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PREFACE



Since the invention of synthetic zeolites in 1959, innovations in sorbent development and adsorption process cycles have made adsorption a key separations tool in the chemical, petrochemical and pharmaceutical industries. In all future energy and environmental technologies, adsorption will likely play either a key or a limiting role. Some examples are hydrogen storage and CO removal (from hydrogen, to Lactones and Lactols > Carboxyl (and their anhydrides) The amount as well as the strength of acidity can be determined by titrating with basic solutions of different alkalinity (Boehm, et al., 1964; Voll and Boehm, 1970; Bandosz, et al., 1993; Boehm, 1994; Contescu et al., 1997; Biniak et al., 1997; Boehm, 2001; Boehm, 2002). The three types of acid groups above can be neutralized by 0.05 N solutions of, respectively, NaOH, Na2 CO3 , and NaHCO3 (known as Boehm titration). The acidity of any functional group is inﬂuenced by its local chemical environment, that is, the size and shape of the polyaromatic
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layers, other neighboring groups, and their charges. However, such inﬂuence is minor, so the different types of groups can be differentiated by the simple titration technique. By careful continuous titration, the distribution of different acid groups on the same carbon can be delineated by different peaks at different acidity constants (pK ) (e.g., Contescu et al., 1997). Continuous titration can also show the existence of basic sites of different pK or basicity strengths on the surface of activated carbon (Contescu et al., 1998). Two types of basic groups that have been proposed are shown in Figure 5.5. The pyrone-type group (ﬁrst suggested by Boehm and Voll, 1970; Voll and Boehm, 1971) contains two non-neighboring oxygen atoms to constitute one basic site. Upon contact with a proton in the aqueous medium, the semiquinone oxygen is protonated to a hydroxyl, leaving a positive charge on the other oxygen. The two oxygen atoms are located at two different graphite rings so as to favor resonance stabilization of the positive charge. The net positive charge gives rise to its anion exchange capacity and basicity. Evidence for the pyrone-type site as the basic site has been cumulating, including acid titration and TPD (Temperature programmed desorption) (Leon y Leon et al., 1992) as well as theoretical calculations (Suarez et al., 1999; 2000; Boehm, 2002). The chromene model as a basic site was suggested by Garten and Weiss (1957). Upon reaction with a proton and O2 , a positive charge is introduced to the aromatic ring, hence the basicity. Beside the pyrone and chromene types, it has long been thought that the basic behavior of carbon surfaces may derive from the π basicity (or Lewis basicity) of the aromatic rings (Boehm and Voll, 1970; Leon y Leon et al., 1992; Montes-Moran et al., 1998). However, the basicity from the aromatic rings is weak; and the main basicity is still attributed to oxygen-containing groups. Much has been learned from thermal decomposition or TPD of surface oxides. When the TPD results are coupled with titration and chemical analysis, one can determine the speciﬁc forms of surface oxides that are being desorbed (e.g., Cookson, 1978). During TPD, water, carbon dioxide, carbon monoxide, and small amounts of hydrogen are the evolved gases. Generally, the evolution of CO2 and H2 O commences in the 200–300 ◦ C range, ending in the 400–500 ◦ C range for H2 O and the 700–800 ◦ C range for CO2 . The evolution of CO commences in
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Figure 5.5. Schematic of possible basic groups on activated carbon.
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the 500–700 ◦ C range and ends around 1000 ◦ C. Evolution of small quantities of hydrogen occurs at the 600–1000 ◦ C range, and some hydrogen is retained even after heating at 1200 ◦ C. This is generally because the C−H bond is stronger than the C−C bond. It is generally believed that carboxylic groups and their derivatives, such as lactones, decompose to give CO2 , whereas quinone or semiquinone groups give CO and hydroquinones and phenols give CO and H2 O. Acidic surface oxides can be generated by oxidation with oxygen at elevated temperatures or with liquid oxidants. Aging can also generate such oxides. However, aging in air or water (at temperatures benzene > methyl acetate. The composite isotherm can be changed by introduction of surface functionalities such as oxygen. Oxidation will increase the preference for the more polar component of the solution. This is shown by the example of adsorption of the ethanol–benzene solution, in Figure 5.9. The concentrations of the four groups (phenolic−OH, carboxylic, lactone, and carbonyl) were measured and were increased signiﬁcantly by oxidation with nitric acid (Jankowska et al., 1983). The total amount of oxygen-containing groups was increased from 2.05 to 6.1%. The preference for adsorption of ethanol over benzene is evident in Figure 5.9. Degassing of the surface reduced the surface oxygen to 0.35%, and resulted in a more preferential adsorption of benzene.
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Figure 5.9. Isotherm of excess adsorption of ethanol from ethanol-benzene solution at 20 ◦ C on CWZ-3 activated carbon: (1) oxidized with nitric acid; (2) untreated; and (3) heat treated in nitrogen at 1100 ◦ C (from Jankowska et al., 1983, with permission). X1 is the mole fraction of ethanol in solution, and its excess adsorption is given by Eq. 5.1. The total amounts of oxygen functionalities = 6.1% (1), 2.05% (2), and 0.35 % (3).



5.5.1. Adsorption from Dilute Solution (Particularly Phenols)



Activated carbon is widely used for potable water and wastewater treatments. A large compilation of the equilibrium adsorption data, expressed in the form of Freundlich isotherm, is available in Faust and Aly (1987) for organic compounds in dilute aqueous solutions. These compounds include the Environmental Protection Agency organic priority pollutants, such as phenolic compounds, aromatic and chlorinated aromatic compounds, chloroethylenes and other volatile organic compounds (VOC), carbon tetrachloride, and organic pesticides. It is also a good source of reference data for adsorption of inorganic compounds such as those of As, Ba, Cd, Cr, Cu, Pb, Se, Hg, F, and Cl. Adsorption from liquid solution is complicated by the presence of the solvent. Interactions between solute–surface, solvent–surface as well as solute–solvent are all involved. The effects of solubility on adsorption have long been known.
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Generally, low solubility favors adsorption. The dramatic effects of the solute– solvent interaction on adsorption may be illustrated by adsorption of aqueous solutions of thiolane and its derivative, sulfolane. Sulfolane is of interest because it has been used for more than 40 years for solvent extraction in a number of industrial processes (e.g., the Sulﬁnol process for CO2 removal, the UOP Sulfolane process for recovery of aromatics from hydrocarbons, processes for extraction of fatty acids, etc.). It has now become a serious pollutant for ground water, however. The structures of sulfolane and thiolane are shown in Figure 5.10. The adsorption isotherms of their aqueous solutions on a clay sorbent are given in Figure 5.11 (Kim et al., 1999). The clay had a cation exchange capacity of 0.3 meq/g, and its surface was relatively polar (more polar than carbon but less polar than silica gel and activated alumina). Comparison of thiolane and sulfolane shows 1) sulfolane is polar and thiolane is nonpolar, and 2) sulfolane has a signiﬁcantly larger polarizability than thiolane. Hence the interaction between sulfolane and the clay surface should be much
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Figure 5.10. Structures of sulfolane and thiolane.
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Figure 5.11. Adsorption isotherms of thiolane (upper curve) and sulfolane (lower curve) on clay from their respective aqueous solutions at 18 ◦ C (from Kim et al., 1999 with permission).
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stronger than that between thiolane and clay. For adsorption from their aqueous solutions, on the contrary, Figure 5.11 shows that the adsorption isotherm of sulfolane is much lower than that of thiolane. The low adsorption of sulfolane is due to the thermodynamic stability of the sulfolane–water interactions that are comparable with or stronger than the interactions between sulfolane and the negatively charged sites of the clay. The opposite holds for thiolane. This example illustrates the importance of the solute–solvent interaction and also the complexity of adsorption from liquid solution. The effects of solvent have been studied for adsorption of “Sudan III” and “Butter Yellow” from different solvents, and the amounts adsorbed varied over an order of magnitude (Manes and Hofer, 1969). Another good example for the strong solvent effect is seen in the adsorption of glycols and sugars with multiple −OH groups from their aqueous solutions on activated carbon (Chinn and King, 1999). Three adsorbates are compared: propylene glycol (M.W. = 76, 2 hydroxyls), glycerol (M.W. = 92, 3 hydroxyls), and glucose (M.W. = 180, 5 hydroxyls). The solubility follows the order of the number of hydroxyl groups, that is, glucose is the most soluble. Without the solvent, the sorbate–sorbent bond strength follows the order of the molecular weight. From the aqueous solution, however, the order of the heat of adsorption is completely reversed (20–30 kJ/mol for propylene glycol and ∼10 kJ/mol for the other two). Phenol is the most extensively studied adsorbate for the adsorption of aqueous solutions on carbon, for practical (in waste water treatment) as well as scientiﬁc reasons. It is also a good model compound for organic pollutants in wastewater. Numerous factors are known to have signiﬁcant effects on the adsorption of phenol: pH of solution, type of carbon, carbon surface functionalities, oxygen availability (“oxic” vs. “anoxic” condition), mineral contents of carbon, and addition of electrolytes. Typical isotherms, as a function of solution pH, are shown in Figure 5.12. The amount adsorbed is decreased at both high and low pH values.
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The interpretation for the pH effects is based on the dissociation of phenol into phenolate anion and proton (Snoeyink et al., 1969). The pKa value for phenol is 9.89, hence the principal adsorbing species above this pH is mostly anionic. Because phenolate anion has more afﬁnity for the aqueous phase and the surface is acidic, repulsion between the surface layer and the anionic phenolate results in reduced adsorption. The low pH value was obtained by using an acid solution, which introduced additional protons in the solution. The infrared study of Mattson et al. (1969) indicated that surface carbonyl was the adsorption site that bonded phenol and nitrophenol by forming an acceptor-donor-type charge-transfer complex. The added protons in the solution would compete for the carbonyl sites, hence the reduced adsorption at low pH (Snoeyink et al., 1969). The presence of an adsorption maximum with pH could be explained by a model given by Muller et al. (1980). The model was based on the surface charge in equilibrium with the solution pH (as characterized by equilibrium constant, K) and the electrostatic interaction potential of the ionized solute with the charged surface (which yields the value of K). It has long been known that some of the phenol and its derivatives adsorb on carbon irreversibly, that is, the irreversibly adsorbed phenol cannot be desorbed in water or by heating (to temperatures as high as 800 ◦ C) (Coughlin and Ezra, 1968; Mattson et al., 1969; Snoeyink et al., 1969; Pahl et al., 1973; Suzuki et al., 1978; Cooney, 1983; Sutikno and Himmelstein, 1983; Mange and Walker, 1986; Martin and Ng, 1987; Grant and King, 1990; Leng and Pinto, 1996). The nature and mechanism of the irreversible adsorption of phenol have been clariﬁed by a deﬁnitive study by Grant and King (1990). Because the adsorption equilibrium is reached slowly at room temperature, >5 days equilibration time was typically used in all studies. The irreversible amounts could be measured by extraction with acetone or as the difference between the total amount and the reversibly adsorbed amount (Grant and King, 1990). The reversibly and irreversibly adsorbed amounts are shown in Figure 5.13. The effect of pH on the total amount adsorbed, by adding the reversibly and irreversibly adsorbed amounts in Figure 5.13, agree well with that shown in Figure 5.12. The irreversibly adsorbed phenol was extracted with acetone, and the extracted solutions were analyzed by mass spectrometry. The mass spectra are shown in Figure 5.14. Their results showed clearly that polymerization of phenol occurred on the surface of activated carbon. The abundance of the polymer decreased with molecular weight. No polymers were detected in the control solution. This product distribution is consistent with that from oxidative coupling reactions. Grant and King further showed that the oxidative coupling reaction was not caused by any minerals in the carbon and did not require oxygen or water (although oxygen increased the amount of the irreversibly adsorbed phenol). Numerous substituted phenols have also been studied by Grant and King (1990), and all showed irreversible adsorption. The ordering of the irreversible adsorption follows: p-methoxyphenol > 2,4-dimethylphenol = p-chorophenol > phenol > aniline > p-nitrophenol = p-hydroxybenzaldehyde. Reactivities of these
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Figure 5.13. Reversibly and irreversibly adsorbed amounts of phenol from aqueous solutions with various values of pH, on Columbia carbon (from Witco, BET area = 900 m2 /g), at 80 ◦ C after 5 days (Grant and King, 1990, with permission).



compounds in oxidative coupling reactions corresponded well with the ordering above. The reactivities were correlated with the “critical oxidation potential” (Grant and King, 1990). Apparently oxidative coupling reactions occur on the carbon surface with all these compounds. Polymerization by oxidative coupling of phenol on carbon has been further studied and conﬁrmed by Vidic et al. (1993; 1994). As shown by Grant and King (1990), the presence of oxygen increased the irreversibly adsorbed phenol. The active sites for oxidative coupling are not understood. By using several polymeric resins as the sorbents, Grant and King (1990) showed that carboxylic acid and ester groups on these resins do not promote irreversible adsorption. However, evidence indicates that the phenolic groups do. It is known that activated carbon can catalyze numerous reactions at near ambient temperatures, particularly oxidation reactions (e.g., reviews by Leon y Leon et al. 1994; Radovic and Rodriquez–Reinoso, 1996). Surface oxygen functionalities are generally needed



98



ACTIVATED CARBON



m/e Range 94 ± 0.5



100.0 92.9



186 ± 0.5



Signal intensity



38.8



278 ± 0.5



19.6



378 ± 0.5



5.6



462 ± 0.5



0.7



554 ± 0.5



0.1



646 ± 0.5



0



738 ± 0.5



RIC 0



10 4 :20



20 8:40



30 13:00



40 17:20



50 21:40



60 26:00



70 30:20



Scan Time



Figure 5.14. Mass spectra for the irreversibly adsorbed phenol on Columbia carbon (extracted by acetone). Not shown here are the spectra of the control solution of phenol in acetone, which shows only the species of m/e = 94. The mass number 94 corresponds to phenol, and those of multiples of 94 (minus H from −OH) correspond to polymers of phenol (C6n H4n+2 On , where n = 2–7) (from Grant and King, 1990, with permission).



for these reactions. The catalytic activities of oxidized carbons for the oxidation of SO2 (to SO3 ) and NO to (NO2 ) at ambient temperature in both gas phase and aqueous phase are well known and have been studied extensively (Komiyama and Smith, 1975; Py et al., 1995; Govindarao and Gopalakrishna, 1995; Rubel and Stencel, 1997; Mochida et al., 1994; Mochida, 1997; Lisovskii et al., 1997; Muniz et al., 1998; Mochida et al., 2000). The effects of surface functionalities on adsorption of phenols have been studied extensively. However, in light of the ﬁndings of Grant and King (1990), such effects need to be re-examined, that is, reversible and irreversible adsorption should be treated separately. A large body of experimental data is available in the literature on equilibrium adsorption isotherms of organic compounds from aqueous solutions. Because much of the data is for dilute solutions where no plateau is seen in the isotherm, the data can be best ﬁtted with the Freundlich isotherm: q = KP 1/n



(5.2)



The Freundlich isotherm constants for a few selected organic compounds are given in Table 5.4. The Freundlich isotherm constants for adsorption of some 600 organic compounds and pollutants on activated carbon have been compiled by Faust and Aly (1987).
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Table 5.4. Freundlich isotherm constants for adsorption on activated carbon from aqueous solution at 25 ◦ C



K[(mg/g) (L/mg)1/n ]



1/n



Benzene Toluene p-Xylene Ethylbenzene o-Xylene



1.0 100 200 175 174



1.60 0.45 0.42 0.53 0.47



Chlorobenzene 1,2-Dichlorobenzene 1,2,4-Trichlorobenzene Nitrobenzene Phenol 2-Nitrophenol 4-Nitrophenol Chloroform Benzoic acid Styrene PCB



28 54 129 68 21 99 76 2.6 0.76 327 14100



0.40 0.41 0.44 0.43 0.54 0.34 0.25 0.73 1.80 0.48 1.03



Compound



From Dobbs and Cohen, 1980; Weber and DiGiano, 1996.



The interactions outlined in Chapter 2 are operative in the adsorption of organics. In addition to these interactions, hydrogen bonds as well as chemical bonds may also form. The solubility is also a factor, that is, the solute–solvent interactions, as discussed above. In general, adsorption depends on molecular weight, functional groups, polarizability (which scales roughly with molecular weight), polarity, and hydrophobicity (or lack of solubility). Numerous studies have been made in attempting to correlate adsorption with these molecular properties (AlBahrani and Martin, 1976; Abe et al., 1980; Jankowska et al., 1991). 5.5.2. Effects of Surface Functionalities on Adsorption



Aqueous solution of phenol is the most studied solution on the effects of functionalities on adsorption. As mentioned above, in light of the results of Grant and King (1990), the effects of functionalities on adsorption of phenols should be studied separately for reversible and irreversible adsorption. The results summarized below are for the total adsorption at equilibrium. Dramatic effects of oxidation and reduction of the carbon surface on the adsorption of phenol and nitrobenzene were ﬁrst shown by Coughlin and Ezra (1968). Surface oxygen functionalities were increased by oxidation with ammonium thiosulfate solution, and reduction was performed with zinc amalgam in HCl solution. The isotherms of phenol on three carbon samples are shown in
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Figure 5.15. Isotherms of phenol at 30 ◦ C on Columbia carbon. LC325: untreated. LC325O: oxidized. LC325OR: oxidation followed by reduction. From Coughlin and Ezra, 1968, with permission.



Figure 5.15. The sample labeled LC325 was a Columbia carbon (from Union Carbide, coconut shell-based, as were other Columbia carbons), which was washed with dilute HCl to remove residual alkalies. This sample contained the least amount of oxygen groups. The sample labeled LC 325O was oxidized, whereas that labeled LC 325OR indicated reduction followed by oxidation. The latter sample actually contained more oxygen groups than the LC 325 sample. The concentrations of different oxygen-containing functional groups on these carbons were also analyzed. The groups on the oxidized carbon (LC325O) were mainly carboxyl and hydroxyl and a very small quantity of carbonyl groups. It was concluded that the carboxyl and hydroxyl groups hindered the adsorption of the aromatic compounds. The explanation for this effect by Coughlin and Ezra (1968), which is generally accepted today, is that the adsorption of aromatics is governed by the π –π dispersion interaction between the basal plane of carbon and the aromatic ring of the adsorbate. Oxygen bonded to the edges of the graphite can localize electrons and thereby remove them from the π electron system of the basal plane. Consequently the π –π interaction is weakened. Indeed, other studies with aromatic compounds showed that the carboxyl and hydroxyl oxygen groups on activated carbon decreased their adsorption, for example, benzenesulfonate (Coughlin et al., 1968), p-hydroxybenzaldehyde (Ishizaki and Cookson, 1974; Cookson, 1978), and benzoic acid (as benzoate anion, Radovic et al., 1996). Contrary to the effects of surface carboxyl and hydroxyl groups, the surface quinone (or carbonyl) groups actually increased the adsorption of aromatics. Epstein et al. (1971) observed these effects with the adsorption of p-nitrophenol. Their explanation was that the carbonyl groups aid the adsorption of aromatics by involving the formation of an electron donor–acceptor complex of the aromatic ring with the surface carbonyl groups, as proposed earlier by Mattson et al. (1969).
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Simple experimental procedures are known for generating the two different types of acid oxygen groups on carbon (Cookson, 1978). Surface oxides developed by chemical treatment and dry oxidation at temperatures 400 ◦ C, the dry oxidation treatment yields mainly carbonyl groups (in the form of quinone and hydroquinone). The effects of oxygen functionalities on the adsorption of aliphatic compounds from their aqueous solutions have also been studied (Cookson, 1978; Jankowska et al., 1991; Radovic, 1996). The adsorption capacities of butyl disulﬁde and decane were both decreased by surface oxides (Cookson, 1978). Hence it was concluded that surface oxides hindered adsorption of nonpolar aliphatic compounds. Radovic et al. (1996) investigated the effects of “nitriding” the surface on adsorption from solution. Reacting with ammonia at elevated temperatures introduced pyridine functional groups on carbon. Reaction at 200 ◦ C forms amides, imides, imines, amines, and nitriles; while reaction at 250 ◦ C results in bonding of ammonia to the carbon double bonds (Vinke et al., 1994). The effects of nitriding (at 250 ◦ C) were similar to that of oxidation. Nitriding also hindered the adsorption of benzoate and aliphatic anions, oxalate, and fumarate. The effects of surface functionalities on adsorption of organic electrolytes, including weak electrolytes such as phenols, are signiﬁcantly more complicated to assess. One needs to consider the surface charge of the carbon as well as the extent of ionization of the solute. The surface charge of carbon is a function of pH of the solution. The surface charge of a typical commercial activated carbon is shown in Figure 5.16. The pH at which the surface charge is zero is called the point of zero charge (PZC), also referred to in the literature as zero charge point (ZCP) and zero point charge (ZPC). The surface is positively charged at pH below ZCP and is negatively charged at pH above ZCP. The isoelectric point (IEP), that is, the pH of zero ζ -potential, is usually near ZCP, but is lower than ZCP for activated carbon (Boehm, 2002).
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Figure 5.16. Surface charge of an untreated activated carbon as a function of pH (Muller et al., 1980, with permission).
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It is important to consider the charge of the surface because it determines the capacity of the carbon for ion exchange. In the aqueous solution of an electrolyte, an electrical double layer (or diffuse cloud) of dissociated H+ and OH− is formed on a charged surface. Hydroxide ions (OH− ) compose the inner layer of the electrical double layer on a positively charged surface, whereas protons (H+ ) form the inner layer on a negatively charged surface. Anion exchange occurs on the positively charged carbon surface via: C+ · · OH− + H+ + A− ⇒ C+ · · A− + H2 O



(5.3)



Cation exchange occurs on the negatively charged surface by: C− · · H+ + K+ + A− ⇒ C− · · K+ + H+ + A−



(5.4)



and it is accompanied by acidiﬁcation of the solution. The ZCP can be altered easily by oxidation or other surface treatments. A good example is shown by Noh and Schwarz (1990) by use of nitric acid treatment. Table 5.5 shows the ZCP values of a commercial activated carbon that has been oxidized with nitric acid at various concentrations (0.2, 0.4, 1, and 2 M) at room temperature. It is seen that the ZCP is strongly dependent on acid treatment. The results of titration by using Boehm’s method are also given in Table 5.5. The untreated sample of this particular activated carbon (North American carbon, low “ash”, 100 µm size. Path b: 1 atm dry air, H2 AsO4 − > Si(OH)3 O− > F− > HSeO3 − > TOC > SO4 2 – > H3 AsO3 As5+ exists in water as H2 AsO4 . As3+ is hardly adsorbed because H3 AsO3 is not charged. A number of plant treatment results are available (e.g., Wang et al., 2000), all indicating that with raw water containing arsenic in the 50–70 µg/L range, the use of ﬁxed beds of activated alumina could produce treated water with less than 5 µg/L As. Similarly, numerous studies have been performed for the deﬂuoridation of water (e.g., Singh and Clifford, 1981; Karthikeyan et al., 1994). In 12 test runs of deﬂuoridation of drinking water, ﬂuoride contents Rb > K > Na > Li.
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7 ZEOLITES AND MOLECULAR SIEVES Zeolites are crystalline aluminosilicates of alkali or alkali earth elements, such as sodium, potassium, and calcium, and are represented by the chemical composition: Mx/n [(A1O2 )x (SiO2 )y ] · zH2 O where x and y are integers with y/x equal to or greater than 1, n is the valence of cation M, and z is the number of water molecules in each unit cell. The primary structural units of zeolites are the tetrahedra of silicon and aluminum, SiO4 and A1O4 . These units are assembled into secondary polyhedral building units such as cubes, hexagonal prisms, octahedra, and truncated octahedra. The silicon and aluminum atoms, located at the corners of the polyhedra, are joined by a shared oxygen. The ﬁnal zeolite structure consists of assemblages of the secondary units in a regular three-dimensional crystalline framework. The tetrahedra can be arranged in numerous ways, resulting in the possibility of some 800 crystalline structures, less than 200 of which have been found in natural deposits or synthesized in laboratories around the world (Thompson, 1998). Substitution (i.e., isomorphous substitution) of other elements for Al and/or Si in the zeolite framework can yield myriad molecular sieves (which are formally not zeolites). However, the main interest for synthesizing these new molecular sieve materials has been in catalysis for developing (1) large pores or channels and (2) catalytic sites other than acid sites. The largest windows in zeolites are ˚ which the 12-membered oxygen rings (with an unobstructed diameter of 8.1 A), do not admit large hydrocarbon molecules that are of interest to the petrochemical industry. Since the development of VPI-5 (Davis et al., 1988), a crystalline aluminophosphate with unidimensional channels formed by 18-member oxygen rings ˚ a number of large-pore molecular sieves have (with a free diameter of 12.5 A), been synthesized (Chen et al., 1994). These include AlPO4 -8, which contains Adsorbents: Fundamentals and Applications, Edited By Ralph T. Yang ISBN 0-471-29741-0 Copyright  2003 John Wiley & Sons, Inc.
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14-oxygen rings (Dessau et al., 1990) and Cloverite, a gallophosphate with a 20-oxygen ring and 8-oxygen ring dual pore system (Eastermann et al., 1991). [AlO4 ] provides acid sites (as Lewis acid, or Brønsted acid when OH is bonded) for catalytic reactions. The addition of tetrahedra such as [TiO4 ] provides oxidation sites for redox reactions. Types A, X, and Y remain the dominant zeolites and molecular sieves that are in commercial use for adsorption and ion exchange. As the focus of this book is on sorbents, these zeolites will be the main subject for discussion. The basic principles on adsorption properties discussed below, however, are applicable to all other zeolites and molecular sieves. Potentially interesting adsorption properties of other zeolites and molecular sieves will also be included. 7.1. ZEOLITE TYPES A, X, AND Y



Unit cells of type A and type X zeolites are shown in Figure 7.1. The cations are necessary to balance the electric charge of the aluminum atoms in AlO2 , each having a net charge of −1. The water molecules can be removed with ease upon heating and evacuation, leaving an almost unaltered aluminosilicate skeleton with a void fraction between 0.2 and 0.5. The skeleton has a regular structure of cages, which are interconnected by windows in each cage. The cages can imbibe or occlude large amounts of guest molecules in place of water. The size of the window apertures, which can be controlled by ﬁxing the type and number ˚ The sorption may occur with great selectivity of cations, ranges from 3 to 8 A. because of the size of the aperture (and to a lesser extent due to the surface property in the cages) — hence the name molecular sieve. The windows of type A zeolite consist of 8-membered oxygen rings, or simply, 8-rings. Similarly, the windows of type X zeolite are referred to as 12-ring, which remain the largest windows in zeolites today. The ratio of Si/Al in Type A zeolite is normally one, while those in types X and Y are typically one to ﬁve. The aluminum atom can be removed and replaced by silicon in some zeolites, thereby reducing the number of cations. The cations can also be exchanged. The inner atoms in the windows are oxygen. The size of the windows then depend on the number of oxygen atoms in the ring (4, 5, 6, 8, 10, or 12). The aperture size, as well as the adsorption properties, can be modiﬁed further by the number and type of exchanged cations. A description of the structures will be given for the zeolites, Type A and Types X and Y, important in gas separation. As mentioned, these types have dominated the commercial use of zeolites for gas separation and puriﬁcation as well as ion exchange since their invention. 7.1.1. Structure and Cation Sites of Type A Zeolite



The structural unit in Type A zeolite (Linde Type A or LTA), as well as in Types X and Y (faujasite or FAU), is the truncated octahedron shown in Figure 7.1(a). This unit is also called sodalite cage or beta cage, as sodalite is formed by directly
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Figure 7.1. Line representations of zeolite structure: (a) sodalite cage, or beta cage or truncated octahedron; (b) type A zeolite ‘‘unit cell’’; (c) ‘‘unit cell’’ of types X and Y, or faujasite; (d) cation sites in type A (there are eight I, three II, and twelve III sites per unit cell); (e) cation sites in types X and Y (16 I, 32 I’, 32 II, 32 II’, 48 III, and 32 III’ sites per unit cell).



fusing the four-member rings of the units. The four-member rings of the sodalite units can also be linked through four-member prisms, as shown in Figure 7.1(b), which is Type A zeolite. The unit cell of Type A zeolite, as shown in this ﬁgure, contains 24 tetrahedra, 12 A1O4 and 12 SiO4 . When fully hydrated, 27 water molecules are contained in the central cage or cavity (also called supercage) of the unit cell, and in the eight smaller sodalite cages. The free diameter in the ˚ which is entered through six 8-member oxygen-ring central cavity is 11.4 A, ˚ There are 12 negative charges apertures with an unobstructed diameter of 4.4 A. that are balanced by cations in each unit cell. The most probable locations for the cations are indicated in Figure 7.1(d). Type I is at the center of the six-member ˚ which is approximately the dimension of ring (with a free diameter of 2.8 A, water) and thus sits at one of the eight corners of the cavity. Type II is at the eight-member aperture directly obstructing the entrance. Type III is near the four-member ring inside the cavity. Type A zeolites are synthesized in the sodium form, with 12 sodium cations occupying all eight sites in I and three sites in II, plus one site in III. This is
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˚ The the commercial Type 4A zeolite, with an effective aperture size of 3.8 A. sodium form can be replaced by various other cations or by a hydrogen ion. The commercial Type 3A zeolite is formed by exchanging Na+ with K+ , resulting in ˚ due to the larger K+ . The aperture size a smaller effective aperture size (of 3.0 A) of the sodium form can also be increased by exchanging Na+ with Ca+2 or Mg+2 , because 2 Na+ are replaced by one divalent cation. The form of the exchanged Ca+2 or Mg+2 is Type 5A with rather unobstructed and larger apertures. The ˚ (Breck, 1974). unobstructed apertures of 5A have a size of 4.3 A A detailed discussion on the sites of important cations in zeolites A, X, Y, chabazite (cage-type with 8-oxygen ring window) and heulandite (channel-type) is given in 7.4.1. 7.1.2. Structure and Cation Sites of Types X And Y Zeolites



The skeletal structure of Types X and Y zeolites is the same as naturally occurring faujasite. The sodalite units are linked through 6-member prisms, as shown in the unit cell in Figure 7.1(c). Each unit cell contains 192 (Si, A1)O4 tetrahedra. The number of aluminum ions per unit cell varies from 96 to 77 (i.e., Si/Al = 1 to 1.5) for Type X zeolite, and from 76 to 48 (Si/Al = 1.5 to 3) for Type Y zeolite. Loewenstein’s rule forbids the formation of Al-O-Al bridges (Loewenstein, 1954). Thus, the maximum number of Al corresponds to a Si/Al ratio of 1. Kuhl (1987) reported a procedure for the synthesis of the low-silica X (LSX) zeolite (with Si/Al = 1). At Si/Al > 3, they are named USY (i.e., ultra-stable Y). The Si/Al ratio in the commercial USY zeolite can be very high, for example, 195. The framework of faujasite has the largest central cavity pore volume of any known zeolite, amounting to about 50% void fraction in the dehydrated form. ˚ (Eulenberger et al., 1967). A The free diameter of the central cavity is 13.7 A unit cell, when fully hydrated, contains approximately 235 water molecules, primarily in the central cavity. The volume of the central cavity, however, accounts for only a small fraction (1/5–1/8) of the pore volume of the unit cell since there are portions of other central cavities from the neighboring unit cells, as well as window spaces that are also contained in the same unit cell (see Table 5.9 of Breck, 1974). The aperture is formed by the 12-member oxygen rings with a ˚ The size of the unobstructed 12-ring is free diameter of approximately 7.4 A. ˚ (Breck, 1974). approximately 8.1 A Three major locations for the cations are indicated in Figure 7.1(e). The locations are center of the 6-member or hexagonal prism (I) and opposite to I and located in the sodalite cage (I ), similar to I and I but further from the central cavity (II and II ), and the 12-ring aperture (III and III ). The commercial 10X zeolite contains Ca+2 as the major cation, and Na+ is the major cation for 13X zeolite. The distribution of Na+ , K+ , Ca+2 , other cations, and H2 O among the sites in X and Y zeolites has been discussed in detail by Barrer (1978). Cation sites for important cations in X and Y zeolites will be given in 7.4.1. The BET surface area measured with N2 for zeolites falls in the range between 500 and 800 m2 /g.
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7.1.3. Examples of Molecular Sieving



Separation and puriﬁcation can be accomplished by molecular sieving, that is, by size exclusion. An example is drying or dehydration of gases or alcohols by 3A zeolite, which excludes all hydrocarbons, O2 , N2 , and essentially all permanent gases except ammonia. It is particularly useful for drying gases under reactive conditions. Isotherms of water on 3A are given in Figure 7.2, which also shows the approximate minimum condition for dehydration of zeolites. Another example is the large-scale commercial use of 5A zeolite in processes for the separation of normal parafﬁns from branched-chain (e.g., iso-) parafﬁns and cyclic hydrocarbons, and the Union Carbide isoSiv process is a prime example (Yang, 1987). ˚ which admits only linear parafﬁns The free aperture size of 5A zeolite is 4.3 A, but not branched-chain parafﬁns and cyclic hydrocarbons. The branched-chain parafﬁns have higher octane numbers than their n-parafﬁn homologs as a gasoline product. It is known that temperature has a sizable effect on molecular sieving. The aperture size decreases with temperature. Thus, for some molecules, molecular sieving occurs only below certain temperatures. The temperature effect may be illustrated by the sieving of N2 /O2 with 4A zeolite (Breck, 1974). The ˚ larger than O2 . At temperatures kinetic diameter of N2 is approximately 0.2 A ◦ below −100 C, N2 becomes essentially excluded, while Ar becomes excluded at below −150 ◦ C. A schematic is given in Figure 7.3 that shows the relationship 24
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Figure 7.3. Correlation for molecular sieving of molecules (with kinetic diameter σ ) in various zeolites with different effective pore sizes at temperatures of 77 K (solid lines) and 420 K (dotted lines) (from Breck, 1974, with permission).



between effective pore sizes of selected zeolites and the kinetic diameters of various molecules. Separation and puriﬁcation can also be accomplished by using differences in diffusivities, that is, kinetic separation (discussed in Chapter 3). 4A zeolite has been used in PSA separation for producing nitrogen for inert purge applications
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such as fuel tank purging in military airplanes, where pressurized air is readily available as the feed. A potentially useful approach for kinetic separation is to use partially ion-exchanged zeolites, that is, zeolites with mixed cations. For example, the diffusivities of CH4 , C2 H6 , and CO2 in 4A zeolite can be reduced to desired values by partial exchange of Na with K to decrease the aperture size. The equilibrium isotherm and diffusivity of CO2 in mixed NaKA zeolite are shown in Figure 7.4. From Figure 7.4, it is seen that the molecular sieving effects (for molecules smaller than CO2 ) are fully achieved at less than 30% K+ exchange. Thus, full K+ exchange (which is costly) is not needed. This result was caused by the preferred occupation of site II by K+ (Yeh and Yang, 1989). Similarly, the pore size of 4A can be increased by partial exchange of Na+ with Ca2+ . At room temperature, propane, n-heptane and isobutane are all excluded from 4A. By exchanging 30–35% of the Na+ with Ca2+ , the aperture size is opened up just enough to admit propane and n-heptane, while iso-butane remains excluded (Breck, 1974). Thus, mixed-cation zeolites offer a potential opportunity for tailoring sorbents for kinetic separation. Vansant (1990) discussed a number of approaches for the modiﬁcation of aperture size as well as the framework structure, including ion exchange. A number of examples for tailoring the aperture size by partial ion exchange have been shown (Vansant, 1990). Silanation is an interesting approach. By silanation with SiH4 , Vansant (1990) showed that the pores in H-mordenite could be tailored from being fully open to Kr at 273 K to being fully closed at about 1.4 mmol/g of chemisorbed silane. Examples of molecular sieving for separations by AlPO4 and SAPO4 will be given in Section 7.2.



00 1.0



e2 Figure 7.4. Equilibrium adsorption (Q) and diffusivity at Q = 0 (D0 ) of CO2 in NaKA zeolite at 25 ◦ C with fraction of K+ = ε2 = K+ /[K+ +Na+ ] (from Yeh and Yang, 1989, with permission).
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7.2. ZEOLITES AND MOLECULAR SIEVES: SYNTHESIS AND MOLECULAR SIEVING PROPERTIES



At least 40 different types of naturally occurring zeolites have been found, beginning with the discovery of stilbite (STI) by the Swedish mineralogist Cronstedt in 1756, who also coined the term “zeolite.” The principal natural zeolites are chabazite, (Ca, Na2 )A12 Si4 O12 · 6H2 O; gmelinite, (Na2 , Ca)A12 Si4 O12 · 6H2 O; mordenite, (Ca, K2 , Na2 )A12 Si10 O24 · 6.66H2 O; heulandite, CaAl2 Si6 O16 · 5H2 O; clinoptilolite, (Na2 , K2 , Ca)Al2 Si10 O24 · 12H2 O; levynite, CaA12 Si3 O10 · 5H2 O; and faujasite, (Na2 , Ca, Mg, K2 )A12 Si5 O14 · 10H2 O. More than 150 types of zeolites have been synthesized and are designated by a letter or group of letters (Type A, Type X, Type Y, Type ZSM, etc.). Standard three-letter structure codes have been adopted by the International Zeolite Association (IZA). (The website for IZA provides helpful information about the codes as well as crystallographic data.) Many more zeolite-like, crystalline molecular sieves have been successfully synthesized by using amine additives as “templating” agents. Early work in zeolite synthesis was performed largely by mineralogists using reaction conditions that were thought likely to have arisen naturally under volcanic circumstances. The commercial production of synthetic zeolites started with the successful development of low-temperature (25–100 ◦ C) synthesis methods by using very reactive materials such as freshly co-precipitated gels or amorphous solids (Breck, 1974; Milton, 1959). Two comprehensive monographs by Barrer (1978) and Breck (1974) deal with all aspects of zeolites, including synthesis. The zeolites that have been synthesized more recently are discussed by Szostak (1998) and others (Chapters in Karge and Weitkamp, 1998; Jacobs and Martens, 1987; Dyer, 1988). 7.2.1. Synthesis of Zeolites A, X, and Y



Many alkali metal hydroxides and raw materials containing silica and alumina can be used in low-temperature synthesis. The steps involving the Na2 O-Al2 O3 SiO2 -H2 O system, which is used in synthesizing zeolites of types A, X, and Y, are as follows (Breck, 1974): NaOH(aq) + NaA1(OH)4 (aq) + Na2 SiO3 (aq) ◦ T1 ∼ = 25 C



−−−−−−→ [Naa (A1O2 )b (SiO2 )c • NaOH • H2 O]gel ◦ T2 ∼ = 25 − 175 C



−−−−−−−−−→ Nax [(A1O2 )x (SiO2 )y ] • mH2 O + solution(zeolite crystal) The ﬁrst step involves gel formation between sodium hydroxide, sodium silicate, and sodium aluminate in aqueous solution at room temperature. The gel is probably formed by the copolymerization of the silicate and aluminate
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species by a condensation–polymerization mechanism. Expressed in moles per mole of A12 O3 for Na2 O/SiO2 /H2 O, typical compositions of the reactants are (at pH >10): 1. Type 4A zeolite, 2/2/35 2. Type X zeolite, 3.6/3/144 3. Type Y zeolite, 8/20/320 The gels are crystallized in a closed hydrothermal system at temperatures between 25 and 175 ◦ C. Temperatures as high as 300 ◦ C are used in some cases. The time for crystallization ranges from a few hours to several days. A large amount of work was directed at determining the reaction conditions (e.g., temperature, time, and degree of agitation) and compositional parameters that yield a single-phase, fully crystallized zeolite. Figure 7.5 shows one of the diagrams (Breck, 1974; Kouwenhoven and de Kroes, 1991). Many “reactant composition” diagrams for synthesizing a number of zeolites are given by Breck (1974). As the synthesis proceeds at elevated temperatures, zeolite crystals are formed by a nucleation step, followed by a crystal growth step involving assimilation of alumino-silicate from the solution. The amorphous gel phase continues to dissolve, thereby replenishing the solution with alumino-silicate species. This process results in the transformation of amorphous gel to crystalline zeolite. 7.2.2. Organic Additives (Templates) in Synthesis of Zeolites and Molecular Sieves



The basic building block for zeolite types A and X is the sodalite cage or beta cage, as shown in Figure 7.1. The beta cages are connected by 4-prisms to form A zeolite and are connected by 6-prisms to form type X zeolite. Beside beta cage, 15 other cages are known (Gellens et al., 1982). All can be used as the basic building blocks for zeolite structures. The zeolites that are built with cages have the topology of cages and cavities. These cavities are interconnected by windows, as shown in Figure 7.1. The other common topology is the tubular form. There are 10 basic tubular building units, with 4 shown in Figure 7.6. Gellens et al. (1982) showed the 10 tubular units as well as 16-cage building units. The use of organic amines (mainly quaternary amines) as additives in the synthesis gel to inﬂuence the subsequent crystallization has been an exciting element and powerful tool in zeolite synthesis. These additives are often referred to as “templates” or “structure directing agents,” although their roles in crystallization are far more complex than templating and are not well understood (Barrer, 1978; Breck, 1974; Szostak, 1998; chapters in Karge and Weitkamp, 1998). They are usually added after the gel solution is prepared, and after synthesis the residual hydrocarbons are removed from the crystals by air burning at 500–600 ◦ C. In addition to the amine templates, HF or KF is frequently used to increase the crystallization rates, apparently by increasing the concentration of free silicate ions.
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Figure 7.5. Compositional ‘‘synthesis windows’’ for the Na2 O-Al2 O3 -SiO2 -H2 O system at 100 ◦ C and 90–98 mol% H2 O. Source of SiO2 is (a) sodium silicate and (b) colloidal silica. The area enclosing a letter represents the composition that yields the corresponding phase, while the + marks the typical composition of the product. A, X, and Y = zeolites types A, X, and Y; B = zeolite P; R = chabazite; S = gmelinite; and HS = hydroxysodalite (from Breck and Flanigen, 1968, with permission).



Tetramethylammonium (TMA) cation was investigated as an additive in the synthesis of type A zeolite (LTA or Linde Type A) in 1961 (Barrer and Denny, 1961; Kerr and Kokotailo, 1961). Many new crystalline phases were found by the addition of TMA. It was soon found that the Si/Al ratio in LTA could be increased up to 2.5 by the use of TMA. An analog of these crystals is named ZK-4 (Kerr, ˚ which is about the same 1966). The size of the TMA cation is approximately 6 A, size as that of hydrated Na+ . These cations ﬁt well in the beta or sodalite cage. A typical composition of ZK-4 is Na8 (TMA)1.2 [(AlO2 )9.2 (SiO2 )14.8 ] · 28H2 O.
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Figure 7.6. Four of the tubular building units: ferrierite (FER), offretite (OFF), ZSM-5 (MFI or pentasil), and mordenite (MOR). Six other tubular building units are shown in Szostak (1998), taken from Gellens et al. (1982).



