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Abstract: This paper presents the results of adsorption and permeation experiments of hydrogen and
methane at elevated temperatures on a carbon-based nanoporous membrane material provided by
Fraunhofer IKTS. The adsorption of pure components was measured between 90 °C and 120 °C and
pressures up to 45bar. The Langmuir adsorption isotherm shows the best fit for all data points. Com-
pared to available adsorption isotherms of Hy and CHy4 on carbon, the adsorption on the investigated
nanoporous carbon structures is significantly lower. Single-component permeation experiments were
conducted on membranes at temperatures up to 220 °C. After combining the experimental results
with a Maxwell-Stefan surface diffusion model, Maxwell-Stefan surface diffusion coefficients D;
were calculated. The calculated values are in line with an empirical model and thus can be used in
future multi-component modeling approaches in order to better analyze and design a membrane
system. The published adsorption data fill a gap in the available adsorption data for CH4 and Hp.

Keywords: membrane; carbon; adsorption isotherms; Maxwell-Stefan surface diffusion

1. Introduction
Motivation and Literature Review

Hydrogenation reactions are crucial for future renewable energy systems [1-4]. The
efficient separation of synthesis gases downstream or in situ at process temperatures and
pressures is a challenging task. This is usually achieved via adsorption processes [5].
However, either the in situ conditions are too severe for adsorption processes or these
methods are not economically feasible if the plant is not large enough. This limits the
applications of hydrogenation reactions for biorefinery applications [5-8].

Nanoporous carbon membranes are a promising option for gas separation with robust
stability, e.g., for CO, methanation reactions with temperatures up to 350 °C and pressures
up to 50bar, which is a possible biorefinery process [9-11]. Membrane applications in
reactive systems have become increasingly important in past years [12,13]. Since Fraunhofer
IKTS Hermsdorf develops nanoporous carbon membranes for various membrane reactor
applications [13], such membranes were chosen for these experiments. These membranes
may play an important role in the application of membrane reactors, and thus data on mass
transport and adsorption are needed. The separation of CO, methanation gas products
mainly involves four components: Hy, CHy, CO, and H>O. Since the present research is the
first to study this mass transport, only H, and CHy are considered in this analysis. Better
understanding the gas separation principles of membranes and developing a mass transport
model may provide us with an opportunity to optimize the performance of membrane
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systems. With modeling approaches, different process designs can be mathematically
evaluated and compared.

Different membrane systems require different modeling approaches [3]. Dense mem-
branes use the solution—diffusion approach, microporous membranes use viscous flow, and
smaller pores use Knudsen diffusion. For nanoporous carbon membranes, the state-of-the-
art approach is Maxwell-Stefan (MS) surface diffusion [14-16]. Krishna [14] developed
a comprehensive approach using nanoporous media descriptions that uses adsorption
isotherms to account for surface—molecule interactions. Monsalve et al. [15] used molec-
ular simulations to provide data for research work, and Cardoso et al. [16] used multi-
component adsorption isotherms based on literature data.

In order to use the Maxwell-Stefan approach, adsorption and permeation data are
necessary. Looking at the publicly available data on H, and CHy4 adsorption on porous
carbon material [17-25] and at the Database of Novel and Emerging Adsorbent Materials [26],
only a small number of adsorption isotherms of gases on nanoporous carbon have been
recorded for temperatures above 100 °C, which are the temperatures of interest for many
industrial processes. For the measurement of the gas permeation of H, and CHjy through a
carbon membrane, the current literature also provides less data.

This publication aims to fill that gap. The pure component adsorption of Hy and CHy
is measured at temperatures up to 90 °C and pure component permeation is measured
across a temperature range of 120 °C to 220 °C.

The pure component adsorption isotherm parameters and permeation data are then
used to calculate Maxwell-Stefan surface diffusion coefficients D} across a temperature
range of 120 °C to 220 °C for Hp and CHy with the aid of a three-layered membrane model.

The main objective of this work is to provide permeation and adsorption data for
H; and CH4 on a nanoporous carbon membrane layer at elevated temperatures and to
calculate Maxwell-Stefan surface diffusion coefficients. These are valuable data for further
research and fill a gap in the literature. These parameters will be of value for different
modeling approaches related to carbon membranes.

