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Abstract:



Emissions of carbon dioxide (CO2) and nitrogen dioxide (NO2) in recent years has been increased considerably. One way to reduce the concentration of these greenhouse gases in the atmosphere is adsorptive capture. This paper describes the main results of adsorption of N2, NO2, and CO2 on epistilbite, both natural and on samples that were chemically treated at various concentrations of HCl. Data on the adsorption of CO2 and NO2 were evaluated by the Freundlich and Langmuir equations. Additionally, the thermodynamic parameters of adsorption were calculated, including the degree of interaction of the zeolite samples with gases by gradually changing the isosteric heat capacities of adsorption. The acid treatment improves the adsorption capacity of epistilbite with respect to NO2 and CO2, due the replacement of large extra-framework cation by small H+ ions. The improvement in the distribution of pore sizes in epistilbite samples was calculated by the method of Barrett-Joyner-Halenda. The sample H1 that was prepared in a moderately concentrated acid showed the best behavior in the CO2 adsorption processes, while the natural EPIN material preferably adsorbs NO2.
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1. Introduction


Due to their unique properties, zeolites are widely used in industry, the Structure Commission [1] of the International Zeolite Association (IZA) [2] assigns 225 framework type codes (consisting of three capital letters) to all unique and confirmed framework topologies of natural and synthetic zeolites. Only 67 of them can be found in the nature [3], so, for them, both synthetic and natural moieties can be found. It is well known that natural zeolites are cheap, but they have a variable composition and contain impurities, whereas synthetic zeolites are pure substances, but are expensive ones. Thus, when choosing a certain type of zeolite for practical application, it is necessary to decide how to minimize costs, but in such a way as to get the maximum effect. Synthetic and natural zeolites are commercially employed in view of their unique properties, such as ion-exchange, adsorption, molecular sieve, and catalytic activity, which are directly related to the properties of zeolite frameworks [4,5]. An incentive to choose a particular type of natural zeolite can be their really useful properties, and the fact that they are quite common in deposits. The most common natural zeolites are natrolite (NAT), analcime (ANA), chabazite (CHA), clinoptilolite (CLI), phillipsite (PHI), and stilbite (STI) [6]. Nevertheless, in recent years, geologists have discovered new significant sedimentary sources of zeolites all over the world. That is why we select natural epistilbite (IZA type code EPI) for this study.



There are many types of zeolites around the world, natural and synthetic; these materials are classified according with the number of tetrahedral members in the rings, forming their channels. Those in which the pores are formed from eight tetrahedral units are named as small pore zeolites, whilst if they have 10 member rings, these are called medium pore zeolites, in the case of 12 members, they are large pore zeolites (12-membered rings), and, finally, those presenting more than 12 members in tetrahedral coordination are defined like extra-large pore zeolites. Another way of classifying zeolites is related to the number of channel directions in zeolite crystals; if the zeolite channels are in one, two, or three different directions, then, such zeolites themselves are classified as one-dimensional, two-dimensional, or three-dimensional, respectively [7]. So, between the most abundant Mexican natural zeolites, ERI represents three-dimensional small pores one, with pore architecture of 8 × 8 × 8 members, while HEU belongs to medium pore zeolites with two-dimensional 10 × 8 channel system, and MOR is a one-dimensional large pore zeolite with 12-membered rings [1]. Small pores adsorbents, like zeolites, are especially attractive for CO2 capture at large emission sources, which could take advantage to reduce the energy demands in carbon dioxide separation processes from flue gas comparing with current technologies [8]. For this purpose, small pore zeolites are of great interest, inasmuch as the CO2 kinetic diameter is smaller than N2 and all most gasses, benefiting their entry in this porous solid. It is expected that small-pore zeolites will have an increased selectivity towards CO2 [9].



