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The separation of hydrocarbons with carbon numbers in the 1–3 range is of great significance in the

purification of natural gas, production of ethylene and propylene with the required 99.5%+ purity levels

as feeds to polymerization reactors, and separation of ethyne from mixtures with ethylene. In this study

the performances of a total of 19 different MOFs, carefully selected to span a wide range of

functionalities, were evaluated for a variety of separation tasks. For all separation tasks investigated,

MOFs with high density of open metal sites, CoMOF-74, MgMOF-74, and FeMOF-74, have

significantly better separation potential than other MOFs, ZIFs or zeolites that have been suggested in

the literature. Of particular significance is the possibility offered by CoMOF-74, MgMOF-74, and

FeMOF-74 for ‘‘fractionating’’ a 6-component CH4/C2H2/C2H4/C2H6/C3H6/C3H8 mixture to yield

individual pure components. Such separations are likely to have a significant industrial impact,

resulting in significant energy savings when compared to current technologies that rely on distillation.
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Broader context

While CO2 capture in pre- and post-combustion processing garner

materials such as metal–organic frameworks (MOFs), there is a mu

current and future industrial interest. The main focus of this article i

metal sites, for separation of light hydrocarbonmixtures, with C num

in the petrochemical and energy sectors. Specifically, MgMOF-74,

with high selectivity, alkynes and alkenes. This selective binding

possibility of separating ethylene–ethane, propylene–propane, and e

the petrochemical industries. Furthermore, we demonstrate for the fi

CoMOF-74, and FeMOF-74 for fractionation of a 6-component

significance in natural gas processing.
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Introduction

C1 to C3 light hydrocarbons, CH4, C2H2, C2H4, C2H6, C3H6, and

C3H8, are very important energy resources and raw chemicals.

For example, natural gas, whose main component is methane,

has been considered as the most promising alternative fuel for

future vehicle transportation; while both ethylene and propylene

are important chemicals for the manufacture of polymers such as

polyethylene, polypropylene, polyvinyl chloride, polyester,

polystyrene as well as other organic chemicals. In order to fully

utilize these light hydrocarbons, it is essential to have high

quality and purity of such basic chemicals; thus, separations of

these light hydrocarbons are very important industrial processes.

The traditional separation technology of the cryogenic distilla-

tion, which is based on their different vapor pressures and thus

boiling points, is very energy-intensive. Among several new
s a lot of current research interest in the development of novel

ch wider scope for using MOF adsorbents in other processes of

s to demonstrate the significant advantages of MOFs with open

bers in the 1–3 range, in a variety of contexts that are important

CoMOF-74, and FeMOF-74 have a strong propensity to bind,

of double and triple bonds with the metal atoms leads to the

thyne–ethylene mixtures, all of which are of great importance in

rst time in the published literature the potential ofMgMOF-74,

CH4/C2H2/C2H4/C2H6/C3H6/C3H8 mixture, which is of great
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energy-efficient technologies for such important hydrocarbon

separations, adsorptive separation is one of the most promising

ones, so a variety of microporous adsorbents have been exam-

ined for separations of these light hydrocarbons.

Microporous metal–organic frameworks (MOFs) have been

rapidly emerging as very useful materials for separations of

small gas molecules.1–23 They can be readily self-assembled from

metal ions and/or metal-containing clusters with organic linkers.

Because the pores within such microporous MOFs can be tuned

to maximize their size-selective sieving effects and the pore

surfaces can be functionalized to direct their specific recogni-

tions of small molecules, microporous MOFs are very unique

materials for separations. In fact, a variety of microporous

MOFs have been explored for their diverse gas separations

such as separations of CO2/CH4,
2,4,23–25 alkane and xylene

isomers.26–34

Adsorptive separation of C1 methane from C2 and C3 hydro-

carbons is comparatively easier given the fact that methane is the

smallest molecule and therefore has weaker interactions with
Fig. 1 (a) C2H2, (b) C2H4, (c) C2H6, (d) CH4, (e) C3H6, and (f) C3H8 ads

adsorption isotherms for FeMOF-74 are at 318 K, and for FeMIL-100 are a
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microporousMOF adsorbents.25,35–38 Separations of C2H2/C2H4,

C2H4/C2H6, and C3H6/C3H8, however, are very difficult, because

these individual pair molecules have comparable sizes. In fact,

only recently have a few microporous MOFs been targeted for

these very challenging hydrocarbon separations.39–57 The four

(CH4, C2H2, C2H4, and C2H6) and six (CH4, C2H2, C2H4, C2H6,

C3H6, and C3H8) component separations are even much more

challenging.43,58 Highly efficient separations of these mixtures of

light hydrocarbons into their high-purity individual components

can significantly save the energy cost, and thus are heavily in

need. In this study, we examine the potential of microporous

MOFs for adsorptive separations of these light hydrocarbons.