Charnell used triethanolamine (2,2 ,2 -nitrilotriethanol) as an additive in the synthesis of zeolites A and X and reported that crystals as large as 100 and 140 µm, for zeolites A and X, respectively, were formed (Charnell, 1971). Subsequent work showed that triethanolamine formed a complex with Al3+ , the presence of which would reduce the tendency for nucleation and crystal growth (Coker and Jansen, 1998). While the work at Linde of Union Carbide was mainly on the development of new sorbents (resulting in the invention of zeolites A, X, and Y), the interest at Mobil was in developing new catalysts. With the use of amine additives, a series of zeolites named ZSM (zeolite secony mobil) were synthesized. (The ZSMs have different framework structures but share the common structure code simply because they were synthesized at Mobil.) The most useful one is ZSM-5 (Argauer and Landolt, 1972), which has been used as a shape-selective catalyst for xylene isomerization (to produce p-xylene, which can diffuse in ZSM-5), methanol-togasoline process (MTG), and several other commercialized catalytic reactions (Chen et al., 1994). ZSM-5 has two intersecting channels (one straight and one sinusoidal). The pore dimensions are shown in Figure 7.7, and are compared with that of X or Y zeolite. The channels of ZSM-5 are elliptical and their openings ˚ and 5.4 × 5.6 A. ˚ The high-silica form of ZSM-5, developed are 5.1 × 5.6 A independently at Linde, was named silicalite (Flanigen et al., 1978). The template for ZSM-5 was tetrapropyl ammonium (TPA) ion. Because the TPA ion ﬁts so well within the voids of the tubular structure of ZSM-5, the successful synthesis of ZSM-5 provided major support for the templating theory. However, ZSM-5 was subsequently synthesized by many groups during the 1980s without using any templates (Szostak, 1998). A critical review and discussion of the vast literature on the subject was made by Szostak (1998). Adsorption, diffusion, and reaction in ZSM-5 and silicalite have been studied extensively. For adsorption, it has been used as a selective sorbent for VOC
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Figure 7.7. Channel-type framework structure and channel dimension (with 10-ring) of ZSM-5 (MFI) compared with the cage structure and window dimension (with 12-ring) of zeolite Y.



removal, including automotive cold start. It has a potential for interesting adsorption properties due to its small channel type pores. The small channel type pore offers maximum interactions with sorbate molecules of similar sizes. For example, n-parafﬁns and oleﬁns can have a tight ﬁt in the channels that gives rise to high heats of adsorption (Stach et al., 1984). The channel sizes of ZSM-5 and silicalite are comparable with the sizes of many important molecules such as n-parafﬁns, isoparafﬁns, aromatics, and their substitutes. Many unexpected and exciting nonlinear phenomena arise when the ratio of the channel size and the molecular size approaches one (Wei, 1994). These include high activation energies (June et al., 1990), “length selectivity” and occupancy effects for hydrocarbon diffusion (Wei, 1994). For future applications in environmental control where ultra-puriﬁcation is required, a high Henry’s law constant for adsorption is important while the sorbent capacity is not a main concern. Because of its channel structure, the sorbent capacity of ZSM-5 is low compared with the cavity-type zeolites. For example, the pore volume of silicalite measured by n-hexane adsorption is 0.199 cm3 /g (Flanigen et al., 1978) or 0.185 cm3 /g (Ma, 1984). However, high Henry’s constants can be obtained by the tight ﬁt. Using two silicalites with slightly different O-atom positions, the Henry’s constants of benzene adsorption in these two silicalites can differ by factors as high as 3.1 (Clark and Snurr, 1999; Li and Talu, 1993). Other potential applications such as its use as the sorbent for desulfurization of liquid fuels (e.g., removal of thiophene from benzene) will be discussed in Chapter 10. By using templates, two major categories of crystalline (zeolite-like) molecular sieves were synthesized starting in the 1980’s. One category was molecular sieves containing transition metals in the framework, by replacing aluminum with Ti, V, Fe, etc. (Perego et al., 1998). Another category was aluminophosphates
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(AlPO4 s) and silicoaluminophosphates (SAPO4 s). Although the main interest in their synthesis was in catalysis, there are many potential applications for their use as sorbents, one of which has already been recently commercialized (i.e., ETS-4, a titanium silicate, for N2 /CH4 separation, by Kuznicki et al., 2001). The successful syntheses of transition metal-containing silicates have been accomplished by incorporating transition metal atoms in the pentasil (MFI) framework (shown in Figure 7.6). The large amount of literature on their syntheses has been discussed by Perego et al. (1998). The “mixed alkoxide” method appeared to be the most successful. For example, titanium-silicalite-1 (TS-1) was synthesized by controlled hydrolysis of an aqueous solution containing tetraethylorthosilicate (TEOS), tetraethylorthotitanate (TEOT), and tetrapropylammonium hydroxide (TPAOH) as the template (Taramasso et al., 1983). Different templates were used for the syntheses of TS-2, TS-3, etc., as reviewed by Perego et al. (1998). The Ti atom is coordinated tetrahedrally in these structures. Many forms of vanadosilicates and ferrisilicates have also been synthesized (Perego et al., 1998). Transition-metal containing silicates can also be prepared without the use of templates. Young claimed hydrothermal synthesis of titano- and zirconosilicate frameworks in 1967 (Young, 1967). Kuznicki (1990) was able to synthesize a small pore titanosilicate molecular sieve, named ETS-4, by reacting a solution of sodium silicate/TiCl3 /NaOH//KF at 150 ◦ C. KF was used to increase the crystallization rate, and the pH of the solution was 10.5. ETS-4 has a Si/Ti ratio ˚ depending on the calcination temperature of 2.6 and pore dimensions of 3–5 A, (Kuznicki et al., 2001). Its structure collapses near 350 ◦ C. Unlike TS-1, the Ti atom in ETS-4 is octahedrally coordinated. A form of titanosilicate, named TAM5, has very high selectivities for Cs+ and Sr2+ over Na+ (Anthony et al., 1994; Hritzko et al., 2000). Using this sorbent, Wang and co-workers have designed a highly efﬁcient carousel process for removal of radioactive 137 Cs+ from a simulated nuclear waste (Hritzko et al., 2000). The syntheses of aluminophosphate (AlPO4 ) molecular sieves were ﬁrst reported in 1982 (Wilson et al., 1982a; 1982b and 1984). These molecular sieves have a very narrow range of chemical composition (i.e., rather invariant ratio of P/Al compared with the wide range of Si/Al ratio in zeolites), but exhibit a rich diversity of framework structures. The chemical composition of AlPO4 is xR · Al2 O3 · 1.0 ± 0.2P2 O5 · yH2 O where R is an amine or quaternary ammonium ion. The average of the ionic radii ˚ and P5+ (0.17 A) ˚ is 0.28 A, ˚ which is similar to the ionic radius of Al3+ (0.39 A) 4+ ˚ of Si (0.26 A). This similarity apparently is responsible for the narrow range of the chemical composition (i.e., P/Al ≈ 1). A large number of amines and quaternary ammonium ions have been used as the templates for their syntheses. AlPO4 -5, AlPO4 -11, AlPO4 -17, and AlPO4 -20 were among the ﬁrst synthesized. They are formed in both cage-type and channel-type framework structures, and ˚ in AlPO4 -20) the sizes of their pore apertures vary from the size of 6-ring (2.8 A, ˚ of 12-ring (in AlPO4 -5). Tetrapropyl ammonium ion was a typical temto 7.3 A plate used for AlPO4 -5. The structural diversity apparently reﬂects a dominant
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role of the templating agent in organizing and shaping structural voids during crystallization. The template in most cases remains entrapped in these voids and is removed by calcination. Some of the AlPO4 types, such as AlPO4 -5, can be synthesized with many different templates. The AlPO4 s are formed by tetrahedrally coordinated AlO4 and PO4 , and have no need for charge-balancing cations. A large number of silicoaluminophosphate (SAPO4 ) analogs have also been synthesized. The syntheses and characterization of a high amount of SAPO4 and SAPO4 have been reviewed by Szostak (1998), Ernst (1998), and Hartmann and Kevan (1999). The SAPO4 analogs are formed by silicon, aluminum, phosphorous, and oxygen atoms in tetrahedral coordination, with uniform pore channels in molecular dimension (Lok et al., 1984; Lok et al., 1988). SAPO4 ’s have a framework with a net charge that varies depending on how the silicon is substituted into the aluminophosphate. That is, if silicon substitutes for aluminum, phosphorous, or both, the resulting net charge will be, respectively, +1, −1, or 0 (Djieugoue, et al., 1999). Usually the second and third substitutions occur during the crystallization process. The rich variety of pore structures, both cavities and channels, as well as the cation sites that can be exchanged in the SAPO4 analogs, offer promising opportunities for their use as new sorbents for separations. An example for such an application is the use of AlPO4 -14 for the separation of propane/propylene ˚ which (Padin et al., 2000). The size of the channel aperture of AlPO4 -14 is 3.8 A, essentially excludes propane but admits propylene (which has a slightly smaller ˚ Figure 7.8 shows the isotherms kinetic diameter than propane, i.e., 3.6 vs. 3.8 A). of propane and propylene on AlPO4 -14. More details of this application will be given in Chapter 10. An example of a possible application of SAPO4 involves the selective adsorption of CO2 , shown in Figure 7.9. (Hernandez-Maldonado and Yang, 2002). SAPO4 -14, which has the structure of gismondine, shows a pore
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Figure 7.9. Equilibrium isotherms on SAPO4 -43 (Gismondine) at 25 ◦ C (with 8-ring aperture ˚ (Hernandez-Maldonado and Yang, 2002, with permission). 3.1 × 4.5 A)



˚ This crystalline material was opening by 8-rings with dimensions of 4.5 × 3.1 A. ﬁrst synthesized in a pure phase by Akporiaye et al. (1996), using isopropylamine as the template. The template was carefully removed by calcination in air at 400 ◦ C, which was the limiting temperature before the structure would collapse. Because of the potential applications of AlPO4 and SAPO4 for separations by either size exclusion or by kinetic separation, the pore-opening dimensions of AlPO4 are given in Table 7.1. The SAPO4 analogs of AlPO4 (e.g., SAPO4 -43 and AlPO4 -43) have the same framework structures and hence approximately the same channel or window sizes. Finally, the current understanding about the roles of the templating agents in the syntheses of zeolites and molecular sieves warrants discussion. The early use (in the 1960s) of tetramethyl ammonium (TMA) ion increased the Si/Al ratio of the zeolites (e.g. zeolite A). Subsequent work showed evidence that the amine ions or neutral amines could stabilize the formation of structural subunits that were thought to be precursors of crystalline zeolite species. Myriad new crystalline phases of zeolites, as well as new molecular sieves, were synthesized with the aid of templates. Moreover, many different templates could lead to the same crystal phase. For example, about 23 different nitrogen-containing templates have been used to form the same AlPO4 -5 (Szostak, 1998). These additives have also played a major role in the search for large-pore zeolites and molecular sieves. The theory behind this was to ﬁnd proper “void ﬁllers” that would stabilize or template large voids. This led to the use of ever-larger quaternary ammonium cations in zeolite synthesis. The three-dimensional open pore topologies of zeolite beta (BEA), ZSM-5, and ZSM-11 were prepared, respectively, with tetraethyl
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Table 7.1. Structures and aperture sizes of A1PO-n molecular Sieves



n



IZA∗ Structure Code



Pore Diameter/nm (Ring∗∗ )



Large Pore 5 36 37 40 46



AFI ATS FAU AFR AFS



0.73 (12) 0.75 × 0.65 (12) 0.74 (12) 0.43 × 0.70 (10) 0.64 × 0.62 (12) 0.4 (8)



Intermediate Pore 11 31 41



0.63 × 0.39 (10) 0.54 (12) 0.43 × 0.7 (10)



AEL ATO AFO Small Pore



14 17 18 26 33 34 35 39 42 43 44 47



ERI AEI



0.38 (8) 0.36 × 0.51 (8) 0.38 (8)



ATT CHA LEV ATN LTA GIS CHA CHA



0.42 × 0.46 (10) 0.38 (8) 0.36 × 0.48 (8) 0.4 (8) 0.41 (8) 0.31 × 0.45 (8) 0.38 (8) 0.38 (8) Very Small Pore



16 20 25 28



AST SOD ATV



(6) (6) 0.30 × 0.49 (8) Very Large Pore



8 VPI-5 ∗



AET VFI



0.79 × 0.87 (14) 1.21 (18)



International Zeolite Association. Number of oxygen atoms in the ring that forms the channel or window. From Hartmann and Kevan, 1999, with permission.
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ammonium, tetrapropyl ammonium, and tetrabutyl ammonium ions. A modiﬁed templating theory is the “lock-and-key” version, which envisions that the zeolite structure grows around the template, thus stabilizing certain pore/cavity structures or cages. In some cases, the additive acts not only as a template for a given structure to crystallize, but also prohibits another structure from forming during nucleation. Organic molecules react with silica in aqueous solution-forming complexes and thus increase the solubility of silica in the solution. Hence another role of the organic additive is to act as a gel modiﬁer that inﬂuences both the gelling and crystallization processes. An extensive critical review and discussion on the subject of templating has been given by Szostak (1998). 7.3. UNIQUE ADSORPTION PROPERTIES: ANIONIC OXYGENS AND ISOLATED CATIONS



Zeolites exhibit many unique adsorption properties, mainly because of their unique surface chemistry. The surface of the framework is essentially oxygen atoms, whereas Si and Al are buried or recessed in the tetrahedra of oxygen atoms. They therefore are not fully exposed and cannot be readily accessed by adsorbate molecules. Also, the anionic oxygen atoms are more abundant and are much more polarizable than the Al and Si cations. Therefore, the numerous anionic oxygen atoms dominate the van der Waals interactions with the sorbate molecules, that is, the φD + φR (dispersion + repulsion) terms (see Chapter 2). Besides the anionic oxygen, cations are located at certain sites. Some of these sites are hidden or inaccessible to the adsorbate molecules. However, some other cations are located above the oxide surfaces and are fully accessible. For adsorbate molecules with permanent dipoles and quadrupoles, the interactions with these exposed cations often dominate the total interaction potential (see, for example, Table 2.1 and discussion in 7.4). The anionic surface oxygens carry negative charges. The charge depends on the location of the oxygen relative to the cation sites, and also on the cation. In Monte Carlo simulations, a constant charge is usually assigned to all surface oxygen atoms and the value is usually determined by ﬁtting the experimental data (of isosteric heat of adsorption or the isotherm). For example, for each oxygen, a charge of −1/3 was used by Razmus and Hall (1991) and −1.2 was used by Mellot and Lignieres (1997). It is instructive to compare the relative anion electronegativities of the zeolite framework with simple anions such as halides. Such a comparison can be made by calculating the net charges of the anions (or cations) by using molecular orbital theories. The Gaussian 94 Program in Cerius2 molecular modeling software from Molecular Simulations, Inc. was used for the calculation (Takahashi et al., 2000; Yang and Yang, 2002). The calculations were performed at the Hartree–Fock (HF) and density functional theory (DFT) levels by using effective core potentials (ECPs). The LanL2DZ basis set was used for both geometry optimization and natural bond orbital (NBO) analysis. The net charges were calculated by using
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Figure 7.10. (Top) Site II cation on six-membered oxygen ring as the basic unit on A and X zeolites. T denotes Si or Al. (Bottom) Geometry-optimized cluster model to represent the chemistry of Ag-zeolite.



Table 7.2. Relative electronegativities of zeolite anion and halides. Comparison of anion net charges calculated by molecular Orbital Theory



Ag+ Z− Ag+ F− Ag+ Cl− Ag+ Br− Ag+ I−



Anion Charge, Electronic Unit



Electron Occupancy in 5s Orbital of Ag+



0.5765 0.5111 0.3404 0.3017 0.2375



0.142 0.295 0.357 0.393 0.437



AgZ denotes Ag-Zeolite using the Model in Figure 7.10.



NBO. The zeolite model used in the calculation was the cluster model shown in Figure 7.10. The results are shown in Table 7.2. In the Ag-zeolite cluster model, H is used to terminate the structure and does not have a long-range inﬂuence on the bonding of Ag. From Table 7.2, the zeolite anion is more electronegative than F− . Also shown in Table 7.2 are the electron occupancies in the 5s orbital of the Ag+ , which is bonded to the anion. The 5s orbital is the orbital at the highest energy level of Ag and is the valence orbital. For a perfect anion, the Ag+ to which it is bonded
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should have an empty 5s orbital. Again, it is seen that Ag+ in AgZ has the lowest occupancy in its 5s orbital, indicating that the Z− (i.e., zeolite framework anion) is the most electronegative anion. The strong anionic nature of the zeolite framework and the correspondingly strong cations that are bonded to the framework zeolite are unique with zeolites. Furthermore, the cations and anions are not located closely to each other. Thus, these cations and anions exert strong electric ﬁelds and ﬁeld gradients over the surface. The surfaces of zeolites are different from ionic crystals such as NaCl or cement (that has the same chemical composition as zeolites). On the surfaces of ionic crystals, the cations and anions are closely and periodically spaced. Thus, for an adsorbate molecule several angstroms in size, no net strong electric ﬁeld and ﬁeld gradient is exerted by the surface for interaction. 7.4. INTERACTIONS OF ADSORBATE WITH CATIONS: EFFECTS OF CATION SITE, CHARGE, AND IONIC RADIUS



In earlier discussions, the strong or dominating contributions of cation-dipole and cation-quadrupole interactions to the total bonding energy for adsorption on zeolites are already seen (see Table 2.1). Unfortunately, except ionic radii, information on the cation sites and the charges has not been well determined. Hence they are often treated as ﬁtting parameters in molecular simulations of adsorption. However, the strong effects of these parameters on adsorption are well established. 7.4.1. Cation Sites



Zeolite frameworks usually have more sites for the number of charge-balancing cations that occupy them. The cations distribute themselves in a manner to minimize the free energy of the system. The distribution of the cations on the sites depends on (1) the temperature of heat-treatment, (2) the cationic species, and (3) the degree of hydration. X-ray diffraction has been the main tool for cation siting (Barrer, 1978). Neutron diffraction has advantages over X-ray diffraction because the X-ray scattering is nearly indistinguishable between Si and Al. Also, the X-ray scattering by small cations, such as Li, is too weak to detect (Hutson et al., 2000). Rietveld reﬁnement, a trial-and-error procedure, is now the standard technique for determining the cation sites as well as the structure (Rietveld, 1967; Hutson, et al., 2000). It is difﬁcult to determine all the cation sites in zeolites because of the relatively small number of cations compared with the large number of other atoms in the structure (Al, Si, and O). Other techniques, such as solidstate NMR (Engelhardt et al., 1994), infrared spectroscopy (Ozin et al., 1983), and diffusion studies (of probe molecules) (Ackley and Yang, 1991) have also assisted in cation siting. Due to their importance, the most studied cation sites are for zeolites A, X, and Y. Results on cation siting in these zeolites will be summarized ﬁrst. Cation sites in another main type of structure with cage-topology (i.e., chabazite)
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and that in a typical type with tubular topology (i.e., heulandite) will also be included. Adsorption of molecules with strong dipoles and/or quadrupoles (e.g., NH3 and SO2 ) is known to cause redistribution of some cations (Barrer, 1978). As mentioned, the remaining water molecules have a strong inﬂuence on cation sites. Because water is removed for adsorption applications, only highly dehydrated zeolites will be discussed. Cation sites for zeolite A, with the common alkali and alkaline earth cations, are listed in Table 7.3. The cation sites in A and X zeolites from Figure 7.1 are shown again in Figure 7.11. The three sites in zeolite A, sites I, II and III, are only approximate indications of the actual sites. For example, some of the cations associated with 6-oxygen rings (i.e., site I) are extended into the large cavity; while some others, also referred to as being at site I, are recessed into the sodalite cage or are nearly in the plane of the 6-ring (e.g., Firor and Seff, 1979; McCusker and Seff, 1981). Although they are all referred to as being at site I, they are clearly different in terms of their abilities to interact with adsorbate molecules. The cation sites can be predicted by calculating the cation-lattice interaction energies (consisting of electrostatic, polarization, dispersion/repulsion, and charge-transfer energies), and the sites with the highest energies will be preferred (Ogawa et al., 1978). This technique can also be used to predict the sites for zeolites with mixed cations that are obtained by partial ion exchange. As a result, the site selectivities determined for cations are as follows: Li+ , Na+ , Ca2+ , and Sr2+ prefer 6-ring sites (site I); whereas K+ , Cs+ , and Ba2+ prefer the 8-ring sites (site II) (Ogawa et al., 1979). The predictions are in agreement with experimental data shown in Table 7.3. Table 7.3. Cation zeolite A



site



occupancies



in



dehydrated



Sites Zeolite



I



II



III



Others



Li-Aa Na-Ab,c NaCa-A (4Na + 4Ca)d K-Ae Ca-Af Sr-Af Ba-Ag



8 8 8 6 5 5 4



3 3 0 3 1 1 2



1 1 0



— — — 3e — — —



a



0 0 —



Vance and Seff, 1975. Reed and Breck, 1956; Smith and Dowell, 1968. c Yanagida et al., 1973. d Breck, 1974. e Barrer, 1978. f Firor and Seff, 1979. g Dyer et al., 1971; Ogawa et al., 1978. 12 Monovalent cations per unit cell. b
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Figure 7.11. Cation sites in zeolites A (left) and X and Y (right).



The cation sites in zeolites X and Y are given in Table 7.4. Sites I, I’, and II’ are not exposed and are not available for interaction with adsorbate molecules, with the possible exception of water, which could ﬁt in the 6-oxygen ring (with ˚ Thus, nearly one-half of the cations are not available for an opening of 2.8 A). adsorption. Sites II and III are exposed to the cavity and are associated with, respectively, the 6- and 4-oxygen rings. Alkali metal cations occupy both of these sites but the alkaline earth metal cations tend to occupy site II only. The basic building unit for zeolites A, X, and Y is the sodalite or beta cage. The largest window for this cage is the 6-oxygen ring, with a free opening of ˚ There are 7 known cages that contain 8-oxygen rings, and these cages 2.8 A. are the building units of many zeolites, such as chabazite, levynite, and erionite ˚ dimension) and (Gellens et al., 1982). The 8-ring window is elliptic (about 4 A is of interest for molecular sieving. The cation sites for chabazite are shown in Figure 7.12 (Calligaris and Nordin, 1982). The natural form of chabazite has been used for natural gas puriﬁcation (Vaughan, 1988). Site I is associated with the 6-ring and is displaced into the ellipsoidal cavity. Site II is located near the center of the ellipsoidal cavity. Site III is found at the center of the hexagonal prism, and site IV is near the 8-ring window. Thus, with the exception of cations at site III, all cations are exposed to the ellipsoidal cavity and are available for interaction with adsorbate molecules. Channel-type zeolites and molecular sieves also hold interest for gas separation. Cation sites in some of the SAPO4 molecular sieves have been discussed by Hartmann and Kevan (1999). Cation sites in the channel-type zeolites have been determined for a number of topologies. The cations either fully block the channels or partially block them. The cation sites in clinoptilolite have been determined because of its practical importance (Alberti, 1975; Koyama and Takeuchi, 1977; Ackley and Yang, 1991).
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Table 7.4. Cation site occupancies in dehydrated X and Y zeolites



Zeolite



Li-X (Li-LSX)a Li-Xb Li-Yc Na-Xd Na-Ye Na-Yf K-Yg K-Xh Ca-Xg Sr-Xg Ba36 Na16 -Xi Ag-LSXj Ag-Yj



Al/Unit Cell 95.8 85 46 81 53 57 54.7 87 86 86 88 96 56



Sites I



I’



II



II’



III



— — — 3.8 3 7.8 5.4 9 7.5 11.2 7.0 Ba 8.5 10.9



27.2 25.6 24.4 32.3 15 20.2 18.1 13 17.3 7.0 4.7 Ba 23.4 12.4



33.9 30.4 21.0 30.8 35 31.2 26.8 26 17.3 19.5 11.4 Ba 32.0 27.5



— — — — — — — — 9.0 4.2 3.7Ba 0 4.5



32.4 11.5 0 7.9 — — — 38 — — Na 19.2 0



a



Hutson and Yang, 2000. Feuerstein and Lobo, 1998. c Forano et al., 1989. d Mortier, 1982. e Engelhardt et al., 1994. f Eulenberger et al., 1967a. g Mortier et al., 1972. h Hseu, 1972. i Olson, 1968. j Hutson et al., 2000. Maximum = 96 monovalent cations per unit cell for Si/Al = 1. b
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Figure 7.12. Structure and cation sites of chabazite (Calligaris and Nordin, 1982).
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Clinoptilolite is a member of the heulandite group of natural zeolites. It has been used for radioactive waste disposal and ammonia recovery from sewage efﬂuents (Vaughan, 1988). It has also been studied extensively in the separation of N2 /CH4 for natural gas upgrading by molecular sieving or kinetic separation (Ackley and Yang. 1991; see chapter for details). The cation sites in clinoptilolite are shown in Figure 7.13. The framework of clinoptilolite consists of three channels, A, B, and C, formed by 10- and 6-oxygen rings, as shown in Figure 7.13. Channels A and B are alternating and parallel, and channel C is on the same plane with A and B and
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Figure 7.13. Cation sites in channel-type zeolite of clinoptilolite (heulandite), with dimensions of channel blockage (Ackley and Yang, 1991).
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intersects them at an angle of 55◦ . Thus, the channel system is two-dimensional. Each unit cell of clinoptilolite contains 6 Al atoms, hence there are 6 monovalent cations or 3 bivalent cations. These cations are located at sites M(1), M(2), M(3), and M(4), as indicated in Figure 7.1. Each unit cell contains only 4 combined M(1)/M(2) sites, 4 M(3) sites, and 2 M(4) sites, or a total of 10 sites. Different cations have their own preferred sites as indicated in the ﬁgure. M(1)/M(2) sites are at the intersections of channels A/B with channel C. Na+ and Ca2+ may occupy both M(1) and M(2) sites. The natural clinoptilolite has mixed cations. In fully K+ exchanged form, 4 K+ ions occupy the M(3) sites and the other two occupy M(2) sites. Thus, diffusion in the K- clinoptilolite is one-dimensional (since channel C is closed), whereas diffusion in all other pure cation forms is two-dimensional (since channel C is open) (Ackley and Yang, 1991). 7.4.2. Effects of Cation Sites on Adsorption



The effects of cation sites can be best illustrated by the important system of N2 /O2 on type X zeolites. NaX (or 13X) has been used commercially for air separation since the 1970s. Li-LSX is the best sorbent that is commercially available today (Chao, 1989). Mixed-cation AgLi-LSX (with 1–3% Ag cations) has been shown to be even better than Li-LSX for air separation (Yang and Hutson, 1998; Hutson et al., 1999; Hutson et al., 2000). As shown in Figure 7.1, there are 192 possible cation sites in a unit cell of faujasite (or X zeolite) and only a maximum of 96 cations to occupy them, i.e., LSX has 96 cations (when monovalent cations are used). Upon activation of the zeolite, i.e., heating at 350 ◦ C, the cations migrate to the sites with the lowest energies. Migration is an activated process, which depends on the temperature, time, as well as the size of the cation. Unfortunately, the most stable sites (those at the lowest energies) are hidden and are not exposed to the supercage cavity. These are the sites with the maximum coordination. From Table 7.4, only about 1/3 to 1/2 of the cations are located at exposed sites. By ion exchange of Na+ with Li+ in the LSX, Chao obtained signiﬁcantly improved N2 /O2 selectivity (Chao, 1989). This improvement is the result of the ˚ compared to that of Na+ (0.97 A). ˚ Since smaller ionic radius of Li+ (0.68 A) + + Li and Na have the same charge, N2 interacts much more strongly with Li+ due to a signiﬁcantly higher φF˙ Q (electric ﬁeld gradient - quadrupole) potential. However, no improvement is seen until over approximately 70% ion exchange is made. N2 adsorption increases linearly with ion exchange beyond this threshold value (see Figure 7.14). (Figure 7.14 actually shows LiX with different Si/Al ratios, or different number of Li cations/unit cell. However, it illustrates the same phenomenon.) This point is discussed further in Chapter 10 (Figure 10.7). The reason for this signiﬁcant phenomenon is that Sites I, I’ and II’ are lowerenergy sites and are preferred by Li+ (Chao et al., 1992; Coe, 1995). Sites II and III are exposed but have lower coordination and are less preferred. These exposed sites are most important for adsorption. ˚ than Li+ , a weak π-complexaAlthough Ag+ has a larger ionic radius (1.26 A) + tion bond can be formed between Ag (in AgZ) and N2 (Chen and Yang, 1996).
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Figure 7.14. N2 and O2 adsorption capacities at 23 ◦ C and 1 atm for Li faujasite with different Si/Al ratios (Coe, 1995, with permission; this result is similar to that given in Chao, 1989). This result illustrates that the ﬁrst approximately 70 Li+ are located at shielded sites that are not fully available for interaction with N2 (or O2 ).



This π-complexation bond, although weak, can signiﬁcantly enhance the adsorption for N2 (Yang and Hutson, 1998; Hutson et al., 1999; Hutson et al., 2000). The pure Ag-LSX (Si/A1 = 1) adsorbs 22 nitrogen molecules per unit cell at 1 atm and 25 ◦ C. The capacity depends on the temperature of heat-treatment as shown in Figure 7.15. X-ray photoelectron spectroscopy (XPS) results showed that some reduction occurs during heating from 350 to 450 ◦ C in vacuo or in an inert atmosphere (Hutson et al., 2000). Moreover, a change in color from white to red occurs. This is the result of the formation of a trinuclear Ag+ − Ag◦ − Ag+ cluster. A detailed neutron diffraction analysis has identiﬁed the site of the Ag cluster as shown in Figure 7.16 (Hutson et al., 2000). From Figure 7.16, it is seen that some of the Ag+ originally located at site SII (after heating to 350 ◦ C) are now located at site SII∗ (after heating to 450 ◦ C). The cation at SII is signiﬁcantly shielded by the six oxygen atoms of the 6-ring, and therefore are only sterically partially accessible to the adsorbate N2 . After heating to 450 ◦ C, the Ag+ located at SII* becomes less shielded by the 6 O atoms, and thus have more interactions (including weak π-complexation) with nitrogen. The isosteric heats of adsorption of N2 on Li-LSX and Ag-LSX are shown in Figure 7.17. As can be seen, the ﬁrst N2 molecule adsorbed in the unit cell of Ag-LSX has a bond energy of approximately 10 kcal/mol, decreased quickly to below 7 kcal/mol for other N2 molecules. This difference of 3 kcal/mol is the result of bonding with Ag+ at Site II∗ . The vertical distance between SII
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Figure 7.15. N2 adsorption isotherms, measured at 25 ◦ C, for Ag-LSX (a) after drying at room temperature followed by vacuum dehydration at 450 ◦ C, (b) after drying at room temperature followed by vacuum dehydration at 350 ◦ C, (c) after drying in air at 100 ◦ C followed by vacuum dehydration at 350 ◦ C, and (d) after drying in air at 100 ◦ C in air followed by heat-treatment in air at 450 ◦ C and ﬁnally vacuum dehydration at 450 ◦ C (Hutson et al., 2000; Hutson, 2000, with permission).



˚ (Figure 7.16). This small difference causes signiﬁcantly and SII∗ is ∼0.75 A less shielding (by O atoms) and consequently much stronger bonding with the sorbate molecule. The sorbate-cation bond energy also depends on the orientation of the sorbate molecule that is bonded. Calculations by Tielens et al. (2002) indicated that on the same site III of Li-LSX, the bond with N2 is weaker when the N2 molecule is orientated along the centerline of the 12ring window. Another example for illustrating the cation-shielding effect on adsorption is by comparing N2 adsorption on NaY and LiY zeolites (Mellot and Lignieres, 1997). The type Y zeolite has the same framework structure as X, but with less than 76 cations per unit cell (due to higher Si/A1 ratios). In this case, Site II is the only exposed site for Na+ and Li+ . LiY is expected to adsorb N2 more strongly than NaY because of its smaller cations. The experimental isotherms are, however, the same (Mellot and Lignieres, 1997). The reason is that Li+ in site II is more shielded by O atoms as evidenced by a shorter Li+ -O (framework) ˚ than the Na+ -O (framework) bond (of 2.48 A) ˚ (Shepelev et al., bond (of 2.07 A) 1990). Moreover, on the same X zeolite framework, it was necessary to assign different charges for the four Ca2+ cations (2, 1.2, 1.2, 1.2) on the four SII sites in order to account for the energetic heterogeneity for N2 adsorption (Mellot and Lignieres, 1997).
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Figure 7.16. Sodalite and hexagonal prism site I and II cation locations in Ag- faujasites. Conﬁguration (a) shows the normal cation locations with occupied sites at SI, SI’, and SII. Conﬁguration (b) shows cation sites that have resulted from cation and/or cluster migration upon vacuum thermal treatment at 450 ◦ C. This conﬁguration shows occupied sites at SI’∗ , SII’, and SII∗ (Hutson et al., 2000; Hutson, 2000, with permission).



As discussed in 7.4.1, the sites associated with the 6-oxygen rings are not the same. Some are extended into the cavity, while others are recessed into the sodalite cage or are nearly in the same plane of the 6-ring (e.g., Firor and Seff, 1979; McCusker and Seff, 1981). For the exposed sites, the distance from the plane of the 6-ring also differs for different cations. Consequently, their interactions with the adsorbate molecule are different. 7.4.3. Effects of Cation Charge and Ionic Radius



The equilibrium distance between an interacting pair is the sum of the van der Waals or ionic radii of two atoms. Hence the ionic radius of the cation is important in all interactions, both nonspeciﬁc and electrostatic interactions. The ionic radii of important cations are listed in Table 2.3. The cationic charge, on the other hand, is important only to the electrostatic interactions.
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Coverage (molec/uc) Figure 7.17. Heat of adsorption (kcal/mol) versus surface coverage (molecules/unit cell) for N2 adsorption on (a) Ag-LSX-450 and (b) Li-LSX-450 (Hutson et al., 2000; with permission).



The effects of cation charge and ionic radius on the interaction energies are best seen in Eqs. 2.4–2.8. For electrostatic interactions, the following dependence holds: Induction (Field-induced dipole): φInd ∝



q 2α r4



(7.1)



φF µ ∝



qµ r2



(7.2)



φF˙ Q ∝



qQ r3



(7.3)



Field-Dipole:



Field Gradient-Quadrupole:



where: r = ri (ionic radius) + rj (adsorbate atom or molecule)



(7.4)



q = electronic charge of ion, α = polarizability, F = electric ﬁeld, µ = permanent dipole moment, and Q = quadrupole moment.
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Table 7.5. Interaction energies (φ) between molecules and isolated cations



Molecule or Ion Ar O(O2 ) N(N2 )



r ˚ A



1024 α cm3



1.92 1.73 1.89



1.63 1.58 1.74



0.78 0.98 1.33 0.99 1.13 1.35



0.029 0.180 0.840 0.471 0.863 1.560



1030 χ cm3 /molc



Q esu



−(φD + φR ) kJ/mol



−φInd kJ/mol



−φtotal kJ/mol



0 0 0 0 0 0



0.21 0.67 1.80 2.13 3.26 4.22



21.3 16.0 10.2 63.5 52.7 40.7



21.5 16.6 12.0 65.6 55.9 44.9



0 −1.3 −4.7



Ar-Ion: Li+ Na+ K+ Ca2+ Sr2+ Ba2+ O2 -Li+ O2 -Na+ N2 -Li+ N2 -Na+



−0.99 −6.95 −27.54 −22.1 −46.17 −76.4



32 20 51 36



α = polarizability, χ = magnetic susceptibility, and Q = quadrupole moment. Values for O2 and N2 are taken from Mellot and Ligniers (1997) and all others are from Barrer (1978). Van der Waals radius and ionic radius are denoted by r. N2 -ion and O2 -ion are in linear arrangements.



Table 7.5 shows the interaction energies of Ar, O2 , and N2 interacting with isolated cations. For Ar, Eqs. 2.4–2.8 were used (Barrer and Stuart, 1959). For O2 and N2 , the energies were calculated by Mellot and Lignieres (1997) from quantum mechanics that represent the sums of the L-J and electrostatic interactions. For the Ar-cation pairs, as the cation increases in size, the polarizability increases, hence (φD + φR ) also increases. The dispersion constant (A) in φD also increases with the magnetic susceptibility (χ), via the Kirkwood–M¨uller formula (Eq. 2.9). Hence the dispersion energies are higher for the divalent ions. The induction energy, in contrast, decreases sharply with the increasing size, as stipulated by Eq. 7.1 (φInd ∝ r −4 ). Here, α is ﬁxed, which is for argon. The divalent cations are slightly bigger but have twice the amount of charge, hence the induction energies with the divalent cations are much larger than those with the monovalent cations (φInd ∝ q 2 ). For N2 and O2 interacting with the same cation, the nonspeciﬁc (φD + φR ) and φInd energies are about the same because their sizes, polarizabilities, and magnetic susceptibilities are quite similar. The main difference in the total interacting energies comes from φF˙ Q because N2 has a much higher quadrupole moment than O2 . The substantial differences among the four pairs (O2 − Li+ , O2 − Na+ , N2 − Li+ and N2 − Na+ ) are clearly seen in Table 7.5. For O2 interacting with Li+ and Na+ , the difference of 12 kJ/mol is caused by the different sizes of the ions, hence the difference in the induction
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energy (see Eq. 7.1). For the same ion interacting with O2 and N2 , the large difference is caused by the difference in the quadrupole moment. The dependence follows Eq. 7.3. In all cases, electrostatic interactions dominate (over the dispersion forces). In the example above, none of the adsorbate molecules are polar. The following example illustrates interactions with polar molecules. Barrer and Gibbons (1965) performed calculations on the interaction potentials of CO2 and NH3 moving along the axis running through the center of the 12-ring window of the supercage or central cavity of zeolite X. CO2 has a strong quadrupole but no dipole, and NH3 has a strong permanent dipole but a weak quadrupole. The results are shown in Tables 7.6 and 7.7. The qualitative comparison with experimental data was remarkably good considering the calculations were made ca. 1965. In Table 7.6, it is seen that the ﬁeld gradient- quadrupole interaction dominates the adsorption of CO2 because it has no dipole but a strong quadrupole. The ﬁeld gradientquadrupole interaction energy is nearly proportional to r −3 (Eq. 7.3), showing the strong dependence on the ionic radius of the cation. For NH3 , the ﬁeld-dipole interaction (φF µ ) is clearly important (Table 7.7). The φF µ term is proportional to r −2 (Eq. 7.2), hence the φF µ term decreases sharply with increasing atomic weight. The strong dependence on the cation size is also clearly seen for the induction term, φInd (proportional to r −4 ) (Table 7.7). Table 7.6. Components of interaction energies (φ, in kJ/mol) for CO2 adsorbed on X zeolite with different cations



Component



Li+



Na+



K+



Rb+



Cs+



−φD (Oxygens) −φD (Cations) −φInd −φF˙ Q



15.9 0.4 9.6 30.9



13.0 0.8 5.0 21.3



7.1 3.3 2.1 17.6



4.6 4.6 0.8 14.6



4.6 9.2 0 9.6



CO2 is oriented along the ppp axis in the cavity (data taken from Barrer, 1978; Barrer and Gibbons, 1965). For CO2 : µ = 0, Q = −4.3 esu and α = 2.91 × 10−24 cm3 /molecule. Table 7.7. Energy terms in kJ/mol for NH3 in X zeolite with different cations



Cation Li+ Na+ K+ Rb+ Cs+



−φD (Oxygens)



−φD (Cations)



−φF µ



−φInd



−φtotal



Expt’L (−H)



47.2 33.8 9.6 7.9 7.5



1.7 3.3 6.7 11.7 16.3



50.6 33.0 20.1 17.6 15.0



23 9.6 3.8 2.9 2.1



77.7 53.9 23.8 20.5 19.6



76.5 72.3 59.8 55.6 47.2



(Data taken from Barrer, 1978; Barrer and Gibbons, 1965). For NH3 : µ = 1.47 debye, Q = −1.0 esu and α = 2.2 × 10−24 cm3 /molecule.
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A note needs to be made about the interactions with zeolites that have divalent (and higher valent) cations. The interaction energies of CO2 with X zeolites that have different univalent cations follow the order that larger ions give lower heats of adsorption (Table 7.4 above, and Barrer, 1978). For divalent ions, the heats follow the reverse order of Ba2+ > Sr2+ > Ca2+ (Barrer, 1978). This is also the case for N2 adsorption on zeolites with different univalent and divalent cations (Mckee, 1964). Both N2 and CO2 are nonpolar but highly quadrupolar. For adsorption on zeolites exchanged with univalent cations, the φF˙ Q term dominates. With divalent cations, however, the large polarizabilities (Table 2.2) become important, and the dispersion and induction energies are signiﬁcantly large, especially for Ba2+ . Hence all interaction terms need to be considered.



REFERENCES Ackley, M. A. and Yang, R. T. (1991) AIChE J. 37, 1645. Akporiaye, D. E., Dahl, I. M., Mostad, H. B., and Wendelbo, R. (1996) Zeolites 17, 517. Alberti, A. (1975) Tschermaks Min. Petr. Mitt. 22, 25. Anthony, R. G., Dosch, R. G., Gu, D., and Philip, C. V. (1994) Ind. Eng. Chem. Res. 33, 2702. Argauer, R. J. and Landolt, G. R. U.S. Patent 3,702,886 (1972). Barrer, R. M. (1978) Zeolites and Clay Minerals. Academic Press, New York, NY. Barrer, R. M. and Denny, P. J. (1961) J. Chem. Soc. 971. Barrer, R. M. and Gibbons, R. M. (1965) Trans. Faraday Soc. 61, 948. Barrer, R. M. and Stuart, W. I. (1959) Proc. Roy. Soc. A249, 464. Breck, D. W. (1974) Zeolite Molecular Sieves. Wiley, New York, NY. Breck, D. W. and Flanigen, E. M. (1968) Molecular Sieves. Soc. Chem. Ind., London, U.K. p. 47. Calligaris, M. and Nordin, G. (1982) Zeolites, 2, 200. Chao, C. C. U.S. Patent 4,859,217 (1989). Chao, C., Sherman, I. D., Mullhaupt, T. J., and Bollinger, C.-M. U.S. Patent 5,174,979 (1992). Charnell, J. F. (1971) J. Cryst. Growth 8, 291. Chen, N. and Yang, R. T. (1996) Ind. Eng. Chem. Res. 35, 4020. Chen, N. Y., Degnan, T. F., Jr., and Smith, C. M. (1994) Molecular Transport and Reaction in Zeolites. VCH, New York, N.Y. Clark, L. A. and Snurr, R. Q. (1999) Chem. Phys. Lett. 308, 155. Coe, C. G. (1995) Access in Nanoporous Material . (T. I. Pinnavaia and M. E. Thorpe, eds.). Plenum Press, New York, N.Y., p. 213. Coker, E. N. and Jansen, J. C. (1998) Approaches for the synthesis of ultra-large and ultra-small zeolite crystals. In Molecular Sieves. (H. G. Karge and J. Weitkamp, eds.). Springer, Berlin Germany and New York, N.Y. pp. 121–155. Davis, M. E., Saldarriaga, C. H., Montes, C., Garces, J. M., and Crowder, C. (1988a) Nature 331, 698.



188



ZEOLITES AND MOLECULAR SIEVES



Davis, M. E., Saldarriaga, C. H., Montes, C., Garces, J. M., and Crowder, C. (1988b) Zeolites 8, 362. Dessau, R. M., Schlenker, J. L., and Higgins, J. B. (1990) Zeolites 10, 522. Djieugoue, M. A., Prakash, A. M., and Kevan, L. (1999) J. Phys. Chem. B 103, 804. Dyer, A. (1988) An Introduction to Zeolite Molecular Sieves. Wiley, Chichester, U.K. Dyer, A., Celler, W. Z., and Shute, M. (1971) Adv. Chem. Ser. 101, 436. Eastermann, M., McCusker, L. B., Baerlocher, Ch., Merrouche, A., and Kessler, H. (1991) Nature 352, 320. Engelhardt, G., Hunger, M., Koller, H., and Weitkamp, J. (1994) Stud. Surf. Sci. Catal. 84, 421. Ernst, S. (1998) Synthesis of more recent aluminosilicates with a potential in catalysis and adsorption. In Molecular Sieves. (H. G. Karge and J. Weitkamp, eds.). Springer, Berlin Germany and New York, N.Y. pp. 63–96. Eulenberger, G. R., Keil, J. G., and Shoemaker, D. P. (1967a) J. Phys. Chem. 71, 1812. Eulenberger, G. R., Keil, J. G., and Shoemaker, D. P. (1967b) J. Phys. Chem. 71, 1817. Feuerstein, M. and Lobo, R. F. (1998) Chem. Matter. 10, 2197. Firor, R. L. and Seff, K. (1979) J. Am. Chem. Soc. 101, 3095. Flanigen, E. M., Bennett, J. M., Grose, J. P., Cohen, J. P., Patton, R. L., Kirchner, R. M., and Smith, J. V. (1978) Nature 271, 512. Forano, C., Slade, R. C. T., Andersen, E. K., Andersen, I. G. K., and Prince, E. (1989) J. Solid State Chem. 82, 95. Gellens, L. R., Price, G. D., and Smith, J. V. (1982) Mineral. Mag. 45, 157. Hartmann, M. and Kevan, L. (1999) Chem. Rev. 99, 935. Hernandez-Maldonado, A. J. and Yang, R. T. (2002) Paper 9a, AIChE 2002 Spring National Meeting, March 11, New Orleans. Hritzko, B. J., Walker, D. D., and Wang, N.-H. L. (2000) AIChE J. 46, 552. Hseu, T. 1972 Ph.D. Thesis, University of Washington, Seattle, WA. Hutson, N. D. (2000) Ph. D. Dissertation, University of Michigan. Hutson, N. D., Rege, S. U., and Yang, R. T. (1999) AIChE J. 45, 724. Hutson, N. D. and Yang, R. T. (2000) AIChE J. 46, 2305. Hutson, N. D., Reisner, B. A., Yang, R. T., and Toby, B. H. (2000) Chem. Mater. 12, 3020. Jacobs, P. A. and Martens, J. A. (1987) Synthesis of High-Silica Aluminosilicate Zeolites, Studies in Surface Science and Catalysis, 33, 15. Elsevier, Amsterdam, The Netherlands. June, R. L., Bell, A. T., and Theodorou D. N. (1990) J. Phys. Chem. 94, 8232. Karge, H. G. and Weitkamp, J., eds. (1998) Molecular Sieves. Springer, Berlin, Germany, and New York, NY. Kerr, G. T. (1966) J. Inorg. Chem. 5, 1537; U.S. Patent 3,247,195 (1966). Kerr, G. T. and Kokotailo, G. (1961) J. Am. Chem. Soc. 83, 4675. Kouwenhoven, H. W. and de Kroes, B. (1991) Stud. Surf. Sci. Catal. 58, 497. Koyama, K. and Takeuchi, Y. (1977) Z. Kristallogr. 145, 216. Kuhl, G. H. (1987) Zeolites 7, 451. Kuznicki, S. M. U.S. Patent 4,938,939 (1990).



REFERENCES



189



Kuznicki, S. M., Bell, V. A., Nair, S., Hillhouse, H. W., Jacubinas, R. M., Braunbarth, C. M., Toby, B. H., and Tsapatsis, M. (2001) Nature 412, 720. Li, J. and Talu, O. (1993) J. Chem. Soc., Faraday Trans. 89, 1683. Lok, B. M., Patton, C. A., Gajek, R. T., Cannan, T. R., and Flanigen, E. M. U.S. Patent 4,440,871 (1984). Lok, B. M., Vail, L. D., and Flanigen, E. M. U.S. Patent 4,758,419 (1988). Loewenstein, W. (1954) Amer. Mineralog. 39, 92. Ma, Y. H. (1984) Fundamentals of Adsorption. (A. L. Myers and G. Belfort, eds.). Engineering Foundation, New York, NY, p. 315. McCusker, L. B. and Seff, K. (1981) J. Am. Chem. Soc. 103, 3441. McKee, D. W. U.S. Patent 3,140,933 (1964). Mellot, C. and Lignieres, J. (1997) Physical Adsorption: Experiment, Theory and Applications. (J. Fraissard and C. W. Conner, eds.). Kluwer Academic, Boston, MA. Milton, R. M. U.S. Patent 2,882,243, to Union Carbide Corporation, (1959). Milton, R. M. U.S. Patent 2,882,244, to Union Carbide Corporation, (1959). Mortier, W. J. (1982) Proceedings 6th International Zeolite Conference (D. Olson and A. Bisio, eds.). Butterworth, Surrey, UK, p. 734. Mortier, W. J., Bosmann, H. J., and Uytterhoeven, J. B. (1972) J. Phys. Chem. 76, 650. Ogawa, K., Nitta, M., and Aomura, K. (1978) J. Phys. Chem. 82, 1655. Olson, D. H. (1968) J. Phys. Chem. 72, 1400. Ozin, G. A., Hugues, F., McIntosh, D. F., and Mattar, S. (1983) ACS Symp. Ser. 218, 409. Padin, J., Rege, S. U., Yang, R. T., and Cheng, L. S. (2000) Chem. Eng. Sci. 55, 4525. Perego, G., Millini, R., and Bellussi, G. (1998) Synthesis and characterization of molecular sieves containing transition metals in the framework. In Molecular Sieves. (H. G. Karge and J. Weitkamp, eds.). Springer, Berlin Germany, and New York, NY, pp. 187–228. Razmus, D. M. and Hall, C. K. (1991) AIChE J 37, 769. Reed, T. B. and Breck, D. W. (1956) J. Am. Chem. Soc. 78, 5972. Rietveld, H. M. (1967) Acta Crystallog. 22, 151. Shepelev, Y. F, Anderson, A. A., and Smolin, Y. I. (1990) Zeolites 10, 61. Smith, J. V. and Dowell, L. G. (1968) Z. Kristallogr. 126, 135. Stach, H., Thamm, H., Janchen, J., Fiedler, K., and Schirmer, W. (1984) Proceedings 6th International Zeolite Conference (D. Olson and D. Bisio, eds.). Butterworth, Guildford, Surrey, UK, p. 225. Szostak, R. (1998) Molecular Sieves, 2nd Ed. Blackie Academic & Professional, New York, NY. Takahashi, A., Yang, F. H., and Yang, R. T. (2000) Ind. Eng. Chem. Res. 39. Taramasso, M., Perego, G., and Notari, B. U.S. Patent 4,410,501 (1983). Thompson, R. W. (1998) Recent advances in the understanding of zeolite synthesis. In Molecular Sieves. (H. G. Karge and J. Weitkamp, eds.). Springer, Berlin Germany, and New York, NY, pp. 1–34. Tielens, F., Baron, G. V., and Geerlings, P. (2002) Fundamentals of Adsorption 7 . (K. Kaneko et al. eds.). IK International, Chiba City, Japan, p. 393.



190



ZEOLITES AND MOLECULAR SIEVES



Vance, T. B. and Seff, K. (1975) J. Phys. Chem. 79, 2163. Vansant, E. F. (1990) Pore Size Engineering in Zeolites Wiley, New York, NY. Vaughan, D. E. W. (1988) Chem. Eng. Prog. Feb., 25. Wei, J. (1994) Ind. Eng. Chem. Res. 33, 2467. Wilson, S. T., Lok, B. M., and Flanigen, E. M. U.S. Patent 4,310,440 (1982a). Wilson, S. T., Lok, B. M., Messina, C. A., Cannan, E. R., and Flanigen, E. M. (1982b). J. Amer. Chem. Soc. 104, 1146. Wilson, S. T., Lok, B. M., Messina, C. A., and Flanigen, E. M. (1984) Proc. 6th Intern. Conf on Zeolites. (D. H. Olson and A. Bisio, eds.). Butterworth, Guildford, UK, p. 97. Yanagida, R. Y., Amaro, A. A., and Seff, K. (1973) J. Phys. Chem. 77, 805. Yang, F. H. and Yang, R. T. (2002) Unpublished results. Yang, R. T. and Hutson, N. D. Lithium-based zeolites containing silver and copper and use thereof for selective adsorption, U.S. Patent 60/114317 (December, 1998). Yeh, Y. T. and Yang, R. T. (1989) AIChE J. 35, 1659. Young, D. A. U.S. Patent 3,329,480 (1967) and U.S. Patent 3,329,481 (1967).



8 π -COMPLEXATION SORBENTS AND APPLICATIONS The π-complexation bond is typically a weak bond that can be formed between the sorbent and sorbate. The sorbents that are used for separation and puriﬁcation based on π-complexation are called π-complexation sorbents. Development of π-complexation sorbents began only recently. A number of such sorbents have already been used commercially, and tremendous potential exists for future applications in separation and puriﬁcation, both for the chemical/petrochemical industry and environmental applications. For this reason, π-complexation sorbents are discussed in a separate chapter. All major industrial adsorption processes are based on van der Waals and electrostatic interactions between the sorbate and sorbent. Chemical bonds have yet to be exploited in a signiﬁcant way. Chemical complexation has been studied and used on a large scale in a number of other separation and puriﬁcation processes by using mass separating agents (King, 1980). As suggested by King (1987), chemical complexation bonds are generally stronger than van der Waals interactions (thus giving rise to higher selectivities), yet many of them are weak enough to be reversible (i.e., to be broken by simple engineering means). This picture is well illustrated by the bond-energy-bond-type diagram of Keller (Humphrey and Keller, 1997). Indeed, a number of important separations have been proposed by King and co-workers, who used solvents with functional groups to form reversible chemical complexation bonds between the solute and solvent molecules (King, 1987). The π-complexation is a special class of chemical complexation. For πcomplexation sorbents, it pertains to the main group (or d-block) transition metals (and there are 27 such elements). When interacting with a gas or solute molecule, these metals and their ions can form the usual σ bonds with their s-orbitals and, in addition, their d-orbitals can back-donate electron density to the antibonding π-orbitals of the molecule to be bonded. The π-complexation has been seriously considered for oleﬁn/parafﬁn separation and puriﬁcation by use of liquid Adsorbents: Fundamentals and Applications, Edited By Ralph T. Yang ISBN 0-471-29741-0 Copyright  2003 John Wiley & Sons, Inc.
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solutions containing silver (Ag+ ) or cuprous (Cu+ ) ions (Quinn, 1971; Ho et al., 1988; Keller et al., 1992; Blytas, 1992; Eldridge, 1993; Safarik and Eldridge, 1998). It has also been considered seriously for CO separation by using Cu+ solutions, such as the COSORB process (Haase and Walker, 1974; Kohl and Reisenfeld, 1979). Although gas/solid operations can be simpler as well as more efﬁcient than gas-liquid operations, particularly by pressure swing adsorption, the list of attempts for developing solid π-complexation sorbents was a short one until the recent work that will be described in this chapter. CuCl, which is insoluble in water, has been considered for oleﬁn/parafﬁn separations by using CuCl powder as the sorbent (Gilliland et al., 1941; Long, 1972). The only successful solid sorbent of this nature, before our recent work, was CuCl/γ -Al2 O3 for binding with the π bond of CO (Xie and Tang, 1990; Golden et al., 1992a; Golden et al., 1992b; Kumar et al., 1993). It should also be noted that the commercially available sorbents do not have signiﬁcant selectivities for oleﬁns (over corresponding parafﬁns) and that the use of these sorbents (e.g., 13X zeolite, with a oleﬁn/parafﬁn separation factor of ∼1.3, Da Silva and Rodrigues, 1999) would require additional, substantial operations (Kulvaranon et al., 1990; Jarvelin and Fair, 1993; Ghosh et al., 1993; Da Silva and Rodrigues, 2001). Efﬁcient solid π-complexation sorbents have been developed recently (Hirai et al., 1986b; Yokoe et al., 1987; Golden et al., 1992a; Yang and Kikkinides, 1995; Chen and Yang, 1996; Wu et al., 1999; Rege et al., 1998; Huang et al., 1999a, 1999b; Padin et al., 1999; Padin and Yang, 2000; Yang et al., 2001) for a number of applications in separation and puriﬁcation. The bond between the sorbent and sorbate needs to be strong. However, excessively strong bonds would lead to either reaction or irreversible adsorption. Empirically, the adsorption is “reversible” when the bond is below 15–20 kcal/mol, that is, desorption can be achieved easily by simple engineering operations such as mild changes in pressure and temperature. The bonding strength between sorbate and sorbent depends on: • • •



Emptiness of the outer-shell s-orbital of the cation that is on the sorbent surface; The amount of π electrons in the target adsorbate molecule and the ease with which these π electrons can be donated to the s-orbital of the cation; The amount of d-orbital electrons of the cation and the ease with which they can be donated to the adsorbate molecule.



