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a b s t r a c t

The newly developed MOF membrane ZIF-8 separates an equimolar ethene/ethane mixture at room tem-
perature for 1 and 6 bar feed pressure, respectively, with a selectivity of 2.8 and 2.4. Independent sorption
uptake studies of an ethene/ethane mixture on a big ZIF-8 single crystal by IR microscopy detection show
in combination with grand canonical Monte Carlo simulations that this moderate ethene selectivity of
the ZIF-8 membrane can be explained by the interplay of a preferential ethane adsorption selectivity
vailable online 8 December 2010

eywords:
OF membrane

IF-8 membrane
thene/ethane separation

competing with a preferential ethene diffusion selectivity. This means, that ethane adsorbs stronger than
ethene, but ethene diffuses faster and overcompensates the adsorption preference of ethane, resulting
in a membrane permeation selectivity for ethene.

© 2010 Elsevier B.V. All rights reserved.
R microscopy
CMC simulations

. Introduction

The paraffin/olefin separation by cryogenic distillation is one
f the most energy and cost intensive processes. Separation by
dsorption is an energy-efficient alternative. Two concepts can be
pplied: (i) the preferential uptake of the olefin under equilibrium
ondition e.g. by Cu modified adsorbents and (ii) the kinetic based
eparation by different diffusion rates, which result in the extreme
ase to steric size exclusion.

As a new type of nanoporous materials, metal–organic frame-
orks (MOFs) have been examined inter alia in their olefin/paraffin

eparation performance by adsorption [1]. By chlorine or bromine
unctionalization of organic linker molecules, the pore openings
f zeolitic imidazolate frameworks (ZIFs) could be fine-tuned. The
odification resulted in different diffusion rates – propene is

lightly smaller and hence is diffusing faster than propane – and
llowed kinetic separation of the mixture [2]. In contrary, cop-
er containing MOFs like Cu3(BTC)2 showed favored adsorption

f i-butene above i-butane, allowing the separation of the binary
ixture in packed bed adsorber [3]. For liquid C5 paraffin/olefin
ixtures, Cu3(BTC)2 shows a clear olefin selectivity as well [4].

∗ Corresponding author.
E-mail addresses: juergen.caro@pci.uni-hannover.de, caro@pci.uni-hannover.de

J. Caro).

376-7388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2010.12.001
Very recently, first MOF membranes with selectivities higher
than the Knudsen selectivity have been developed [5–12]. In our
recent works, we focused on the development of thermally stable
and steam resistant ZIF membranes like ZIF-7 [13–15], ZIF-8 [16]
and ZIF-22 [17]. Despite pioneering works in the field of computer
modeling to predict separation behavior of MOF adsorbents [18]
and membranes [19], the experimental separation factors often dif-
fer considerably from the predictions [20]. These deviations might
be correlated to the framework flexibility of the MOFs.

The in situ study of sorption uptake/desorption of guest
molecules on large MOF or zeolite crystals detected by IR
microscopy (IRM) supported by theoretical studies by grand canon-
ical Monte Carlo (GCMC) simulations appears to be a powerful
tool for determining loading dependent transport diffusion coef-
ficients under mixed gas conditions [20,21]. Using the well-known
relationship “permeability = mobility × solubility” as a rough esti-
mation, the membrane selectivity can be expressed as the product
of a diffusion and adsorption selectivity [22]. Here, we study
ethene/ethane separation on a supported ZIF-8 membrane and give
a molecular interpretation of the adsorption and diffusion contri-
butions from GCMC supported IRM (GCMC-IRM) studies on large
ZIF-8 single crystals.
2. Experimental

As recently reported, continuous ZIF-8 layers can be grown as
membrane on-top of porous titania supports [16]. However, the

dx.doi.org/10.1016/j.memsci.2010.12.001
http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
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Fig. 1. Cross-section of th

iscoid titania supports of 1 mm thickness turned out to be too
rittle for application at pressures difference across the membrane
3 bar. Hence, in this work a special composite support (Fraun-
ofer IKTS, Germany) consisting of a smooth titania layer on top
f a mechanically strong alumina support was used for membrane
reparation.