For this purpose, 19 microporous MOFs of different pore

structures, porosities, and surfaces have been selected to establish

their hydrocarbon sorption isotherms, and to examine their

potential for separations of light hydrocarbons through simu-

lated breakthrough experiments. They have also been compared

with the excellent performing microporous adsorbents, NaX,59,60

NaETS-10,61 and FeMOF-74.43
orption isotherms for several typical MOFs at 296 K. C3H6 and C3H8

t 303 K.
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Fig. 2 The isosteric heat of adsorption for (a) CH4, (b) C2H2, (c) C2H4, (d) C2H6, (e) C3H6, and (f) C3H8 in selected MOFs. The determination of Qst is

based on analytical, or numerical, differentiation of the pure-component isotherm fits using the parameter values provided in the ESI.†

Fig. 3 IAST calculations of the C2H6/CH4 adsorption selectivity versus

the volumetric uptake capacity of C2 hydrocarbons (combined total of

C2H2, C2H4, and C2H6) for adsorption from an equimolar 4-component

CH4/C2H2/C2H4/C2H6 mixture at the total bulk gas phase at 296 K and

100 kPa.
Results and discussions

1. MOF structures investigated for the light hydrocarbon

separations

Nineteen different MOFs including the ones with open metal

sites (e.g. MgMOF-74,62,63 CoMOF-74,64,65 CuBTC,66 PCN-

16,67,68 NOTT-101/102,69,70 UTSA-20,71 MOF-505,72 UMCM-

15073) and mixed metal–organic frameworks (M’MOFs39,40) were

synthesized in our laboratories in order to evaluate their efficacy

in each of the above-mentioned separation tasks. Besides the 19

MOFs that we synthesized, the performances of other materials

have been evaluated using literature data sources. The ESI†

accompanying this publication provides the structural details,

synthesis procedures, sorption isotherm data (Fig. S4–24†), and

dual-site Langmuir–Freundlich fit parameters (Tables S3–29†).

Some of their sorption isotherms for different hydrocarbons are

shown in Fig. 1.

Specifically, the performances of various MOFs were evalu-

ated for the following six different adsorptive separation tasks.

(1) Separation of CH4, with 99%+ purity from an equimolar 4-

component CH4/C2H2/C2H4/C2H6 mixture.

(2) Investigating the possibility of ‘‘fractionating’’ a 4-

component CH4/C2H2/C2H4/C2H6 mixture to obtain each of the

constituents in a nearly pure form.

(3) Investigating the possibility of ‘‘fractionating’’ a 6-

component CH4/C2H2/C2H4/C2H6/C3H6/C3H8 mixture to obtain

each of the constituents in a nearly pure form.

(4) Separation of an equimolar C2H4/C2H6 mixture

for production of two products: (a) C2H4 of 99.5%+ purity
This journal is ª The Royal Society of Chemistry 2012
(as a feedstock for polymerization), and (b) C2H6 of 99%+

purity.

(5) Separation of an equimolar C3H6/C3H8 mixture for

production of two products: (a) C3H6 of 99.5%+ purity (as a

feedstock for polymerization), and (b) C3H8 of 99%+ purity.

(6) Selective removal of C2H2 from a C2H2/C2H4 mixture

containing 1% C2H2 to produce a C2H4 product containing

<40 ppm C2H2.

Separations of these light hydrocarbons are conducted in

Pressure Swing Adsorption (PSA) devices. It is well recognized

that the separation characteristics of a PSA unit are dictated by a
Energy Environ. Sci., 2012, 5, 9107–9120 | 9109



Fig. 4 Breakthrough simulation results for (a)CoMOF-74, (b)MgMOF-74, (c)CuBTC, (d)MOF-505, (e)UTSA-20, and (f) PCN-16, for separation of

an equimolar 4-component CH4/C2H2/C2H4/C2H6 mixture in a fixed bed of adsorbent at the total bulk gas phase at 296 K and 100 kPa. The x-axis

represents the dimensionless time, s.
combination of adsorption selectivity and uptake capacity.74–76

Generally speaking, higher capacities are desirable because the

adsorber bed can be run for a longer length of time before the

need for regeneration arises. For a rational choice of adsorbents

for mixture separation at high pressures, we need to have a

proper method for evaluation that combines the selectivity and

capacity metrics in a manner that is a true reflection of the

separation performance of a PSA unit. For this purpose, we

perform transient breakthrough calculations.76–78 To demon-

strate the fractionation capability of MOFs with open metal

sites, we also carry out pulse chromatographic simulations. The

breakthrough simulation methodologies, with step- or pulse-

inputs of gas mixtures, are provided in the ESI,† along with

validations based on comparisons with available literature data.
Fig. 5 Mole percentage of CH4 in the exit gas stream as a function of the

dimensionless time, s, for four typical MOFs.
2. Isosteric heat of adsorption

The binding energies of CH4, C2H2, C2H4, C2H6, C3H6, and

C3H8 in different MOFs are reflected in the isosteric heat of

adsorption, Qst, defined as

Qst ¼ RT2

�
v ln p

vT

�
q

(1)

These values were determined using the pure-component

isotherm fits. Fig. 2 presents data on the loading dependence of

�Qst of six different guest molecules in a small selection of the

MOFs, which prove to be promising candidates in this study.

