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Abstract: Ordered crystalline microporous materials such as zeolites, metal-organic frameworks and
zeolitic imidazolate frameworks, with pores in the 3-20 A range, offer considerable potential for use in a
wide variety of separations in the process industries. For many separation tasks, microporous adsorbents
and membranes are energy-efficient alternatives, or adjuncts, to conventional distillation technology.
Molecular insights and molecular simulation techniques allow us to identify the microporous material with
the ideal pore size that offers the right degree of interactions (such as van der Waals, electrostatic, z-
electron exchange) with the guest molecules to achieve the best separation. Particularly noteworthy are
possibilities of separations on the basis of subtle differences in molecular configurations, and the
efficiencies with which molecules pack or stack within the microporous channels.
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Introduction

Separation technologies such as distillation, absorption and extraction are energy-intensive
because of vapour/liquid phase transformations in condensers, reboilers and solvent recovery
sections. The energy consumption for distillation accounts for about 50% of the total energy
consumption for all separations [1]. The largest opportunities for energy reduction are offered
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by replacing distillation with (a) low-energy-demanding separation systems such as adsorp-
tion or membranes, or (b) hybrid systems that combine distillation with adsorption or
membranes [1]. In many cases, the hybrid processing option is easier to implement technically
because adsorption and membrane separations often cannot produce products with the purity
levels that are achievable with distillation. The success of such replacement strategies is
crucially dependent on development of suitable porous materials that can be used in fixed bed
adsorption devices or as thin layers in membrane permeation units.

The most commonly understood separation principles using porous materials involve
distinguishing molecules on the basis of (a) size and mobility, (b) van der Waals interactions
and polarizability, (c) electrostatic interactions and (d) z-electron transfers. Additional
separation strategies become possible by use of ordered crystalline materials with channel
dimensions in the 3-20 A range, that is, of the same order of magnitude as the guest
molecules.

During the last two decades, there has been considerable research effort on the synthesis
of ordered crystalline microporous materials such as metal-organic frameworks (MOFs),
covalent-organic frameworks and zeolitic imidazolate frameworks (ZIFs) [2-5]; these
materials have potential applications in a variety of separations [6-8]. MOFs are a class of
crystalline organic—inorganic hybrid compounds formed by coordination of metal ions (e.g.
Zn, Cu, Cr, Al, Zr, Mg, Ni, Fe), or clusters, with organic linkers (bivalent or trivalent
aromatic carboxylic acids or azoles) to form robust porous periodic frameworks. For
example, Zn, O groups are linked with terephthalate (= 1,4 benzenedicarboxylate (BDC)) to
form ZnsO(BDC);, commonly known as MOF-5 or IRMOF-1. Particularly potent for
separations are MOFs with coordinatively unsaturated metal centres that may be created by
evacuation of frameworks that have metal-bound solvent molecules. This strategy has been
employed to expose M>* cation sites in some of the most widely studied frameworks, such as
M,(dobdc) (M = Mg, Mn, Co, Ni, Zn, Fe; dobdc*~ = 2,5-dioxido-1,4-benzenedicarboxylate;
these MOFs are also referred to as MMOF-74 and CPO-27-M; see framework in Fig. 1) and
M;(BTC), (M = Cu, Cr, Mo; BTC?>~ = 1,3,5-benzenetricarboxylate; Cus(BTC), is also
known as HKUST-1).

dobdc#*

Fig. 1. MgMOF-74 has 1D hexagonal-shaped channels of 11 A size.
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In ZIFs, the Zn or Co atoms are linked through N atoms of ditopic imidazolates to form
a range of neutral framework structures. The frameworks of ZIF compounds can be
represented by M(Im), (M = tetrahedrally coordinated metal atom; Im = imidazolate and its
derivative), similar to that of (AlO,),(SiO,), zeolites. The M—Im-M angle of 145° is close to
the Si—-O-Si angle typically found in zeolites. ZIF-8, for example, has the structural topology
of SOD (sodalite), and consists of cages separated by narrow windows.

In comparison to traditionally used porous materials such as zeolites, MOFs and ZIFs
offer significantly higher surface areas and porosities (Fig. 2) [9-11]. The commonly used
MFT zeolite, for example, has a characteristic channel dimension of 5.5 A a pore volume of
0.165 cm®/g, and a surface area of 490 m*g. The accessible pore volumes of MOFs are
commonly in the 0.5-2 cm®/g range. Significantly higher surface areas are available with
MOFs; for example MOF-177 has an area of 4800 m*/g. The pore dimensions of MOFs cover
a much wider range: ZIF-8 has a window aperture of 3.3 A, and MgMOF-74 has one-
dimensional (1D) hexagonal shaped channels of 11 A.

Framework flexibility has, in most cases, a negligible influence on the adsorption and
diffusion characteristics of zeolites [12]; this is because zeolite frameworks are constructed
with strong covalent bonds that are rigid [13]. On the other hand, many MOFs and ZIFs
possess soft “dynamic” frameworks whose cell dimensions change in a reversible manner to
external stimuli. For example, IRMOF-1 exhibits negative thermal expansion [14]. Flexible
microporous chromium or iron terephtalates, MIL-53(Cr, Fe) exhibit “breathing effects” [15].
MIL-53(Cr) has a unit cell volume of 1486 A® in the as-synthesized “large pore” form (-Ip)
(see Fig. 3a). At a water loading of two molecules per unit cell, the unit cell volume shrinks to
1013 A3, the “narrow pore” (-np) form (Fig. 3b) [15, 16]. The -np structure is virtually
inaccessible to guest molecules. On heating and removal of adsorbed water, the -lp form is
regained. The exploitation of structural changes in MIL-53 has been suggested for purpose of
controlled delivery of ibuprofen [17].