Molecular orbital theory has been used to study π-complexation (Chen and Yang, 1996; Huang et al., 1999a, 1999b; Yang et al., 2001; Takahashi et al., 2002). Molecular orbital theory can also serve as an ideal tool for designing sorbents for π-complexation for any given target adsorbate molecule. For this reason, a section (Section 8.2) will be devoted to the basics of molecular orbital theory calculations. 8.1. PREPARATION OF THREE TYPES OF SORBENTS



Although cations of many of the d-block metals can be used for π-complexation, Ag+ and Cu+ have been used most frequently. To prepare good sorbents, these
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cations need to be spread, at a high dispersion, on solid substrates that have high surface areas. Accordingly, there are three types of π-complexation sorbents: a. Monolayer or near-monolayer salts supported on porous substrates b. Ion-exchanged zeolites c. Ion-exchanged resins Among these three types, type (a) and type (c) are used for bulk separations, whereas type (b) is used for puriﬁcation. Speciﬁc applications will be given in Sections 8.3 and 8.4. 8.1.1. Supported Monolayer Salts



It has been known for a long time that metal oxides and salts can be dispersed on solid substrates in a monolayer form, that is, as opposed to forming a stoichiometric compound with the support, or being dissolved in the support to form a solid solution. Russell and Stokes (1946) showed the ﬁrst evidence for the monolayer dispersion of MoO3 on γ -Al2 O3 . An extensive discussion on the subject has been given by Xie and Tang (1990). Monolayer dispersion of many ionic metal oxides and salts, particularly halides, has been accomplished by Xie and Tang (1990). Their substrates have included γ -Al2 O3 , silica gel, TiO2 , activated carbon, and a variety of zeolites. There are two general approaches for dispersing monolayer or near-monolayer salts on porous supports: thermal monolayer dispersion and incipient wetness impregnation. Both will be discussed, although the latter has more practical use. The technique of spontaneous thermal dispersion has been described in detail in the literature (Xie and Tang, 1990; Xie et al., 1992). It was successfully applied to synthesize sorbents capable of π-complexation with oleﬁns (Yang and Kikkinides, 1995; Cheng and Yang, 1995; Yang and Foldes, 1996; Deng and Lin, 1997; Rege et al., 1998; Padin and Yang, 2000). The work of Deng and Lin (1997) involved spreading salts by using microwave heating. Thermal monolayer dispersion involves mixing a metal salt or oxide with a substrate at a predetermined ratio. This ratio is determined by the amount of salt that is required for monolayer coverage on the surface area of the substrate, assuming two-dimensional hexagonal close-packing. The BET surface area of the substrate is ﬁrst measured. After the ﬁnely divided powders of the salt and substrate have been thoroughly mixed, it is heated at a temperature between the Tammann temperature and the melting point of the salt. The Tammann temperature is the point where the crystal lattice begins to become appreciably mobile, and it is approximately 1/2 Tm , where Tm is the melting point in absolute temperature. If the temperature is too low, the dispersion would take an unacceptably long time. A high dispersion temperature could cause the metal salt to oxidize or react with the substrate, and potentially deactivate the sorbent. A typical example of sample preparation is that for AgNO3 /SiO2 (Padin and Yang, 2000). The SiO2
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had a surface area of 670 m2 /g, which would require ∼0.55 g of AgNO3 for monolayer close-packing. However, the surface area of the impregnated sample unavoidably decreases from that of the starting support. Hence the monolayer amount had to be determined empirically, which was 0.32 g/g. Thus, after thorough mixing of 0.32 grams of AgNO3 per gram of SiO2 , the sample was heated in air at 200 ◦ C for ∼4 days to ensure complete dispersion. The BET surface area of this sample was 384 m2 /g, indicating some pore plugging as a result of AgNO3 impregnation. The thermal monolayer dispersion technique requires the use of ﬁne powder and thorough mixing. Thus, pelletizing is needed when sorbents in the pellet form are to be used. An advantage of this technique is that salts that are insoluble in water can be dispersed directly, as in the case with the important salt CuCl. This technique is suitable for laboratory experiments. The other technique involves incipient wetness impregnation, which is used at an industrial scale for catalyst preparation. It involves preparing a solution of the salt to be dispersed. The solution is then mixed with the substrate. It is then absorbed by the substrate due to incipient wetness. After the substrate has imbibed the solution containing the salt into its pore structure, the sample is heated to remove the solvent. Care must be taken when selecting solvents for use in this technique. First, the salt needs to be sufﬁciently soluble in the solvent to allow enough salt to be dissolved in the volume of solution that can be imbibed by the substrate pores. Second, the solvent selected needs to be able to wet the surface of substrate. The preparation of the AgNO3 /SiO2 is used again to illustrate this technique (Padin and Yang, 2000). Because AgNO3 is highly soluble in water, water was used as the solvent. Also, the high afﬁnity of SiO2 for water also ensures proper wetting of the surface. The pore volume and surface area of the SiO2 were 0.46 cm3 /g and 670 m2 /g, respectively. A 1.2 M solution of AgNO3 was ﬁrst prepared. A volume of solution equal to the total pore volume of the SiO2 support was mixed with the substrate such that an AgNO3 /SiO2 weight ratio equal or close to 0.32 was achieved. The sample was then heated for 4 h at 105 ◦ C in air to remove the water. The ratio of AgNO3 /SiO2 in the resulting sample was calculated at 0.27. The BET surface area of this sorbent was 398 m2 /g, which indicated some pore plugging. Water-Insoluble Salts. Many important salts for π-complexation are waterinsoluble. The best examples are cuprous (Cu+ ) salts, e.g., CuCl. The most practical technique for preparing monolayer CuCl is by a two-step process: incipient wetness impregnation of CuCl2 followed by reduction to CuCl. This process also applies to other cuprous salts, as the cupric salts are generally water-soluble. Attempts have also been made for direct impregnation of CuCl. This could be accomplished by two ways: using acid or basic solutions or dissolving CuCl with the aid of ammonium chloride. These two techniques will be ﬁrst brieﬂy described, and the two-step process will be then discussed in more details. Cuprous salts are generally soluble in acid or base solutions. Thus, one could impregnate a porous support with CuCl directly. For example, following the
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procedure of Hirai et al. (1986b), Tamon et al. (1996) have impregnated CuCl on activated carbon by using CuCl in 1 N HCl solution. However, thorough washing is required after impregnation to remove the HCl. The resulting sorbent is not fully covered by CuCl, and the bare surface of carbon will participate in adsorption of the gas mixture, thereby lowering the separation factor. Although washing was not mentioned by Hirai et al. (1986b), the CuCl loadings in their samples were also well below the amounts for monolayer coverage. A similar procedure was used by Yokoe et al. (1987). In their work, both activated carbon and activated alumina were used as the support. Before the activated alumina was impregnated with CuCl, it was ﬁrst impregnated with a hydrocarbon solution followed by coking in nitrogen such that a layer of carbon (at 1–3% wt.) was deposited. Presumably, the carbon substrate provided a reducing environment that helped keep the CuCl in the reduced state. Cuprous-ammonium-salt aqueous solutions have been widely used commercially for CO absorption (Kohl and Riesenfeld, 1979; Safarik and Eldridge, 1998). The cuprous salts are solubilized by complexing with ammonia, forming Cu(NH3 )2 + , which is soluble (Van Krevelen and Baans, 1950). Thus, the cuprous-ammonium-salt aqueous solution can be used directly for incipient wetness impregnation. Alternatively, non-aqueous double salts containing cuprous ion (Blytas, 1992; Safarik and Eldridge, 1998) can be used. Of particular interest is CuAlCl4 in toluene (Long et al., 1972; 1973; 1979). Using the CuAlCl4 /toluene solution, Hirai et al. (1986a) successfully prepared CuAlCl4 supported on activated carbon. At 1 atm and 20 ◦ C, the adsorbed amounts on the original activated carbon were (in cc/g) 9.5 (CO), 21.5 (CH4 ), whereas and 7.2 (N2 ), while the corresponding amounts on the CuAlCl4 impregnated carbon were 24.1 (CO), 4.2 (CH4 ), and 0.8 (N2 ). This result indicated that the surface of carbon was nearly fully covered by the salt. Hirai et al. (1985) also prepared cuprous ammonium chloride supported on resin by using the amino groups of the anion exchange resin. These sorbents showed good selectivities for ethylene over ethane. The disadvantage of using CuAlCl4 and Cu(NH3 )2 Cl is obvious. The loading of Cu+ is substantially reduced due to the presence of the other salt, hence lowering the sorbent capacity. CuCl/activated alumina and CuCl/activated carbon have been used commercially for CO separation and recovery by pressure swing adsorption (Golden et al., 1992a; 1992b; Kumar et al., 1993; Golden et al., 1998). These sorbents were prepared by incipient wetness impregnation of the support with an aqueous solution of a cupric compound with the aid of an “dispersant” (Golden et al., 1992a). Ammonium citrate was used as the dispersant, which stabilizes Cu+ and should not be decomposed. The solvent was subsequently removed by heating in an inert atmosphere at an elevated temperature (e.g., 200 ◦ C). For the activated carbon support, a pre-oxidation step was found helpful for CuCl dispersion. Oxidation can be performed by a number of means (see Chapter 5). Introduction of the surface oxide groups by oxidation increased the interactions with water, or wettability, which improved the adsorption of cupric salt and its dispersion. Examples of the sample preparation were given by Golden et al. (1992a). For the activated alumina support, the sample was ﬁrst heat-treated in air at
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200 ◦ C, followed by incipient wetness impregnation with an aqueous solution of CuCl2 and ammonium citrate. For each kilogram of alumina, 0.49 liters of aqueous solution containing 0.31 kg CuCl2 · 2H2 O and 0.0375 kg ammonium citrate was used. The resulting material was air-dried at 120 ◦ C, followed by activating at 200 ◦ C in nitrogen. The pore volume of activated alumina is generally near 0.3–0.4 cm3 /g (Figure 5.1). Hence the volume of the solution was in excess of the pore volume, since 0.49 cm3 /g of solution was used. For the activated carbon support, the sample was ﬁrst pre-oxidized in wet (at 20% relative humidity) air at 120 ◦ C. The pore volume of activated carbon is ∼0.6 cm3 /g (Figure 5.1). Again, an excessive volume of aqueous solution was used. For each kilogram of activated carbon, 1 liter of aqueous solution containing 0.7 kg CuCl2 · 2H2 O and 0.05 kg ammonium citrate was used. The resulting material was subjected to the same post-treatment as that used for the activated alumina sample. The ﬁnal activation step (i.e., in N2 at 200 ◦ C) described above (Golden et al., 1992a) was not adequate to fully reduce Cu2+ to Cu+ . A mixture of 25% CO and 75% H2 was subsequently used as the reducing gas in the ﬁnal reduction step (Golden et al., 1992b). Copper in the reduced states, with a valence of 1 or 0, can form π-complexation bonding with CO, while Cu2+ cannot form chemical bond with CO. Therefore, the extent of reduction can be measured by CO adsorption. Golden et al. (1992b) reported results of CO adsorption with sorbents treated under different conditions, shown in Table 8.1. The Cu+ dispersion was also measured by CO chemisorption. From these results, it appears that reduction with CO/H2 at 150 ◦ C was the optimum treatment. However, an in situ (i.e., in the PSA system) activation step was described later (Golden et al., 1998) where 80–85% of the Cu2+ was reduced to Cu+ by a synthesis gas (16% CO) at 90 ◦ C. The reduction behavior of CuCl2 /γ -Al2 O3 has been studied by Takahashi et al. (2000) by using temperature programmed reduction (TPR) with hydrogen. As shown in Figure 8.1, the reduction took place in two steps: with peak temperatures at 270 ◦ C and 410 ◦ C. The ﬁrst peak corresponded to reduction of Cu2+ to Cu+ , and the second was for Cu+ reduction to Cu0 . The second step prolonged beyond 450 ◦ C, indicated by the long tailing of the TPR curve at 450 to 700 ◦ C. Thus, with 5.3% hydrogen, the optimum temperature window for reduction to CuCl Table 8.1. CO working capacity



Reduction Condition



Air-dried, 120 ◦ C 25% CO & 75% H2 , 70 ◦ C 25% CO & 75% H2 , 120 ◦ C 25% CO & 75% H2 , 150 ◦ C N2 , 200 ◦ C



CO Working Capacity (mmol/g)



Cu+ Dispersion (%)



0.02 0.20 0.52 0.63 0.45



1 29 54 72 56



Between 1 and 0.1 atm at 20 ◦ C) for CuCl/alumina after different reduction treatments (Golden et al., 1992b.
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Figure 8.1. Temperature-programmed reduction of CuCl2 /γ -Al2 O3 with 5.3% H2 (in He) at a heating rate of 10 ◦ C/min (Takahashi et al., 2000, with permission). Hydrogen consumption is expressed in arbitrary unit (a.u.).



Table 8.2. Empirical monolayer dispersion capacity on activated alumina



Salt



CuCl CuCl2 AgNO3



Dispersion Capacity (g/100 m2 ) 0.095 0.077 0.083



was approximately 200–300 ◦ C. A sorbent was subsequently prepared at 270 ◦ C (Takahashi et al., 2000). The empirical ratios for monolayer dispersion of CuCl, CuCl2 , and AgNO3 on activated alumina are given in Table 8.2. These values are slightly lower than the theoretical values for close-packing (Xie and Tang, 1990). These values do not vary appreciably among different substrates (e.g., silica gel and activated carbon), and can be used as a general guide for sorbent preparation. 8.1.2. Ion-Exchanged Zeolites



Ion exchange is a chemical reaction. For uni-univalent ion exchange, it can be represented by: AS + + BZ + ←−−→ AZ + + BS + (8.1) where A and B are cations and S and Z denote the solution and zeolite phases. The selectivity for ion exchange between different cations depends on the free
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energy change of the reaction. Because ion exchange is usually performed in aqueous solutions, steric hindrance can be a factor when the size of the cation, or the hydrated cation, is larger than the aperture. This is particularly the case with type A and type X zeolites, where only small cations can penetrate the 6-oxygen rings into the sodalite cage. For zeolite A, large cations may also be excluded from the supercage by the 8-ring windows. Cation exchange in zeolites has been discussed in detail by Breck (1974). The cation exchange behavior depends on (1) the nature of the cation, its size and charge; (2) the temperature; (3) the concentration of cations in solution; (4) the anions and the solvent; and (5) the structure of the zeolite. As a general rule, the equilibrium selectivity favors cations of a higher valence. The selectivity favors cations with a higher atomic weight for those with the same valence. The selectivity follows the relative order of free energies of reaction for different cations, favoring the reaction with the most negative free energy of reaction. For type X and Y zeolites, below a level of 34 cations/unit cell (or, 40% ion exchange of a typical X zeolite with 86 cations per unit cell), the order of selectivity for univalent ions follow (Sherry, 1966; Breck, 1974): Ag  Tl > Cs > Rb > K > Na > Li



(8.2)



This series corresponds to occupancy of the most accessible cation sites (sites III and IV) within the supercage. At 50% exchange of X zeolite, which includes site II in the 6-ring adjacent to the supercage, the selectivity series is (Breck, 1974) Ag  Tl > Na > K > Rb > Cs > Li



(8.3)



These sites (II, III, and IV) are exposed to the supercage and hence important for adsorption. The selectivity for Ca2+ , Sr2+ , and Ba2+ is similar to that of Rb+ and K+ , whereas the selectivity of Ce2+ and La2+ is similar to that of Ag+ (Sherry, 1967; Sherry, 1968; Breck, 1974). The selectivity for the important ion used in preparing π-complexation sorbents, Cu2+ , is not available. However, Cu2+ can be exchanged with ease for type X, Y, and ZSM zeolites (e.g., Huang, 1973; Rabo et al., 1977; Takahashi et al., 2001a). In tailoring sorbents for π-complexation, both the cation–sorbate bond strength and the total number of cations are important. The density of cations depends on the cation exchange capacity of the zeolite. Table 8.3 provides useful information on the total cation capacities for a number of zeolites. Ag+ Exchange. Ag-Y has been shown to be an excellent sorbent for a number of puriﬁcation processes, including the removal of dienes from oleﬁns. This process has been used commercially. As discussed above, Ag+ has a high selectivity for zeolites; hence it can be exchanged readily at the ambient temperature and low concentrations. A typical sample preparation procedure is described here for Ag+ exchange in Y zeolites with different Si/Al ratios, and also for partial ion exchange for a given Y zeolite. (Takahashi et al., 2001b).
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Table 8.3. Cation exchange capacity of various zeolites



Zeolite Chabazite Mordenite Erionite Clinoptilolite Zeolite A Zeolite X Zeolite Y



Si/Al Ratio



Meq/g (Anhydrous)



2 5 3 4.5 1 1.25 2.0



5 2.6 3.8 2.6 7.0 6.4 5.0



Breck, 1974, with permission.



In the work of Takahashi et al. (2001b), four as-received zeolites were used: Na-type Y-zeolite (Si/Al = 2.43, or 56 Al atoms/unit cell), NH4 -type YZeolite (Si/Al = 6, or 27.4 Al atoms/u.c.), H-type Y-zeolite (Si/Al = 15, 12 Al atoms/u.c.), and H-type ultra-stable Y-zeolite (H-USY, Si/Al = 95, 0.98 Al atoms/u.c.). All zeolites were in powder form (binderless). The zeolites were ion-exchanged by using excess amounts (ﬁve-fold cation-exchange-capacity) of 0.1 M AgNO3 at room temperature for 24 h. Because Ag+ has a higher selectivity compared with Na+ , this procedure ensured 100% exchange for Na-Y (Si/Al = 2.43) (Padin et al., 1999). The same procedure was applied to NH4 -Y (Si/Al = 6), H-Y (Si/Al = 15) and H-USY (Si/Al = 195). After the exchange, the zeolite suspension was ﬁltered and washed with copious amounts of deionized water until no free ions were present in the ﬁlter water (i.e., no precipitation was observed upon treatment with Cl− ). The products were dried at room temperature and atmospheric conditions in a dark area. To prepare mixed-cation zeolites by partial exchange, information on the ion-exchange equilibrium between Ag+ and Na+ is needed in order to control the Ag+ -exchange ratio. Thus, the ion-exchange isotherm for Ag-Na-Y-zeolite (Si/Al = 2.66) developed by Sherry (1966) was used by Takahashi et al. (2001b). The Na+ and Ag+ contents in the aqueous solution (0.1 M total) were predetermined so the ﬁnal ratio of Ag+ /(Ag+ + Na+ ) in the zeolite was 21 or 49%, the desired ratios. These Ag+ -exchange ratios were chosen to match the Ag contents (or Ag+ /unit cell) in the fully Ag+ ion-exchanged Ag-Y(Si/Al = 15) and Ag-Y(Si/Al = 6), respectively. NaNO3 and AgNO3 serve as the sources for Na+ and Ag+ . Five-fold CEC of Ag+ was added in the solution for full ion exchange. The Ag+ /Na+ molar ratios in the solution were 0.04/0.96 for 21% Ag+ -exchange and 0.17/0.83 for 49% Ag+ -exchange. The procedure for mixed cations ion-exchange was exactly the same as the single ion-exchange procedure described above. Preparation of Cu+ -Zeolites. Cu+ -zeolites are of particular interest as sorbents for π-complexation because Cu+ can interact with CO and oleﬁns (and other ligands) more strongly than Ag+ (Huang et al., 1999a), and also for economic
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reasons. However, direct ion exchange with Cu+ is not applicable because the cuprous salts are water-insoluble. Also, the cuprous compounds are fairly readily oxidized to cupric compounds in solution. Therefore, Cu2+ is exchanged ﬁrst, followed by partial reduction of Cu2+ to Cu+ . Two approaches can be taken for the reduction step. The one studied most extensively involves the use of a reducing gas. The other approach used more recently is “auto-reduction,” that is, without a reducing gas. Cu(II)Y was ﬁrst reduced with CO at 400 ◦ C to Cu(I)Y by Naccache and Ben Taarit (1971), and the same procedure was subsequently used for preparing Cu(I)Y by others (Chao and Lunsford, 1972; Huang and Vansant, 1973; Pearce, 1988). Huang (1973) reported that by pre-adsorbing ammonia, Cu(II)Y could be reduced by CO completely to Cu(I)Y at substantially lower temperatures, as low as 100 ◦ C. Rabo et al. (1977) reported the preparation of Cu(I)-ZSM-5 zeolite by a similar two-step process. In the reduction step, Rabo et al. (1977) reported that a mixture of 3% H2 O and 97% CO was the most effective reducing atmosphere and that the cuprous-form zeolite was obtained at 250–300 ◦ C. Reduction of Cu(II)Y to Cu(I)Y by ethylene at 1 atm and 150 ◦ C was reported by Cen (1989). In the work of Takahashi et al. (2001a), Cu(II)Y was reduced completely to Cu(I)Y with 75% CO in He at 450 ◦ C and 12 h. Auto-Reduction of Cu(II)Y to Cu(I)Y. Because Cu2+ is exchanged as [Cu2+ OH− ]+ , it is conceivable that it can be reduced in an inert atmosphere without the use of a reducing gas. This has indeed been proven and, as mentioned, this process is referred to as auto-reduction. Auto-reduction of Cu(II)-ZSM-5 to Cu(I)-ZSM-5 has been studied for the selective catalytic reduction of NO with hydrocarbon, where Cu-ZSM-5 is a catalyst (Iwamoto and Hamada, 1991; Sarkany et al., 1992; Larson et al., 1994; Shelef, M., 1994). More recently, Takahashi et al. (2001a) successfully prepared Cu(I)Y sorbent by auto-reduction and heating Cu(II)Y at 300–450 ◦ C (for 1 h). In the work of Takahashi et al. (2001a), NaY was ﬁrst exchanged to Cu(II)Y with 10-fold cation exchange capacity of 0.5 M Cu(NO3 )2 at room temperature for 24 h. This procedure yielded 72% replacement of Na+ . The sample was subsequently heat-treated in He at 300–450 ◦ C. Analysis of the resulting sample heat-treated at 450 ◦ C showed that at least one-half of the copper existed as [Cu2+ OH− ]+ . In a study of Cu(II)-ZSM-5 that was subjected to autoreduction, Larson et al. (1994) assumed that protons existed as the cations other than [Cu2+ OH− ]+ . The mechanism of auto-reduction of Cu2+ in zeolites has been studied by a number of groups that used Cu-ZSM-5. Two main mechanisms are



(1) Mechanism by Larson et al. (1994) [Cu2+ OH− ]+ ←−−→ Cu+ + OH [Cu2+ OH− ]+ + OH ←−−→ Cu2+ O− + H2 O 2[Cu2+ OH− ]+ ←−−→ Cu+ + Cu2+ O− + H2 O
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(2) Mechanism by others (Iwamoto and Hamada, 1991; Sarkany et al., 1992; Valyon and Hall, 1993) 2[Cu2+ OH− ]+ ←−−→ [CuOCu]2+ + H2 O [CuOCu]2+ ←−−→ 2Cu+ + 1/2O2 It appeared that the second mechanism was appropriate for the auto-reduction of Cu(II)Y to Cu(I)Y (Takahashi et al., 2001a). 8.1.3. Ion-Exchanged Resins



Many macroreticular polymeric resins are available commercially. A series of polystyrene cross-linked with divinyl benzene is also available commercially (Albright, 1986). These resins are functionalized to form cation-exchange or anion-exchange resins (Albright, 1986). The functional group for cation exchange is the sulfonate group in the form of C6 H5 SO3 − . Usually the cation is H+ (in the amberlyst resins) or Na+ (in the DOWEX resins). These resins have high cation-exchange capacities (in the range of 4–5 meq/g), and the cations can be exchanged readily. The resins are known to be hydrophobic as well as lyophobic, that is, with a low afﬁnity for hydrocarbons. Although heavy hydrocarbons have high polarizabilities, the lyophobicity results from the weakness of electric ﬁelds on the surfaces of the polymeric resins. This property makes the resin an ideal candidate for modiﬁcation as highly selective sorbents for separation and puriﬁcation. After modiﬁcation by ion exchange with a cation such as Ag+ , the sorbent will be highly selective for hydrocarbons that have π-electrons, while little of the hydrocarbons without π-electrons will be adsorbed. Figure 8.2 shows the isotherms of ethane and ethylene on the cation exchange resin Amberlyst 15 (Yang and Kikkinides, 1995). Because of the lyophobicity of the resin, the amounts adsorbed were considerably lower than those on all other commercial sorbents, such as activated carbon, silica gel, and zeolites. However, upon ion exchange of H+ by Ag+ , the amount adsorbed of ethylene exhibited a dramatic sevenfold increase, due to π-complexation between ethylene and Ag+ , while the adsorption of ethane was unaffected. The procedure of sample preparation is given next (Yang and Kikkinides, 1995). Amberlyst 15 (from Rohm & Haas Company) was used as the cation exchange resin. It contained 20% divinylbenzene and was available as spherical beads in the size range of 16–50 U.S. mesh. The BET surface area was 55 m2 /g, and the cation exchange capacity was 4.7 meq/g. Its average pore diameter was given as 24 nm (Albright, 1986). Prior to ion exchange, the sample was washed successively with de-ionized water and methanol, followed by drying in air at 100 ◦ C for 2 h. The sample was ready for ion exchange. The exchange was performed with a dilute (0.014 N) solution of AgNO3 at room temperature. After repeated exchanges, the resin was subjected to successive washing with de-ionized water and methanol, followed by air drying at 100 ◦ C. Methanol
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Pressure (atm) Figure 8.2. Equilibrium isotherms of C2 H6 and C2 H4 on Amberlyst 15 cation exchange resin (H+ form) and the resin after 51.7% Ag+ exchange, at 25 ◦ C (Yang and Kikkinides, 1995).



was used to displace the water that remained in the polymer matrix and voids. The extent of ion exchange could be determined by the weight gain. After two exchanges, 51.7% H+ was exchanged by Ag+ . This was the sample used in the results shown in Figure 8.2. 8.2. MOLECULAR ORBITAL THEORY CALCULATIONS



Molecular orbital (MO) theory is ideally suited for studies of sorbents for πcomplexation. It provides a fundamental understanding of the bonding between the sorbate and sorbent. It can also be used to guide the design of π-complexation sorbents; that is, for a given target sorbate molecule, MO can be used to determine the best cation as well as the best companion anion that should be dispersed on the surface of the sorbent. Furthermore, in principle, the electron correlation term in MO calculation represents the dispersion energies (e.g., Sauer, 1989). Thus, MO has the potential to be used for predicting physical adsorption. However, we are concerned with only the π-complexation bonds for adsorption in this chapter. 8.2.1. Molecular Orbital Theory—Electronic Structure Methods



Electronic structure methods use the laws of quantum mechanics as their basis for computations. Quantum mechanics state that the energy and other related properties of a molecule may be obtained by solving the Schr¨odinger equation: H ψ = Eψ



(8.4)
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where H is the Hamiltonian operator, E is the energy of the particle (an electron or nucleus), and ψ is the wave function. The product of ψ with its complex conjugate (ψ ∗ ψ, often written as |ψ|2 ) is interpreted as the probability distribution of the particle (or electron). Electronic structure methods are characterized by their various mathematical approximations to its solution, since exact solutions to the Schr¨odinger equation are not computationally practical. There are three classes of electronic structure methods: semi-empirical methods, density functional theory (DFT) methods, and ab initio methods. 8.2.2. Semi-Empirical Methods



Semi-empirical methods are parameters derived from experimental data to simplify the computation. They are used to solve an approximate form of the Schr¨odinger equation that depends on having appropriate parameters available for the type of chemical system under investigation. Different semi-empirical methods are largely characterized by their differing parameter sets. One of the most commonly used semi-empirical computer programs is MOPAC, developed by Stewart (1990). A commercial package based on MOPAC is available from Fujitsu Company of Japan. MOPAC includes the semi-empirical Hamiltonians MNDO (modiﬁed neglect of diatomic overlap), MINDO/3 (modiﬁed intermediate neglect of differential overlap), AM1 (Austin model 1), PM3 (parametric method 3), MNDO-d, and PM5. These methods have been calibrated by using experimental data for thermodynamic properties such as heats of formation (Pople et al., 1965; Baird and Dewar, 1969; Bodor et al., 1970; Murrell and Harget, 1972). The advantage of semi-empirical methods is in the economy of computation. These programs can be performed with a personal computer. However, the bond energies calculated from these programs are substantially higher than the actual values. In many instances, the bond energies are divided by an empirical factor of 5 to give an indication of the real values. MOPAC provides the most accurate energy calculations among these methods, while the results in bond energies are still substantially over-estimated (e.g., Chen and Yang, 1997). 8.2.3. Density Functional Theory Methods



The approach of density functional theory (DFT) was developed in the 1960s by using mathematical functions, called functionals, to describe the electron density (Hohenberg and Kohn, 1964; Kohn and Sham, 1965). A summary of the theory is given by Foresman and Frisch (1996), and a detailed description is available from Parr and Yang (1989). DFT methods are attractive because they include the effects of electron correlation (i.e., electron–electron interaction) in the energy. Developments in DFT have led to nonlocal (gradient-corrected) functionals — BLYP (Becke-Lee-Yang-Parr), and to hybrid functionals — B3LYP. The nonlocal functionals account for the non-uniformity of the overall electron distribution. The hybrid functionals use a linear combination of the Hartree/Fock (HF) and the
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DFT electron correlation, with parameters adjusted to provide the best ﬁt with speciﬁc experimental data. The dynamic interaction between electrons is theoretically included by these density functional methods. This gives these methods the beneﬁt of including electron–electron correlation for a computational expense similar to HF, giving DFT methods the major advantage of low computational cost compared to accuracy (Hohenberg and Kohn, 1964; Kohn and Sham, 1965; Parr and Yang, 1989; Foresman and Frisch, 1996). 8.2.4. Ab Initio Methods



Quantum mechanics provides a potential method for the complete description of the electronic properties of molecular systems, their structures, physical and chemical properties, and reactivities. Unlike semi-empirical methods, ab initio methods use no experimental parameters in their computations; they are based solely on the laws of quantum mechanics — the ﬁrst principles referred to in the name ab initio (Foresman and Frisch, 1996). The computational difﬁculties encountered in the general case, as well as the magnitude of extraneous information generated by multi-electron wave functions, have been overcome by the development of entire conceptual frameworks, new computational methods, and more powerful computational machines. Progress in molecular orbital calculation has made it possible to make reliable predictions of molecular structures, relative energies, potential surfaces, vibrational properties, reactivities, reaction mechanisms, and so on. An increasing number of molecular orbital computer programs have become available, for example, Gaussian, GAMESS and AMPAC. Among all programs, Gaussian is most popular and has been applied successfully in many ﬁelds. It provides high-quality quantitative predictions for a broad range of systems. Gaussian 98 can handle jobs of more than 100 atoms on supercomputer systems. Different ab initio methods can be characterized by their treatment of electron–electron interactions, that is, electron correlation. The ﬁrst practical ab initio method was the HF method, which treats each electron as if it exists in a uniform ﬁeld made from the total charge and space occupied by the other electrons. This treatment is only an approximation to the interactions between electrons as point charges in a dynamic system and excludes the contribution of excited electronic conﬁgurations. This neglect of electron correlation can lead to signiﬁcant errors in determining thermochemical properties. It was theorized that the electron correlation was a perturbation of the wave function known as the Møller/Plesset perturbation (MP) theory, so the MP theory could be applied to the HF wave function to include the electron correlation. As more perturbations are made to the system, more electron correlation is included. These methods are denoted as MP2, MP3, and MP4. Another method is to calculate the energy of the system when electrons are moved into vacant orbitals, such as the QCISDT (quadratic conﬁguration interaction with all single and double excitations and perturbative inclusion of triple excitations) method, which improves energy values but at greater computational costs (Clark, 1985; Hehre et al., 1986; Foresman and Frisch, 1996).
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8.2.5. Basis Set



Both ab initio and DFT methods use sets of mathematical functions to represent the atomic orbitals. These are called the basis set. These mathematical functions are themselves made from a combination of simpler mathematical functions called primitives. Increasing the number of primitive functions and including contributions from valence orbitals imposes less restriction on the location of the electron and therefore more accurately models the exact molecular orbitals, but correspondingly increases the computational cost. The molecular orbitals are approximated as linear combinations of the basis functions. In the ab initio methods, a Gaussian-type atomic function is used as the basis function, which has the general form: 2 (8.5) g(α, r) = cx n y m zl e−αr where vector r is the position of the electron, which is composed of coordinates x, y, and z, and α is a constant that determines the size (radial extent) of the 2 function. The Gaussian function e−αr is multiplied by powers (possibly zero) of x, y, and z and is normalized by constant c, so that:  g2 = 1 (8.6) allspace



Linear combinations of primitive Gaussian functions shown in Eq. 8.5 are used to form the basis functions. A set of standard basis sets has been devised to increase the comparability between researchers and to simplify the nomenclature when describing the model chemistry: STO-3G, 3-21G, 6-311G, 6-311G(d,p), 6-311 + G(d, p) . . . in the order of increasingly large basis sets. The smallest of these, STO-3G, is the abbreviated name for three Gaussian primitives (3G) to model a Slater-type orbital (STO). When each orbital is represented by two or more sizes of basis functions, we have split-valence basis set. The 3-21G uses two sizes of Gaussian primitives to represent each orbital, and a 6-311G uses three sizes of Gaussian primitives to represent each orbital. To allow orbitals to change shape, we can include contributions from orbitals of higher angular momentum, for instance, include one of more d orbitals on carbon. The notation for this involves adding a letter for the orbital type to the end of the abbreviation, for example, 6-31G(2d,p) adds two d orbitals to heavy atoms and one p orbital to hydrogen atoms. A further development in basis has been to add very large versions of orbitals to the basis set, called diffuse functions. This is denoted by adding a + to the abbreviation before the G, so 6-31+G adds diffuse functions to heavy atoms and 6-31++G adds diffuse functions to both heavy and hydrogen atoms. The best choice of basis set is largely dependent on the chemistry being studied. 8.2.6. Effective Core Potentials



Relativistic effects must be considered in the applications of ab initio molecular orbital calculations for the heavier elements; they have a signiﬁcant inﬂuence on
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the physicochemical properties of molecules. The use of effective core potentials (ECP) has been a notable success in the molecular orbital calculations involving transition metals. Hence this method has been particularly useful for studies on π-complexation sorbents. ECP is simply a group of potential functions that replace the inner shell electrons and orbitals that are normally assumed to have minor effects on the formation of chemical bonds. Calculations of the valence electrons using ECP can be performed at a fraction of the computational cost that is required for an all-electron calculation, while the overall quality of computation does not differ much. In addition, the relativistic mass-velocity and Darwin terms, which are derived from all-electron relativistic HF calculations, are implicitly incorporated into the relativistic effective core potentials for heavier elements (Z > 36). Combined with the use of reliable basis sets, it appears to be a very powerful and economical method for dealing with molecules containing heavy transition metals. Recently, Hay and co-workers have shown that effective core potentials can be used reliably in density functional computations as well. The LanL2DZ basis set is a double-zeta basis set containing effective core potential representations of electrons near the nuclei for post-third row atoms. The reliability of this basis set has been conﬁrmed by the accuracy of calculation results compared with experimental data as well as those from a more expensive all-electron basis set (Hay and Wadt, 1985; Gordon and Cundari, 1996). 8.2.7. Model Chemistry and Molecular Systems



Concepts of model chemistry and molecular system are required for ab initio molecular orbital calculation. Model chemistry refers to all theoretical aspects of calculation, whereas the molecular system refers to the molecules to be studied. Model chemistry encompasses two elements: method + basis set, where method and basis set deal with Hamiltonian operator and wave function in the Schr¨odinger equation, respectively. Many methods and basis sets are available in the commercial ab initio molecular orbital calculation packages. The suitable combination of methods and basis set, as well as the selection of calculation level, is very important for a systematic calculation of a studied system. The higher the model chemistry, the more accurate the results. However, a highest model chemistry is to be avoided since the computational cost will increase with calculation level logarithmically. Using the minimal computational resources to achieve accurate enough results is a challenge for ab initio molecular orbital calculation (Foresman and Frisch, 1996). Molecular system refers to the correct combination of atoms. The ab initio molecular orbital calculation is developed strictly for isolated molecules. Therefore, the correct extraction of a ﬁnite model from the inﬁnite solid phase and the saturation of the boundaries of the model are crucial steps for calculations. Reviews on the application of ab initio molecular orbital calculation to the heterogeneous gas-solid systems are available (Sauer, 1989). A suitable model chemistry may work well for a selected molecular system, but not for another. Therefore, there is a general procedure and criterion for the selection of model chemistry and molecular system. Usually, one selects a
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medium size of molecular model as a starting molecular system, and then performs a series of calculations with several different levels of model chemistries. After comparing the calculated results with experimental data, usually vibration frequencies, and if they match fairly well, one can expect that the similar/other molecular system (slightly enlarged) + model chemistry (a slightly higher level) can be considered valid and well representative. Subsequently, higher-level calculations may be performed to obtain more accurate results. Obviously, lowering the calculation level and decreasing the molecular system size lead to invalid results. Finally, there is a general notation for a given series of calculations (Foresman and Frisch, 1996): Energy Method/Energy Basis Set//Geometry Method/Geometry Basis Set where the model to the left of the double slash is the one at which the energy is computed, and the model to the right of the double slash is the one at which the molecular geometry was ﬁrst optimized. For example, RHF/6-31+G//RHF/631G(d) denotes that the energy calculation was performed by using Hartree-Fock theory and the 6-31+G basis set on a structure previously optimized with HartreeFock theory and the 6-31G(d) basis set. The saturation of boundaries for a model extracted from an inﬁnite solid has been a confusing issue. There is no standard rule or criterion for boundary saturation. Point charge has been used to balance the boundary charges, but without any geometric and chemical meanings for the boundaries. Hydrogen replacement is widely used both to balance the charge and to terminate the boundaries, though it can introduce somewhat incorrect geometric and chemical environment to the boundaries. Regardless of the method that is used to saturate the boundaries, the ﬁnal goal is to achieve the calculation results closest to the experimental data, usually the vibrational frequency data (Foresman and Frisch, 1996). 8.2.8. Natural Bond Orbital



The local atomic properties in a molecular system are often the most important properties from a chemical point of view, although they are not quantum mechanically observable. Usually there are several built-in schemes in a given molecular orbital calculation package, including the Gaussian 98 package, to partition the electron density among atoms in a molecular system and ultimately obtain certain atomic properties. The most popular scheme is Mulliken population analysis. Some other schemes, such as natural bond orbital (NBO) and Merz-Kollman-Singh analysis have also been used. Atomic charge, orbital energy, and population are important pieces of information for determining electronic conﬁguration, net charge association, and the nature of the bond. Mulliken population analysis is a widely used method in most ab initio molecular orbital calculations. However, reports about Mulliken population analysis that fail to yield reliable characterization of molecular systems have appeared. A more accurate method for population analysis, NBO, was
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introduced in 1983 (Glendening et al., 1995). The NBO method transforms a given wave function for the whole molecular structure into localized forms corresponding to one-center and two-center elements. The NBO method encompasses sequential calculations for natural atomic orbitals (NAO), natural hybrid orbitals (NHO), NBOs, and natural localized molecular orbitals (NLMO). It performs population analysis and energetic analysis that pertain to localized wave function properties. It is very sensitive for calculating localized weak interactions, such as charge transfer, hydrogen bonding, and weak chemisorption. Therefore, NBO is the preferred method for population analysis in studying adsorption systems involving weak adsorbate–adsorbent interactions (Mulliken and Ermler, 1977; Frisch et al., 1998). 8.2.9. Adsorption Bond Energy Calculation



Geometry optimization is the ﬁrst step in all calculations. Calculations for all other parameters such as charges, orbital populations, and energies are all based on the geometrically optimized system. In geometry optimization, the geometry is adjusted until a stationary point on the potential surface is found, which means the structure reaches energy minimum. All adsorbate–adsorbent systems are subjected to geometry optimization ﬁrst at the STO-3G level followed by the 3-21G or G-311G level (Chen and Yang, 1996; Huang et al., 1999a and 1999b). The bond lengths calculated by the 3-21G basis set deviates from experimental values by only 1.7% (e.g., by 0.016 for a 0.95 hydrogen bond). After geometry optimization, a number of higher-level basis sets, all including electron correlation, with NBO calculations are performed to obtain information such as energies, atomic charges, and orbital populations (occupancies) based on the same geometry-optimized system. Typically, energy and NBO calculations are performed on the B3LYP/3-21+G** level (Huang et al., 1999). The energy of adsorption, Eads , is calculated by using the optimized geometries by: Eads = Eadsorbate + Eadsorbent − Eadsorbent – adsorbate (8.7) where Eadsorbate and Eadsorbent are, respectively, the total energies of the adsorbate molecule and the bare adsorbent model, and Eadsorbent – adsorbate is the total energy of the adsorbate/adsorbent system. A higher Eads corresponds to a stronger adsorption. The energies calculated by using different basis sets can vary widely. However, it needs to be stressed that the relative values are meaningful when comparing different sorbates/sorbents as long as the same basis set is used. 8.3. NATURE OF π -COMPLEXATION BONDING



The nature of π-complexation bonding between the adsorbate and adsorbent has been studied for a number of systems, including C2 H4 /Ag halides and C2 H4 /Ag-zeolite (Chen and Yang, 1996); C2 H4 /CuCl, C2 H4 /AgCl, CO/CuCl, and CO/AgCl (Huang, 1999a); C2 H2 /Ni halides (Huang and Yang, 1999),
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benzene/halides of Cu+ , Pd2+ , Ag+ , Au+ , and Pt4+ (Takahashi et al., 2000); thiophene/CuCl and AgCl (Yang et al., 2001); and thiophene/Ag-zeolite and Cuzeolite (Takahashi et al., 2002). The results of adsorption of C2 H4 on Ag halides and Ag-zeolite will be discussed ﬁrst. 8.3.1. Understanding π -Complexation Bond through Molecular Orbital Theory



The geometries of C2 H4 , AgX (where X = halide), and Ag-zeolite are optimized ﬁrst, using STO-3G and then at the 3-21G levels. The cluster model (Kassab et al., 1993; Hill and Sauer, 1995) is used to represent the chemistry of zeolite, shown in Figure 8.3. The optimized zeolite cluster shows a tilt of Ag toward the alumina tetrahedral. The adsorbate and adsorbent are then combined into a single molecule, thereby optimizing its geometry. Using the NBO method, the results on electron occupancy (Oc) from population analysis of NAO are listed in Table 8.4 for the C atom in the adsorbate
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Figure 8.3. Geometry-optimized cluster model for Ag-zeolite.