From this point of view, epistilbite (EPI), belonging to small pore zeolites, is an important candidate because it has a two-dimensional 8 × 8 pore architecture [1]. This zeolite possesses a system of channels with pore openings with dimensions of 0.37 nm × 0.45 nm and 0.36 nm × 0.36 nm in [001] and [101] directions, respectively, see Figure 1. Maximum diameter of a sphere that can be included in the EPI voids is 0.547 nm; diameters of the spheres that can diffuse along the channels in the [100] and [101] directions are 0.362 nm and 0.348 nm, correspondingly. Accessible volume is equal to 9.04% [1]. Accessible area, calculated from the idealized framework model, is equal to 1058.21 m2/g [1,10]. The chemical composition of this alkaline-earth zeolite is (Ca, Na2)3(Al6Si18O48)·16H2O [3] with a Si/Al atomic ratio close to 3 [1,3]. Breck [11] reported about a possible change of this ratio in the range from 2.58 to 3.02, but the degree of confidence to the early analyses is unknown.


Figure 1. Epistilbite (EPI) (a) Framework and (b) Dimensions of eight member rings.
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The EPI datasheet [3] reports the variation of compositional range from 18.5 to 17.5 Si per unit cell. Dominant cation for EPI zeolite is always Ca2+, it comprises 65% to 90% of the non-framework cations; Ba2+ and K+ are minor components in all the analyses [3]. Epistilbite is poorly studied zeolite. Number of patents is registered, which proposed the epistilbite use. It may serve as de-NOx catalyst that provides superior NO control performance without substantial changing or affecting the hydrocarbon conversion during the FCC process [12,13], or functionalized silicate nanoparticles to remove the asphaltene particles [14]. This zeolite, among others, is recommended as activating additive in the cleaning liquid [15]. The data about upper thermal stability limit of epistilbite are controversial. Breck [11] reported that it is stable under vacuum till 250 °C. The synchrotron powder diffraction study of thermal dehydration process of the epistilbite from Osilo (Sardinia, Italy) showed that the upper stability limit is 515 °C [16]. Such value makes the practical use of EPI zeolite quite possible. In this article, for the first time are reported physico-chemical characterization and study of CO2 and NO2 adsorption on epistilbite, with the aim of evaluating it as a possible friendly environment natural material for the separation of low molecular weight gases, having a greenhouse effect.




2. Materials and Methods


The samples of natural epistilbite that were studied in this work were obtained from the deposit in Zapopan, Jalisco, Mexico. A zeolitic rock was milled, and fraction with mesh 60–80 (diameter in the range of +150–250 μm) was selected for the experimental work. This natural sample was labelled as EPIN. Dealuminated epistilbite samples were prepared by an acid-leaching treatment; this process caused the exchange of polyvalent cations by protons, and the removal of framework aluminum and mineral impurities [17]. EPIN samples were subjected to the treatment in 0.01 N and 1.0 N solutions of hydrochloric acid and were tagged as EPIH1 and EPIH2, respectively. The acid treatment includes several cycles of contact with granular sample for 6 h at room temperature. Subsequently, espistilbite samples were washed with deionized water until negative test on Cl− anion with AgNO3.



2.1. Characterization


The X-ray powder diffraction pattern of the EPIN sample was collected at a variable temperature in the range of 2θ: 5°–70°, using Bruker D8 DISCOVERED diffractometer, which employ a nickel filtered Cu Kα radiation (λ = 0.154 nm). X-ray Fluorescence (XRF) Analysis was done with Bruker XRF Spectrometer that was equipped with 3001 XFLHAS detector, with excitation and detection angles of 45°, using ARTAX software. Scanning Electron Microscopy images were obtained from a JEOL JSM-5300 electron microscope (JEOL Ltd., Mexico City, Mexico). To determine the textural properties of natural and dealuminated samples, high resolution N2 adsorption isotherms were measured at the boiling point of liquid N2 (76.4 K at the 2200 m altitude of Puebla City, Mexico) in an automatic volumetric adsorption system (Quantachrome AutoSorb-1C, Quantachrome Instruments, Boynton Beach, FL, USA). N2 and He ultrahigh purity gases (>99.999%, INFRA Corp., Mexico City, Mexico) were employed. Before sorption experiments, epistilbite samples were outgassed at 623 K during 20 h at a pressure under 10−6 mbar. The collected Isotherms were carried out in the range of relative pressure p/p0 [10−5–0.995].




