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Abstract

The key feature of inorganic membranes is the ability to operate at high temperature and pressure. Even supercriti-
cal solvents can be processed by these membranes, whereas polymer membranes tend to swell and consequently suffer
from reduced selectivity and mechanical strength. The combination of chemical and mechanical stability of ceramic
membranes opens completely new fields of applications, e.g. in membrane reactors for chemical reactions like He-
synthesis by dehydrogenation. This work investigates the selectivity and permeance of carbon membranes for binary
mixtures composed of Helium, Nitrogen, Oxygen or Carbon dioxide in a pressure region up to 20 MPa and a tempera-
ture range from 300 to 450 K. A Maxwell-Stefan diffusion approach has been applied to study the gas to gas and gas to

membrane interactions under high pressure condition.

1. Introduction

The separation of gas mixtures employing inor-
ganic membranes is an established part of the current
membrane research activities. One reason for investi-
gating the performance of these membranes is their
excellent selectivity and permeability compared to
other recent membrane types [1]. Another reason is
their capability to operate at high temperature and high
pressure. For polymer membranes successful operation
at higher pressure is reported as well [2]. However,
high fugacities of components that are well soluble in
the membrane material leads to plasticization [3] and
therefore to serious reduction in mechanical strength.
Since it is thermodynamically impossible to increase the
fugacity of one component from feed to permeate side a
high transmembrane pressure, compared to the feed
pressure, is required to achieve an increase of concen-
tration and a decrease of fugacity from feed to permeate
side at the same time. Therefore mechanical strength is
necessary to separate mixtures of small molecules
without using sweep gas. In comparison to polymer
membranes, the mechanical strength of carbon based
membranes is not affected by sorption which makes
them predestined for operation at high transmembrane
pressure.

Despite their potential applicability to high pres-
sure gas separation, very limited research has been
carried out on this topic. As far as we know, less than a
half dozen of articles has been published in journals on
gas separation with carbon membranes at pressures

above 2 MPa [1,4-7] and none at pressures above
10 MPa.

For modelling gas transport through carbon mem-
branes, many approaches have been published as
summarised by Ismail and David [8]. Obviously, size
exclusion (molecular sieving) and adsorption phenom-
ena play a significant role for the selective transport
through the membrane. Both factors can be taken into
account by using Fick’s law and deriving the local con-
centrations from the adsorption isotherms. This has
been shown for example by J. E. Koresh and A. Soffer
[9]. For higher pressures this attempt is not practical
because the Fick diffusivity coefficients become
strongly dependent on the local concentrations of all
components.

Therefore, the more general approach of Maxwell-
Stefan diffusion has to be applied, which is better suited
to deal with the fluid to membrane and fluid to fluid
interactions. Krishna [10,11] proposed the following
implementation for binary mixtures in zeolites and

other crystalline materials:

Pq1 X2 i X1 )2 ]_1
RT VAT T oo * D,
Eq. 1
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Where pq is the volumetric adsorption, R the uni-
versal gas constant, T the temperature, p the chemical
potential, x the molar fraction in the adsorbate phase, j
the molar flux and D the Maxwell-Stefan diffusion
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coefficient for gas to gas and gas to membrane interac-
tions. Assuming no temperature gradients in the sepa-
ration layer the chemical potential can be described by
the fugacity f:

du = RTf g 2
For estimating the adsorption equilibrium of two
mixture components in the membrane, a modified
Langmuir isotherm described by Markham and Benton
[12] can be applied (Eq. 3). The model takes into ac-
count the competing adsorption as seen in the follow-
ing equation, where ¢; is the saturation loading, b the
Langmuir-coefficient and f the fugacity:

ds1 f1b1

a=7 + fiby + f2b,

Eq. 3

This theoretical approach combined with mixed
gas permeance measurements should contribute to a
better understanding of the mass transport in carbon
membranes at high pressure to advance membrane
technology into new industrial applications.

2. Experimental

2.1 Membrane

The tested membrane type has a tubular configura-
tion with an inner diameter of 7 mm, outer diameter of
10 mm and a total length of 250 mm. The carbon sepa-
ration layer is placed on the inside wall of a porous
aluminium oxide ceramic tube and has a thickness of
2 um. Multiple intermediate layers ensure a smooth
interface between separation layer and support tube
(Fig. 1). The effective membrane area is 5.3-10% m? and
the pore size of the separation layer is below 0.5 nm. A
maximum mechanical strength of 9.2 MPa transmem-
brane pressure was determined. The membrane has
been developed and manufactured by Fraunhofer
IKTS/Hermsdorf. A comprehensive and detailed over-
view on carbon membrane fabrication is given by S.M.
Saufi and A.F. Ismail [13].

