaction. 
Figure 2 illustrates the thermogravimetric results of the 
mineralization production. The content of CO2 reached 
13.15% in product. 

Although CO2 mineralization with high temperature pre-
treatment showed a good results in activating K-feldspar 
and mineralizing CO2, the pretreatment temperature of 
800°C is not desirable, because it corresponds to high energy 
consumption and therefore high CO2 emissions. Obviously, 
converting natural K-feldspar with a higher conversion 

 

 

Figure 2  (Color online) Thermogravimetric test results of the conversion 
product. 
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rate and lower energy consumption (corresponding to a low 
required temperature) is the key to developing practically 
feasible approaches for CO2 mineralization and cogenera-
tion of soluble potassium salt, using the Earth’s natural po-
tassium feldspar. 

2.2  CO2 mineralization with low temperature  

Thermodynamic calculations show that, at 400 K (122.85°C), 
the ∆G, the Gibbs free energy, of reaction (3) is –41.3 
kJ/mol [27]. This means that K-feldspar could theoretically 
convert into anorthite through a reaction with calcium chlo-
ride at low temperatures. Previous studies have shown that 
K-feldspar could react with low-concentrated calcium chlo-
ride under hydrothermal conditions with a temperature of 
250°C, though with a conversion rate of only 2.1%, this 
conversion rate is too low for practical applications. 

K-feldspar can be dissolved in alkali solution. Casey et 
al.’s results [29] indicate that the mechanism for alkali-  
dissolving K-feldspar is as follows: the K-feldspar reacts 
with OH− and generates Al (OH)4

− in the solution, and then 
a poor aluminum-rich-silicon precursor polymer (SiO2· 
nH2O) is formed on the surface of the K-feldspar to under-
mine K-feldspar’s stable crystal structure, which finally 
leads to the dissolution of potassium feldspar. A number of 
experimental results [30–32] have indicated that Al3+ in the 
solution controls the dissolution rate of K-feldspar. 

Therefore, a compound that could chelate the Al3+ ion 
might enhance the conversion of K-feldspar. And this com-
pound should be also stable in relative high temperatures, 
weakly alkaline, and easy to get. To this end, triethanola-
mine (TEA) was chosen as a catalyst and calcium chloride 
as an additive, to convert potassium feldspar and mineralize 
CO2 at a relatively low temperature—thereby finding a way 
to achieve efficient conversion of potassium feldspar to ef-
fectively mineralize CO2 and produce valuable, soluble po-
tassium salt. 

Figure 3 illustrates that within the solution with the addi-
tive calcium chloride, triethanolamine has a significant 
promotion effect on the conversion process of potassium 
feldspar. Without adding TEA, the conversion rate of K-  

 

 
Figure 3  Effect of triethanolamine concentration on potassium feldspar 
conversion. 

feldspar was only 3%. For a triethanolamine concentration of 
1.5 mol/L, the potassium-feldspar conversion rate increased 
to 40.1%, much higher than that in the comparison test (about 
5.1%). The XRD test results have shown (Figure 4) that 
Si-Al-calcium salt, generated by potassium feldspar under 
hydrothermal conditions at 250°C, more easily reacts with 
CO2 to mineralize CO2 into stable, solid calcium carbonate. 

The conversion rate of K-feldspar increases significantly 
with increasing concentration of aluminum ions in the solu-
tion (Figure 3). This is because in an alkaline solution, Al 
ions on the surface of the potassium feldspar react with OH− 

to form Al(OH)4
− in the solution. Then, Al(OH)4

− and TEA 
together result in chelation that enhances the solubility of 
Al3+ within the solution. As a result, more Al ions enter the 
solution and undermine the stable structure of the potassium 
feldspar crystals. The additive calcium chloride prompts 
potassium feldspar’s conversion into Si-Al-calcium salt, 
which more actively reacts with CO2 and increases the rate 
of CO2 mineralization. 

3  Conclusions 

CO2 capture and utilization (CCU) based on CO2 minerali-
zation was a new and promising CO2 sequestration method. 
Because of the great reserve of natural K-feldspar in earth, it  

 

 
Figure 4  (Color online) XRD results of the mineralization of CO2 by 
potassium feldspar at low temperature conversion. (a) Results from natural 
K-feldspar; (b) result from reaction of K-feldspar and calcium chloride at 
triethanolamine solution with hydrothermal condition of 250°C; (c) result 
from reaction of the K-feldspar conversion production and CO2. 
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is potential to mineralize plenty of CO2 and supply valuable 
soluble potassium salt. 

The stable K-feldspar can be activated at 800C using 
calcium chloride hexahydrate as addictive. After activation, 
the reactive Ca-silicates were formed and soluble potassium 
was recovered. The conversion of K-feldspar can be 
reached 84.7%. CO2 can be easily reacted with reactive 
Ca-silicates and sequestrated as stable calcium carbonate. 
The temperature of pretreatment can be reduced to 250C 
by adding solution of triethanolamine. At low temperature 
pretreatment, the highest conversion of K-feldspar can be 
reached 40.1% using hydrothermal method, which makes it 
possible to mineralize CO2 effectively, either in situ or 
based on engineered processes, using the Earth’s natural 
K-feldspar stone. It is also important to emphasize that this 
technique generates soluble potassium chloride as a value- 
added product that can be used in the production of potash. 

At present, the world’s water-soluble potassium mineral 
resources are unevenly distributed—many countries lack 
such resources. Take China as an example: its water-soluble 
potassium salt reserves total 137057500 tons (KCl), only 1 
percent of the world’s reserves [23]. About half of con-
sumption in China is from imports, leading to a high price 
for potassium chloride. Therefore, the co-production of 
soluble potassium salts can significantly compensate for the 
costs of CO2 storage in China, and perhaps in other coun-
tries as well. 
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