Table 8.4. NAO (natural atomic orbital) electron occupancies in outer-shell orbitals of C and Ag



Atom Orbital C2 H4 AgF AgCl AgI AgZ C2 H4 -AgF C2 H4 -AgCl C2 H4 -AgI C2 H4 -AgZ



C



Ag



2s



2Px



2Py



2Pz



5s



4dxy



4dxz



4dyz



4dx2−y2



4dz2



1.0376 — — — — 1.0597 1.0602 1.0591 1.0579



0.9977 — — — — 0.9824 0.9747 0.9735 0.9829



1.2216 — — — — 1.2573 1.2576 1.2567 1.2530



1.1578 — — — — 1.2573 1.1590 1.1591 1.1605



— 0.1551 0.1223 0.1947 0.0670 0.2820 0.2427 0.3038 0.1266



— 2.0000 2.0000 2.0000 1.9936 1.9999 1.9999 1.9999 1.9920



— 1.9966 1.9986 1.9991 1.9928 1.9963 1.9982 1.9987 1.9839



— 1.9966 1.9986 1.9991 1.9999 1.9675 1.9781 1.9808 1.9967



— 2.0000 2.0000 2.0000 1.9915 1.9996 1.9997 1.9997 1.9904



— 1.9615 1.9817 1.9846 1.9966 1.9194 1.9559 1.9627 1.9937
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Table 8.5. Changes in electron occupancies upon adsorption (Oc) in the outer-shell orbitals of Ag



Orbital C2 H4 -AgF C2 H4 -AgCl C2 H4 -AgI C2 H4 -AgZ



5s 0.1269 0.1204 0.1091 0.0596



4dxy −0.0001 −0.0001 −0.0001 −0.0016



dxz −0.0003 −0.0004 −0.0004 −0.0089



4dyz −0.0291 −0.0205 −0.0183 −0.0032



4dx2−y2 −0.0004 −0.0003 −0.0003 −0.0011



4dz2



4d



−0.0421 0.0450 −0.0258 −0.0470 −0.0219 −0.0410 −0.0029 −0.0177



(5s + 4d) 0.0819 0.0734 0.0681 0.0419



Chen and Yang, 1996.



molecule and for Ag in the adsorbents. Occupancies before and after adsorption are given. The changes in occupancy upon adsorption (Oc) are also given in Table 8.5. It is obvious from Tables 8.4 and 8.5 that, upon adsorption, the electron occupancy of the 5s orbital of Ag always increases, whereas the total occupancy of its 4d orbitals (4dxy , 4dxz , 4dyz , 4dx2−y2 , and 4dz2 ) always decreases. This result is caused by the σ -donation from the π-bond (i.e., mainly 2Py and 2Pz orbitals) of the adsorbate molecule to the 5s orbital of Ag, and the dπ ∗ backdonation from the 4d orbitals of Ag to the π ∗ -bond (2Px∗ , 2Py∗ , and 2Pz∗ orbitals, also shown in the 2P orbitals) of the adsorbate. This is in line with the classic picture of Dewar (1951) and Chatt and Duncanson (1953) for π-complexation. The net increase in occupancy indicates a net electron transfer from the adsorbate to the Ag-containing adsorbent. The net increase in the occupancy of the 5s orbital of Ag indicates the strength of the forward σ -donation bond. The net decrease in the occupancies of the 4d orbitals of Ag indicates the strength of the d-π ∗ backdonation bond. The ratios of Oc of 5s over the Oc of 4d are approximately 2 : 1 to 3 : 1, indicating the relative contributions of the σ -donation over the d-π ∗ backdonation to the overall bond. It is interesting to compare the electron occupancies of the Ag atom in zeolite and different halides. The occupancy in the 5s orbital follows the order of electronegativities of the halides, that is, being the lowest with F− , which has the highest electronegativity. The occupancy in the Ag-zeolite model is clearly lower than that in AgF, indicating that the zeolite framework anion is highly electronegative. A careful examination of the occupancy changes in the 4d orbitals of Ag reveals an interesting pattern. The occupancy changes for 4dxy , 4dxz , and 4dx2−y2 are small, while the major changes occur in the 4dyz and 4dy2 orbitals. The overlap between the 4dyz orbital of Ag with the 2p ∗ orbitals of the adsorbate molecule follows the classic picture of π-complexation, illustrated in Figure 8.4. However, the large occupancy decreases of the 4dyz orbitals are unexpected. The three other 4d orbitals (4dxy , 4dxz , and 4dx2−y2 ) are positioned perpendicular in relation to 4dyz . Thus, there is no possibility for them to overlap with 4dyz . The 4dz2 orbitals, or the dumbbell-and-doughnut shaped orbitals, also shown in Figure 8.4, are in the vicinity of the spatial direction of the 4dyz orbitals. As a result, the 4dz2 orbitals are the only ones that can overlap with the 4dyz
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Figure 8.4. Schematic of the C2 H4 -Ag interactions by π -complexation, showing (A) donation of π -electrons of ethylene to the 5s orbital of Ag, (B) backdonation of electrons from the 4dyz orbitals of Ag to the antibonding p∗ orbitals of ethylene, and (C) electron redistribution. (C) depicts the possible electron redistribution from the 4dz2 orbitals to the 4dyz orbitals (Chen and Yang, 1996, with permission).
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Figure 8.5. Geometry-optimized structure of C2 H4 adsorbed on Ag-zeolite (Chen and Yang, 1996, with permission).



orbitals. This result indicates that there is considerable redistribution of electrons between the two 4d orbitals during the d-π ∗ backdonation. Taking the argument one step further, it seems that the electron redistribution (from the 4dz2 to the 4dyz orbitals) enhances the d-π ∗ backdonation (from the 4dyz orbital of Ag to the 2p ∗ orbitals of the adsorbate). The electron redistribution is also illustrated in Figure 8.4. In most of the adsorption pairs, as seen in Table 8.4, the net occupancy decreases are larger in the 4dz2 orbitals than those of the 4dyz orbitals. Since only one Ag atom is used in the model, the electron redistribution is intra-atomic rather than interatomic in nature, and it contributes to the overall bonding. The geometry-optimized model for ethylene adsorbed on Ag-zeolite is shown in Figure 8.5. The detailed structure is given in Chen and Yang (1996).
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8.3.2. π -Complexation Bonds with Different Cations



The most important cations for π-complexation (for practical application) are Ag+ and Cu+ ; hence they are used for comparison (Huang and Yang, 1999). It is also interesting to compare the π-complexation between CO and ethylene, representing, respectively, C=O and C=C bonds. The results of electron occupancies in the outer-shell orbitals of Cu and Ag are shown in Table 8.6. The net change in electron occupancy of the outer-shell s orbital indicates the contribution by σ -donation, while that of the d-orbitals indicate the contribution by the d-π ∗ backdonation. It is seen that for Cu salts, the contribution by d-π ∗ backdonation (to π-complexation) is greater than that by σ -donation, while the opposite is true for Ag. The bonding with CO is stronger than that with C2 H4 . Moreover, the bonding with Cu salts is stronger than that with Ag. The adsorption bond energies for these systems are shown in Table 8.7. Different basis sets lead to different energies. The relative values, using the same basis set, are in agreement with the experimental results. It is again seen that the bonding strength follows the order: Cu+ > Ag+ ;



and CO > C2 H4



Adsorption of benzene on transition metal chlorides dispersed on silica gel was studied by Takahashi et al. (2000). A weak π-complexation bond was formed between benzene and these metal ions. Molecular orbital calculations for the bonding of benzene and chlorides of these metals were performed at the HartreeFock (HF) and density functional theory (DFT) levels using effective core potentials. The experimental values of heat of adsorption and the calculated bond Table 8.6. Changes upon adsorption in electron occupancies in the outer-shell orbitals of Cu and Ag for adsorption of C2 H4 and CO



Cu Electron Population Changes after C2 H4 and CO Adsorption



CuCl-C2 H4 CuCl-CO



4s(∗ )



3dxy



0.052 0.117



0 0



3dxz 0 −0.051



3dyz −0.060 −0.051



3dx2−y2 0 0



3dz2 −0.019 −0.027



Oc(∗∗ ) −0.079 −0.129



Ag Electron Population Changes after C2 H4 and CO Adsorption



AgCl-C2 H4 AgCl-CO ∗



5s(∗ )



4dxy



0.061 0.101



0 0



4dxz 0 −0.021



4dyz −0.029 −0.021



4dx2−y2 0 0



4dz2 −0.026 −0.037



Oc(∗∗ ) −0.055 −0.079



Indicating contribution of σ -donation. Total change in d-orbital electron occupancy upon adsorption (indicating contribution of d-π ∗ backdonation). Huang and Yang, 1999, with permission. ∗∗
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Table 8.7. Energy of adsorption calculated by B3LYP/ 3-21+G∗∗ basis set except for C2 H4 -AgZeolite



Adsorbate Adsorbent Theoretical H Experimental (kcal/mol) H (kcal/mol) C2 H4 C2 H4 C2 H4



AgCl CuCl AgZeolite



CO CO



AgCl CuCl



11.20 15.74 15.37∗ 19.63∗∗ 9.64 16.56



6.9 8.3 18.1 7.5 10.2



∗



Calculated by HF/3-21G basis set (Chen and Yang, 1996). Calculated by MP2/3-21G (Chen and Yang, 1966). Huang and Yang, 1999. ∗∗



Table 8.8. Energy of adsorption of benzene on MClx (in kcal/mol)



MClx



Theoretical H (kcal/mol)



Experimental H (kcal/mol)



CuCl PdCl2 AgCl AuCl3 PtCl4



12.5 10.8 8.6 6.5 5.2



10.1 − 11.0 9.3 − 10.9 9.2 − 10.1 8.8 − 10.1 7.2 − 9.0



From Takahashi et al., 2000.



energies are compared in Table 8.8. The relative order in bond energies was predicted well by the natural bond orbital results. 8.3.3. Effects of Different Anions and Substrates



The effects of different anions on π-complexation have been studied for the adsorption of C2 H4 and C3 H6 on CuX and AgX (X=F, Cl, Br, I), by both experiment and molecular orbital theory (Huang et al., 1999b). The following trends of anion effects were obtained for the adsorption of C2 H4 and C3 H6 on the metal halides: F− > Cl− > Br− > I− . These trends were in excellent agreement with the experimental results. In addition, the theoretical metal-oleﬁn bond energies are in fair agreement with the experimental data. The anion effects are illustrated in Figure 8.6 for the adsorption of C3 H6 . The effects of anions on the adsorption of C2 H4 were similar. The adsorption of acetylene on different nickel halides has been studied by ab initio molecular orbital calculations (Huang and Yang, 1999). The strengths of adsorption on different nickel halides were calculated by ab initio molecular
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Partial pressure [atm] Figure 8.6. Normalized C3 H6 adsorption isotherm on AgX (X=F, Cl, Br, I) salts at 0 ◦ C (Huang et al., 1999b, with permission).



orbital calculation and follow the order NiF2 > NiCl2 > NiBr2 > NiI2 . The calculated heats of adsorption were 25.97, 20.42, 18.24, and 16.42 kcal/mol, respectively. The calculations were performed on C2 H2 , NiX2 , and bonded C2 H2 -NiX2 , at the HF/3-21G level for geometry optimization and B3LYP/3-21+G∗∗ level for a detailed analysis of the electronic distribution by using NBO theory. The bonding between acetylene and NiX2 involved three parts: (1) σ -donation (overlap of the 2px orbital of C with the 4s orbital of Ni), (2) electron redistribution (from the 4s orbital to the 3dxz orbital of Ni), and (3) d-π ∗ back-donation (from the 3dyz orbital of Ni to the 2py∗ , or π ∗ , orbital of C). The back-donation dominates the bonding. The three combined steps yield the minimum total energies. The effects of substrates on π-complexation were studied by oleﬁn adsorption on monolayer AgNO3 supported on various substrates (Padin and Yang, 2000). The substrates selected were γ -Al2 O3 , SiO2 , and MCM-41. The following trend for oleﬁn adsorption was observed for these substrates: SiO2 > MCM-41 > γ -Al2 O3 The silica surface (on both silica gel and MCM-41) provides a better substrate due to the lack of Lewis acid sites (unlike γ -Al2 O3 ), and consequently the Ag atoms in these sorbents are more capable of forming π-complexation bonds with oleﬁns. Although the effect of the physical characteristics of a substrate, such as surface area and pore size, would have on adsorption is clear, the effect of the electronic properties needs to be studied further. The fundamental differences in interactions with different anions and cations can be further understood from the changes in orbital occupancies that give rise to the σ -donation bond and the d-π ∗ backdonation bond. The magnitudes of
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Table 8.9. Summary of the NBO analysis of π -complexation between MX (metal halides) and C2 H4



C → M Interaction (σ Donation)



M → C Interaction (d − π ∗ Back-Donation)



Net Change



q1



q2



q1 + q2



CuF-C2 H4 CuCl-C2 H4 CuBr-C2 H4 CuI-C2 H4



0.047 0.052 0.042 0.030



−0.089 −0.080 −0.077 −0.072



−0.042 −0.028 −0.035 −0.042



AgF-C2 H4 AgCl-C2 H4 AgBr-C2 H4 AgI-C2 H4



0.081 0.058 0.047 0.032



−0.073 −0.053 −0.049 −0.044



+0.008 +0.004 −0.002 −0.011



q1 is the amount of electron population increase on valence s orbitals of the metal; q2 is the total amount of electron population decrease on valence d orbitals of the metal. Huang et al., 1999b.



these two interactions for ethylene are shown in Table 8.9. An examination of Table 8.9 shows that in all cases the M–C interaction is a dative bond, that is, donation of electron charges from the π orbital of oleﬁn to the vacant s orbital of metal and, simultaneously, back-donation of electron charges from the d orbitals of M to the π ∗ orbital of oleﬁn. This can be interpreted in more detail. When the oleﬁn molecule approaches M+ , some electronic charge is transferred from the C=C π orbital to the valence s orbital of M+ . At the same time, electrons in the ﬁlled d orbitals of the metal are transferred to the symmetry-matched π ∗ orbital of oleﬁn. It can be seen from Table 8.9 that upon adsorption, the electron occupancies of the valence s orbitals of Cu and Ag always increase, whereas the total occupancy of their respective 3d or 4d orbitals always decrease. Obviously this is caused by the donation and back-donation of electrons between metal and oleﬁn as stated above. A comparison of the electron population changes in the s and d orbitals of M before and after adsorption shows that for the CuX-oleﬁn complexes, the overall charge transfer is back-donation. The amount of back-donation is about double the amount of σ donation. This indicates that the Cu–C bonds contain more metal d than metal s character and that the strength of the covalent bonds depends mainly on the overlap of the metal d orbitals with the C hybrid orbitals. For the AgXoleﬁn complexes, quite differently, the back-donation is almost equal to the σ donation, which means the σ donation and back donation play equally important roles in the bonding of Ag–C. A comparison of the net changes of the electron occupation on the two different metals before and after adsorption shows greater net electron occupation changes on Cu than on Ag upon oleﬁn adsorption. The amount of change indicates the extent of interaction. This is consistent with the conclusion that CuX has a stronger interaction with oleﬁn than AgX.
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8.4. BULK SEPARATIONS BY π -COMPLEXATION



Bulk separation/recovery of CO from synthesis gas by π-complexation has already been commercialized worldwide since 1989. π-Complexation is highly promising for other bulk separations such as oleﬁn/parafﬁn and aromatic/aliphatic separations, either in vapor phase by PSA or in liquid phase by simulated moving bed processes. Before discussing these processes, problems of deactivation or stability of the π-complexation sorbents will be ﬁrst addressed. 8.4.1. Deactivation of π -Complexation Sorbents



The deactivation behaviors of various π-complexation sorbents have been studied. Cu+ salts such as CuCl and Cu(I) zeolites are oxidized quickly into Cu2+ state upon exposure to ambient air. Moisture is known to accelerate the oxidation process. Ag+ salts and Ag+ -zeolites, on the other hand, are quite stable in ambient air with minimized light exposure (Hutson, 2000). Because H2 and H2 S are present in synthesis gas, cracked gases, and other gas streams encountered in industry, their effects on the π-complexation sorbents have been studied. The effects of exposure to 0.5 atm H2 at various temperatures on AgNO3 /SiO2 and AgY zeolite were discussed in detail by Jayaraman et al. (2001). Severe deactivation of both sorbents occurred at temperatures above 120 ◦ C. X-ray photoemission spectroscopy (XPS) studies of the deactivated samples showed that the Ag+ was reduced to Ag0 . However, these sorbents could be rejuvenated by oxidation with oxygen at 350 ◦ C when the valence of Ag was restored to Ag+ . The π-complexation ability of the sorbent was tested by adsorption of ethylene, and the deactivation and reoxidation behaviors are shown in Figure 8.7. The behavior of AgY zeolite in H2 S was studied by Takahashi et al. (2001b). At 25 to 120 ◦ C, H2 S chemisorbed on AgY, while reaction with H2 S with continual weight gain was observed at 180 ◦ C. XPS analysis showed the formation of Ag2 S. However, the adsorption capacities for 1-butene and 1,3-butadiene were only slightly lowered, indicating the π-complexation capability of Ag2 S. The effects of H2 and H2 S on Cu(I)Y were studied by Takahashi et al. (2001a). Unlike AgY, exposure to H2 and H2 S at 120 ◦ C showed no effect on CuY, demonstrating its excellent poison resistance toward H2 and H2 S. The deactivation behaviors of the Ag and Cu(I) sorbents are summarized in Table 8.10. 8.4.2. CO Separation by π -Complexation



Since 1989, CO separation/recovery by PSA using supported CuCl has been commercialized worldwide. PSA separation results are available in the literature (Kansai Coke & Chemicals Co., 1989; Chen et al., 1997; Golden et al., 1998). CO is typically produced along with H2 as synthesis gas, by steam reforming of methane or naphtha. Separation and recovery of CO has been accomplished by cryogenic processes. CO is used as a raw material for production of
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Figure 8.7. Deactivation by H2 and rejuvenation by oxidation. Ethylene adsorption isotherms at 120 ◦ C on different AgY samples, treated with H2 (at 0.5 atm for 1 h) and O2 for 0.5 h (Jayaraman et al., 2001, with permission).



Table 8.10. Deactivation/stability of π -complexation sorbents in various environments



Air/Moisture



H2



H2 S



CuCl and Cu(I)-zeolites



Deactivates quickly in ambient air



Stable at 120 ◦ C



Stable at 120 ◦ C



AgNO3 and Ag-zeolites



Stable in ambient air



Deactivates at 70 ◦ C



Slightly deactivates at 120 ◦ C



polyurethane, polycarbonate, and other chemical products, and as “bottom blowing” gas for converters at steel mills. A low tolerance for methane impurity is required by chemical users to eliminate unwanted side reactions during synthesis of engineering plastics. The current level of tolerance for methane impurity is 25 ppm. This is not required for steel mill use. Depending on the end-use for CO, different sorbents can be used. Due to its high selectivity for CO over CH4, CuCl/Al2 O3 is used for CO separation when the low methane impurity is required. (Golden et al., 1998). CuCl/carbon or CuCl/coked-Al2 O3 may be used when such limitation is not required (Yokoe, 1987; Kansai, 1989). Because of the strong bond between CO and Cu+ , the isotherms of CO on these π-complexation sorbents are fairly steep (Hirai et al., 1986a and 1986b; Golden et al., 1992a; Tamon et al., 1996; Xie et al., 1996). The isotherm of Xie et al. (1996) is representative of the reported isotherms and is shown in
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Pressure (kPa) Figure 8.8. Isotherms of various gases at 30 ◦ C on monolayer covered CuCl/NaY zeolite: (a) CO, (b) CO2 , (c) CH4 , (d) N2 , and (e) H2 (Xie et al., 1996, with permission).



Figure 8.8. The sorbent was prepared by thermal dispersion of 0.554 g/g on NaY. Monolayer spreading of CuCl was conﬁrmed by X-ray diffraction. Interactions between CuCl and the other gas molecules are weak due to the close proximity between Cu+ and Cl− , while each Cu+ can bond one CO molecule. The steepness of the isotherm generally decreases at higher temperatures, at the expense of lower capacity. Hence a maximum working capacity (between two ﬁxed working pressures) is achieved at an optimum temperature. Two strategies then become clear for the PSA operation: vacuum desorption and an increase in temperature. Indeed, 70 ◦ C was the temperature of the PSA operation using the CuCl/NaY sorbent (Xie et al., 1996). The PSA process using supported CuCl for CO separation/recovery has been described in the literature (Kansai, 1989; Chen et al., 1997; Golden et al., 1998). A detailed description was given by Golden et al. (1998). In this PSA process, CO is the strongly adsorbed component. In order to obtain a high-purity CO product, a purge step using the strong component is most effective (Yang, 1987, p. 247). This step follows the depressurization step. The feed mixture that is contained in the bed voids is displaced by the strong component, hence increasing the CO content in the bed. Thus, a CO rinse step is used in all PSA processes for CO recovery. The other strategies used in the PSA processes are (1) H2 O/H2 S removal with a guard bed, (2) vacuum desorption, and (3) in situ activation of CuCl. Moisture and H2 S removal is necessary to avoid possible deactivation, and is accomplished by placing a layer of 3A zeolite and/or silica gel at the inlet of
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each bed to serve as the guard bed (Yang, 1987). Due to the steepness of the CO isotherm, the adsorption pressure is unimportant. The desorption pressure is, however, critically important. Generally, 0.1–0.3 atm pressure/vacuum is used for desorption. Golden et al. (1998) described an in situ sorbent activation technique for reducing Cu2+ to the Cu+ state with the feed mixture (which was a synthesis gas) at 90 ◦ C. In all reports, the CO product purities were over 99 or 99.5% with CO recoveries over 80%. With CuCl/γ -Al2 O3 , the CH4 impurity in the CO product was 30 ppm (Golden et al., 1998). 8.4.3. Oleﬁn/Parafﬁn Separations



Oleﬁn/parafﬁn separations by PSA will be discussed in Chapter 10. In this chapter, the isotherms of C2 H4 and C3 H6 on the best π-complexation sorbents will be given. The sorbents discussed here should also be suitable for separations of higher oleﬁns from their corresponding parafﬁns. Several new sorbents based on π-complexation have been prepared recently for selective oleﬁn adsorption (Yang et al., 2002). These include Ag+ -exchanged resins (Yang and Kikkinides, 1995; Wu et al., 1999), monolayer CuCl/γ -Al2 O3 (Yang and Kikkinides, 1995), monolayer CuCl on pillared clays (Cheng and Yang, 1995), monolayer AgNO3 /SiO2 (Rege et al., 1998; Padin and Yang, 2000), and monolayer AgNO3 supported on other substrates (Padin and Yang, 2000; Yang et al., 2002), particularly on acid-treated clays (Cho et al., 2001; Choudary et al., 2002). Among the different sorbents, monolayer AgNO3 appears to give the best results, while CuCl/γ -Al2 O3 appears to be the optimum when considering the costs of the sorbents. The equilibrium isotherms for C2 H4 and C2 H6 at 70 ◦ C on AgNO3 /SiO2 are shown in Figure 8.9. The isotherms of C3 H6 and C3 H8 at 70 ◦ C on the same sorbent are shown in Figure 8.10.
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Partial pressure [atm] Figure 8.9. Equilibrium isotherms of C2 H4 over C2 H6 on AgNO3 /SiO2 (by incipient wetness) at 70 ◦ C (Padin and Yang, 2000; with permission).
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Partial pressure [atm] Figure 8.10. Equilibrium isotherms of C3 H6 over C3 H8 on AgNO3 /SiO2 (by incipient wetness) at 70 ◦ C (Padin and Yang, 2000).



From these results, it is seen that the sorbents have excellent selectivities and oleﬁn capacities. The isotherms are also relatively linear. The linearity is desirable for cyclic processes such as PSA (Rege et al., 1998). Diffusion rates and isotherm reversibilities have also been measured on these systems, and they were all highly suitable for PSA (Rege et al., 1998). 8.4.4. Aromatics/Aliphatics Separation



Aromatics/aliphatics separation is accomplished by solvent extraction. A number of solvents have been used (Bailes, 1983). Although these separation processes are efﬁcient, they are energy intensive, and more importantly, the solvents (such as sulfolane) increasingly pose as environmental hazards. Another possible separation technique is fractional distillation. It is, however, difﬁcult because of the close relative volatilities. For benzene/cyclohexane, the mixture has a minimum azeotrope at about 53%. Therefore, acetone is added as an entrainer and a complex hybrid system (distillation combined with extraction in this case) can be used for separation (Stichlmair and Fair, 1998). Because of the importance of aromatics/aliphatics separation and the problems associated with solvent extraction, possible alternatives have been studied. These include liquid membranes (Li, 1968; 1971; Goswami et al., 1985), pervaporation (Hao et al., 1997), and the use of liquid inclusion complexes (Atwood, 1984). No selective sorbents are known for aromatics/aliphatics separation. It is, however, certainly possible to develop such sorbents based on π-complexation. In the benzene molecule, the carbon atom is sp 2 hybridized. Hence, each carbon has three sp 2 orbitals and another PZ orbital. The six PZ orbitals in the benzene ring form the conjugative π bond. The PZ orbitals also form the antibonding π ∗ orbitals, which are not occupied. When benzene interacts with transition metals,
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the π-orbitals of benzene can overlap with the empty outer-shell s orbital of the transition metal to form a σ -bond. Moreover, it is possible that the vacant antibonding π ∗ -orbital of benzene can overlap with the d-orbitals in the transition metal similar to that formed in the oleﬁn-Cu+ bond (Huang et al., 1999). Molecular orbital calculations indeed conﬁrmed the π-complexation with benzene (Takahashi et al., 2000). Takahashi et al. (2000) studied π-complexation sorbents with benzene and cyclohexane. Benzene and cyclohexane form an ideal pair of model compounds for developing selective sorbents for aromatics. These molecules have similar shapes and close boiling points (80 ◦ C for benzene and 81 ◦ C for cyclohexane). The kinetic diameter of benzene, which is calculated from the minimum ˚ compared with equilibrium cross-sectional diameter, is estimated to be 5.85 A ˚ for cyclohexane. The sorbents in that work were transition metal salts dis6.0 A persed on high-surface-area substrates. Based on the results of selective oleﬁn sorbents for oleﬁn/parafﬁn separations, Cu+ , Ag+ , Pt4+ , and Pd2+ cations were the most promising sorbents due to their strong interactions with π-orbital to oleﬁn molecules. The sorbent that yielded the highest benzene selectivity was PdCl2 /SiO2 . The pure-component isotherms are shown in Figure 8.11. The pure component adsorption ratios and the separation factors for benzene/cyclohexane on these sorbents are shown in Table 8.11. The separation factors were calculated from mixed gas isotherms. Based on these ﬁgures, bulk separation with Ag and Cu salts is not promising. However, these sorbents are promising for puriﬁcation, that is, removal of aromatics from aliphatics, since very high separation factors are obtained at low concentrations of benzene. Due to worldwide environmental mandates, reﬁneries are required to decrease the contents of aromatics in gasoline and diesel fuels. The π-complexation sorbents 0.4 Benzene(100 °C) Benzene(120 °C) Cyclohexane(100 °C) Cyclohexane(120 °C)
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Partial pressure [atm] Figure 8.11. Pure-component equilibrium isotherms for benzene and cyclohexane PdCl2 / SiO2 (0.88g/g) at 100 and 120 ◦ C (Takahashi et al., 2000, with permission).
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Table 8.11. Pure-component ratio and separation factor (based on mixture isotherms) for benzene/cyclohexane, all at 0.1 atm



Sorbent



PdCl2 /SiO2 (0.88 g/g) AgNO3 /SiO2 (0.33 g/g) CuCl/Al2 O3 (0.50 g/g)



Pure-Comp. Ratio at 100 ◦ C



Pure-Comp. Ratio at 120 ◦ C



Separation Factor at 120 ◦ C



2.9 — 1.3



3.2 2.0 1.3



6.2 2.1 1.3



appear to be ideally suited for this application. This puriﬁcation will be discussed in Chapter 10 (10.8). 8.4.5. Possible Sorbents for Simulated Moving-Bed Applications



Simulated moving-bed (SMB) processes have been widely used for difﬁcult, liquid-phase separations (Ruthven, 1984; Humphrey and Keller, 1997; Juza et al., 2000). Sorbex is the generic name used by UOP for these processes. The most important application is the separation of the xylene isomers, named the Parex process. Other commercialized SMB separations include: n-parafﬁns/isoparafﬁns (Molex), oleﬁns/parafﬁns (Olex), fructose/glucose (Sarex), and chiral SMB separations (Juza et al., 2000). A host of other separations have been demonstrated (Humphrey and Keller, 1997), although the commercial status of these applications is unknown. These demonstrated separations include: separation of hydroxyparafﬁnic dicarboxylic acids from oleﬁnic dicarboxylic acids; removal of thiophene, pyridine, and phenol from naphtha; separation of unsaturated fatty acid methyl esters from saturated fatty acid methyl esters; and separation of saturated fatty acids from unsaturated fatty acid (Humphrey and Keller, 1997). The sorbents used in the commercialized SMB processes are mostly cationic forms of type X or type Y zeolites, such as K-BaY, Sr-BaY, K-BaY, BaY, 5A, CaX, CaY, and SrX (Ruthven, 1984). The separation factors of the binary mixtures (i.e., extract and rafﬁnate) on these zeolites are generally very low, typically around 2. For chiral separations, cyclodextrin-based chiral selective sorbents are used, with separation factors typically below 2 (Biressi et al., 2002). A separation factor much below 2 would make the SMB process economically unfeasible. Using a sorbent with a higher separation factor would obviously have many inherent advantages, such as higher throughput, higher product purity, and lower recycle rate. From the available literature on SMB processes, the π-complexation sorbents have not been used. 5A zeolite is used for the separation of n-parafﬁns from branched and cyclo-parafﬁns, and the separation is accomplished by molecular size exclusion (of the branched and cyclo-parafﬁns). All other separations rely on alkaline-earth forms of zeolites. The interactions of the π-electrons of the aromatic or oleﬁnic compounds with the alkaline earth cations are much weaker than those with the d-block metal cations such as Cu+ and Ag+ . As a result, the separation factors on the π-complexation sorbents are signiﬁcantly higher.
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Therefore, the π-complexation sorbents are very promising candidates for some SMB separations. These separations include: oleﬁns/parafﬁns (Olex); separation of hydroxyparafﬁnic dicarboxylic acids from oleﬁnic dicarboxylic acids; removal of thiophene, pyridine, and phenol from naphtha; separation of unsaturated fatty acid methyl esters from saturated fatty acid methyl esters; and separation of saturated fatty acids from unsaturated fatty acid. Supported CuCl (such as CuCl/γ -Al2 O3 ) and Ag+ (such as AgNO3 /SiO2 ) should be good sorbents for all of these separations, except for the puriﬁcation of naphtha. For the latter application, Cu+ -zeolite and Ag+ -zeolites (such as CuY and AgY) are promising sorbents, as will be discussed in Chapter 10 (under Desulfurization of Gasoline). 8.5. PURIFICATION BY π -COMPLEXATION



A major difference exists between bulk separation and puriﬁcation for sorbent design and selection. For bulk separation, isotherm linearity (hence high-working capacity) is needed. A steep isotherm (or high Henry’s constant) is needed for puriﬁcation. Thus, for π-complexation sorbents, supported salts with monolayer of full-surface coverage are desirable for bulk separation, whereas ion exchanged zeolites are suitable for puriﬁcation. The extent of π-complexation between the sorbate and sorbent depends, for a given sorbent, on the density of the π-electrons in the sorbate molecule. Thus, very strong bonds can be formed with molecules with more than two double bonds (e.g., dienes), triple bonds, and polynuclear aromatics. At the same time, for a given sorbate, the sorbent can be tailored to yield a desired bond strength, by choosing the appropriate cation. For puriﬁcation, particularly ultrapuriﬁcation, a strong adsorption bond is needed. This means a high Henry’s Law constant is needed. The product purity in the ﬂuid efﬂuent from a ﬁxed bed adsorber depends on the Henry’s constant, and the purity can be predicted with a mathematical model (Yang, 1987). For ultrapuriﬁcation, e.g., when impurity levels of parts per billion (ppb) or parts per trillion (ppt) are required, no predictive models exist. This is the case for the removal of dioxins from efﬂuent in incinerators (Yang et al., 1999). For the reasons above, the π-complexation sorbents hold a tremendous potential for future applications in puriﬁcation, some of which will be included for discussion. The removal of dienes from oleﬁns by AgY and CuY has already been demonstrated and applied in the ﬁeld (Padin et al., 2001). Other promising applications include: • • • • • •



desulfurization of gasoline and diesel fuels removal of aromatics removal of CO from H2 for fuel cell applications VOC removal dioxin removal removal of acetylene (by Ni2+ salts)
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8.5.1. Removal of Dienes from Oleﬁns



Normal α-oleﬁns (NAO) are chemical intermediates used for making a variety of products. The largest uses for NAOs are in the production of alcohols (via oxo chemistry), as co-monomers for polyethylene production, and in the synthesis of poly (α-oleﬁns) for synthetic lubricants. Also, oligomerization of n-butenes to more valuable octenes is an effective way of upgrading their value. A variety of catalysts are used for these reactions. The most common metal-based catalyst involves nickel, which is subject to poisoning by very low levels of 1,3-butadiene (C4 H6 ). The selective butadiene hydrotreating process is one option to clean up unwanted butadiene in a mixed-C4 stream (Meyers, 1986). Removal of dienes is also required for the production of higher α-oleﬁns. Distillation is also being used for these puriﬁcation processes. Sorbents based on π-complexation for oleﬁn puriﬁcation have been developed recently in the author’s laboratory (Padin et al., 1999; Jayaraman et al., 2001; Padin et al., 2001; Takahashi et al., 2001a and 2001b). AgY and Cu(I)Y are the best sorbents. Although only vapor phase isotherms are reported in the literature cited above, these sorbents have been demonstrated successfully for the liquid-phase feeds in the ﬁeld. Diene impurities below 1 ppm can be readily achieved. The isotherms are shown in Figures 8.12 and 8.13, for 1,3-butadiene and 1-butene. For puriﬁcation, the undesired component or impurity is present at a low concentration or partial pressure. It is important that a signiﬁcant amount of the
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Partial pressure (atm) Figure 8.12. Pure-component equilibrium isotherms at 120 ◦ C for 1,3-butadiene and 1-butene on Cu-Y and Ag-Y. Samples were prepared by reduction of Cu(II)Y by either CO or auto-reduction (in He) (Takahashi et al., 2001a, with permission). Lines are ﬁtted isotherms with various models.
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Amount adsorbed (molecules/u.c.)
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Partial pressure (atm) Figure 8.13. Isotherms of 1,3-butadiene and 1-butene on AgY with different Si/Al ratios (given in parentheses) at 120 ◦ C (Takahashi et al., 2001b, with permission).



Table 8.12. Separation factors (α) of 1,3-butadiene (at pressures indicated) over 1-butene (at 1 atm) at 120 ◦ C



Partial Pressure (atm) 1,3-Butadiene



1-Butene



0.001 0.0001 0.00001



1 1 1



Cu(I)Y



AgY



1300 10,000 77,000



200 1400 10,000



Data taken from Takahashi et al., 2001a.



impurity can be adsorbed at a low partial pressure or concentration. Hence, in assessing the sorbent capability, the separation factor (α) is evaluated at low partial pressures of the impurity component, and at a high partial pressure for the main component. The capability of the sorbent for puriﬁcation is reﬂected by the amount of adsorbed 1,3-butadiene at low partial pressures, that is, in the range of 10−4 to 10−5 atm in Figures 8.12–8.13. The separation factors thus evaluated are shown in Table 8.12. They were calculated by using mixed-gas isotherm models from single-gas isotherms. For any separation process using a given mass separating agent, the separation factor is a good indicator of the goodness of separation (King, 1980). For puriﬁcations of similar mixtures using liquid membranes, separation factors in the order of 10–100 yielded excellent results (Li, 1968; Li, 1971a and 1971b). The separation factors shown in Table 8.12 indicate that the π-complexation sorbents are excellent sorbents for puriﬁcation of oleﬁns.
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Partial pressure (atm) Figure 8.14. Isotherms of 1-Hexene and 1,5-Hexadiene at 180 ◦ C on Ag-Y(Si/Al = 2.43).



For economic reason it is desirable to minimize the amount of Ag in the zeolite. Figure 8.14 shows the results of AgY with different Si/Al ratios. The amount of Ag in the AgY with Si/Al = 2.43 is 40 Ag/unit cell. The amounts for others are 28 Ag/unit cell for Si/Al = 6 and 12 Ag/unit cell for Si/Al = 15. The results showed that there was no noticeable reduction in the capacity for 1,3-butadiene at Si/Al = 6, and the zeolite at Si/Al = 15 was still quite effective. Results were also given for AgNaY (Si/Al = 2.43) with various degrees of Ag exchange (Takahashi et al., 2001a), and they were similar to that shown in Figure 8.13. The puriﬁcation of 1-hexene by removal of 1,5-hexadiene by AgY was also tested by vapor phase adsorption isotherms. The data in Figure 8.14. show the good capacity of the π-complexation sorbent for the removal of hexadiene at low concentrations. 8.5.2. Removal of Aromatics from Aliphatics



Puriﬁcation of aliphatics by the removal of aromatics is important in the petrochemical industry as well as for pollution control. In a typical benzene removal process, a combination of extraction and distillation is used (Meyers, 1986). Improvements by other processes have been considered, such as pervaporation (Hao et al., 1997), liquid membranes (Li, 1968; Li, 1971a and 1971b), and adsorption by temperature swing adsorption (TSA) in the liquid phase (Matz and Knaebel, 1990). In the work of Matz and Knaebel, commercially available sorbents were used: silica gel, activated alumina, activated carbon, zeolite 13X,
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and polymeric resin (XAD-7). Among these sorbents, silica gel was considered the best due to its superior thermal-exchange capacity. However, the selectivities were low. Takahashi and Yang (2002) studied adsorption of benzene and cyclohexane on various Y-zeolites. AgY showed superior benzene/cyclohexane selectivities to NaY, PdY, and H-USY. Separation factors as high as 104 were obtained with AgY at low concentrations of benzene. More details will be given in Chapter 10 (10.8).
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9 CARBON NANOTUBES, PILLARED CLAYS, AND POLYMERIC RESINS Three different types of sorbents are included in this chapter. Among them, polymeric resins and their derivatives have been used commercially for adsorption and ion exchange. The other two types have not been used commercially. However, they each have interesting and unique adsorption properties and are subjects of active research. For these reasons, they are included in this chapter.



9.1. CARBON NANOTUBES



The discovery of fullerenes and carbon nanotubes has opened a new chapter in carbon chemistry. Carbon nanotubes, in particular, hold tremendous potential for applications because of their unique properties, such as high thermal and electrical conductivities, high strengths, and high stiffness (chapters in Dresselhaus et al., 2001). Potential applications include: electron microscope tips, ﬁeld and light emitters, microelectronic devices, nanoprobes and nanosensors, high Li capacitors for rechargeable Li batteries, composite materials, and replacing Si as the smallest computer chips. A vast and rapidly growing volume of literature exists on carbon nanotubes. The coverage and discussion on this subject here will be limited to their syntheses, characterization, special adsorption properties, and potential applications as sorbents. Some terminologies are ﬁrst deﬁned. Single-wall nanotubes are denoted by SWNT, whereas MWNT stands for multiwall nanotubes. A SWNT is a seamless cylinder wrapped by a graphite sheet (or graphene sheet). The hexagonal honeycomb lattice of the graphene sheet can be oriented in many possible directions relative to the axis of the tube. Depending on the relative orientation (and size), a SWNT can be metallic or semiconducting (Louie, 2001; Yao et al., 2001). The relative orientation is referred to as the “helicity,” expressed by a set of indices Adsorbents: Fundamentals and Applications, Edited By Ralph T. Yang ISBN 0-471-29741-0 Copyright  2003 John Wiley & Sons, Inc.
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(a)



(b)



(c) Figure 9.1. Schematic models for single-wall nanotubes with the nanotube axis normal to the  = na 1 + ma 2 , where a 1 and a 2 are unit vectors shown by the two arrows in (a), chiral vector, C which are both along the zigzag direction. (a) A (5, 5) nanotube, with tube axis having ﬁvefold symmetry. (b) A (9, 0) nanotube (having threefold rotation symmetry). (c) A (n, m) nanotube (adapted from Dresselhaus and Avouris, 2001).



(n, m). The chiral vector of the nanotube, C = n a1 + m a2 , is normal to the tube axis, where a1 and a2 are unit vectors shown in Figure 9.1 (a). The nanotube diameter, d, can be calculated from n and m (Dresselhaus and Avouris, 2001): √ d = 3aC −C (m2 + mn + n2 )1/2 /π = C/π (9.1) ˚ and C is the length of the chiral where aC −C is the C–C bond length (1.42 A),  Thus, a (n, n) nanotube is an “armchair” nanotube, that is, with its vector C. armchair lattice oriented along the circumference, whereas a (n, 0) nanotube is a “zigzag” nanotube with its zigzag lattice along the circumference. A (n, m) nanotube is referred to as a “chiral” nanotube. These three types are illustrated in Figure 9.1. The helicity of nanotubes is important for applications in microelectronics and obviously less important for applications in adsorption. Carbon nanotubes have been formed by many different methods, eight having been reviewed by Journet and Bernier (1998). Two of them have been studied extensively: catalytic decomposition of hydrocarbons and CO, and vaporization
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(and condensation) of graphite. The former has been the focus for commercial production (and is being used by various manufacturers). Both methods date back to the 1960’s and 1970’s. Some historical aspects of these two methods have been reviewed by Dresselhaus and Avouris (2001) and by Dresselhaus and Endo (2001). These two methods, along with their brief histories, are described separately. 9.1.1. Catalytic Decomposition



The formation of carbon ﬁlaments from decomposition of hydrocarbons was ﬁrst reported by Schutzenberger (1890) in 1890, and the ﬁrst substantive report on catalytic formation of carbon ﬁlaments was made by Radushkevich (as in the D–R equation) and Luk’Yanovich (1952). A tremendous amount of literature exists from studies performed by the carbon, catalysis, and metallurgy communities. A comprehensive review (including history) of the subject prior to 1978 is available in Baker and Harris (1978). Discussion on some of the later literature is available in Tibbetts (1990) and Yang and Chen (1989). Studies of carbon ﬁlaments paralleled the developments of the transmission electron microscope (TEM), which had become commercially available in the late 1940’s and early 1950’s, and had a resolution near 1 nm at the time. The formation of carbon ﬁlaments received considerable attention primarily because of its detrimental effects on catalyst deactivation and blast furnace operation (due to CO disproportionation). The research objective was to understand the formation process in order to minimize or alleviate this problem. It has long been known that Fe, Co, and Ni are the most active catalysts for forming ﬁlaments. The ﬁlaments typically had a well-deﬁned hollow core. Figure 9.2 is a typical TEM image of the hollow graphite ﬁlament, by Hilbert and Lange (1958). With the TEM resolution high enough in the early 1970’s to distinguish the graphitic layers, it was already known that some hollow ﬁlaments were formed by concentric layers of ˚ spacing. Indeed, such TEM images have been published graphite with ∼3.5 A (Baird et al., 1971; Baker and Harris, 1978; Fryer, 1979). One such example is shown in Figure 9.3. After 1993, the hollow carbon ﬁlaments acquired the name of MWNT. The term “carbon nanotube” was ﬁrst used, in 1993, by Iijima and Ichihashi (1993) and by Bethune et al. (1993). In the 1980’s, research on catalytic carbon ﬁlament growth was driven by a different impetus: to produce carbon ﬁbers to replace those ﬁbers made from PAN or pitch (Tibbetts et al., 1986; Dresselhaus et al., 1988; Tibbetts, 1990). This has not occurred because of the high costs of the catalytically grown carbon ﬁbers. In principle, carbon nanotubes can be grown from any gaseous hydrocarbons or CO, onto Fe, Co, or Ni particles dispersed on a substrate under appropriate reaction conditions. Higher temperatures and slower growth rates favor graphitic ﬁlament formation, while lower temperatures and fast rates lead to nongraphitic forms (Baker and Harris, 1978). Beside Fe, Co, and Ni, ﬁlaments can also be formed on other metals such as Pt and Cu. Acetylene is among the most reactive hydrocarbon precursors. Unsaturated hydrocarbons like propylene and butadiene are more reactive than the saturated hydrocarbons such as methane and
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Figure 9.2. TEM images of hollow graphite ﬁlaments grown from n-heptane on Fe at 1100 ◦ C, taken from Hilbert and Lange (1958). Magniﬁcation = 75,000 and 110,000 (far right).



2 nm Figure 9.3. High-resolution TEM image of 0.35 nm graphitic layers in a hollow carbon ﬁlament grown from methane over Ni at 650 ◦ C. Insert shows area at low magniﬁcation in square. Taken from Fryer (1979) and Baird et al. (1974). Baird et al. (1971) showed similar images of a hollow ﬁlament with graphitic sheets along the axis at 0.34 nm spacing.
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propane. Thus, the appropriate reaction conditions depend on the gas as well as the activity of the catalyst. Nanotubes formed by a myriad of combinations of catalyst/support/gas/reaction conditions have appeared in the literature. Reviews for some of the reports are available (Ding et al., 2001; Dai, 2001). Ding et al. (2001) have given a list of detailed reaction conditions for a large number of them. A summary of these reports is given in Table 9.1. The following mechanistic steps for ﬁlament growth have been generally accepted since the 1970’s (Baker and Harris, 1978; Tibbetts, 1987). The hydrocarbon or CO ﬁrst decomposes on the front-exposed surfaces of the metal particle to release hydrogen and carbon, which dissolves in the metal particle. The dissolved carbon diffuses through the particle and is precipitated on the rear faces to form the body of the ﬁlament. These steps are shown schematically in Figure 9.4. Burton (1974) has shown that the structure and melting point of a small metal particle differs signiﬁcantly from that of the bulk metal, and that the melting point can be substantially lower than that of the bulk. Hence the supported metal particle acquires a liquid-like behavior. From in situ TEM studies, Baker has concluded that the metal particles (of sizes below a fraction of a micrometer) are generally shaped like a pear, with a truncated rear end, as illustrated in Figure 9.4. Thus, carbon solubility and diffusivity in the metal catalyst are prerequisites for ﬁlament growth. The solubilities of carbon in Ni are 0.29 at % (700 ◦ C) and 0.37 at % (750 ◦ C), and the diffusivity at 700 ◦ C is 4.0 × 10−9 cm2 /s (Yang et al., 1990). The carbon dissolution/diffusion/precipitation mechanism for ﬁlament growth has been studied in detail for hollow graphitic ﬁlaments formed on Ni, Co, and αFe from methane decomposition, by Yang and Chen (1989). The crystallographic orientations of the graphite/metal interface were examined with TEM/selected area electron diffraction. Epitaxial matching of the graphite lattice with different faces of the metals was identiﬁed. The structures of four different faces of Ni are shown in Figure 9.5. Their possible epitaxial matchings with the graphite lattice Table 9.1. Catalytic formation of carbon nanotubes from reports after 1996



Gas



Reaction Conditions



Catalyst



Support



CO



Typically 700 ◦ C, 1–5 atm 600–900 ◦ C Carried in N2 or another inert atmosphere at 1 atm



Fe, Co, Ni, Co-Mo, Fe-Mo, Co-Fe, Co-V, Fe-Ru, Ni-Cu, Ni-MgO, Fe-MgO, Ferrocene vapor (Fe(C5 H5 )2 ), Fe(CO)5 vapor



SiO2 (most used), Al2 O3 , MgO, Al2 O3 -SiO2 , zeolite, clay



Unsaturated hydrocarbons (C2 H2 , C2 H4 , C3 H6 , C4 H6 , C6 H6 , acetone) Saturated hydrocarbons, mainly CH4



700–1000 ◦ C typically 900 ◦ C, 1 atm



Both SWNT and MWNT have been reported, depending on the particle sizes, see Figure 9.4.
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Figure 9.4. Growth modes of catalytically formed carbon nanotubes. Fe, Co, and Ni are the catalysts and hydrocarbons, and CO are the carbon precursors. SWNTs are grown on particles ˚ whereas MWNTs are grown on larger particles. The outside tube diameter is the SiO2 > C. By varying these related factors, a large number of combinations have been employed in nanotube growths. Table 9.1 summarizes what have been used. Some empirical facts are known, but little is understood. It is instructive to discuss four cases in some detail below.
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Pure metals (e.g., Fe, Co, or Ni) supported on alumina or silica gel lead to hollow graphite ﬁlaments with outside diameters around 0.1 µm. Higher dispersion is needed for growing smaller ﬁlaments or MWNTs. This can be achieved by using an additive to the metals, or by alloying the metals. Chen et al. (1997) were able to grow uniform and small MWNTs on Ni-MgO from catalytic decomposition of methane or CO. The optimal starting catalyst was a mixed oxide prepared by co-precipitation to form Ni0.4 Mg0.6 O. The catalyst was heated in H2 at 650 ◦ C before switching to CH4 for nanotube growth (Yang, 2000). The catalyst particle was launched at the tip of the nanotube during its growth, and the catalyst could be removed by dissolving in nitric acid solution. Prior to the nanotube growth reaction, the catalyst was in the form of a solid solution of NiO and MgO, both having the same rock-salt crystal structure and nearly the same lattice constant. During H2 pretreatment and nanotube growth, a small portion of the NiO was reduced to Ni0 . The effect of MgO was to inhibit, but not completely stop, the reduction of NiO. The small portion of reduced Ni metal formed small particles or clusters on the surface, which yielded MWNTs with small diameters. Thus, uniform-sized MWNTs with outside diameters of 15–20 nm were grown. CaO, on the contrary, did not have the dispersion effect on Ni (Chen et al., 1997), and yielded large MWNTs. Using micrometer-size zeolite crystals as the support for MWNT growth did not present as an appealing idea due to the low surface area of the exterior surfaces on which the metal is supported. Surprisingly, they turned out to be excellent supports for Co and Fe, without added metals (Hernadi et al., 1996). Hernadi et al. (1996) compared a variety of supports for Co and Fe, including SiO2 , carbon, and different zeolites. Co supported on NaY resulted in the highest yield (27–40% yield) of uniform-sized MWNTs, which also had the highest BET surface area (653 m2 /g). The same group subsequently provided a recipe for the best results [Colomer et al. (1998)]. In their recipe, acetylene was decomposed on Co (2.5 wt %)/NaY at 600 ◦ C. The zeolite support was removed by dissolution with HF solution, and the amorphous carbon was removed by either permanganate oxidation or air oxidation. This recipe has been widely used. Figure 9.7 shows a TEM image of MWNTs that were grown by using their recipe (Colomer et al., 1998). No study or discussion has been made on the mechanism of Co dispersion on zeolite. The Y zeolite (i.e., faujacite) is in the form of cubic crystals with a dimension in the order of a micrometer, with its pore size much smaller than the particle size of the Co metal. The zeolite is ﬁrst impregnated with a Co salt (acetate) at room temperature, subjected to subsequent calcination. During calcination, water vapor, CO2 , and CH4 will evolve from the internal pores. This may help the initial dispersion of Co. The external silicoaluminate surface is apparently better than both alumina and silica for the dispersion of Co. This phenomenon deserves study. A direct comparison of the MWNTs prepared by the two different recipes (Chen et al., 1997, and Colomer et al., 1998) is as follows. MWNTs prepared from the former recipe gave a BET surface area of 155 m2 /g, with a pore-size distribution from 2.5 to 30 nm (with a peak size at 2.9 nm) (Long and Yang,
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50 nm



Figure 9.7. TEM image of MWNTs grown from methane decomposition on Ni-MgO catalyst at 650 ◦ C, by Long and Yang (2001b) using the recipe of Chen et al. (1997). High-resolution TEM showed 0.35 nm graphitic layers along the tubes (Chen et al., 1997).



