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Mixed matrix membranes (MMMSs) containing various amounts of the metal-organic framework
(MOF) Cu3BTC; as filler in P84 were characterized in terms of their ethylene and ethane separating
performance. Previous research showed that especially the use of the MOF CusBTC, improves the
ethylene/ethane separating ability due its selective interaction with the olefin. Although the ethylene
permeability remained constant, the ethylene/ethane permeability selectivity significantly increased to
a value of 7.1 with increasing CusBTC, loading. Experiments show that the ethylene solubility
coefficient increased from 1.0 to 2.9 x 103 mol/(m3 Pa) with increasing CusBTC, loading up to
20 wt%. Since the ethylene permeability coefficient remained constant at 17 x 10~ '® mol m/(m? s Pa)
with increasing CusBTC, loading, the ethylene diffusion coefficient was calculated to decrease by a
factor of three. Evaluation of the reason for the strong increase in permeability selectivity with
increasing CusBTC, loading revealed that this is the result of an increase in diffusion selectivity by a
factor of two. These results suggest immobilization of ethylene inside the MOF particles as the result of

strong ethylene-copper(Il) MOF interactions.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Ethylene is one of the most important components in the
petrochemical industry and used as resource for many products [1].
Due to their rather similar boiling points, both ethane and ethylene
accumulate in the same naphtha fraction and highly selective
separation processes are required to obtain high purity ethylene.
Currently, distillation is used, which is an energy intensive process.
Although membrane technology is a potential alternative, due to
the Robeson permeability—selectivity tradeoff, polymer membrane
performance is not sufficient yet and has to be improved to be an
economically interesting alternative [2-4]. Addition of metal-
organic framework (MOF) particles as additive to polymer mem-
branes has already shown that permeability and selectivity can be
simultaneously increased [5-11], but very little is known about the
effect of these particles on the mechanism of gas transport and
separation inside mixed matrix membranes (MMMs). Adams et al.
studied the effect of CuTPA particles in PVA MMMs on not only the
permeability and selectivity of various gasses, but also on the
diffusion coefficient [12]. It was found that the diffusion coefficient
decreased when particles were added as a result of penetrant
immobilization. Unfortunately, only single gasses were tested and
only low feed pressures ( <5 bar) were considered.
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This paper will thoroughly study the effect of the use of the
MOF Cu3BTC, [13] as additive in polymeric MMMs based on P84
on the ethylene and ethane transport properties. The structural
formula of P84 can be found elsewhere [14]. CusBTC, was chosen
as previous research [15] showed that especially the use of this
Cu(Il) MOF showed selective interaction with the olefin and as
such enhanced the separating ability of the membranes. Here we
extend this study and elucidate the mechanism of the improved
performance in terms of solubility, diffusion and permeability
coefficients. We investigate the effect of the MOF loading on these
properties. In addition, the effect of the feed pressures on the
performance is investigated, to reveal the effect of the addition
of MOFs on the high pressure stability of the polymer membranes.

2. Theory
2.1. Sorption

In order to examine the transport properties in MMMs, two
aspects have to be considered. First, static sorption experiments
can reveal the maximum sorption capacity of a certain gas in a
polymer, which helps to understand why MOFs can enhance the
performance of MMMs compared to native polymer membranes.
Second, dynamic sorption experiments reveal information on the
kinetics of the sorption behavior from which diffusion coefficients
can be determined.
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2.2. Static sorption

Gas sorption in glassy polymeric membranes can be described
by the dual mode sorption model [16], which assumes two
different sorption mechanisms to take place simultaneously:
Sorption directly proportional to the pressure following Henry’s
law, and Langmuir sorption, which relies on a hole-filling
mechanism. In that case, the gas concentration inside the mem-
brane, C (kmol/g), can be described by Eq. (1):

Cyxbxp

C=kp xp+ 15D p

(1)
where kp is Henry’s constant (kmol/(g bar), p the pressure (bar),
C'y the Langmuir capacity constant (kmol/g) and b the Langmuir
affinity constant (1/bar). When gas mixtures are used or when the
single gas parameters of two gasses are known, the two compo-
nent dual-mode sorption can be applied if competitive sorption
takes place and both gasses show dual mode sorption behavior.
The concentration of component i (C; (kmol/g)) inside the mem-
brane is described by:

Chi x bi x p;
1+ (bi x p;) + (bj x pj)

where kp; is Henry’s constant (kmol/(g bar)), p; the partial pres-
sure (bar), C'y; the Langmuir capacity constant (kmol/g) and b; the
Langmuir affinity constant (1/bar) for component i and b; and p;
the Langmuir affinity constant (1/bar) and the partial pressure
(bar) of component j, respectively. When multiple molecules
adsorb on a single site, which often happens in case of metals,
the Sips sorption model can be applied, which is a combination of
Langmuir and Freundlich sorption, and is described by [17]:

2
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where C’s (kmol/g) is the Sips capacity constant (kmol/g), bs the
Sips affinity constant (1/bar), p the pressure (bar) and n (—) the
sorption intensity. Although Eq. (3) can be extended, analogous to
Eq. (2), into a two component system, it must be stressed that
even though single component Sips parameters can be accurately
obtained from Eq. (3), multi-component sorption behavior cannot
necessarily be predicted [18]. For this reason, Eq. (2) will be used
throughout this report to predict multi-component sorption data
in MMMs, while Eq. (3) will be used to create single component
isotherms in MOFs. More information on the sorption models can
be found elsewhere [19].

