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Abstract:

 This paper investigates the potential of pristine and acid-treated olivine as a substrate for CO2 capture using a vacuum swing adsorption (VSA) process from the gas-solid phase. The experiments tested the isotherm of pure CO2 adsorption with partial pressure from 10−5 to 1 bar at ambient temperature. The CO2 adsorption capacity and actual expected working capacity (EWC) curves of pristine and acid-treated olivine were determined. Isotherm studies predict that physisorption dominates chemisorptions at ambient temperatures. The adsorption capacity enhances with the increase of specific surface area, pore volume, and the appearance of Mg complexed on the mineral’s surface. Actual EWC studies showed that acid-treated olivine is an adsorbent choice for the VSA process, due to enhanced CO2 adsorption capacities compared to olivine and the potential for 100% recovery of CO2 during the regeneration process. Pristine olivine is not suitable for the VSA process because of bad regenerability, but it can be used in capturing and sequestering dilute CO2 in process streams. Our research reveals excellent viability for the application of VSA in the area of CO2 capture using pristine olivine and acid-treated olivine.
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1. Introduction

The rapid increase of carbon dioxide (CO2) concentration in the atmosphere by human activities has led to serious environmental problems, such as global warming and ocean surface acidification [1]. Carbon dioxide capture and sequestration (CCS) is generally recognized as the quickest and the most environmentally benign way of reducing CO2 concentration at present [2]. CCS generally involves CO2 separation from the flue gas of power plants or natural gases, and then storage in geological reservoirs. In recent years, research interests have come to integrate CO2 capture with CO2 sequestration [3,4,5,6,7]. In all CO2 sequestration methods, CO2 mineral sequestration can guarantee the permanent and environmentally-friendly storage of CO2 [8]. One possible way of combining CO2 capture and sequestration is through the use of mineral-adsorbents for CO2 separation [7,9].

CO2 separation can be achieved by CO2 adsorption in either dry or aqueous conditions [10]. In dry conditions, CO2 molecules are chemically adsorbed onto a solid by strong chemical bonds or physically adsorbed by weaker inter-molecular bonds [10]. The CO2 adsorption capacity of adsorbents relies on the temperature, the CO2 partial pressure, and the interaction potential between the CO2 and the adsorbent itself [11]. In aqueous conditions, CO2 is dissolved into the solvent first, and then is reacted with adsorbent [12]. According to the options for CO2 regeneration or desorption, there are 3 typical CO2 separation methods, namely pressure swing adsorption (PSA), temperature swing adsorption (TSA) and electrical swing adsorption (ESA) [10]. PSA is favored in all the CO2 separation methods, not only because of its process simplicity and cost efficiency, but also due to its rapid pressure changes, which meet the requirements for fast adsorption and effective regeneration. However, longer time adsorption steps under low gas concentration may favor other operations, such as TSA [10]. Vacuum swing adsorption (VSA) derivates from PSA. In VSA, one or more gases are favorably adsorbed at atmospheric pressure or slightly higher than atmospheric pressure (1–1.5 bar) and then desorbed or regenerated at a vacuum pressure (typically 0.01–0.1 bar) [13]. The VSA is much simpler and cheaper than PSA, due to the absence of a pressurization step. However, the challenge of CO2 capture by VSA is the search for suitable adsorbents for CO2 separation. Favorable adsorbents need to have a high CO2 adsorption capacity, high CO2 selectivity, fast adsorption kinetics, low-energy requirement for desorption, stable adsorption-desorption cycles, tolerance to moisture and impurities, and low energy requirements [14]. Micropore physisorbents (Zeolites, carbon molecular sieves, metal organic frameworks, microporous polymers), mesopore physisorbents (mesopore silica, activated carbon), and amine-modified chemisorbents have been studied in the VSA processes [15,16]. Sayari et al. [14] found that most physisorbents were suitable at low temperature and high pressure, but they are not tolerant to moisture. On the contrary, chemisorbents can adsorb large amounts of CO2 at low pressure, adsorb/desorb rapidly, and have a high tolerance to moisture.