2001a), while that from the latter recipe yielded a surface area of 462 m2 /g and pore size distribution from 2.0 to 3.9 nm (Long and Yang, 2001b). As illustrated in Figure 9.4, SWNT would grow when the metal particle is small enough, although no effort was made to image them prior to ca. 1996. Dai et al. (1996) reported the TEM images of SWNTs grown on Ni/Co and Mo supported on alumina, from CO disproportionation at 1200 ◦ C. SWNTs with diameters from ∼1 to 5 nm were seen, each capped with a metal particle of the same size as the tube diameter. However, the yield was low and the size distribution was wide. Resasco and co-workers (Kitiyanan et al., 2000; Alvarez et al., 2001) improved the technique by using Co/Mo supported on silica gel to increase the yield and, more importantly, to control the sizes to a uniform size of near 1 nm diameter. Their starting catalyst was in the form of mixed oxides of MoO3 and Co3 O4 , with Co/Mo = 2–4 being the best (i.e., the highest yield and the highest selectivity for SWNT). The catalyst was pretreated in H2 at 500 ◦ C and SWNTs were grown from CO at 700 ◦ C. The effects of the added MoO3 to Co were more complex than those of MgO to Ni, as described above, but were somewhat similar. A small fraction of the Co was in the metallic state at the beginning of the nanotube growth reaction, while Mo was in the form of oxide. During the growth reaction, the fraction of the reduced Co increased with time,
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while Mo was gradually converted into Mo2 C (Alvarez et al., 2001). The growth ceased when all Mo converted to carbide and all Co was reduced. The small fraction of the reduced Co was apparently in the form of highly dispersed clusters (of the size of 1 nm), which were responsible for the most active SWNT growth period (i.e., at the beginning). In another work, Cassell et al. (1999) added Mo to Fe and showed a signiﬁcantly increased yield of SWNTs by the addition of Mo. High yields of SWNTs were obtained from decomposition of CH4 at 900 ◦ C on these bimetallic catalysts. The optimal catalyst composition was: Fe/Mo = 1/0.17 supported on 1/1 ratio of mixed SiO2 and Al2 O3 . Cassell et al. (1999) attributed the effect of Mo as a promoter for aromatization of methane, which in turn forms aromatic intermediates that facilitated the growth of nanotubes. However, from the discussion above, it is likely that Mo played a similar role in aiding dispersion of metallic Fe in the Fe/Mo system. TEM images of the SWNTs grown by Cassell et al. (1999) are shown in Figure 9.8. Using the catalytic route, SWNT strands as long as 20 cm have been grown (Zhu et al., 2002). Aligned nanotubes (in the form of a carpet) are of interest for applications. This has been accomplished by a number of groups by using vapor phase catalysts such as ferrocene, Fe(C5 H5 )2 . In a recent example, Kamalakaran et al. (2000) prepared arrays of large (100–250 nm diameter) aligned MWNTs by pyrolyzing a spray solution of ferrocene and benzene in Ar at 850 ◦ C. The puriﬁcation of nanotubes has been studied. It is relatively easier to purify the catalytically grown nanotubes than that from graphite vaporization. The metal catalysts and the inorganic support can be removed with HCl and HF solution. The transition metals can be dissolved in HNO3 solution. The amorphous carbon can be removed with HNO3 solution, and also by permanganate solution. Oxidation with air at mild temperatures is also effective in removing the amorphous carbon. A closely related type of material to MWNT is graphite nanoﬁbers (GNF), developed by Baker and Rodriguez (Rodriguez et al., 1995). GNF are prepared by catalytic decomposition of hydrocarbons on metals or metal alloys at temperatures



20 nm



10 nm



Figure 9.8. TEM images of SWNTs grown from methane decomposition on Fe-Ru/Al2 O3 catalyst at 900 ◦ C. Also shown is a typical image of the tip of a SWNT capped with a metal particle. SWNTs grown on Fe-Mo/Al2 O3 are similar (from Cassell et al., 1999, with permission).
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˚2 in the range between 450–750 ◦ C. The ﬁbers have dimensions of 30–500 A in cross-sectional area and 10–100 µm in length. They consist of platelets of graphite layers similar to the MWNTs. However, the layers are not parallel to the axial direction of the ﬁber, but instead form an angle with it. The structure has been described as “herring-bone.” Thus, many graphitic edges are exposed on the surface of the ﬁber. These edges have unsaturated sp2 bonds, or free sp2 electrons. Hence much interesting chemistry can be exploited with the edges of GNFs. Of particular interest is the possibility of hydrogen storage (Rodriguez and Baker, 1997). 9.1.2. Arc Discharge and Laser Vaporization



Since the 1950’s (Bacon, 1960), hollow graphite ﬁlaments have been found in deposits of high-temperature furnaces containing hydrocarbons or CO, with or without catalysts. The ﬁrst substantive study of graphite ﬁbers formed by arc discharge was performed by Bacon (1960). He used a dc arc generated by a moderate 75–80 volts and 70–75 amperes between two vertically aligned graphite electrodes. The arc provided the high temperature to vaporize the electrodes. The graphite vapor condensed on the cathode where graphite ﬁlaments were deposited. At the time, it was thought that the ﬁlaments would be formed at near the triple point of graphite, that is, near 100 atm and 3900 K. Thus, Ar at 92 atm ˚ was used as the inert atmosphere. A TEM with a resolution no better than 5 A was employed. Selected-area electron diffraction/TEM analysis conﬁrmed that the walls of the ﬁlaments were formed by cylindrical layers of perfect graphite sheets. Unfortunately, without high resolution, a “scroll” structure, rather than concentric tubes, was proposed. There is little doubt that what is now called MWNTs were formed in Bacon’s samples. Interest in the arc discharge technique was later revived by the discovery of the fullerenes in 1985 (Kroto et al., 1985). A detailed review on fullerenes (including their formation) is available in Dresselhaus et al. (1996). Kroto et al. (1985) identiﬁed the C60 molecule found in the soot, which was condensed from the carbon vapor generated by laser heating. Carbon vapor can be generated by a number of means, for example, arc discharge, laser ablation, resistive heating, or combustion (with deﬁcient oxygen). It turned out that both MWNTs and fullerenes are formed in the condensed carbon. An interesting ﬁnding was that the formation of these materials depends on the pressure of the inert atmosphere. Also, a minimum pressure is required (Dresselhaus et al., 1996). Table 9.2 is a summary of the main ﬁndings for the syntheses of carbon nanotubes and fullerenes by using the route of carbon vaporization/condensation. SWNT has never been found without the use of a catalyst. Fe, Co, and Ni are the main catalysts used in forming SWNTs. ˚ in diameter. They have The smallest SWNTs that have been grown are 4 A ˚ channels of AlPO4 -5 been grown by pyrolyzing tripropylamine ﬁlled in the 7.3 A ˚ of a MWNT molecular sieve (Wang et al., 2000). An inner wall diameter of 4 A formed by arc discharge has also been reported (Qin et al., 2000). Syntheses of ˚ SWNTs have been reported as well (Peng et al., 2000; Sun et al., 2000). 5A
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Table 9.2. Formation of carbon nanotubes and fullerenes by graphite vaporization/condensation



Technique



Conditions/Observation



Reference



Arc discharge



Graphite electrodes at near triple point (in 92 atm Ar) Multiwall, cylindrical, graphitic whiskers formed on cathode, “scroll” structure was (mis)-identiﬁed by TEM



Bacon (1960)



Laser vaporization



1 atm He over graphite C60 (major) and C70 fullerenes formed



Kroto et al. (1985)



Ohmic vaporization



Graphite rod resistively heated in glass bell jar with He at >100 torr C60 fullerene formed



Kratschmer et al. (1990)



Arc discharge



Graphite electrodes in contact, 100 torr He C60 fullerene formed



Hauﬂer et al. (1990).



Arc discharge



Similar to Bacon’s, Ar at 100 torr was used. Multiwall nanotubes correctly identiﬁed



Iijima (1991)



Arc discharge with catalyst



(a) Fe placed on cathode to be co-vaporized, in 10 torr CH4 + 40 torr Ar. (b) Co added to anode, in 100–500 torr He. Single-wall nanotubes (∼1 nm) formed on cathode in both cases.



(a) Iijima and Ichihashi (1993); (b) Bethune et al. (1993)



Laser vaporization with catalyst



Mixed Co (1 at %) or Ni (0.6 at %) in graphite as target, in 500 torr Ar. Single-wall nanotubes



Guo et al. (1995)



The role of the catalyst and the mechanism for the formation of SWNTs during condensation of carbon vapor are not known. It is possible that the epitaxial matching of graphite lattice or rings on the faces of the transition metal plays a role, as illustrated in Figures 4–6. A rationalization for the growth process has also been given by Thess et al. (1996). In their rationalization, metal atom(s) is attached to the carbon atoms on the open end of the tube where growth occurs. These metal atoms prevent ﬁve-member rings from forming and keep the end open. The tube diameter is determined by competition between the strain
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energy of curvature of the graphite sheet and the dangling-bond energy of the open edge. In all the studies since Bacon’s work, “graphite rod” or “graphite disk” was used as the source of carbon for vaporization. No impurity data were given. The electrode graphite with the highest purity is used as anodes for aluminum smelting, with a total “ash” content of >0.1% (wt) (Yang, 1979). The commercially available electrode graphites have “ash” contents signiﬁcantly higher than this level. The main impurity in electrode graphite is Fe. The question concerning the role of the Fe impurity in the formation of MWNTs (and possibly fullerenes) has not been addressed. With these impurities, SWNTs were likely to have been formed; however, they have not yet been found probably because of their scarcity. 9.1.3. Adsorption Properties of Carbon Nanotubes



The most unexpected and potentially most important adsorption property of carbon nanotubes is hydrogen storage. While controversy remains, intensive research efforts on this subject are on-going worldwide. This subject will be discussed separately in Chapter 10. Carbon nanotubes have cylindrical pores. An adsorbate molecule interacts with the carbon atoms on the surrounding walls. As discussed in Chapter 2, the resulting potential in the cylindrical pore can be substantially higher than that in a slit-shaped pore with the same dimension. In addition, carbon nanotubes are highly graphitic (much more so than activated carbon). The surface of the nanotubes is highly aromatic and contains a high density of π electrons. With these two factors, it is expected that the carbon nanotubes can adsorb molecules much more strongly than activated carbon (which has slit-shaped or wedgeshaped pores). This expectation has indeed been shown by a number of simulation studies of adsorption for He, Xe, CH4 , and N2 . The general results showed that the interactions are of the order of two when compared with that on planar graphite, as to be discussed shortly. Because SWNTs are grown in the form of bundles and ropes from both catalytic route (e.g., Colomer et al., 2000) and graphite vaporization (e.g., Thess et al., 1996), the inter-tube spaces (bounded by the outer surfaces of the tubes) are also important for adsorption. The SWNT bundles are arranged in a triangular lattice structure, held together by van der Waals forces. Hexagonal close-packed conﬁguration without tube-tube contact has been used in most simulations. In such cases, the dimensions of the inter-tube pores are often smaller than that inside the tubes, thus, adsorption in the inter-tube spaces can be stronger. Adsorption in the inter-tube spaces has been assumed in many theoretical calculations, particularly in earlier work, when synthesis of small-diameter SWNTs were not ˚ was used. reported. In such calculations, inter-tube spacing as small as 2.6 A Since the ﬁrst study on adsorption in carbon nanotubes by Pederson and Broughton (1992), most have been simulations. Few experimental studies have appeared, however. The observations from both simulations and experiments are discussed below.
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Adsorption of Dioxin and Benzene. Ultrapuriﬁcation is becoming an increasingly important topic due to environmental and health concerns. Dioxins are highly toxic and quite stable. Like dioxins, many of the highly toxic chemicals are low-volatile compounds. Removal of these compounds to the ppb or ppt level are often necessary. It has been a challenge to develop an experimental technique for measuring adsorption isotherms of low-volatile organics at low concentrations. A simple technique based on temperature programmed desorption (TPD) has been developed recently (Yang et al., 1999). This technique involves dosing the sorbate (as solution in a solvent such as DMF) at the inlet of the column that is packed with the sorbent, followed with TPD in a ﬂow of an inert gas. From the peak desorption temperature as a function of heating rate, the activation energy of desorption is obtained, which is taken as the heat of adsorption. The heat of adsorption yields the Langmuir constant. The saturated amount is estimated from the monolayer amount, based on the molecular area of the sorbate. Thus, the Langmuir isotherm is obtained (Yang et al., 1999). Using this technique, Long and Yang (2001a) have measured the bond energy or heat of adsorption of dioxin on carbon nanotubes, and compared this value with that on other sorbents. Dioxins and related compounds (e.g., polychlorinated dibenzofurans and biphenyls) are highly toxic and stable pollutants. Dibenzo-p-dioxins are a family of compounds consisting of two benzene rings joined by two oxygen atoms and have from zero to eight chlorine atoms attached around the rings. The dibenzofurans are a similar family, which differs only in the manner one of the bonds between the two benzene rings is bridged by oxygen. The toxicity of dioxins varies with the number of Cl atoms, with non- and monochloro dioxins being nontoxic, while becoming increasingly toxic with more Cl atoms. Dioxins are mainly generated from combustion of organic compounds in waste incinerators, such as municipal waste, medical waste, hazardous waste, and army stockpile (chemical agents). They are formed downstream the combustion zone with typical concentrations of 10–500 ng/Nm3 . Current regulations on dioxin emissions are complex, depending on the toxic equivalency of the actual compounds and O2 concentration, and vary in different countries. Nonetheless, removal to well below 1 ng/Nm3 is generally required (Harstenstein, 1993). Since 1991, activated carbon adsorption has been widely adopted for dioxin removal from waste incinerators in Europe and Japan (Harstenstein, 1993). Because of the higher bond energy between dioxin and activated carbon than other sorbents, the removal efﬁciency for dioxin by activated carbon is much higher than other sorbents, such as clays, pillared clays, g-Al2 O3 and zeolites (Yang et al., 1999). As mentioned, the desorption activation energy can be obtained from TPD by varying the heating rates. From the temperature dependence of the desorption peak temperature, one can calculate the desorption activation energy. For physical adsorption, the desorption activation energy is equal to the bond energy, or heat of adsorption (Yang, 1987). The bond energies for dioxin on three sorbents are compared in Table 9.3. The carbon nanotubes used in this work were MWNTs prepared from methane decomposition on Ni-MgO catalyst by using the recipe
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Table 9.3. Peak desorption temperature of dioxin at different heating rates, activation energies for desorption, and Langmuir constants on different sorbents



Peak Desorption Temperature (◦ C) at Different Heating Rates Sorbent Carbon nanotubes ZX-4 activated carbon (Mitsubishi) γ -Al2 O3



Desorption Activation Energy



Langmuir Constant B at 25 ◦ C



2 ◦ C/min



5 ◦ C/min



10 ◦ C/min



(kJ/mol)



(1/atm)



Ref.



588



609



620



315



2.7 × 1052



a



481



517



543



119



1.3 × 1018



b



306



353



394



4.5 × 105



b



47.9



(a) Long and Yang (2001a); (b) Yang et al. (1999).



of Chen et al. (1997). The surface area was 155 m2 /g and the peak diameter of the MWNTs was 2.9 nm. The ZX-4 activated carbon is commercially used for dioxin removal from incinerators. From the comparison, the bond energy of dioxin on the MWNTs is nearly three times that of dioxin on activated carbon. The Langmuir constant was obtained from the activation energy of desorption (Yang et al., 1999). The strong bonding between the dioxin molecule and the nanotube is obviously the result of the overlapping potentials with the surround walls. The position of the dioxin molecule is optimally aligned when it is collinear along the axis of the nanotube. The results given in Table 9.3 indicate that for the same level of puriﬁcation, much less sorbent is needed if the activated carbon is replaced by carbon nanotubes. Alternatively, if the same size adsorber is used, a much higher level of puriﬁcation can be accomplished. In the commercial operation of incinerators, activated carbon is used to adsorb both dioxins and Hg. The temperature of adsorption is near 150 ◦ C. Adsorption at higher temperatures would be more economical; however, the temperature is limited by the sorbent capacity. By replacing activated carbon with carbon nanotubes, operation at higher temperatures would be possible. Adsorption of Hg species on carbon nanotubes has not been studied. Such a study would be worthwhile. Likewise, studies on adsorption of hazardous polynuclear aromatic compounds and VOCs on carbon nanotubes would be of value. The adsorption of benzene in/on single-wall nanotubes has been measured by Eswaramoorthy et al. (1999), as shown in Figure 9.9. The peak radius of the SWNTs was 1 nm. At 25 ◦ C, a saturated amount of benzene of approximately 2.1 mmol/g was reached at their lowest relative pressure of 0.01. This amount ˚ 2 per molecule. Unfortunately, no heat of adsorption corresponded to 30–40 A data were reported. However, from the available result, the bond energy between benzene and SWNTs is clearly very strong.
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Figure 9.9. Adsorption isotherms of benzene on catalytically grown SWNTs at 25 ◦ C. HNO3 removed the Ni-YO3 catalyst hence opened the tubes. (Eswaramoorthy et al., 1999).



Selective Adsorption of NOx Over CO2 . There has been a continuing search for selective sorbents for NOx and SO2 over CO2 and H2 O. Such sorbents would be desirable for ﬂue/combustion gas cleanup applications. It has been known that CO2 , like H2 O, is only very weakly adsorbed on styrenic resins (Kikkinides and Yang, 1991) and graphite (Chen and Yang, 1993). The styrenic resins are polystyrene cross-linked with divinyl benzene, and approximately 60% of their surfaces are benzene rings. CO2 can have strong interactions with edge planes of graphite, but has only very weak interactions with the basal plane of graphite. This has been shown experimentally (by using graphite crystals with various basal/edge plane ratios) and by molecular orbital calculations (Chen and Yang, 1993). The potential energy curves of CO2 approaching basal plane of graphite and that approaching the zigzag edges are compared in Figure 9.10. SO2 /graphite is also included in the comparison. It is clearly demonstrated that while SO2 has a slight preference for the edge plane, the interaction of the edge plane with CO2 is much stronger than that with the basal plane. Unlike resins and graphite, activated carbons do not have high selectivities for NOx and SO2 over CO2 . The reason for lack of selectivity is that the activated carbon is not highly graphitic, and contains a high proportion of edge planes as well as some amorphous carbon. Long and Yang (2001b) studied the adsorption of NOx , SO2 , and CO2 in the presence of O2 on MWNTs. The MWNTs were prepared by decomposition of acetylene on 2.5 wt % Co/NaY zeolite, that is, the recipe of Colomer et al. (1998). The MWNTs had a BET surface area of 462 m2 /g, and an inner pore diameter of 2–4 nm. The single gas adsorption results are shown in Figure 9.11.
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Figure 9.10. Potential energy as a function of internuclear distance from semi-empirical (INDO) molecular orbital theory calculation (see Chapter 8) (Chen and Yang, 1993, with permission). The absolute values from INDO are too high, but the relative values for different systems are correct. The edge plane is the zigzag edge.
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Figure 9.11. Adsorption/desorption of NOx , SO2 , and CO2 on MWNTs at 25 ◦ C. Conditions for adsorption: 1000 ppm NO, 500 ppm SO2 , or 10% CO2 , each with 5% O2 and balance He at 1 atm. (Long and Yang, 2001b).
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The high selectivity for NOx and SO2 over CO2 simply reﬂects the fact that the surfaces of the nanotubes are the basal plane of graphite. Subsequent measurements by Long and Yang (unpublished results) with activated carbon showed that the amounts adsorbed of NOx and SO2 were similar to those by MWNTs; however, the amount of CO2 was also high, that is, activated carbon did not have the selectivity for NOx and SO2 over CO2 . Moreover, the amounts adsorbed of NOx and SO2 on MWNTs were signiﬁcantly higher than those on activated carbon when normalized based on surface area, since the surface area of activated carbon was more than twice that of the MWNTs. The enhanced adsorption by MWNTs was most likely due to the cylindrical pore geometry. Molecular Simulations and Adsorption of Other Gases. The ﬁrst molecular simulation study on adsorption in carbon nanotubes was reported by Pederson and Broughton (1992). The potential curves were calculated for two HF molecules, approaching from the two opposite ends of a SWNT. Two tubes were subjected to ˚ At the equilibrium distance of calculations, with inner diameters of 8.2 and 10 A. ˚ between the two HF, collinearly positioned along the center approximately 3 A of the tube axis, a potential energy of approximately −0.3 eV was obtained. This energy is equivalent to approximately 17.6 kJ/mol. More interestingly, they ˚ 3 /A ˚ 2. arrived at an effective polarizability per unit area of the nanotube of 3.4 A This value may be compared with the polarizability of the carbon atom at the ˚ 3 (see Table 2.2 in Chapter 2). Thus, the ground state. Such a value is 1.76 A inner tube surface appears to have an enhanced polarizability. GCMC (grand canonical Monte Carlo) simulations of adsorption of N2 on both SWNTs (Maddox and Gubbins, 1995; Yin et al., 1999; Ohba et al., 2001; Mays et al., 2002) and MWNTs have been performed. Experimental data are also available (Inoue et al., 1998; Ohba et al., 2001; Mays et al., 2002). Interesting yet not unexpected results are seen. Maddox and Gubbins (1995) studied both adsorption of argon and nitrogen at 77 K on three nanotubes with 1.02 and 4.78 nm diameters. For the small tube, the isosteric heats of adsorption was approximately 16 and 17 kJ/mol for Ar and N2 , respectively. The heats of adsorption decreased to approximately 12 kJ/mol for the large tubes. For tubes shorter than 30 nm, strong end effects were predicted. Simulations as well as experiments have been performed on the adsorption of 4 He on bundles of SWNTs (Teizer et al., 1999; Teizer et al., 2000; Cole et al., 2000; Talapatra et al., 2000; Gatica et al., 2000). From desorption measurements at T > 14 K, a large binding energy of 330 K was ﬁrst reported by Teizer et al. (1999). This was 2.5X the value on planar graphite. They subsequently corrected it to 1.6X (Teizer et al., 2000). Adsorption isotherms and binding energies of Xe, CH4 , and Ne on bundles of SWNTs were measured by Talapatra et al. (2000). Again, higher binding energies than those on planar graphite were obtained. Remarkably, the percent increase in the binding energy relative to planar graphite, at about 75% for all three gases, was quantitatively the same. The temperatures of their measurements were up to 296 K for Xe, 195 K for CH4 , and 57 K for Ne. The binding energies were 222 meV for CH4 , 282 meV for Xe, and
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52 meV for Ne. They actually calculated the isosteric heats of adsorption (qst ) from the temperature dependence ﬁrst (at low loadings), and obtained the binding energies (ε) by qst = −ε + 2kT , where k is the Boltzmann constant. From the ε values above, the heats of adsorption were approximately 23 kJ/mol for CH4 , 29 kJ/mol for Xe, and 7.4 kJ/mol for Ne. The SWNT bundles were reported as having closed ends. The results were interpreted as adsorption occurring on the outer surfaces and “ridges” of the bundles, not in the spaces between the tubes within the bundles. Simulation of Xe on the outer surfaces of SWNTs has been studied by Stan and Cole (1998), who concluded that the binding of Xe on the outer surface was weaker than that on planar graphite by about 20%. However, their estimated binding energy of 22.6 kJ/mol was close to the experimental data of Talapatra et al. (2000). Kuznetsova et al. (2000) measured the adsorption of Xe on both closed and open SWNTs at 95 K, using TPD. The desorption activation energy of Xe from saturated phase inside the tubes was 26.8 kJ/mol. This value was also in reasonable agreement with that obtained by Talapatra et al. and Stan and Cole. In a study of Muris et al., (2000), adsorption isotherms of CH4 and Kr at 77–110 K were measured on closed bundles of SWNTs, with ˚ and intertubular distance of 17 A. ˚ The isotherm of a tube diameter of 13.7 A CH4 on SWNTs had two steps, with isosteric heats of adsorption of 18.3 and 11.1 kJ/mol for the ﬁrst and second steps, respectively. The heat of adsorption of the ﬁrst step of adsorption for CH4 on planar graphite was 14.9 kJ/mol. Their values seemed to be substantially lowered than the others. An earlier measurement of adsorption of CH4 on MWNTs was performed on large tubes, ranging from 10 nm to 2 µm diameter (Mackie et al., 1997). In this study, typical wetting and capillary condensation behavior was seen. An interesting result from the study of Kuznetsova et al. (2000) involved the opening of the tubes by heat-treatment under high vacuum. Evolution of CH4 , CO, H2 , and CO2 gases began when heating the SWNTs to temperatures above 300 ◦ C. Their ﬁnal temperature was 800 ◦ C. After such heat-treatment, the saturated amount of Xe increased by a factor of 23, indicating opening of the tubes. They postulated that the surface functionalities such as −COOH blocked the entry ports for adsorption at the nanotube ends and at defect sites on the walls. The thermal destruction of these functionalities would lead to opening of the pores. A similar postulation was actually made previously by Rodriguez and Baker (1997) from their studies of hydrogen storage on GNFs. This important point will be further discussed in detail in Chapter 10. Isotope Separation. Separation of isotope mixtures (e.g., separations of tritium and deuterium from hydrogen) is a difﬁcult task that requires energyintensive processes such as diffusion, chemical exchange and laser isotope separation. Adsorption processes (mainly by chromatography) have attracted continuing interests; however, good sorbents have yet to be found. Commercial sorbents have been considered for isotope separations. These include: D2 -H2 on alumina at 77.4 K (Katorski and White, 1964; King and Benson, 1966), D2 -DT-T2 on 13X zeolite at various low temperatures (Maienschein
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et al., 1992), and H2 -D2 -HD on NaA zeolite at 120-77 K (Stephanie-Victoire et al., 1998). The separation factors for these systems were all small (near or below 2). The use of carbon nanotubes for isotope separations has been proposed recently by Scholl, Johnson and co-workers (Wang et al., 1999; Challa et al., 2001), based on “quantum sieving.” Quantum sieving was ﬁrst discussed by Beenakker et al., (1995) to describe the molecular transport in a pore that is only slightly larger than the molecule. In their description, a hard-sphere molecule with a hard-core diameter σ is adsorbed in a cylindrical pore with a pore diameter d. When d-σ is comparable with the de Broglie wavelength λ (λ = h/mv , where h is Planck’s constant, m is mass, and v is the radial velocity), the transverse motion energy levels are quantized. For He at room temperature, λ ≈ 0.1 nm. Hence, separation can be achieved by using differences in the quantum levels of the heavier and lighter molecules that are conﬁned in the pore. From their hard-sphere theory, high selectivities were predicted for He isotopes at low temperatures and pressures ˚ in diameter. Wang et al. (1999) employed path-integral Monte in pores about 4 A Carlo simulations with accurate potential models for studying isotope separations in SWNT bundles. Wang et al. (1999) treated a low-pressure binary mixture in equilibrium with an adsorbed phase in the narrow pore. Because of the low density of adsorbate in the pore, the molecules undergo unhindered axial translational motion, and the transverse (radial) degrees of freedom are in their ground state and quantized. The chemical potential of the adsorbate molecule or atom can be expressed in terms of the ground-state energy (E) of its transverse wave function. By equating the chemical potentials of the adsorbate molecule and that in the gas phase, the selectivity can be calculated. The selectivity of component 1 over 2 is S = (x1 /x2 )/(y1 /y2 ), where xi (yi ) are the pore (gas) mole fractions. The selectivity approaching zero pressure (S0 ) is given by: S0 =



  m2 E1 − E2 exp − m1 kT



(9.2)



where m is the molecular mass. This equation applies only when the ground state is populated. When the excited states (l) are also populated, Challa et al. (2001) obtained:   exp(−E1l /kT )  m2  l   (9.3) S0 =   l m1 exp(−E2 /kT ) l



The selectivities calculated from these two equations for T2 /H2 at 20 K were essentially the same (Wang et al., 1999; Challa et al., 2001). That calculated from Eq. 9.3 are shown in Figure 9.12. The results from the path integral MC calculations are also shown, and were nearly the same as that from the simple equations.
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Figure 9.12. S0 (equilibrium selectivity at pressure approaching zero) for T2 /H2 as a function to tube diameter, from Eq. 9.3 (diamonds) and path integral Monte Carlo calculations (circles), (n, m) are tube indices, which are related to the tube diameter via Eq. 9.1, from Challa et al. (2001) with permission.
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Figure 9.13. Selectivity S0 in the SWNT interstices as a function of temperature for T2 /H2 (circles), HT/H2 (triangles), and T2 /HT (squares). From Challa et al. (2001) with permission.



The quantum sieving effects drop rapidly as the temperature increases, as shown in Figure 9.13. Using Eq. 9.3, Challa et al. (2001) calculated the selectivities for three different hydrogen isotope mixtures in the interstices of (10,10) SWNT bundles at different temperatures. The drop was due to the increased contribution from the excited states. Thirty energy states (in Eq. 9.3.) were used in their calculations. However, a selectivity of 5.2 for T2 /H2 still remained at 77 K. It should be noted that the quantum sieving effects are not limited to the carbon nanotubes. Small-pore molecular sieves such as ALPO4 -22 also could have such effects (Wang et al., 1999). However, carbon nanotubes have the advantage of being the most smooth and uniform pores. The interesting quantum sieving effects remain to be proven experimentally.
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The interesting idea of separating enantiomers via chiral separation with carbon nanotubes was suggested and examined by Sholl and co-workers (Power et al., 2002). A Monte Carlo technique was used to calculate the isosteric heats of adsorption for enantiomers of trans-1,2-dimethylcyclopropane (DMCP) and trans-1,2-dimethylcyclohexane (DMCH) inside SWNTs. Sholl and colleagues used tubes of different diameters as well as different chiral angles. Tube diameters ˚ to 28.7 A ˚ and chiral angles from 34 to 54◦ were examined. ranging from 9.5 A Unfortunately, the isosteric heats of adsorption for the two pairs of enantiomers were negligible in all cases. Kinetic Separations. As discussed in Chapter 5, carbon molecular sieves have already been used for gas separation that is based on differences in diffusivities of different gas molecules. The same separations should also be possible with carbon nanotubes. To this end, a number of simulation studies have been carried out. Mao and Sinnott (2000 and 2001) have reported molecular dynamics simulation results for diffusion of methane, ethane, n-butane, and isobutene, as well as their binary mixtures, in SWNTs and their bundles. As expected, diffusion of smaller molecules is faster, for example a factor of 25 was obtained for methane/isobutene in a (8,8) nanotube (Mao and Sinnott, 2001). ˚ diamThe difﬁcult separation of N2 /CH4 was studied with a SWNT of 13 A eter by Nicholson and Suh (2002) by using a Monte Carlo technique. The ﬂux was expressed in the Fickian form to include both main-term and cross-term diffusivities, as well as a viscous contribution. Their results are summarized in Figure 9.14. In Figure 9.14, J1 /J2 is the ratio of the total ﬂuxes of CH4 over N2 , which reﬂects the overall separation. D11 and D22 are the main-term Fickian diffusivities for CH4 and N2 , respectively. The large deviation of D11 /D22 from J1 /J2 reﬂects the signiﬁcant contribution of the cross-term diffusivities.
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9.2. PILLARED CLAYS



Pillared interlayered clays (PILCs), or pillared clays, are a class of porous, highsurface area, two-dimensional materials that have been studied extensively for application as catalysts and, to a much lesser degree, as sorbents for gas separations. Comprehensive reviews on pillared clays and their catalytic properties are available (Pinnavaia, 1983; Burch, 1987; Figueras, 1988; Butruille and Pinnavaia, 1996; Gil et al., 2000). There have been only a few studies on the adsorption properties of pillared clays, primarily since 1991 (Yang and Baksh, 1991). Some of the results have been reviewed by Yang and Cheng (1995). The microporosity, that is micropore-size distribution of pillared clays has been correctly characterized only recently. For Al2 O3 -pillared clay, the main group of ˚ with a minor group of pores centered pores have sizes centered around 5.5 A, ˚ (Gil and Montes, 1994; Hutson et al., 1998). These micropores can around 4 A be controlled and tailored (Hutson et al., 1998) and could have potential applications as molecular sieves. PILCs are relatively hydrophobic when compared with zeolites, silica gel, and activated alumina (Malla and Komarneni, 1990). PILCs and acid-treated clays have been found to be excellent supports for the synthesis of π-complexation sorbents (Cheng and Yang, 1995b; Cho et al., 2001). In addition, synthetic clays are already produced commercially. Laponite is a synthetic hectorite, which along with montmorillonite (a member of smectite), can be easily pillared (Yang and Cheng, 1995). The availability of inexpensive clays of controlled quality is ensured by the availability of the synthetic clays. For the reasons above, further investigations of PILCs as possible sorbents for gas separation and puriﬁcation are warranted. 9.2.1. Syntheses of PILCs



Clays are two-dimensional aluminosilicates with layer structures. Smectite is a family of clays that has been most studied as precursors for PILCs. Each layer of the smectite consists of three sub-layers: an alumina layer sandwiched between two silica layers. Two layers of smectite are depicted in Figure 9.15. The silica sub-layer is formed by a stable SiO4 tetrahedral structural unit that has polymerized into a two-dimensional sheet. This occurs through sharing three of the oxygens at the corners of the tetrahedra. Like tetrahedra, the alumina octahedra can also polymerize in two dimensions to form a sheet; in this case, by sharing four oxygens. However, the aluminum atom is often substituted by Mg and Fe, referred to as isomorphous substitution. Substitution of the trivalent aluminum by divalent Mg or Fe imparts a net charge to the clay layer. Likewise, substitution of silicon by aluminum or magnesium by lithium could also impart a net charge. In order to achieve electroneutrality, the net charges must be compensated by interlayer cations such as Na+ , K+ , and Ca2+ . The interlayer cations are depicted in Figure 9.15. These cations are exchangeable. Pillared clays are prepared by exchanging the charge compensating cations between the clay layers with larger inorganic hydroxy cations, which are polymeric or oligomeric hydroxy metal
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Figure 9.15. Schematic of structures of clay and pillared clay, with cation sites. The pillars are more closely spaced than depicted.



cations formed by hydrolysis of metal salts. Upon heating, the metal hydroxy cations undergo dehydration and dehydroxylation, forming stable metal oxide clusters which act as pillars keeping the clay layers separated and creating interlayer spacing (gallery) of molecular dimension. The steps for PILC synthesis are depicted in Figure 9.16. Pillared clay development started in the mid 1950’s by Barrer and co-workers (Barrer, 1978). They synthesized high-surface-area materials by pillaring montmorillonite clay with cations of N(CH3 )4 + and N(C2 H5 )4 + . However, such materials have low thermal and hydrothermal stabilities and therefore have limited use as adsorbents and catalysts. Much interest and research have been directed toward the synthesis of pillared clays with high thermal and hydrothermal stabilities. The
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Figure 9.16. General scheme for synthesis of pillared clays (Butruille and Pinnavaia, 1996, with permission).



most promising ones for use as adsorbents and catalysts are as follows: A1-PILC (Vaughan et al., 1979, 1981a, b; Lahav et al., 1978; Shabtai et al., 1984a, b; Pinnavaia et al., 1984; Occelli, 1984; Sterte, 1991; Suzuki et al., 1988; Occelli and Tindwa, 1983; Pinnavaia, 1983; Burch, 1988; Figueras, 1988), Zr-PILC (Vaughan et al., 1979,1981; Yamanaka and Brindley, 1979; Figueras et al., 1989; Burch and Warburton, 1986; Bartley and Burch, 1986; Bartley, 1988; Yang and Baksh, 1991), Cr-PILC (Tzou and Pinnavaia, 1988; Carrado et al., 1986, Vaughan, 1987; Shabria and Lahari, 1980; Pinnavaia et al., 1985), Fe-PILC (Yamanaka and Hattori, 1988; Yamanaka et al., 1984; Burch and Warburton, 1987; Lee et al., 1989; Pinnavaia and Tzou, 1987; Rightor et al., 1991), and Ti-PILC (Sterte, 1986). The choices for hydroxy cations are not limited to those mentioned. In fact, any metal oxide or salt that forms polynuclear species upon hydrolysis (Baes and Mesmer, 1976) can be inserted as pillars, and all layered clays of the abundant phyllosilicate family as well as other layered clays can be used as the
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hosts (Clearﬁeld, 1988; Drezdon, 1988, Sprung et al., 1990; Burch, 1988; Van Olphen, 1977; Fripiat, 1982,1988). In addition, several experimental parameters, such as the concentration of the metal ion, the basicity or degree of hydrolysis (given as r = OH/M), the temperature of preparation, the time and temperature of aging, the type of counter-ion, and the method of preparation, can strongly affect the degree of polymerization of the hydroxy-oligomeric cations in aqueous solution (Burch, 1987), and consequently the physicochemical properties of the pillared clays. Typical chemical compositions of montmorillonite (bentonite) and major pillared clays are listed in Table 9.4. The clay was a puriﬁed form of bentonite from Fisher (Baksh et al., 1992). 9.2.2. Micropore Size Distribution



The main impetus for studying PILCs during the 1970’s and 1980’s was to develop large-pore catalysts for petroleum reﬁning. X-ray diffraction was used as a guide for determining the pore sizes. The XRD patterns of the (001) reﬂection for the unpillared puriﬁed bentonite, and after pillaring with Al2 O3, are shown in Figure 9.17. The 2θ angle of the (001) basal reﬂection was 7.1◦ for the unpillared puriﬁed bentonite and 5.1◦ for the Al2 O3 -PILC, which corresponds to d001 basal spacings of 1.21 nm for the unpillared clay and 1.69 nm for the Al2 O3 -PILC. Subtracting the thickness (0.93 nm) of the clay layer, the open spacing for the Al2 O3 -PILC is 0.76 nm. The open spacings for the PILCs reported in the literature are generally larger than this value. Depending on the preparation condition, ˚ have been reported. The BET surface areas of open d-spacings as large as 20 A pillared clays are generally in the range of 200–400 m2 /g.



Table 9.4. Chemical compositions (in wt %) of clay and pillared clays



Oxides



Bentonite



Zr-PILC



Al-PILC



Cr-PILC



Fe-PILC



Ti-PILC



SiO2 Al2 O3 MgO Fe2 O3 TiO2 Na2 O CaO K2 O ZrO2 Al2 O3 Cr2 O3 Fe2 O3 TiO2



54.72 15.98 1.94 2.93 0.12 2.04 0.82 0.34 — — — — —



48.75 14.01 1.50 2.49 0.12 0.22 0.09 0.27 17.65 — — — —



59.93 13.36 1.86 3.05 0.19 0.17 0.07 0.22 — 10.46 — — —



46.38 12.49 1.60 2.57 0.12 0.23 0.064 0.217 — — 26.85 — —



47.53 13.25 1.42 1.58 0.13 0.07 0.087 0.27 — — — 27.20 —



40.15 13.99 1.64 2.90 0.12 0.19 0.089 0.155 — — — — 30.17



(Baksh et al., 1992, with permission). Water (as balance) is not included.
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Figure 9.17. X-ray diffraction patterns for (a) unpillared puriﬁed bentonite, (b) unmodiﬁed Al2 O3 -PILC, (c) Li+ -PILC, (d) Na+ -PILC, and (e) K+ -PILC (Hutson et al., 1998, with permission).



Using probe molecules as the sorbates, it was found that the pore sizes in PILCs were not limited by the interlayer spacing, but by the interpillar spacing (Yang and Baksh, 1991; Baksh et al., 1992). Furthermore, by using the lowpressure N2 isotherm, Gil and Montes (1994) were able to correctly determine a bimodal micropore size distribution. For Al2 O3 -PILCs prepared with different ˚ and 6 A ˚ were Al/clay ratios, two groups of pores with sizes centered near 4 A observed for all samples. Hutson et al. (1998) studied the micropore size distributions of Al2 O3 -PILC and Al2 O3 -PILCs after ion exchanges with different alkali and alkaline earth metals. The N2 isotherms of the clay and the Al2 O3 -PILC are shown in Figure 9.18. The low-pressure N2 isotherm of the Al2 O3 -PILC is further shown in Figure 9.19. The hysteresis loop indicates the presence of mesoporosity. For the Al2 O3 -PILC shown in Figure 9.18, the mesopore volume was 0.11 ml/g. More importantly, the low-pressure isotherm provides information about the microporosity. The pore-size distribution of the micropores has been determined by using the Horv´ath–Kawazoe equation and its improved form by Cheng and Yang for slit-pore geometry (see Chapter 4 for details). The resulting micropore size distributions are shown in Figure 9.20. The distribution is in agreement with that determined by Gil and Montes. The total micropore volume for the Al2 O3 -PILC was 0.149 ml/g. Clearly these micropores are important since they account for 57% of the total pore volume. Figure 9.20 also shows that the micropores could be modiﬁed by ion exchange of the PILC with different cations. The micropore volume for those pores in ˚ increased with increasing ionic radius of the the lower distribution (4.5 A) 9.2.3. Cation Exchange Capacity



The cation exchange capacity (CEC) is important for two reasons. First, like zeolites, by placing proper cations in the PILC, its adsorption properties can be tailored. Its pore structure can also be altered by ion exchange, albeit only
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Figure 9.20. Overlays of the micropore-size distributions of the unmodiﬁed Al2 O3 -PILC and (a) monovalent cation-exchanged clays; and (b) divalent cation-exchanged clays (Hutson et al., 1998, with permission).



slightly, as discussed in 9.2.2. Second, PILC can be used as a stable, economical ion exchanger. It has been considered as a sorbent for the removal of heavy metal ions (such as Cu2+ , Cr3+ and Pb2+ ) from aqueous media (Li et al., 1996). The CEC of the precursor clay is equal to the total amount of the chargecompensating cations. Upon PILC synthesis, most of the CEC is lost; only about 10–20% remains. The CEC of the clay varies depending on the geological source. For the most used clay, montmorillonite (or bentonite), the CEC is 0.76 meq/g for Wyoming bentonite and is 1.40 meq/g for Arizona (Cheto) bentonite. The reason for the loss of CEC upon PILC synthesis will be discussed ﬁrst, followed by methods for restoring it in the PILC. In the scheme for PILC synthesis (Figure 9.16), the ﬁrst step is to replace the charge-compensating cations in the clay by large polynuclear cations. The polynuclear cations are formed by hydrolysis of salts that contain these cations in proper ranges of pH, or OH/M ratio (Baes and Mesmer, 1976). Using Al3+ as an example, at r (OH/Al) ∼2.4 (or, pH = 3.2–4.0), the main species in the pillaring solution is [Al13 O4 (OH)24 (H2 O)12 ]7+ . This cation replaces the chargecompensating cations in the clay. The structure of this cation has been determined by Johansson (1960) to be the Keggin structure (after Keggin, 1934). The Keggin structure of Al is symmetric, built up by one tetrahedrally coordinated Al in the center and surrounded by 12 Al octahedra. After pillaring, the clay containing the polynuclear cation is calcined. Upon calcinations, the cation decomposes via: [Al13 O4 (OH)24 (H2 O)12 ]7+ ⇒ 6.5Al2 O3 + 20.5H2 O + 7H+



(9.4)
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Thus, the original CEC is now taken up by the protons. Some or most of these protons migrate, at the calcination temperature, into the octahedral sheet of the clay, and toward the incompletely neutralized hydroxyl groups that are coordinated to magnesium, aluminum or other octahedral structural metal atoms. The migration of the cations into the octahedral layer is basically responsible for the CEC loss of the calcined product because these protons are no longer accessible for ion exchange. It has been reported that approximately 80% of the initial CEC of the clay could be restored by treating the PILC with a base, such as ammonia, potassium carbonate or alkali solutions (Vaughan et al., 1981; Molinard et al., 1994a, b; Cheng and Yang, 1995a; Li et al., 1996). The ammonia treatment can be accomplished by PILC exposure to a small partial pressure of ammonia at room temperature. For example, Molinard et al. (1994b) evacuated a desiccator that contained both the PILC and a beaker of ammonium solution. They were able to restore 80% of the CEC in 10 min. Their IR spectra showed the formation of the ammonium ions on the PILC. Thus, the restoration was apparently accomplished by retrieving, using ammonia, the proton from the octahedral layer to the surfaces in order to form ammonium ion. Restoration of CEC by treatment with alkali solutions (such as NaOH) is also possible, but not well understood. Li et al. (1996) observed structural collapse of the PILC after such treatment. They also reported less restoration than that by ammonia treatment. The structural collapse was due to attack on the alumina pillars. Cheng and Yang (1995) have proposed the formation of −OH groups on the pillars where the proton is exchangeable. 9.2.4. Adsorption Properties



Although PILCs are aluminosilicates with cations, they are considerably less hydrophilic than zeolites and commercial desiccants. Earlier studies by Malla and Komarneni (1990) and by Yamanaka et al. (1990) indicated hydrophobicity of the PILCs. The capacity for water was increased by introducing Ca2+ into the interlayer spacing (Malla and Komarneni, 1990). The isotherms for water vapor on various PILCs are compared with that for activated carbon and 5A zeolite in Figure 9.21. The lack of a strong afﬁnity for water is an advantage for applications. Like zeolites, PILCs also show selectivity for N2 over O2 . However, their capacities were substantially lower than that of zeolites. Cheng and Yang (1995a) corrected the earlier results of Baksh and Yang (1992) on the isotherms of cation exchanged PILCs for N2 over O2 . In the work of Yang and Cheng (1995), the clay with the highest CEC, Arizona bentonite, was used as the starting clay. The PILC with the smallest pore sizes, Zr-PILC, was prepared from the Arizona bentonite. The smaller pores would provide the strongest force ﬁelds. After pillaring with ZrO2 , the sample was subjected to CEC restoration by treatment with ammonia. The resulting PILC was subsequently ion exchanged with alkali cations (Li+ , Na+ , K+ , Rb+ , Cs+ ). The adsorption capacities for N2 and O2 on these ion
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Figure 9.21. Adsorption isotherms of water at 25 ◦ C on PILCs, BPL (activated carbon), FB (Fisher bentonite), and 5A zeolite (Baksh et al., 1992, with permission).



Table 9.5. N2 and O2 adsorption capacities of alkali ionexchanged ZrO2-PILC at 25 ◦ C and 1 atm



Adsorbent



Li+ /Zr-PILC Na+ /Zr-PILC K+ /Zr-PILC Rb+ /Zr-PILC Cs+ /Zr-PILC Sr2+ /Al-PILC (0 ◦ C, 0.45 atm)∗



Amount Adsorbed (mmol/g) N2



O2



0.076 0.060 0.049 0.040 0.039 0.04 —



0.024 0.025 0.019 0.020 0.017 0.01 —



∗ Data point taken from Molinard and Vansant (1995). From Yang and Cheng, 1995, with permission.



exchanged PILCs are shown in Table 9.5. The Li-exchanged form yielded the highest nitrogen capacity as well as the highest N2 /O2 selectivity. The capacity for N2 on Li-Zr-PILC is ∼10% of that for 5A and 13X. Hence, if this PILC is used as the binder for zeolite pellets to be used for air separation, the N2 capacity of the pellets would increase by about 2%. The adsorption isotherms for a number of other gases on PILCs have been reported. The CO2 isotherms on PILCs (Baksh and Yang 1992; Molinard and
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Vansant, 1995) have similar shapes, however the equilibrium amounts are about 30–40% when compared to activated carbon. Occelli et al. (1985) studied the adsorption of normal parafﬁns on Al-PILC. Adsorption of nitrogen, water, nbutane, methanol, and neo-pentane on Al-PILC and Zr-PILC has been investigated by Stacey (1988). Several strategies for PILC synthesis have been learned about achieving strong interactions with sorbate molecules. One needs small pore sizes and cations that have high valences as well as small ionic radii. The latter is for increasing the ﬁeld-induced dipole, ﬁeld-dipole, and ﬁeld gradient-quadrupole interactions (see Chapter 2 and Chapter 7). To increase the density of cations, a clay with a high CEC should be used as the starting clay. Treatment with ammonia, after PILC synthesis and before cation exchange, will increase the CEC. The interlayer d-spacing is controlled mainly by the size of the polynuclear cation used for pillaring. Zr tetramers yield the smallest free interlayer spacing. Furthermore, the free interlayer spacing can be decreased by calcining at a higher temperature. For ˚ when the example, the d001 spacing of Al-PILC decreased by approximately 1 A calcination temperature was raised from 400 to 600 ◦ C (Cheng and Yang, 1997). 9.2.5. PILC and Acid-Treated Clay as Supports



In preparing catalysts and π-complexation sorbents, an inert support with a high surface area is often needed. The supports are, however, not always “inert.” For example, strong metal-support interactions are known in catalysis (Ruckenstein, 1987). The effects of different supports (silica vs. alumina) for π-complexation by AgNO3 have also been noted (Padin and Yang, 2000). Pillared clays and acid-treated clays are two types of supports that have shown interesting properties. They are discussed separately below. Cheng and Yang (1995b) compared the adsorption properties for π-complexation of CuCl spread on two different supports, γ -Al2 O3 and TiO2 -PILC. TiO2 PILC was chosen because it has the largest pore dimensions among the different PILCs. Both sorbents showed good oleﬁn/parafﬁn selectivities. However, the isotherms of oleﬁns were more linear or steeper when TiO2 -PILC was used as the support. This effect is shown in Figure 9.22. Isotherm steepness is desirable since the steep portion will yield a high working capacity for pressure swing adsorption. Steepness of the isotherm beyond the “monolayer” region, that is, point “B” or where the “knee” is located, is a direct reﬂection of the surface energy heterogeneity. Mathematically, the factor “s” in the Unilam (i.e., uniform Langmuir) isotherm is an indicator of the steepness of this portion of the isotherm, and is hence referred to as the heterogeneity parameter. The Unilam isotherm has been discussed by Valenzuela and Myers (1989) and by Do (1998). It is given by:  qm c + P e+s q= (9.5) ln 2s c + P e−s where qm is the “monolayer” amount adsorbed, P is the pressure, and c and s are parameters. This isotherm is derived from the Langmuir isotherm by assuming
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Figure 9.22. Isotherms at 25 ◦ C for propylene on (A) CuCl/TiO2 -PILC, (B) CuCl/γ -Al2 O3 , and for ethylene on (a) CuCl/TiO2 -PILC, (B) CuCl/γ -Al2 O3 (Cheng and Yang, 1995b with permission).



that the energy in the Langmuir constant follows a uniform distribution function, that is, a rectangular distribution with a spread of the energy between Emax and Emin . The factor s is proportional to the spread (Emax − Emin ). When s = 0, the Unilam reverts to the Langmuir isotherm. Empirically, s = 0–14. From the results of Cheng and Yang, it is clear that using the PILC support results in a higher value for s. This is likely caused by the heterogeneous nature of the PILC, because the PILC contains at least two different types of surfaces: that on the pillars and that on the clay layers. Using Zr-PILC and Al-PILC as the supports for CuCl spreading, Engwall and Ma (2002) also showed very steep isotherms (with high s values) for oleﬁns and parafﬁns. Since Zr-PILC and Al-PILC have the smallest pore sizes among the PILCs, the amounts of CuCl that were spread without blocking the micropores were very limited. In the work of Engwall and Ma (2002), less than 10% wt. CuCl could be spread, which were well below the monolayer spreading amounts. “Acid activation” has long been known as a means for increasing (dramatically) the catalytic cracking activity of clays (e.g., montmorillonite) (Rupert et al., 1987). Upon acid treatment, the surface area of the clay is also increased. Typically, sulfuric acid is used in the treatment. The acid attacks and dissolves the octahedral layer that is sandwiched between two tetrahedral silica layers in the clay. The attack takes place uniformly on the edges of the octahedral layer, and eventually removes this layer. Thus, by optimal treatment (i.e., at a proper combination of acid concentration, temperature, and time) one can achieve a high surface area.
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The chemical and structural evolutions of montmorillonite during acid treatment have been studied more recently by Rhodes and Brown (1993) and by Kumar et al. (1995). Kumar et al. (1995) followed the chemical changes and changes in pore structure after treatments of the clay with sulfuric acid at concentrations from 1 to 8 N at 80 ◦ C for 2 h. After treatments with the acid at 1 and 2 N concentrations, alkali cations and Fe3+ in the tetrahedral layer were removed, while the surface area increased to 138 m2 /g. At higher concentrations, Mg2+ as well as Al3+ started being removed, with large gains in surface area, sometimes exceeding 300 m2 /g. The alumina octahedral layer was severely attacked only at concentrations >5N. The surface area remained at 370 m2 /g after treatments with higher concentrations. The pore-size distribution was also followed in their work (Kumar et al., 1995). Pores with dimensions of 2–4 nm were developed after treatment at low concentrations. Mesoporosity, with pore dimensions in the 4–10 nm range, was developed at high concentrations. Using acid-treated clay as the support, Cho and co-workers (Cho et al., 2001; Choudary et al., 2002) developed an excellent sorbent for oleﬁn/parafﬁn separation by spreading AgNO3 . Their C2 H4 /C2 H6 isotherms on this sorbent are shown in Figure 9.23. The steep isotherms clearly reﬂect surface-energy heterogeneity. This sorbent and a comparison of it with other π-complexation sorbents will be discussed further in Chapter 10.