2. Experimental

The experiments were performed due to the described gap in the available literature
data for nanoporous carbon materials. The adsorption experiments were performed on
the cast nanoporous carbon material provided by a manufacturer. These membranes
were used for the permeation experiments in order to obtain sufficient data to calculate
Maxwell-Stefan surface diffusion coefficients.

Single-component gases of H, and CHy4 were analyzed. The membranes and coating
materials were prepared at Fraunhofer IKTS in Hermsdorf, Germany. A Quantachrome
Autosorb-iQ-C analyzer at the DBFZ and a RuboLab RuboSORB magnetic suspension balance
at TU Berlin, Germany, were used for the adsorption experiments. Table 1 presents the
results of standard characterization techniques performed with the casting material in the
laboratories of the DBFZ. Table 2 shows the values of the different layers provided by
Fraunhofer IKTS. The layers that are shown are just a simplification of the more complex
structure of the prepared membrane, which consists of more layers. These layers are not
shown in Table 2 in order to not to infringe the intellectual property of Fraunhofer IKTS.
Permeation experiments were performed on cylindrical membranes with a nanoporous
carbon layer supported by two support layers (compare Table 2 and Figure 1). The mem-
brane samples were 105 mm long and have an outer radius r°* and an inner radius " of
5mm and 3.5 mm, respectively. An overview of all experiments and the respective results
is presented in Table 3.
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Table 1. Properties of the cast membrane material used for adsorption experiments and the conducted
characterization method.

S, V i \%
mz'gil em? ;—1 :I’:I cmS;—l (Estimation Method)
373 0.134 0.63 - CO3 at 273 K (Monte Carlo)
385 0.127 0.57 - CO; at 273 K (NLDEFT)
415 0.156 1.03 - CO, at 273 K (DR)
6 <0.001 - <0.01 Ny at 77 K (BET & DR)

Table 2. The different layers of the membranes produced by Fraunhofer IKTS and the corresponding
Knudsen number of Hy at 120 °C in these layers.

d J . £ Kn
Layer nl\’ um Material % of Hy at 120 °C M;; : cir:lﬁiﬁrt
Support 3.00 x 107® 1500 o-AlO3 32-35  4.87 x 1073 None
Coarse UF 7.00x 1078 150 a-AL O3 45 2.09 x 1071 Knudsen
Fine UF 5.00 x 10~? 10 v-AlLO3 55 2.92 Knudsen
Porous carbon 4.00 x 10710 2 Carbon 45 3.48 x 10! MS surface diffusion

Table 3. Overview of the different experiments, the conditions and the resulting data.

Pressure

Temperature

Experiment K bar Material Result
H» adsorption 363/383/393 5-45 casting material adsorption isotherm
CHy adsorption 363/383/393 5-45 casting material adsorption isotherm
CO; adsorption 273 1 casting material characterization
N> adsorption 77 1 casting material characterization
Hj permeation 393/443/493 2-5 cylindrical membrane permeation data
CH4 permeation 393/443/493 5-15 cylindrical membrane permeation data

R
|:|Carbon layer D v — Al;Og layer I:l a— Al, O3 layer D Support | ' ‘

Figure 1. (a) The different layers of the membrane with their respective modeling approach. For the
carbon layer with nano pores and for the two AlO3 support layers, Maxwell-Stefan surface diffusion
(Di®) and Knudsen diffusion (DZK”) are the principle of mass transport, respectively. The other layers
above the two supporting layers are not considered in the model. (b) SEM picture of the membrane
provided by Fraunhofer IKTS, Hermsdorf.

2.1. Membrane Preparation Procedure

Based on the publications [9,27], the membranes for the permeation experiments and
the casting material for the adsorption experiments were prepared at Fraunhofer IKTS in
Hermsdorf.