2.2. CO2 and NO2 Adsorption


CO2 and NO2 adsorption isotherms were carried out on a gas chromatograph Gow-Mac 350 (GOW-MAC Instrument Co., Bethlehem, PA, USA), coupled with a thermal conductivity detector. The used chromatographic columns were of stainless steel with an internal diameter of 5 mm and a length of 50 cm. These columns were packed with zeolite sample (1–2 g) that was sieved with a 0.250 mm mesh sizes, which were outgassed with helium as the carrier gas at 573 K before adsorption experiments. NO2 and CO2 gases were injected using a 2 mL loop to introduce volume into the column, and finally to measure the retention times. The adsorption isotherms of the gas on the zeolites were determined at the temperature range of 423–573 K. The method of maximum chromatographic peaks [18]. (GC peak maxima method) provides a measure of the gas adsorbed amount using He (30 cm3·min−1) as carrier gas. Data corresponding to the adsorption of these gases on epistilbite samples were fitted, according to the mathematical models of Freundlich and Langmuir adsorption. Standard adsorption energies (−ΔU0) and isosteric heat of adsorption at low degrees of coverage were calculated from the experimental adsorption isotherm data using Van’t Hoff and Clausius-Clapeyron type equations. In order to perform the calculation of the adsorption equilibrium of the mixture (CO2 and NO2) from the adsorption isotherms of the individual components, the approximate method of Lewis, Equation (1) [11] was applied. This method consists of representing a fraction of the total adsorption amount of each of the components, according to the molar fraction of component:


[image: ]



(1)




where x1 and x2 are the mole fractions of the components in the adsorption phase that was calculated from GC measurements, [image: ] and [image: ] are the adsorption capacities of each component at a certain pressure constants P1 and P2. For certain arbitrary values of x, there are a 12 values at each of the isotherm points of the pure components, and then the partial pressures P1 and P2 are calculated on the basis of the equilibrium isotherms. The molar (y1) and (y2) fractions in the gas phase are given by Equation (2):
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(2)







A good indication of the ability for separation in an equilibrium based separation process is given by the adsorption selectivity Kp of the material for different gas species in the mixtures. The adsorption selectivity Kp of component 1 from component 2 was calculated as:
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(3)







Another method for predicting the behavior of the adsorption of gas mixtures from the adsorption of pure gas, is to find the parameters of the separation coefficient α1, as determined by Equation (4):


[image: ]



(4)




where KH1 and KH2 are Henry constants of adsorbed gas in high and low levels, respectively.





3. Results and Discussion


3.1. Morphology, Chemical Composition and X-ray Diffraction


The X-ray powder diffractogram of the EPI samples is shown in Figure 2a. The diffraction pattern indicates that in these tuffs epistilbite is combined with a certain amount of clinoptilolite. This figure shows the most characteristic peaks of crystalline epistilbite appear at the following diffraction angles: 2θ: 9.97°, 22.96°, 25.85°, 29.96°, 39.99°, 47.72, 60.0° [19] and for clinoptilolite these are 2θ: 9.85°, 11.08°, 13.03°, 14.84°, 16.86°, 17.02°, 19.04°, 20.73°, 22.35°, 23.88°, 25.42°, 26.24°, 27.00°, 28.09°, 30.01°, 32.31°, 32.57°, and 34.80°.


Figure 2. (a) XRD pattern of natural zeolite epistilbite; and, (b) SEM images of epistilbite zeolite fibres.
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Figure 2b displays SEM micrographs that reveal the microstructures that were attained by epistilbite samples, either natural or chemically treated with HCl solutions. Analysis of scanning electron microscopy, performed with epistilbite zeolites, showed aggregates of thin crystals in semicubic forms with different geometries and varying sizes of about 1–5 microns.



The results of XRF analysis of chemical compositions of all the epistilbite substrates are listed in Table 1. This Table shows the decrease in the percentage of aluminum that is related to the change in the concentration of cations that are present in the samples that were chemically treated with washing in HCl. Another interesting fact is the presence of Zr and Ti in the EPIN which comes from the same impurities of its origin and they are eliminated in its entirety in the sample EPIH2.