9.3. POLYMERIC RESINS



A broad range of synthetic, non-ionic polymers are available for use as sorbents, ion exchangers, and chromatographic column packings. The technology of designing and building porosity into polymers was accomplished in the late 1950’s and early 1960’s (Kunin et al., 1962; Millar et al., 1963; Albright, 1986). These macroporous polymers are termed macroreticular polymers. Building porosity can be accomplished by emulsion polymerization of the monomers in the presence of a solvent which dissolves the monomers but which is a poor swelling agent for the polymer. Although macroreticular polymers of acrylates and methacrylates are available, most commercial macroreticular polymers are based on styrene crosslinked by divinylbenzene (DVB). Over the years, these styrene/DVB copolymers have been produced with a wide range of porosities and macropore sizes. The macroporous polymeric resins can be further reacted to attach functional groups to the benzene rings to generate functionalities for ion exchange. The resulting polymers are ion exchange resins. For example, polystyrene can be sulfonated by sulfuric acid resulting in an −SO3 − H+ group attached to the benzene ring, and the proton can be easily exchanged with other cations. Likewise, attaching ammonium or amine groups results in anion exchange resins. These polymeric resins and the functional groups are illustrated in Figure 9.24. More recently, carbonaceous polymeric sorbents have been developed by partially pyrolyzing the styrene/DVB polymers and their sulfonated forms (Neely
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Figure 9.23. Isotherms of C2 H4 and C2 H6 on AgNO3 supported on acid-treated clay (Choudary et al., 2002, with permission).



and Isacoff, 1982). These sorbents are particularly of interest for water puriﬁcation because they have shown 5 to 10 times the capacity of granulated activated carbon (GAC) for low concentrations of some volatile organic compounds. Polymeric resins have been widely used for water treatment as well as other applications. More recently, there has been a surge in applications designed to remove organic compounds from water. The main advantage of the polymeric resins lies in its ease of regeneration. An additional advantage is that the resins can be tailored for special applications such as that in the pharmaceutical and semiconductor industries. The major use for both polymeric sorbents and ion exchange resins involves water treatment; 75% of the resins were used for this purpose since 1987 (Albright, 1987). For such applications, the relatively high cost compared with GAC (about 10X) is justiﬁed.
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Figure 9. 24. Polymeric resins and functional groups that are attached to the benzene ring or matrix (Kim et al., 1976, courtesy of the Water Pollution Control Federation). Most commercial resins are based on Styrene/DVB.



9.3.1. Pore Structure, Surface Properties, and Applications



The polymer resins are in the form of spherical beads, usually in the size range of 20–60 mesh. Each spherical bead consists of an agglomeration of a large number of very small “microspheres.” These microspheres are clusters of micro˚ to 15 µm (Albright, gel particles ranging in size between 0.01 µm (or 100 A) 1986). Thus, the pore structure is comprised of inter-microsphere mesopores and the micropores within the microspheres. The latter depends directly on the degree of cross-linking, i.e., the amount of DVB. Most of the resins have 5–20% cross-linking; although resins with a very high degree of cross-linking are also
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Table 9.6. Typical polymeric adsorbents



Resin Name



XAD-2 XAD-4 XAD-7 XUS-43493 Dowex Optipore XE-563 XE-572



Chemical Nature



BET Surface Area (m2 /g)



Nominal Avg. Pore ˚ Diameter (A)



Hydrophobicity



PS/DVB PS/DVB Acrylic ester PS/high DVB PS/DVB/tert. amine Carbonaceous Carbonaceous



300 725 450 1125 800 550 1100



90 40 90 35 50 38 30



Yes Yes No No No No No



Data from manufacturers. PS = polystyrene. DVB = divinyl benzene cross-linker. The XAD series is from Rohm and Haas under the generic name of Amberlite, and the XE series is from the same company under the name of Ambersorb. The XUS series is from Dow under the generic name of Dowex.



available. Cross-linking provides the high surface area as well as the rigidity and mechanical strength. The general properties of some representative commercial resins are given in Table 9.6. The average pore sizes given by the manufacturers are not very meaningful because of the bi-modal pore distribution. The surfaces of the resins are highly aromatic. Sizable fractions of the surfaces are benzene rings (Albright, 1986). For this reason, the unfunctionalized polymeric resins are hydrophobic. The ion exchange resins are, however, not hydrophobic. The hydrophobic resins need to be pretreated to become wetted prior to use in water treatment. The pretreatment involves immersion in a watersoluble solvent, such as acetone or methanol, to displace air from the pores, followed by displacement of the solvent by water or aqueous solution. The aromatic surfaces of the resins make them excellent sorbents for removal of organic compounds from aqueous solution, particularly those with low solubilities. The polymeric resins and the carbonaceous polymers are signiﬁcantly more hydrophobic than activated carbon. A comparison of water vapor isotherms is shown in Figure 9.25. With such highly hydrophobic surfaces, it is not clear whether the micropores are indeed wetted upon the pretreatment described above. Ease in regeneration is a major practical advantage for the resins. Regeneration can be achieved with nonaqueous solvents or aqueous solutions of acids, bases, or salts. The nonaqueous solvents can also be regenerated for re-use, and the adsorbates may be recovered if desired. The ease in regeneration, or desorption, leads to another application: the purge and trap (P&T) technique for analytical purposes. This technique is popular for concentrating organic contaminants in water, in very low concentrations, for subsequent desorption and chemical analysis. The major use for polymeric resins is water treatment (Faust and Aly, 1987). Commercial applications include removal of halogenated organic compounds,
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Figure 9.25. Water-vapor isotherms at room temperature on activated carbon and Ambersorb XE-340 (a carbonaceous polymeric resin) (Neely and Isacoff, 1982, with permission). Filled circles (•) are for XAD-16 styrene/DVB resin, with BET surface area = 760 m2 /g (Kikkinides and Yang, 1992).



phenols and pesticides from water, decolorization of efﬂuents and dye wastes, removal of VOCs from air, and bioseparations. Adsorption of a large number of compounds by these sorbents has been discussed by Faust and Aly (1987). Ion-exchange resins are used mainly for industrial and domestic water softening and deionization. As sorbents, they are also used for demineralization,
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dealkalization, desilicazation, and adsorption of ionic constituents from dilute solutions. For ion exchange, the selectivity increases with increasing valence of the ion, for example, with sulfonic acid group: Th4+ > Al3+ > Ca2+ > Na+ , and with increasing atomic number at constant ionic valence: Cs+ > Rb+ > K+ > Na+ > Li+ and Ba2+ > Sr2+ > Ca2+ > Mg2+ . Among the ion exchange resins, those based on weak bases and weak acids exhibit higher ion-exchange capacities than those based on strong bases and strong acids. However, regeneration of the strong-acid or strong-base resins is easier than that for the weak-acid or weak-base resins. For example, weak-acid resins require a two-step regeneration, ﬁrst with a strong mineral acid, such as HCl, which exchanges H+ for hardness, followed by NaOH neutralization to displace H+ with Na+ . Demineralization or deionization removes dissolved ionic impurities from water by a two-step process with cation- and anion-exchange resins. The former exchanges hydrogen for cations in solution. The acidic efﬂuent passes through a column of anion-exchange resin that replaces the anions in solution with hydroxide. The H+ from the cation-exchange resin are then neutralized by OH− from the anion resin. Since it was ﬁrst proposed in the classic paper of Hollis (1966), the polymeric resins have been widely used as column packings for gas chromatography. For example, nonpolar styrene/DVB is used under the trade name Porapak Q, and its very polar derivative is used as Porapak T. These columns are used for analysis of various gas mixtures, including wet mixtures, based on differences of interactions with different gas molecules. 9.3.2. Comparisons of Resins and Activated Carbon



Many comparative studies have been performed on isotherms and column breakthrough performance between resins and activated carbon. The work of Weber and co-workers has been summarized elsewhere (Weber and van Vliet, 1981a and 1981b; Faust and Aly, 1987). Weber et al. have compared 10 different sorbents, including resins, activated carbons, and carbonaceous polymers. Data from selected sorbents, in terms of the two parameters in the D–R equation (see Chapter 3), are summarized in Table 9.7: W = W0 exp[−(RT ln(Cs /C))2 /B]



(9.6)



where W0 is the maximum capacity, Cs is the saturated concentration, and B is the afﬁnity coefﬁcient. The D–R isotherms of a number of compounds on activated carbon and resin are shown in Figure 9.26. The Calgon Filtrasorb 400 is an activated carbon for aqueous phase applications. XAD-2 and XAD-4, as mentioned earlier, are styrene/DVB resins. XAD-8 is cross-linked polyacrylic ester resin. XE-347 is a partially pyrolyzed resin. The afﬁnity coefﬁcient, B, is an indication of the strength of the sorbent–sorbate interactions. From the isotherm data, two general facts become clear:
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Table 9.7. Comparison of isotherm parameters



Phenol



Carbon Tetrachloride



Dodecylbenzene Sulfonate



Sorbent



B



W0



B



W0



B



W0



F-400 XAD-2 XAD-4 XAD-8 XE-347



462.1 118.9 139.0 128.8 549.9



33.78 8.22 20.57 16.42 16.85



184.3 43.47 36.18 28.94 214.6



41.94 19.16 40.82 13.45 1.74



1261.3 370.7 454.1 305.8 739.0



44.21 26.11 76.33 30.44 3.707



Afﬁnity coefﬁcient, B in kJ/mol, and maximum capacity, W0 in cc adsorbate/g, in the D–R Equation) for resins and activated carbon F-400. Data taken from Weber and van Vliet, 1981b.
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Figure 9.26. Comparison of isotherms in aqueous solution between activated carbon (Calgon F-400) and resin (XAD-4). Lines are D–R equation ﬁts (Weber and van Vliet, 1981b, with permission).



(1) The sorbate–sorbent interactions are stronger on the carbonized resins. Hence, the carbonized resins are suited for achieving high purities or ultrapuriﬁcation. (2) The resins may have larger capacities at high concentration levels, particularly for large organic molecules, such as dodecylbenzene sulfonate (apparently by absorption). However, activated carbon generally compares well against resins in equilibrium isotherms. As mentioned, the ease of regeneration is a distinct advantage of the resins.
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c/mol m−3 Figure 9.27. Isotherms for dichloromethane at 20 ◦ C on polymeric resins (XAD and XUS), carbonized resins (XE), and activated carbon (Norit) (Rexwinkel et al., 1999, with permission).



Rexwinkel et al. (1999) studied the adsorption of a number of chlorinated hydrocarbons from aqueous solution on different resins, an activated carbon and carbonized resins. The comparisons are exempliﬁed by adsorption of dichloromethane, shown in Figure 9.27. Again, the carbonized resins showed the highest capacities (by >5X compared with other sorbents) at dilute concentrations. The general comparison shown above does not reﬂect the actual utility of the resins. For a target solute from the aqueous solution, a resin with high selectivity is obtained by a special functionality that is attached on the surfaces of the resin. A number of selective resins designed for special applications are available. High purity and selective resins are being used for potable water puriﬁcation as well as by the food and pharmaceutical industries, for example, for puriﬁcation of antibiotics and vitamins, recovery of products from fermentation, and puriﬁcation of food products (sugars, glucose, citric acid, fruit juices, dairy products, and amino acids). Ultra-pure water for the semiconductor industry can be produced with impurities measured in the ppt level by using special resins. 9.3.3. Mechanism of Sorption and Gas-Phase Applications



The selectivities of specialty resins are provided by the functional groups that interact with the targeted solutes. Information and understanding on the interactions are scarce in the open literature. For example, resins containing basic groups can selectively adsorb carboxylic acids from complex solutions, and the
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capacities can exceed those of high-surface-area activated carbons (Kuo et al., 1987). The mechanism of the interactions between carboxylic acid and basic resins has been studied by Garcia and King (1989) by using acetic acid as prototype solute. The sorption was modeled by a 1 : 1 complex formation between the monofunctional acid and the basic functional groups on the resin. The complexation reaction leads directly to a Langmuir-type isotherm. Using data from a number of resins with different pKa (i.e., Gutmann donor number), Garcia and King (1989) showed that the Langmuir constant (K) can be correlated with pKa. They also showed that the same basic idea, that is, chemical complexation equilibria, may be used for selecting solvent used in regenerating the resin. Uptake of organic molecules in polymer gels brings about swelling. Crosslinking builds macroporosity as well as rigidity. Solvent swelling occurs in resin beads that contain 1–5% of cross-links (Frechet and Farrall, 1977). Thus, the commercial resins are not swellable. However, large uptakes by resins of organic molecules with high molecular weights are known. The role of absorption in the uptake of organic molecules is not understood. The polymeric resins are substantially more hydrophobic than activated carbon. The non-wetting types are subjected to the pre-wetting procedure described above (i.e., wetting with a solvent, such as methanol, followed by aqueous solution). The pores are presumably wetted (completely) upon this treatment. Undoubtedly, the mesopores (i.e., voids between the microspheres within each bead) are wetted. It is not clear, however, whether the micropores within each microsphere are completely wetted by this procedure. An interesting study of adsorption on unwetted resins was reported by Rixey and King (1987; 1989a; 1989b). A number of polar organic compounds and four hydrophobic resins (XAD-2, XAD-4, Porapak Q and XE-340 carbonaceous resin) were used in their study. In using these compounds, it was observed that signiﬁcant amounts of adsorption occurred when the resins were not wetted. The adsorption took place by the vapors of the solutes, and the rates could be modeled as being controlled by Knudsen diffusion of the vapors in the macropores. Selectivity within the pores for solute vs. water is enhanced by the lack of wetting. Moreover, separation of solutes based on difference in volatility by unwetted resins was proposed. In a follow-up study, Rexwinkel et al. (1999) measured adsorption of seven common chlorinated hydrocarbons from aqueous solutions on wetted and unwetted resins. These solutes are nonpolar, as opposed to the polar solutes studied by Rixey and King. Interestingly, the wetted and un-wetted resin (XAD-4) showed identical isotherms except for the heaviest compound, 2,4-dichlorophenol. For 2,4-dichlorophenol, adsorption on the wetted resin was slightly higher. The gas-phase applications of polymeric resins are primarily used for gas chromatography and puriﬁcation of air by removal of contaminants. The work of Hollis (1966) laid the foundation for the use of resins as packing materials for GC analysis. Hollis reported relative retention times of over 50 gas molecules on different EVB/styrene/DVB resins, using beads packed in a column. The same beaded forms are used today. The water vapor isotherm on the styrene/DVB resin
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(XAD-16) is compared with that on activated carbon in Figure 9.25. Resins have the highest hydrophobicity among all sorbents. Based on the water capacity at low relative humidities, XAD-16 is of the order of 100 times more hydrophobic than activated carbon. Such a high hydrophobicity gives resins a distinct advantage over activated carbon for removal of air contaminants from humid air. For activated carbon, the capacities for hydrocarbons are substantially reduced by humidity (see, for example, Doong and Yang, 1987). In addition, the resins should be easier to regenerate in the gas phase than activated carbon. A comprehensive study conducted by Mackenzie et al. (1994) included more than 100 sorbents in examining the removal efﬁciencies of humid air contaminated by chlorinated hydrocarbons. These sorbents included commercial polymeric resins, carbonaceous resins, commercial polymers and rubbers, and activated carbon. Based on the removal efﬁciency and ease of complete thermal regeneration, Ambersorb XE-563 (a carbonaceous resin) and Dowex Optipore were recommended as the best sorbents (for replacing activated carbon). Another unique property of the resins is their low capacities for CO2 (Chen and Pinto, 1990; Kikkinides and Yang, 1991). Based on this property, combined with hydrophobicity, removal and recovery of SO2 and NOx from combustion gases with resins has been suggested (Kikkinides and Yang, 1991). It should be noted, however, that basic ion-exchange resins are excellent sorbents for CO2 (Yoshida et al., 2000).
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10 SORBENTS FOR APPLICATIONS The best sorbents for particular separations, both present and future, are discussed in the chapter.



10.1. AIR SEPARATION



Nitrogen and oxygen are, respectively, the second and third most produced chemicals. They are used in numerous chemical processing, reﬁnery, metal production, and other industrial operations. For example, high-purity nitrogen is used for purging, blanketing, and providing atmosphere for metal treating and other purposes; while high-purity or enriched oxygen is used in chemical processing, steel and paper-making applications, wastewater treatment, and lead and glass production. Nitrogen and oxygen have been produced since 1907 when Carl von Linde built the ﬁrst cryogenic distillation column for air separation in Buffalo, NY. Cryogenic processes are highly efﬁcient, particularly for large-volume production. Cryogenics account for approximately 70% of the nitrogen and oxygen produced today (about 20% by adsorption and 10% by membrane and hybrid systems). The polarizabilities of N2 , O2 , and Ar are nearly the same (1.74, 1.58, and 1.63 in units of 10−24 cm3 , respectively), and are all nonpolar. Consequently, they adsorb nearly the same on all sorbents except zeolites. The fact that zeolites can distinguish between N2 and O2 was observed as early as 1938 (Barrer, 1937; 1938). Barrer reported values for heats of adsorption of N2 on chabazite as high as 8 kcal/mol. The high heats of adsorption were subsequently explained quantitatively in terms of the quadrupole–electric ﬁeld gradient interactions (Drain, 1953; Kington and Macleod, 1959). The unique adsorption properties of zeolites derive from the fact that their surfaces are composed of negatively charged oxides with isolated cations that are located above the surface planes. Despite Adsorbents: Fundamentals and Applications, Edited By Ralph T. Yang ISBN 0-471-29741-0 Copyright  2003 John Wiley & Sons, Inc.
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the ﬁnding of N2 /O2 selectivity by zeolites, no effort was made to separate air by adsorption until the 1960’s, after the invention of synthetic zeolites types A and X, and the pressure-swing adsorption (PSA) cycles. The invention of types A and X zeolites by Milton (1959) made it possible for these zeolites to be available at controlled quality and guaranteed supply. The inventions of PSA cycles by Skarstrom (1960) and by Guerin de Montgareuil and Domine (1964) have been discussed in detail by Yang (1987). Inspired by these inventions, dreamers in industry began contemplating the possibility of separating air at ambient temperature (as opposed to 77 K for cryogenic processes) by adsorption. 5A (CaA) and 13X (NaX) zeolites were used (and are still being used in some instances) as the sorbents. The PSA technology development encountered some challenges that were unexpected from small-diameter laboratory column experiments, for example, the “cold spot” problem (large temperature depression near the feed end, Collins, 1977; Yang, 1987) and the “creeping death” of beds (due to accumulation and freezing of water). The history of the PSA technology development may be reﬂected by the decline in the cost of O2 from PSA as shown in Figure 10.1. Prior to ca. 1980, PSA systems were used with both adsorption and desorption pressures well above atmospheric. These systems were low in capital (due to simplicity) but high in power consumption (since both N2 and O2 in the feed are compressed compared with vacuum swing adsorption (VSA) where only the waste gas is evacuated). The availability of improved sorbents and lower cost vacuum equipment led to the development of VSA, which is typically operated with adsorption pressure slightly above atmospheric and desorption pressure of typically 0.2 atm. A further breakthrough occurred in 1989, with the invention of LiLSX zeolite (low silica X, with Si/Al = 1) (Chao, 1989). The LiLSX is currently the best commercial sorbent for air separation and will be discussed
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in some detail in this chapter. With the advances made in both sorbents and PSA/VSA cycle technology, PSA/VSA accounts for ∼20% of the oxygen and nitrogen, and the size of a single PSA/VSA unit is approaching 250 tons/day oxygen, while these numbers continue to grow steadily. The sorbent productivity (or bed inventory), often expressed as “bed-size factor” (Leavitt, 1992), is well below 1000 lb of zeolite for per ton/day O2 product (Notaro et al., 1999). The total power consumption is below 250 kWh per ton O2 . 10.1.1. 5A and 13X Zeolites



5A (CaA) and 13X (NaX) zeolites have been the most commonly used sorbents for air separation. The N2 /O2 isotherms on 5A that are reported in the literature vary widely, depending on the cation composition in the zeolite. The typical commercial 5A used for air separation is made by exchanging ∼70% of the Na+ in NaA by Ca2+ . Isotherms of N2 /O2 on commercial 5A and 13X crystals are shown in Figure 10.2. High-pressure isotherms, including Ar, on 5A are shown in Figure 10.3. The isotherms of O2 on zeolites are slightly higher than those of Ar at Sr2+ > Li+ > Ni2+ (McKee, 1964). The true potential of LiX for air separation was not understood until the invention of Chao (1989). The synthesis of stable LSX (Si/Al = 1) was accomplished in the early 1980s (Kuhl and Sherry, 1980; Butter and Kuznicki, 1986; Kuhl, 1987). Using the LSX, Chao found that (1) the N2 adsorption capacity was signiﬁcantly increased when the Si/Al ratio was near one; and (2) a threshold of ∼80% Li+ exchange for X zeolite (Si/Al = 1.25) (or 70% for LSX) must be
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reached for increased N2 adsorption, beyond which the amount of N2 increased linearly with Li+ content. Moreover, the O2 capacity was decreased because the polarizability of Li+ is lower than that of Na+ . Since Chao’s invention, LiLSX has been the sorbent of choice for air separation. Figure 10.5 shows the isotherms of N2 , O2 , and Ar on LiLSX. The highpressure N2 isotherms are shown in Figure 10.6. Figure 10.6 also shows the signiﬁcant increase in N2 capacity when the Si/Al ratio is decreased from 1.25 to 1. The high N2 capacity, combined with the linearity of the N2 isotherm, results in a large working capacity of N2 for use in PSA/VSA. The low capacity for O2 contributes equally to the improved performance for PSA/VSA separation. The dependence of the N2 capacity on the % Li exchange is shown in Figure 10.7. The reason for the threshold has to do with the site location of the Li+ cations (Coe, 1995; Yoshida et al., 2001). The ﬁrst 70% (out of a total of 96 cations/unit cell) of the Li cations are bonded to sites that are not fully exposed to the supercage where N2 and O2 are located. Beyond 70% exchange, the Li+ ions begin to ﬁll the sites that are more exposed, for example, SIII (see Figure 10.8 for site locations). Herden et al. (1982) studied the cation sites in LiX and LiY by XRD. Feuerstein and Lobo (1998) studied the sites in LiLSX by neutron diffraction and solid-state NMR. Their results showed that only three sites were occupied: SI , SII, and SIII, where SIII is at the center of the 4-oxygen ring of the sodalite cage, and the 96 cations were fairly evenly distributed among these three sites. In faujasite zeolites, the cations in the beta-cages and the double six-ring (SD6R, the hexagonal prism) (i.e., at sites SI, SI , and SII ) are sterically inaccessible to nitrogen, and so only the supercage cations (i.e., those at SII and
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Figure 10.8. Unit cell of faujasite-type (X and Y) zeolites, including cation sites.



SIII) are available to interact with nitrogen. However, the electric ﬁelds around these supercage cations are partially shielded by the surrounding oxygen atoms. Because of this shielding, the electrostatic and induction interactions are expected to be lower than those of an isolated ion. Further, the dispersion forces acting on the molecule will be higher because adsorbate molecules also interact with oxygen atoms of the zeolite. Due to the small size of the lithium cation it can sit crystallographically very low in the face of the single six-ring (SR6, the SII position), allowing the electric ﬁeld to be nearly completely shielded by the surrounding framework oxygen. This explains why one must exchange in excess of 64 lithium cations into the X zeolite before there is any increase in the N2 adsorption capacity. Only the SIII Li+ cations interact with the N2 molecules. Na+ and larger cations do interact from the SII locations, although the SIII locations are much more accessible and have higher energies because they are in a lower coordination. It is obviously advantageous to lower the (70%) threshold of Li+ exchange for increased N2 adsorption. Li+ is mobile in the faujasite structure (Herden et al., 1981), and the mobility is the highest during calcination. Lowering the threshold could possibly be accomplished by (1) low-temperature dehydration of the partially exchanged zeolite, or (2) ﬁlling the low-energy sites (SI, SI , SII , and SII) with large and inexpensive cations. Further research is needed to develop a viable technique for lowering the required Li threshold. The performance of the LiLSX zeolite used in VSA has been compared with that of NaX in Figure 10.9. The standard ﬁve-step cycle (see Chapter 3) was used in the simulation (Rege and Yang, 1997). The O2 product recovery was optimized for the two sorbents at different pressure ratios, keeping the product purity and throughput nearly constant. It is seen that the LiLSX outperforms NaX by a signiﬁcant margin. More interestingly, it was found that in the case of LiLSX, it was possible to operate at a pressure ratio as low as 2, compared with the limit of 4 for NaX. Due to the large heat of adsorption for N2 on LiLSX
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(∼5.5 kcal/mol), the temperature excursion during the VSA cycle was four times that in the NaX beds. Rege and Yang (1997) showed that by introducing 5–10% (v/v) of inert high-heat-capacity particles (such as iron), at the same total bed volume, the O2 product recovery could be increased by 2% (at the same product purity and throughput). 10.1.3. Type X Zeolite with Alkaline Earth Ions



The work or McKee (1964) and Habgood (1964) showed that type X zeolite with divalent cations yielded the highest N2 /O2 selectivity as well as the highest N2 capacity at atmospheric pressure. Most of the sorbent development studies in the 1980’s followed this line of thinking. For example, Coe and Kuznicki (1984) showed that CaX (followed by SrX) gave the highest N2 /O2 selectivities and also N2 capacities at 1 atm and 30 ◦ C. Sircar et al. (1985) showed that mixed SrCaX (approximately 90% Sr and 10% Ca) exhibited higher N2 capacities at 3 atm than pure CaX and SrX, without adverse effects on N2 /O2 selectivity or a large increase in heat of adsorption. The oxygen capacities on these divalent cation-containing X zeolites are also high, due to the higher polarizabilities of these cations when compared with the univalent cations. Consequently, the delta loading of O2 in a VSA cycle is higher for the X zeolites with divalent cations. Table 10.1 illustrates this point. Comparing LiX and CaX (both with Si/Al = 1.25), the delta loading of N2 (qN2 ) (or working capacity) is higher for CaA. However, the delta loading of O2 is substantially higher for CaX. Thus, much work needs to be done by the CaX in O2 adsorption and desorption. The result is poor separation performance by CaX.
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Table 10.1. Sorbent selection parameter (S ∝ qN2 /qO2 ) for VSA/PSA performance for air separation, comparing LiX and CaX (Si/Al = 1.25 for both)



LiX



CaX



0.94 0.37 0.57



1.28 0.68 0.60



0.048 0.010 0.038 15.0



0.090 0.019 0.071 8.5



N2 q @ 1.2 bar, mmol/g q @ 0.24 bar, mmol/g qN2 O2 q @ 0.3 bar, mmol/g q @ 0.06 bar, mmol/g qO2 qN2 /qO2



P(adsorption) = 1.5 bar, P(desorption) = 0.3 bar T = 300 K, YN2 = 0.8 and YO2 = 0.2. Data courtesy of C. C. Chao, Praxair, Inc.



Following Chao’s work, both Chao et al. (1992) and Coe et al. (1992) studied LSX zeolite containing mixed Li+ and divalent cations. Both groups showed that LSX containing cations mixed at about 90% Li and 10% Sr or Ca are good sorbents. Fitch et al. (1995) reported good N2 /O2 selectivity and N2 capacity with mixed LiAlX zeolite (i.e., using Al3+ as the nonframework charge-compensating cation). However, LiLSX with near 100% Li exchange is the best sorbent used today for O2 production. 10.1.4. LSX Zeolite Containing Ag (AgLiLSX)



Silver cation (Ag+ ) exhibits very strong (but reversible) interactions with N2 . It has been shown that LiLSX mixed with only 1–3% Ag+ can out-perform pure LiLSX in O2 production from air by PSA/VSA. Upon heat-treatment, Ag+ undergoes “auto-reduction,” resulting in unique cation sites that are favorable for interactions with gas molecules. The interesting properties of Ag+ -containing zeolites are potentially useful for air separation as well as for other applications. Because of this, some details will be given for these zeolites. Chemical State and Sites of Ag+ In Faujasite. Silver is known to have very strong effects on the adsorption characteristics of zeolites (Habgood, 1964; Huang, 1974). Yang et al. (1996) reported the synthesis of a mixed lithiumsilver (80/20) ion-exchanged X-type zeolite (Si/Al = 1.25 with ∼17 Ag+ per unit cell), and discussed its possible superior properties for air separation. This sorbent utilized the very strong adsorptive properties of the Ag+ ion, which
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provided for increased capacity over that of Li-X while maintaining some degree of the advantageous isotherm linearity seen with Li-X. Ab initio molecular orbital calculations showed the adsorption of nitrogen was enhanced by weak chemical interaction (through a classical π-complexation bond) with the Ag+ cation on the zeolite framework (Chen and Yang, 1996). Numerous attempts have been made to reduce transition metal ions in zeolites in order to form highly dispersed metallic clusters for use as catalysts. These attempts have typically been completed via treatment at elevated temperatures and/or in reducing atmospheres (e.g., sodium vapor, hydrogen gas, carbon monoxide gas). However, color changes upon vacuum dehydration of silver-exchanged A-type zeolites were found to be related to the formation of metallic clusters within the sodalite cage or the 6-prism of the zeolite (Kim and Seff, 1978a, 1978b; Jacobs et al., 1979). Using volumetric sorption techniques and temperature-programmed desorption, Jacobs et al. (1979) could relate these color changes to an autoreductive process involving framework oxygen. Autoreduction is the reduction of the transition metal ion and the oxidation of water or lattice oxygen. This has been observed for both Ag+ and Cu2+ ions in zeolites A, X, and Y. Autoreduction of Cu2+ is discussed in Chapter 8. Autoreduction of Ag+ has been shown to occur by two mechanisms in two clearly deﬁned temperature regions (Jacobs et al., 1979; Baker et al., 1985): (i) autoreduction in the presence of zeolite water (25–250 ◦ C) 2(Ag+ − Z − O− ) + H2 O → 2Ag0 + (1/2)O2 + 2Z − OH



(10.2)



(ii) autoreduction by oxygen from the zeolite lattice (127–380 ◦ C) 2(Ag+ − Z − O− ) → 2Ag0 + (1/2)O2 + Z − O− + Z+



(10.3)



Kim and Seff (1978a, 1978b) proposed the formation of octahedral hexasilver metal clusters stabilized by coordination to six silver ions ((Ag+ )6 (Ag)6 ) from X-ray structural determinations of a dehydrated silver-exchanged zeolite A. However, Jacobs et al. (1979) suggested that the formation of such large metal clusters is improbable because color changes are seen even at low temperatures. Also, low silver loadings where extensive migration of neutral silver atoms and subsequent sintering into Ag6 metal clusters are highly unlikely. Alternatively, Jacobs et al. (1979) suggested, based on structural studies of Ag-A zeolites, the formation of linear (Ag3 )2+ charged clusters (Ag+ − Ag0 − Ag+ ) upon thermal dehydration of the zeolite. The location of the extraframework silver in relation to the aluminosilicate framework has primary importance for elucidating the effect of silver clustering on the adsorptive characteristics of the zeolite. This is not a trivial endeavor. Numerous studies have been undertaken to identify the location of Ag+ ions and Ag-clusters in argentiferous zeolites. These have mostly been for Ag-A and have included X-ray diffraction methods (Kim and Seff, 1978a; 1978b; Gellens et al., 1981a; 1981b) and far-infrared spectroscopy (Ozin et al., 1984; Baker et al.,
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1985). It was found that, for dehydrated and fully Ag+ -exchanged faujasite-type zeolites, the silver molecules were distributed among the six-ring sites (SI, SI , and SII for faujasites) and, for samples with high Al content, in the SIII locations. Gellens et al. (1981b) and Baker et al. (1985) showed the simultaneous occupancy of sites SI and SI by linear (Ag+ − Ag0 − Ag+ ) clusters. Further information (prior to 1994) can be found in a comprehensive review of silver clusters and chemistry in zeolites by Sun and Seff (1994). The detailed cation site locations in AgX, AgY, and AgLSX heat-treated under various conditions have been determined more recently by using powder neutron diffraction and Rietveld reﬁnement (Hutson et al., 2000a; 2000b). The cation site distribution is summarized in Table 10.2 and the site locations are illustrated in Figure 10.10. X-ray photoemission spectroscopy conﬁrmed partial reduction of Ag+ → Ag0 . A new site, named SII*, was identiﬁed, which is more elevated above the plane of the 6-ring of the sodalite cage, and hence can form a strong bond with N2 . Structural characterization, along with valence bond calculations, revealed the presence of cations in site II*, which are more active in Ag-LSX samples that were vacuum-dehydrated at 450 ◦ C, as compared with those that were vacuum-dehydrated at 350 ◦ C. Air Separation by AgLiLSX. Mixed Li,Ag-LSX with different contents of Ag were prepared and characterized by Hutson and Yang (2000a). These samples were heat-treated in vacuo at various temperatures and their structures (including cation sites) were determined with powder neutron diffraction. The cation sites are summarized in Table 10.3. Structural characterization revealed the presence of cations at site II* in mixed Li,Ag-LSX zeolites that were vacuum-dehydrated at 450 ◦ C. Cations in this site II* are more interactive with the atmospheric sorbates of interest than silver at the conventional site II location. Vacuum dehydration at 450 ◦ C induced thermal migration of Ag+ from site II to site II*. This is clearly seen in Table 10.3. Furthermore, the number of Ag cations at site II* per unit Table 10.2. Site occupancies for silver exchanged faujasites in units of silver/unit cell determined from powder neutron diffraction



Site I I I b II II II* III Ag Found Ag Predicted



Ag-Y-450 10.9 12.4 — 4.5 27.5 — — 55.3 56



Ag-X-450



Ag-LSX-350



Ag-LSX-450



1.9 14.0 13.9 — 25.8 6.2 13.4 75.2 86



8.5 23.4 — — 25.3 6.7 19.2 83.1 96



8.5 23.0 — — 25.0 7.0 20.2 83.7 96



Ag-X-450 denotes Ag-X heat-treated at 450 ◦ C in vacuo. The sites are shown in Figure 10.9. Hutson et al., 2000a, with permission.
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Figure 10.10. Extraframework sites for Ag+ in the faujasite structure. SI, SI , and SII are the same as that shown in Figure 10.7. From Hutson et al. (2000a) with permission.



Table 10.3. Site occupancies for extra framework species in mixed Li,Ag-LSX in units of silver/unit cell



Li95.8 Na0.2 -LSX-450



Li54.0 Ag41.8 Na0.2 -LSX-450



Li93.3 Ag2.0 Na0.7 -LSX-350



Li93.3 Ag2.0 Na0.7 -LSX-450



Li(I ) Li(II) Li(III) Li found Li predicted



27.2 33.9 32.4 93.5 95.8



23.4 40.3 — 63.7 54.0



28.5 34.9 23.0 86.4 93.3



29.3 34.9 25.3 89.5 93.3



Ag(I ) Ag(II ) Ag(II) Ag(II*) Ag(III) Ag(III ) Ag Found Ag Predicted



— — — — — — — —



1.9 — 2.0 1.7 5.1 17.9 28.6 41.8



— 1.7 — — — — 1.7 2.0



— 0.9 — 0.9 — — 1.8 2.0



Cation



450 and 350 indicate the temperature in ◦ C of treatment in vacuo; Hutson and Yang, 2000a, with permission.
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F F FF F F F 0 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 Pressure (atm) Figure 10.11. N2 adsorption isotherms (in molecules/unit cell) at 25 ◦ C, for (a) Ag-LSX-450 (treated at 450 ◦ C in vacuo), (b) Ag-LSX-350 (treated at 350 ◦ C in vacuo), (c) Ag-X, and (d) Ag-LSX treated at 100 ◦ C (Hutson and Yang, 2000a; with permission).



cell is limited. As seen from Table 10.3, with 2 Ag per unit cell, 0.9 Ag was at site II*, whereas only 1.7 Ag were at this site in the sample with 41.8 Ag per unit cell. Figure 10.11 shows the N2 isotherms on Ag-LSX heat-treated at 350 and 450 ◦ C. A signiﬁcant increase in N2 adsorption was seen as the heat-treatment temperature was raised from 350 to 450 ◦ C. This increase in N2 adsorption was caused by the Ag+ at site II*, which interacted more strongly with N2 . The N2 isotherms on mixed Lix Agy -LSX zeolites dehydrated in vacuo at 450 ◦ C are given in Figure 10.12. The results showed that the addition of increasing amounts of Ag resulted in a change in the general aspect of isotherm toward that of the nearly fully Ag+ -exchanged zeolite. For practical applications in VSA/PSA cycles, the relative linearity of the isotherms given by zeolites with 1-3 Ag+ per unit cell is desirable. The isosteric heats of adsorption of N2 on almost fully Li and Ag exchanged LSX are shown in Figure 10.13, along with that of LSX with 1.1 Ag and 94.2 Li. The ﬁrst N2 molecule apparently adsorbed on Ag+ at SII* with higher interactions than with Li+ and Ag+ at other sites. The results with mixed Li,Ag-LSX zeolites clearly pointed to the potential advantage of using the mixed form with only 1-3 Ag/unit cell for air separation. In Figure 10.14, the N2 /O2 isotherms are compared for Li-LSX and that with about 1% Ag cation. The amount of N2 adsorbed at 25 ◦ C and 1 atm was signiﬁcantly increased with the addition of 1.1 Ag/u.c. The increased amount was approximately 12%. The O2 isotherms were both very low and hence did not signiﬁcantly impact the VSA performance.
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Figure 10.12. N2 adsorption isotherm (in molecules/unit cell) at 25 ◦ C, for Lix Agy -LSX zeolites dehydrated in vacuo at 450 ◦ C. This shows that the addition of increasing amounts of Ag results in a change in the general aspect of isotherm toward that of the nearly fully Ag+ -exchanged material (Hutson and Yang, 2000a; with permission).
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Figure 10.13. Isosteric heats of adsorption of N2 on nearly fully Li/Ag exchanged LSX and LiLSX containing about 1% Ag (Hutson and Yang, 2000a; with permission).



Using the isotherm and heat of adsorption data, the VSA performance using these sorbents was evaluated by simulation (Hutson et al., 1999). The standard ﬁve-step PSA cycle used for air separation (see Chapter 3) was used in the simulation. The isotherms of the two sorbents to be compared are given in Figure 10.14.
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Figure 10.14. N2 and O2 isotherms for Li94.2 Na0.7 Ag1.1 -LSX dehydrated in vacuo at 450 ◦ C and for Li94.5 Na1.5 -X-1.0 dehydrated in vacuo at 350 ◦ C. All isotherms were measured at 25 ◦ C (Hutson and Yang, 2000a, with permission).



Table 10.4. PSA/VSA simulation operating conditions and results for two sorbents



PH (atm)



PL (atm)



PCD (atm)



UH (m/s)



UL (m/s)



O2 Product Purity (%)



O2 Product Recovery (%)



Product Throughput (kg O2 /h/kg Adsorbent)



Run 1 Li96 -LSX Li95 Ag1 -LSX



1.0 1.0



0.33 0.33



0.70 0.69



0.48 0.60



0.38 0.42



96.11 96.42



62.03 62.74



4.84 × 10−2 5.40 × 10−2



Run 2 Li96 -LSX Li95 Ag1 -LSX



1.2 1.2



0.4 0.4



0.70 0.71



0.40 0.50



0.38 0.38



90.68 90.83



78.02 78.48



6.31 × 10−2 7.01 × 10−2



Sorbent



PH = high-pressure, PL = low-pressure, PCD = pressure of co-current depressurization, UH = interstitial velocity in high-P step, UL = interstitial velocity during desorption. From Hutson et al., 1999.



In the simulation, the O2 product purity and recovery were kept nearly the same. The adsorption and desorption pressures were ﬁxed at typical values used in industry. The other cycle conditions were optimized. The results are summarized in Table 10.4. The performance of the given sorbent can be judged by the O2 product throughput. In both runs shown in Table 10.4, the product throughput given by the sorbent containing 1.1 Ag/u.c. was higher by approximately 12%. The product throughput can be further increased by including pressure equalization steps (Yang, 1987), which were not used in the simulation. The simulation results for LiLSX are similar to VSA results obtained in industry.
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Introducing only 1 Ag per unit cell can signiﬁcantly improve the PSA separation. Cost estimates have been made that showed that a signiﬁcant gain can be obtained by the use of Ag-containing Li-LSX zeolite. 10.1.5. Oxygen-Selective Sorbents



Since the N2 /O2 ratio in air is approximately 4, much less work is needed to separate air by using an O2 -selective sorbent. This is indeed practiced in industry by kinetic separation (in a PSA cycle) using carbon molecular sieve (CMS) (Yang, 1987; Coe, 1995). CMS has been widely used for nitrogen generation by PSA (not VSA). 4A zeolite has also been used for nitrogen generation, mainly for small-volume fuel tank blanketing. Oxygen-binding cobalt complexes have been of long-standing interest and will be discussed here. Carbon Molecular Sieves. Excellent carbon molecular sieve materials have been developed in industry. On these sorbents, the O2 , N2 , and Ar isotherms are approximately equal because they all adsorb by van der Waals interactions, and their polarizabilities are approximately the same. But the diffusivity ratio for O2 (Ar)/N2 is approximately 30 due to differences in molecular size (Chen et al., 1994). Details of the CMS preparation and its adsorption equilibrium and kinetics for air separation are given in Chapter 5 (5.7.2). PSA with CMS is widely used for N2 production from air. The simple Skarstrom cycle (see Chapter 3) has been used, and the typical feed pressure is 8 atm, whereas the desorption pressure is near ambient. The maximum N2 purity is 99.5% (Notaro et al., 1999). The adsorbent inventory is well below 500 lb per ton/day of N2 capacity, and the largest existing single PSA unit is 100 tons/day for N2 purity of 95% (Notaro et al., 1999). The power consumption is around 300 kWh per ton N2 . The low bed inventory as well as the low energy requirement while using the rather inefﬁcient PSA cycle reﬂects the fact that air contains only 21% O2 , which is the adsorbed component. 4A Zeolite. NaA (4A) zeolite has also been used in small volume, enriched N2 generation by PSA, for fuel tank blanketing of military aircrafts (particularly helicopters). A high-pressure air is readily available from the pressurized engine bleed or shaft-driven compressor air. The feed pressure is regulated to about 25 psig before feeding to the PSA unit. Fast PSA cycles, typically 2.5 s/cycle, are used. These on-board units generate a gas containing less than 12% O2 , than that which is the required limit for fuel tank blanketing. The N2 enrichment is also accomplished by kinetic separation due to faster diffusion of O2 in 4A zeolite. Oxygen-Binding Cobalt Complexes. Since the 1940’s, considerable work has been devoted to the study of oxygen-binding transition metal complexes, mostly in attempts to mimic important biological oxygen carriers, such as hemoglobin and myoglobin. Because of their similarity to the natural heme proteins, O2 -binding iron complexes have received the most attention. However, it is
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the oxygen-carrying complexes of cobalt that have proven the most promising as potential oxygen sorbents for air separation. Several thorough reviews are available on this subject (Jones et al., 1979; Niederhoffer et al., 1994; Li and Govind, 1994). Pfeiffer described a compound of composition cobaltous bis-salicylaldehyde ethylenediamine that turned from a reddish color to black when exposed to air (Li and Govind, 1994). Tsumakei then showed that the blackening was due to adsorption of oxygen from the air (Li and Govind, 1994). He also showed that the sorption was reversible and that the oxygen could be driven off by heating in carbon dioxide. These results then stimulated a tremendous amount of work by Calvin and co-workers who synthesized and characterized a large number of cobalt chelates capable of binding oxygen (Calvin et al., 1946; Bailes et al., 1947; Calvin and Martell, 1952). Among these compounds were cobaltous bis-salicylaldehyde ethylenediamine (Co(salen) or salcomine) and cobaltous bis(3-ﬂuoro-salicylaldehyde) ethylenediamine (Co(ﬂuomine)). These compounds, shown in Figure 10.15, represent the most extensively studied of the oxygenbinding cobalt complexes (Calvin and Martell, 1952; Li and Govind, 1994). Co(salen) has reversible oxygen-binding capability, and there have been several attempts to use it to develop a system for oxygen production from air. The U.S. Air Force has attempted to develop the material for onboard oxygen support systems. Co(salen), however, is quickly deactivated by the presence of moisture. Many of the drawbacks of Co(salen) were reduced by using the compound Co(ﬂuomine), which is stable in moisture and was studied extensively by the U.S. Air Force in the mid-1970’s for potential use in breathing air systems for crews of military aircraft (Boscola, 1974; Adduci, 1975). As with the Co(salen) material, the commercialization of Co(ﬂuomine) has been hampered by the long-term chemical instability of the complex. Although the O2 -binding transition metal complexes have been studied extensively, the nature of their bond formation has long been the subject of some controversy. Vaska (1976) showed that almost all currently known transition metal dioxygen complexes can be divided into two types according to the characteristics of the dioxygen ligand. They are the (type I) superoxo (O2 − ) and the (type II) peroxo (O2 2− ) complexes. These complexes are further classiﬁed O O
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Figure 10.15. The Co(salen) [for X = H] and Co(ﬂuomine) [for X = F] molecule.
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according to whether the dioxygen is bound to one metal atom (type a), or bridges two metal atoms (type b). Chen and Martell synthesized and characterized a large number of O2 -binding cobalt Schiff base complexes (Chen and Martell, 1987; 1989). Dzugan and Busch characterized new oxygen-binding macrocyclic cobalt complexes (Dzugan and Busch, 1990). Ramprasad et al. (1995) reported a group of solid-state crystalline cyanocobaltate complexes with reversible and very high oxygen-binding capacity. Speciﬁcally, lithium cyanocobaltate, Li3 Co(CN)5 · 2DMF, was obtained by calcination at 160 ◦ C in N2 , as opposed to the same compound with 4DMF that was synthesized by others previously. The compound with 2DMF provided more voids and higher surface area, hence higher O2 diffusion rates. The O2 capacity was 2.2 mmol/g at 1 atm O2 and 25 ◦ C, and the isotherm was quite steep at pressures below 0.1 atm. O2 /N2 cycling tests at 25 ◦ C showed that the O2 capacity declined steadily (linearly) to 85% of its initial value after 550 cycles (in 410 hr). Also, it deactivated rapidly in the presence of moisture. None of these materials, however, has shown the necessary combination of reversibility, capacity, and stability needed for use in industrial gas separations. Recent research efforts have focused on steric hindrance as a means of protecting the oxygen-binding complex from oxidation and dimerization. The most promising approach has been to prepare the oxygen sorbent by entrapment or encapsulation as a solid-state metal complex within the cages of a synthetic zeolite (Lunsford, 1975; Howe and Lunsford, 1975; Imamura and Lunsford, 1985; Herron, 1986; Drago et al., 1988; Taylor et al., 1989; Taylor et al., 1992). None of these efforts, however, proved effective for separating oxygen from nitrogen due to instabilities and/or inadequate O2 -binding capacity. Although numerous transition metal complexes with oxygen-binding ability have been reported, none of these materials has achieved commercial success as a sorbent for air separation. All these materials have suffered from one or more of the following drawbacks that have prevented commercialization: (1) chemical instability, (2) unacceptable adsorption characteristics, and/or (3) unacceptable cost. An interesting idea that has not been pursued is to immobilize the oxygenbinding complexes on a solid support. In Wang’s classic experiment (Wang, 1970), a heme diethyl ester was embedded in a matrix of polystyrene and 1(2-phenylethyl)imidazole. The matrix not only prevented close approach of two heme but also provided a hydrophobic environment. Reversible oxygen uptake was observed (Wang, 1970). More recently, Hutson and Yang (2000b) synthesized complexes of known oxygen-binding ability by using a modiﬁed synthesis technique that resulted in complexes that were attached (immobilized) to the surface of several porous substrates. Co(salen) and Co(ﬂuomine) were the complexes used. The O2 -binding capacity and the stability of these resulting sorbents were then characterized. The modiﬁed procedure involved two steps. The ﬁrst was to bond Co2+ on anion sites of a substrate, by ion exchange, to form a stable ionically bonded Co2+ . This was followed by attaching ligands coordinatively to Co2+ in order to give it the
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oxygen-binding ability. The rationale for this approach is given ﬁrst and some of the results follow. A basic understanding of the atomic orbitals will help in the understanding of the stability problem. Comparing the ionic salts of Co, Co2+ is more stable than Co3+ since the outer-shell orbitals for Co2+ are 3d 7 , 4s 0 whereas that of Co3+ are 3d 6 , 4s 0 . However, the orbital occupations differ when ligands are attached to the carbon to form a coordination complex. In order for Co2+ to coordinate six ligands, six electrons are in three of the 3d orbitals, to evacuate two 3d orbitals to hybridize with one 4s and three 4p orbitals to form six d 2 sp 3 hybridized orbitals. These six hybridized orbitals form coordination bonds with six ligands. The seventh electron in the 3d orbitals in Co2+ is excited to the 5s orbital, the next higher available orbital. Consequently, this electron can be easily lost, which is the reason that Co3+ is more stable than Co2+ in the coordination complex. With this understanding, Hutson and Yang (2000b) ﬁrst ion-exchanged Co2+ on anion sites of a substrate (i.e., a cation exchanger) to form stable Co2+ , and subsequently attached ligands (usually four) to Co2+ in order to give Co2+ the O2 binding ability. Three different substrates were used: LSX zeolites, mesoporous MCM-41, and ion-exchange resin. The adsorption/desorption isotherms of O2 on Co(salen) are shown in Figure 10.16. These isotherms display a very noticeable and interesting hysteresis. The adsorption isotherm shows that very little O2 is adsorbed until the O2 pressure reaches a “threshold” at approximately 0.2 atm. The adsorption isotherm then sharply rises to nearly the full O2 -binding capacity of the complex. A very low pressure was then required to release the bound oxygen. The 1.4
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Pressure, atm Figure 10.16. Oxygen adsorption and desorption isotherms, measured at 25 ◦ C for Co(salen) (Hutson and Yang, 2000b, with permission).
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O2 -binding capacity for the Co(salen) material was 1.06 mmol/g, approximately 70% of the theoretical value of 1.55 mmol/g based on a 1 : 2 (O2 : Co2+ ) adduct. The O2 adsorption and desorption isotherms, measured at 25 ◦ C, for Co(ﬂuomine) are shown in Figure 10.17. These curves are somewhat similar to those of the Co(salen), but do not have a similar hysteresis. The material strongly binds O2 at very low pressures, immediately adsorbing the full capacity at pressures 400 ◦ C. Moreover, if the material is subsequently exposed to air or water vapor, the activation process has to be repeated. With the addition of Pd nanoparticles, the FeTi nanoparticles could absorb hydrogen without activation. The rates of absorption of hydrogen in all compounds listed in Table 10.5 are slow, that is, in the order of tens of minutes for completion in nanoparticles. For example, for absorption in nanoparticles of LaNi5 at 298 K, 60 min for near completion is required. Approximately 100 min is necessary for Mg2 Ni at 200 ◦ C (Zaluska et al., 2001). Desorption is generally slower than absorption, and the slow rates are detrimental to applications. The kinetics can be improved the use of a catalyst. Figure 10.24 shows the effects of Pd on the hydrogen uptake rates on LaNi5 . It has been found that ball-milling the samples could reduce the grain size of the crystals and consequently accelerates the rates for both absorption and desorption by an order of magnitude (Zaluska et al., 2001). The effects of ball-milling on the rates for Mg2 Ni are shown in Figure 10.25. The smaller grain size reduced the diffusion distance for H atoms. The effects of ball-milling have been studied on a number of metal hydrides; however, they are not limited on the grain size reduction alone. The effects of ball-milling are not understood, although mechanochemistry is clearly involved. Titanium has been found to be an effective catalyst for NaAlH4 and Na3 AlH6 in both dehydriding and hydriding kinetics, although at the expense of H-capacity (Sandrock et al., 2002). Ritter and coworkers have shown evidence of TiAl alloy formation which is possibly responsible for the catalytic effects (Riggleman et al., 2002). 10.3.2. Carbon Nanotubes