Fig. 1: SEM image showing the cross section of the carbon
separation layer, the intermediate layers and the support tube

2.2 Membrane cell

To investigate the membrane behaviour, a special-
ized high pressure membrane cell has been developed
and built (Fig. 2). Besides mechanical strength and
temperature resistance, the different thermal expansion
coefficients of steel and the membrane material were
considered. Therefore, the membrane is mounted to
retainer elements which are freely movable in axial
direction to prevent thermal strain on the membrane.
Furthermore, the sealing cross section of the retainer
elements are dimensioned in such a manner that trans-
membrane pressure does not cause any axial force on
the membrane. All machined parts are made from
stainless steel. Sealing is implemented by FKM O-rings.
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Fig. 2: High pressure membrane test cell
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2.3 Experimental plant

For this research a high pressure test plant (Fig. 3)
has been designed. The plant is capable of conducting
measurements with pressures up to 20 MPa. Feed and
permeate pressure can be controlled independently.
The possible operating temperature ranges from 300 to
450 K.



Feed gas components are supplied by 30 MPa cyl-
inders or by a cooled high pressure pump for fluids
with low vapour pressure (e.g. CO2, propane, butane).
A real time capable PLC controls pressures, retentate
flow rate and feed composition as well as the cell tem-
perature. Moreover, the PLC ensures that the strain on
the membrane is kept below its maximum strength
during pressure changes.

Pneumatic valves on the feed, retentate and perme-
ate sides of the module allow a fast control of pressures
and flows. The feed side valve between gas cylinder
and membrane controls the feed pressure by a PID
loop. On the permeate side a feedback controlled valve
between the membrane module and ambient pressure
ensures the desired permeate pressure.

The retentate flow is measured by a coriolis flow
meter and the permeate flow by a thermal flow meter.
Both are manufactured by Bronkhorst High-Tech. To
derive molar flows, the thermal capacity flow signal,
measured by the thermal flow meter, is combined with
data from an online composition measurement system.

The online composition measurement system util-
izes thermal conductivity sensors in the permeate and
retentate stream. The method described by Wassiljewa,
Mason and Saxena [14] is used to determine the thermal
conductivity of binary mixtures. It is solved numeri-
cally on the PLC to derive the compositions from the
measured thermal conductivities in real time. The
online composition data allows a feed-back-control of

cooled pump evaporator preheater

perature is better than 2 K. Composition measuring
accuracy depends significantly on the difference in heat
conductivity of the two components. For the investi-
gated mixtures the accuracy of the composition differ-
ence between permeate and retentate is better than
+1 %. Permeate flow rate is measured with a relative
accuracy between *1% and #4 % depending on the
absolute flow.

2.4 Measurements

All measuring points for further investigation were
taken at steady state. For single gas measurements
pressure change and reaching the steady state takes less
than a minute. For mixtures it takes significantly longer
to reach stable conditions. At low permeate flow rates
and high permeate pressures, it takes up to 20 minutes
to achieve a steady state condition on the permeate
side. The online concentration measurement allows
observation of gradients over time and therefore a reli-
able identification of steady state.

For each measuring point temperature, feed pres-
sure, permeate pressure, retentate flow and feed con-
centration are fixed. The difference between feed and
permeate pressure (transmembrane pressure) does not
exceed 7 MPa for all measurements to prevent me-
chanical failure of the membrane support tube. The
retentate flow rate is chosen in such a way that the
composition changes only insignificantly from feed to
retentate side. Therefore, the retentate flow rate is con-
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Fig. 3: Set-up of the high pressure experimental membrane plant

the feed pump to set the specified feed composition.

To guarantee the desired temperature inside the
membrane module, the test plant controls multiple
electric heat sources. One heater evaporates the liquid
fluid stream from the high pressure pump before it is
mixed with the second component from the gas cylin-
der. This mixture is then preheated to the temperature
of the membrane test cell. A third heater keeps the test
cell temperature constant. Measuring accuracy for tem-

figured to exceed the permeate flow rate by approxi-
mately one order of magnitude.

Single gas permeance experiments were conducted
with He, N2, Oz and CO2 at up to 20 MPa feed pressure.
In order to investigate the membrane selectivity, meas-
urements with equimolar mixtures composed of He
and CO2, O2 and CO:2 as well as N2 and CO2 have been
carried out. The high pressure condition causes signifi-
cant deviation from ideal gas behaviour. Therefore, the



permeance Pi is defined by molar flux per fugacity
difference between feed and permeate side of the mem-
brane (Eq. 4).

Ji

pp=——
' fi,f - fi,p

Eq. 4
The fugacities are determined by integrating equation
of state data [15-18]. Selectivities Si are determined by
the quotient of the measured molar component ratio on
feed and permeate side as shown in Eq. 5.

