CO2 capture by aqueous Na2CO3 integrated with high-quality CaCO3 formation and pure CO2 release at room conditions
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Abstract

The absorption of carbon dioxide from anthropogenic emissions and its utilization as a building block for the synthesis of useful chemicals is gaining increasing interest in recent years as an alternative to the conventional CO2 capture and storage (CCS) technologies. The conversion of carbon dioxide into valuable commodities has the advantage of avoiding the energy penalties of absorbent regeneration, CO2 compression and its disposal underground. 

In this paper we report a novel semi-continuous technique of CO2 capture from a gas mixture by dilute (0.83 mol dm–3) aqueous solutions of Na2CO3 with a sufficiently high absorption efficiency (about 80%) combined with the nearly quantitative production of high quality CaCO3 and CO2 minimizing the energy requirements since the entire process occurred at room conditions. The highly pure CaCO3 and CO2 recovered by the process are valuable products that have the potential of reducing the costs of the CO2 capture process. The 13C NMR spectroscopy is employed to identify and quantify the species in solution. 
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1. Introduction
Most of the energy costs of the processes of CO2 capture are due to the thermal regeneration of the solvent and CO2 release together with its secure geological disposal [1-4]. Moreover, the traditional absorbents based on aqueous alkanolamines suffer of the additional penalties of amine degradation and corrosion problems [5-9]. To make the CO2 capture a viable process to reduce the anthropogenic CO2 emissions and to limit the temperature increase of the Earth’s atmosphere with the related climate changes, more efficient absorbents and/or alternative strategies should be adopted.

A process based on thermally stable and cheap absorbents that turns CO2 into useful chemicals in mild conditions avoids the absorbent regeneration and the main drawbacks of the traditional capture techniques, and should be highly beneficial if the products obtained from CO2 capture have an economic value and a commercial scale utilization.

In previous experimental studies we have developed some techniques of CO2 capture by ammonia or amines combined with the production of valuable products in rather mild conditions [10-11]. Even though this strategy doesn’t reduce significantly the anthropogenic CO2 emissions (about 30 Gt per year), nonetheless it could take advantages in reducing the costs of the processes of the CO2 separation from other gases in the hydrogen and ammonia production, in the natural gas cleaning and in coal gasification and, in general, of CO2 removal from industrial exhaust gas streams.

Here we present the results of an alternative procedure of CO2 capture by dilute aqueous solutions of Na2CO3 combined with the formation of high quality CaCO3 and the release of pure CO2 at room temperature and pressure. This unconventional approach has the potential of circumventing the main drawbacks of the traditional processes of CO2 capture by means of the formation of valuable commercial products.

In this field we have previously reported the production of basic zinc(II) carbonates, a niche commercial product, in the process of CO2 capture by aqueous K2CO3 and NH3 [12,13].
The CO2 capture by aqueous alkali carbonates has been already reported and absorbent concentration up to 40% (w/w), large amounts of activators and high temperatures are generally required to increase the absorption ability [14-17]. The CO2 release together with the thermal regeneration of large volumes of aqueous absorbent require a huge amount of energy because of the high heat capacity (4.18 kJ mol–1) and evaporation enthalpy (2.44 kJ g–1) of water and, consequently, raise serious concerns to the feasibility of this technology.

The process here reported can be divided into two main sections: i) the efficient CO2 capture from a gas mixture by using an aqueous solution of the worldwide naturally available and cheap Na2CO3; ii) the production of CaCO3 and the release of CO2 at room temperature and pressure by reacting the CO2 loaded solution with aqueous CaCl2, an inexpensive by-product of the Solvay process and of potassium chlorate manufacture. 

High-purity CO2 is used in megatons per year in the food industry, for carbonatation of soft drinks, beers and some sparkling wines, for freezing of food products during the transportation, in packaging applications as modified or controlled atmosphere because CO2 inhibits growth of bacteria that cause spoilage of the food. Besides the well known use of supercritical CO2 for extraction of caffeine from coffee, this technique is also used to extract volatile flavours and fragrances for their application in consumer healthcare and beauty products. 

The world market of precipitated calcium carbonate (PCC) is estimated to amount to 74 million tonnes (2011) with an annual growth rate of about 6% [18] and the industrial application of CaCO3 ranges from the use as a filler in the manufacture of paper and plastics, in rubbers, paints and coatings, to medical and pharmaceutical industry. Large amounts of CaCO3 are also used in cement, glass and fibreglass manufacture. The conventional process of CaCO3 production involves a multi-stage procedure that requires large amounts of energy since it comprises the calcination of limestone followed by its hydratation to produce a lime/water slurry that is reacted with CO2. 