Once the concentration of a gas at a specific pressure is known,
the solubility coefficient S (cm?/(cm® cmHg)) is defined by:

S=- 4
D (€]

2.3. Dynamic sorption

Diffusion coefficients can be determined from dynamic sorption
experiments. The analytical solution for gas diffusion D (cm?/s), in
uniform spherical particles, was given by Crank [20]:
me 6 1 4Dn?n?t

where m, is the mass uptake (g) of a gas at time t (s), m., mass
uptake (g) at infinite time and d the particle diameter (cm).
The diffusion coefficient can be accurately obtained given that
the diffusion is constant and obeys Fick’s laws throughout the
entire experiment. Similar to Eq. (5), Crank showed that the Fickian

6))

mass uptake, in a polymer film, can be written by Eq. (6):

mt D2n+1)*n%t
= § : 6
(2n+1) [ 12 } ©

where [ is the film thickness (cm) [21]. For both Egs. (5) and (6) it is
assumed that the gas concentration at the start of the experiment
is 0 and that it is instantaneously increased after which there is a
homogenous vapor phase concentration in equilibrium with the
surface of the material. Berends and Hopfenberg showed that the
model could also account for non-Fickian relaxation controlled
swelling which often occurs in glassy polymers [22]:

me DR2n+1)*n2t
E_mm{ _n22(2n+1) { P ”

n=0

+ i me; {1 — exp (— TL)} 7)
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where mg, is the contribution of Fickian mass uptake at infinite
time, m,; the contribution of mass uptake due to additional
relaxation i and 7,; is the characteristic time for relaxation i (s).
Usually it is sufficient for glassy polymers to describe m,/m_, by the
addition of two relaxation regimes. It is assumed that the mass
uptake of the relaxation regimes is independent of the Fickian
sorption and both take place at different time scales. If the
difference in timescale between the Fickian diffusion and the first,
fast relaxational regime is too short, it is impossible to separate the
two processes. To overcome this problem, membranes with a
sufficiently low film thickness have to be selected to allow the
Fickian mass uptake to be completed quickly. On the other hand, if
the film thickness is too low, the Fickian mass uptake happens so
quickly that it cannot be accurately measured as a result of
instabilities in the electronic signal of the magnetic suspension
balance caused by temperature fluctuations [23]. Given these
difficulties, an appropriate film thickness has to be chosen to
obtain reliable diffusion coefficients.

In case of MMM, it is assumed that the film is a homogeneous
layer in which all gas adsorbs equally. Although this assumption
is by definition not valid for MMM, it enables the observation of
trends in the diffusion coefficient and this will yield insights in
the transport behavior of MMMs. Alternatively it is possible to
make a model which more accurately resembles the MMMs by
separating the mass-uptake in a linear contribution of a fractional
ethylene uptake by both the polymer and the CusBTC,. However,
by doing so, it proved to be impossible to gain accurate diffusion
coefficients in CusBTC, particles for a number of reasons. First, the
size distribution of the particles proved to be quite broad which
would allow discussion for the validity of Eq. (5). A similar
argument can be made regarding the instantaneous pressure
increase, which does not occur inside the membrane where the
Cu3BTC, particles reside. Additionally, the mass uptake in and on
the particles might be limited by the presence of polymer
material around the CusBTC, MOF. Lastly, a distinct contribution
of the mass uptake of the CusBTC, particles in the 10 wt% MMM
was too low, causing correlation between the fitting parameters,
like the ethylene diffusion coefficients in the polymer and in the
particles.

2.4. Gas permeation

Gas permeation through a dense membrane takes place
according to the well-known solution-diffusion mechanism [24]:

Pi = Si X D,‘ (8)
where the permeability coefficient P; in Barrer (1 Barrer=10"1°

cm?(STP)cm/(cm? s cmHg)=3.34 x 10~ ' mol mj(m?s Pa)) is the
product of the solubility coefficient (S;) (cm?(STP)/(cm® cmHg) and
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the diffusion coefficient (D;) (cm?/s) of component i. The selectivity of
a gas pair is the ratio of their permeability coefficients:

P; (D S;
=R (Hj) x (i) @

where Dy/D; is the diffusion selectivity and S;/S; the solubility
selectivity of components i and j, respectively. Diffusion coefficients
increase with decreasing penetrant size, increasing polymeric
fractional free volume, increasing polymer chain flexibility, increasing
temperature and decreasing polymer-penetrant interactions [25].
On the other hand, solubility coefficients increase with increasing
polymer-penetrant interactions, decreasing temperature and increas-
ing condensability of the penetrant.

3. Experimental
3.1. Materials

The matrix polymer Lenzing P84 polyimide (325 mesh,
STD) was supplied by HP Polymer GmbH, Austria. N-methyl-2-
pyrrolidone (NMP, 99% extra pure) was supplied by Acros Organ-
ics, Belgium, whereas the MOF copper benzene-1,3,5-tricarbox-
ylate (CusBTC;) was obtained from Sigma-Aldrich (Basolite C300).
A binary gas mixture of ethylene/ethane (80/20 + 0.4 v/v%) was
used for gas permeation experiments and supplied by Praxair, the
Netherlands. All chemicals were used as received.

3.2. Membrane preparation

3.2.1. Native P84 membranes

Before use, P84 polyimide powder was dried in a Heraus
Instruments Vacutherm vacuum oven at 100 °C overnight. 15%
(w/w%) P84 was dissolved in NMP and stirred at room tempera-
ture overnight, after which it was filtered through a 15 pm metal
filter and degassed using an ultrasound bath for at least 30 min.
The filtered and degassed solution was cast on a glass plate using
a 0.47 mm casting knife. The remaining film was dried at room
temperature under nitrogen for at least three days. Subsequently,
the membrane was dried in a WTC Binder oven at 150 °C and
nitrogen flow for 24 h. Finally, the dried membrane was peeled off
from the glass plate and dried in an oven at 60 °C under nitrogen
flow for at least three days.