Magnesium/calcium-based minerals have been considered as sorbents for CO2 separation [17]. Magnesium and calcium are naturally available as silicate or aluminosilicate. Magnesium silicates, such as olivine and serpentine, are the most abundant feedstock available globally [18] and the predominant tailings minerals for ultramafic-hosted nickel, PGE and diamond deposits [19]. Magnesium silicates are attractive for CO2 separation in coal-fired power plants, due to their ability to adsorb CO2 under relatively high temperatures (<200 °C), and to enhance CO2 adsorption capacity in the presence of moisture [20]. Low CO2 pressure and high temperature can help obtaining a high CO2 adsorption capacity for magnesium silicate [5,6]. Various pretreatment methods, including mechanical, thermal, and chemical activation, could change the specific surface area and crystal structure of minerals, thus enhancing the CO2 adsorption capacity under ambient operation conditions near room pressure and temperature [21]. Up to now, research has suggested that the optimum product in chemical activation on magnesium silicates is sulfuric acid-treated serpentine, which is a mesopore product with a specific surface area of 330 m2/g [22]. A number of papers on the chemical and morphological changes as a result of CO2 interactions with olivine have been published [23,24,25,26,27]. However, mineral-based sorbents are rarely tested in the VSA process [28]. To better understand what factors control the VSA process, it is important to develop a fundamental study on the mechanism of CO2 adsorption on the surface of these minerals as well as their pretreated materials.

The present study involves an examination of pure CO2 adsorption isotherm on pristine and acid-treated olivine and their expected working capacities (EWC). Pristine olivine and acid treated olivine are chosen, because they are cheap and readily available in the form of milled tailings offering a suitable and cost-effective substrate CO2 mineral separation and sequestration in a modified mineral processing facility. The main objective of this research was to demonstrate the physical and chemical advantages of the typical mine waste materials as adsorbents for removing or storing CO2 using a single VSA process under ambient temperature. The results of such a study will provide information for future process optimization and design.



2. Material and Experiments


2.1. Materials Preparation

The current study was carried out on olivine samples from the Twin Sisters Deposit in northwest Washington State, USA. Based on results obtained from the Rietveld analysis on X-ray powder diffraction patterns, the sample contained approximately 97.9 wt% forsterite olivine (Mg2SiO4), 0.2 wt% lizardite (Mg3Si2O5(OH)4), 1.5 wt% chromite (FeCr2O4), and 0.4 wt% quartz (SiO2). The quantitative XRD analysis was done by the Department of Earth and Ocean Sciences, UBC (The University of British Columbia) [29]. The olivine samples were ground by hand in a set of laboratory agate (99.91%) mortar and pestle to prevent contamination. The ground product was screened in a 106 mesh sieve. The particles that passed the sieve had an 80% passing size of 91.1 ± 2.9 μm with a specific surface area of 0.61 ± 0.04 m2/g, which was the pristine olivine sample for CO2 sorption tests.



2.2. Experimental Procedure

Exactly 10 g pristine olivine (OL) was leached in 100 mL HCl acid solution at room temperature for 30 min. Acid concentrations of 0.25, 0.5, 1 and 5 M were applied. A magnetic stirrer operating at a speed of 400 rpm was used for mixing during leaching. The solutions in equilibrium with the acid-treated olivine (OL-A) were rinsed with de-ionized water until solutions reached a neutral pH. The pH was measured by a pH electrode and voltmeter. Solids were separated over millipore filters (0.45 μm Type HAMP, EMD Millipore Corporation, Merck KGaA, Darmstadt, Germany), dried in an oven at 100 °C for 12 h and sampled for CO2 sorption testing. Since the melting temperature of forsterite olivine is 1900 °C [30], being dried in 100 °C will not alter the olivine and its absorption properties. The acid treatment procedure followed that of Maroto-valer et al. [22]. The textural properties of pristine and acid-treated olivine were characterized by N2 adsorption at 77 K on Autosorb-1MP (Quantachrome Instruments, Boynton Beach, FL, USA). The specific surface area was obtained using the Brunauer-Emmett-Teller (BET) method. The micropore volumes (<2 nm) were calculated using the Dubinin-Radushkevitch (D-R) equation to the N2 adsorption isotherm at relative pressure (P/P0) less than 0.1 and mesopore volumes (2–50 nm) were calculated from the application of the Barrett-Joyner-Halenda (BJH) equation to the N2 adsorption isotherm at 0.1 < P/P0 < 1. Where, P is the pressure of N2 and P0 is the saturation pressure of N2 at 77 K. The total pore volume was calculated by adding up the micropore volume and mesopore volume.

The grain morphologies of OL and OL-A were examined using a Zeiss Supra-55 scanning electron microscope (SEM) with a secondary electron detector at 15 kV (Zeiss, Oberkochen, Germany). The semiquantitative chemical analysis was done by the Zeiss Supra-55 SEM equipped with a light element energy-dispersive X-ray spectroscope (EDS). Samples were attached on carbon tabs prior to SEM analysis.