The U.S. department of Energy has set 6.5% (wt.) and 62 kg H2 /m3 as the targets for on-board hydrogen storage in fuel cell applications in vehicles (U.S. DOE, 1998; Hynek et al., 1997), at ambient temperature. The pressure is not speciﬁed,
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Figure 10.24. Rates of hydrogen absorption by LaNi5 at 298 K for (a) polycrystalline LaNi5 , (b) nano-crystalline LaNi5 , and (c) nanocrystalline LaNi5 with Pd nanocrystalline catalyst attached (Zaluska et al., 2001, with permission).
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Figure 10.25. Rates of absorption and desorption at 220 ◦ C for a mixture of hydrides (65% MgH2 and 35% Mg2 NiH4 ) after ball-milling in the hydrogenated state (Zaluska et al., 2001, with permission).



but 100 atm has been a nominal pressure for research. As a reference, for a compact passenger vehicle powered by fuel cell, 4 kg H2 is needed for a driving range of 400 km. The history, syntheses, and general adsorption properties of carbon nanotubes that have been reported are given in Chapter 9. A number of reviews on hydrogen storage in carbon nanotubes have appeared (Dresselhaus et al., 1999; Cheng et al., 2001; Ding et al., 2001; Dillon and Heben, 2001; Darkrim et al., 2002; Simonyan and Johnson, 2002).
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Experimental Techniques and Pitfalls. The volumetric technique is the most commonly used method for measuring high-pressure isotherms (Yang, 1987). The apparatus involves a sample cell and a reservoir section. A pressure drop is measured when the pressurized reservoir is connected to the evacuated sample cell. The dead volumes of both compartments are measured by helium displacement using ideal gas law. Any additional pressure drop over that of He is attributed to adsorption. The amount adsorbed can be obtained from the dead volumes and a P-V-T relationship. Desorption can be measured by reversing the process. This technique is prone to artifacts, particularly for H2 . Leakage through ﬁttings and valves is a particular problem for H2 because of its small molecular size. A number of pitfalls were discussed by Tibbetts et al. (2001). In a typical highpressure apparatus (at 100 bar), the leakage of a few psi is equivalent to 1 wt % adsorption. A second source of error is temperature variation, by either ambient temperature ﬂuctuation or heat of adsorption. In a typical setup, an artifact of 2.6 wt % adsorption can be caused by a 1 ◦ C temperature rise (Tibbetts et al., 2001). Another source of artifact stems from the thermodynamic principle that a chamber being pressurized experiences a temperature rise. The temperature drop upon returning to the initial temperature can cause an artifact in adsorption. These errors could be associated with several reported results (Tibbetts et al., 2001). A similar temperature effect could be caused by the exothermic heat of adsorption (Darkrim et al., 2002). Here the temperature rises quickly, followed by a slow return to the ambient temperature (and the associated pressure drop), which could be erroneously taken as adsorption. Using a low value for the heat of adsorption for H2 , the temperature rise due to adsorption would amount to a couple degrees. The gravimetric technique is relatively trouble-free because it measures the weight changes. However, because of the high sensitivities, careful calibration is necessary for changes in buoyancy and friction loss from gas ﬂow upon changes of gas composition and temperature. High-pressure gravimetric (TGA) systems are available, but costly. With ﬂow systems, contaminants in the supply gas could lead to artifacts because they could accumulate on the sorbent. This would not be a problem with static or volumetric systems due to the ﬁnite amount of gas that is in contact with the sorbent. Temperature-programmed desorption (TPD) was used by Dillon et al. (1997) and Hirscher et al. (2001). This technique is also relatively trouble free, although its accuracy depends on the detector. Mass spectrometry was used in the work cited above. Activated Carbon. Among the commercially available sorbents, activated carbon adsorbs the largest amounts of hydrogen. Activated carbon has been considered for on-board applications (Schwartz, 1993; Chahine and Bose, 1994; Hynek et al., 1997; Dillon and Heben, 2001). The isotherms of hydrogen on a typical activated carbon are shown in Figure 10.26. The low-temperature isotherms on a super-activated carbon are shown in Figure 10.27 (Zhou and Zhou, 1998). These amounts (∼0.5 wt % at 100 atm and ambient temperature) are clearly not useful for meeting the DOE targets for on-board storage.
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Figure 10.26. Hydrogen adsorption isotherms on activated carbon, CECA AC35 (BET surface area ∼1000 m2 /g, from Lamari et al., 2000, with permission).
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The isotherm at 77 K exhibits a peak. This occurs when the absolute adsorbed density approaches saturation and the bulk density of the supercritical ﬂuid begins to rise faster with increasing pressure (Menon, 1968; Benard and Chahine, 2001). Single-Wall Carbon Nanotubes. The ﬁrst report on hydrogen storage in SWNTs was by Dillon et al. (1997). A summary of the subsequent reports on experimental data on hydrogen storage in SWNTs, MWNTs and GNF is given in Table 10.6. The storage capacity of Dillon et al. (1997) was estimated from TPD experiment. A small sample (of ∼1 mg) of soot from arc discharge of Co/graphite was the sorbent. The sample was placed in a Pt foil and exposed to 300 torr H2 for 10 min at 273 K, followed by 3 min at 133 K (in H2 ). The sample was then cooled to 90 K while being evacuated prior to TPD. The evolved H2 was detected by a mass spectrometer. For SWNT soot samples pretreated at 970 K in vacuum, broad H2 desorption peaks were detected in the temperature range from 170 to 450 K, with peaks near 300 K. Using TPD curves from different heating rates, the activation energy for desorption (assuming ﬁrst-order desorption kinetics) was calculated at 19.6 kJ/mol. From TEM images of the soot, the content of SWNTs was estimated as 0.1–0.2%. From these data, an estimate for H2 storage capacity of 5–10% was obtained. The possible chemisorption of hydrogen by Pt was ruled out by calibration runs. The soot samples contained approximately 20% Co nanoparticles. The possible chemisorption on Co was also ruled out (Dillon et al., 1997; Dillon et al., 1999). Ye et al. (1999) measured the isotherms of SWNTs (puriﬁed samples produced by laser-vaporization) by using volumetric technique. The samples were pretreated by heating in vacuo at 220 ◦ C for 1 h. The highest adsorption was obtained on puriﬁed crystalline ropes, that is, 8 wt % at ∼40 atm and 80 K. However, in contrast to the results of Dillon et al. (1997), high adsorption capacities were not observed at 300 K and pressures below 1 atm. High adsorption capacities on SWNTs at 298 K were reported by Liu et al. (1999). Volumetric technique was used. The samples contained ∼50–60% SWNTs with diameters near 1.8 nm. Mixed Ni/Co/Fe was used as the catalyst to produce the SWNTs by arc discharge. The samples were pretreated at 773 K in vacuo for 2 h. The uptake was very slow (∼70% completion in 1 h). The highest capacity was 4.2 wt % at 10 MPa and 298 K. Approximately 80% of the adsorbed hydrogen could be desorbed at room temperature. The SWNTs produced by laser-vaporization and arc discharge are usually capped by fullerene-like structures. Those from catalytic decomposition are usually capped by metal particles. Ye et al. (1999) and Dillon et al. (2000) both used ultrasonication to open the tubes. In the work of Dillon et al. (2000), it was reported that by using the ultrasonic probe of Ti-alloy (with 9 wt % Ti, 6 wt % Al, and 4 wt % V), the alloy (TiAl0.1 V0.04 ) was incorporated into the SWNTs as contamination. The maximum adsorption capacity was ∼7 wt %, and upon TPD, two desorption peaks occurred: approximately 2.5% evolved at 300 K, while the remainder evolved between 475–850 K. It was suspected that the alloy contaminant acted as a catalyst that stimulated the adsorption and desorption. This
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Table 10.6. Reported hydrogen storage in single-wall nanotubes (SWNT), multiwall nanotubes (MWNT), and graphite nanoﬁbers (GNF)



Material



H2 wt%



T(K), P(MPa)



Notes



Ref.



SWNT



∼5–10



133, 0.04



by TPD, see text



Dillon et al., 1997



MWNT



11.26



300, 9



See text



Chambers et al., 1998



GNF



67.55



300, 12



See text



Chambers et al., 1998



GNF



35



300, 11



Treated @ 1000 ◦ C, in Ar



Park et al., 1999



Li/MWNT



20



473–673, 0.1



Flow system (TGA)



Chen et al., 1999



K/MWNT



14



300, 0.1



Flow system (TGA)



Chen et al., 1999



Li/MWNT



2.5



473–673, 0.1



Flow system (TGA), gas pre-dried



Yang, 2000



K/MWNT



1.8



300, 0.1



Flow system (TGA), gas pre-dried



Yang, 2000



K/MWNT



1.3



300, 0.1



Flow system (TGA), gas pre-dried



Pinkerton et al., 2000



SWNT



∼8



80, 11.2



Treated at 220 ◦ C in vacuo



Ye et al., 1999



SWNT



4.2



300, 10.1



Treated at 500 ◦ C in vacuo



Liu et al., 1999



MWNT



3.98



300, 10



Treated in Ar at 2200 ◦ C (2 h)



Li et al., 2001



296, 11



Untreated or treated in H2 at 500 ◦ C



Tibbetts et al., 2001



GNF



Armchair Edge > Basal-Plane For adsorption on the basal plane sites, the energy of adsorption is substantially lower when the H atoms are occupying adjacent sites. Comparing Model F with
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Figure 10.28. Models for H atoms chemisorbed on different faces of graphite: armchair (Model C), zigzag (Model D), and basal plane (Models E and F) (Yang and Yang, 2002 with permission).
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Table 10.7. Bond energies (expressed by energies of adsorption) of H atoms on surface sites on graphite (see Figure 10 for models used) from ab initio molecular orbital calculations



Model C (H on armchair edge) D (H on zigzag edge) E (H adjacent basal sites) F (H on alternating basal sites)



Bond Energy (kcal/Mol) −85.27 −90.24 −27.04 −46.47



Yang and Yang, 2002.



Model E, the energy drops from 46.47 kcal/mol (two H on alternate sites) to 27.04 kcal/mol (two H on adjacent sites). Molecular orbital calculations have been published recently on the bonding of F atoms (Seifert et al., 2000; Kudin et al., 2001) and H atoms (Bauschlicher, 2000 and 2001; Froudakis, 2001) on SWNT. Both Bauschlicher and Froudakis studied the bonding of H atoms on the exterior wall of the SWNT (both consisting of 200 C atoms, but with different diameters). Bauschlicher calculated the bond energies for the tube with 1H and 2H and 24%, 50%, and 100% coverages (assuming 1H/1C). The average C–H bond energy for the ﬁrst H was 21.6 kcal/mol, and 40.6 kcal/mol for the ﬁrst two H atoms. The average bond energy for 50% coverage was 57.3 kcal/mol, decreasing to 38.6 kcal/mol for 100% coverage. Froudakis studied the bonding of 1H with the tube where the H atom approached the tube wall in two ways: direct approach to the top of a carbon atom, and approach along the centerline of a hexagon (Froudakis, 2001). The energy minima were, respectively, 21 kcal/mol and 56 kcal/mol. Froudakis also reported the C–C bond lengths in the nanotube after H bonding. With 16 H bonded to 64 C on the 200-atom tube, the C–C bond length increased from 143 to 159 pm. The C–H bond energies on the tube are in general agreement with that on the basal plane of graphite. The energies on the basal plane are 46.47 kcal/mol for two alternating or separated H atoms, and 27.04 kcal/mol for two adjacent H atoms. A similar crowding effect was also seen on the curved tube, that is, 57.3 kcal/mol for 50% coverage and 38.6 kcal/mol for 100% coverage. The increase in the C–C bond lengths from 143 pm to 155–159 pm by adsorption of H was also seen on the basal plane of graphite, and are, in fact, in excellent agreement with the results of Yang and Yang (2002). From the above comparison, it is unlikely that the adsorption of H atoms would differ signiﬁcantly on the basal plane of graphite and on the exterior wall of the nanotube. Based on the results above, it is possible that the binding energies could be lowered further for adsorption inside the tube. Also, no calculations have been made on H atoms adsorbed between two layers of graphite at a d-spacing of ˚ This could be the situation for hydrogen storage on GNF and MWNTs. 3.35 A.
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Lee and Lee (2000) performed density-functional calculations for hydrogen chemisorption in SMNT, both inside and outside the tube. Their calculations were performed at zero Kelvin and showed two conﬁgurations for chemisorption. They predicted that 14 wt % could be adsorbed in (10,10) tubes. Multi-wall Nanotubes. The platelet-structure of GNF is described in a preceding section. When the angle between the platelets and the ﬁber axis is small, there is little or no distinction between MWNTs and GNF. Both are grown catalytically, and the TEM images of these two types of materials can be essentially the same. In fact, it is known that the surfaces of the vapor-grown MWNTs are rarely perfect graphite planes and that their surfaces have functionalities (e.g., Kuznetsova et al., 2000). It is these materials on which the widest range of hydrogen capacities have been reported. The pretreatment condition and the residual catalyst are clearly important in the hydrogen capacity, and yet these have not been clearly characterized in the previously published reports. Lueking and Yang (2002) have studied hydrogen storage in MWNTs grown from Ni0.4 Mg0.6 O catalyst. The growth of MWNTs with graphitic layers parallel to the tube axis on this catalyst has been documented by Chen et al. (1997). The catalyst was removed from the MWNTs to various degrees by acid wash (using 6N HNO3 solution). Hydrogen uptake was measured gravimetrically (by TGA) in H2 ﬂow at 1 atm pressure. The samples were pretreated in hydrogen at 700 ◦ C for 1 h. The results are shown in Figure 10.29. The sample shown by curve (A) contained residual
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Temperature (C) Figure 10.29. TGA H2 adsorption proﬁle (at 1 atm) for (A) acid-treated MWNT (MW-H), (B) the Ni0.4 Mg0.6 O catalyst, and (C) the MWNT with extended acid treatment to remove the residual catalyst (MW-HR) (from Lueking and Yang, 2002, with permission).
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catalyst, 17.4 wt % Ni and 1.9 wt % Mg. The BET surface area of this sample was 184 m2 /g. The pure catalyst after the pretreatment had a hydrogen capacity, due to MgO and its reduced forms. However, the hydrogen capacity of sample (A) was far greater than that due to the residual catalyst. The catalyst-free MWNTs (sample C) showed no hydrogen capacity. The hydrogen capacity of 0.65 wt % for sample A was at 1 atm, hence was signiﬁcant. This result is a clear indication that a dynamic process was at work that involved hydrogen dissociation and spillover to the nanotubes. TPD runs at different heating rates were performed on sample A. From the hydrogen desorption peak temperatures, the activation energy for desorption was determined to be 23.3 kcal/mol. This value was close to the bond energy of 27 kcal/mol for chemisorption of H atoms on the basal plane of graphite, predicted from ab initio calculations (Yang and Yang, 2002). To further elucidate the hydrogen uptake mechanism, TPD behaviors of the sorbed hydrogen from two samples were compared: the Ni0.4 Mg0.6 O catalyst and the MWNT with residual catalyst (Lueking and Yang, 2003). The results showed that the MWNT had an enhanced desorption peak at 140 ◦ C when compared with the initial Ni0.4 Mg0.6 O catalyst, which had a dominant desorption peak at 250 ◦ C. The dominant adsorption temperatures for these two samples were the same. These results suggest that the adsorption process for MWNT is the same as for the Ni0.4 Mg0.6 O catalyst, whereas desorption from the nanotubes occurs directly from lower-energy carbon sites. Lueking and Yang (2003) also measured hydrogen uptake of the MWNTs with residual catalysts at high pressures by using the volumetric technique. The samples were pretreated in 1 atm H2 at various temperatures (500–800 ◦ C), transferred to the high-pressure apparatus, followed by heating at 500 ◦ C in vacuo. The hydrogen uptake increased with the pretreatment temperature, being the highest at 800 ◦ C. Considerable amounts of weight loss accompanied the pretreatments. Adsorption conditions were either at a constant temperature at 69 atm, or under a temperature-pressure (T-P) cycle. The T-P cycle consisted of a series of step changes where the temperature was lowered as the pressure was increased: 122 ◦ C and 100 psia; 50 ◦ C and 500 psia; 25 ◦ C and 1000 psia. After adsorption, desorption measurements were also made. Higher hydrogen uptakes were obtained with the T-P cycle. The resulting uptake amounts are summarized in Figure 10.30. As discussed by Lueking and Yang (2003), the pretreatment not only removed inactive materials but also activated the sample for hydrogen uptake. Other studies have explained high temperature activation to be due to removal of chemisorbed species (Park et al., 1999), destruction of surface functionalities that may block pores (Kuznetsova et al., 2000), or graphitization of the nanotubes (Li et al., 2001). However, these studies did not consider residual metal content, which has been shown to affect the reactivity and gasiﬁcation of nanotubes (Chiang et al., 2001). The absolute hydrogen storage shown in Figure 10.30 is comparable with results reported by others on MWNTs. At ambient temperatures, the reported values range from 1.97% at 40 atm (Lee et al., 2002) to 4% at 100 atm (Li et al., 2001) to 6.3% at 148 atm (Hou et al., 2002). Although comparison of the results by Lueking and Yang (2003) to other hydrogen storage reports is not
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Figure 10.30. Adsorption isotherm of hydrogen on MWNT/NiMgO system after external pretreatment in 800 ◦ C H2 followed by 500 ◦ C vacuum in the adsorption apparatus. The corresponding value of desorption showed a maximum value of 3.6% (from Lueking and Yang, 2003, with permission).



straightforward due to different pressures and pretreatments, it is interesting to speculate how residual metal content may have affected various hydrogen storage reports. For example, the SWNT sample that had an estimated 5–10% hydrogen storage value also had a ∼20 wt % cobalt content (Dillon et al., 1997). The 4% hydrogen storage reported by Li et al. (2001) was for a sample with no attempt to remove the iron catalyst. The pretreatment used by Liu et al. — an acid wash followed by high temperature heat-treatment, which that led to a twofold increase in hydrogen storage (Liu et al., 1999) — is surprisingly similar to the pretreatment process that Chiang et al., showed to expose metal particles (Chiang et al., 2001).



10.4. METHANE STORAGE



Sorbent development for methane storage has been an active research area since the 1980’s. The aim of the research is to develop a competitive storage system for natural gas for vehicular use, known as adsorbed natural gas (ANG). The relative abundance and clean-burning characteristics of natural gas make it attractive as a vehicular fuel, especially for urban areas. Compared with gasoline, natural gas combustion produces less hydrocarbon emission as well as less emissions of sulfur and nitrogen oxides. The history of natural gas vehicles (NGV) dates back to the 1930’s when Italy launched an NGV program (Cook et al., 1999). Today there are more than one million NGVs worldwide (mostly in Argentina, Italy, and countries of the former Soviet Union, where the relative price of gasoline/natural gas is high). These vehicles use compressed natural gas (CNG), at about 3000 psig (20 MPa or 200 bar) and ambient temperature. Liqueﬁed natural gas (LNG) is usually stored at the boiling point of about 112 K (−161 ◦ C) in a cryogenic tank at 1 atm pressure. LNG is not used for passenger vehicles due to safety hazards, leakage, and other problems, although over 1000 LNG fueled trucks and buses are in use worldwide (Cook et al., 1999). For CNG,



322



SORBENTS FOR APPLICATIONS



about 230 unit volumes of natural gas at 1 bar are compressed to one unit volume of storage container, often designated as 230 V/V storage. For the same driving range, the size of the CNG vessel is at least three times the volume of a gasoline tank. Moreover, compression to 200 bar requires a four-stage compressor. For simplicity and reduced cost, a storage system using a single-stage compressor is attractive, which puts a pressure limit of about 5 MPa. This limit poses no problem for ANG since adsorption of methane on known sorbents has reached an isotherm plateau at this pressure range. A benchmark pressure of 3.5 MPa (35 bar) has been widely adopted for comparing different sorbents for ANG use. A number of practical problems need to be considered in ANG technology: higher hydrocarbons and impurities in the natural gas (Mota, 1999), mass transfer rates, and heat effects. The ﬁrst problem has been solved by the use of guard beds, which is well-known in the PSA technology. The guard bed traps these impurities during charging and releases them during discharge. The mass transfer and heat effects (heating during charging and cooling during discharge) have been studied and are well understood (Mota et al., 1997; Biloe et al., 2001; Mota and Rodrigo, 2002; Biloe et al., 2002). These problems have also been minimized with clever designs of monolithic sorbent and storage vessels (Cook et al., 1999). An excellent review of ANG has been given by Cook et al. (1999). Reviews on sorbents for ANG are also available (Mullhaupt et al., 1992; Menon and Komarneni, 1998). For sorbent development, the U.S. Department of Energy set the target of 150 V/V deliverable capacity at 3.5 MPa and 25 ◦ C (Wegrzyn et al., 1992). This deliverable amount is the total amount between 35 bar and 1 bar (isothermal), including the gas phase. To date, the best sorbents are carbons. The theoretical limits for storage in carbons as well as the optimal pore dimension of the carbon have been studied extensively (Tan and Gubbins, 1990; Mastranga et al., 1992; Cracknell and Gubbins, 1992). Tan and Gubbins (1990) used GCMC and DFT to calculate methane adsorption in model porous carbons for a wide range of pore sizes, and ˚ This is the centerdetermined that the optimal dimension for a slit pore is 11.4 A. to-center distance between the two graphite layers. Thus the free spacing is less ˚ and is ∼8 A. ˚ Mastranga et al. (1992) reached the same conclusion than 11.4 A, as Tan and Gubbins. Using this slit width and assuming that each two slits are separated by a single layer of graphite, the theoretical limits (e.g., at 209 V/V) are substantially higher than the DOE target. Myers and Glandt (1993) concluded that the theoretical limit is 220 V/V. The two key factors for methane storage are micropore volume and sorbentpacking density. Optimal storage will occur when the micropore volume is maximized. However, for fast mass-transfer rates, some mesopores and macropores are also needed as feeder pores. The micropore volumes of carbons are correlated well with the BET surface areas measured with N2 at 77 K. In fact, a linear correlation was obtained for the amount of methane adsorbed at 3.5 MPa and 25 ◦ C and the BET surface area based on the data on 35 commercial carbons (Mullhaupt et al., 1992).
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A high packing density is required for high V/V storage. A clever approach for achieving high packing density is to form monoliths (such as discs) by using a polymeric binder (Bose et al., 1991). Typically, the sorbent powder is mixed with a binder and the mixture is moulded into discs under a high pressure. The monoliths are subsequently produced upon heat-treatment (e.g., 800 ◦ C in N2 ) (Chen and McEnaney, 1995). The percentages of binder shown in Table 10.8 are the optimal amounts for maximum V/V methane storage. Table 10.8 summarizes the methane storage capacities of all sorbents reported in the literature, including various forms of carbon, zeolite, polymeric resin, and



Table 10.8. Methane storage capacities at 3.4 MPa (or 500 psia) and 25 ◦ C, expressed by adsorbed amount, q (mmol/g) and V/V (in CH4 at STP per volume, including gas phase)



Sorbent



Note



Bet



q(mmol/g)



V/V



Ref. (W/et al.)



2500 1860



10.25 8.75



98 163



Barton (1983) Quinn (1987)



2800



10.8 9.25



109 186



Bose (1991) Bose (1991)



152



X. Chen (1995)



110 155



Manzi (1997) Manzi (1997)



155



LozanoCastello (2002)



179



Lewis (1993)



AX-21 Type Amoco GX-32 Anderson AX-21 monolith Anderson AX-21 Anderson AX-21 monolith Anderson AX-21 monolith Kansai Maxsorb Kansai Maxsorb monolith KOH-activated anthracite



37% PVDC binder No binder 2% PVA binder 31% phenolic binder Powder Compacted disks



2054 3272 2043 2758



12.5 8.2 ∼13



Activated carbon ﬁbers (ACF) ACF (KF-1500)



H2 O-activated rayon ﬁbers Cellulose base



1539



15.69



1500



ACF (pitch-based)



CO2 activated



2400



5.2 (at 313 K) ∼9.2



163



Alcaniz-Monge (1997)



1030



4.68



∼80



Barton (1983)



1270



∼100



Quinn (1994) Zhang (1991) Cook (1999)



Calgon BPL GAC Norit GAC (R3) CaX Zeolite Polymer resin (polystyrene) MCM-41 (SiO2 )



Dow XV43546



1600



5.72 5.12 4.18



˚ pores ∼16 A
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silica (MCM-41). These represent the highest reported storage capacities from each category of sorbents. The V/V capacity is expressed in volume of methane stored (cc STP, including gas phase) per volume of sorbent. This is not the deliverable storage. The adsorbed amount at 1 atm needs to be subtracted to get the delivered amount. Empirically, the delivered capacity is about 15% lower than this amount. The isotherms of methane on selected carbons are shown in Figure 10.31. The most promising sorbents are the “super” activated carbon (AX-21 type) and activated carbon ﬁbers (ACF). Both have rather uniform pore sizes in the ˚ micropore range. As discussed in Chapter 5 (5.1), the “super” activated 10–20 A carbons are produced by activation with molten KOH, invented by Wennerberg and O’Grady (1978). The process is remarkably simple and reproducible, and it works for a variety of precursors (cokes, coals, nut shells, and wood). Typically, KOH and coke are mixed at a ratio of about 3/1 KOH/coke, heated to around 700–800 ◦ C (the melting point of KOH is 360 ◦ C) in an inert atmosphere (or in a closed system) for about 2 hs. A small amount of water is used for pasting. After such an activation process, the carbon is washed to recover potassium. A large microporosity is formed during the activation, with “cage-like” pores,
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Pressure (MPa) Figure 10.31. Adsorption isotherms at 25 ◦ C for various carbons (Mastranga et al., 1992, with permission). The carbons include molten KOH activated carbons (AX-21 and AX-31), activated carbon ﬁbers (KF-1500), carbon molecular sieves (Carbon MS), and conventional activated carbons (all others). GCMC: simulation for an ‘‘ideal’’ carbon with slit pores at 11.4 A˚ width formed by single graphite sheets.
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mainly 10−3 1/s, and the diffusion rates did not play an important role in the separation. The results of the PSA simulations for the four-step cycle described above for the AlPO4 -14 and AgNO3 /SiO2 sorbents with a feed composed of 85% C3 H6 and 15% C3 H8 at a temperature of 120 ◦ C are summarized in Table 10.9. The
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simulation results for an oleﬁn-leaner feed composed of 50% C3 H6 and 50% C3 H8 at the same temperature are shown in Table 10.10. The ﬁrst two runs under each sorbent heading show the PSA performance at a desorption pressure of 1.0 atm. The next two runs were conducted at a lower desorption pressure of 0.2 atm. A comparison of runs 2 and 6 in Table 10.9 for a feed of 85% C3 H6 and 15% C3 H8 shows that for a nearly similar product purity (99.2%) and product recovery (60–65%), the product throughput of the AgNO3 /SiO2 sorbent exceeded that of AlPO4 -14 by over 70%. Similarly, for the lower desorption pressure of 0.2 atm, an inspection of runs 4 and 8 shows that at a product purity of about 99.2%, both the product recovery as well as the product throughput for the AgNO3 /SiO2 sorbent are higher than those shown by the AlPO4 -14 sorbent. Thus clearly, AgNO3 /SiO2 is a better sorbent for a hydrocarbon feed, which is richer in oleﬁn compared with parafﬁn. This fact holds true irrespective of the operating pressure range of the PSA process. The results of the PSA performance for a more oleﬁn-lean feed of 50% C3 H6 and 50% C3 H8 can be obtained from Table 10.10. The comparison for this feed was less straightforward than that in Table 10.9. In general, it was difﬁcult to exceed 99% purity in the case of AlPO4 -14 at reasonable product recovery and throughput. From runs 9 and 14, it can be seen that for a product purity in the range of 98–99%, the product recovery and product throughput were nearly the same (46% and 2 × 10−3 kg product/kg sorbent/h, respectively). However for Table 10.10. Operating parameters and performance results for separation of a mixture composed of 50% C3 H6 and 50% C3 H8 by PSA using AgNO3 /SiO2 and AlPO4 -14 sorbents



Run No.



PL (atm)



UF (m/s)



UP (m/s)



C3 H6 Product Purity (%)



C3 H6 Product Recovery (%)



C3 H6 Product Throughput (kg Product/h/kg of Sorbent) × 103



9



1.0



0.40



0.35



99.32



45.92



2.09



10



1.0



0.10



0.35



99.46



58.71



0.63



11



0.2



0.40



0.40



99.42



59.18



5.16



12



0.2



0.05



0.45



98.52



71.65



2.61



13



1.0



0.25



0.20



98.41



47.03



1.91



14



1.0



0.20



0.20



98.29



51.35



1.88



15



0.2



0.30



0.25



98.83



57.53



4.22



16



0.2



0.25



0.23



98.65



63.91



4.81



AgNO3 /SiO2



AlPO4 -14



◦



Feed pressure PH = 7.0 atm., step time = 60 s, feed T = 120 C, PL = des. press., UF = feed velo., UP = purge velo. (Rege and Yang, 2002, with permission).
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the lower desorption pressure (0.2 atm.), runs 11 and 15 clearly demonstrate the superiority of AgNO3 /SiO2 sorbent. All the three parameters, namely the product purity, recovery, and throughput for AgNO3 /SiO2 exceeded that for AlPO4 -14. The feed pressure was taken arbitrarily at 7 atm in the above simulation. The available pressures in the reﬁnery gas streams and the purge streams from polyoleﬁn reactors are higher than 7 atm. At higher feed pressures, the PSA performance with AgNO3 /SiO2 will continue to improve because more oleﬁn will be adsorbed, whereas that with AlPO4 -14 will not improve because its capacity is already saturated. Due to the relatively high heats of adsorption, multiplicity of cyclic steady states can occur easily with this system. One unstable and two stable steady states were observed within certain regions for identical cycle conditions depending on the initial temperature or sorbate concentration in the PSA bed at startup. The exact initial bed temperature and concentration at which there was a switch in the stable steady states was identiﬁed (Rege and Yang, 2002). An example is shown in Figure 10.37. This ﬁgure shows the product purity for two initial bed temperatures: (1) 120 ◦ C, as shown by the circles joined by a dotted line, and (2) 125 ◦ C, denoted by diamonds connected by a solid line. Thus it was seen that product purity suddenly rose from 92 to 99.4% when the feed velocity was increased beyond 0.305 m/s for the bed that was started at 120 ◦ C. However for an initial bed temperature of 125 ◦ C, the jump in product purity occurred at an earlier feed velocity of 0.275 m/s. For the intermediate values of feed velocity between 0.275–0.305 m/s, two different cyclic steady states with distinctly different product purities and recoveries were obtained. Further details of the multiplicity are given in Rege and Yang (2002). 100
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Figure 10.37. Variation of the C3 H6 product purity as a function of feed velocity obtained at the cyclic steady state of the PSA process by using the AlPO4 -14 sorbent starting with two different initial temperatures in the bed. (PH = 1.0 atm, PL = 0.1 atm, step time = 60 s, uP = 0.30 m/s, feed T = 120 ◦ C, initial bed concentration = 5% C3 H6 , 95% C3 H8 ) (Rege and Yang, 2002, with permission).
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10.5.3. Other Sorbents



5A and 13X zeolites have also been considered for oleﬁn/parafﬁn separations based on stronger adsorption of oleﬁns. However, additional and substantial operations for the PSA are needed (e.g., Javelin and Fair, 1993). Rodriguez and co-workers have made interesting studied on the adsorption properties of these sorbents (Da Silva and Rodriguez, 1998; Grande et al., 2002). A vacuum swing cycle was studied for propane/propylene separation by using 13X (Da Silva and Rodriguez, 2001). Compared with the π-complexation sorbents, however, the separation results with π-complexation sorbents are signiﬁcantly better. Cho and co-workers (Cho et al., 2001; Choudary et al., 2002) have recently developed AgNO3 supported on acid-treated clays, named Olesorb-1. Subatmospheric isotherms have been reported. The diffusion time constants for the C2 and C3 oleﬁns and parafﬁns at ambient temperature are around 10−3 1/s. From the isotherms and the diffusion time constants, the sorbent is suitable for oleﬁn/parafﬁn separation. The isotherms are shown in Figure 10.38 and Figure 10.39. The isotherms of AgNO3 /SiO2 are compared in these ﬁgures. For C2 separation, the two sorbents appear to be comparable, although the isotherm of C2 H4 on AgNO3 /SiO2 is more linear, which helps separation. For C3 separation, the isotherm of C3 H6 on AgNO3 /SiO2 is substantially higher as well as being more linear, although AgNO3 /SiO2 also adsorbs more C3 H8 . No data on the Olesorb-1 were reported for higher pressures. It appears that the oleﬁn capacity of Olesorb is also limited by its pore volume, since the isotherms seem to be leveling off at a low pressure. The Olesorb-1 has been evaluated in an experimental fourbed PSA system, using a VSA cycle similar to the one described above, except the feed pressure was at ∼1.2 atm and the VSA was run at ambient temperature. Using a feed containing 83.1% ethylene (16.8% ethane and traces of other gases), Choudary et al. (2002) obtained a sorbent productivity of 0.04 kg C2 H4 /h/kg sorbent, at 99.8% ethylene product purity and 85% recovery. From these results, it is seen that oleﬁns can be recovered at high purities and reasonably high recoveries. The sorbent productivities are higher than that obtained in air separation by PSA/VSA. As mentioned, for air separation, a single PSA/VSA can produce over 200 tons/day of oxygen. Thus, it is feasible to recover oleﬁns at that scale with a single PSA unit.



10.6. NITROGEN/METHANE SEPARATION



The separation of nitrogen from methane is becoming increasingly important for natural gas recovery and enhanced oil recovery. Natural gases that contain signiﬁcant amounts of nitrogen need to be upgraded in order to meet the pipeline quality for minimum heating value speciﬁcations, typically >90% methane. This is the case with a large amount of natural gas reserves as well as aging natural gas wells. This also applies to enhanced oil recovery where nitrogen is injected into the reservoir. Nitrogen injection increases the level of nitrogen contamination in the gas fraction recovered from the reservoir, that is, petroleum gases,
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Figure 10.38. Isotherms of C2 H4 and C2 H6 on Olesorb-1 (AgNO3 /acid-treated clay) at various temperatures (solid lines) and that on AgNO3 /SiO2 (dashed lines, A: C2 H4 at 343 K, and B: C2 H6 at 343 K). From Choudary et al., 2002 and Padin et al., 2000.



above their naturally occurring nitrogen concentration. Another application for this separation is the recovery of methane form coal mines when nitrogen concentration is also high. This separation is accomplished by cryogenic distillation. The more desirable separation technique is obviously adsorption, particularly pressure swing adsorption, because a high feed pressure is already available. Despite the advantages of using adsorption for methane upgrading, this separation has been found particularly difﬁcult because of the lack of a satisfactory sorbent. Such a sorbent needs to have a high nitrogen/methane selectivity. Methane has a higher polarizability (26 × 10−25 cm−3 for methane vs. 17.6 × 10−25 cm−3 for nitrogen). Both are nonpolar although nitrogen has a quadrupole. The equilibrium selectivity favors methane over nitrogen on all known sorbents, such as activated carbon, large-pore zeolites and molecular sieves, silica gel, and activated alumina. Therefore, the search for a sorbent has been directed toward kinetic separation, because there is a small but workable
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Figure 10.39. Isotherms of C3 H6 and C3 H8 on Olesorb-1 (AgNO3 /acid-treated clay) at various temperatures (solid lines) and that on AgNO3 /SiO2 (dashed lines, A: C3 H6 at 298 K, and B: C3 H8 at 298 K). From Choudary et al., 2002; Rege and Yang, 2002.



˚ for methane difference in the kinetic diameters of these two molecules (3.8 A ˚ and 3.64 A for nitrogen). 4A zeolite and carbon molecular sieves (CMS) have been examined for N2 /CH4 separation. A process using 4A zeolite for this separation was developed by Habgood (1958), but this process was limited to low temperatures (−79 to 0 ◦ C) and a high-methane feed content (≥90%). Ackley and Yang (1990) have demonstrated the use of carbon molecular sieve (CMS) for separation of N2 /CH4 mixtures in pressure swing adsorption (PSA) processes but have also shown that the potential for CMS to achieve the desired pipeline quality (90% methane) is doubtful. The only two promising sorbents are clinoptilolites and titanosilicates, as discussed below. 10.6.1. Clinoptilolites



Clinoptilolite is a member of the heulandite group, and is the most abundant of the natural zeolites. Using Na+ as the only charge-compensating cation, the
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formula for the ideal clinoptilolite is Na6 Al6 Si30 O72 · 24H2 O The unit cell is monoclinic and is usually characterized on the basis of 72 O atoms and 24 water molecules, with Na+ , K+ , Ca2+ , and Mg2+ as the most common charge-balancing cations. The channel structure and the cation sites of clinoptilolite are discussed in Chapter 7 (7.4.1). It has a 2-dimensional channel structure that is formed by 8-oxygen rings and 10-oxygen rings. The transport channels have been discussed in detail by Ackley and Yang (1991b). The selectivity and rate of uptake of gases are strongly inﬂuenced by the type, number, and location of the cations in these channels. Frankiewicz and Donnelly (1983) showed the promise of a calcium-exchanged clinoptilolite for N2 /CH4 separation by a PSA process, but the product was below pipeline quality. This work stimulated a good deal of interest in further investigation. Two Japanese patent applications (61-255,994, in 1986, and 62-132,542 in 1987, see Chao, 1990) disclosed the use of natural clinoptilolite and Caexchanged forms for nitrogen removal from methane. Chao (1990) suggested the use of Mg-exchanged clinoptilolite for N2 /CH4 separation. The equilibrium isotherms of N2 on various ion-exchanged clinoptilolite were reported by Ackley and Yang (1991a), and are shown in Figure 10.40. The clinoptilolite has been modiﬁed by ion exchange to fully exchanged forms of the monovalent cations K+ , Na+ , and H+ and highly exchanged forms of the
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Figure 10.40. Isotherms of N2 on ion-exchanged clinoptilolites at 300 K (Ackley and Yang, 1991a, with permission). PUR: puriﬁed form.
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bivalent cations Ca2+ (89%) and Mg2+ (72%). The detailed chemical analyses of these clinoptilolites were given elsewhere (Ackley and Yang, 1991a). The corresponding equilibrium isotherms of CH4 are given in Figure 10.41. The isosteric heats of adsorption and the D–A isotherm ﬁtting parameters are also given in Ackley and Yang (1991a). The pore volumes were estimated from the D–A model parameters for both CH4 and N2 and they ranged approximately from 0.12 to 0.35 cm3 /g. From n-hexane adsorption, the pore volume was calculated as 0.138 cm3 /g (Ackley and Yang, 1991a). Barrer and Makki (1964) estimated a pore volume of 0.135 cm3 /g by measuring the amount of water vapor adsorbed on Na+ -exchanged clinoptilolite at a relative pressure ratio of P /P0 = 0.5. Assuming 24 water molecules/unit cell, Barrer (1982) gave the porosity of Na+ clinoptilolite as 0.34 cm3 /(cm3 of crystal). This porosity is equivalent to a theoretical pore volume (based upon the assumed water content) of 0.186 cm3 /g. The pore volumes estimated from the N2 data are higher and more variable than those determined from CH4 isotherms. Breck (1974) has indicated that nitrogen always projects higher pore volumes in zeolites than other adsorbates of similar molecular size. The selectivity ratio, deﬁned here as the amount of CH4 adsorbed per amount of N2 adsorbed, is shown as a function of pressure in Figure 10.42 for the ionexchanged clinoptilolites. The selectivity ratio varies for this class of adsorbents by more than one order of magnitude and includes a reversal of preference from CH4 (H+ , K+ , Mg+ , PUR) to N2 (Na+ , Ca2+ ). Selectivity favoring N2 has been induced by molecular sieving of CH4 . This range of selectivities is quite
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remarkable given the limited differences in properties of the two gases, which can be exploited for separation. For PSA simulation, high-pressure isotherm data are needed. The high-pressure N2 /CH4 isotherms for puriﬁed clinoptilolite and Mg-exchanged clinoptilolite are shown in Figures 10.43 and 10.44, respectively. An equilibration time of 2 h was used for each data point of the CH4 isotherms. The N2 /CH4 selectivity reﬂects molecular sieving.
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Figure 10.44. High-pressure nitrogen and methane isotherms on Mg-clinoptilolite at 22 ◦ C (Jayaraman et al., 2002).



The high-pressure N2 isotherms showed that the N2 capacity is still increasing noticeably with pressure at 7 atm. This trend reﬂects the large pore volumes of clinoptilolites. Using a conservative value of 0.138 cm3 /g for the pore volume, the N2 capacity would be 4 mmol/g (assuming pore ﬁlling with liquid nitrogen at a density of 0.808 g/cm3 ). The N2 /CH4 uptake rates in the same ion-exchanged and puriﬁed forms of clinoptilolite have been measured and analyzed by Ackley and Yang (1991b). Diffusion takes place in two types of channels. Thus, the overall uptake rates can be analyzed with two different models, resulting in two sets of diffusion time constants. A better ﬁt was obtained with the two-channel model. However, for PSA simulation, results from the two-channel model would make the simulation overly complicated. Hence an overall diffusion time constant will be used for each diffusion system. The overall uptake rates at 300 K are shown in Figures 10.45 and 10.46. The diffusion time constants obtained from the two-channel model are available in Ackley and Yang (1991b) and are not given here. Since low concentrations of N2 and CH4 (at 1 atm) were used, the diffusivities so obtained were at low loadings. The concentration dependences of the diffusivities (which were not strong) were also reported (Ackley and Yang, 1991b). The true kinetic selectivity or initial separation factor can be determined as the ratio of the N2 /CH4 mole uptake rates, as shown in Figure 10.47 for the various clinoptilolites at 300 K. The results in Figure 10.47 were obtained from the initial uptakes on a completely desorbed sample. The gas-phase concentrations of N2 and CH4 for the adsorption step are indicated in the ﬁgure. The time period for an adsorption step in a PSA cycle is typically in the range of 30–300 s, and a N2 /CH4 selectivity >1 is necessary for the separation. The selectivities in Figure 10.47 approach the equilibrium selectivities at sufﬁciently long times. From the results, the Na+ , Ca2+ , and Mg2+ forms and the puriﬁed form are the best candidates for kinetic separation of N2 /CH4 .
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Figure 10.45. Uptake rates of N2 by puriﬁed (PUR) and ion-exchanged clinoptilolites at 300 K and at N2 partial pressures indicated in parentheses (in atm) (Ackley, 1991, with permission).
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10.6.2. ETS-4



The syntheses of titanosilicate (TS) molecular sieves have been discussed in Chapter 7 (7.2.2). A particular form, named ETS-4, was synthesized by Kuznicki (1990) without the use of a template (7.2.2). The structure of this form is similar to that of the natural mineral zorite. Other similar titanosilicates have also been successfully synthesized (Chapman and Roe, 1990; Liu et al., 2000). The
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Figure 10.47. Kinetic selectivity expressed as ratio of pure-component mole uptake rates on clinoptilolites at 300 K and partial pressures (in atm) given as YN2 and YCH4 (Ackley and Yang, 1991b, with permission).



structure of the hydrated form has been determined (Philippou and Anderson, 1996; Cruciani et al., 1998; Braunbarth et al., 2000). ETS-4 has a mixed octahedral/tetrahedral framework, and the structure is highly faulted in two directions (Braunbarth et al., 2000). With the faulting, the structure is accessible only through an open channel formed by 8-oxygen ˚ dimension) in the b direction. Upon heating, the structure of rings (of about 4 A the hydrated form of Na-ETS-4 starts to collapse below 200 ◦ C due to the loss of structural water chain present along the channel system. The ion-exchanged forms, exchanged with Sr2+ or Ba2+ , have a higher thermal stability, and the collapse temperature is extended to higher temperatures. For example, the structure of Sr-ETS-4 collapses at about 350 ◦ C. Through a series of studies by Kuznicki et al. (see references by Kuznicki et al., 2000; Braunbarth et al., 2000 and Kuznicki et al., 2001), the Ba-ETS-4 and Sr-ETS-4 have the best potential for tailoring as molecular sieves. The structure of the hydrated Sr-ETS-4 has been characterized by using neutron diffraction (Braunbarth et al., 2000). The ideal formula for Sr-ETS-4 is NaSr4 Si12 Ti5 O38 (OH)·12H2 O. Interestingly, upon heating, there is a gradual reduction of the 8-membrane ring pore opening with increasing temperature (Kuznicki et al., 2001). Unfortunately, the pore volume (as measured by the water sorption capacity) also decreases. Figure 10.48 shows the “equilibrium” sorption capacities of Sr-ETS-4 after heat-treatment at various temperatures. The Sr-ETS-4 heat treated at 300–315 ◦ C is being used for N2 /CH4 separation by PSA (Engelhard, 2001).
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Figure 10.48. Equilibrium adsorption at 25 ◦ C of N2 and CH4 at 100 psia and water at P/P0 = 0.84 on Sr-ETS-4 pretreated at various temperatures (Kuznicki et al., 2000). The water capacities were later corrected in Kuznicki et al. (2001), shown by arrows and diamonds.
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Figure 10.49. Nitrogen and methane isotherms on Sr-ETS-4 (heat-treated at 315 ◦ C) at 22 ◦ C (Jayaraman et al., 2002).