3.2.2. Mixed matrix membranes

For MMM preparation, first a suspension of the MOF in NMP
was prepared by mixing a certain amount of CusBTC, in NMP.
This suspension was stirred for 1 h and subsequently sonicated
using a Branson 5210 ultrasound bath (40 kHz) for 15 min. After
that, 10% of the total amount of dry P84 powder to be added, was
mixed with the MOF/NMP suspension and stirred until comple-
tely dissolved. The remaining 90% of P84 powder was added
subsequently and the mixture was stirred at least overnight.
The suspension was degassed using an ultrasound bath for at
least 30 min. The remaining suspension was used for membrane
casting. Membranes were cast on a glass plate using a 0.47 mm
casting knife. The cast membrane was dried at room temperature
under nitrogen flow for at least two days, and subsequently in a
WTC Binder oven at 150 °C under nitrogen flow as well for 24 h to
remove residual solvent. The dried membrane was peeled off
from the glass plate and further dried in an oven at 60 °C under
nitrogen flow for at least three days. MMMs with 10, 20 and
40 wt% Cu3BTC, were prepared and used for the experiments.

All prepared membrane samples were cut into circles with a
diameter of 47 mm. The thickness of the final membranes, as

determined using an IP65 Coolant Proof digital Micrometer from
Mitutoyo, ranged between 45 and 69 pm.

3.3. SEM

Scanning electron microscopy (SEM) was used to investigate
the homogeneity of the MOF distribution throughout the MMMs
and compatibility between the MOFs and the polymer phase.
After freezing and subsequent breaking of the membranes, the
samples were dried in a vacuum oven at 30 °C overnight and
coated with a thin gold layer using a Balzers Union SCD040
sputtering device under argon flow. SEM images of the cross-
sectional membrane area using a JEOL JSM-5600LV Scanning
Electron microscope were taken. Data were processed using
Semaphore software.

3.4. TGA

The thermal stability of the native P84 membrane, the Cu3BTC,
MOF and the CusBTC,/P84 MMMs with various loadings was
performed using thermogravimetrical analysis (TGA) on a Perkin
Elmer TGA 4000. At least 5 mg of each sample was placed into a
small aluminum sample holder. First the sample was held at 30 °C
for 1 min. Finally, the sample was heated to 900 °C at a heating
rate of 20 °C per minute under a constant nitrogen flow of 20 mL
per minute.

3.5. DSC

To determine the glass transition temperature (Tg) of native
P84 and the Cu3BTC, MMMs, differential scanning calorimetry
(DSC) was performed on a Perkin ElImer DSC 8000. At least 2 mg
of each sample was collected in an aluminum sample holder.
The sample was held at 30 °C for 1 min after which it was heated
to the desired temperature. P84 polymer membrane samples
were heated to 400 °C, while the MMMs were heated till 350 °C
only at a constant heating rate of 100 °C per minute. After
reaching the end temperature, the sample was held for 1 min at
this temperature and then cooled down to 30 °C, again at a
cooling rate of 100 °C per minute. This cycle was repeated three
times, and only the data from the last heating scan were used to
determine the (T,), which is defined as the midpoint of the heat
capacity transition.

3.6. Gas sorption

Static and dynamic sorption measurements were performed
on a magnetic suspension balance (MSB) (Rubotherm). Static
sorption measurements allow determination of the sorption
isotherms and the capacity and affinity constants for CusBTC,
MOFs according to Eq. (1) and native P84 and MMM s according to
Eq. (3). Dynamic sorption measurements can be used to deter-
mine the diffusion constant of gas inside the CusBTC, MOFs using
to Eq. (5) and native P84 and the MMMs by means of Eq. (7).
The mass uptake of the sample (m,) was calculated according to
Eq. (10):

me = Wy — (Wo —Vix pgas) (10)

where wy is the weight of the sample (g) at zero sorption, V, is the
volume (cm? of the sample at time ¢ (s) and pgas is the density of
the gas (g/cm?). Archimedes principle was used to correct the
recorded weight (w; (g)) for buoyancy effects.
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3.6.1. Static sorption experiments

The pure ethylene and ethane concentration of gas in the
sample was calculated from the volume of the sample (calculated
from the density of the sample as determined using a Micro-
meritics AccuPyc 1330 pycnometer at 26.0 4+ 0.8 °C), the mass
uptake of gas of the sample, and the molar volume and molecular
weight of the gas. The molar volume of the gas was calculated
using the Peng-Robinson equation of state.

A minimum of 50 mg of sample was used. Before each sorption
run, the sample was degassed at 35 °C. A sorption run consisted of
a stepwise increase in pressure until equilibrium was reached.
When equilibrium was not reached within 24 h, a pseudo-
equilibrium was taken at 24 h. All measurements were performed
at a constant temperature of 35 +0.5 °C.

Mixed gas solubility selectivities in native P84 and MMMs
were calculated using single gas parameters and Eq. (2), while
taking into account the appropriate partial pressures during gas
permeation measurements (ethylene/ethane 80/20 v¥%).

3.6.2. Dynamic sorption experiments

To determine the diffusion coefficient of ethylene in P84,
Cu3BTC, MOFs and CusBTC, MMMs, dynamic sorption experi-
ments were performed. Before the start of each experiment, the
thickness of the membrane samples was measured and turned
out to be 47, 48, 58 and 69 pum for P84 with 0, 10, 20 and 40 wt%,
respectively. Prior to pressurization at 4 bar, the sample was
evacuated for 10h. Subsequently, the ratio of m,m., was
obtained as a function of time (s). Since in the case of membranes,
complete equilibrium could not be established within the time
scale of the experiment, in that case, the pseudo infinite mass
uptake after 14 h was used. The obtained data were fitted using
Eq. (7) to obtain the diffusion coefficients for the membrane
samples while Eq. (5) was used to obtain the diffusion coefficient
of ethylene in CusBTC, MOFs.