5000 - MOF-177; MgMOF-74
- IRMOF1 10
L : <
- c 9
[ 3 CuRilG100 S
e , - MgoF-74 g 3 MIL47
= Zeoltes : £ FAU IRMOF1
5 10000 BEATA | MOFs % MOR
Q H CHA H = CuBTC
S L o 6 BEA
€ L k3] MTW
@ - MFI % 5Fon MM
L MOR : IS
|| Mm#PR 4 A
: DDR
TON
R 3 B . < i T )
200 [ T 1 il I T I I | ]
0.1 1 2 0.1 1 2
3 -1
Pore volume, V, / cm®g™’ Pore volume, V, /cm”g

Fig. 2. Comparison of surface area, pore volumes, and characteristic dimensions of some representative
zeolites, MOFs and ZIFs.
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(a) MIL-53(Cr)-Ip

(b) MIL-53(Cr)-np

pristine framework 2 molecules of H,0 per unit cell

Fig. 3. The framework structure MIL-53(Cr): (a) as-synthesized pristine framework, with no adsorbed
water molecules; and (b) two water molecules adsorbed per unit cell.

For any given separation application, it is possible to identify the microporous material
with the ideal pore size, and the surface area that offers the right degree of interactions (van
der Waals, electrostatic, z-electron exchange) with the guest molecules. Additionally, we shall
demonstrate that microporous crystalline materials are capable of separating molecules
relying on differences in molecular configurations, molecular packing and molecular stacking
within channels. The identification of the “ideal” selective adsorbent can be achieved using
state-of-the-art molecular simulations of adsorption and diffusion [6, 7, 18, 19]. This allows
for the possibility of bespoke tailoring of MOFs or ZIFs to meet with the separation
requirement in either a fixed bed adsorber or membrane configurations.

Exploiting Differences in Binding Energies

The most common principle of separation is to exploit the differences with which the
individual components in the mixture adsorb, that is, “bind”, with the framework. For CO,
capture from flue gas, and natural gas, we can rely on selective CO, binding with extra-
framework cations (e.g. Na*, K*, Ca®*, Ba®") of zeolites 13X, 3A, 4A, and 5A. With MOFs,
selective CO, binding could, for example, be achieved with M>* of M,(dobdc) (Mg, Mn, Co,
Ni, Zn, Fe Cu, Mg) or M*>* of M3(BTC), (M = Cu, Cr, Mo). Wu et al. have established that
the O atoms of CO, bind with the Mg atoms of MgMOF-74; sece Fig. 4(a). Such binding
results in selective separations that can compete economically with amine absorption [20-29].
The stronger the binding, the higher the selectivity is for separations. The binding of CO,
with Mg?* atoms of MgMOF-74 has an associated binding energy of 42 kJ/mol, and the
obtained CO»/N,, CO,/CH,4 and CO»/H, selectivities are higher than for other materials such
as 13X, LTA-5A, and Cu3(BTC), [20, 21, 23-25, 30]. However, stronger binding leads to
higher regeneration costs in pressure swing adsorption (PSA) or temperature swing adsorption
(TSA) operations. The choice of the adsorbent material must strike the right balance between
adsorption selectivity, uptake capacity and binding energy [8, 21]. Duan et al. [29] have
suggested the use of PCP-1 (= La(BTN)) for CO, capture from typical flue gas mixtures
containing 15% CO,, 1% CO, 4% O,, and 80% N, on the basis of its low binding energy,
about 28 kJ/mol.
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Fig. 4. (a) O atom of CO, binds with metal atoms of MgMOF-74 [90]. (b) S atoms of H,S bind with
metal atoms of NiIMOF-74 [31].

The production of pure H, from steam-methane reformer off-gas requires the operation
of PSA units at pressures reaching about 5 MPa. MOFs with “open” structures, that is, with
large pore volumes, such as Cu-TDPAT and Cu3(BTC),, are attractive because they have
high adsorption capacities, and the binding energy has an acceptable value [8, 21]. Figure 5
shows the transient breakthrough characteristics of an adsorber packed with Cu-TDPAT [8].
The sequence of breakthroughs is H,, N,, CH4, CO and CO,. H,, of the required 99.95%
purity, can be recovered in the early stages of the transience.

The binding of H,S with metal atoms of MOFs is much stronger than that with CO,, and
this is reflected in a higher heat of adsorption [31]. In this case, the binding is between the S
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Fig. 5. Breakthrough characteristics of S5-component 73/16/3/4/4 H,/CO,/CO/CH4/N, mixture in
adsorber packed with Cu-TDPAT.
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Fig. 6. Simulation of transient breakthroughs in fixed bed adsorber with input of 35/60/5 CO,/CH4/H,S
mixture using amino-MIL-125(T1).

atoms with NiMOF-74; see Fig. 4(b). Vaesen et al. [32] present adsorption isotherm data to
demonstrate the potential of amino-MIL-125(Ti) for the removal of both CO, and H,S from
natural gas. Simulation of transient breakthroughs in a fixed bed adsorber with step input of
35:60:5 CO,/CH4/H,S mixtures operating at 2 MPa is shown in Fig. 6 [8]. The breakthrough
of H,S occurs much later than that of CO,. The isosteric heat of adsorption of CO, in amino-
MIL-125(T1) is 30 kJ/mol, significantly lower than materials such as MgMOF-74, Cu-
TDPAT and NaX zeolite; this is a desirable feature as it implies lower regeneration energy
requirements.