The ability of any given structure to separate an alkene–alkane

mixture is dependent, inter alia, on the differences in the

adsorption strengths. A careful examination of the data in Fig. 2
9110 | Energy Environ. Sci., 2012, 5, 9107–9120
reveals that for MOFs with open metal sites, CoMOF-74,

MgMOF-74, and FeMOF-74, the values of �Qst for alkenes are

significantly higher than those of the corresponding alkanes with

the same number of carbon atoms. For FeMOF-74, Bloch et al.

have established that this is because each alkene molecule

attaches side-on to an Fe(II) atom within the FeMOF-74 frame-

work.43 This large difference in the �Qst values is the prime

reason for the superior performance of MOF-74 in separating

alkenes from alkanes as we shall demonstrate later in this article.
3. Evaluation of MOFs for separation of CH4 from a mixture

of C2 hydrocarbons

Let us first consider the separation of CH4 from a mixture of C2

hydrocarbons. Rather than restricting our investigations to just
This journal is ª The Royal Society of Chemistry 2012



Fig. 6 Plot of 99%+ pure CH4 produced, per litre of the adsorbent

material, during the time interval, Ds, plotted as a function of the time

interval, Ds.
binary CH4/C2H6 mixtures, we consider the selective adsorption

of C2 hydrocarbons from an equimolar 4-component CH4/C2H2/

C2H4/C2H6 mixture. The choice of such a mixture is dictated by

the fact that such mixture separations are encountered in the

process of oxidative coupling of methane for producing ethylene.

The hierarchy of adsorption strengths is commonly CH4 < C2H6

< C2H4 < C2H2, making the CH4/C2H6 separation the crucial

one. This implies that the conclusions drawn about the relative

performance of different MOFs will hold equally well for the

separation of a binary CH4/C2H6 mixture.
Fig. 7 Pulse chromatographic simulations for separation of an equimolar

MgMOF-74, (c) FeMOF-74, and (d) CuBTC as adsorbent materials. For the

100 kPa. In (c), the simulations are performed at 318 K and a total pressure of

at the start of the process, and subsequently the adsorbed components are deso

each of the peaks are identical for each of the species in the mixture; this asp

This journal is ª The Royal Society of Chemistry 2012
For the purpose of comparing different MOFs, we used two

different metrics. The first metric is the adsorption selectivity,

defined as

Sads ¼ q1=q2
p1=p2

(2)

that is determined using the Ideal Adsorbed Solution Theory

(IAST) of Myers and Prausnitz.79 Here p1 and p2 are taken to be

the partial pressures of C2H6 and CH4, respectively. q1 and q2 are

the molar loadings in the adsorbed phase of C2H6 and CH4,

respectively, expressed in moles per kg of the adsorbent material.

The second metric of relevance is the uptake capacity. The

separation performance of a 4-component CH4/C2H2/C2H4/

C2H6 mixture will be dictated by the amount of combined total

uptake of C2 hydrocarbons. Fig. 3 presents IAST calculations of

the C2H6/CH4 adsorption selectivity versus the uptake capacity

of C2 hydrocarbons (combined total of C2H2, C2H4, and C2H6)

for adsorption from an equimolar 4-component CH4/C2H2/

C2H4/C2H6 mixture at the total bulk gas phase at 296 K and 100

kPa. The uptake capacity is expressed in volumetric terms, i.e. as

moles per litre of the adsorbent material. We observe from Fig. 3

that UTSA-34a has the highest selectivity, but a relatively low

uptake capacity. CoMOF-74 and MgMOF-74 have the highest

uptake capacities. Clearly, selectivity and capacity metrics do not

appear to go hand-in-hand.
4-component CH4/C2H2/C2H4/C2H6 mixture with (a) CoMOF-74, (b)

calculations in (a), (b), and (d), the total bulk gas phase is at 296 K and

100 kPa. A pulse of an equimolar 4-component mixture is injected for 10 s

rbed by the use of a purge inert gas. It is noteworthy that the areas under

ect is not obvious in view of the log–log nature of the plots.

Energy Environ. Sci., 2012, 5, 9107–9120 | 9111



Fig. 8 Separation of an equimolar 6-component CH4/C2H2/C2H4/C2H6/C3H6/C3H8 mixture with UTSA-35a at 296 K. (a) IAST calculations of the

component loadings in the mixture as a function of the total bulk gas pressure, pt. (b) Breakthrough simulation results with a step-input of an equimolar

6-component mixture into a fixed bed of adsorbent at the total bulk gas phase of 120 kPa. The x-axis represents the dimensionless time, s. (c) Transient
breakthrough of a fixed bed of adsorbent to which a pulse-input of an equimolar 6-component mixture is injected for 10 s at the start of the process, and

subsequently the adsorbed components are desorbed by the use of a purge inert gas. It is noteworthy that the areas under each of the peaks in (c) are

identical for each of the species in the mixture; this aspect is not obvious in view of the log–log nature of the plot.
In order to properly evaluate the separation performance of a