X1:588

3.7. Gas permeation

Gas permeation experiments using the constant volume, variable
pressure method with vacuum at the permeate side as described
elsewhere [26] were performed to evaluate the ethylene/ethane
separating ability of native P84 membranes and all CusBTC, MMMs.
Partial pressures higher than 1 bar were replaced by their corres-
ponding fugacities to correct for non-ideal behavior.

Alternating nitrogen and ethylene/ethane gas permeation
measurements were performed on the same membrane samples.
The nitrogen feed pressure was kept constant at 5 bar to inves-
tigate plasticization effects. The ethylene/ethane feed pressure
was increased from 5 to 10 bar and eventually to 15 bar.

For mixed gas experiments, both feed and permeate were
analyzed using a Varian 3900GC gas chromatograph equipped with
an Alltech Alumina F-1 60/80 packed bed column at 150 °C. Enough
permeate was collected to achieve a signal/noise (S/N) ratio of at
least 10. Mixed gas selectivity was calculated according to Eq. (11):

o Vi Yi
v Xi/xi

amn

where y; and x; are the downstream and upstream mole fractions of
compound j, respectively.

4. Results and discussion
4.1. Membrane characterization

4.1.1. SEM

The morphologies of the cross-sectional membrane areas are
investigated using SEM and shown in Fig. 1. A membrane made of
pure P84 shows nothing except a dense polymer layer of approxi-
mately 53 pm, as can be seen in Fig. 1a. Fig. 1b shows that when 10%
CusBTG; is added to the polymer matrix, a layer of CusBTC, and P84
forms at the bottom of the membrane. White circles indicate the

=139} X1, 5680 18um 5815\ 10/JAN/12Z

Fig. 1. SEM images of P84 MMMs with (a) 0 wt% Cu3BTC,, (b) 10 wt% Cu3BTC,, (c) 20 wt% Cu3BTC, and (d) 40 wt% Cu3BTC,. Particles are indicated by a white circle.
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location of particles. The MOF crystals deposit at the bottom of the
membrane during the membrane fabrication process when the
solvent evaporates, creating an inhomogeneous membrane. Fig. 1c
and d, with 20% and 40% CusBTC,, respectively, show an increasingly
thicker MOF-P84 layer with a decreasingly thinner pure P84 layer.

4.1.2. TGA

The effect of temperature on the degradation of native P84,
MMM s at various loadings of CusBTC, and pure CusBTC, MOFs is
shown in Fig. 2. The native P84 membrane (0% CuszBTC;) has a
weight loss of only 1.2% up to 175 °C. This is caused by evapora-
tion of adsorbed solvent. An additional 9.5% of the weight is lost
when the temperature is increased to 400 °C, which marks the
start of the degradation process. P84 has lost 46% of its original
weight at the final temperature of 900 °C.

Pure Cu3BTC, MOFs show a weight loss of up to 26% when the
temperature is increased to 200 °C. This indicated a loss of hydrated
water [13]. At 350 °C, CusBTC; loses 27% of its initial weight, which
marks the start of the degradation process that last till the final
temperature of 900 °C where only 32% of its initial weight is left.

The MMMs with 10, 20 and 40 wt% CusBTC, show similar
decomposition stages compared to the P84 membrane. When the
temperature is increased up to 175 °C, they suffer from a weight
loss of 1.3%, 3.2% and 5.7% due to the evaporation of hydrated
water, respectively. This increasingly higher weight loss is related to
the increased loading of hydrated Cu3zBTC, MOFs in the MMMs. Due
to CusBTCy’s hygroscopic property as shown in [13,15], MMMs
containing higher loadings of CusBTC, have higher concentrations
of water adsorbed. When the temperature is increased up to 400 °C,
an additional 12%, 18% and 27% of the starting weight is lost,
respectively. It is also visible that an extra decomposition stage
appears between 350 and 380 °C when compared to P84. This extra
stage is caused by the decomposition of CusBTC, particles since it
coincides with the CusBTC, decomposition temperature. Therefore
higher CusBTC; loadings in the MMM cause higher weight losses.
The degradation of the MMM continues, as the temperature is
increased to 900 °C, and a final weight loss of 50%, 54%, 68% is
recorded. This is a larger weight loss than the native P84 membrane
because of the additional CusBTC, added.

4.1.3. DSC

DSC analysis was performed on small pieces of P84 with 0, 10,
20 and 40 wt% Cu3BTC, to determine the glass transition tem-
perature and to investigate changes in chain flexibility when
MOFs are added to the polymer matrix. As shown in Table 1, the
T, of P84 is visible at 345 °C.

100 . . . .

80 .
& 601 0%
= -—10%

D 40- ~—20% |
= ~— 40%
AN
20 - CusBTC2 i
0

0 200 400 600 800 1000 1200
Temperature (°C)

Fig. 2. TGA of Cu3BTC, and P84 with various loadings of CuszBTC,.

Table 1
T of P84 MMMs with various CusBTC, loadings.