CO2 sorption tests on materials by volumetric methods were also operated on the Autosorb-1 analyzer (Quantachrome Instruments) at 298 K. The samples were degassed at 298 K prior to CO2 adsorption analysis, in order to obtain a clean surface. The overall isotherm contained 75 adsorption points and 39 desorption points at standard spacing for a relative pressure range of 10−5 to 1 bar. A minimum equilibrium interval of 3 min for pressure from 10−5 to 1 bar was used for each measurement point equilibrium determination. These high resolution measurements led to acceptable accuracy of CO2 adsorption capacity measurements.




3. Results


3.1. Characteristics of Pristine and Acid-Treated Olivine

Acid treatment changes the physical property of olivine. Table 1 lists the textural characteristics of olivine treated by various acid concentrations (CHCl). Initially, the specific surface areas (SBET) of acid-treated olivine increase with CHCl and then decrease. OL-A1 exhibited the largest SBET at 2.79 m2/g. The changes of micropores (PV-micro) and mesopores (PV-meso) are similar to the specific surface area.


Table 1. Specific surface area and porosity properties of pristine and acid-treated olivine.



	
Material

	
CHCl

	
SBET

	
PV-micro

	
PV-meso

	
PV-total

	
ACO2a




	
(M)

	
(m2/g)

	
(×10−3 cm3/g)

	
(×10−3 cm3/m2)

	
(×10−3 cm3/g)

	
(×10−3 cm3/m2)

	
(×10−3 cm3/g)

	
(×10−3 cm3/m2)

	
(mg/g)

	
(mg/m2)






	
OL

	
0

	
0.55

	
0.18

	
0.33

	
1.55

	
2.8

	
1.73

	
2.73

	
0.15

	
0.27




	
OL-A0.25

	
0.25

	
1.29

	
0.44

	
0.34

	
2.36

	
1.83

	
2.80

	
2.02

	
0.10

	
0.08




	
OL-A0.5

	
0.5

	
2.2

	
0.79

	
0.36

	
2.14

	
0.97

	
2.93

	
1.14

	
0.25

	
0.11




	
OL-A1

	
1

	
2.79

	
1.10

	
0.39

	
2.23

	
0.8

	
3.33

	
1.08

	
0.26

	
0.09




	
OL-A5

	
5

	
1.16

	
0. 38

	
0.33

	
1.76

	
1.52

	
2.14

	
1.72

	
0.16

	
0.14






a, ACO2 is the adsorption capacity at 1 bar, (mg CO2/g material) or (mg CO2/m2 material).






Figure 1 shows the micropore volume and mesopore volume per unit surface area as a function of acid concentration. The micropore volumes range from 0.00033 to 0.00039 cc/m2, and remains nearly constant after acid leaching. In other words, the micropore volumes per unit surface area remain independent of the acid concentration. The mesopore volume decreased linearly at acid concentrations lower than 1 M HCl, and slightly increased at higher acid concentrations (i.e., 5 M HCl). The changing trends of total pore volumes (PV-total) were determined by the resulting mesopore volumes (see Table 1). Hence, 1 M seems the optimum HCl concentration for increasing the specific surface area and total pore volume, but results in a product with the lowest pore volume per unit surface area.

Figure 1. Micropore (■) and mesopore (●) volume as a function of specific surface area.
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Table 1 shows that the CO2 adsorption capacity (ACO2) at 1 bar of acid-treated olivine varies with the change in specific surface area and pore volume. However, although the specific surface area of OL-A0.25 is larger than OL, ACO2 is decreased slightly. The analysis adopts ACO2 per unit surface area to estimate the CO2 adsorption affinity on the solid surface. Figure 2 shows that CO2 adsorption capacity per unit surface area of OL is about three times that of OL-A. ACO2 on OL-A increases slightly with a slope of 0.011 as the acid concentration increases. Specific surface area is not the only factor that determines ACO2.