A typical synthesis solution contains 0.538 g (3.95 mmol) zinc
hloride (>99% Merck), 0.486 g (5.92 mmol) 2-methylimidazole
>99%, Sigma–Aldrich) and 0.268 g (3.95 mmol) sodium formate
>99%, Sigma–Aldrich) solved by ultrasonic treatment in 80 ml

ethanol (99.9%, Roth). The solution together with the calci-
ated support was heated in a microwave oven for 4 h at 100 ◦C

orming ZIF-8 with the sum formula Zn2+(mim−)2 (mim− = 2-
ethylimidazolate). After synthesis the ZIF-8 membrane was

leaned with methanol and dried at room temperature overnight.
or permeation measurements the membrane as shown in Fig. 1 is
ounted in a permeation cell (cf. [16]).
Permeation measurements were carried out with two

ifferent methods. Pressure dependent permeation of an
quimolar ethene/ethane gas mixture was measured by the
icke–Kallenbach technique, permeate below the membrane was

arried by a sweep gas to a gas chromatograph (HP Agilent 6890N
ith thermal conductivity detector), equipped with a HayeSep
packed column (15 ft. 1/8 in.). In addition, pure component

ermeation measurements were carried out at fixed feed pressure
f 6 bar and atmospheric pressure (1 bar) on the permeate feed.
he single gas permeation was performed without sweep gas and
he flow rate was measured by bubble counter. Ideal and mixture
eparation factors were calculated following IUPAC definitions
23].

By IRM the time-resolved sorption uptake of the single gases and
f the components of the binary mixture on a large ZIF-8 single crys-
al as shown in Fig. 3 is studied. The large ZIF-8 single crystals were
rown similarly like the ZIF-8 membrane with the same stoichio-
etric ratio of the starting chemicals but using diffusion-controlled
ixing of the chemicals. Zinc chloride and 2-methylimidazole

issolved in methanol were given into an autoclave. Sodium for-
ate in methanol, however, was contained in a PTFE container
nside this autoclave. Both solutions were able to counter-diffuse
hrough an opening in the PTFE container of ∼1 cm2. After heat-
ng the autoclave to 140 ◦C for 24 h in an air conditioned oven,
arge crystals could be collected from the inner of the PFTE
ontainer.
ported ZIF-8 membrane.

The gas uptake by the crystal is realized by only small step-
changes of the gas phase to reduce the loading dependency of the
diffusivity. The loading steps were less than 5% of the total load-
ing for this temperature and, therefore, a constant diffusivity can
be assumed for this “differential loading step”. By fitting the sorp-
tion uptake curves with appropriate solutions of Fick’s second law
(spherical geometry, constant diffusivity, constant boundary con-
ditions as given by Crank [24]), diffusion coefficients of ethane
and ethene as pure component as well as in the mixture could
be derived. The sorption uptake/desorption curves represent the
relative loading averaged over the whole crystal under study as
a function of time (for details see Refs. [20,21]). Furthermore,
when measuring the time and space resolved IR absorbance, IRM
provides the concentration profiles during ad/desorption as addi-
tional information. From these profiles (not shown here) we could
state that sorption uptake/desorption is controlled by intracrys-
talline diffusion and not by surface barriers. The diffusivities thus
determined without any corrections are called “transport diffusion
coefficients DT” (DT in Figs. 5 and 6). IRM makes it possible to dis-
tinguish the relative amounts of the adsorbed ethene and ethane
as pure component as well as in mixture. Therefore, IRM allows
the determination of transient adsorption and diffusion data for
the components of a mixture. Using IRM, isotherms from individ-
ual crystals were obtained in relative units of the absorbance, and
additional data are necessary for calibration in order to convert
the arbitrary absorbance units into absolute amounts of adsorbed
molecules. GCMC simulations have proven to be an accurate tool
[25–27] for the prediction of adsorption isotherms. Very recently,
we have shown GCMC data for ZIF-8 including pure component
ethane and ethene [20]. For the calibration of IRM this GCMC data
was used, by scaling the loading axis of the IRM sorption isotherm
to the best visual fit with the GCMC sorption data.