Polymer MOF type added MOF loading (wt%) Tg (°C)
P84 - 0 345
P84 Cu3BTC, 10 330
P84 Cu3BTC, 20 329
P84 Cu3BTC, 40 338

When 10 wt% CusBTGC; is added to the polymer matrix, a decrease
in T of 15 °C to 330 °C is visible. This decrease in T, is caused by
disruption of physical crosslinks between the polymer chains due to
the introduction of CusBTGC, crystals, which results in the formation
of a more flexible intermediate phase between the polymer and the
MOF. When the Cu3BTC, loading is increased to 20 wt%, the T,
remains constant within the experimental error of the experiment.
This suggests that the compatibility between the polymer and the
MOF phase is still satisfactory. However, when the MOF loading is
increased to 40%, the T, increases again to 338 °C, which implies that
there is less disruption of the physical crosslinks between the
polymer chains. The deposition of high loadings of CusBTC, limits
interaction between P84 and all of the MOF crystals. These results in
the possibility for P84 to form more physical crosslinks with itself
compared to a loading of 20 wt% as was the case in native P84. This
is expressed by a T, between the native P84 and the 20 wt% MMM
and even suggests the introduction of non-selective voids, as the
interaction between the two phases is reduced.

Since the T, of P84 is equal to the decomposition temperature
of CusBTC, as shown in Fig. 2, it is not possible to anneal the
membranes and erase their history. In order to obtain comparable
results, all membranes were fabricated such that all samples had
the same history. Differences in sample history can affect perme-
abilities and selectivities as the result of physical aging [27].

4.1.4. Static gas sorption

Static gas sorption measurements were performed to charac-
terize the sorption behavior of native P84 membranes and this is
shown in Fig. 3. A dual mode sorption isotherm can be observed
for both ethylene and ethane and the desorption data coincide
with the sorption isotherm. This lack of hysteresis suggests that
both ethylene and ethane do not induce plasticization in P84.
When both sorption isotherms of ethylene and ethane are fitted
with the dual-mode sorption model (Eq. (1)), the Henry’s con-
stants, the Langmuir capacity constants and the Langmuir affinity
constants can be obtained and these are shown in Table 2. The
low Henry constants for both ethylene and ethane indicate that
the major sorption mechanism inside P84 is Langmuir sorption
which takes place in the non-equilibrium excess volume occur-
ring in glassy polymers [16]. Addition of MOF particles to the
polymer matrix could affect and possibly disturb or alter this
excess volume. This will be investigated hereafter with static gas
sorption measurements in MMMs. The ideal ethylene/ethane
sorption selectivity of P84 is almost constant at 1.5 over the
whole fugacity range. This indicates that any form of selectivity
present in native P84 membranes is mainly governed by diffusion
selectivity. Therefore, enhancement of the solubility selectivity by
addition of MOFs in MMMs could greatly enhance the selectivity.

The effect of Cu3BTC; on the ethylene and ethane solubility in
MMMs with 10 and 20 wt% CusBTC, are shown in Fig. 4 as well as
the ethylene and ethane solubility in native P84 and pure
Cu3BTC, MOFs.

Since the MMMs contain both polymer and MOF particles, the
total amount of sorption is a combination of dual-mode and Sips
sorption. Fitting the data with a linear combination of Egs. (1) and
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Fig. 3. Sorption isotherms (closed symbols) of ethylene (circle) and ethane
(square) in native P84, corresponding desorption data (open symbols) and the
ideal ethylene/ethane selectivity of native P84 as function of feed fugacities.
Isotherms are fitted using the dual-mode sorption model (Eq. (1)).

Table 2
Fitted dual mode sorption and SIPS parameters in P84 with various wt% Cu3BTC,
of ethylene and ethane sorption isotherms.

Feed gas wt% CusBTC, Dual mode sorption model SIPS model

Ch b; kp Cs bs n

Ethylene 0 8.82 0.73 0.64 - - -
10 18.8 1.10 0.60 455 0.11 1.85
20 29.2 1.59 0.84 68.6 0.12 2.17
100 - - - 513 1.07 225

Ethane 0 14.9 0.24 0.00 - - -
10 239 0.47 0.11 26.6 039 1.07
20 314 0.92 0.20 355 072 1.13
100 - - - 337 1.16 0.85

(3) was not possible; there are too many variables in that case to
get non-correlated solutions. Therefore, to compare the obtained
results with the sorption in pure CusBTC, and native P84, the
sorption isotherms of ethane and ethylene in the MMMs were fitted
using both the dual mode sorption (Eq. (1)) and the Sips model
(Eq. (3)) separately, where it was assumed that the MMMs consisted
of one homogeneous phase. The obtained parameters for the dual
mode sorption model and the Sips model are shown in Table 2.
When the dual mode sorption parameters for different wt% of
Cu3BTC, are compared in Table 2, an increase with increasing
Cu3BTC; loading is visible for all parameters for both ethylene and
ethane. This implies that the addition of CuzBTC, increases the
maximum sorption capacity and the affinity towards ethylene
and ethane, but does not provide any additional sorption selec-
tivity, since the ideal sorption selectivity does not increase.
Similar to the comparison of the dual mode sorption para-
meters, the Sips parameters of the MMMs in Table 2 can be
compared to the Sips parameters of CusBTC, MOF. The maximum
sorption capacity, C’s, in 20 wt% P84 MMM is decreased by a factor
9 and 10 for ethylene and ethane, respectively, compared to the
sorption in pure Cus3BTC, MOFs. This reduction suggests that
approximately 10% of the MMM sorption capacity is caused by
the addition of MOFs, even though 20 wt% was added. This
difference can be explained by sorption limitations in the CusBTC,
particles due to the surrounding polymer. DSC experiments
shown in Table 1 showed that there is interaction between the
polymer phase and the CusBTC; particles up to 20 wt%. This might
reduce the sorption capacity on the outside of the MOF where
interaction with the polymer takes place, or limits the diffusion
into CusBTC,. The Sips affinity parameter of ethylene and ethane
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Fig. 4. Sorption isotherms of ethylene (closed) and ethane (open) in P84 with 0, 10
20 wt% CusBTC; and pure CusBTGC; particles (100%) as function of their corresponding
fugacities. Isotherms displayed were fitted using Eq. (1) for native P84 and MMMs
and Eq. (3) for pure Cu3BTC, MOFs.
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Fig. 5. Relative ethylene mass uptake (squares) as function of time. Solid black
line is the best fit using Eq. (7), which is broken down into individual contributions
of the Fickian, mF, (dash-dot line) first relaxational, mR1, (dot line) and second
relaxational, mR2, (dash line) contribution.