PSA unit, we performed breakthrough calculations with a step-

input of an equimolar 4-component CH4/C2H2/C2H4/C2H6

mixture. Fig. 4 presents data on the concentrations at the exit of
Fig. 9 Separation of an equimolar 6-component CH4/C2H2/C2H4/C2H6/C3H

component loadings in the mixture as a function of the total bulk gas pressure

6-component mixture into a fixed bed of adsorbent at the total bulk gas pha

Transient breakthrough of a fixed bed of adsorbent to which a pulse-input of

process, and subsequently the adsorbed components are desorbed by the use o

in (c) are identical for each of the species in the mixture; this aspect is not ob

9112 | Energy Environ. Sci., 2012, 5, 9107–9120
the adsorber for six chosen MOFs, for illustration purposes. The

x-axis in Fig. 4 represents the dimensionless time, s, defined by

dividing the actual time, t, by the characteristic time,
L3

u
. All
6/C3H8 mixture with MgMOF-74 at 296 K. (a) IAST calculations of the

, pt. (b) Breakthrough simulation results with a step-input of an equimolar

se of 120 kPa. The x-axis represents the dimensionless time, s. (c and d)

an equimolar 6-component mixture is injected for 10 s at the start of the

f a purge inert gas. It is noteworthy that the areas under each of the peaks

vious in view of the log–log nature of the plot.

This journal is ª The Royal Society of Chemistry 2012



Fig. 10 Separation of an equimolar 6-component CH4/C2H2/C2H4/C2H6/C3H6/C3H8 mixture with FeMOF-74 at 318 K. (a) IAST calculations of the

component loadings in the mixture as a function of the total bulk gas pressure, pt. (b) Breakthrough simulation results with a step-input of an equimolar

6-component mixture into a fixed bed of adsorbent at the total bulk gas phase of 120 kPa. The x-axis represents the dimensionless time, s. (c and d)

Transient breakthrough of a fixed bed of adsorbent to which a pulse-input of an equimolar 6-component mixture is injected for 10 s at the start of the

process, and subsequently the adsorbed components are desorbed by the use of a purge inert gas. It is noteworthy that the areas under each of the peaks

in (c) are identical for each of the species in the mixture; this aspect is not obvious in view of the log–log nature of the plot.

Fig. 11 IAST calculations of the C2H4/C2H6 adsorption selectivity

versus the volumetric uptake capacity of C2H4 for adsorption from an

equimolar C2H4/C2H6 mixture at the total bulk gas phase at 296 K and

100 kPa.
adsorbents have the ability of separating CH4 in a pure form

from this quaternary mixture. CoMOF-74 and MgMOF-74 are

of special interest because the breakthrough characteristics

indicate the possibility that each of the individual components in

the 4-component mixture can be obtained in its pure form.

From the data presented in Fig. 4, we can determine the mol%

CH4 in the exit gas stream. Fig. 5 shows some typical plots of

mol% CH4 in the exit gas stream as a function of the dimen-

sionless time, s, for a few typical MOFs. Assuming, arbitrarily,

that a purity level of 99%+ CH4 is desired, we can determine the

corresponding dimensionless time interval, Ds. The amount of

CH4, with the chosen 99%+ purity level, can be determined from

a material balance over the adsorber by integrating the amount

of CH4 in the outlet gas during the time interval Ds. Each MOF

has a different value of Ds during which 99%+ CH4 is available.

Fig. 5 shows that the value of Ds is highest for CoMOF-74, and it

is to be expected that the production capacity of this MOFwould

also be the highest.

Fig. 6 presents a plot of 99%+ pure CH4 produced, per litre of

the adsorbent material, during the time interval, Ds, plotted as a

function of the time interval, Ds. There is a reasonably good

correlation between the productivity of CH4 and Ds; this
This journal is ª The Royal Society of Chemistry 2012
relationship is practically a linear one. From these results we note

that the hierarchy of production capacities, per litre of the

adsorbent, is CoMOF-74 > MgMOF-74 > CuBTC > MOF-505

>UTSA-20. All other MOFs have significantly lower production

capacities and are not viable adsorbents for use in practice. It is

remarkable to note that this hierarchy is not dictated by the
Energy Environ. Sci., 2012, 5, 9107–9120 | 9113



Fig. 12 Transient breakthrough of an equimolar ethylene–ethane mixture in an adsorber bed packed with (a) CoMOF-74 and (b) MgMOF-74 in the

adsorption phase of a PSA operation. The inlet gas is maintained at partial pressures p1 ¼ p2 ¼ 50 kPa, at a temperature of 296 K.

Fig. 13 Mole percentage of C2H6 in the outlet gas of an adsorber bed

packed with CoMOF-74, MgMOF-74, CuBTC, and NaETS-10 in the

adsorption cycle. The inlet gas is maintained at partial pressures p1¼ p2¼
50 kPa, at a temperature of 296 K.