The direct CO2 mineralization with calcium based compounds in the solid state occurs at high temperature (up to 453 K) and pressure (up to 150 bar) and generally has a low cyclic absorption capacity [19-23], contrary to our “indirect” process that is carried out in the liquid phase at room conditions.
As a final consideration, the 13C NMR spectroscopic analysis enabled us to identify and quantify the species occurring in every step of the CO2 capture process. The accurate study of the composition of CO2 loaded solutions is crucial for the development of more efficient absorbents that ensure a greater CO2 loading capacity and a higher degree of conversion into calcium carbonate.

2. Experimental

2.1. General information and Experimental Details of Absorption
Na2CO3 and CaCl2 (Aldrich) were of reagent grade and were used as received without further purification. A mixture of pure CO2 and air (Rivoira Spa) were used to simulate flue gas. Flow rates of the gases were measured with gas mass flow meters (Aalborg) equipped with gas controllers (Cole Parmer). Inlet and outlet CO2 concentrations in the flue gas mixture were measured with a Varian CP-4900 gas chromatograph calibrated with 15% and 40% v/v CO2/air reference mixtures (Rivoira Spa) and 100% CO2 (Rivoira Spa).
The absorber devices used in the different experiments were home-built glass cylinders, with a diameter of 56mm and height of 300mm, as already described (Fig. 1) [12]. The reactor was fitted with three polyethylene spaced disks that increased the absorbent turbulence and consequently the rapid mass transfer between the two phases. 

In the batch experiments of CO2 absorption aimed at selecting the most useful experimental conditions, the absorber was charged with 0.300 dm3 of the aqueous solutions of Na2CO3 with concentrations in the range 0.50 – 1.5 mol dm–3. The absorbent solutions were kept at the designed temperature (303 – 333 K) by a thermostatted bath (Julabo model F33-MC refrigerated bath). To mimic the flue gas from a coal-burning power plant, a gas mixture containing 15% (v/v) CO2 in air (overall pressure of the gas mixture set at 1.0 bar) was continuously fed into the absorber through a sintered glass diffuser (16−40 μm pores) placed at the bottom of the absorbent at a flow rate of 29.0 dm3 h−1 (0.180 mol h−1 of CO2 at 295 K). The vent gas came out from the top of the absorber and was dried by flowing in turn through a condenser cooled at 268 K, a concentrated H2SO4 solution and a gas purification tower filled with P2O5, before being analyzed by the gas chromatograph every 5 minutes to evaluate the percentage of CO2 captured and therefore the absorption efficiency.
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Fig. 1. Simplified sketch of the absorption device used for the CO2 absorption.
The apparatus used for the semi-continuous absorption and precipitation process comprises two of the aforementioned absorbers connected to each other (Fig. 2) and maintained at 303 K by means of a thermostatted bath (Julabo model F33-MC bath). The gas mixture was fed into the bottom of either absorber (1) or absorber (2) alternatively, by means of a three-way valve. The outlet gas from the top of either absorber (1) or absorber (2) was sent to the dehydration apparatus by means of a three-way valve and GC analyzed at intervals of 5 min. In the first step of the process, each absorber was charged with 0.300 dm3 of the 0.83 mol dm–3 Na2CO3 solution. The gas mixture with 15% (v/v) CO2 in air was continuously sent into the bottom of the absorber (1) at a flow rate of 29.0 dm3 h−1 (0.180 mol h−1 of CO2 at 295 K); the outlet gas from the top of the absorber (1) was fed into the bottom of the absorber (2) (Fig. 2, red line). The gas exited from the top of the absorber (2) was GC analysed. The absorption procedure lasted 120 min and was stopped when the CO2 absorption decreased to the fixed current value of about 65%. 
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Fig. 2. Simplified flow diagram of the two absorbers connected to each other for CO2 absorption; A, the two absorber are connected to the precipitation/filtration unit where the “saturated” solution was transferred; B, three-way valve for the flue gas inlet either into absorber (1) or (2); C, three-way valve for the flue gas outlet from either absorber (1) or (2); D, two-way valves that allow the flue gas exiting from one absorber to come through the other absorber.