The required synthesis-grade chemicals, furfuryl alcohol (PFA) and pyrrole, were
purchased from MERCK (Germany). Polyethylene glycol methyl ether 750 (PEG 750) and
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concentrated nitric acid (HNO3) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
The PFA precursor was synthesized according to an optimized formulation by Hucke [28].
The polymer composition consists of 30 mL of furfuryl alcohol, 6 mL of pyrrole, 15mL of
PEG 750 and 1 mL of concentrated nitric acid as a catalyst. The pyrrole was added to the
furfuryl alcohol while stirring at room temperature. PEG 750 was melted and added to the
mixture with rapid stirring. Concentrated nitric acid was then added slowly under cooling
(0.05mL/300s) using a titrator (Titronic ®300, SI Analytics, Weilheim, Germany). After
complete addition of the nitric acid, a black polymer solution was obtained. This polymer
solution was used for membrane coatings using the same procedure for the provision of
the casting material for the adsorption experiments.

Al>Oj3 single-channel tubes with a 5nm a-Al,O3 membrane layer were used as sup-
ports. The openings of the single-channel tubes were closed with a glass seal. The inside
of the tubes was coated by dip coating under clean room conditions. A semi-automatic
coating system (developed by IKTS) was used to coat the inside of the tubes. The single-
channel tube to be coated was immersed in the precursor solution up to the glass seal
mark. A vacuum pump was applied to completely fill the tube with PFA solution. After a
holding time of 60 s, the single-channel tube was evacuated with nitrogen at a flow rate
of 60 mL/min. The PFA coatings were first dried for 24 h under clean room conditions
and later cross-linked at a temperature of 80 °C for 4 h in air. Pyrolysis was applied to
decompose the polymer coatings into carbon membranes. For this process, PFA-coated
supports were heated to 500 °C under nitrogen ( 500 Lh~!). At a pyrolysis temperature of
500 °C, the system was switched to argon (200 Lh~1) and further heated to 670°C. At a
cooling temperature of 500 °C, the system was switched back to nitrogen.

The prepared membranes are cylindrical with an inner radius of 3.5 mm and an outer
radius of 5mm. A thin carbon membrane is supported by a series of x-Al,O3 and y-Al,O3
ceramics with different pore sizes. The different layers of the membrane are shown in
Table 2 with their respective pore sizes d), layer thicknesses 6, main material, porosity ¢ and
calculated Knudsen number at 120 °C. A representation of the membrane is visualized in
Figure 1. The manufactured membrane consists of more than the layers shown in Figure 1,
but only the first three layers are shown and included in the modeling of mass transport.
The reason for this is that the detailed production process used by the manufacturer
Fraunhofer IKTS cannot be revealed. Secondly, based on an analysis of the individual mass
transport resistances, the assumption was made that only two support layers should be
considered. All other layers are considered irrelevant. The first carbon layer with surface
diffusion and the two x-Al,O3 and v-AlbO3 layers with Knudsen diffusion (see Figure 1)
are considered to affect mass transport and are therefore implemented in the model.

All subsequent layers are treated as a single support layer (see Figure 1), which affects
the mass transport.

2.2. Adsorption Measurements

As shown in Figure 1, the carbon layer is modeled using Maxwell-Stefan surface
diffusion, where an understanding of the adsorption is necessary to calculate the mass
transport. The two support layers are modeled using Knudsen diffusion, where adsorption
is not considered in the mass transport description as described by [29,30].

2.2.1. Casting Material Characterization Measurements

In order to better understand the different adsorption results, several tests were
performed on the cast material prior to the adsorption analysis. The textural properties of
the membranes were characterized by gas sorption using a 3P micro 200 Porosity Analyzer
(3P Instruments) and an Autosorb-iQ-C (Quantachrome) at the laboratory at the DBFZ in
Leipzig. Different adsorptives were used to characterize pores ranging from sub-nanometer
scales to several hundred nanometers. Measurements with nitrogen at 77 K were performed
on a Micro 200 using liquid nitrogen. An Autosorb-iQ-C equipped with a CryoTune 195 (3P
Instruments) was used for CO; sorption at 273 K. Prior to analysis, the membranes were
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pretreated under a vacuum for 30 min at 90 °C and 12 h at 250 °C to desorb pre-adsorbed
molecules. A minimum sample mass of 250 mg was used.