Figure 2. Correlations between acid concentration and CO2 adsorption capacities per unit surface area.
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Figure 3a,c are the SEM micrographs of olivine (OL) and 0.25 M HCl leached olivine (OL-A0.25). The shape of the particles have no significant difference between both micrographs, through Figure 3a is more fractured than Figure 3c. Figure 3c appears to have some charging and the bright areas represent areas of heavy elements. Figure 3b,d are representative EDS spectra of olivine (OL) and 0.25 M HCl leached olivine (OL-A0.25), respectively. The average EDS results from ten points on each sample indicate that the ratio of Mg:Si decreased from 1.78 to 1.27 after 0.25 M HCl acid treatment. The ratios of Mg:Si are 1.20, 1.23 and 1.19 on the olivine after being leached in 0.5, 1 and 5 M HCl acid, respectively. The constant Mg:Si ratios demonstrate that the surface chemistry of acid-treated olivine is independent of the acid concentration from 0.5–5 M. The loss of Mg complexed on the mineral’s surface may be the reason for reduction in ACO2 per unit surface area on olivine after acid leaching [31].

Figure 3. (a) SEM micrograph of olivine (OL); (b) Energy-dispersive X-ray spectroscope (EDS) spectra of region A; (c) SEM micrograph of 0.25 M HCl acid-treated olivine (OL-A0.25); (d) EDS spectra of region B. Region A and B are marked on (a) and (c) respectively.
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3.2. CO2 Sorption Isotherm Profiles

An adsorption study on pristine and acid-treated olivine was performed based on CO2 adsorption capacity. Figure 4 shows the CO2 sorption isotherms obtained at 25 °C. The points stand for the experimental data, and the curves correspond to the regressed form of the Freundlich isotherm. Except for the CO2 desorption isotherm on OL, all the other isotherms visually fit the Freundlich isotherm quite well.

Figure 4. CO2 adsorption isotherms on OL (■) and OL-A0.25 (●), desorption isotherm on OL (□) and OL-A0.25 (○) at 25 °C.



[image: Minerals 05 00259 g004 1024]







The shape of the CO2 adsorption isotherm curve on OL is an IUPAC (International Union of Pure and Applied Chemistry) type II isotherm [11], which commonly accounts for multilayer adsorption on materials having a comparatively low porosity. An inflection point occurs at around a CO2 partial pressure (PCO2) of 0.01 bars under our experimental conditions, presenting the end of the first layer coverage and the start of multilayer adsorption. However, the CO2 adsorption isotherm on OL-A0.25 demonstrates a nearly linear relationship between PCO2 and ACO2.

Figure 4 also reveals that the CO2 desorption isotherm does not coincide with its adsorption isotherm on pristine olivine, indicating the irreversible nature of CO2 with the VSA process at ambient temperatures. The desorption gap at PCO2 of 0.02 bar was about 20% of ACO2 at 1 bar. Alternately, a reversible sorption of CO2 on acid-treated olivine was observed.



3.3. Mathematical Analysis of the CO2 Sorption Isotherms


3.3.1. CO2 Sorption Isotherm Models

Many isotherm models have been developed for gas adsorption on solids surface [11]. For convenience, explicit and simple models are generally preferred and commonly used [32]. Table 2 lists four popular isotherm models for gas adsorption and microporous adsorbents that have been adopted in this research. The aim was to find a suitable model to fit the experimental data for the calculation of expected working capacity. The Langmuir model describes the formation of monolayer adsorbate on a completely homogeneous surface. On the other hand, the Freundlich isotherm is purely empirical and commonly used for highly heterogeneous surfaces. The Dubinin-Radushkevich isotherm also focuses on the non-uniform surfaces, though it specifically considers the Gaussian energy distribution on the surface of adsorbents. The Temkin isotherm explicitly addresses the adsorbent-adsorbate interaction, with a uniform distribution of binding energy and assumes that adsorption heat is simply a linear function of surface coverage [11].

Table 2. Four isotherm models adopted in this work and their parameters.


	Isotherms
	Models
	Energy Parameters
	Parameters in Equation





	Langmiur
	[image: there is no content]
	-
	[image: there is no content] is the Langmuir adsorption constant; [image: there is no content] is the monolayer capacity (cc/g)



	Freundlich
	[image: there is no content]
	-
	[image: there is no content] is the parameters of Freundlich model; n is adsorption intensity



	Dubinin-Radushkevich
	[image: there is no content]
	[image: there is no content]
	[image: there is no content] is the number of moles of adsorbate required to fill the micropores (mg/g); [image: there is no content] is the D-R isotherm constant (mol2/kJ2)



	Temkin
	[image: there is no content]
	[image: there is no content]
	[image: there is no content] is the Temkin isotherm equilibrium binding constant (cc/g); [image: there is no content] is the Temkin isotherm constant





[image: there is no content] is the adsorption capacity (cc/g); [image: there is no content] is the CO2 pressure (bar); [image: there is no content] is the gas constant (8.314 J/(mol·K)), T is the absolute temperature (K); [image: there is no content] is the mean free energy (kJ/mol), [image: there is no content] is the constant related to the heat of sorption (J/mol).