3. Results and discussion

For the correlation of the permeation selectivity with the GCMC-
IRM diffusion and adsorption data, it has to be ensured that only the
ZIF-8 layer on-top of the macroporous support controls the perme-

ation. Hence, a relative thick ZIF-8 layer of about 25 �m has been
prepared on top of the asymmetric titania support (Fig. 1). However,
it should be noted that using secondary growth crystallization, ZIF-
8 membrane layers with a few �m in thickness can be realized
[13].
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Fig. 3. Large ZIF-8 crystal with typical rhombic dodecahedral shape as used for IRM
uptake/desorption measurements.

Table 1
Extended dual-site Langmuir model and parameters for ethene and ethane single
gas isotherms (units: p in mbar, q in molecules/cage).

Equation q = A k1 ·px

1+k1 ·px + B k2 ·p
1+k2 ·p

Parameter A = 9, B = 3, k1 = 1.93004 × 10−4, k2 = 1.95071 × 10−6, x = 1.1100

curves from their binary mixtures. Atleast in the measured pres-
sure range, ethene and ethane diffusivities are independent of the
molar compositions of the gas mixtures i.e. the diffusivities for
ethene and ethane from the mixtures of the ethene/ethane com-
artial pressure difference (for equimolar composition this is 1/2 feed pressure) and
or pure component from the total pressure difference (�p = 5 bar).

Fig. 2 shows the pressure dependency of the ethene/ethane sep-
ration factor ˛ for the equimolar gas mixture measured by the
icke–Kallenbach technique. A slight decrease in ˛ from 2.8 to

.4 with increasing feed gas pressure can be observed. In addi-
ion, from the pure component permeation measurements without
weep gas, an ideal separation factor of 4.2 as the ratio of the ethene
ux (1.24 ml cm−2 min−1) and the ethane flux (0.29 ml cm−2 min−1)
an be calculated. There are various reasons for the difference in
eparation efficiency between the pure component measurements
nd the mixed gas ones. First of all, both experiments were carried
ut under different conditions. Although for both experiments a
otal feed pressure of 6 bar was applied, for the mixture each gas
nly has a partial pressure of 3 bar. In the linear Henry region of
he adsorption isotherm, equal pressure differences �p result in
qual concentration differences �c in Fick’s first law. Hence, in
he Henry region experiments with and without sweep gas are
enerally comparable when �p is equal. However, in our case
oth experiments were carried out significantly beyond this region.
ence, a direct relation of both experiments is not valid, since for
oth cases different �c were present. In addition, the interplay of
dsorption and diffusion effects such as mutual pore blocking as
ell as guest–guest interactions can highly influence the separation

fficiency of gas mixtures in relation to the pure components.
The ethene selectivity of the ZIF-8 membrane can be understood

n detail on the basis of the independent GCMC-IRM studies on a
arge ZIF-8 single crystal (Fig. 3). As shown in Fig. 4a, the pressure
ependence of the amount adsorbed is captured well by both GCMC
nd IRM and, therefore, the adsorption data coincide, which make
t possible to combine both techniques as explained in Section 2.
ig. 4b–d shows the increase in loading with increasing gas phase
ressure for both single and mixed gas adsorption. Fig. 4b and c
hows for the ethene/ethane mixtures of the compositions 1.9:1
nd 1:1.5, that the mixture adsorption can be described very well by
he ideal adsorption solution theory (IAST) [28]. The IAST data were

alculated from an extended dual-site Langmuir fit of the single
as isotherms, the corresponding equation and parameters can be
ound in Table 1.
ethene
Parameter
ethane