Table 1. Chemical XRF elemental analyses of epistilbite zeolites (wt %).





	Element
	EPIN
	EPIH1
	EPIH2





	Si
	66.374
	68.361
	69.103



	Al
	1.837
	1.246
	1.263



	Fe
	21.786
	19.907
	21.473



	Ca
	1.816
	2.745
	2.098



	Sr
	2.973
	0.426
	0.7045



	K
	1.765
	1.545
	1.855



	Rb
	1.248
	1.222
	1.647



	Y
	Nd
	1.222
	Nd



	Ni
	Nd
	0.596
	Nd



	Cu
	0.292
	0.426
	1.020



	Zn
	Nd
	0.427
	0.785



	Ti
	0.345
	Nd
	Nd



	V
	Nd
	0.796
	Nd



	As
	Nd
	Nd
	Nd



	Zr
	1.558
	2.580
	Nd



	Cl
	0.001
	0.001
	0.007



	Total %
	99.995
	99.955
	99.955







Nd: not detected.









3.2. N2 Adsorption


N2 adsorption isotherms at 77 K on EPIN and EPIH zeolites are shown in Figure 3a. This figure describes the evolution of the shapes of N2 isotherms with respect to the number of HCl washings; the EPIN and EPIH substrates render IUPAC type IV isotherms (with extremely narrow hysteresis loops), while a type I isotherm is proper for the EPIH2 specimen (the hysteresis loop of this sample corresponds to a IUPAC type H4) [20]. Distinctive features of these types of isotherms are as follows. First of all, the extent of microporosity in dealuminated epistilbites as a whole increase with the number of acid treatments, then, the plateaus of the N2 isotherms corresponding to EPIH epistilbites reach increasing heights, in accordance with the accessible microporosity that is inherent in each zeolite; and, finally, the existence of a low-pressure hysteresis region is evident for the EPIH2 specimen. It is also important to note that EPIH2 possesses a microporous volume that is several times larger than that of EPIN. Therefore, acid treatment of high-silica natural epistilbite can render adsorbents of enhanced accessible pore volumes via the mechanism of decationation and dealumination, and by the dissolution of any amorphous materials blocking the entrances to the channels of the epistilbite structure. The cation blocking effects at pore entrances in natural epistilbites are diminished by acid treatment, then decreasing the availability of active cation exchange sites of the resultant substrates by leaching out Al3+ from framework positions and introducing H+ into the remaining cation sites of the natural precursor.


Figure 3. (a) N2 adsorption isotherms at 77 K on epistilbite zeolites and (b) Pore size distributions (PSD) of exchanged epistilbite zeolites calculated from Barrett-Joyner-Halenda (BJH) method.
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The isotherms of the EPI zeolites (Figure 3a) shows an upward deviation at high relative pressures due to the multilayer formation and capillary condensation taking place in the mesopores (secondary porosity) of this sample. Figure 3b shows the curves calculated by the Barrett-Joyner-Halenda (BJH) method. In this figure, EPIN and EPIH zeolites exhibits a sharp unimodal distribution with pore size maxima happening at 3.6 nm. However, intensity distribution for EPIH1 zeolite is greater with respect to EPIH2 and EPIN. The existence of a low-hysteresis loop that is associated with this substrate can mean that microporous channels are either interconnected to each other by thin capillaries or are surrounded by narrow cracks that are due to the dealumination process. The EPIH1 solid represents a transitional substrate with porous characteristics between those of the EPIN and EPIH2 structures.



Important textural properties (ASB, BET specific surface area; CB, BET constant; ASL, Langmuir specific surface area; ASt, t-plot surface area; V∑, volume adsorbed at p/p0 = 0.95; Dp, particle diameter; δr, real density; and, ε, porosity. W0t volume micropore estimated from t-plots of EPIN and EPIH epistilbites are listed in Table 2. For the EPIH2 epistilbite, the BET equation CB constant is negative, and this can be explained by the fact that multilayer adsorption in micropores is not a plausible model therein.


Table 2. Textural parameters of natural (EPIN) and ion-exchanged (H+) epistilbite zeolites, as determined from N2 adsorption.