Using breakthrough experiments, Britt et al. [33] compared the efficacy of a variety of
MOFs for the removal of eight harmful gases (CO, SO,, NH3, Cl,, CH,Cl,, C,H40, benzene
and tetrahydrothiophene) and found Cus(BTC), to match or outperform the commonly used
BPL activated carbon.

The separation of C,H,/C,H4 can be achieved using FeMOF-74 (see Fig. 7) because
C,H, binds more strongly than C,H,4 [34, 35]. The high C,H, adsorption selectivity with
FeMOF-74 is due to the side-on z-coordination of C,H, with the Fe?* [35, 36]. The use of
FeMOF-74 in PSA units could supplant the commonly used DMF absorption technology.

Materials such as MgMOF-74, CoMOF-74 and FeMOF-74 are not only capable of
separating C,H,/C,H,4 mixtures but can also fractionate a mixture containing C1, C2 and C3
hydrocarbons to recover each individual component into its relatively pure form [8, 34, 35].
This is illustrated in Fig. 8(a) by pulse chromatographic separation of a six-component CH,/
C,H,/C,H4/C,H/C3H/C3Hg mixture with MgMOF-74. The sequence of breakthroughs —
CH,, C,Hg, C5Hg, C,Hy, C,H, and CsHg — is dictated by a combination of chain length and
degree of unsaturation, and is essentially a reflection of the hierarchy of binding energies.
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Fig. 7. C,H, binds with Fe atoms of FeMOF-74.

MgMOF-74, CoMOF-74, and FeMOF-74 have potential for use in the separation train for
natural gas liquids. While fractionation into individual components is desirable in some cases,
M-MOF-74 suffers from the important disadvantage that the binding energies of the
unsaturated C;H,4, C,H, and C3Hg are very high, and this results in high regeneration costs.
Owing to their stronger binding, the unsaturated alkenes elute later than the corresponding
saturated alkanes. MgMOF-74, CoOMOF-74 and FeMOF-74 have been suggested as being
suitable for C;H4/C>Hg, and C3Hg/C3Hjg separations that are important for the production of
99.95% pure polymer-grade feedstocks. However, the desired pure alkenes can only be
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Fig. 8. (a) Fractionation of mixture of C1, C2 and C3 hydrocarbons into individual components using
MgMOF-74. (b) Fractionation of mixture of C1, C2 and C3 hydrocarbons, along with N, and
CO, using UTSA-30a.
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recovered in the desorption cycle; this is undesirable from a practical view point. It is
preferable to use adsorbents that are selective to the saturated alkanes, so that the desired
alkenes are recoverable in the adsorption cycle [37]. The preferential adsorption of alkanes is
only possible if separations are based on van der Waals interactions alone. This scenario
holds in all-silica zeolites [38], ZIF-7 [37] and ZIF-8 [39]. However, the adsorption selectivities
cannot be expected to be high. Indeed, computational screening of 300,000 all-silica structures
by Kim et al. [38] resulted in the “discovery” of SOF, which has a C,H¢/C,Hy4 selectivity of
only 2.9.

Another option for separation of a mixture of Cl, C2 and C3 hydrocarbons, also
containing N, and CO,, is to use the Yb-MOF (UTSA-30a). The breakthrough simulations
of He et al. [40] show that the mixture can be separated into five fractions: N,, CHy4, CO,, C2
and C3 (see Fig. 8b). The significantly lower binding energy in Yb-MOF is an important
advantage over M-MOF-74. The ability of UTSA-30a to separate CO, from C,Hg is of
practical importance because current technology uses extractive distillation for this separa-
tion [41].

The removal and recovery of xenon (Xe) and krypton (Kr) from process off-gases from
nuclear plants, typically present in concentrations of 400 and 40 ppm, respectively, is an
important problem [42]. Liu et al. [42] have presented isotherm and breakthrough data to
demonstrate the efficacy of Niy(dobdc) (= NiMOF-74 = CPO-27-Ni) for use in this
separation task. It is possible to recover both Xe and Kr in nearly pure forms using this
material [8].

There are several examples where it is required to separate mixtures of aromatics and
aliphatic compounds [8]. Cyclohexane, an important industrial chemical, is produced by
catalytic hydrogenation of benzene. The unreacted benzene is present in the effluent from the
reactor must be removed from the desired product. The separation of benzene and
cyclohexane is difficult because the differences in the boiling points is only 0.6 K. Currently
technologies use extractive distillation with entrainers such as sulpholane, dimethylsulfoxide,
N-methylpyrrolidone and N-formylmorpholine; such processes are energy intensive. Adsorp-
tive separations offer the energy-efficient alternatives to extractive distillation, especially for
mixtures containing a small percentage of benzene, as is commonly encountered.

