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The passage of molecules through membranes is known to follow an Arrhenius-like kinetics, i.e. the flux is
accelerated upon heating and vice versa. There exist though stepwise processes whose rates can decrease
with temperature if, for example, adsorbed intermediates are involved. In this study, we perform temperature-
variable permeation experiments in the range from —50 to +50 °C and observe anti-Arrhenius behaviour of
water and ammonia permeating in two-dimensional freestanding carbon nanomembranes (CNMs). The
permeation rate of water vapour is found to decrease many-fold with warming, while the passage of
ammonia molecules strongly increases when the membrane is cooled down to the dew point. Liquefaction of
isobutylene shows no enhancement for its transmembrane flux which is consistent with the material's pore
architecture. The effects are described by the Clausius—Clapeyron relationship and highlight the key role of

Received 23rd November 2023,
Accepted 1st February 2024

DOI: 10.1039/d3cp05705d

Open Access Article. Published on 01 February 2024. Downloaded on 2/28/2026 11:51:20 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/pccp

Introduction

Material transport through two-dimensional (2D) membranes
is of fundamental physical interest as well as of critical impor-
tance for separation applications. Recently, an investigation of
molecular movements in spatially confined nanoconduits con-
tributed to the exploration of quantum friction, i.e. molecule-
wall interactions at the boundary between classical and quan-
tum mechanical behaviours." In technical applications, the
type of flow when molecules and atoms translocate through
nanopores defines a 2D membrane’s separation behaviour.
Porous 2D materials have been suggested to be developed into
perfect membranes and in the last decade, perforated graphene
has been serving as a prototypical and frequently used 2D
membrane.>™ Its ultimate thickness was believed to enable
high-flux and high-selectivity separation and allow for distinct
mass transfer behaviour.™

Gas permeation in 2D membranes was predicted to include
a surface pathway where gaseous molecules would cross the
pores in the adsorbed state.'® This could offer additional routes
to control the permselectivity; however, such a surface diffusion
of adsorbates was barely observed in experiments with perfo-
rated graphene as the size distribution of its artificial pores is
broad, and the permeation rate can thus be easily dominated by
the gas-phase pathway across larger openings. In addition,
physisorption of noble and atmospheric gases on the inert
graphitic surface is unfavourable under normal conditions, and
the material integrity limits the areal pore density in graphene
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gas—surface interactions in two-dimensional membranes.

membranes; therefore, the likelihood of adsorbed species to
overcome long distances towards the defects seems to be
rather small.

Unlike regular gases with low boiling points, vaporous water and
organic solvents exhibit strong intermolecular interactions and read-
ily adsorb at room temperature.’® As prescribed by the classical
adsorption isotherms, exposing flat substrates to saturated vapours
results in multimolecular surface coverages.” Given little spacing
between the openings, various 2D membranes with intrinsic micro-
porosity were found to pass vaporous substances at high rates.'®°
While the surface flow is accompanied by molecular effusion in
pores larger than one nm, it appears to prevail at sub-nanometer
dimensions. The selectivity over ordinary gases agrees with early
predictions suggesting greater probability of adsorbates to permeate
through nanoscale membranes.* In order to increase the residence
time of gas particles in the vicinity of the pores, the membrane
surface can be modified with ionic liquids or other chemical
absorbents.”>* However, there is another unexplored way to impact
the number of surface species according to adsorption-desorption
equilibria, and that is the membrane temperature.

To identify and understand surface pathways in molecular
transport through 2D membranes, we have performed tempera-
ture dependent gas permeation measurements through free-
standing carbon nanomembranes (CNMs). CNMs possess a
high density of sub-nanometer channels that are known to
rapidly transmit water molecules.>®> We investigated the per-
meation of three different substances: water, ammonia, and
isobutylene while the CNMs were held at temperatures between
—50 °C and +50 °C. To vary the temperature, we designed a
simple heat conductor that is capable of both cooling and
heating the membrane in a vacuum apparatus developed
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before.'® The transient-temperature experiments are carried
out upon immersing the heat conductor into either liquid
nitrogen or hot water, whereas the feed pressure is fixed. For
water, we found that elevating the membrane temperature to
+50 °C considerably decreases the flux which indicates that less
water molecules adsorb. In turn, ammonia molecules do not
permeate CNMs at room temperature. This changes drastically
when the membrane temperature is lowered to —50 °C, and the
relative pressure approaches saturation. We found that the
onset of permeation depends on both the gas pressure and
the membrane temperature reflecting a gas-to-liquid phase
transition aka condensation. In the case of isobutylene, we
observed no permeation in the investigated temperature range.