3.3.2. Model Fitting of the CO2 Sorption Isotherm

Table 3 lists the fitted parameter values of four models on CO2 adsorption and desorption isotherms of pristine and acid-treated olivine. The correlation coefficient R2 indicates all four isotherm models’ fit remains acceptable in Table 3.


Table 3. The fitted parameter values using different adsorption isotherm models.



	
Isotherm Model

	
Parameter

	
OL

	
OL-A0.25




	
CO2 Adsorption

	
CO2 Desorption

	
CO2 Adsorption

	
CO2 Desorption






	
Langmiur

	
am

	
0.145

	
0.099

	
0.194

	
0.203




	
kl

	
1.182

	
4.296

	
0.388

	
0.386




	
R2

	
0.995

	
0.962

	
1.000

	
1.000




	
Freundlich

	
kf

	
0.080

	
0.084

	
0.055

	
0.058




	
n

	
1.610

	
2.655

	
1.209

	
1.206




	
R2

	
0.999

	
0.992

	
1.000

	
0.999




	
Dubinin-Radushkevich

	
a0

	
0.085

	
0.084

	
0.064

	
0.069




	
b

	
0.328

	
0.169

	
0.519

	
0.554




	
E

	
1.235

	
1.720

	
0.981

	
0.950




	
R2

	
0.984

	
0.933

	
0.992

	
0.990




	
Temkin

	
aT

	
1.039

	
1.333

	
1.002

	
0.999




	
bT

	
21,079.803

	
23,903.631

	
31,779.675

	
30,402.608




	
B

	
0.118

	
0.104

	
0.078

	
0.081




	
R2

	
0.995

	
0.996

	
1.000

	
1.000











Although all equilibrium models display a good fit with the experimental data, the Freundlich isotherm presents the best description of CO2 adsorption on pristine olivine and gives the maximum R2 value among all the models used. The Dubinin-Radushkevich isotherms conversely have poor fits for both CO2 isotherms on pristine and acid-treated olivine. With the exception of the Dubinin-Radushkevich, all other models have an R2 of 100% for the CO2 adsorption isotherm on acid-treated olivine. Based on the results of this study, the best isotherm models fit for CO2 adsorption on pristine olivine follow the order, from best to worst, of Freundlich, Temkin, Langmiur, and the Dubinin-Radushkevich isotherm.

The isotherm models provide some information about adsorption mechanisms. The Dubinin-Radushkevich and Temkin isotherms contain energy parameters: present mean free energy (E) and heat of sorption (B). The two energy values were estimated as 1.24 kJ/mol and 0.12 J/mol for pristine olivine, and 0.981 kJ/mol and 0.08 J/mol for 0.25 M HCl treated olivine respectively. These two energy values can predict the types of adsorption. An E value of less than 8 kJ/mol and a B value of less than 20 J/mol is an indication of physisorption dominating chemisorptions and ion exchange [33]. The CO2 adsorption mechanisms on pristine and acid-treated olivine are physisortion mechanisms.

The Temkin model describes CO2 desorption on pristine olivine most closely, followed by the Freundlich, Langmiur, and Dubinin-Radushkevich models. Homogeneous adsorbent-adsorbate interactions appears to be important during the vacuum desorption process. The B value (i.e., heat of sorption) in the Temkin model for the CO2 desorption isotherm is 0.104 J/mol, which is 0.014 J/mol lower than that for the CO2 adsorption isotherm. The decrease in B value correlates to a reduction in CO2 desorption and indicates a delay in CO2 desorption on the surface of pristine olivine. Similarly, the B value for CO2 adsorption remains the same as or 0.003 J/mol higher than CO2 desorption on the acid-treated olivine, confirming a reversible process of CO2 sorption. A reversible adsorption is often preferred in the VSA process.




3.4. CO2 Expected Working Capacity

High CO2 adsorption capacity is a requirement for adsorbents selected for CO2 separation, and simple regeneration under depressurization is a critical criterion. Expected working capacity (EWC) is usually used to effectively estimate the performance of adsorbents in a separation process considering both CO2 adsorption capacity and regeneration [34].