The N2 /CH4 isotherms on Sr-ETS-4 that have been heat-treated at 315 ◦ C are shown in Figure 10.49. The results are similar to those reported by Kuznicki et al. (2001). Comparing the N2 isotherms of Sr-ETS-4 and clinoptilolites, the capacity of the latter is substantially larger. For example, at 5 atm pressure, the nitrogen capacity of the puriﬁed clinoptilolite is nearly twice that of Sr-ETS-4.
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This comparison is a direct reﬂection of the relative pore volumes. The tendency of the N2 isotherm on Sr-ETS-4 to form a plauteau at above 5 atm is also undesirable for PSA separation, particularly when a high feed pressure of natural gas is available (which is usually the case). 10.6.3. PSA Simulation: Comparison of Sorbents



From the N2 /CH4 isotherms and diffusivity data, the most promising sorbents appeared to be Sr-ETS-4, Mg-clinoptilolite, and puriﬁed clinoptilolite. Thus, these three sorbents were compared for N2 /CH4 separation (Jayaraman et al., 2002) by using a proven numerical PSA model (Rege et al., 1998). The overall diffusion time constants (D/R2 ) at 295 K for N2 were (in 1/s) 1.1 × 10−3 (puriﬁed clinoptilolite); 1.8 × 10−2 (Mg-clinoptilolite); 3.1 × 10−3 (Sr-ETS-4). The corresponding values for CH4 were 2.0 × 10−5 (puriﬁed clinoptilolite); 6.0 × 10−5 (Mg-clinoptilolite); 1.2 × 10−3 (Sr-ETS-4) (Jayaraman et al., 2002). Heats of adsorption and other input data are available elsewhere (Jayaraman et al., 2002). The standard ﬁve-step PSA cycle was employed, which consisted of: pressurization, high-pressure feed, co-current depressurization (or blowdown), countercurrent blowdown and evacuation, and low-pressure purge. The cycle conditions were optimized for each run. The results are summarized in Table 10.11. With a feed mixture containing 85% CH4 and 15% N2 , the results show that over 90% methane product purity at high recoveries and high throughputs are possible with both puriﬁed clinoptilolite and Sr-ETS-4. From the comparison, it is seen that for a feed pressure of 7 atm, the PSA results are comparable for puriﬁed clinoptilolite and Sr-ETS-4. For Mg-clinoptilolite, both methane purity and recovery were low. The sorbent productivities for both puriﬁed clinoptilolite and Sr-ETS-4 were higher than those obtained for air separation with zeolites. At feed pressures higher than 7 atm, the separation will further improve for clinoptilolites because the N2 adsorption amount will continue to rise with pressure, although the improvement will be less for Sr-ETS-4 as the N2 capacity is already nearly saturated at 7 atm. PSA upgrading of natural gas by Sr-ETS-4 has already been commercialized (Engelhard, 2001).



10.7. DESULFURIZATION OF TRANSPORTATION FUELS



Due to worldwide environmental mandates, reﬁners are facing the challenge of producing increasingly cleaner fuels (Avidan et al., 2001). The primary focus of the new regulations is the reduction of sulfur in gasoline and diesel. Other rules stipulate reduced levels of aromatics, especially benzene, benzene derivatives, oleﬁns, and oxygenates. Sorbents for removal of aromatics will be discussed in Section 10.8 of this chapter. In 1998, the European Union ﬁrst mandated new sulfur speciﬁcations for drastically reduced levels that started to be phased in from the year 2000 (Knudsen et al., 1999). Similar regulations were legislated in the United States and elsewhere soon after. The EPA Tier II regulations require reductions of sulfur in
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Table 10.11. Comparison of various sorbents for N2 /CH4 separation using the standard ﬁve-step PSA cycle



Run No.



Co-Current Blowdown Pressure (bar)



Feed Velocity (m/s)



CH4 Product Purity (%) — Average of Co-Current Blowdown and Ads Step



CH4 Product Recovery (%)



CH4 Product Throughput (kg Product/h/kg of Sorbent)



1



1



0.05



97.255



53.192



0.081



2



1



0.12



95.244



71.281



0.172



3



1



0.20



92.821



80.392



0.276



4



2



0.20



92.732



79.327



0.272



ETS-4



Puriﬁed clinoptilolite 5



1



0.05



94.486



80.653



0.123



6



1



0.12



92.050



87.812



0.212



7



1



0.20



90.148



91.634



0.315



8



2



0.05



95.382



73.131



0.112



Mg-clinoptilolite 9



1



0.05



89.057



63.151



0.114



10



2



0.05



90.630



55.165



0.100



11



4



0.05



93.273



41.648



0.075



Feed = 85% CH4 + 15% N2 at 298 K and 7 atm. Desorption pressure = 0.4 atm. Column size: 0.2 m diameter and 2.0 m length. Cycle step times: tpress = 30 s; tads = 60 s; tco bdn = 10 s; tcn bdn = 30 s; tdes = 60 s (Jayaraman et al., 2002).



diesel from the current average of 500 ppmw to 15 ppmw by June 2006, and that in gasoline from 350 ppmw to 30 ppmw by January 2005 (Avidan et al., 2001). The detailed sulfur standards are complicated because different standards are applied to individual reﬁnery, corporate pool, and per gallon basis (Avidan et al., 2001). Removal of sulfur-containing compounds is an important operation in petroleum reﬁning, and is achieved by catalytic processes operated at elevated temperatures (∼300 ◦ C) and pressures (20–100 atm H2 ) using Co-Mo/Al2 O3 or Ni-Mo/Al2 O3 catalyst (Gates et al., 1979). The hydrodesulfurization (HDS) process is highly efﬁcient in removing thiols, sulﬁdes, and disulﬁdes, but less effective for thiophenes and thiophene derivatives. Thus, the sulfur compounds that remain in the transportation fuels are mainly thiophene, benzothiophene, dibenzothiophene, and their alkylated derivatives. The least reactive derivatives are the dibenzothiophenes with methyl groups at the 4- and 6-positions, that is, positions adjacent to S. 4-methyldibenzothiophene
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and 4,6-dimethyldibenzothiophene are the refractory sulfur compounds that make deep desulfurization by HDS extremely difﬁcult. Accompanying deep desulfurization is the saturation of oleﬁnic compounds resulting in octane loss of about 10 numbers (Avidan and Cullen, 2001). Another need for deep desulfurization is for potential application in fuel cell. Gasoline is the ideal fuel for fuel cell because of its high-energy density, ready availability, safety, and ease in storage. However, to avoid poisoning of the catalyst for the water–gas shift reaction and that in the electrode of the fuel cell, the sulfur concentration should be preferably below 0.1 ppmw. To reduce the sulfur content of diesel from 500 ppmw to this level, an estimate showed that the HDS reactor size needed to be increased by a factor of 7 (Whitehurst et al., 1998). Another estimate showed that in order to reduce the sulfur level in diesel from 300 to less than 10 ppm, the HDS reactor volume needed to be increased by a factor of about 15 at 600 psi, or by a factor of 5 at 1,000 psi (Parkinson, 2001; Avidan and Cullen, 2001). Faced with the severely high costs of environmental compliance, a number of new technologies have been contemplated for post-treating of the FCC naphtha (Avidan et al., 2001). One commercialized technology, named S Zorb, has been announced by Phillips Petroleum Company, and it is claimed to remove the refractory sulfur species such as 4,6-dimethyldibenzothiophene (brochure of Phillips). No detailed information is available on the “sorbent.” The sorbent is actually a highly sulfur-poisonable catalyst, used in a ﬂuidized-bed reactor, for a hydrogenation reaction. The reaction is performed at 650–775 ◦ F and 100–300 psig in H2 for gasoline, or 700–800 ◦ F and 275–500 psig in H2 for diesel. The reaction reported for benzothiophene is: benzothiophene + H2 → S(ads.) + ethyl benzene. The S atom is deposited on the catalyst/sorbent. The catalyst is regenerated with air (forming SO2 ), followed by reduction with H2 . The reduced catalyst is recycled to the reactor. Another new technology using ultrasound was disclosed by Avidan and Cullen (2001), Yen et al. (2002) and Mei et al. (2003). This is a two-step process, called SulphCo process, named after the company that developed it. In the ﬁrst step, thiophenic compounds are oxidized in an ultrasonic reactor to form sulfoxides (with 1 oxygen attached to the sulfur atom) and sulfones (with 2 oxygen atoms attached to sulfur). The thiophenic compounds are oxidized in gas-bubble cavities generated by ultrasound. The sulfoxides and sulfones are subsequently removed by solvent extraction. Following Collins et al. (1997), H2 O2 (oxidant) and a heteropolyanion (catalyst) were used for oxidation. Still another process was disclosed by Research Triangle Institute (Chemical Engineering Progress, 2001). A sorbent is reacted with the sulfur compounds in the naphtha from FCC in a “transport reactor” designed to minimize the reactor volume. The sorbent is regenerated with air to form SO2 . Both reactions (sorption and regeneration) are conducted at elevated temperatures. The new challenge is to use adsorption to selectively remove these sulfur compounds from transportation fuels (gasoline, diesel, and jet fuels). Since adsorption would be accomplished at ambient temperature and pressure, success in this
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development would lead to a major advance in petroleum reﬁning. However, success would depend on the development of a highly selective sorbent with a high sulfur capacity, because the commercial sorbents are not adequate for this application. 10.7.1. Fuel and Sulfur Compositions



The compositions of transportation fuels vary widely depending on the crude oils used, the reﬁning process, the product demand, and the product speciﬁcations. The approximate compositions of gasoline, diesel, and jet fuel are given in Table 10.12. Branched and n-alkanes are the main ingredients of these fuels, typically 70–80%. The major alkane is n-hexane and the main branched alkanes are C5 and C6 compounds. The aromatics are mainly benzene, toluene, xylenes, and alkyl benzenes, totaling about 20–30%. The sulfur compounds in transportation fuels can be analyzed with X-ray ﬂuorescence spectroscopy or by gas chromatography equipped with a capillary column plus a ﬂame photometric detector. The remaining sulfur compounds after hydrodesulfurization (HDS) are mainly thiophene (T), benzothiophene (BT), dibenzothiophene (DBT) and their alkylated derivatives. Figure 10.50 shows the substitution positions of DBT. The alkylated derivatives with alkyl groups at the 4- and 6-positions are most difﬁcult to remove and are referred to as refractory species. Ma et al. (2001) showed GC-FPD chromatograms of a sample each of gasoline, diesel, and jet fuel, reproduced in Figure 10.51. The FPD detects only sulfur compounds. The dominant sulfur compounds in the gasoline were (in decreasing order) 3-MT, BT, T, 2-MT, and 2,4-DMT. Those in the diesel were 4-MDBT, 4,6-DMDBT, 2,4,6-TMDBT, 3,6-DMDBT, DBT, 2,3,7-TMBT, 2,3,5-TMBT, 2,3-DMBT, and others. The sulfur compounds in the jet fuel were Table 10.12. Typical compositions of transportation fuels (vol %)



Gasolinea Boiling range (◦ C) Aromatics Oleﬁns n-alkanes Branched alkanes Cycloalkanes Saturates Parafﬁns Naphthenes a



40–204 30.5 1.8 17.3 32 5 — — —



Dieselb



Jet Fuelc



232–350 17 5 — — — 78 — —



330–510 18 2 — — — — 60 20



Sciences International, Inc., “Toxicological Proﬁle for Gasoline,” Report to Department of Health and Human Services, June, 1995. b Ma et al., 1994. c Ma et al., 2002.
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Dibenzothiophene Figure 10.50. Dibenzothiophene (DBT). Alkylated DBT with alkyl (e.g., methyl) groups at the 4and 6-positions, that is, 4-MDBT and 4,6-DMDBT, are the refractory sulfur compounds that are most difﬁcult to remove by HDS or sorbents aiming at bonding with S due to steric hindrance.
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Retention time (min) Figure 10.51. GC-FPD (ﬂame photometric detector — for sulfur only) chromatograms for three transportation fuels (Ma et al., 2001, with permission).



2,3,7-TMBT, 2,3-DMBT, and the minor species 2,3,5-TMBT and 2,3,6-TMBT. The more detailed analyses of a diesel fuel by Ma et al. (1994) showed 61 sulfur compounds. These were, again, almost exclusively alkyl benzothiophenes and alkyl dibenzothiophenes. An example for the sulfur composition of gasoline is given in Table 10.13.
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Table 10.13. Example of heteroatom contents in the FCC gasoline



Heteroatoms



Content, ppmw



Nitrogen Oxygen Mercaptan sulfur Sulﬁde sulfur Thiophene sulfur C1 thiophene sulfur C2 thiophene sulfur C3 thiophene sulfur C4 thiophene sulfur Benzothiophene and dibenzothiophene sulfur Total



16.0 14.0 24.2 7.3 61.9 115.0 130.6 90.9 88.0 238.1



786.0



Irvine, 1998.



From these analyses, the sorbent to be developed must have the highest afﬁnities for the thiophenic compounds, medium afﬁnities for the aromatics, and lowest possible afﬁnities for the alkanes and branched alkanes. 10.7.2. Sorbents Studied or Used



The use of sorbents for sulfur removal dates back to the use of bauxite (i.e., the ore for aluminum smelting) to adsorb mercaptans from various petroleum fractions (Purdy, 1958). Red mud (the iron-rich waste from the Bayer process for alumina extraction from bauxite) has also been used as a sorbent for sulfur removal from petroleum oils. The recent search for sorbents for liquid fuel desulfurization has taken two paths, both based on trial-and-error. One approach has been simply testing the commercial sorbents. The other approach has an origin in HDS catalysis. This approach is aimed at sorbents that are good catalysts for HDS, with the hope that such sorbents would form a bond with the sulfur atom of the thiophenic compounds. Forming such a bond may require above-ambient temperatures. The commercialized process discussed above, S Zorb, is based on an interesting hybrid of catalyst and sorbent. The use of π-complexation is an entirely different approach and will be discussed separately. The commercial sorbents (activated carbon, activated alumina, and zeolites) have all been studied for sulfur removal. The zeolites included 5A; 13X (Salem, 1994; Salem and Hamid, 1997); various ZSM’s, including ZSM-5 and silicalite (Weitkamp et al., 1991); and ion-exchanged zeolites (Michlmayr, 1980; Vansant et al., 1988). The ion exchange was intended for the exchanged cation to form a bond with the sulfur atom in thiophene. Although some of these sorbents showed
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selectivities toward thiophene, the thiophene capacities were fairly low in all cases. A summary of the thiophene capacities is given in Table 10.14. Even with the low thiophene capacities, an adsorption process, named Irvad Process, has already been commercialized by using activated alumina as the sorbent (Irvine, 1998; Ondrey, 1999). The sorbent used in the Irvad process is Alcoa Selexsorb (CD grade), which is tailored for polar compounds. The process is essentially a TSA process. Adsorption is performed in a countercurrent moving bed with a slurry of ﬁne-sized alumina. Desorption is performed with hydrogen at various temperatures up to 520 ◦ F. Hydrogen is used for its high thermal conductivity and heat capacity, as well as its ready availability in the reﬁneries. Gasoline products with sulfur as low as 0.5 ppmw were claimed (Irvine, 1998). Ag-exchanged faujasite was claimed for thiophene removal (Michlmayr, 1980). Curiously, the preferred temperature for adsorption was 200–350 ◦ C, and the sorbent was not dehydrated by heat-treatment prior to adsorption. Consequently, the sulfur capacities were very low, at 0.07–0.15 wt % for Ag-Y. The highest sulfur capacity (of 0.2 wt %) was obtained with the lowest Ag content, using USY zeolite. This sorbent was apparently intended for bonding the sulfur atom with Ag. It was clearly not intended for π-complexation (Michlmayr, 1980). Vansant et al. (1988) investigated Cu(II)Y for thiophene removal. Curiously also, the Cu2+ exchanged Y zeolite was purposely heat-treated in air (to 200–550 ◦ C) in order to maintain the Cu2+ in the divalent state, rather than treating in an inert or reducing atmosphere. Again, adsorption by π-complexation was clearly not intended. As a result, low thiophene capacities (the highest was 1.6 wt %) were obtained. Ma et al. (2001, 2002a) described a sorbent for removal of thiophenic compounds from a jet fuel. Their sulfur breakthrough result is shown in Figure 10.52. The jet fuel contained 490 ppm sulfur. The sulfur capacity was given as 0.015 g sulfur per ml of sorbent. No details were given on the sorbent except that it was a transition metal compound supported on silica gel at 5 wt % loading (Ma et al., 2001) or simply given as a transition metal (Ma et al., 2002). It was obviously intended for the transition metal to form a bond with the sulfur atom of the thiophenic compound. The sulfur capacity of this sorbent was not high. Moreover, from Figure 10.52, it is seen that the breakthrough had already begun at the second sampling data point (∼13 min), which indicates that the sorbent lacked selectivity. Ma et al. (2002b) subsequently reported the breakthrough curve of a model diesel on the same sorbent, showing a breakthrough capacity of only 1 cc/g. 10.7.3. π -Complexation Sorbents



A systematic approach has been taken by Yang and co-workers in the search for a thiophene selective sorbent, leading to the π-complexation sorbents (Yang et al., 2001; Yang et al., 2002; Takahashi et al., 2002; Hernandez-Maldonado and Yang, 2003). Effective π-complexation sorbents for sulfur removal (Yang et al., 2002) include Cu(I)Y, AgY, CuCl/γ -Al2 O3 , AgNO3 /SiO2 , and others. The preparation and characterization of these sorbents are described in Chapter 8.



DESULFURIZATION OF TRANSPORTATION FUELS



351



Table 10.14. Thiophene capacities for various sorbents



Capacity (wt %)



Adsorption Conditions/Notes



Reference



Activated carbon



0.8



2 × 10−5 atm, 120 ◦ C



Takahashi et al., 2002



Act. Alumina Alcoa Selexsorb



nil



2 × 10−5 atm, 120 ◦ C



Takahashi et al., 2002



∼0.3



2 × 10−5 atm, 120 ◦ C



Takahashi et al., 2002



2 × 10−5 atm, 120 ◦ C



Takahashi et al., 2002



NaY USY



0



AgY (not dehydrated)



0.07–0.15



100 ppmw thiophene Michlmayr, 1980 added to gasoline (S = ?) (liq., 22 ◦ C)



AgUSY (not dehydrated)



0.2



100 ppmw thiophene Michlmayr, 1980 added to gasoline (S = ?) (liq., 22 ◦ C)



Cu(II)Y



1.6



4,320 ppm thiophene Vansant et al., in benzene liq., 1988 25 ◦ C



ZSM-5



1.5–1.7



1,800 ppm (gas, 50 ◦ C)



Weitkamp et al., 1991



2.2



1,800 ppm (gas, 50 ◦ C)



Weitkamp et al., 1991



Silicalite



Transition metal X ∼1 wt % (0.015g/cc) 490 ppmw thiophenics in jet fuel



Ma et al., 2002a



AgY (vapor)



12.6



2 × 10−5 atm, 120 ◦ C



Takahashi et al., 2002



AgY (liquid)



7.5



2,000 ppmw thiophene/ n-octane



Yang et al., 2002 Patent pending; HernandezMaldonado and Yang, 2002



Cu(I)Y (liquid)



21.42



2,000 ppmw thiophene/ n-octane



Yang et al., 2002, Patent pending; HernandezMaldonado and Yang, 2002



Cu(I)Y (liquid)



10.75



500 ppmw thiophene/ n-octane



ditto
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Figure 10.52. Breakthrough curve of thiophenic sulfur compounds from a jet fuel from a column containing 3.2 ml of a ‘‘transition metal’’ sorbent at ambient temperature (Ma et al., 2002a, with permission).



Table 10.15. Properties for evaluating van der Waals and electrostatic interactions



Polarizability, cm3 Magnetic susceptibility, cm3 /molecule Dipole moment, debye Quadrupole moment, 10−26 esu cm2 Qxx Qyy Qzz



Benzene



Thiophene



10.3 × 10−24 9.1 × 10−29 0



9.7 × 10−24 9.5 × 10−29 0.55



2.8 ± 1.6 2.8 ± 1.6 −5.6 ± 2.8



1.7 ± 1.6 6.6 ± 1.5 −8.3 ± 2.2



Quadrupole moments taken from Sutter and Flygare, 1969.



Thiophene vs. Benzene. The sorbent needs to have stronger interactions with thiophene than benzene. The basic properties for van der Waals and electrostatic interactions for these two molecules are compared in Table 10.15. Benzene has a slightly higher polarizability, whereas Thiophene has a slightly higher magnetic susceptibility. Thus, for a given nonpolar sorbent, benzene may be slightly more strongly adsorbed due to slightly higher van der Waals interactions. Thiophene is slightly more polar than benzene. Hence, on polar surfaces thiophene would be adsorbed more strongly by a small margin. However, adsorption by the van der Waals and electrostatic interactions alone would lead to heats of adsorption below 10 kcal/mol, which are not high enough for efﬁcient puriﬁcation. Thus, we resort to weak chemical bonds such as π-complexation.
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Table 10.16. Summary of energies of adsorption (E) for thiophene and benzene in kcal/mol, calculated from molecular orbital theory



Sorbent



Eads (Thiophene)



Eads (Benzene)



Cu+ Z− Ag+ Z−



21.4 20.0



20.5 19.1



(Z− denotes zeolite anion using the cluster model shown in Figure 8.3; From Yang et al., 2002.)



Ab initio molecular orbital calculations were performed for the bonding between benzene or thiophene with Cu+ and Ag+ exchanged zeolites (Yang et al., 2002; Takahashi et al., 2002). The results on energy calculations are summarized in Table 10.16. As described in Chapter 8, the energy predictions from ab initio methods (e.g., at high levels of basis sets of Gaussian) are fairly accurate. The calculations showed that the π-complexation bonds for thiophene are stronger than that with benzene, and that Cu(I)Y adsorbs more strongly than AgY does; that is, the relative strengths of the π-complexation bonds follow: For the same sorbate: Cu+ > Ag+ For the same sorbent: thiophene > benzene Furthermore, the predicted bond strengths in the neighborhood of 20 kcal/mol are well-suited for puriﬁcation. Vapor-phase adsorption isotherms of benzene and thiophene on various sorbents including CuY and AgY were measured ﬁrst in order to assess their suitabilities for sulfur removal, as well as for the removal of aromatics. Direct correlations have yet to be established between the vapor-phase isotherms and the liquid-phase isotherms. However, some efforts have already been made in this direction by using the potential theory approach where log (Cs /C) replaces log (Ps /P ) in the potential energy expression (Cs is the saturated concentration in solution and Ps is the saturated vapor pressure, see Manes, 1998). A sorbent capable of adsorbing thiophene at very low partial pressures in the gas phase should also be able to do so in the liquid phase. NaY, AgY, and Cu(I)Y. Figure 10.53 shows the equilibrium isotherms of benzene and thiophene on NaY at 120 and 180 ◦ C. More benzene was adsorbed on NaY than thiophene at pressures Fe-Mn-Co > Fe-Mn-Cu, Fe-Mn (Figure 10.64). Near 44–45 mg/g NOx capacities were obtained on the Fe-Mn-Ti and Fe-Mn-Zr oxides, ∼180% increase compared with Fe-Mn oxides. It is clear that TiO2 and ZrO2 are good storage components for NOx . FTIR results showed that nitrates were formed on these oxides. Another reason for the enhancement is the increased surface areas of these oxides, from 54 m2 /g for Fe-Mn oxides to 183 m2 /g for these sorbents. NO adsorption was also performed in a ﬁxed-bed adsorber. The results are shown in Figure 10.65. After 500 ppm NO + 10% O2 was passed over the sorbents, all NO was adsorbed and the NOx concentrations in the efﬂuents were zero during the ﬁrst few hours. During this period, 100% NO removal was obtained.
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Figure 10.64. NO adsorption on the mixed, equimolar oxides at 25 ◦ C. Reaction conditions: [NO] = 200 ppm, [O2 ] = 10%, and balance He (Huang and Yang, 2001, with permission).
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Figure 10.65. Fixed-bed adsorber breakthrough curve of NO in mixed, equimolar oxides at 25 ◦ C. Feed conditions: [NO] = 500 ppm, [O2 ] = 10%, He = balance and GHSV = 6000 h−1 (Huang and Yang, 2001; with permission).



Then NOx concentrations in the outlet gas increased gradually with time. The breakthrough time was 1.5, 1.5, 2.5, 4.0, 4.0, 3.5, and 3.5 hs, respectively, for Fe-Mn-Cu, Fe-Mn, Fe-Mn-Co, Fe-Mn-Ni, Fe-Mn-Ce, Fe-Mn-Zr and Fe-MnTi (Figure 10.65). The total amounts of NOx adsorbed from the breakthrough experiments were in good agreement with the equilibrium results measured gravimetrically. This agreement also indicates that the adsorbed amounts at 200 ppm (as in TGA) and 500 ppm (as in ﬁxed bed) were the same. The catalytic activities of these metal oxides for NO oxidation to NO2 by O2 at ambient temperature were also measured by Huang and Yang (2001). The sorbent capacities were directly dependent on the catalytic activities for NO oxidation. Many surface species were formed upon adsorption. Nitrate and nitrite were the main species, and they also desorbed at the highest temperatures. Desorption began at about 70 ◦ C, and essentially all species were desorbed below 400 ◦ C. The effects of CO2 , SO2 , and H2 O on NOx adsorption on these sorbents are shown in Figure 10.66. It is seen that CO2 and SO2 decreased NOx adsorption slightly for the Fe-Mn-Ti oxide. However, when 2.5% H2 O was introduced into the reaction gas, the breakthrough time, NOx capacity, NO conversion to NO2 all decreased signiﬁcantly. This indicates that H2 O greatly inhibited NO oxidation to NO2 , and consequently the NOx adsorption capacity was also decreased. However, the inhibition was reversible. When the water supply was stopped, NOx adsorption capacity was recovered (Huang and Yang, 2001).
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Time (h) Figure 10.66. Effects of CO2 , SO2 and H2 O on NO removal on Fe-Mn-Ti oxides at 25 ◦ C. Feed conditions: GHSV = 6000 h−1 , (a) 500 ppm NO + 10% O2 , (b) 500 ppm NO + 10% O2 + 10% CO2 , (c) 500 ppm NO + 10% O2 + 200 ppm SO2 , (d) 500 ppm NO + 10% O2 + 2.5% H2 O, (e) 500 ppm NO + 10% O2 + 10% CO2 + 200 ppm SO2 + 2.5% H2 O (Huang and Yang, 2001, with permission).



An interesting application for the mixed oxide sorbents has been reported recently (Yamashita et al., 2002). The sorbent was a mixed Cu-MnOx doped with 1 wt % Ru. It was reported that this sorbent had already been applied to the tunnel ventilation air cleaning system, and it had a high NOx removal rate as well as longevity. Such sorbent was proposed to be used for NOx removal from the underground highways in the Tokyo and Osaka areas and from tunnels. In their tests, air containing 10 ppm NO at various relative humidities was used, and a signiﬁcant fraction of the NO was adsorbed. Some NO2 was also formed. The mechanism of the reaction is the same as that on other transition metal oxides, that is through oxidation to NO2 . The sorbent was regenerated at 180–200 ◦ C, where some ammonia was employed as the reducing gas. A possible application for the mixed-oxide sorbents is for the removal of N2 O from ventilation air in hospitals, where N2 O is used in operating rooms as an anesthetic. This application would require further studies of adsorption of N2 O on these sorbents. Interestingly, N2 O has also been a problem in the cryogenic separation of air. Air contains 300 to 350 ppb N2 O, and it needs to be removed
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before the air is fed to the cryogenic separator. Essentially all commercial sorbents, including various zeolites (Golden et al., 2000; Miller et al., 2000; Centi et al., 2000) have been studied for N2 O removal from air, as reviewed by Ackley et al. (2002). From the comparison made by Ackley et al. (2002), clinoptilolite and chabazite appeared to be the best sorbents. For air prepuriﬁcation, the sorbent for N2 O cannot be used alone, because other sorbents must be used to ﬁrst remove CO2 , H2 O, C2 H2 , and other hydrocarbons. A transition metal sorbent would not have such limitation, that is it could selective adsorb N2 O. Higher Temperatures. NO removal/reduction in power plants has been performed worldwide by the selective catalytic reduction (SCR) process, with ammonia injection and by using vanadia/TiO2 (with W or Mo additive) as the catalyst. Over 80% NO is reduced to N2 at an operating temperature near 350 ◦ C. NO in automotive emissions is reduced by three-way catalytic converters. For the new generation of lean-burn engines (i.e., fuel-lean, for fuel economy), however, these three-way catalytic converters are not adequate. The most promising candidate (over the past 7 years) for lean-burn NO control has been the “NO trap.” In this scheme, the engine is operated in lean-rich cycles (i.e., air rich–air lean cycles). The NO trap sorbent is added to the three-way catalyst. During the lean phase (or air-rich phase), the sorbent adsorbs/absorbs NOx , and forms nitrates and nitrites. During the rich phase, these nitrates/nitrites decompose into N2 (over the noble metal catalysts). The system is operated around 300 ◦ C. BaO and SrO were the trap sorbents used in Toyota vehicles. These sorbents are deactivated by SO2 (forming sulfate), as well as CO2 (forming carbonate). The automotive NO trap has been an incentive for sorbent development for hot gases. Such sorbents would also be useful in many other possible applications. Tabata et al. (1988) reported that NO and CO could be adsorbed rapidly on superconducting YBa2 Cu3 O7 . After pre-evacuation at 300 ◦ C, the sample adsorbed approximately 2 mol/mol oxide for NO at the same temperature. The adsorbed NO molecules were almost completely desorbed when the temperature was increased to 400 ◦ C. For these Y-containing oxides, Kishida et al. (1991) reported that the NO adsorption amount decreased according to the order: YSr2 CO3 Ox >YBa4 Co8 Ox >YSr2 Mn3 Ox >YSr2 V3 Ox . TPD and IR results showed that the adsorbed NO molecules were oxidized to NO3 − by lattice oxygen. The adsorbed NO was desorbed as a mixture of NO/O2 . Arai et al. (1994) reported that Ba-Cu-O mixed oxides had a high adsorption capacity for NO/NO2 at 200 ◦ C. This uptake was accelerated by the presence of oxygen. XRD results indicated the formation of Ba(NO3 )2 /CuO. In the presence of O2 , a large amount of NOx was liberated from the sample at temperatures above 500 ◦ C. However, the NO adsorption capacity of this sorbent vanished completely after exposure to 8% CO2 because of the formation of surface BaCO3 . Since the sorbents containing Ba are easily deactivated by CO2 , Eguchi et al. (1996) developed sorbents that did not contain alkaline earth metals. A series of mixed-oxide sorbents containing Mn and/or Zr were investigated. The mixed Mn-Zr oxide (at 1 : 1 mole ratio) was the best.
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Time (minute) Figure 10.67. Adsorption and desorption (in the same gas ﬂow) on Ce-CuO/TiO2 (2% Ce, 5% CuO by wt) compared with the MnOx /ZrO2 (1 : 1 mole ratio) sorbent of Eguchi et al. (1996) under the same conditions (Yang and Krist, 2000).



CuO/TiO2 has been shown to be a superior sorbent for selective, reversible adsorption of NO from hot combustion gases (Li et al., 1997; Yang and Krist, 2000). High NOx adsorption capacities at 200 and 300 ◦ C were obtained with a 5% CuO/TiO2 sorbent, and the NOx desorbed rapidly at 450 ◦ C. Doping with 2% Ce on the CuO/TiO2 sorbent further increased both uptake rates (50% increase in initial rate) and NOx capacity (by 30%). In a direct comparison with the most promising sorbent reported by Eguchi et al. (1996), MnOx /ZrO2 (1 : 1 mole ratio), the Ce-CuO/TiO2 sorbent showed both higher uptake rates (by 100% in initial rate) and higher NOx capacity (by 15%). The results are shown in Figure 10.67. The effects of CO2 , H2 O, and SO2 on NOx sorption on the Ce- CuO/TiO2 sorbent were studied at 200 ◦ C. CO2 slightly decreased the initial uptake rate but increased the NOx capacity. H2 O coadsorbed with NOx on different sites, both reversibly (i.e., desorbed at 450 ◦ C). SO2 irreversibly adsorbed (likely to sulfate the surface of TiO2 ) and decreased the NOx capacity by approximately 20%. The BET surface area of the TiO2 support was 50 m2 /g. Further studies with TiO2 of higher surface areas (such as xerogel) should lead to still better sorbents. REFERENCES Ackley, M. W. (1991) Separation of Nitrogen and Methane by Adsorption, Ph.D. Dissertation, SUNY at Buffalo.
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406



SUBJECT INDEX



Dispersion of metals on supports, 237, 238 D-orbital metals, 191, 192, 212 used as π -complexation sorbents, 191, 192 Dubinin-Astakhov (D-A) equation, 21 Dubinin-Radushkevich (D-R) equation for mixtures, 21 Dubinin-Radushkevich (D-R) equation, 20, 21, 75 Effective core potentials (ECP), 205 Electric ﬁeld gradient, 10 Electron correlation, 203 Electronic charge, 11 Electronic structure methods, 202 Electrostatic interactions, 10, 11 Epitaxy in carbon nanotube growth, 235–237 Equilibrium separation, 2, 3 Ethane/ethylene separation (see oleﬁn/parafﬁn separations) ETS-4 (also see titanosilicate), 169 collapsing temperature of, 342 for N2 /CH4 separation, 169, 342–345 Sr-ETS-4, 342–345 structure of, 342 synthesis of, 169 water adsorption on, 343 Fickian diffusivities, 26 Freundlich isotherm, 19 Fullerenes, 241, 242 Gasoline desulfurization (see desulfurization of transportation fuels) Gaussian, 204, 205–207 Gaussian primitives (G), 205 Gaussian molecular simulation, 173 Geometry optimization, 209 of Ag-zeolite cluster model, 209, 211 Gibbs surface excess, 92 Graphite nanoﬁbers (GNF), 240 for hydrogen storage, 313–315 functionalities on, 314 platelets in, 314 Hartree-Fock (HF) method, 203, 204, 207, 212 Heat of adsorption, 10 Heteropoly compounds, 346, 364–366 H-graphite bond energies, 317, 318 Higashi model for surface diffusion, 23



Horvath-Kawazoe (HK) model for pore size distribution, 14, 55–74 Cheng-Yang correction (HK-CY model), 56, 59, 60, 71–74 correction by Rege and Yang, 60–74 for slit shaped pore, 57–59, 60 Rege-Yang correction for cylindrical pores, 68 Rege-Yang correction for slit pores, 60 Rege-Yang correction for spherical pores, 74 Hydrodesulfurization, 345, 346, 349 thiophene capacities for, 351 Hydrogel, 134 Hydrogen adsorption, on activated carbon, 311 isotherms on activated carbons, 324 on super-activated carbon, 311 Hydrogen bonding, 135, 138, 143 Hydrogen puriﬁcation, 303–305 by PSA, 303–305 using layered beds, 304, 305 Hydrogen storage in carbon nanotubes, 312–321 Monte Carlo simulations of, 316 Hydrogen storage in multi-wall carbon nanotubes, 319–321 role of catalysts, 319–321 Hydrogen storage, 305–321 DOE target for, 308 H2 dissociation/spillover mechanism, 316–321 in charged nanotubes, 316 mechanism of. 319–321 molecular orbital calculations, 316–318 molecular orbital calculations of H2 in nanotubes, 316 Monte Carlo simulations of storage on nanotubes, 316 on activated carbon, 310, 311 on alkali-doped carbon nanotubes, 315 on graphite nanoﬁbers, 313–315 on single-wall carbon nanotubes, 312–314 Ideal adsorbed solution (IAS) theory, 22 similarities with extended-Langmuir and potential-theory isotherms, 22 Incipient wetness impregnation, 193, 195, 196 with dispersant, 195 Induction interaction, 9 Integral — equation approach to pore size distribution, 74–76 density functional theory techniques, 76



SUBJECT INDEX



Fredholm integral equation, 75 Monte Carlo techniques, 76 Interaction potential or energy, 8–12, 57–65, of molecules on zeolites, 185 International zeolite association (IZA), 164 Ion exchange by resins, 269 Ion exchange on activated carbon, 102 Ion-exchanged resins, 192, 201, 202 as π -complexation sorbents, 192, 201, 202 Ionic radius, 14, of cations in zeolites, 175 effects of ionic radius on adsorption, 183 Isomorphous substitution, 157 IsoSiv process, 161 Jaroniec-Choma isotherm for PSD, 75 Jet fuel desulfurization (see desulfurization of transportation fuels) Keggin structure, 259, 365, 366 Kelvin equation, 54 for pore size distribution, 54, 76 Kinetic diameters of molecules, 162 Kinetic separation, 2, 3, 18 of N2 /CH4 , 334–344 Kirkwood-Muller formula, 10, 56, 58, 185 Langmuir–Freundlich isotherm, 19 Langmuir isotherm, 18 extended Langmuir isotherms for mixtures, 18 Laser vaporization for growing carbon nanotubes, 241–243 catalysts in, 242, 243 Layered beds, 304 adsorption in, 304, 305 Length of unused bed, 17 Lennard-Jones potential, 10, 56, 57, 185 Li-LSX, 180 cation sites, 285 for air separation, 180–182, 281, 283–295 mixed NaLi-LSX, 286 O2 and N2 isotherms, 285, 285 PSA/VSA air separation with, 295 Loading ratio correlation, 20 Low-silica type X zeolite (LSX), 180 Ag-LSX, 181 air separation by Ag-LSX, 181 N2 /O2 adsorption on Li/Na-LSX zeolite, 181 synthesis of, 284 Low-volatile compounds, isotherm measurements of, 244
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Magnetic ﬁeld, effect on adsorption, 302 Magnetic susceptibility, 10, 185 Mass separation agent, 1 MCM-41, 131, 133 applications of MCM as sorbents, 140 as sorbent for VOC, 140 formation of MCM-type materials, 139 functionalization of, 140 silanol numbers on MCM, 136 MCM-48, 136, 143–145 amine-grafted MCM-48, 143–145 Meissner effect, 302 Metal hydrides, 306–308 ball-milling, 308 intermetallic compounds, 307 nanocrystalline, 308 sodium alanates, 308 Methane storage, 321–326 as liqueﬁed natural gas, 321 DOE target for, 322 effects of chemical modiﬁcation of carbons, 325 in various sorbents, 323 micropore volume for, 322 on super-activated carbon, 324, 325 on zeolites, 325 packing density for, 322, 323 theoretical limit of activated carbon for, 322 Mn-based oxides for NOx removal, 367–371 Molecular imprinting with silicas, 141, 144, 147 Molecular orbital theory, 202 ab initio methods, 204 all-electron basis set, 206 basis set, 205 calculation of adsorption bond energy by, 207, 213 calculations of H on carbon nanotubes, 316 density functional theory (DFT), 203 double-zeta basis set, 206 effective core potentials (ECP), 205 MINDO, 203 MOPAC, 203 model chemistry, 206 molecular systems, 206 natural atomic orbital (NAO), 209 Schr¨odinger equation, 202 semi-empirical methods, 203 Slater-type orbital (STO), 205 split valence basis set, 205 Molecular sieves, 157 Møller-Plesset (MP) perturbation theory, 204
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Monolayer dispersion, 193 monolayer capacities of salts on alumina, 197 of CuCl, 194, 196 of CuCl double salts, 195 of water-insoluble salts, 194 supported monolayer salts, 193 Monte Carlo simulations, of adsorption on carbon nanotubes, 248, 252 of CH4 storage in activated carbon, 322 of H2 storage in carbon nanotubes, 316 MOPAC method, 203 Mordenite, 163, 167 Mullekin population analysis, 207 N2 /CH4 separation, 334–344 by 4A zeolite, 336 by carbon molecular sieves, 336 by clinoptilolite, 336–341 by various sorbents, 344, 345 kinetic separation of, 334–344 PSA simulation for, 344 Natural bond orbital (NBO), 207 Natural gas upgrading (see N2 /CH4 separation) Nonspeciﬁc interactions, 9 NOx removal, 363–371 by activated carbon ﬁbers, 363 by CuO based sorbents, 371 by Fe-Mn oxides, 367, 369 by heteropoly compounds, 364–366 by Mn based oxides, 367–371 by superconducting oxides, 370 from combustion gases, 363–371 high temperature sorbents for, 370–171 selective adsorption for, 363–371 O2 and N2 isotherms: on 5A and 13X, 282–284 on AgLi-LSX, 294 on Ag-LSX, 293 on CaA, 283 on Li-LSX, 285 on MgA, 283 O2 selective sorbents, 296 cobalt complexes as, 296–303 Oleﬁn/parafﬁn separations, 219, 326–334 by PSA, 326–334 multiple steady states in PSA for, 333 on Olesorb-1, 334 with AgNO3 /clays, 334 with AgNO3 /SiO2 , 327–334 with AlPO4 -14, 327–334 with CuCl/α-Al2 O3 , 327, 328 with π -complexation sorbents, 327–334



Oleﬁn-Ag bond, 109–211 d-π * backdonation, 210–212 σ -donation, 210–212 Organosilanes, 142 Oxygen product cost by PSA/VSA, 281 Oxygenates removal, 151 Permanent dipole moment, 10 effect on adsorption, 11 π -complexation sorbents, 191, 192 Ag-exchanged zeolites as, 198 between sorbate and sorbent, 191 by reduction of supported CuCl2 , 196, 197 calculation of bond energy, 208 comparison of Cu+ and Ag+ , 212 CuCl/NaY, 218 Cu-exchanged zeolites as, 199 d-orbital electrons for, 192, 212 d-π * backdonation, 210–212, 215 effects of anions and substrates on, 213–215 for CO separation, 196 for desulfurization of transportation fuels, 350–361 for oleﬁn/parafﬁn separations, 326–334 ion-exchanged zeolites as, 192, 197 molecular orbital theory for, 192 nature of π -complexation by molecular orbital theory, 208 preparation/synthesis of, 192 reversibility of, 191, 192 σ -donation, 210–212, 215 understanding of π -complexation by MO theory, 209 useful bond energies for, 192 Pillared clays (PILC), 253–264 adsorption of CO2 , 261 adsorption of N2 /O2 , 261 adsorption of water, 261 adsorption properties of, 260 ammonia treatment of, 260 as supports, 262 CuCl supported on PILC, 263 ion-exchange of PILCs, 260 micropore size distribution of, 256–259 pore sizes, 253 syntheses of, 253 XRD of, 257 Point of zero charge, 101 Polarizability, 10, 12, 13, 185 effect on adsorption, 11, 184, 185 Polymeric adsorbents, 267 Polymeric resins, 264–273 adsorption of VOCs, 268 adsorption of water on, 268
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applications of, 266–269 aromatic surfaces of, 267 comparison with activated carbon, 269–271 demineralization by, 269 for water treatment, 265–267 functional groups on, 264 gas-phase applications, 271 ion exchange by resins, 269 mechanism of sorption in, 271 pore structure, 266 surface properties of, 266–268 Polymerization of silicic acid, 132 Polystyrene as resin, 264 cross-linked with DVB, 264 Pore geometry, effect on adsorption, 13 Pore size distribution (PSD), 54–76 Gamma type PSD, 75 IUPAC classiﬁcation of pores, 54 of activated alumina, 80 of molecular sieve carbon, 80 of MCM-41 of silica gel, 80 of VPI-5, 73 of ZSM-5, 71 Pore size, effect on adsorption, 13 of zeolites, 162 Potable water treatment, 93 Potential energy for adsorption, 8–12 Potential theory isotherms, 20 for mixtures, 21 Pressure equalization, 34 Pressure ratio in PSA for air separation, 288 Pressure swing adsorption (PSA), 30–40 for air separation, 280–296 for oleﬁn-parafﬁn separations, 219 multiple steady states in, 333 PSA separation of CO, 216 power consumption for air separation, 296 radial-bed PSA, 37 simultaneous puriﬁcation and sorbate recovery by, 36 Pretreatment beds, 35 Propane/propylene separation (see oleﬁn/parafﬁn separations) PSA reactor, 37 Purge by strong adsorptive, 36 Puriﬁcation, 18 Puriﬁcation by π -complexation sorbents, 223 Quadrupole moment, 10 effect on adsorption, 11, 185 Radial-bed pressure swing adsorption, 37 Repulsion interaction, 9
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Resins (see polymeric resins), 264–273 comparison with activated carbon, 269–271 Reverse-phase chromatography, 142 SAPO4 , 169–171 kinetic separation or sieving by, 170–172 Selective surface ﬂow membrane, 121, 122 Silane-grafted silicas, 141–146 adsorption on, 143–146 Silanes, 142 Silanol groups (Si-O-H), 132, 134–137 effect on adsorption, 136 infrared vibrational frequencies of, 135–138, 143 Silanol number, 135–137 as a function of temperature, 137 Silica gel, 131–138 amine-grafted silicas, 141–146 chemical/surface modiﬁcations of, 141 dehydroxylation of, 136, 137 effect of hydroxyl groups on adsorption, 136 effect of pH in formation of, 132, 133 heats of adsorption of water on, 135 infrared vibrational frequencies of hydroxyls, 135–138, 143 pore size distribution of, 133 preparation of, 131–133 silanation of, 141–146 sol-gel process for preparing, 132 surface chemistry of, 134 surface silanols, 134 water adsorption isotherm on, 134, 138 Silicalite, 168 Siloxane, 132 Simulated moving-bed sorbents, 222 Six-member oxygen rings in zeolite, 174 Skarstrom cycle, 31 analytical solution for, 38 Sodalite cage, 177 Sol-gel processing, 132 Solubility of metals in carbon, 235 diffusivities of metals in carbon, 235 Sorbent design, 12 fundamental factors in, 12 Sorbent selection (parameters), 17 for kinetic separation, 47 simple criteria for, 41 Sorbent selection parameter, 41–48, for air separation, 283, 289 Spontaneous thermal dispersion, 193, 194 Stability of π -complexation sorbents, 217 Steric separation by exclusion, 2, 18 Structure directing agent in zeolite synthesis, 165
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Sulfur compounds in transportation fuels, 347–349 Super-activated carbon (AX-21), for methane storage, 324 hydrogen adsorption on super-activated carbon, 311 Tammann temperature, 193 Temperature programmed reduction (TPR), 196, 197 Temperature swing adsorption, 27–30 minimum purge temperature, 29 Template used in zeolite synthesis, 165, 168 role of templating, 171 Thiophene, 345 adsorption of benzene vs. thiophene, 352–359 Threshold pressure for adsorption, 14 Titanosilicate (TS), syntheses of, 169 TS-1, TS-1 and ETS-4, 169 TPD technique for estimating isotherms, 244, 245 Transportation fuels, compositions of, 347 Tubular building units for zeolites, 167 Uniform-Langmuir isotherm (Unilam), 262 heterogeneity parameter in, 262 Vacuum swing adsorption (VSA), 282, 283–296 sorbent selection parameters for, 289 Van der Waals interactions, 10–13, 132, 192 between sorbate and zeolite, 173 Van der Waals radius, 10, 12, 15 VOC adsorption, 268, 271, 363 Void fraction of sorbent, 18 VPI-5, 157, 172 Wastewater treatment, 93 Water treatment with activated alumina, 150 Xerogel, 134, 136, 1488 Zeolite, 157 anionic oxygens in, 173 building units for, 165 channel-type framework structures, 168 compositional synthesis windows, 166 effects of cation charge on adsorption, 175



effects of cation ionic radius on adsorption, 175 effects of cation site on adsorption, 175 invention of synthetic zeolites, 164 isolated cations on, 173 molecular sieving properties of, 164 natural zeolites, 164 pore sizes of, 162 syntheses of, 164 synthesis windows, 166 unique adsorption properties, 173 with mixed cations, 163 zeolite beta, 171 Zeolite anions, 174, electronegativities of, 174 Zeolite Type 3A, 161 water isotherm on 3A, 161 Zeolite Type A (LTA), 158 4A for air separation, 296 5A zeolite, 161, 281–283 8-member rings, 158 cavity size, 159 mixed cations of Na/K, 163 structure and cation sites, 158 syntheses of, 164 windows/apertures, 158 Zeolite Type X (FAU), 158, 168 12-ring aperture, 158 13X zeolite, 281–284 adsorption of ammonia, 186 adsorption of CO2 , 186 cavity size, 160 Li-LSX for air separation, 180 Li-X and Li-LSX, 160 low-silica X (LSX), 180 N2 /O2 adsorption on Li/Na-LSX zeolite, 181 structure and cation sites, 160 unit cell, 287 windows/apertures, 158 Zeolite Type Y (FAU), 158, 168 12-ring aperture, 158 cavity size, 160 structure and cation sites, 160 unit cell, 287 windows/apertures, 158 Zero charge point (ZCP), 101 of unoxidized and oxidized carbon, 102 ZK-4 and ZK-5, 166 Zorite, 341 ZSM-5 (MFI), 167, 168, 171
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