Fig. 14 A plot of 99%+ pure C2H6 produced, per litre of adsorbent

materials, during the time interval Dsads, plotted as a function of the time

interval, Dsads.
adsorption selectivity, but by a combination of adsorption

selectivity and uptake capacity. Uptake capacities are of para-

mount importance in determining the performance of PSA units,

as is evident from the fact that CoMOF-74 andMgMOF-74 have

the best productivities, despite their only modest adsorption

selectivities.

4. Adsorptive ‘‘fractionation’’ of CH4/C2H2/C2H4/C2H6

mixtures

The breakthrough curves shown in Fig. 4 reveal some additional

special features of CoMOF-74 and MgMOF-74 because the

breakthrough times for each component, following the hierarchy

CH4 < C2H6 < C2H4 < C2H2, are significantly different from

each other. This implies that it may be possible to recover each

component in a nearly pure form, which is a most desirable

property. In order to further explore this property, we carried out

pulse chromatographic simulations for separation of an equi-

molar 4-component CH4/C2H2/C2H4/C2H6 mixture. Fig. 7

presents the representative results obtained with (a) CoMOF-74,

(b) MgMOF-74, (c) FeMOF-74, and (d) CuBTC. Of these

materials, the breakthrough characteristics of CoMOF-74,

MgMOF-74, and FeMOF-74 are remarkable. For these three

materials, it appears that it is possible to obtain each individual

component in its pure form. Such ‘‘fractionation’’ ability is not

possessed by any of the other MOFs examined in this study. For

example, with CuBTC, the peaks of C2H2 and C2H4 overlap,

signifying the fact that separation of C2H2/C2H4 mixtures is

difficult with CuBTC as an adsorbent.

5. Adsorptive ‘‘fractionation’’ of CH4/C2H2/C2H4/C2H6/C3H6/

C3H8 mixtures

In the study of He et al.,58 it has been demonstrated that UTSA-

35a has the potential of separating an equimolar 6-component

CH4/C2H2/C2H4/C2H6/C3H6/C3H8 mixture to obtain individual

fractions based on the number of carbon atoms, i.e. C1, C2, and

C3 fractions. This ability of UTSA-35a to obtain individual C1,

C2, and C3 fractions is clearly demonstrated by the pulse chro-

matographic simulations for an equimolar 6-component

mixture, see Fig. 8c. UTSA-35a is not capable of separating

C3H6/C3H8 mixtures, and the reason for this can be found in the
9114 | Energy Environ. Sci., 2012, 5, 9107–9120
IAST calculations of the component loadings in Fig. 8a. We note

that the adsorption loadings of C3H6 and C3H8 are practically

identical in the whole range of pressures. A further implication is

that the breakthrough times for C3H6 and C3H8 in a fixed bed
This journal is ª The Royal Society of Chemistry 2012



Fig. 15 Transient breakthrough of an equimolar ethylene–ethane mixture in an adsorber bed packed with (a) CoMOF-74 and (b) MgMOF-74 in the

desorption cycle of a PSA operation. The contents of the bed, which is equilibrated at partial pressures p1 ¼ p2 ¼ 50 kPa, at a temperature of 296 K, are

subjected to purging by an inert gas.

Fig. 16 Mole percentage of C2H4 in the outlet gas of an adsorber bed

packed with CoMOF-74, MgMOF-74, CuBTC, and NaETS-10 in the

desorption cycle. The contents of the bed, which is equilibrated at partial

pressures p1 ¼ p2 ¼ 50 kPa, at a temperature of 296 K, are subjected to

purging by an inert gas.
adsorber are practically identical, see Fig. 8b. The IAST calcu-

lations also show that the component loadings of C2H4 and C2H6

are close to each other. Consequently, the peaks of C2H4 and

C2H6 in the pulse simulations tend to overlap, see Fig. 8c.

MgMOF-74 and FeMOF-74 are much more potent. These two

MOFs are capable of separating the 6-component mixture to

obtain each of the components in a nearly pure form. The sup-

porting data are presented in Fig. 9 and 10. These figures provide

(a) IAST calculations, (b) breakthroughs in a fixed bed adsorber

with step-inputs, and (c and d) pulse chromatographic simula-

tions (two different scales are used in (c) and (d) for the same set

of results to more clearly show the fractionation capabilities).

The sequence of breakthroughs of the pulses in (c) and (d) of each

component that emerge is dictated by the hierarchy in the

component loadings in the IAST calculations.

According to our calculations (not shown here), CoMOF-74

has similar fractionation capability asMgMOF-74 and FeMOF-

74. The US patent awarded to Matzger et al.56 presents pulse

breakthrough experimental curves for separation of C2H4/C2H6

and C3H6/C3H8 mixtures in fixed beds packed with CoMOF-74.