_Xip/ Xjp

S = Eq.5
Yoxip ) X d

As a result of the substantial pressure at the permeate
side of the membrane, this expression has a much
smaller value then the permeance quotient of both
components that is often used as well. Consequently,
the number directly represents the technically feasible
performance. This relationship between selectivity and
pressure on the permeate side has been comprehen-
sively discussed by Huang et al [19].

3. Results and discussion

3.1 Single gas permeance

The results show that a pressurisation of an unused
membrane up to high pressures causes a persistent
reduction of permeance. For CO: the effect is most
substantial (Fig. 4). The reduction is more than 90 %
between an unused membrane and a membrane after
pressurization to 18 MPa (measured at 10 MPa feed
pressure and 1 MPa transmembrane pressure for both
cases). In the case of He the permeance reduction takes
place as well (Fig. 5), but the effect is much smaller. The
reduction is less than 25 % at a pressurisation with
14 MPa. While staying below the maximum pressurisa-
tion pressure, increasing and decreasing the pressure
results in reproducible permeance measurements. It is
to note that the absolute permeance numbers from Fig.
4 and Fig. 5 cannot be compared since both measure-
ments took place on an unused and therefore different
membrane.
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Fig. 4: CO: permeance at 1 MPa transmembrane pressure
plotted against the feed pressure for the first pressurization of
the unused membrane ( A) and the reproducible region of the
pressurized membrane (m) at 373 K
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Fig. 5: He permeance at 1 MPa transmembrane pressure
plotted against the feed pressure for the first pressurization of
the unused membrane ( A) and the reproducible region of the
pressurized membrane (m) at 300 K

Since this behaviour depends on the feed pressure
rather than on the transmembrane pressure (trans-
membrane pressure has been kept constant at 1 MPa), a
mechanical reason like compacting of the separation
layer or support structure can be excluded. It can be
assumed that the molecules bound to the surface inside
the separation layer in an adsorption-like manner.
However, in contrast to conventional adsorption phe-
nomena, this effect is not reversible. Lowering the pres-
sure after the first pressurization does not result in a
release of the molecules that cause the permeance re-
duction.

This effect is properly related to changes to the
graphite structure itself. Several publications suggest
that the gas molecules between the graphene layers
cause a significant displacement of the carbon structure.
Koresh [20] showed this hysteresis effect by adsorption
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measurements at pressures below 100 kPa. Kobayashi
et al. [21] studied the properties of carbon fibres and
correlated the electric conductivity to the adsorption
that caused the swelling. While most publications have
investigated activated carbon with high porosity and a
significant fraction of mesopores, it is to admit that the
membrane material is significant more dense and there-
fore more ridged. Nevertheless, the measured data
indicates that the swelling effect is even for ceramic
supported membranes relevant if exposed to very high
pressures.

To take this effect into account and ensure repro-
ducible results the membranes of all following meas-
urements were prepared by pressurization to the
maximum pressure of that particular measurement
with the respective gas or gas mixture.

3.2 Binary mixtures

As expected, there are significant differences be-
tween the transport of a single gas and a gas in a mix-
ture, especially for high pressures. That becomes quite
apparent as shown by the measured fluxes in Fig. 6.
While single gas permeation of CO2 and O: strongly
diverge with a rising pressure, the behaviour in the
mixture seams primary determined by the CO:2 flux.
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Fig. 6: Flux of CO2 (n) and Oz (D) as single gases as well as
CO: (m) and O: (A) in an equimolar mixture at 300 K and a

transmembrane pressure of 7 MPa

The results show separation for equimolar CO:-
mixtures with He and N2 even for very high pressures
(Fig. 7 and Fig. 8). The theoretical maximum selectivity,
shown in both diagrams, indicates the separation factor
where the fugacity of the better permeating CO: is
equal on feed and permeate side of the membrane by
definition of the separation factor (Eq. 5). For separation
factors above that limit a transport against the driving

potential (fugacity gradient) would be required and is
therefore not possible.
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Fig. 7: Dependency of the separation factor on feed pressure
for an equimolar CO2/He mixture at 3 MPa transmembrane
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Fig. 8: Dependency of the separation factor on feed pressure
for an equimolar CO2/N2 mixture at transmembrane pressure
of 3 (#), 4 (x)and 5 MPa (A)

At a feed pressure of 11.5 MPa and a transmem-
brane pressure of 3 MPa a flux of 6.5:102 mol/s/m? was
determined. As expected, a high transmembrane pres-
sure increases the flux and selectivity of the membrane,
whereas high permeate pressure decreases selectivity.