Experimental

The experimental system for the vapour and gas permeation
measurements is based on a high-vacuum detection chamber
with a quadrupole mass spectrometer (QMS) from Hiden
Analytical and a feed chamber with a Baratron capacitance
manometer from MKS Instruments.'® The membrane cell
separating the down- and upstream compartments includes
two DN 16 CF flanges that enclose the sample assembly as
illustrated in Fig. 1a. In this configuration, the copper disc
carrying a freestanding membrane plays a role of a gasket that
seals the flanges and has no direct contact with anything else.
The heat conductor represents an L-shaped copper block of
around 0.5 kg in weight and is equipped with a circular opening
for mounting onto the membrane cell. Fig. 1b shows the heat
conductor tightly clamped on the downstream flange to ensure

Sample
assembly

Downstream

Fig. 1
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greater temperature changes in the sample compared to the
walls of the feed compartment. This is because the heat
transfer between the flanges occurs through the copper disc.

Two chromel-alumel thermocouples were used to monitor
the membrane temperature with the help of a digital thermo-
meter Voltcraft. One sensor was placed on the heat conductor
near the cell, while the second one was placed into the side
groove between the flanges. The latter reading was assumed to
be the most appropriate estimate for the sample temperature
although the two measurements differed little. During the
operation, the membrane cell and the head of the heat con-
ductor were wrapped with a polyethylene foam Mantel in order
to provide thermal isolation and prevent frosting (Fig. 1c).
A Dewar with liquid nitrogen and a hot water bath were
employed to affect the tail of the heat conductor and thereby
the temperature of the membrane cell. The newly designed
experiment allows for the simultaneous recording of the feed
pressure, the sample temperature, and the QMS output as a
function of time. As the current in the QMS is proportional to
the partial pressure of permeating molecules, the resulting
p-T-I data are a convenient way to show how the transmem-
brane flow rate changes with temperature at a given concen-
tration gradient.

The preparation of CNMs from self-assembled biphenyl-4-
carboxylic acid (TCI) by electron irradiation is detailed
elsewhere.”® The material is known to preserve a highly uni-
form thickness of around 1 nm with a sponge-like morphology.
The areal pore density is estimated to be over 10" cm™?, and
the pore diameter varies between 0.4 and 1.0 nm.?® The
membrane was transferred onto a silicon nitride window with

(a) Schematic of the heat conductor and the membrane cell consisting of two flanges. The sample assembly is a copper disc glued to a silicon

chip with a suspended membrane. (b) Photograph of the membrane cell with the heat conductor mounted on the downstream flange. (c) Photograph of
the heat conductor in operation with its free end immersed into liquid nitrogen.
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a 5 um aperture (Silson Ltd) and fixed on the copper disc with
epoxy glue (UHU Plus Endfest 300). After system evacuation, a
leak test with helium was performed to prove intactness of the
membrane. The permeation measurements were conducted at
2.0 x 10~° mbar base pressure in the detection chamber. Heavy
water (Sigma-Aldrich) was repeatedly degassed before experi-
ments; ammonia (Linde) and isobutylene (Messer) were used as
obtained.

Results and discussion

Fig. 2 illustrates the results of temperature-varied permeation
measurements with vaporous heavy water. The mass spectro-
meter was set to detect D,O" ions (m/z = 20), and the room
temperature was 22 °C. In the beginning, the upstream com-
partment was connected to a turbomolecular pump; therefore,
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Fig. 2 p-T-/data for permeation of heavy water in CNMs. The blue curve
is the feed pressure; the red curve is the membrane temperature; the black
curve is the baseline-corrected QMS current.
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the QMS signal was at the constant background level. Then, we
allow water vapour to a reference nanoaperture in order to
calibrate the detector as described previously.'® This can be
tracked by the synchronous signals in the pressure and the
QMS output between 5 and 10 min that disappeared as soon as
the gas molecules were pumped out. Starting from 18 min, the
membrane was gradually fed with D,0, and permeation caused
the rise in the QMS signal. The container with the liquid was
closed at 29 min when the pressure reached 14 mbar; at this
point, the transmembrane flow entered a steady-state regime. The
feed pressure slightly decreased due to adsorption on the walls of
the feed chamber but stabilized above 13 mbar. The effective
permeation rate was equal to 1.2 x 10 *mol s™* m™>Pa™" in the
time interval from 30 to 34 min.