These curves clearly demonstrate the fractionation capability of

both binary mixtures. In the ESI,† pulse chromatographic

simulation results for these mixtures are presented in order to

demonstrate the agreement, albeit qualitatively, with the exper-

imental results quoted in the patent.
Fig. 17 A plot of 99.5%+ pure C2H4 produced, per litre of adsorbents,

during the time interval, Dsdes, as a function of the time interval, Dsdes.
6. Evaluation of MOFs for separation of C2H4/C2H6 mixtures

Let us consider the separation of binary C2H4/C2H6 mixtures

using MOFs that have a reasonable separation selectivity based

on the information already obtained in the foregoing analysis of

the differentMOF structures. Separation of C2H4/C2H6 mixtures

is industrially important in the context of production of polymer-

grade ethylene, whose purity needs to be 99.5%+. Furthermore,

for comparison purposes, the performances of NaX zeolite59 and

NaETS-1061 were also evaluated. Fig. 11 shows the IAST

calculations of the C2H4/C2H6 adsorption selectivity versus the

volumetric uptake capacity of C2H4 for adsorption from an

equimolar C2H4/C2H6 mixture at the total bulk gas phase at
This journal is ª The Royal Society of Chemistry 2012 Energy Environ. Sci., 2012, 5, 9107–9120 | 9115



Fig. 18 A comparison of various MOFs for productivity of 99.5%+ pure C2H4 expressed as a function of (a) productivity of 99%+ pure C2H6 and (b)

C2H4/C2H6 adsorption selectivity. The conditions chosen are: p1 ¼ p2 ¼ 50 kPa, and T ¼ 296 K. The data for FeMOF-74 are at 318 K, and therefore

considered to be conservative.
296 K and 100 kPa. The highest selectivity is obtained with

NaETS-10, a material patented by Engelhard, but this material

has only a limited uptake capacity. CoMOF-74 andMgMOF-74

have uptake capacities that are about twice as high as that for

NaETS-10, albeit with lower selectivities.

For separations in a PSA adsorption device, we need to

produce each of the two components in the mixture in a nearly

pure form. The process occurs in two cycles. Let us first consider

the adsorption cycle, in which C2H4 is selectively adsorbed.

Fig. 12 shows transient breakthrough of an equimolar ethylene–

ethane mixture in an adsorber bed packed with (a) CoMOF-74

and (b) MgMOF-74, chosen to illustrate just two of the several

MOFs investigated. The inlet gas is maintained at partial pres-

sures p1 ¼ p2 ¼ 50 kPa, at a temperature of 296 K. From the gas

phase concentrations at the exit of the adsorber, we can deter-

mine the mol% C2H6. This information is presented in Fig. 13.

Let us arbitrarily choose the required purity of C2H6 to be 99%+.

From Fig. 13, we can determine the time interval Dsads for each
of the MOFs during which the purity level of C2H6 is 99%+. A

material balance on the adsorber, obtained by integrating the

amount of 99%+ pure C2H6 collected at the exit during this time

interval Dsads, can be determined for each of the MOFs. Fig. 14

presents a plot of 99%+ pure C2H6 produced, per litre of the

adsorbent material, during the time interval Dsads, plotted as a

function of the time interval, Dsads. There is a nearly perfect
Fig. 19 A comparison of various MOFs for productivity of 99.5%+ pure C3H

C3H6/C3H8 adsorption selectivity. The conditions chosen are: p1 ¼ p2 ¼ 10 kP

that the isotherms for FeMIL-100 are only available with a pressure of 20 kP

conservative. The data for FeMIL-100 are at 303 K.
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linear relation between the production of 99%+ pure C2H6 and

the time interval Dsads. From these results, we note that the

hierarchy of C2H6 production capacities, per litre of the adsor-

bent, is CoMOF-74 > MgMOF-74 > CuBTC > NaX > NaETS-

10 > PCN-16 > NOTT-102 > UTSA-20. The high productivities

of CoMOF-74 andMgMOF-74 can be traced to the high uptake

capacities.

Once the entire bed is in equilibrium with the partial pressures

p1 ¼ p2 ¼ 50 kPa, at a temperature of 296 K, the desorption cycle

is initiated, say with a purge (inert) gas. Fig. 15 illustrates tran-

sient breakthrough of an equimolar ethylene–ethane mixture in

an adsorber bed packed with (a)CoMOF-74 and (b)MgMOF-74

in the desorption cycle of a PSA operation. During the desorp-

tion cycle, nearly pure C2H4 can be recovered. Fig. 16 shows mol

% C2H4 in the outlet gas of an adsorber bed packed using three

representative MOFs (CoMOF-74, MgMOF-74, and CuBTC)

and NaETS-10 in the desorption cycle. For production of

ethylene as a feedstock for polymerization purposes, the required

purity level is 99.5%+. From Fig. 16, we can determine the time

interval, Dsdes, for each of the MOFs, during which the purity

level of C2H4 is 99.5%+. A material balance on the adsorber,

obtained by integrating the amount of 99.5%+ pure C2H4

collected at the exit during this time interval, Dsdes, can be

determined for each of the MOFs. Fig. 17 presents a plot of

99.5%+ pure C2H4 produced, per litre of the adsorbent, during
6 expressed as a function of (a) productivity of 99%+ pure C3H8, and (b)