The CO2 “saturated” solution of the absorber (1) was transferred into the reactor for CaCO3 precipitation and CO2 release (see later), afterwards the absorber (1) was charged with a new “fresh” sorbent (0.300 dm3 of the 0.83 mol dm–3 Na2CO3 solution).

In the second step, the gas mixture was injected in the absorber (2) containing the CO2 partly “loaded” solution, afterwards it passed through the “fresh” Na2CO3 solution of absorber (1) and GC analysed (Fig. 2, blue line). After about 80 min the CO2 absorption decreased to 65% and the second step was stopped. Once the CO2 “saturated” solution of the absorber (2) was transferred to the reactor for CaCO3 precipitation, the absorber (2) was charged with a new “fresh” sorbent and the new step was carried out with the same procedure of the first step until the 65% absorption efficiency was again achieved. The overall experiment that comprised 5 steps lasted 440 minutes. Samples of the different solutions (5·10-4 dm3) at increasing steps of CO2 absorption were checked by 13C NMR analysis. The CO2 “saturated” solutions collected from the two absorber were used to precipitate calcium carbonate by adding the stoichiometric amount of a solution of calcium chloride.
The release of pure CO2 was simultaneous to the CaCO3 formation and was measured using a gastight apparatus already described [12] which comprises a 0.250 dm3 conical flask, containing the HCO3–/CO32– saturated solution and a pressure-equalizing dropping funnel containing the calcium chloride solution connected to two 0.250 dm3 gas burettes equipped with a pressure-equalizing device. Both burettes and pressure-equalizing devices were filled with CO2 saturated water. Through three-way valves, one burette was filled with CO2 while the other was emptied, thus allowing a continuous collection of gas. The gas pressures inside the burette and the external pressure were continuously balanced each other. Each experiments was repeated twice. The total volume measurements were about ± 0.005 dm3 accurate.
In a typical experiment 0.150 dm3 of the CO2 saturated solution was reacted under stirring with the stoichiometric amount of CaCl2 (13.9 g) necessary to react with all the bicarbonate formed during the CO2 absorption (0.216 mol; HCO3–/CaCl2 = 2/1, reaction (2)) and with the unreacted carbonate (0.017 mol; CO32–/CaCl2 = 1/1, reaction (3)). Most of the CO2 (over 90%) was recovered within a few minutes. The rate of CO2 desorption greatly increased as the temperature was raised. The precipitate was filtered, washed with water, ethanol and diethyl ether in turn before being dried at 333 K to constant mass. The mass of CaCO3 was 12.38 g, 99% of the theoretical value and the filtered mother liquor contains 14.5 g of dissolved NaCl.

The FTIR spectra were performed with a Shimadzu IRAffinity-1S FT-IR Spectrometer, using KBr pellet and recorded in the range 4000-300 cm–1.

2.2. 13C NMR Spectroscopy

The 13C NMR spectra of the solutions were obtained with a Bruker Avance III 400 spectrometer operating at 100.61271 MHz with a procedure that has been already described [24-26]. Chemical shifts are to high frequency relative to tetramethylsilane as external standard at 0.00 ppm. CH3CN was used as internal reference (CH3, δ = 1.47 ppm). To provide enough signal for deuterium lock, D2O (Aldrich) contained in a sealed glass capillary was introduced into the NMR tubes containing the solutions. To obtain quantitative 13C NMR spectra, a pulse sequence with proton decoupling and NOE suppression was used to acquire the 13C{1H} with the following acquisition parameters: pulse angle = 90.0°, acquisition time = 1.3632 s, delay time = 2–30 s, data points = 65 K, number of scans = 250–500. The data were processed by Bruker-Biospin Topspin software.
13C NMR spectra were recorded every 30 minutes and at the end of each absorption to evaluate the relative amount of carbonate and bicarbonate in solution. Reference solutions for calibrating the 13C NMR spectra were prepared by dissolving in D2O pure Na2CO3, NaHCO3, and accurately weighted mixtures of the two salts in different percentages. Chemical shifts of reference solutions are in ppm and the percentages of Na2CO3 are reported in parenthesis: δ = 168.10 (100% neat Na2CO3); δ = 166.08 (74.9%); δ = 164.09 (50.0%); δ = 162.09 (25.0%); δ = 160.25 (0%, neat NaHCO3).