for the MMM is lower than that for pure CusBTC,, because 80 wt%
of the MMM consists of P84 which has low affinity towards
ethylene and ethane as is also shown in Table 2 for the dual-mode
sorption model of native P84. Finally, the sorption intensity for
ethylene decreases from 2.25 to 1.82 since the majority of the
membrane consists of P84, which is assumed to adsorb only one
molecule per sorption site according to the Langmuir model.

Addition of CusBTC, particles to the P84 membranes appears
to increase the maximum sorption capacity by a factor 2-3, while
the ideal ethylene/ethane sorption selectivity is not significantly
increased. Also, addition of CusBTC, particles might have an
influence on the diffusion coefficient, which will be discussed in
the next paragraph.

4.1.5. Dynamic sorption

Dynamic sorption experiments were performed to determine
the kinetic diffusion coefficients of the MMMSs with various wt%
CusBTGC,. It is important to verify whether all fitting parameters can
be accurately obtained with the given film thickness. Therefore,
data of a typical dynamic sorption experiment are shown in Fig. 5
and subdivided into its Fickian and relaxational contributions.
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Fig. 5 shows that both relaxational contributions mR1 and mR2,
can be separated from the Fickian mass uptake, which is necessary to
accurately determine the diffusion coefficient. In case individual
contributions would overlap, the fitted diffusion coefficient would
be dependent on other fit parameters and not reflect the actual value.
Although usually the relaxational contribution is a consequence of
the Fickian absorption, it can be seen that in this case, the Fickian
mass uptake continues while the first relaxational contribution is
completed. However, this phenomenon is attributed to nano-scale
defects or casting induced relaxed stresses in the polymer film, which
allow for additional mass uptake once the Fickian diffusion process
has started. Although this is technically not a relaxation process and
would require additional experiments to fully understand, it is not
relevant for the determination of trends of the Fickian diffusion
coefficient.

Fig. 6 shows the ethylene concentration in P84 MMMs with
various wt% of CusBTC,. As expected from the static sorption
experiments, higher loadings of CusBTC, in P84 allow higher
concentrations of ethylene to adsorb into the MMMs. It can also
be seen that the ethylene concentrations at pseudo equilibrium
are lower than reported in Fig. 4, which is due to variations in
sample history caused by different measurement protocols for
static and dynamic sorption measurements.

When the ethylene sorption in the MMMs is expressed in m,/
m.,, as a function of time, diffusion coefficients can be fitted using
Eq. (7). Based on these parameters, a theoretical permeability
coefficient can be calculated according to Eq. (8) and it can be
estimated what the theoretical effect of the added particles on the
ethylene permeability is supposed to be. The solubility and
diffusion coefficients of ethylene obtained from these dynamic
sorption experiments are shown in Table 3, as well as the
theoretical permeability in Barrer (Pg) and SI units (Ps).

Table 3 shows that the increase in solubility is accompanied by an
exponential increase in diffusion coefficient. As a result, the theore-
tical permeability coefficient of the CusBTC, MMMs is expected to
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Fig. 6. Concentration of ethylene in native P84 and P84 with 10, 20 and 40 wt%
Cu3BTC; as function of time.

Table 3

337

show an even stronger exponential increase. When the results are
investigated more closely, it can be deducted that the increase in
theoretical permeability coefficient due to the addition of 10 wt%
Cu3BTG; is mainly caused by the increase in solubility. When higher
Cu3BTC; loadings are added to the polymer matrix, the increase in
diffusion coefficient becomes the primary contribution to the
increasing theoretical permeability coefficient. These findings imply
that in theory MMM permeabilities should increase with increasing
Cu3BTC; loading as a result of either removed diffusion limitations in
the polymer or by introduction of non-selective voids. Experimental
determination of the gas permeation behavior could resolve this
question as the removal of diffusion limitations will show enhanced
selectivities, opposite to the introduction of non-selective voids
which will reduce selectivities to values close to the native mem-
brane material. This will be further discussed in the next paragraph.

4.1.6. Gas permeation measurements

4.1.6.1. Effect of CusBTC, loading. Fig. 7 shows the ethylene
permeability and ethylene/ethane selectivity at various loadings
of CusBTC, added to P84. Fig. 7a shows that the ethylene per-
meability of 17 x 10~ '® mol m/(m? s Pa) does not increase with
increasing CusBTC, loading up to 20 wt%. Especially when the
standard deviation between the samples is considered, the small
permeability increase at 20% CusBTC, can be considered insign-
ificant. The measured ethylene permeability of native P84 is very
close compared to the calculated ethylene permeability of
27 x 10~ '® mol m/(m? s Pa), which was based on the solubility
and diffusion coefficients shown in Table 3. Discrepancies
between these two permeability values are most likely the
result of differences in measurement techniques. Mainly the fact
that for the theoretical permeability, the solubility parameter was
determined using feed gas on all sides of the membrane, while the
experimental permeability was determined using vacuum at the
permeate side, could contribute to this. An increasingly larger
discrepancy occurs when the CusBTC, loading is further increased
due to the different operating conditions.