a and T¼ 296 K. The choice of the partial pressures is dictated by the fact

a. The data for FeMOF-74 are at 318 K, and therefore considered to be

This journal is ª The Royal Society of Chemistry 2012



Fig. 20 IAST calculations of the C2H2/C2H4 adsorption selectivity

versus the volumetric uptake capacity of C2H2 for adsorption from C2H2/

C2H4 mixtures containing 1% C2H2. The partial pressures of C2H2 and

C2H4 are p1 ¼ 1 kPa and p2 ¼ 99 kPa, respectively.
the time interval, Dsdes, plotted as a function of the time interval,

Dsdes. From these results we note that the hierarchy of C2H4

production capacities, per litre of the adsorbent, is CoMOF-74 >

MgMOF-74 > CuBTC >NaX >NaETS-10 > PCN-16 >NOTT-

102 > UTSA-20. The good productivity of CoMOF-74 and

MgMOF-74 can be traced to the high uptake capacities. On the

other hand, we note that the high selectivity of NaETS-10 for

C2H4/C2H6 separation does not ensure its good productivity in

the PSA adsorber because of its limited capacity.

The results presented in Fig. 14 and 17 can be combined to

summarize the data on productivities of 99%+ pure C2H6 and

99.5%+ pure C2H4 by plotting the productivities against each

other. For separation at a total pressure of 100 kPa and a

temperature of 296 K, the data are summarized in the cross-plot

presented in Fig. 18a; also included here are calculations for

FeMOF-74 for which data are available at 318 K. FeMOF-74,

CoMOF-74 and MgMOF-74 clearly are the leading contenders

for separation of C2H4/C2H6 mixtures. Fig. 18b presents a plot of

the productivity of various MOFs for ethylene, expressed as a

function of Sads. We note that NaETS-10, with the highest value

of Sads, has a productivity that is only about a third of FeMOF-

74, CoMOF-74 and MgMOF-74.
Fig. 21 Transient breakthroughs of a C2H2/C2H4 mixture containing 1%

CoMOF-74. The total bulk gas phase is at 296 K and 100 kPa. The partial pre

p2 ¼ 99 kPa, respectively.
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7. Evaluation of MOFs for separation of C3H6/C3H8 mixtures

Let us consider the separation of binary C3H6/C3H8 mixtures

that is of importance in the context of production of polymer-

grade propylene, whose purity needs to be 99.5%+. For

comparison purposes, the performances of NaX zeolite60 and

FeMIL-10046 were also evaluated. The calculation procedure is

exactly analogous to that presented in the earlier section for

ethylene–ethane mixtures. The final comparison results for the

productivities of 99.5%+ pure C3H6 are presented in Fig. 19.

FeMOF-74, CoMOF-74, and MgMOF-74 have significantly

higher productivities than other materials such as NaX,60 and

FeMIL-10046 that have been suggested in the literature for this

propylene production.
8. Evaluation of MOFs for separation of C2H2/C2H4 mixtures

In steam cracking of ethane to produce ethylene, one of the

byproducts is ethyne. Ethyne has a deleterious effect on end-

products of ethylene, such as polyethylene. Therefore, recovery

or removal of ethyne from ethylene streams is essential because

the presence of ethyne at levels higher than 40 ppm will poison

the catalyst. The selective removal of ethyne is conventionally

carried out by absorption in DMF, which is energy-intensive.

Selective adsorption is an energy-efficient alternative.

Let us consider the separation of a binary C2H2/C2H4 mixture

containing 1%, i.e. 10 000 ppm, of C2H2 in the mixture. Fig. 20

presents the IAST calculations of the C2H2/C2H4 adsorption

selectivity versus the volumetric uptake capacity of C2H2 for

adsorption from C2H2/C2H4 mixtures containing 1% C2H2. The

highest adsorption selectivity is withM’MOF-3a, but its capacity

for adsorption of C2H2 is significantly lower than that of

MgMOF-74 and CoMOF-74.

We now compare the separation characteristics of different

MOFs for producing C2H4 containing less than 40 ppmC2H2. As

an illustration, Fig. 21 presents the transient breakthrough of a

C2H2/C2H4 feed mixture containing 1% C2H2 in an adsorber bed

packed with (a) MgMOF-74 and (b) CoMOF-74. From the

concentrations at the outlet of the adsorber, we can determine

the purity of C2H4 in the exit gas stream. Fig. 22 presents a plot
C2H2 mixture in an adsorber bed packed with (a) MgMOF-74 and (b)

ssures of C2H2 and C2H4 in the inlet feed gas mixture are p1 ¼ 1 kPa and

Energy Environ. Sci., 2012, 5, 9107–9120 | 9117



Fig. 22 ppm C2H2 in the outlet gas of an adsorber bed packed with

MgMOF-74, CoMOF-74, M’MOF-3a, and M’MOF-4a. The total bulk

gas phase is at 296 K and 100 kPa. The partial pressures of C2H2 and

C2H4 in the inlet feed gas mixture are p1 ¼ 1 kPa and p2 ¼ 99 kPa,

respectively.