At the DBFZ, several characterization experiments were conducted on the casting
material. Nitrogen sorption at 77 K was studied to determine the specific surface area (SprT)
according to Brunauer, Emmett and Teller (BET) [31] theory and the micropore volume
(Viuic) according to Dubinin—Radushkevich (DR) [31] theory. The total pore volume (V1) was
determined at a relative pressure of p,.; 0.995. CO; sorption data were evaluated using the
Dubinin—-Radushkevich (DR) method as well as Monte Carlo and NLDFT models of carbon.
More details on Monte Carlo and DFT methods can be found in [32]. All characterization
results are presented in Table 1. As can be seen from the range of values for the parameters,
the measurement of pore sizes in these ranges is difficult. The characterization based on Np
BET is obviously not suitable for the small pores used. The value of the apparent pore size
of 0.4nm is taken from the documentation provided by Fraunhofer IKTS and the values in
Table 1 were measured for a better understanding of the material.

2.2.2. Recording Adsorption Isotherms

Based on the characterization measurements, adsorption isotherm experiments for H
and CHy on the casting material of the carbon membrane were carried out at TU Berlin.
The characteristics of the adsorbent are shown in Table 1, which were determined using
standard methods such as N and CO, adsorption at the DBFZ. Before the measurement,
the sample was pretreated under a vacuum at 150 °C for 2 h to desorb any moisture content.
For the pure gases of CHs and Hj, the adsorption was measured at 90°C, 110°C and
120 °C with the RuboSORP magnetic suspension balance. The pressure of the pure gas for
each experimental trial was initiated at 5bar and then increased to 45 bar with pressure
increments of 5bar. The pressure was maintained until an equilibrium was reached with a
maximum of 4h and then maintained for 2 h for the measurement to be taken.

2.2.3. Assumptions and Experimental Errors

The detectable amount of adsorbate decreases at higher temperatures. Therefore, the
maximum temperature at which adsorption properties can be measured is limited by the
sensitivity of the balance. In the case of the RuboSORB magnetic suspension balance, the
maximum temperature for gas adsorption for the tested material is 120 °C due to limitations
in the measuring range. H,O residues of 20 ppm for H; and 100 ppm for CHy4 were detected
in the gas containers used. However, these are not expected to have a significant effect on
the conducted tests.

The experimental error of the RuboSORB is given as 0.01 mg. The resulting error in
the adsorption isotherm was calculated using Monte Carlo simulations [33,34] using the
residuals of the curves with the estimated parameters and the measured values as the error
of the parameter estimation [35]. The parameters of different adsorption isotherms were
estimated using the non-linear optimization CasADi software package [36] with the Ipopt
solver, implemented in the mopeds framework.

2.3. Permeation Experiments

Single gases of Hp and CHy were applied to the feed side of the membrane at different
pressures and temperatures and the permeation behavior was characterized based on
the given permeate pressure and the resulting permeate flux F/"", where the subscript ;
indicates the species. Using the membrane characteristics, the permeation can be calculated
(compare Equation (1)), where A”*" and Ap; are the membrane surface in m? and the
pressure drop in bar.

perm
F i

1)
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2.3.1. Experimental Setup and Method

The membranes are cylindrical and have a length of 105 mm with an inner radius
of 3.5 mm and an outer radius of 5mm. The permeation experiments were performed
using a permeation test rig (the simplified PID shown in Figure 2), where the membrane
was mounted inside a testing cell with O-rings. The temperature was varied across a
temperature range between 120 °C and 220 °C. The pressure was varied in different steps
between 2bar and 15bar. The gas composition of the permeate stream was analyzed using
an Inficon u-GC downstream of the permeation test rig.

1IN Seals__ yiindrical membrane | 2ammi—
Union nut i

Retentate

Mo Permeate
Figure 2. Simplified A PID of the used permeation testing rig with a gas inlet on the left-hand side
and the permeate stream analysis system on the right-hand side. Pipe trace heaters and heating
jackets were used to set the necessary temperatures are shown in red. The control loops are shown in
green.

The permeation side of the membrane was flushed with a sweep stream of 50 Lh~!
(STP) of N, and before each experimental point, the system was held at the experimental
temperature for 2h.