The effect of Cu3BTC, loading on the ethylene/ethane selectivity is
shown in Fig. 7b. There is a clear correlation visible between the
selectivity and the amount of CusBTC,; when the CusBTC; loading is
increased from 0% to 20%, the ethylene/ethane selectivity increases
from 4.1 to 7.1, respectively. These findings are consistent with a
combination of Case 0 (ideal polymer-particle interaction) and Case I
(rigidified polymer layer around particle) or Case IV (clogged porous
particles), which would result in a constant permeability and an
increasing selectivity as the particle loading increases. However, the
absence of an increase in T and a calculated reduction in diffusion
coefficient eliminates the possibility of a Case I situation and makes a
combination of Case 0 and Case IV more probable. When the CusBTC,
loading is even further increased to 40 wt%, the ethylene/ethane
selectivity drops to 5.0, which is a significant reduction. At the same
time, the ethylene permeability increases dramatically to 25.5 x
10~ '® mol m/(m? s Pa). These results indicate that due to the large
amount of CusBTC, added to the polymer matrix, in combination
with their inhomogeneous distribution, non-selective voids are
created when 40% MOF is added to the polymer (Case II).

Solubility coefficients, diffusion coefficients and theoretical permeability coefficients of ethylene in MMMs with various loadings of CusBTC,.

S (1072 cm?/(cm® cmHg))

D (10~ % cm?[s)

Py (Barrer) Ps; (10~ '8 mol m/(m? s Pa)).

P84 +0 wt% Cu3BTC, 2.8 2.8
P84+ 10 wt% Cu3BTC, 5.7 3.2
P84 420 wt% CusBTC, 6.6 6.1
P84 +40 wt% Cu3BTC, 8.2 272

0.08 27
0.18 60
0.40 134
22.30 7458
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The lack of increase in permeability up to 20 wt% is surprising
because numerous reports mention a simultaneous increase in
both selectivity and permeability or permeance of the fast moving
component when MOFs are added to the polymer matrix [5-7,
11,28,29]. Although many researchers investigate different, some-
times self-synthesized MOFs, the increase in permeability or
permeance has also been observed for the commercially available
MOFs used in this study [5,28]. Basu et al. observed a minor
increase in carbon dioxide/nitrogen selectivity with a strongly
increasing carbon dioxide permeance, as well as an increasing
carbon dioxide/methane selectivity accompanied by an increasing
carbon dioxide permeance [5]. Although the authors used Matri-
mid as polymer matrix as opposed to P84, no significant changes
would be expected since both materials are polyimides. In
addition, the inherent low permeability of P84 towards ethylene
is expected to give an even larger enhanced permeability when
Cu3BTC; is added as dispersed phase. The constant ethylene
permeability with varying amounts of Cu3BTC, demonstrates
the absence of non-selective voids between the MOF particles
and the polymer matrix. If non-selective voids were present, a
clear correlation between the ethylene permeability and the MOF
loading in the MMM would have been observed. Because of this
lack of defects, and the fact that the difference in polymer matrix
used cannot explain the observed constant permeability, only
differences in penetrant-MMM interaction can explain these
findings. Although it was shown by dynamic sorption measure-
ments that the ethylene diffusion coefficient in MMMs, shown in
Table 3, increases with increasing CusBTC, loading, this is not
related to the rate of desorption and therefore only confirms that
ethylene diffuses faster in and not per definition through the
MMM. Ethylene could exhibit strong interactions with the MMM
and be slowed or immobilized and consequently clog the porous
Cu3BTC, MOFs causing Case IV. Because of CusBTC,’s high sorp-
tion capacity for ethylene as shown in Fig. 4, it is very likely that
interactions of ethylene with CusBTC, take place, which in turn,
might lower the diffusion coefficient during permeation experi-
ments if these interactions are strong. Future work will need to be
done to better understand the transport mechanism of gasses
through MMMs.

Given the above, it is clear that facilitated ethylene transport does
not take place through the CusBTC, crystals. Since the sorption
capacity of CusBTC; is an order of magnitude higher than for P84, it
is evident that the gas can enter all or part of the pores present in the
crystals. Although larger amounts of gas can adsorb into MMMs,
diffusion through the MMM is not enhanced and even reduced with
increasing CusBTC, loading added to the polymer matrix, which
results in a constant ethylene permeability. As shown with dynamic
sorption measurements, the fact that ethylene diffuses faster in
MMMs with higher CusBTC, loadings, shows that this unrelated to
the diffusion behavior of penetrants through a MMM in gas permea-
tion experiments.

4.1.6.2. Effect of feed pressure. Plasticization increases the per-
meability of the membranes while reducing the selectivity as a
result of excessive polymer swelling. To investigate this effect in
MMMs, feed pressures were varied and selectivities and perm-
eabilities were measured for CuzBTC, MMMs. The results of the
ethylene permeabilities and the ethylene/ethane selectivities are
presented in Fig. 8a and b, respectively. Fig. 8a shows a slight
decrease in ethylene permeability for native P84 with increasing
feed pressure. This is consistent with the dual-mode behavior in
glassy polymers and P84 shows no signs of induced plasticization
[16,30]. A similar permeability reduction is observed when various
wt% of CusBTC, are added to the P84 matrix, showing that adding
CusBTC, does not induce plasticization effects up to 15 bar mixed gas
feed pressure. Fig. 8b shows no significant decrease in selectivity of
the native P84 with increasing feed pressure up to 15 bar. This
indicates that no significant plasticization takes place in the
pressure range investigated, which is in agreement with similar
studies for other gasses [31,32]. Also, no reduction in selectivity is
observed when various wt% of CusBTC, are added to the polymer
matrix. This, in combination with the absence of an increasing
permeability with increasing feed pressure, indicates that plas-
ticization phenomena do not occur within this study.