We began warming the heat conductor at 34 min which
resulted in the rapid temperature increase in the membrane
cell. For thermally activated processes, the temperature depen-
dence of the rate constant k is described by the Arrhenius
equation:

k = Ae RT (1)

where A is the pre-exponential factor, E, is the activation
energy, T is the temperature and R is the gas constant. This
relationship suggests the processes to accelerate with tempera-
ture, but Fig. 2 evidences that the QMS signal immediately
dropped with heating despite a constant pressure in the
upstream compartment. This means that much fewer D,O
molecules were passing through the membrane while their
concentration remained the same. The stark anti-Arrhenius
behaviour of the permeation rate is explained by the mecha-
nism in which water vapour passes through CNMs via adsorp-
tion on the surface."®'® The difference in the shape of the QMS
and pressure curves when D,O was first supplied to the
membrane was noted. The transmembrane flux grew non-
linearly with the feed pressure which reflected the build-up of
the adsorbed phase. The initial delay and acceleration at higher
pressures agree with our prior kinetic modelling that suggests
development from individual passage to cooperative motion."®
It is the relative pressure that determines the extent of vapour
condensation, and the membrane heating effectively gives rise
to its local reduction. Desorption is likely to break down the
single-file transport of hydrogen-bonded water molecules, but
permeation of separate adsorbates appears feasible."®

Our experimental arrangement does not allow for establish-
ing equilibria at different temperatures because employing the
heat conductor longer would induce slow warming of the entire
vacuum system. As soon as the sample temperature reached
+50 °C, we reversed the process with the help of liquid nitrogen.
From 40 to 45 min, the temperature quickly went down and was
later brought to almost the ambient value by a bath of tap
water. One can see that permeation of water molecules reacted
swiftly to the cooling and the transmembrane flux also came
back. The change in the membrane temperature seems to
restore the surface coverage of adsorbed molecules even though
the gas pressure was unaltered. The QMS signal at 50 min was
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somewhat higher than that at 30 min which is explained by the
lower temperature and accumulation of D,O in the detection
chamber. At 53 min, the feed compartment was evacuated
which led to the abrupt and simultaneous fall in the pressure
and the number of permeating species. It follows that the
surface-mediated flow across 2D membranes depends on pres-
sure and temperature in line with gas adsorption isobars and
isotherms.

In contrast to water that has a normal boiling point of
+100 °C (nearly the same for heavy water), physisorption of
inert gases is unfavourable at room temperature. The fact that
nitrogen, argon, and oxygen cannot permeate through CNM:s is
consistent with their normal boiling points of —196, —186, and
—183 °C, respectively.?® To demonstrate the role of temperature
on permeation of ordinary gases, we selected ammonia with a
normal boiling point of —33 °C and molecular dimensions
resembling water.”>” Fig. 3 shows the p-T-I data obtained with
ammonia upon cooling the membrane cell with liquid nitro-
gen. The initial QMS signal corresponded to the residual
concentration of particles with m/z = 17, and the upstream side
was under vacuum. Again, detector calibration was first per-
formed upon supplying 3 mbar ammonia to the reference
nanoaperture which can be tracked by the small signal at
around 7 min. Unlike Fig. 2, the corresponding signal at the
pressure curve is barely seen because the scale spans a much
greater range. From 18 to 25 min, the feed compartment was
filled with ammonia up to 440 mbar which had virtually no
impact on the QMS signal, i.e. the permeation of NH; mole-
cules through CNMs was hindered.