	Sample
	ASL

(m2/g)
	ASB

(m2/g)
	CB
	V∑

(cm3/g)
	W0t

(cm3/g)
	Dp

(nm)
	δr

(g/cm3)
	ε

(%)





	EPIN
	45.48
	62.69
	111
	0.0511
	0.00184
	30.6
	1.39
	0.0625



	EPIH1
	42.5
	20.90
	203
	0.05631
	0.00184
	38.2
	1.91
	0.0368



	EPIH2
	415
	306
	−32
	0.452
	0.0424
	58.8
	1.74
	0.0726







Textural parameters of the natural and dealuminated epistilbites adjust their behavior with the following order: ASL: EPIH2 > EPIN > EPIH1, while V∑: EPIN > EPIH2 > EPIH1 and Finally, W0t: EPIH2 > EPIH1 ≅ EPIN. There exists a concordance among performance of ASL and W0t, nevertheless V∑ presents a highest value for a dealuminated epistilbite (EPIH2). 









3.3. Adsorption of CO2 and NO2


Isotherms of CO2 and NO2 adsorption on epistilbite were measured at temperatures of 423, 473, 523, and 573 K by a gas chromatography (for details see Experimental section), Figure 4 and Figure 5. Taking into account the behavior of the isotherms in Figure 6, it can be assumed that if a mixture of CO2 and NO2 will contact with the epistilbite, the adsorption phase will be enriched by CO2, while gas phase by NO2. The Lewis method (Equation (1)) and Langmuir model were used to determine the selectivity of adsorption Kp and separation coefficient α (Equations (3) and (4)) in order to perform the calculation of the adsorption equilibrium. Parallel standard adsorption energies (−ΔU0) were evaluated, whereas the isosteric heats of adsorption (−qst) were estimated according to the evolution of the degree of interaction of CO2 with the zeolite (Figure 6).


Figure 4. Adsorption isotherms of CO2 on: (a) EPIN, (b) EPIH1, and (c) EPIH2 zeolites.
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Figure 5. Adsorption isotherms of NO2 on (a) EPIN, (b) EPIH1, and (c) EPIH2 zeolites.
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Figure 6. Variation of the isosteric heat of adsorption (−qst Kcal·mol−1) of (a) CO2 and (b) NO2 with adsorbate loading on substrates.



[image: Minerals 08 00196 g006]






Mathematical adjustments of Freundlich and Langmuir [21] models were employed in order to analyze CO2 and NO2 isotherms data. The corresponding values of these models (Freundlich constants KF and n, Henry constants KH, Langmuir monolayer adsorption capacity am) are given in Table 3 and Table 4.


Table 3. Henry, Freundlich and Langmuir parameters for the adsorption of CO2 on EPIN and EPIH exchanged zeolites.















	Sample
	T

(K)
	Kf × 102

(mmol·g−1·mmHg−1)
	n
	RF
	am

(mmol·g−1)
	KH × 103

(mmol·g−1·mmHg−1)
	RL





	EPIN
	423
	1.8
	0.539
	0.993
	0.183
	8.9
	0.996



	
	473
	1.4
	0.635
	0.996
	0.229
	9.6
	0.997



	
	523
	1.0
	0.705
	0.999
	0.281
	6.3
	0.998



	
	573
	1.2
	0.701
	0.999
	0.191
	10.6
	0.995



	
	423
	1.2
	0.673
	0.984
	0.299
	6.6
	0.998



	EPIH1
	473
	0.9
	0.750
	0.999
	0.459
	5.9
	0.999



	
	523
	0.8
	0.654
	0.995
	0.329
	3.0
	0.992



	
	573
	0.8
	0.621
	0.999
	0.224
	3.6
	0.992



	
	423
	1.6
	0.611
	0.991
	0.238
	9.9
	0.999



	EPIH2
	473
	1.2
	0.643
	0.996
	0.255
	7.1
	0.996



	
	523
	1.1
	0.681
	0.999
	0.311
	6.7
	0.999



	
	573
	1.1
	0.708
	0.998
	0.218
	9.2
	0.987








Table 4. Henry, Freundlich and Langmuir parameters for the adsorption of NO2 on EPIN and EPIH exchanged zeolites.