3. Results and Discussion

The main reaction between carbonate (Kb(293) = 2.1·10–4) and gaseous CO2 (Ka(293) = 4.1·10–7) [27] in aqueous solution is

CO2 (g) + CO32– (aq) + H2O (l) ⇄ 2HCO3– (aq) 
(Keq(293) = 8.6·104)
(1)

Reaction (1) is shifted towards the formation of bicarbonate when carbonate and CO2 are reacted in equivalent amounts. Adding an aqueous solution of calcium chloride leads to the precipitation of calcium carbonate and to the simultaneous formation of CO2, most of which is released from the solution because of its low solubility (0.0238 mol kg–1 of water at 303 K in 1 mol dm–3 NaCl) [28]

2HCO3– (aq) + Ca2+ (aq) → CaCO3 (s) + CO2 (g) + H2O (l)


(2)
In order to develop a sustainable process, it is necessary to avoid as much as possible the precipitation of CaCO3 from unreacted starting CO32–
CO32– (aq) + Ca2+ (aq) → CaCO3 (s)




(3)

To this purpose it is of paramount importance to select the concentration of Na2CO3 that gives the best compromise between a high CO2 absorption efficiency and a low amount of unreacted carbonate. Furthermore, to avoid the precipitation of solid sodium bicarbonate during the CO2 absorption, the concentration of the Na2CO3 solutions should not exceed the solubility limit of the sodium bicarbonate at the temperature of the absorption experiments (9.6 g/100 g water at 295 K). To fulfill the aforementioned crucial requirements we have designed three different experiments: 1) a batch experiment to select the most appropriate concentration of carbonate solution and the best operating conditions; 2) a batch experiment to correlate the CO2 absorption efficiency with the relative amount of bicarbonate and unreacted carbonate in solution, evaluated by 13C NMR spectroscopic analysis; 3) based on the results of the previous preliminary experiments, a semi-continuous experiment of CO2 absorption, CaCO3 precipitation and pure CO2 release at room conditions. 

3.1. CO2 absorption by different Na2CO3 concentrations, temperatures and times

The absorption experiments, summarized in Table 1, were carried out at temperatures in the range 303 – 333 K and atmospheric pressure with aqueous solutions of Na2CO3 at concentrations 0.50 mol dm−3 (5.43 wt%), 0.83 mol dm−3 (8.20 wt%), 1.00 mol dm−3 (9.27 wt%), 1.17 mol dm−3 (11.05 wt%) and 1.50 mol dm−3 (13.81 wt%). In each absorption experiment the selected Na2CO3 solution was contained in the thermostatted absorber (Fig. 1) kept at fixed temperatures; the gas mixture (15% v/v CO2 in air) was continuously flowed into the absorber at room temperature or after a pre-heating at temperatures in the range 310 – 320 K. The outlet gas was GC-analyzed to evaluate the percentage of CO2 captured. Each experiment was stopped when no more than about 50% of CO2 is absorbed by residual carbonate and repeated, at least, in triplicate showing high reproducibility of the results (±1%).
Inspection of Table 1 shows that the average efficiency of CO2 removal was greater than 80% at each investigated concentration and temperature. The occlusion of the sintered gas diffuser, due to the precipitation of the sodium bicarbonate, didn’t enable to carry out experiments at the highest concentrations of the solution (Table 1, entry 9). It is noteworthy that the ratio (in mol) between absorbed CO2 and carbonate (CO2 loading) is generally higher than the value of the conventional aqueous alkanolamines.

Table 1. CO2 capture by Na2CO3 aqueous solutions as a function of the carbonate concentration and the temperatures of the absorber and of the gas mixture. 

	 
	entry
	Na2CO3 conc.

(mol dm−3)
	temp. (K)
	time a (min)
	abs%
	CO2 capt. (mol)
	dCO2/ CO32-

	 
	
	
	abs
	gas mix
	
	60 minb
	aver.c
	
	