Since both the permeability (Fig. 8a) and solubility (Fig. 4) are now
determined over a pressure range up to 15bar mixed gas feed
pressure, it is possible to calculate the diffusion coefficients of
ethylene at various mixed gas feed pressures according to Eq. (8)
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Table 4

Measured permeability coefficients (10~ '® mol m/(m? s Pa)), calculated solubility
coefficient (10~ mol/(m> Pa) based on Egs. (2) and (4), and calculated diffusion
coefficient (10~ '> m?/s) based on Eq. (8) for ethylene in P84 with various loadings
of Cu3BTC; at various mixed gas feed pressures.

5 bar 10 bar 15 bar

P S D P S D P S D

P84 +-0% Cu3BTC, 166 1.0 168 140 0.7 203 139 0.6 242
P84+10% CusBTC, 158 19 85 132 12 114 120 09 134
P84+20% CusBTC, 183 29 63 147 18 84 139 13 104

Table 5

Calculated mixed gas permeability and diffusivity selectivities based on Eq. (9)
and solubility selectivity based on Egs. (2) and (4), for P84 MMMs with various
loadings of Cu3BTC, at various mixed gas feed pressures.

5 bar 10 bar 15 bar

op os ) op os op op os op

P84+ 0% Cu3BTC, 41 25 17 54 30 18 40 35 12
P84+10% CusBTC, 52 20 26 53 22 24 52 23 23
P84+20% CusBTC, 7.1 1.7 40 55 19 30 59 19 3.0

and compare these with the diffusion coefficients obtained by
dynamic sorption experiments. These results are shown in Table 4.
Since the solubility coefficient of ethylene at 5 bar mixed feed gas
increases 190% to 2.9 when 20 wt% CusBTC, is added, the constant
permeability coefficient of ethylene consequently lowers the diffusion
coefficient to 6.3 at 5 bar mixed feed pressure. Similarly, at 10 and
15 bar mixed gas feed pressure, the ethylene solubility increases with
increasing CusBTC, loading and therefore, the diffusion coefficient
decreases with increasing CusBTC, loading. As mentioned in the
introduction, a decrease in diffusion coefficient with increasing
particle loading has also been observed in literature by Adams et al.
for carbon dioxide, oxygen, nitrogen and methane when 15 wt% Cu
TPA MOF was added to a poly(vinyl acetate) matrix and attributed
this to immobilization of penetrant inside the MMMs [12].
However, the solubility coefficient is decreasing with increasing
feed pressure at constant CusBTC, loading. As a result, the diffusion
coefficient increases with increasing feed pressure.Similar to ethy-
lene, the mixed gas permeability, solubility and diffusion coefficients
of ethane can be determined for various CusBTC, loadings at various
pressures. This leads subsequently to the calculations of the mixed
gas permeability, solubility and diffusion selectivity, shown in
Table 5 for P84 with CusBTC, loadings up to 20% at feed pressures
from 5 to 15 bar. At constant pressure, the permeability selectivity

increases with increasing CusBTC, loading. At 10 bar feed pressure,
this effect is only slightly visible because of the relatively large
standard deviations. Furthermore, the solubility selectivities decrease
with increasing CusBTC, loading which in return, lead to an increase
in diffusion selectivity up to 120%. When the CusBTC, loading
remains constant, it can be observed that the permeability selectivity
is slightly reduced with increasing feed pressure. However, the
solubility selectivity increases with increasing feed pressure, which
results in a reduction of the diffusion selectivity.

From these data, it is clear that the main mechanism respon-
sible for the increase in selectivity with increasing CusBTC,
loading is due to an increase in diffusion selectivity caused by
the CusBTC, particles. Sorption experiments shown in Fig. 4
already revealed that the ideal sorption selectivity in CuszBTC,
was low and therefore, no increase in selectivity based on
enhanced solubility selectivity could be expected.

Sorption experiments shown in Fig. 4 showed an increase in
ethylene concentration when Cu3BTC, particles were added to the
P84 matrix. It is hypothesized that this increased concentration of
ethylene is immobilized inside the MMMs and hinders the
diffusion of ethane through the MMM. This would ultimately
result in constant permeabilities and increased selectivities with
increased loadings of CusBTC, added to the polymer matrix.

5. Conclusions

P84 MMMs with various amounts of CusBTC, have been
successfully prepared. Ethylene/ethane selectivity increased up to
73% from 4.1 to 7.1 with increasing CusBTC, loading up to 20 wt¥%,
while the permeability remained constant at 17 x 10~ '8 mol
m/(m? s Pa), which confirms, in combination with DSC data, the
absence of non-selective voids in the MMMs. The ethylene solubi-
lity coefficient increased from 1.0 to 2.9 x 10~2 mol/(m> Pa) with
increasing loading of CusBTC,, while the diffusion coefficient
decreased from 16.8 to 6.3 x 10~ !> m?/s. This indicates that a large
part of the ethylene is immobilized inside the MMM, hindering the
diffusion of ethane and to some extend its own. This is reflected in
the increase in diffusion selectivity and the reduction of solubility
selectivity with increasing CusBTC, loading. Increasing the loading
beyond 20 wt% led to the formation of non-selective voids, which
resulted in increased permeabilities up to 26 x 10~ mol
m/(m? s Pa) with selectivities being reduced to that of native P84.
Increasing the feed pressure from 5 to 15 bar resulted in slight
reductions of permeabilities, which is typical dual-mode behavior
in glassy polymers. In addition, the increase in feed pressure
showed an increase in solubility selectivity and therefore, a reduction
in diffusion selectivity.
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