Takahashi and Yang [43] have presented pure component isotherm data for benzene and
cyclohexane to show that cation-exchanged Na-Y, Pd-Y and Ag-Y zeolites (all with FAU
topology) have high selectivity for adsorption of benzene, owing to z-complexation;
cyclohexane does not form z-complexes.

An alternative suggested by Ren et al. [44] is to use a porous aromatic framework, PAF-
2. The pure component isotherm data for PAF-2 shows excellent selective sorption of
benzene. The much higher uptake of benzene compared with cyclohexane is due to the z—=
interaction between the benzene molecule and the aromatic framework of PAF-2.

Hexane, used as solvent for oil seeds extraction, has to conform to food-grade
specifications that stipulate a maximum of 1.3 wt% aromatics. The source for food-grade
hexane is straight-run naphtha with a narrow 63-69°C cut; this cut usually contains more
than the stipulated maximum concentration of aromatics and is as high as 14% for Bombay
High crude oil [45]. In the technology currently in use in Indian refineries, food-grade hexane
is produced by liquid extraction with NMP as solvent [45]. Ag-Y and NaX could perhaps be
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used for selective removal of benzene from the 63-69°C naphtha cut [8]; this needs further
investigation.

Exploiting Differences in Diffusivities

To get an appreciation of diffusion selective separations, let us consider the LTA zeolite for
which the all-silica form (i.e. without cations, also called ZK-4) has a window size of
approximately 4.1 x 4.7 A. Figure 9 presents snapshots showing the location of cations in the
industrially important LTA-4A (96 Si, 96 Al, 96 Na™, Si/Al = 1) and LTA-5A (96 Si, 96 Al,
32 Na™, 32 Ca’™, Si/Al = 1) zeolites. In LTA-4A, some of the Na* cations partially block the
window regions [46-50], thereby effectively reducing the aperture size that is available for
inter-cage hopping of molecules. The Na* and Ca?* cations in LTA-5A, on the other hand,
do not locate near the window regions and there is no blocking. This implies that diffusional
influences are much stronger in LTA-4A than in LTA-5A zeolite. The presence of bulkier K*
cations in LTA-3A (96 Si, 96 Al, 96 K*, Si/Al = 1) causes the window blocking effect to be
significantly enhanced, when compared with LTA-4A. For this reason, LTA-3A zeolite is
used for selective removal of water from gaseous streams (dehumidification) and water—
alcohol (dehydration) mixtures [51]. It has to be mentioned that it is common to find
information in the published literature that suggest that 3A, 4A and 5A zeolites have window
apertures, respectively, of 3, 4 and 5 A; this is not precisely correct. The degree of blocking
(by the cations Na™ or K) of the window apertures of the pristine framework with 4.1 x 4.7
A decreases in the order as we progress from 3A to 4A to 5A.

The best illustration of the dramatic influence of the window aperture is to consider the
separation of O,/N, mixtures. Both O, and N, have similar polarizabilities and magnetic
susceptibilies. However, the quadrupole moment of N, is about 4 times that of O,; for both
LTA-4A, and LTA-5A the adsorption selectivity is in favour of N,. In LTA-5A zeolite the
ratio of the diffusivity of O, to that of N is 2 [8]. In a fixed bed adsorber with LTA-5A, O,
breakthrough occurs earlier than that of N, because the separation is governed by

LTA-5A (32 Na*, 32 Ca™) LTA-4A (96 Na*)
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Fig. 9. Snapshots showing the location of cations in LTA-5A and LTA-4A.
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thermodynamic equilibrium that overrides the diffusional effects. The general rule is that
adsorption strength does not go hand-in-hand with molecular mobility or diffusivity [11, 52,
53]. Depending on the choice of the material, one of these two factors “wins” and determines
the overall selectivity of separation. Purified O, is the product emerging from the adsorption
cycle of a fixed bed packed with LTA-5A.

Owing to the reduced window aperture of LTA-4A, the ratio of the ratio of the diffusivity
of O, to that of N, is about 100. A fixed bed adsorber packed with LTA-4A produces pure
N, in the adsorption phase of PSA operations, that is, the separation is diffusion-selective.
The use of carbon molecular sieves also results in diffusion-selective separation that produces
purified N,. Generally speaking, diffusion-selective separations have undesirably short cycle
times in PSA units when compared with equilibrium-based separations. A better strategy is to
use an adsorption selective process with selective binding of O, to the Fe’* of FeMOF-74
because of the greater electron affinity of O, than N, (see Fig. 10); this can be exploited to
separate O,/N, mixtures for production of pure N, [8, 54].

Let us consider the separation of a 50:50 ethanol/water mixture. Distillation can produce
ethanol with a purity close to 95 wt% owing to azeotrope formation. For obtaining, say,
99.5% pure ethanol, we need to feed the obtained 95 wt% ethanol product to an azeotropic
distillation column with an entrainer such as benzene or cyclohexane. A better alternative,
avoiding the use of entrainers, is to adopt a hybrid scheme (see Fig. 11) in which the 95 wt%
ethanol top product is fed to a hydrophilic LTA-4A zeolite membrane pervaporation unit.
LTA-4A zeolite has 11 A sized cages separated by windows with an aperture of 4 A. Water
has a significantly higher diffusivity than ethanol owing to the narrow window aperture;

channel
Fig. 10. O atom of oxygen binds with Fe atoms of FeMOF-74.
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Fig. 11. Water permeates preferentially across LTA-4A zeolite membrane used in hybrid scheme for
production of 99.5% pure ethanol.

diffusion selectivity strongly favours water. The desired 99.5% pure ethanol product is
recovered as retentate.