A = 8, B = 3, k1 = 4.46609 × 10−4, k2 = 8.40412 × 10−6, x = 1.1231

Although hard to see in pure component isotherms, ethane is
notably stronger adsorbed compared to ethene. In mixture adsorp-
tion, the favored adsorption of ethane above ethene is much more
obvious. For the ethene-rich mixture (ethene:ethane = 1.9:1) equal
amounts of ethene and ethane are found in the adsorbed phase.
For the ethene-poor mixture (ethene:ethane = 1:1.5) remarkably
higher amounts of ethane are adsorbed. At first this finding of
the preferential ethane adsorption in comparison with the ethene
one seems surprising. However, for cation-free non-polar pore sys-
tems without specific interactions a thermodynamic selectivity for
the adsorption of ethane over ethene is a common experimental
finding1 [29–31]. Whereas for the pure components, the amount
of adsorbed ethane is only 5–10% higher than that of ethene (cf.
Fig. 4a), for ethane-rich mixtures ethane is enriched by the factor
of two in the adsorbed phase (cf. Fig. 4b). We cannot explain this
experimental finding because of the quite similar Lennard–Jones
parameters. Fig. 4d shows for the equimolar ethene/ethane mixture
that the amount of adsorbed ethane is almost twice that of ethene.
The pressure dependent adsorption selectivity can be obtained
from the IAST model of an equimolar ethene/ethane mixture by the
ratio of the adsorbed concentrations. For example, at a total pres-
sure of 6 bar, 4.6 molecules ethane and 2.5 molecules ethene are
adsorbed per cavity, giving a total loading of 7.1 C2 molecules/cage
and an ethene/ethane adsorption selectivity of around 0.5.

Fig. 5 shows the loading dependent transport diffusion coeffi-
cients DT as obtained from the ethene and ethane sorption uptake
1 In a recent paper on ethane and ethane adsorption on ZIF-7, the preferred ethane
adsorption is explained by a gate-opening mechanism [41].



H. Bux et al. / Journal of Membrane Science 369 (2011) 284–289 287

1001010.10.01
0

1

2

3

4

5

6

7

8

9

10

ZIF-8, 298 K

c 
/ m

ol
ec

ul
es

/c
ag

e

p / bar

 C
2
H

6
 (IRM)

 C
2
H

6
 (GCMC)

 C
2
H

4
 (IRM)

 C
2
H

4
 (GCMC)

80006000400020000
0

2

4

6

8

10

ZIF-8, 298 K (IRM)

gas mixture (1:1.5 C
2
H

4
:C

2
H

6
)

 C
2
H

6
 (  IAST)

 C
2
H

4
 (  IAST)

 sum (IAST)

c 
/ m

ol
ec

ul
es

/c
ag

e

p / mbar

single components

 C
2
H

6

 C
2
H

4

80006000400020000
0

2

4

6

8

10

ZIF-8, 298 K (IRM)

c 
/ m

ol
ec

ul
es

/c
ag

e

p / mbar

gas mixture (1.9:1 C
2
H

4
:C

2
H

6
)

 C
2
H

6
 (  IAST)

 C
2
H

4
 (  IAST)

 sum (IAST)

single components

 C
2
H

6

 C
2
H

4

80006000400020000
0

2

4

6

8

10

ZIF-8, 298 K (IRM + IAST)

c 
/ m

ol
ec

ul
es

/c
ag

e

p / mbar

gas mixture (1:1 C2H4:C2H6)

 C
2
H

6
 (IAST)

 C
2
H

4
 (IAST)

 sum (IAST)

single components

 C
2
H

6

 C
2
H

4

a b

c d

Fig. 4. (a) Ethene and ethane isotherms from pure component sorption uptake studies on a large ZIF-8 single crystal as shown in Fig. 3 were recorded by IRM at room
temperature and calibrated by GCMC isotherms. (b and c) The GCMC-IRM mixture isotherm
computed by IAST (full lines). Composition of the ethene/ethane mixtures: 1:1.5 (b) and 1
1:1 ethene/ethane mixture as derived from IAST.