The dry gas composition was analyzed using a Micro GC Fusion system from inficon.

Knowing the sweep flow (F5“*P) in mol min ! and the composition (x;) of the perme-
ate stream (by the gas chromatic analysis) and assuming that the ideal gas law is valid, the
permeation flow Fiperm through the membrane can be calculated with Equation (2).

.. psweep
Fiperm: 3517 (2)

XNZ

The temperature, permeate pressure (p”*') and retentate pressure (p'*") were varied
according to a statistical design of experiments (see Supporting Material). The temperature
was varied between 120 °C and 220 °C. For CHy, the feed pressure was varied between
5bar and 15bar. For Hy, the pressure was varied between 2bar and 5bar. In order to
minimize the systematic error, a design of experiments with a factorial/RSM design was set
up and the set points for the pressure and temperature levels were changed accordingly.
Each experimental point was measured over 30 min.

2.3.2. Limitations, Assumptions, and Experimental Error

The pressure ranges of CHy and Hy could not be the same because H, permeates very
easily through the membrane such that the mass flow controller could not provide a mass
flow to set a feed pressure higher than 5bar. The error of the permeation measurements
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was calculated by the standard deviation of the readings. The system was assumed to be in
equilibrium for the duration of the experiment.

2.4. Diffusion Coefficient Calculation

The membrane consists of three layers, as shown in Figure 1. Based on the adsorption
and the permeation data, a single-component mass transport model was developed to
calculate the Maxwell-Stefan and Knudsen diffusion coefficients in the carbon and in the
support layers of the membrane, respectively (see Figure 1 and Equations (10) and (8).

The thickness of the effective carbon membrane layer (<2 um) is negligibly small
compared to the inner radius of the membrane, which is 3.5mm. The two supporting
layers do not impose a high resistance towards mass transport. To simplify the modeling
approach, the membrane was treated as a flat surface and Cartesian coordinates were used.

2.4.1. Adsorption Isotherm Temperature Extrapolation

The adsorption experiments were performed at temperatures of between 90 °C and
120 °C and the permeation experiments were performed at temperatures ranging from
120 °C to 220 °C. Therefore, the adsorption isotherms must be extrapolated in order to be
used to calculate the diffusion coefficients. There are several approaches to extrapolating
adsorption isotherms, including the Langmuir and Dubin-Radushkevish isotherms [16,37].

In the Langmuir isotherm, the isosteric heat of adsorption (compare Equation (3)) is
used to extrapolate the parameters g; ;,; and K; (cf. Equations (6) and (7)) by estimating the
parameter X and calculating the isosteric heat of adsorption Q; 5 (see Equation (4)) and
thus the amount adsorbed at another temperature.

dlnp;
Qist = RT? ( ;‘T’”) @)
Qist = Ei 4)
K; =K} L (5)
§= N OPART
T
Gsat = Gsat,0 EXP {X (1 - T):| (6)
0
1. Qi,st E _
Ki =Ky exp{ RT < T 1)} (7)

This extrapolation introduces an additional error into the calculation at other temperatures.
Therefore, this error was estimated via a Monte Carlo simulation and can be used in
the further calculation of the diffusion coefficients. The application of the Monte Carlo
simulation is described in detail in the Supplementary Materials.

2.4.2. Description of the Different Layers

The given membrane consists of three different layers with different pore sizes and
thicknesses, as shown in Table 2 and Figure 1.

Starting from the Maxwell-Stefan surface diffusion description for one component,
the integration over the length of the membrane leads to the formulation in Equation (8).

_ Nipi

DS =
ped;

i ®)

The Knudsen numbers of the layers are in the range 0.1-10 (see Table 2) for the first
two AlrO3 layers, representing a transition region where fluid—fluid interactions, which can
be described by viscous flow, may contribute to the flow. As a simplification, this influence
is neglected based on a comparison between Knudsen and viscous flow. The Knudsen
number for the support layer is outside the Knudsen regime and only a small resistance to
mass transport is attributed to these layers. Thus, the # Al,O3 layers with a pore diameter



Membranes 2024, 14, 123

8 of 15

greater than d, 2 100 nm are neglected in the description of mass transport through this
membrane.