A different strategy, using ZIF-8 membrane, could lead to energy reductions to the
scheme sketched in Fig. 11. ZIF-8 is hydrophobic and the adsorption selectivity is strongly in
favour of ethanol [55]. Unlike LTA-4A, the windows of ZIF-8 are not rigid. Framework
flexibility allows larger molecules to diffuse through the window aperture. The principle of
separation of water and ethanol favours ethanol for two reasons: (a) much stronger
adsorption of ethanol; and (b) framework flexibility allowing ethanol to hop from one cage
to the next with acceptable mobility. Ethanol-water permeation across a ZIF-8 membrane
produces a permeate that is richer in ethanol (see Fig. 12). The use of ZIF-8 membranes has
considerable potential for use in recovery of alcohols such as ethanol and 1-butanol from
biofuels [55, 56].

The separation of N,/CH,4 mixtures is important in the context of natural gas upgrading.
For transportation purposes, the pipeline specifications usually demand that the amount of
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Fig. 12. Ethanol-selective permeation of ethanol/water mixture across hydrophobic ZIF-8 membrane.

N, in natural gas is less than about 3%, because the presence of N, reduces the heating value.
For purification of natural gas streams, which is commonly available at high pressures, it is
desirable to use adsorbents in PSA units that are selective to N», which is present in quantities
that are often as high as 20%. For most known adsorbents, the adsorption selectivity favours
CH,. One practical solution to this problem is to rely on diffusion selectivities by using
microporous materials such as LTA-4A and BaETS-4 that have significantly higher
diffusivities of N,, compared with that of CH4 [57-59].

Ethene is an important chemical used as feedstock in manufacture of polymers such as
polyethene, polyvinyl chloride, polyester and polystyrene as well as other organic chemicals.
Propene is an important chemical used as feedstock in manufacture of polymers such as
polypropene. Key processing steps in preparing feedstocks for polymer production are the
separations of ethene/ethane, and propene/propane mixtures. The boiling points are below
ambient temperatures: ethane (184.5 K), ethene (169.4 K), propane (225.4 K) and propene
(225.4 K). Owing to the small differences in the boiling points, the relative volatility of ethene/
ethane is 1.2; for propene/propane the relative volatility is 1.14. These separations are
traditionally carried out in distillation columns that operate at high pressures and low
temperatures. The purity requirement of the alkenes as feedstocks to polymerization reactors
is 99.95%, and consequently the distillation columns are some of the largest and tallest
columns used in the petrochemical industries with about 150-200 trays, and operating at
reflux ratios of about 15.

Let us examine how a ZIF-8 membrane, used in a hybrid combination with distillation
(see Fig. 13), can assist in reducing the energy consumption. The subtle differences in the
bond lengths and bond angles of propene and propane cause the diffusivity of propene in
Z1F-8 to be about two orders of magnitude higher than that of propane [11]. The permeation
selectivity of ZIF-8 membrane is in the range of 30-35, in favour of propene [8, 60, 61]. The
permeation selectivity is significantly higher than the relative volatility of 1.14; consequently
the hybrid process can be expected to have superior separation capability when compared
with distillation alone. Importantly, the hybrid scheme in Fig. 13 contributes to alleviating
the load on the condensers and reboilers.
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Fig. 13. Separation of propene and propane using a hybrid scheme consisting of ZIF-8 membrane and
conventional distillation.

Exploiting Differences in Molecular Configurations

The separation of unsaturated alkenes from C4 hydrocarbon mixtures is important in
petrochemical processing. The boiling points are iso-butane = 261.45K; iso-butene = 266.25
K; 1-butene = 266.85 K; 1,3 butadiene = 268.75 K; normal butane = 272.65 K; trans-2-
butene = 273.45 K; and cis-2-butene = 276.85 K. Entrainers such as DMF, sulpholane and
furfural are used in the extractive distillation of C4 fractions; solvent recovery has high
associated costs. Hartmann et al. [62] have presented breakthrough experimental data to
demonstrate the separation of isobutane/isobutene mixtures using Cuz(BTC),. The adsorptive
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separation step exploits the strong interactions double bond of isobutene with Cu®*; the
unsaturated molecules bond preferentially with the coordinatively unsatureated Cu atoms.
The separation of the n-butane from its isomer iso-butane requires exploitation of subtle
configurational differences. Consider the separation of n-butane from iso-butane using MFI
zeolite. The linear n-butane can locate anywhere along the channels (see Fig. 14a). The more
compact iso-butane is more constrained within the 5.5 A channels and prefers to locate at
the intersections between the channels because such locations offer more “leg room” (see
Fig. 14b). The number of intersection sites is restricted to a four per unit cell of MFI. To
achieve loadings of iso-butane > 4 molecules per unit cell, an “extra push” is required.
Energetically, it is much more efficient to adsorb the linear n-butane to obtain higher loadings.
For mixture adsorption, we note that total mixture loadings greater than four molecules per
unit cell can be achieved only by adsorption of the linear nC4 (see Fig. 14c) [63, 64]. The MFI
membrane permeation selectivity is found to be strongly in favour of the linear isomer [65, 66].
Another strategy is to exploit differences in the molecular footprints of the individual
components [8]. To demonstrate this principle, let us consider the stacking of cis-2-butene and
1-butene within 1D channels of 6 A (see Fig. 15). The footprint of cis-2-butene is smaller than
that of 1-butene, so eight molecules of cis-2-butene can be packed within the chosen channel
length. Only six molecules of 1-butene can locate within the same channel length. The
differences in the packing efficiencies could be exploited to selectively adsorb cis-2-butene [8].
Tijsebaert et al. [67] have demonstrated the potential of RUB-41 all-silica zeolite, for this
separation. RUB-41 comprises a two-dimensional intersecting channel system consisting of
an eight-membered ring channel (2.7 X 5 A) along [001], and a 10-membered ring channel
(4 x 6.5 A) along [100]. The measured data on adsorption indicates that the adsorption
equilibrium follows the hierarchy of saturation capacities cis-2-butene > trans-2-butene >>
I-butene. Although this is not suggested by Tijsebaert, we believe that molecular length
entropy effects provide the rationale for the observed hierarchy of adsorption [7, 8, 68, 69].