	Pre-heated gas
	1
	0.50
	303
	310
	45
	
	84.5%
	0.115
	0.77

	
	2
	0.83
	303
	310
	70
	88.8%
	83.5%
	0.175
	0.70

	
	3
	0.83
	303
	315
	70
	87.0%
	81.2%
	0.171
	0.68

	
	4
	1.00
	303
	310
	75
	89.1%
	82.0%
	0.185
	0.62

	
	5
	1.17
	303
	310
	85
	91.1%
	81.9%
	0.209
	0.60

	
	6
	1.17
	303
	315
	85
	91.0%
	81.7%
	0.208
	0.59

	
	7
	1.17
	313
	310
	85
	90.5%
	80.6%
	0.206
	0.59

	
	8
	1.17
	313
	320
	85
	89.8%
	80.1%
	0.204
	0.58

	
	9
	1.50
	313
	310
	sintered glass diffuser clogged
	

	
	10
	0.83
	323
	293
	55
	
	82.3%
	0.135
	0.54

	
	11
	0.83
	333
	293
	55
	
	82.5%
	0.136
	0.54


a Duration of the entire experiment; b average absorption efficiency in the first 60 minutes; c average absorption efficiency within the entire experiment; d molar ratio between absorbed CO2 and starting carbonate in the absorbent.
The captured CO2 was easily computed from the pure CO2 flow (0.180 mol h–1), overall absorption time and efficiency. As expected, sorbents at higher concentration were able to absorb for a longer time and consequently a greater amount of CO2 was captured. Nevertheless, the higher the concentration, the lower the CO2/CO32– molar ratio and consequently the greater is the amount of unreacted carbonate at the end of the experiment that would be precipitated by CaCl2 instead of bicarbonate. In other words, the higher absorbent concentration, the more wasted Na2CO3. Moreover, increasing the absorbent temperature over 303 K led to a reduced CO2/CO32– molar ratio (Table 1, entries 5 and 7) because of the exothermic acid-base reaction (1) that prevails over the kinetic requirements. Based on the results of Table 1, the 0.83 mol dm–3 solution ensures the best compromise between a high CO2 loading capacity and the least amount of unreacted carbonate. 

Hence, a new experiment was carried out at 303 K and the absorption time was increased up to 210 min to enhance the CO2/CO32– molar ratio; the experiment was stopped when the percentage of CO2 absorbed (between 5 and 6%) by residual carbonate did not change with time for at least 60 minutes.
The relative concentrations of the species in solution at increasing CO2 loading were recorded at intervals of 30 min by means of the 13C NMR quantitative analysis with the method we have already reported [24] and which enables us to evaluate separately the relative amount of carbonate and bicarbonate rapidly equilibrating on the NMR time scale via proton scrambling. The results are summarized in Fig. 3 which shows the CO2 capture efficiency as a function of absorption time and the corresponding variation of the relative amount of bicarbonate and of residual carbonate.
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Fig. 3. CO2 capture efficiency (abs) and quantitative variation (mol) of bicarbonate and residual carbonate as a function of absorption time at 303 K. The starting solution contains 0.249 mol of Na2CO3.

The CO2 absorption efficiency was very high for the first 60 min, with an average value of 88.7%. Afterwards the efficiency quickly decreased with decreasing of the residual carbonate and after 120 minutes, the absorption was reduced to about 5%; in the last 90 min the composition of both the solution and the CO2 absorption did not vary over time. About 14% of the initial carbonate (0.034 moles, with respect to the initial 0.249 mol) remained unreacted in solution but at the expense of an unacceptable low (about 50%) average absorption efficiency of the entire process.

3.2. Capture experiments carried out with two absorbers

With the purpose of enhancing the absorption efficiency without increasing the residual unreacted carbonate, the experiments of CO2 capture were repeated with two absorbers connected to each other in such a way that the pre-heated gas mixture (CO2 15%; 310 K) after its injection into the absorber (1) (Fig. 2, red line) came through the quite similar absorber (2). Each absorber was charged with 0.300 dm3 of 0.83 mol dm−3 aqueous Na2CO3 and maintained at the temperature of 303 K.

The outlet gas exited from the absorber (2) was GC-analysed to evaluate the CO2 absorption efficiency of the system. The experiment was stopped after 270 min, when the CO2 absorbed by residual carbonate remained at the steady value of approximately 5% for 60 min. Samples of the absorbent solutions were withdrawn every 30 minutes from both the absorbers and analyzed by 13C NMR spectroscopy. The results are reported in Fig. 4 and Table 2.
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Fig. 4. Variation with absorption time of the relative amount of carbonate and bicarbonate in both absorbers (1) and (2) at 303 K in comparison with the corresponding variation of the absorption efficiency of CO2 capture.