For the porous carbon layer with a pore size of about d, = 0.42nm [27], Knudsen flow
is not applicable because the molecules inside these narrow pores are always under the
influence of the pore wall’s force field [38].

As described earlier, the transport of gases through mesoporous media can be at-
tributed to different transport mechanisms; one simple approach is Knudsen diffusion,
as described in [29,30], where the approach is compared with other approaches for the
AlO3 layer. For the support layer of a-Al,O3 with an average pore size of d, ~ 70nm,
Gao et al. have shown that Knudsen diffusion is dominant, with at least 80 % of the mass
transport resistance [29]. Viscous flow is shown to be insignificant in this region based on a
comparison of mass transport resistances. For the interlayer of y-Al,O3 with a mean pore
size of about d), ~ 5nm, Knudsen diffusion is applicable, but it overestimates the diffusion
of gases. Gao et al. suggest an alternative approach for this region, namely the oscillator
model, but acknowledge that Knudsen diffusion is a useful approach [30]. Consequently,
Knudsen diffusion is used for the two support layers.

As an example, the Knudsen diffusion flow for the x-Al,O3 layer can be defined as

n [39]:
perm
N; — —D!Kn Pz —Pi

i RTA* ©)

where 6% and p!! are the thickness of the intermediate layer and the pseudo partial pressure
at the interface between the <y and the « interlayer. This description is used for both layers.
Following the previously defined descriptions for individual gas transport through
different porous layers (Equations (10)—(12)) by Knudsen diffusion, the partial pressure
difference between each layer can be calculated (see Figure 1). Thus, knowing the measured
flow (Equation (13)), the MS diffusion coefficients D; can be calculated (Equation (14)).

Carbon layer:

/ dz = —DigeC C/W—i pi (10)

v-Aly O3 layer:

e L . a

x-Al»O3 layer:
erm

N = ;li“ \/ZSIETMI- i &ff 12)
And with:

NKna — NET = N2 (13)
one can calculate:

T (14)

t
qfll 10 p{eed Fidpl



Membranes 2024, 14, 123

9 of 15

In this study, a series of adsorption and permeation experiments were carried out
on a membrane and a cast material of the same type to provide pure component data
for the development of a three-layer Maxwell-Stefan surface diffusion model. Using the
developed model and the permeation experiments, the Maxwell-Stefan surface diffusion
coefficients can be calculated for temperatures between 120 °C and 220 °C. The results are
presented in the following section.

3. Results

The aim of this study is to provide adsorption isotherms for the components (Section 3.1),
to present experimental results of the permeation of pure Hy and CHjy through a membrane
of the same material and finally to present the calculated Maxwell-Stefan surface diffusion
coefficients of the pure components (Section 3.3) based on a multilayer model.

The adsorption was measured on a RuboLab magnetic suspension balance, the per-
meation was measured in a permeation test rig and the Maxwell-Stefan surface diffusion
coefficients were calculated using a multi-layer model of the membrane, shown in Figure 1.
An overview of all experiments and results is presented in Table 3.

3.1. Adsorption Measurements

The adsorbed amount of CHy and Hj over the partial pressure on the carbon casting
material is shown in Figure 3. For both components, the Langmuir isotherm is shown with
the respected error range based on a Monte Carlo simulation described in the Supplemen-
tary Material.

The estimated coefficients are presented in Table 4, where the coefficients for the
Langmuir, Freundlich, and the Toth isotherms are marked with the respective superscripts
(¢, /7, and !). The coefficient of determination (R?) is shown for each parameter estimate.
The Langmuir and Freundlich isotherms lead to a good parameter estimation for most data
points. However, for Hj at 120 °C, the error is considerably higher compared to the other
values due to the low amount of adsorbed material on the surface. Although the coefficient
of determination of the Toth isotherm looks promising at first glance, the parameters do
not show a physically sensible range, since the value for the saturation qfrs ot is calculated
to be at the very upper limit of the parameter estimation used. It could be concluded that
six data points are not sufficient to estimate three parameters with such a high standard
deviation. Therefore, it is not recommended to use the Toth isotherm in this context.