(a) nC4 can locate anywhere (b) iC4 prefers intersections (c) mixture adsorption
T 10
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¥ e, y o pr 5
o A Y x (’v 1y o | 2
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) », o e Y
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) = o — ' A e { £ nC4-iC4 mixture; f,=f,;
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Fig. 14. Snapshots showing the location of (a) n-butane and (b) iso-butane within the intersecting
channels of MFI zeolite. (c) Component loadings of n-butane and iso-butane for mixture
adsorption.
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Fig. 15. Stacking of cis-2-butene (top row) and 1-butene (bottom row) within 1D channels of 6 A.

Peng et al. [70] discuss the need for separation of CFC-115 (1-chloro-1,1,2,2,2-
pentafluoroethane) and HFC-125 (1,1,1,2,2-pentafluoroethane). The boiling points of CFC-
115 (234.1 K) and HFC-125 (224.7 K) are very close, and their mixtures can be nearly
azeotropic. Therefore, cryogenic extractive distillation has been the dominant technology
utilized to separate these mixtures. Adsorptive separations offer energy-efficient alternatives
to distillation. Peng et al. [70] have reported the pure component isotherm data for CFC-115
and HFC-125 in MFI zeolite. CFC-115 locates preferentially at the intersections of
MFI, because of the bulky Cl atom attached at the 1-position of CFC-115; as a consequence,
the pure component isotherm shows an inflection at a loading of four molecules per unit
cell. For total mixture loadings less than four molecules per unit cell, the adsorption
selectivity is in favour of CFC-115. For mixture loadings greather than four molecules per
unit cell, configurational entropy effects cause the adsorption selectivity to be in favour of
HFC-125 [8].

Exploiting Packing Effects for Separation of Linear Alcohols

A different class of entropy effects manifests in adsorption of mixtures linear alcohols in cage-
type zeolites, MOFs and ZIFs [8, 71, 72]. As illustration, Fig. 16(a, b) presents snapshots of
the ethanol and 1-propanol adsorbed within the cages of CHA at saturation conditions. The
cage diameter is 8.5 A, and the size of the windows are approximately 3.8 A. Since the cage
capacity is limited, only a finite number of molecules can be packed within each cage; this
number has to have an integer value. The saturation capacity of the ethanol is four molecules
per cage; the saturation capacity of 1-propanol is smaller, two molecules per cage. The
packing efficiency of ethanol is significantly higher than that of 1-propanol. For adsorption of
ethanol/l1-propanol for bulk phase conditions corresponding to saturation of the pores,
packing entropy effects are significantly more favourable for the shorter alcohol. At total
mixtures loadings less than molecules per cage, the adsorption selectivity is in favour the
longer alcohol and has values in the range of 2-12 (Fig. 16c¢); this is “normal” behaviour. As
the total mixture loadings increase to values higher than two molecules per cage, the
adsorption selectivity is lower than unity, that is, in favour of the shorter alcohol. The reversal
of selectivity is primarily due to the fact that it is not possible to achieve loadings greater than
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(a) ethanol in CHA (b) 1-propanol in CHA (c) Adsorption selectivity
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Fig. 16. Snapshots showing the location and conformations of (a) ethanol, and (b) 1-propanol within
the cages of CHA zeolite. (c) Adsorption selectivity of 1-propanol with respect to ethanol.
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two molecules per cage for 1-propanol. The adsorbed phase contains predominantly the
shorter alcohol owing to entropy effects [71]; this entropy-based separation is counter-
intuitive because one should normally expect the longer alcohols to adsorb more strongly.
This principle is confirmed by breakthrough experiments that were run under conditions close
to saturation conditions within the cages [8, 73]. The same principle can be applied for
selective adsorption of mixtures of linear alkanes with C numbers in excess of 30 using TSC
zeolite; such separations have potential in lube oil refining [71].