Table 2. Average efficiency as a function of absorption duration and composition of the corresponding solutions evaluated by 13C NMR analysis.

	time (min)
	averagea abs %
	currentb abs %
	absorber (1)
	absorber (2)

	
	
	
	bicc
	carbd
	% carb rese
	bicc
	carbd
	% carb rese

	30
	99.5%
	98.9%
	0.192
	0.154
	61.5%
	0.007
	0.247
	98.6%

	60
	97.7%
	92.3%
	0.337
	0.082
	32.6%
	0.025
	0.237
	95.0%

	90
	93.0%
	76.3%
	0.402
	0.049
	19.6%
	0.088
	0.206
	82.5%

	120
	86.9%
	62.7%
	0.426
	0.037
	14.8%
	0.237
	0.131
	52.6%

	150
	79.0%
	34.8%
	0.427
	0.036
	14.5%
	0.357
	0.072
	28.6%

	180
	68.8%
	9.7%
	0.429
	0.036
	14.3%
	0.397
	0.052
	20.6%

	210
	59.8%
	4.2%
	0.430
	0.035
	14.1%
	0.405
	0.048
	19.0%

	240
	52.8%
	4.1%
	0.430
	0.035
	14.1%
	0.410
	0.045
	17.9%

	270
	47.4%
	4.0%
	0.430
	0.035
	14.1%
	0.411
	0.045
	17.9%


a average total absorption efficiency; b current value of absorption efficiency at the time indicated;   c amount (mol) of the formed bicarbonate in solution; d amount (mol) of the residual carbonate in solution; 

e percentage of residual unreacted carbonate with respect to the starting solution.
As expected, the capture efficiency was enhanced by the two absorbers over that obtained with a single absorber, and average high absorption values combined with a sufficient low residual carbonate are obtained within 120 - 150 min. As can be seen from Fig. 4 and from the values reported in Table 2, the amount of carbonate in the absorber (1) decreased rather quickly and after 120 minutes it reached a nearly constant value with time (0.037 mol). Meanwhile, the amount of carbonate in the absorber (2) remained substantially stable in the first 60 min, because almost all of the CO2 was captured by the absorber (1); then it began to decrease progressively until the steady state was reached at the end of the experiment. Since the CO2 absorption time of 120 min represents the best compromise between efficiency of absorption (average 86.9%) and the minimum amount of unreacted carbonate, on this basis we have designed a lab-scale semi-continuous process of CO2 capture integrated with the carbonatation process and the release of CO2 at room conditions.

3.3. Semi-continuous cycles of CO2 absorption, CaCO3 production and CO2 release at room conditions

The semi-continuous cycle of CO2 capture is depicted schematically in Figure 5. At the beginning of the experiment, the procedure was quite similar to that described in Section 3.2 and lasted 120 min, when the current CO2 absorption efficiency value decreased to about 65 %, the fixed value for the following absorption experiments (Fig. 5, step 1). After the first step was completed, the “saturated” absorbent was removed from the absorber (1) and replaced by 0.300 dm3 of “fresh” 0.83 mol dm–3 solution of Na2CO3.
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Fig. 5. Sketch of the five steps of the semi-continuous capture process.

In the second step of absorption experiment the flue gas was injected into the bottom of the absorber (2), containing the partly CO2 “loaded” absorbent, afterwards the gas was flowed through the absorber (1) containing the “fresh” Na2CO3 solution. The outlet gas from the absorber (1) was GC-analysed to evaluate the CO2 absorption efficiency (Fig. 5, step 2). The experiment was stopped when the 65% absorption was reached. It lasted 80 min because only one absorber contained the “fresh” absorbent. The “saturated” absorbent was removed from absorber (2) and replaced by the “fresh” carbonate solution and a new absorption cycle started (Fig. 5, step 3). The entire semi-continuous absorption experiment that comprised 5 steps lasted 440 minutes and gave strictly comparable results (Fig. 6 and Table 3). At the end of each absorption step, the “saturated” solutions removed from either the absorber (1) and (2) were collected together and used to precipitate CaCO3 by the addition of CaCl2.
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Fig. 6. Variation of absorption efficiency during the successive five steps of CO2 capture.

Figure 6 clearly shows the strictly similar behavior of the last four absorption steps which attained the same final 65% absorption efficiency within 80 min, whereas the first step, with two fresh absorbent solutions, lasted 120 min because of the greater amount of carbonate. The 13C NMR spectra of the absorbent solutions recovered from the reactors (1) and (2) were recorded every 30 min of CO2 absorption and at the end of each of the five steps. Based on the 13C NMR analysis (Table 3), at the end of each step the amount of residual unreacted carbonate in the ”saturated” solutions ranged from 13.5 to 17.5 % of the starting carbonate solution, thus indicating that most of the starting carbonate reacted with CO2.