The Maxwell-Stefan diffusion coefficients for an
equimolar feed mixture of N2/CO: have been deter-
mined by multivariable regression on the measured
multicomponent fluxes. Therefore, the system of differ-
ential equations shown in Eq. 1 has been numerical
integrated over the separation layer thickness. It has to
take into account that many commonly applied simpli-
fications are not valid for high adsorption loadings, so
that an analytic solution was not achievable. The
Nelder-Mead method [22] has been used for minimiz-
ing the differences between measured und calculated
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values to approximate the diffusion coefficients. The
adsorption has been modelled as shown in Eq. 3 with
parameters determined from our high pressure gravim-
etric adsorption measurements (Fig. 9).
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Fig. 9: Single gas sorption isotherms of the carbon membrane
material with CO2 () and N2 (m) at 300 K and a fugacity
range at up to 12 MPa. Lines indicate the corresponding
Langmuir model.
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Fig. 10: Comparison of measured and modelled flux data of
Nz (A) and CO: () for an equimolar feed mixture at 7 to
20 MPa at a temperature of 300 K

Even though this model shows a limited accuracy
for describing the measured fluxes over the whole pres-
sure range (Fig. 10), the determined Maxwell-Stefan
diffusion coefficients give a distinct view on the interac-
tions between the mixture components and the mem-
brane. As shown by the coefficients in Table 1 the
transport of N2 is only determined by the interaction
with COz, while the N2/membrane interaction is negli-
gible (D1 >> D1). For COz2 flux the interactions with N2
have an impact as well, but the CO2/membrane interac-
tion is here substantial.

5
Table 1
Maxwell-Stefan diffusion coefficients
Symbol D - 10¢/m?/s Description

D1 6150 N2 / membrane
D> 5.9 CO:2 / membrane
D12 17.5 N2/ CO2

To investigate the temperature dependence of mass
transport, an equimolar CO2/N2—-mixture has been stud-
ied between 300 and 450 K (7 MPa feed pressure and
0.1 MPa on the permeate side). The extensive tempera-
ture span shows (Fig. 11) that the transmembrane flux
of CO2 and N2 can be described by an Arrhenius type
equation (j = jo - exp (—E4/RT)).
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Fig. 11: Dependency of membrane flux on temperature at
7 MPa feed and 0.1 MPa permeate pressure for CO:z (¢) and
N: (m) with Arrhenius fit and separation factor (A)

The activation energies derived from the Arrhenius
analysis in comparison to the measurements of other
authors are shown in Table 2. It is noticeable that for
most low pressure measurements the temperature
dependence for CO:2 is smaller than for Nz. For high
pressure that seems to change thus the selectivity for
CO:z significantly increases with rising temperature in
comparison to low pressure CO2/N2-separation. Fuertes
and Centeno suggested that the low temperature de-
pendence of CO:2 permeance at low pressure is a result
of a compensation between increasing mobility and
decreasing adsorption [23]. For high pressure transport
a contribution of multiple temperature dependent ef-
fects is expected as well. With rising pressure the ab-
sorptivity ratio of CO2 over Nz is getting smaller (Fig. 9)
and therefore the membrane selectivity seems to be-
come dominated by the difference of the component’s
mobility.
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Table 2
Activation energy Ea (kJ/mol) for different pressures
p/MPa CO: N2
7.0 10.7 8.2 this work
0.2 2.4 6.8 [24]
0.1 -4.4 -4.5 [25]
<01 9.2 18.3 [26]
n.a. 0.0 9.8 [23]

4. Conclusion

High pressure mixed gas experiments have been
carried out to investigate the deployment of carbon
membranes for new gas separation applications at up to
20 MPa. A Maxwell-Stefan diffusion approach has been
applied to study the gas to gas and gas to membrane
interactions at these conditions.

The outcomes of this research show promising re-
sults for applying carbon membranes to high pressure
and high temperature separation processes. Even for
very high pressures reasonable selectivities are achiev-
able. For operation with high pressure on the permeate
side a sufficient transmembrane pressure is required to
keep a substantial difference of fugacity for the better
permeating component between feed and permeate
side. Otherwise the selectivity is limited not by the
membrane performance itself but by the lack of driving
potential.

The Maxwell-Stefan diffusion coefficients acquired
from the measured data gives a valuable insight to the
interactions of the gases to each other and to the mem-
brane material. While the N2 transport is dominated by
the interaction with COz, the CO: transport itself is
largely determined by wall interactions. The variations
between modelled and measured transport indicates
that even after a onetime high pressure exposure the
carbon structure itself is not static, which has influence
to the transport coefficients.

To take the effect of structural changes of the car-
bon material at into account, it seems to be beneficial to
further investigate these changes with additional meth-
ods beside permeance and adsorption measurements.
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