Separating Xylene Isomers on the Basis of Stacking Efficiencies
The separation of C8 hydrocarbons is of great importance in the petrochemical industries.
Para-xylene, the most valuable of the isomers, is primarily used as a feedstock (with purity
requirement of 99% +) for terephthalic acid or dimethyl terephthalate, whose end uses include
polyester fibers and polyethylene terephthalate resins for beverage bottles. The separation of
C8 hydrocarbons by distillation is difficult because of the small differences in the boiling
points (Fig. 17). There are, however, significant differences in the freezing points that allow
fractional crystallization to be used for separations. The differences in the freezing points arise
because of differences in the stacking efficiencies of molecules. Para-xylene has the highest
freezing point because these molecules stack most efficiently; pure p-xylene crystals are the
first to emerge from the solution upon cooling. However, the energy requirements for
fractional crystallization are high because of the need to cool to temperatures of about 220 K.
Selective adsorption of xylene isomers within the pores of ordered crystalline micro-
porous materials is an energy-efficient alternative to fractional crystallization. In principle, it
is possible to separate p-xylene from this mixture if p-xylene is either the most strongly or the
most weakly adsorbed component. Because of the p-xylene content of the feed is only about
20-25%, it is often easier to reach a high productivity with p-xylene-selective adsorbents
[8, 74].
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Fig. 17. Boiling points and freezing points of C8 hydrocarbons. The molecular dimensions of xylene
isomers are taken from Peralta [74].

Let us see how we can proceed with the separation of C8 hydrocarbons. Ethylbenzene is
not a flat molecule; the ethyl branch is not in the same plane as the benzene ring. The xylene
isomers are flat; these isomers can align themselves parallel to the channel walls, affording
better van der Waals interactions with the framework atoms. Depending on the choice of the
channel dimensions, the efficiencies with which the xylene isomers pack within the channels
are different because of the differences in the molecular dimensions of the xylene isomers. The
height and width of the xylene isomers are: o-xylene, 8 x 7.5 A; m-xylene, 8.6 x 7.4 A;
p-xylene, 9.2 x 6.7 A; see dimensions provided in Fig. 17.

Consider the stacking of o-xylene and p-xylene within 1D channels that are about 8.5 A
wide (see Fig. 18). With this choice of channel dimension, the stacking efficiency of o-xylene
is higher than that of p-xylene; that is, more o-xylene molecules can be packed within a
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Fig. 18. Stacking of o-xylene and p-xylene within the 1D 8.5 A channels. The head-on snapshots of o-
xylene and p-xylene adsorbed within the channels of MIL-47(V) are shown in the bottom row.

channel of a given length. The channel size is not wide-enough to allow p-xylene to stack
vertically, and fewer molecules can be packed within the same channel length. Experimental
data [75, 76] for MIL-47(V) and MIL-53(Al) with 1D rhombohedric channels of 8.5 A
confirm that these MOFs are selective to adsorption of the o-xylene [8] when operating at
conditions close to saturation of the channels.

If the 1D channels are wider, say about 10 A, then p-xylene isomers can stack vertically
(Fig. 19). Molecular simulations for adsorption of xylene isomers in Co(BDP), which has
10 A 1D channels, confirm that this MOF is para selective [7, 8]. Stacking xylenes within
1D channels is analogous to stacking books within bookshelves [§].

The separation of ethylbenzene and styrene is necessary in the production of polystyrene
[8]. The differences in the boiling points is just 9 K, necessitating the use of sub-atmospheric
pressure operations, which is energy demanding. Adsorptive separation of ethylbenzene/
styrene mixtures can be realized by exploiting the differences in the degrees of flatness of
ethylbenzene and styrene, coupled with the interactions with the framework atoms of MIL-47
(V) and MIL-53 (Al) [77, 78]. Both these MOFs are selective to adsorption of styrene.
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Fig. 19. Stacking of p-xylene within the 1D 10 A channels.

A Pot Pourri of Strategies for Separating Hexane Isomers
The separation of hexane isomers, n-hexane (nC6), 2-methylpentane (2MP), 3-methylpentane
(3MP), 2,2-dimethylbutane (22DMB) and 2,3 dimethylbutane (23DMB) is required for
production of high-octane gasoline; the di-branched isomers have the highest research octane
number (RON) rating and are the preferred components for incorporation into the gasoline
pool [8, 18, 79]. Currently, the separation of the products from the isomerization reactor is
performed using LTA-5A zeolite that operates on the principle of molecular sieving. Linear
nC6 can hop from one cage to the adjacent cage through the 4 A windows, but branched
alkanes are largely excluded. We need a separation device that would separate the di-
branched isomers 22DMB and 23DMB from the nC6, 2MP and 3MP. Such a separation is
not feasible with the currently used LTA-5A.

Herm et al. [80] report the synthesis of a bespoke-tailored material Fe,(BDP); [BDP>~=
benzenedipyrazolate] that has 1D channels which are triangular in shape and a pore size of
4.9 A (see Fig. 20). Molecular simulations provide insights into the workings of Fe,(BDP)s.

b 100 —v— 22DMB
_ Fe,(BDP), —A— 23DMB
80 —0— 3MP
' 4 m —de 2MP nC6-2MP-3MP-
4 . 22DMB-23DMB
4 ] 60 #— nCé mixture;
d Fe,(BDP),;
Breakthrough

40 experiments;

49A
triangular
channels

mol% isomer in exit gas

20

time, t/ min

Fig. 20. (a) The triangular framework of Fe,(BDP);. (b) Transient breakthrough of hexane isomers in a
fixed bed packed with Fe,(BDP);.
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The linear nC6 can align optimally along the V-shaped gutters, and exert the best van der
Waals interaction with the framework. The interactions of the mono- and di-branched
isomers are less effective, resulting in considerably lower adsorption strengths. The hierarchy
of breakthroughs reported in the transient experiments of Herm et al. [80] is 22DMB,
23DMB, 3MP, 2MP and nC6; this hierarchy is dictated by a combination of adsorption
strengths (nC6 > > 2MP ~ 3MP >> 22DMB ~ 23DMB) and diffusivities (nC6 > 2MP
3MP > 22DMB = 23DMB). The di-branched isomers 22DMB and 23DMB can be recovered
in the early stages of the breakthrough; this is the desired high RON product.