Table 3. CO2 absorption efficiency in the five steps of the semi-continuous experiment and the composition of the solutions in the absorbers (1) and (2).

	step
	time (min)
	average a abs %
	end step b abs %
	absorber
	bic c   (mol)
	carb d (mol)
	carb e res %

	
	step
	total
	
	
	
	
	
	

	1
	120
	120
	86.3%
	65.8%
	(1)
	0.431
	0.034
	13.8%

	
	
	
	
	
	(2)
	0.242
	0.129
	51.7%

	2
	80
	200
	79.9%
	65.0%
	(2)
	0.423
	0.038
	15.4%

	
	
	
	
	
	(1)
	0.241
	0.129
	51.7%

	3
	80
	280
	79.7%
	64.9%
	(1)
	0.412
	0.044
	17.5%

	
	
	
	
	
	(2)
	0.266
	0.117
	46.7%

	4
	80
	360
	80.6%
	65.6%
	(2)
	0.432
	0.034
	13.5%

	
	
	
	
	
	(1)
	0.262
	0.119
	47.5%

	5
	80
	440
	80.8%
	66.6%
	(1)
	0.416
	0.042
	16.8%

	
	
	
	
	
	(2)
	0.266
	0.117
	46.7%


a average step absorption efficiency; b value of absorption efficiency at the end of the absorption step;            c amount (mol) of the formed bicarbonate in solution; d amount (mol) of the residual carbonate in solution; 

e percentage of residual unreacted carbonate with respect to the starting solution.
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Fig. 7. Plot of the variation of HCO3– and CO32– as a function of absorption time in the five steps of the semi-continuous experiment. At the end of each step, the “loaded” absorbent is the starting solution of following step.

The variation of the relative amounts of both HCO3– and CO32– as a function of the absorption time is summarized in the Figure 7. To well understand the meaning of the Fig. 7 it must be noted that the HCO3–/CO32– composition of the absorbent denoted as “loaded” absorbent at the end of any step is also the composition of the first absorbent solution at the beginning of the following step. The second absorbent solution is the new “fresh” solution. With the exception of the first step that contained two “fresh” solutions, in all the absorption steps the flue gas is always injected in the partly “loaded” absorbent before flowing through the “fresh” absorbent (Fig. 5). Noticeably, all of the starting “loaded” absorbents contained about 50% of residual unreacted carbonate with respect of the starting carbonate solution (Table 3 and Fig. 7).

Portions of the CO2 “saturated” solutions recovered from either the absorber (1) and (2) at the end of each step of CO2 capture experiment were used to precipitate CaCO3 and to release CO2 at room temperature and pressure. The addition under stirring of the stoichiometric amount of a CaCl2 solution to a portion of 0.150 dm3 of the saturated solution at room temperature caused the immediate precipitation of CaCO3 (99% of the theoretical value) followed by the release of 96% of the absorbed CO2 (see Section 2.1). The absence of the characteristic intense peak of water at 3100-3600 cm-1 in the IR spectrum confirms that our dried CaCO3 is anhydrous (Fig. 8).
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Fig. 8. FTIR spectrum of the precipitated calcium carbonate.

The CO2/CaCO3/NaCl ratio (on wt scale) after each step (80 min) of the process is 1/2.34/2.75. To recover pure CaCO3, the precipitate must be washed to remove traces of the aqueous solution of NaCl. To avoid co-precipitation of NaCl and CaCO3 it should be necessary to place a decanter between the absorber and the precipitation unit where NaCl is allowed to precipitate after the saturation is reached. After the washing water is added to the mother liquor; the resulting dilute solution of NaCl can be used to dissolve Na2CO3 and recycled. The results reported in Table 3 indicate that a steady state was reached after the first step and in fact the last four steps (2-5, Table 3) attained a similar overall absorption efficiency, about 80%, in the same absorption time (80 min). 
Obviously, by decreasing the absorption time or increasing the carbonate concentration, a greater CO2 capture efficiency would be achieved but at the expense of a much lower HCO3–/CO32– ratio, that means more wasted carbonate. Our choice of using a rather dilute Na2CO3 solution (0.83 mol dm−3; 8.20 wt%) and room conditions as long as it is not pursued a CO2 absorption efficiency greater than 80% gave a number of potential advantages. As a matter of fact, it has been reported that 90% efficiency was generally obtained at the cost of concentrated solutions (20 – 40% by weight) of the more expensive K2CO3, large amounts (5 – 30% w/w) of hindered amines as activators [29,30], corrosion inhibitors and/or temperatures close to the boiling point of the solution (> 373 K) [31]. 