Table 4. Estimated parameters of the Langmuir (superscript '), Freundlich (superscript /7) and Toth
(superscript ty isotherms for Hy and CHy at temperatures of 90 °C, 110 °C and 120 °C.

1 1 t t
Component LA PR A . PR TR
H, 9 0093 0512 0980 0132 0302 0993 1000 0262 1377 0991
H; 110 0.040 0513 0915 0.069 0409 0.920 0.126 0.269 2.000 0.919
Hj 120 0.030 0.407 0.147 0.007 1.000 0.138 0.030 1.000 0.407 0.147
CHi 90 0117 148 0984 0413 0296 0985 0117 1000 1486 0.984
CHy 110 0.067 1.442 0993 0.253 0.386 0.997 0.096 0.605 1.923 0.996
CHy 120 0060 1399 0993 0253 0366 0998 0108 0531  2.000 0.998

The isosteric heat of adsorption Qs for both components is calculated, using the
Langmuir isotherm, to be Q2 = 11.03 k) mol ! and Q5™ = 27.44 k] mol .
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D e © ) ©
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(a) Hydrogen adsorption (b) Methane adsorption

Figure 3. Adsorbed amount of H> (a) and CHy (b) at 120 °C (red), 110 °C (blue) and 90 °C (green).
The calculated Langmuir isotherm is shown by the solid line. The calculated Monte Carlo simulation
deviation is shown in transparent colors.

3.2. Permeation Experiments

In Figure 4, the single-component permeance versus temperature is shown. Hy shows
a permeance of about 1 x 10~2molm~2bar ! s~!, which is consistent with other tested
carbon molecular sieve membranes in [9,40]. CHjs shows permeances with values of
2 x 10~*molm—2bar ! s, As the temperature increases, so does the permeance for both
components.

L1074
102 L ‘
T T
— |
w 35| oM I % i
T Ic‘é
2 ° =
T8 K
E E ool .
= 3
=
S 250 % E
& Sl |
2L 1 | ! ! ! L | | | | | |
120 140 160 180 200 220 120 140 160 180 200 220
T in °C T in °C
(a) Hydrogen adsorption (b) Methane adsorption

Figure 4. Single-component permeance P; in mol m 2 bar~'s~! over the temperature in °C of Hp
and CHy.

3.3. Calculation of MS Diffusion Coefficients of Single Components

The Maxwell-Stefan diffusion coefficients D; were calculated using the three-layer
model by using the adsorption data at temperatures up to 120 °C, temperature extrapolation,
and permeation experiments at temperatures between 120 °C and 220 °C. The MS surface
diffusion coefficients for Hy and CHy are listed in Table 5 for the different temperatures
analyzed.

The diffusion coefficient Df of H, ranges from 9.81 x 107 ®m? s~ ! at 120 °C to 2.01 x
107> m? s ! at 220 °C. The diffusion coefficients D5 of CHy range from 3.73 x 10~ m?s ™!
at 120°C to 6.39 x 1079 m? s~ ! at 220 °C. The Maxwell-Stefan surface diffusion coefficients
of both components increase with the system temperature.

In [1], an empirical correlation for the temperature dependency of Maxwell-Stefan
surface diffusion coefficients is provided. In Figure 5, the calculated values are plotted
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against the empirical function. The values of the results are comparable to the ones from
the empirical function and thus comparable to those from the literature measured at lower
temperatures. Since the objective of this work was to calculate values for D; for an elevated
temperature range, this can be taken as an validation of the values of the Maxwell-Stefan
surface diffusion coefficients.

10° o a
10-2 P --- Empirical function |
» . e H, this work
7 10 % "~ e CH, this work
wn
N —6 | RS |
g 10 \\\
3) S
E 108 EDe (—iF) :
Q 10_10 [ \\\\ -
10712 N
10714 | ! ! ! ! ! ]

0 10 20 30 40 50 60
Q;"/(RT)

Figure 5. D; over Q;‘?t/ (RT). The empirical function is based on [1] and [41].