EWC has been used as a simple and sufficient indicator of performance in swing adsorption cycles [16]. The EWC describes the differences in CO2 adsorption capacities between feed and regeneration condition. EWC can only be calculated through the adsorption isotherm, when the adsorption and desorption isotherms coincide. In the case of irreversible adsorption, such as CO2 adsorption on pristine olivine, EWC should consider both the adsorption and desorption isotherms. Figure 5 explains the volumetric sorption isotherm and EWC for a VSA on OL, when CO2 feed is at a partial pressure of 1 bar and regenerating at 0.1 bar. The actual working capacity is lower than the working capacity calculated by the adsorption isotherm alone. In this study, the EWC calculation is based on the Freundlich isotherm.

Figure 5. Demonstration of capacity and working capacity for vacuum swing adsorption (VSA) on OL (a): actual working capacity; (a + b): adsorption isothermal working capacity; (a + b + c): absolute capacity.
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OL and OL-A5 were chosen for their EWC comparison, because they have similar amounts of CO2 adsorption capacity per gram. Figure 6 shows the comparison of EWC on OL and OL-A5, when considering the CO2 adsorption isotherm only. The EWC of OL and OL-A5 intersect with each other under certain feed and regeneration pressures. The intersections follow a linear relationship, which is expressed by a solid line in Figure 6. To obtain a high EWC, OL is suitable for low pressure and OL-A5 for high pressure. OL may be an ideal candidate for diluted CO2 removal in mining industry practice.

Figure 6. Adsorption isotherm expected working capacity (EWC) contours (mg/g) for CO2 with OL (solid line) and OL-A5 (dash line) CO2 under equilibrium condition at 25 °C.
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A comparison of the actual EWC on OL and OL-A5 displays no intersections as shown in Figure 7. OL-A5 maintained a high EWC under relatively low adsorption pressure and high regeneration pressure. This means that OL-A5 may be an adsorbent choice for CO2 separation in mining industry practice.

Figure 7. Actual EWC contours (mg/g) for CO2 with OL (solid line) and OL-A5 (dash line) under equilibrium condition at 25 °C.
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4. Discussion


4.1. The Effect of Leaching on Olivine Surface

As previously indicated, the initial olivine is more fractured than acid-treated olivine in SEM micrographs (Figure 3). The loss of small particles may be due to the fine particles that can be dissolved in acid quickly. This is in agreement with the pretreatment of olivine by mechanical activation, which generates a greater amount of fines in order to accelerate the downstream leaching and carbonation process [35]. However, the specific surface area and total pore volume increases after acid treatment. This is because the process of acid treatment creates micropores, collapses the adjacent walls of the micropores, and then forms wider pores, i.e., mesopores. Figure 2 shows that the CO2 adsorption capacity per surface area on acid-treated olivine is nearly unchanged. It means that the interaction potential between CO2 and the surface of a material is constant. In this case, the CO2 adsorption capacity has a linear relation with the specific surface area of the material. Olivine leached in 1 M HCl acid shows that the largest specific surface area in all the other acid concentrations is also the optimum sample preperation condition for CO2 adsorption.

The CO2 adsorption capacity per surface area on pristine olivine is three times greater than that of acid-treated olivine. The surface chemistry may be the main reason for the differences. EDS spectra show that the magnesium on olivine surfaces is lost after acid treatment. This is in line with previous results in which Mg was washed out, and a porous silica passive layer was left on the surface of the olivine during acid leaching [36]. The Mg:Si ratios on the surface of acid-treated olivine are independent of the acid concentration. This finding is counter to various studies on the dissolution of olivine at 25 °C, which indicate that the enhanced H+ ions available for leaching can increase the Mg content in leached solution and the silica content in the leached residue [37]. The pH of acid solutions used in this study range from 0.3 to 1.6. It is difficult to observe the differences at extremely low pH in a small range. The independence of acid concentration was also observed in the case of Mg leaching from serpentine where acid concentration ranged from 0.5 to 4 M [38]. The unaltered Mg:Si ratios are the main reason for the constant interaction potential between CO2 and the acid-treated olivine.

Although the CO2 adsorption capacity per surface area of acid-treated olivine is lower than pristine olivine, the enlarged specific surface area made the CO2 adsorption capacity of acid-treated olivine equal or greater than that of pristine olivine.