876543210

1E-11

1E-10

1E-9

single component
 C2H4

 C2H6

D
T 

/ m
2 s

-1

c / molecules/cage

gas mixture (C2H4:C2H6)

C2H4 (1:1.5)    C2H4 (1.9:1)

C2H6 (1:1.5)    C2H6 (1.9:1)

Fig. 5. Transport diffusion coefficients DT at T = 298 K of ethene and ethane from
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Calibration of the IRM by GCMC.
s are compared with the partial ethene and ethane loadings for mixture adsorption
.9:1 (c). (d) The single gas adsorption data and the calculated partial loadings for a

positions 1.9:1 and 1:1.5 coincide. In particular at low loadings,
ethene diffuses around 5 times faster than ethane. However, with
increasing loading ethane becomes more mobile. At a loading of 7.1
C2 molecules/cage (partial loadings of 2.5 ethene and 4.6 ethane
molecules/cage), the transport diffusion coefficient of ethene is
found to be 2.7 times higher than that one of the ethane. Multi-
plying the ethene/ethane adsorption selectivity (0.5) and diffusion
selectivity (2.7), a total membrane selectivity of 1.4 is predicted for
the ethene/ethane separation on a ZIF-8 membrane. This somewhat
underestimates the measured ethene/ethane mixture separation
factor of 2.4 for an equimolar mixture at 6 bar (cf. Fig. 2). The deriva-
tion might be – at least partially – due to the highly simplified
model, based on the Fick’s first law assuming a constant diffusion
coefficient and a linear concentration gradient. While assuming a
linear concentration gradient might be appropriate, the diffusion
coefficients however highly depend on loading (Fig. 5). It should be
noted that the diffusion selectivity of ZIF-8 can be obtained as well
exclusively by simulations as shown for ZIF-8 in comparison to the
8-ring window zeolites LTA, CHA, DDR [32] (Fig. 6).

In Fig. 7, some approximations are shown which account for the
loading dependency of the diffusion coefficients in a rather simple

way. Approach 1 refers to the above mentioned calculation method
of choosing diffusion coefficient on the feed side of the membrane.
In approach 2, we used the averaged loading at the feed and per-
meate side to determine the diffusion coefficient. While approach 1
leads to a slight underestimation, approach 2 slightly overestimates
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ig. 6. Transport diffusion coefficients DT at T = 298 K as derived from sorption
ptake experiments of the single gases ethene and ethane on a large ZIF-8 single
rystal as shown in Fig. 3 with IRM detection. The relationship between loading and
as pressure follows from Fig. 4. Calibration of the IRM by GCMC.

he separation factor at higher loadings. For both approaches, the
eason for the deviation is the sudden increase in the ethane and
thane diffusivities at a loading of around four C2 molecules/cage.
n contrast, the ethene/ethane adsorption ratio (adsorption selec-
ivity) remains almost constant over the whole pressure range. For
pproach 1, this leads to a rapid drop in ethene/ethane separation
actor, since the diffusivity of ethane increases somewhat faster
ith increasing loading as the diffusivity of ethene. The averaged

oncentration, used in approach 2, stays below the concentration
f four C2 molecules/cage and, hence, does not include the diffusiv-
ty increase at this concentration. This approach predicts a nearly
onstant separation factor. Apparently, both approximations fail in
escribing the real situation accurately. In a third approach, the

veraged diffusion selectivity calculated from the diffusion selec-
ivity at the feed and permeate side is used, which seems to fit
uite good with the experiment. Although the decrease in diffusion
electivity on the feed side at high pressure is included, due to the
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averaging with the constant diffusion selectivity of the permeate
side, the drop in separation factor it is less rapid. This well working
approach of a diffusivity at the average concentration similar to the
one of Crank [24], who suggested to use an average diffusivity over
the relevant range of concentration.