Table 5. Calculated Maxwell-Stefan diffusion coefficients of Hy and CH4 at 120 °C, 170 °C and 220 °C

2

in m?s~!. The error range shown represents the standard deviation of the calculated values with the

Monte Carlo simulation.

Component 120 °C 170 °C 220 °C
I‘IIZS_1 mzs_l mZS—l
H, 9.81 x 1070 +2.55 x 10~° 1.84 x 1075 +£3.34 x 10°° 2.01 x 1075 +4.92 x 10~°
CH4 373 x 1072 £ 6.28 x 10710 5.17 x 1072 + 3.54 x 1010 6.39 x 1072 + 6.07 x 10710

4. Discussion

The adsorption and permeation experiments performed provided the needed data
to calculate Maxwell-Stefan surface diffusion coefficients. In this section, the provided
results are compared to available publications. One important parameter is the equilibrium
constant K; of the adsorption isotherm, which can be calculated from the measured
adsorption isotherms using the Langmuir isotherm. These values can be compared with
those found in the NIST database [26]. These were obtained for activated carbons with
larger pore sizes. The comparison shown in Figure 6 can therefore be interpreted as follows.

The adsorption constants of CHy and H; are smaller compared to the literature data.
Due to the small pore size of nanoporous carbon of 0.4 nm, the relatively large CH, molecule
(kinetic diameter of 0.38 nm) is expected to permeate slowly, and due to the inhibited ad-
sorption, small H, molecules with a kinetic diameter of 0.289 nm are expected to permeate
faster. The low saturation capacities (g; s,+) may be due to the small micropore volume.
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Figure 6. Comparison of the available equilibrium constants from adsorption of hydrogen ([18,22-25])
and methane [19-22] on different activated carbon materials at different temperatures available in [26]
with the published data of this work. Note that the carbon materials for each source cited are not the
same and thus measured at one distinct temperature with different adsorptive behavior.

Figure 6 also shows that data for this temperature range are still scarce and the
identified error requires additional experiments.

The values for Q;; are significantly higher than the published data [42,43]. For
CHy, the range is usually between 16 k] mol ! and 19k mol L. In [43], Qi st is given as
23kJmol 1. For Hy, the range is usually between 6kJ mol ! and 8kJmol ! [42]. The
measured data differ from the theoretical predictions. This could be due to uncertainties in
the measurement of the adsorption isotherms. Another factor is the pore structure of the
material with pore widths of 0.4 nm, which may somewhat limit the full availability of all
adsorption sites for molecules. While exact calculation methods were not feasible due to
the high temperature, simplified approaches provided a valuable estimate with a tolerable
error margin like described in Equation (5). Considering the high temperature and taking
into account the high margin of error, the values for 120 °C remain well within the range
suitable for further application.

The permeance values in the individual gas tests are in a range comparable to other
publications using membranes with comparable pore diameters such as [27,44]. The
permeance of Hy and CHy increases with the temperature, as shown in Figure 4, which
reflects what is shown in Table 5, where the Maxwell-Stefan surface diffusion coefficients
D; increase with temperature as well.

Due to the performed temperature extrapolation (compare Equation (6) and Equation (7)),
there is a margin of error in the adsorption isotherm which is diffucult to quantify. The
values of D; and the development of the values with temperature are physically sensible.

5. Conclusions

The aim of this study was to provide adsorption and permeation data at elevated tem-
peratures for Hy and CHy and calculate the Maxwell-Stefan surface diffusion coefficients.

The derived parameters for the Langmuir and Freundlich isotherms provide valuable
insights for further research. In addition, the permeation experiments performed, together
with published data, provide a comprehensive data set for a comparative analysis of
existing membranes.

All these objectives were achieved with a certain margin of error that needs to be
considered when using the results. The Maxwell-Stefan surface diffusion coefficients (D;)
obtained from this study, combined with the experimental results, provide a strong basis
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for the development of a multi-component model. This model can be further validated and
compared with existing binary permeation data. Future investigations will include per-
forming binary permeation experiments on the same membrane under similar temperature
conditions and using the data generated to refine the multi-component modeling approach.

Supplementary Materials: The following supporting information can be downloaded at: www.mdpi.
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