	Sample
	T

(K)
	Kf × 102

(mmol·g−1·mmHg−1)
	n
	RF
	am

(mmol·g−1)
	KH × 103

(mmol·g−1·mmHg−1)
	RL





	EPIN
	423
	1.8
	0.761
	0.993
	0.465
	3.4
	0.993



	
	473
	1.4
	0.699
	0.996
	0.305
	5.0
	0.984



	
	523
	1.0
	0.830
	0.999
	0.453
	3.9
	0.998



	
	573
	1.2
	0.799
	0.999
	0.419
	3.9
	0.993



	
	423
	1.2
	0.761
	0.999
	0.239
	6.2
	0.982



	EPIH1
	473
	0.9
	0.699
	0.998
	0.195
	1.48
	0.983



	
	523
	0.8
	0.830
	0.998
	0.843
	2.2
	0.994



	
	573
	0.8
	0.799
	0.995
	0.386
	4.8
	0.987



	
	423
	1.6
	0.831
	0.998
	0.563
	3.0
	0.996



	EPIH2
	473
	1.2
	0.782
	0.995
	0.414
	4.6
	0.984



	
	523
	1.1
	0.844
	0.998
	0.589
	4.2
	0.991



	
	573
	1.1
	0.841
	0.998
	0.414
	4.7
	0.987









Table 5 shows the selectivity of adsorption and separation coefficients of EPI zeolites for all gas mixtures that were considered in this study at 423, 473, 523, and 573 K. The initial increase in CO2 selectivity is due to the strong electrostatic interactions between CO2 molecules and EPI surface atoms at low loadings. At higher loadings, the packing effects come into play and smaller CO2 molecules fit into the available channels, decreasing the adsorption selectivity toward CO2. EPIH2 shows significantly higher adsorption selectivity for CO2 than widely studied EPIN zeolites under the same conditions. The selectivity found of CO2 over NO2 could be associated to the high thermodynamic interaction among the exchange cations Ca, Mg, and K and CO2. Additionally, EPIN is composed by narrower pores than EPIH zeolites, and therefore there is a stronger adsorption of CO2 molecules [22].


Table 5. Selectivity of adsorption Kp and separation coefficient α1 of CO2 and NO2, of EPI zeolites.





	
T

(K)

	
Kp

	
α1






	
EPIN




	
423

	
2.18

	
2.93




	
473

	
2.27

	
2.05




	
523

	
1.80

	
1.48




	
573

	
2.17

	
2.26




	
EPIH1




	
423

	
1.98

	
1.06




	
473

	
1.52

	
2.48




	
523

	
1.49

	
1.36




	
573

	
2.00

	
1.34




	
EPIH2




	
423

	
2.27

	
2.89




	
473

	
1.96

	
1.41




	
523

	
1.83

	
1.71




	
573

	
2.06

	
2.02











3.4. Isosteric Heat of Adsorption and Standard Adsorption Energies


The isosteric heat of adsorption at different adsorbate loadings was evaluated from the adsorption isotherm data (Figure 6) by means of the Clausius-Clapeyron equation. To determine this parameter, low concentrations of adsorbed gas are used in order to obtain the thermodinamic degree of adsorbate-adsorbent interaction [23]. The trends of the isosteric heat of adsorption (−qst, Kcal/mol) as a function of the amount adsorbed of CO2 and NO2 adsorptive on EPIN and EPIH zeolites are presented in Figure 6.





4. Conclusions


The modified epistilbite zeolites with acid treatment produce modified materials that are capable of adsorbing greenhouse gases, as is the case of CO2 and NO2. Large, blocking cations at pore entrances are substituted by protons with small ionic radius, then providing ready access to different greenhouse gases into the epistilbite channels; the concomitant modified of the structure that is brought by the exchanging treatment enhances channel widths. According to the BJH method, the PSD curves of the obtained epistilbite samples show an average pore diameter of about 3.5 nm; the results show that, according to the N2 isotherm, the chemical treatment of these zeolites, especially in the EPIH2 sample, promotes the opening of the blocked microporosity by the exchange cations.
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