In addition to the interpretation and correlation of the mix-
ture behavior so far discussed in this paper, the single component
permeances can be predicted with sufficient accuracy from the
GCMC-IRM single gas adsorption and diffusion data. In single gas
permeation, ethene and ethane fluxes of 1.24 ml cm−2 min−1 and
0.29 ml cm−2 min−1 have been measured at room temperature for
pressure differences of 5 bar (6 bar on the feed and 1 bar on the per-
meate side). Following Fick’s first law with ji = −Di grad ci the fluxes
ji of ethene and ethane through the membrane can be roughly esti-
mated from the single gas GCMC-IRM data and compared with the
above permeation measurements. The concentration gradient grad
ci is approximated by the concentration difference �ci between the
loadings of the ZIF-8 on the feed side at 6 bar and on the perme-
ate side at 1 bar divided by the membrane thickness of 25 �m and
assuming a u.c. volume of 4905.3 Å3 [20] or 4900 Å3 [33].

From Fig. 4, the concentration differences �ci between the
ethene and ethane loading under aforementioned conditions are
4.2 and 2.9 molecules/cage,2 respectively. Assuming an aver-
age loading of 4.6 molecules ethene/cage and 5.7 molecules
ethane/cage, pure component diffusivities Di of 1 × 10−10 m2 s−1

for ethene and 3.9 × 10−11 m2 s−1 for ethane are obtained from the
loading dependency of diffusivity in Fig. 6. With this approximation,
we estimate an ethene flux of 1.70 ml cm−2 min−1 and an ethane
flux of 0.46 ml cm−2 min−1 which are near to the measured data.

This quite consistent picture of C2 adsorption and diffusion
in ZIF-8 single crystals and through membranes derived from
membrane permeation, IRM adsorption/desorption and GCMC
calculations is rather surprising. Similar correlations for zeolite
membranes but using much more qualified models predicted
much higher membrane fluxes than really measured e.g. using the
Maxwell–Stefan-based models for silicalite-1 membranes [34,35]
and for DDR membranes [36]. One reason for the fact that our sim-
ple approach works well might be that the ZIF-8 membrane layer
shown in Fig. 1 consists of larger crystals with a low contribu-
tion of mass transport via grain boundaries in comparison with
zeolite membranes. From the time and space resolved concentra-
tion profiles (not shown here) it can be concluded that sorption
uptake/desorption is controlled by intracrystalline diffusion rather
than by a surface transport resistance caused by an amorphous sur-
face layer as it was found for Zn(tbip) – as a less stable MOF structure
towards chemical degradation in comparison to ZIF-8 [37,38]. In
another recent study on large FAU “single” crystals it was found
that internal twin planes running through the crystal can reduce
the translational mobility [39].

4. Conclusions

Membrane selectivities can be predicted with sufficient accu-
racy as the product of adsorption and diffusion selectivity. Both
can be obtained from sorption uptake experiments on large single
crystals by IR microscopy. We demonstrated this procedure for the
ethene separation from an equimolar ethene/ethane mixture for
different feed pressures at room temperature. At 6 bar feed pres-

sure, the product of the ethene/ethane adsorption selectivity (0.5)
and diffusion selectivity (2.7) gives an estimated permeation selec-
tivity of 1.4 which is near to the measured ethene/ethane selectivity
of 2.4. We ascribe this underestimation mainly to the assumption

2 u.c. corresponds to 2 cages (cf. [20,33]).
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f constant diffusion coefficients in the simple model. However,
sing averaged loading to determine diffusion coefficients or by
alculating the averaged selectivity of feed and permeate side,
he underestimation could be compensated. Furthermore, based
n the diffusion coefficients and loadings derived from sorption
ptake studies with IR detection, the single gas fluxes of ethene and
thane could be predicted with sufficient accuracy following Fick’s
rst law. The good agreement might indicate that in the case of
IF-8 inner transport barriers, like crystal defects and grain bound-
ries, as well as outer barriers like surface resistances, only slightly
nfluence the macroscopic mass transport through the membrane.
he preferential ethene diffusion competes with the preferential
thane adsorption thus reducing the ethene selectivity of the ZIF-8
embrane. The phenomena of opposed diffusion and adsorption

electivities might however be resolved by the very unique hybrid
rganic–inorganic character of ZIFs or MOFs in general. Functional-
zation of linker molecules – even post-synthesis [40] – might allow
ontrolling interactions with olefins to improve the ethene/ethane
dsorption selectivity of ZIFs.
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