4.2. VSA of CO2 on Pristine Olivine

Isotherm studies have indicated that VSA of CO2 on pristine olivine is irreversible. Even though pristine olivine has a high CO2 adsorption capacity, its expected working capacity for VSA is low because it is hard to regenerate. A similar shape of isotherms has been reported for metal organic frameworks (MOFs). An additional uptake of CO2 on MOF in the presence of Mg-O bond has been shown at 0.1 bar and ambient temperature [14,31]. A full atomistic level study [39] has revealed that the adsorption mechanism for CO2 on Mg-rich minerals consists of strong chemisorptions followed by physisorption. The chemical bond between Mg and CO3 is much more difficult to break than van der Waals force. The isotherm model fits with our experimental data, indicating that chemisorption takes part in the CO2 adsorption on pristine olivine, though physisorption dominates the process. The performance of olivine in the VSA process is mainly because of the existence of Mg complex on the surface of olivine.

From a thermodynamics point of view, 10−4 bar is the equilibrium CO2 pressure in a Mg2SiO4-MgCO3-CO2 system at 25 °C [5]. Above the equilibrium pressure, CO2 adsorption proceeds spontaneously, and below it the chemical reaction is reversed. In our studies, the outgas process breaks some chemical bond between CO2 and MgO at 10−5 bar and 25 °C. However, breaking chemical bonds is time consuming, which conflicts with the benefit of VSA in quick CO2 regeneration. Materials similar to pristine olivine are not ideal adsorbents for CO2 separation by VSA.

Pristine olivine is a promising adsorbent for CO2 capture at a low relative pressure, according to the isotherm EWC analysis. Representative flue gases are usually a mixture of N2, CO2, moisture, and other components, e.g., NOx, with the CO2 partial pressure of 0.05–0.2 bar, at around 25–75 °C [14]. The CO2 concentration present in air is 400 ppm (CO2 partial pressure of 4 × 10−4 bar) [40]. Integrate CO2 capture and sequestration from flue gas and air will simplify the process and decrease the cost [6]. However, the other gas components in gas mixtures may compete or affiliate with CO2 adsorption on the samples. Further studies on the adsorption of gas mixtures on olivine are needed to adapt to the actual situation.



4.3. VSA of CO2 on Acid-Treated Olivine

Acid treatment on olivine changed the chemical and physical properties of the solid surface, and altered the CO2 adsorption mechanism and application potential in the VSA process. During the process of acid leaching, Mg2+ was washed out and a porous silica passive layer was left on the surface of the olivine. Similar results have been observed in Bearat et al. [36]. CO2 adsorption on acid-treated olivine presents a linear and reversible isotherm, which indicates that only physisorption happens during the process. CO2 adsorption capacity for acid-treated olivine is stable during multi-cycle adsorption. Even though the acid-treated olivine with little Mg complex on the surface leads to a decrease in CO2 adsorption capacity per unit surface area, the increase in specific surface area enhances the CO2 adsorption capacity per unit gram. The comparison of adsorption isotherm EMC indicates that acid-treated olivine is preferred as the CO2 feed and regeneration pressure increases due to the linear shape of the isotherm. This result is in agreement with the study of Harlick and Tezel [34], which comprised various adsorbents for PSA application. The actual EWC of acid-treated olivine is much higher than pristine olivine. The reversible and stable isotherms indicate a potential for 100% recovery of CO2 during the VSA process. All evidence shows that acid-treated magnesium silicate is more favorable than pristine magnesium silicate in VSA processes aimed at separation. Other features, such as CO2 selectivity, tolerance to moisture and impurities, require further investigation.



4.4. Comparison with Literature Data

As analyzed above, the adsorption of CO2 on OL and OL-A at 298 K are physisorption-dominated processes. For comparison, several physisorbents tested for VSA of CO2 at room temperature are listed in Table 4. The lowest and the highest CO2 partial pressure were chosen arbitrarily as 0.1 and 0.4 bar, respectively. The CO2 adsorption capacities of OL and OL-A5 are considerably less than commonly used adsorbents, due to their small specific surface areas. However, the EWC per unit surface area of OL-A5 is higher than active carbon, and comparable to Mg/DOBDC and ZIF-78. Although, the value is less than Cu-BTC, Ni/DOBDC and Co/DOBDC, OL-A is competitive due to the simple sample preparation, as the acid-treated olivine could be the by-product of CO2 mineralization sequestration. The EWC of OL is higher than OL-A5 at the evaluated VSA condition.


Table 4. CO2 adsorption capacity on selected physisorbents material.