Fig. 23 A plot of C2H4 produced, containing less than 40 ppm of C2H2,

per litre of the adsorbent, during the time interval 0–sbreak, plotted as a

function of the time, sbreak. The breakthrough time, sbreak, corresponds to
the exit gas containing 40 ppm C2H2.
of the ppm C2H2 in the outlet gas of an adsorber bed packed with

MgMOF-74, CoMOF-74, M’MOF-3a, and M’MOF-4a. The

breakthrough times, sbreak, corresponding to the exit gas con-

taining 40 ppm C2H2, can be determined. From a material

balance on the adsorber, the production of C2H4, with the

specified purity level, can be determined by integrating during the

time interval 0–sbreak. Fig. 23 presents a plot of the amount of

C2H4 produced, containing less than 40 ppm of C2H2, per litre of

the adsorbent, during the time interval 0–sbreak, plotted as a

function of the time, sbreak. The hierarchy of production capac-

ities is MgMOF-74 > CoMOF-74 > M’MOF-3a > M’MOF-4a.

The superior performance of MgMOF-74 and CoMOF-74 can

be traced to their high capacities to adsorb C2H2. M’MOF-3a

andM’MOF-4a have high selectivities but are subject to capacity

limitations.
Conclusions

Our study clearly demonstrates that microporous metal–organic

frameworks are very promising materials for separations of

light hydrocarbons. The separation capacities are dependent on

both the selectivities and hydrocarbon uptakes of the
9118 | Energy Environ. Sci., 2012, 5, 9107–9120
microporous MOFs. Although tuning the pore sizes, curvatures,

and porosities, to a certain extent, can adjust their separation

capacities, the open metal sites still play the most important

roles to differentiate their interactions with these light hydro-

carbons. Exploration of new microporous MOFs with high

density of open metal sites will be highly in need in the near

future for the efficient separation of light hydrocarbons. More

specifically, the following major conclusions can be drawn from

this study.

(1) For separation of CH4, with 99%+ purity, from an equi-

molar CH4/C2H2/C2H4/C2H6 mixture, the best materials are

CoMOF-74 and MgMOF-74.

(2) FeMOF-74, CoMOF-74, and MgMOF-74 are the best

MOFs for separation of an equimolar C2H4/C2H6 mixture for

production of two products: (a) C2H4 of 99.5%+ purity (as a

feedstock for polymerization), and (b) C2H6 of 99%+ purity.

(3) FeMOF-74, CoMOF-74, and MgMOF-74 are the best

MOFs for separation of an equimolar C3H6/C3H8 mixture for

production of two products: (a) C3H6 of 99.5%+ purity (as a

feedstock for polymerization), and (b) C3H8 of 99%+ purity.

(4) MgMOF-74, Co-MOF74, and M’MOF-3a are the three

best materials for selective removal of C2H2 from a C2H2/C2H4

mixture containing 10 000 ppm C2H2 to produce a C2H4 product

containing less than 40 ppm C2H2.

(5) MgMOF-74, FeMOF-74, and CoMOF-74 possess the

ability of ‘‘fractionating’’ an equimolar 4-component CH4/C2H2/

C2H4/C2H6 mixture to obtain each of the constituents in a nearly

pure form, and

(6) MgMOF-74, FeMOF-74, and CoMOF-74 possess the

ability of ‘‘fractionating’’ an equimolar 6-component CH4/C2H2/

C2H4/C2H6/C3H6/C3H8 mixture to obtain each of the constitu-

ents in a nearly pure form.

The overall conclusion that can be drawn from our study is

that FeMOF-74, CoMOF-74, and MgMOF-74 with high

density of open metal sites are versatile adsorbents that can be

used in all of the above-mentioned separation tasks, offering high

production capacities per litre of adsorbent materials used in a

PSA unit.
Abbreviations

Notation
L

This
Length of the packed bed adsorber, m
n
 Number of species in the mixture,

dimensionless
pi
 Partial pressure of species i in the mixture, Pa
pt
 Total system pressure, Pa
qi
 Component molar loading of species i, mol kg�1
qt
 Total molar loading in the mixture, mol kg�1
Qst
 Isosteric heat of adsorption, kJ mol�1
R
 Gas constant, 8.314 J mol�1 K�1
Sads
 Adsorption selectivity, dimensionless
t
 Time, s
T
 Absolute temperature, K
u
 Superficial gas velocity in the packed bed, m s�1
z
 Distance along the adsorber, m.
journal is ª The Royal Society of Chemistry 2012



Greek letters
3

This journal is ª T
Voidage of the packed bed, dimensionless
s
 Time, dimensionless
sbreak
 Breakthrough time, dimensionless.
Subscripts
i
 Referring to component i
t
 Referring to total mixture.
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