CFI and ATS zeolites, patented by Chevron for application in the alkane isomerization
process [81, 82], have 1D channels similar to that of AFI zeolite [8, 80]. The hierarchy of
adsorption strengths is nC6 < (2MP, 3MP) << (22DMB, 23DMB); this is primarily dictated
by the molecular footprints (see Fig. 21). The linear nC6 has a longer “footprint” and
occupies a larger segment of the channel. 22DMB and 23DMB are the most compact
molecules and have the smallest footprint; consequently, more di-branched isomers can be
located within a given length of the channels when compared with nC6. 2MP and 3MP have
footprints that have an intermediate character. Molecular length entropy effects dictates the
sorption hierarchy in CFI and ATS; a similar situation holds for MOR that has 6.5 x 7 A
sized 1D channels [7, 8, 68, 69].

The “fractionation” of hexane isomers into three different fractions is achieved with MFI
zeolite in a completely different manner by exploiting subtle configurational differences [8, 18,
83], discussed earlier for nC4/iC4 mixtures. The linear nC6 can locate comfortably along the
channels (see Fig. 22a). The mono-branched and di-branched isomers locate preferentially at
the channel intersections that offer more “leg-room” for these bulkier, more-compact,
branched isomers. However, the number of intersections is limited to four per unit cell; this
limits the saturation capacities. Figure 22(b) presents configurational-bias Monte Carlo
simulations of component loadings in a five-component nC6/2MP/3MP/22DMB/23DMB
mixture as the total mixture loading ®,. Configurational entropy effects manifest at ®, > 4,
causing the hierarchy of component loadings to be nC6 > 2MP > 3MP > 23DMB > 22DMB.
The configurational-entropy principle to separate hexane isomers using MFI zeolite was first
elucidated using configurational-bias Monte Carlo simulations [8, 83-85]. The di-branched
isomers have significantly lower diffusivities, and the separations in fixed bed adsorbers
benefit from the synergy between adsorption and diffusion [8]. The transient breakthrough of
hexane isomers in a fixed bed adsorber packed with MFI zeolite shows the sequence 22DMB,

Fig. 21. Differences in molecular footprints of nC6, 3MP, and 22DMB within 1D 7.3 Achannels of AFI
zeolite.
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Fig. 22. (a) Snapshots showing the location of nC6, 3MP and 22DMB within the MFI zeolite. (b)

configurational-bias Monte Carlo simulations of the component loadings of hexane isomers as
a function of the total mixture loading.

23DMB, 3MP, 2MP, nC6. The desired high RON products 22DMB and 23DMB can be
recovered in the early stages of the breakthrough; this satisfies the process requirements.

Distinguishing Rectus and Sinister Configurations

Many natural and synthetic compounds are chiral, which means they can exist in right- (R- =
rectus) or left- (S- = sinister) handed forms that are mirror images of each other. Often, only
one of these forms is biologically active as drugs. Vaidhyanathan et al. [86] report separations
of nine different chiral diols using the homochiral Ni,(L-asp),(bipy) formed by Ni (L-aspartic

S-1,3-butanediol

Ay L L L

Pore landscape of Ni,(L-asp),(bipy)

R-1,3-butanediol

Fig. 23. Separation of R-1,3-butanediol and S-1,3-butanediol using homochiral metal-organic frame-
work Niy(L-asp),(bipy).
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acid) clusters connected by 4,4’-bipyridine ligands. For separation of 1,3-butanediol, the
value of the enantiomeric excess, ee, is 18%. The mechanism for adsorption of either R- or S-
forms is rationalized on the basis of molecular simulations. The pore landscape, sketched in
Fig. 23], using data from molecular simulations [87], shows the existence of pockets within the
3.5 A sized pores. The preference for the R- form is due to the more effective occupation of
the pore space and pockets of Niy(1L-asp),(bipy).

Huang et al. [88] fabricated an Niy(L-asp)(bipy) membrane and demonstrated
the feasibility of separating racaemic 2-methyl-2,4-pentanediol to obtain a permeate with
ee =35%. Das et al. [89] showed that mixed-metal organic frameworks have the ability to
separate chiral alcohols 1-phenylethanol, 2-butanol and 2-pentanol with ee values ranging
to 82%.

Conclusions

In this paper we have offered a smorgésbord of separation strategies that are offered by use of
ordered microporous crystalline materials. In addition to exploiting differences in binding
energies of the components (based on van der Waals interactions, electrostatic interactions, z-
electron exchanges), we may exploit the inter-play between adsorption and diffusion. Subtle
differences in molecular configurations and molecular conformations offer entropy-based
mixture separation possibilities. Differences in the efficiencies of packing or stacking of
molecules can be exploited to achieve separations that favour the molecules that can be
packed most efficiently. Differences in packing efficiencies are the key for separation of
xylene isomers.
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