	
Sample Name

	
Type of Adsorbent

	
Surface Area (m2/g)

	
Temperature (°C)

	
ACO2a (mg/g)

	
EWC (mg/m2)

	
References






	
OL

	
Mineral

	
0.55

	
298

	
0.041–0.088e

	
0.078

	
This work




	
0.065–0.103f

	
0.069

	
This work




	
OL-A5

	
Mineral

	
1.16

	
298

	
0.025–0.074

	
0.042

	
This work




	
NaX/1

	
Zeolite

	
-d

	
298

	
123.9–171.2

	
-d

	
[41]




	
Active carbon

	
Carbon

	
1300

	
298

	
26.3–65.8

	
0.030

	
[42]




	
Cu-BTC

	
MOFb

	
692

	
298

	
21.9–87.8

	
0.095

	
[43]




	
Ni/DOBDC

	
MOF

	
1080

	
296

	
118.5–175.6

	
0.053

	
[31]




	
Co/DOBDC

	
MOF

	
1070

	
296

	
122.9–235.3

	
0.105

	
[31]




	
Mg/DOBDC

	
MOF

	
1495

	
296

	
235.3–298.5

	
0.042

	
[31]




	
ZIF-78

	
ZIFc

	
620

	
298

	
33.8–60.0

	
0.042

	
[44]






a, CO2 adsorption capacity at 0.1–0.4 bar (mg CO2/g adsorbent); b, MOF is metal-organic framework; c, ZIF means Zeolitic Imidazolate Framework; d, Not given in literature; e, Data from adsorption isotherm; f, Data from desorption isotherm.






The optimum adsorbents for CO2 separation from flue gas usually have a CO2 adsorption capacity of 90–180 mg/g [13]. Even though the CO2 adsorption capacities of OL and OL-A do not meet this requirement, they can be enhanced with the proper pretreatment method, by increasing the specific surface area of the samples. One potential pretreatment method is mechanical activation [45,46]. In Fabian’s study, 120-minute mechanically activated olivine with a specific surface area of 35.2 m2/g, can adsorb a 3.2 mg CO2/g sample at CO2 partial pressure from a vacuum to 0.26 bar [45]. Another viable pretreatment method is chemical activation, by carefully choosing the agents. Chemical activation of serpentine using 5 M sulfuric acid creates a mesopore product with the specific surface area of 330 m2/g [22]. If the same amount of surface area is obtained in acid-treated olivine, the CO2 adsorption capacity can reach to 45.3 ± 0.7 mg/g at a CO2 partial pressure of 1 bar. Except for pretreatment methods, the CO2 adsorption capacity of olivine can be enhanced by increasing the temperature of adsorption, adding water content during the adsorption process [5]. In Kown’s study, a maximum 180 mg of CO2/g of olivine was obtained at 150 °C with 8.3 vol% H2O in gas mixture [5]. However, the mechanism of CO2 adsorption may change under high temperature and with the presence of moisture. Other silicates, such as serpentine, basalts and their constituent minerals, may also have the potential to be used in integrated CO2 capture and sequestration. Since they have different crystal structure from olivine, an isotherm study on these materials is necessary to predict their application potential.




5. Conclusions

This paper analyzed the CO2 sorption isotherm mechanism of pristine and acid-treated olivine, and estimates their application potential in a vacuum swing adsorption process for CO2 capture. The Freundlich isotherm model produces the best fit for the CO2 adsorption isotherm and the Temkin isotherm the best fit for the CO2 desorption isotherm on pristine olivine. The CO2 adsorption on both pristine and acid-treated olivine is mainly physisorption at 298 K. The change in CO2 adsorption capacity is limited by the specific surface area, pore volume and the presence of Mg2+. The actual EMC of adsorbents is a good indicator for industrial application, because it estimate both adsorption and desorption isotherms by considering CO2 adsorption capacity and regenerability of the adsorbents.

Pristine olivine is not suitable for VSA of CO2 due to its low actual EMC. However, it can be used in integrated CO2 capture and sequestration, as it has a high CO2 adsorption capacity even in diluted CO2 concentration in feed gas. Alternately, acid-treated olivine is a promising adsorbent for CO2 separation using the VSA process at relatively high CO2 feed and regeneration pressure. The large specific surface areas (>330 m2/g) produced by chemical treatment greatly enhances the CO2 adsorption capacity of olivine and makes it a reasonable candidate for CO2 capture by VSA process. The results of this study will provide primary consideration for process design in VSA processes of CO2 on magnesium silicates.
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