The regenerative conventional process of CO2 capture by 30% aqueous MEA is hardly comparable with the present non regenerative technique carried out at room T and P. Anyway, in our recent publication [32] we attained a 85.7% efficiency of CO2 capture by using 0.250 dm3 of 30% MEA, two absorbent packed columns, liquid flow rate of 0.096 kg h-1 and desorption temperature 105 °C. The size of the reactors are similar in the MEA and in the present Na2CO3 processes and the gas flow rate are the same. As far as the comparative costs of the two processes are concerned, besides the sensible heat and the energy required by MEA regeneration, we must consider the MEA degradation and the cost of stainless steel reactors required by high temperatures and pressure greater that 1 bar. Our process occurs at room T and P and consequently the reactors can be manufactured by the much cheaper reinforced glass fibers, thus avoiding also corrosion problems.

As a final consideration, the nearly complete CO2 release at room temperature and pressure was due to the very low solubility of CaCO3 (0.0014 g/ 100 g water) that makes the equilibrium of the reaction (2) completely right hand shifted.

4. Conclusions

Our experimental studies were focused on an alternative strategy of CO2 capture by aqueous sodium carbonate that has the potential of circumventing the main disadvantages of the traditional processes of CO2 capture. Instead of pursuing the objective of the typical target of 90% CO2 absorption efficiency at unacceptable energy costs, we have exploited a novel procedure that combines a sufficiently high efficiency (about 80%) and the nearly quantitative production of high quality CaCO3 and CO2 minimizing the energy requirements since the entire process occurred at room conditions. This strategy avoids the main drawbacks of the conventional processes based on aqueous alkanolamines, chilled ammonia and hot potassium carbonate, that include the energy intensive step for the sorbent regeneration, the costs associated to the thermal and oxidative amine degradation, to ammonia loss and its separation from CO2 in the desorption step and, finally, the CO2 disposal underground.

By using the proposed 0.83 mol dm-3 concentration of Na2CO3 and the 0.70 CO2/CO32– ratio (Table 1), the capture of 1 kg h-1 of CO2 requires 39 dm3 h-1 of the solution containing 3.4 kg of Na2CO3 (absorber), 3.6 kg h-1 of CaCl2 that produces 3.1 kg h-1 of CaCO3 and 3.6 kg h-1 of NaCl. Based on the NaCl solubility (359 g dm-3), the saturation of the NaCl solution depends on the amount of wash water that is added. Presumably it can occur after 4-5 entire cycles.

We would like to notice that we have experimentally investigated the feasibility of a new non-regenerative technology of CO2 capture from a chemical point of view in a lab-scale apparatus that should be regarded as a “starting point” rather than a small-scale prototype of a pilot plant. The pilot-plant necessary for an accurate assessment of the operating and investment costs and benefits of the entire process must work in continuous featuring the complete recovery of the filtrate solution of NaCl after the CaCO3 precipitation, the crystallization of NaCl in a decanter unit after the saturation of the solution is reached and, finally, the dilution of the mother liquor recovered from the decanter with wash water, afterward it must be used for the dissolution of Na2CO3 and CaCl2. The inert solid NaCl can be recovered from the decanter as the sole by-product of all the process. Otherwise, by virtue of its purity, the concentrated NaCl solutions could be used in the chlor-alkali diaphragm or membrane processes.

It is worth of noting that our process did not require the stainless steel equipments of the traditional processes of CO2 capture carried out at high temperature (>373 K) and pressure (>1 bar). The replacement of expensive stainless steel by much more cheap glass-fiber reinforced materials is a further certainly not negligible benefit with the additional advantage of the avoidance of corrosion problems, thus reducing investment and maintenance costs.

The highly pure CaCO3 and CO2 recovered by the process are valuable products that have the potential of reducing the costs of the CO2 capture process based on aqueous Na2CO3, a native, abundant and cheap chemical. 

Even though the objective of substantially reducing the anthropogenic CO2 emissions is far to being resolved by turning anthropogenic CO2 into useful chemicals, nevertheless the results of our lab-scale experiments show the advantages of a process that combines the CO2 capture with the inexpensive recovery of commercial products.
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