For the steady-state mode (25-30 min), the ammonia per-
meance was calculated to be 3.8 x 10°® mol s m? pa'
which was practically at the limit of detection. The result is
analogous to those obtained with other regular gases under
similar pressure differentials. This is not surprising given the
saturation vapour pressure of ammonia at room temperature
was about 8.5 bar which translates the experimental parameters
into the relative pressure of just 0.05. After 30 min, the
membrane was rapidly cooled down below —30 °C, and the
relative pressure in proximity of its surface increased accord-
ingly. Contradictory to eqn (1), the data in Fig. 3 clearly show a
sudden start of ammonia permeation around 43 min with the
QMS signal going upward almost vertically. When the tempera-
ture turned to the opposite direction at 46 min, the flow rate of
NH; molecules crossing the membrane fell instantly as well.
The cooling was accompanied by a small decline in the
upstream pressure indicating gas condensation on the walls
of the membrane cell. The feed compartment was emptied at
62 min once the ambient temperature was regained.

Fig. 4 illustrates the permeation mechanism and highlights
the difference between non-adsorbing and condensing species.
For non-adsorbing particles, the probability of entering nano-
scopic pores of comparable sizes is predicted to be low because
of the repulsion by the atoms comprising the membrane.>® At
lower temperatures though, van der Waals attractions are
favoured between the molecules and the membrane surface
thus making the adsorbates pass into the pores much easier. In

6952 | Phys. Chem. Chem. Phys., 2024, 26, 6949-6955

View Article Online

PCCP
500 T T T T T T T T T T T T
400 - -
[
© NH, gas
s 59
€ 300 - .
o
5 200 4
0
]
o
o 100 4
0 -4 -
T T T T T T
0 10 20 30 40 50 60 70
30 T T T T T T
20 .
© 109 Membrane 1
©  0- cooling i
—_
3 -10
= i i
.
8 -20 - -
£
=30 i
i)
-40 - 4
=50 T T T T T T
0 10 20 30 40 50 60 70
6 T T T T T T
"o 54 g
7] )
b QMS signal
5 41 miz 17 1
8
< 34 .
=)
Al
.- 24 B
o
s 14 i
=
(6]
0 +——"" i
T T T T T T
0 10 20 30 40 50 60 70

Time (min)

Fig. 3 p-T-/data for permeation of ammonia in CNMs. The blue curve is
the feed pressure; the red curve is the membrane temperature; the black
curve is the baseline-corrected QMS current.

terms of eqn (1), this can be considered as an effective increase
of the pre-exponential factor for the net permeation rate. One
can alternatively break down the process into two steps and
express the permeation rate as a function of the adsorbate
surface coverage.'® Then, it becomes straightforward that cool-
ing turns on the permeation by promoting physical adsorption
and condensation.

The influx of ammonia into the detection chamber was so
intense that the pressure was increased to 2.7 x 10~° mbar.
Like during the heating experiments, it was only reasonable to
cool the cell transiently in order not to affect other parts of the
setup; besides, the stability of the sample fixture was not tested
below —50 °C. When the process was reversed, the peak
permeation rate amounted to 1.2 x 10> mol s™* m 2 Pa ™},
and compared to the permeance of water vapour, there was
probably much room for further increase. The sharp kinetics is
reminiscent of zero-order curves in temperature programmed
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Fig. 4 Schematic of the gas permeation mechanism in CNMs. The red ball
represents a non-adsorbing molecule that is backscattered upon impinge-
ment on the membrane surface. The blue balls depict condensing molecules
that have a great likelihood to pass through the membrane pores.

desorption (TPD) which is the characteristic to phase transi-
tions and implies the applicability of the Clausius—Clapeyron
relationship.”® We also conducted the experiment with NH; at
an increased feed pressure of 490 mbar and plotted the resulting
isobars as the transmembrane flux versus temperature (Fig. 5). As
evident, there is a noticeable shift of the onset of permeation to
higher temperatures which directly relates it to adsorption-
desorption equilibria. This representation allows for extracting
the temperature values T; and T, that yield the same flux at
different gas pressures. The p;, Ty and p,, T, pairs obtained can
now be plugged to the approximate solution as follows:

1 1
n?? =~ 9(———) @)
o R\ T
where Q is the latent heat and R is the gas constant. The results
of the analysis are shown as a function of the flux in the inset of
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Fig. 5 Transmembrane flux of ammonia as a function of temperature
measured at different feed pressures. The blue curve is for pressure
p1 = 440 mbar, and the red curve is for pressure p, = 490 mbar. The
dotted lines illustrate temperature values for a given flux. The inset shows
the results of the Clausius—Clapeyron analysis as a function of flux. The
solid line is a guide for the eye.
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Fig. 5 revealing an interesting trend. The latent heat appears to
change with the flux similarly to the isosteric heat of adsorption
confirming that the permeation is caused by physisorbed
molecules. The flux emerges at low surface coverage of adsor-
bates when the heat amounts to around 34 k] mol™*, ie. the
adsorption energy of ammonia on CNMs. As more molecules
get adsorbed, the flux increases and eventually goes up steeply.
This leads to a decrease in the latent heat to 22 k] mol " that
matches well the enthalpy of vaporization for ammonia equal
to 23.5 k] mol '.*° Thus, the anti-Arrhenius permeation is
caused by non-activated physisorption and condensation.

This evaluation evidences that gas permeation in 2D mem-
branes is sensitive to the presence of condensed molecules as long
as their size fits the pores dimensions. Fig. 6 shows our next
experiment with isobutylene that boils at —7 °C and liquefies
easier than ammonia.*" Its saturation pressure does not exceed
3 bar at room temperature, but the molecules are bulky and
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Fig. 6 p-T-Idata for permeation of isobutylene in CNMs. The blue curve
is the feed pressure; the red curve is the membrane temperature; the black
curve is the baseline-corrected QMS current.
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hydrophobic. The detector was counting C;H;' ions (m/z = 41)
when the calibration was done with 2.5 mbar isobutylene dosed to
the reference nanoaperture between 6 and 7 min. The respective
pressure rise appears very small with regard to the scale because
450 mbar of the gas was subsequently applied to the CNM. The
steady-state mode between 17 and 21 min revealed no permeation
of isobutylene which was followed by cooling the heat conductor
with liquid nitrogen. The membrane temperature was decreased
to —40 °C making the pressure decrease to 335 mbar; the feed
pressure recovered with warming and vanished upon pumping at
45 min. The reversible pressure change clearly revealed massive
condensation of C,Hg molecules in the membrane cell forming
droplets or a thin layer. Nevertheless, the transmembrane flux
remained negligible regardless of the temperature which was
likely associated with the sieving properties of CNMs. It is known
from prior studies that the interior of tortuous pores in the
membrane in dimensions than their surface
appearance.®” It is also possible though that the liquefied hydro-
carbon molecules were residing away from the hydrophilic CNM
surface.

Recently, Stroganov et al. reported on gas transport experi-
ments with morphologically similar CNMs and also observed
the anti-Arrhenius behaviour of water vapour.®® They measured
the permeation rate of D,O molecules as a function of pressure
at 23, 41, 60 and 81 °C, and the heating appeared to slow down
the transmembrane flow, especially when the membrane was
exposed to the saturated vapour. The data plotted as a loga-
rithm of the permeance versus reciprocal of the temperature
revealed non-linear curves with negative values of the apparent
activation energy. Thermodynamic estimates agreed well with
the enthalpy of water adsorption and confirmed the two-step
permeation mechanism, i.e. adsorption on the membrane sur-
face followed by diffusion through the pores.

is narrower

Conclusions

We introduced a viable experimental approach for probing
molecular permeation in 2D membranes at elevated and cryo-
genic temperatures. The devised heat conductor enables
prompt cooling down to —50 °C and heating up to +50 °C,
and the achieved working range is extendable in both direc-
tions. As a case study, inherently microporous CNMs were
subjected to transport measurements with vaporous heavy
water, ammonia and isobutylene under isobaric conditions.
Membrane heating was found to diminish the permeation rate
of heavy water which was consistent with the surface-mediated
mechanism. The pronounced anti-Arrhenius behaviour under-
scored the fact that transmembrane passage was interfered
by desorption. Furthermore, the flow rate of ammonia was
enhanced by orders of magnitude upon cooling while thermo-
dynamic analysis confirmed gas condensation on the mem-
brane surface. It was also shown that narrow pores in CNMs did
not transmit isobutylene molecules in spite of their facile
liquefaction at low temperatures. Our work proves the impor-
tance of interfacial processes in permeation across 2D
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membranes and justifies selectivity towards vapours over reg-
ular gases. The implication is that gas separation can be
facilitated by tuning the number of adsorbates via temperature,
pressure, and surface affinity.
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