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Abstract

Graphene oxide membranes (GOMs) are promising materials for separating water from polar
organic liquids, but their separation performance depends strongly on membrane architecture and
fabrication conditions. Three free-standing GOMs were prepared from the same starting graphene
oxide dispersion at two concentrations: 2 mg mL™! (isotropic) and 10 mg mL " (liquid-crystalline).
The orientation of graphene oxide layers within the membranes was examined using spin-probe
technique. For one membrane prepared from the concentrated dispersion, the nitroxide spin probe
H2 was added before filtration; for the other two membranes, the probe was introduced after
membrane formation. Lamellar orientation was evaluated by SEM image analysis. The second-
rank lamellar order parameters were similar for all three membranes (7> = 0.86-0.92), whereas the
layer order parameters were lower (P> = 0.49-0.62) and differed between membranes prepared
from isotropic and liquid-crystalline dispersions. Water-vapor permeance was comparable across
all membranes, at approximately 0.046—0.052 mol m2 s™' bar’. In contrast, ethanol- and
acetonitrile-vapor permeances decreased by a factor of approximately 4 and 2.5, respectively, for
membranes prepared from the concentrated dispersion. Consequently, their water/ethanol
selectivity increased from 12 for the isotropic-dispersion membrane to 36-43 for the membranes
prepared from the concentrated dispersion, while water/acetonitrile selectivity increased from 9 to
21. These results show that increasing the starting dispersion concentration can substantially
improve transport selectivity while maintaining similar water permeance. The two membranes

prepared from the concentrated dispersion showed similar permeance and selectivity.
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1. Introduction

Graphene oxide membranes (GOMs) have been extensively studied [1-3] since Nair et al.
reported exceptionally high permeability to water compared to other polar liquids and gases [4].
The high surface area of graphene oxide nanosheets, together with their numerous oxygen-
containing functional groups, makes these materials promising for water desalination and dye
removal [5-7], as well as for the separation of water and organic liquids [8-12].

Recently, GO-based membranes were shown to have high sorption and diffusion selectivity
for water in water—ethanol mixtures [13]. Nevertheless, the transport properties of GOMs have
varied substantially across studies over the past decade. Reported water permeabilities, for
instance, vary by over four orders of magnitude [14]. This scatter may arise from differences in
the composition of oxygen-containing functional groups, flake size distributions, and internal
ordering of the membranes. Among these, the role of the orientational ordering of lamellae and
graphene oxide layers remains the least studied, mainly because few methods are available for its
quantitative determination.

Free-standing GOMs tens of micrometers thick have a hierarchical structure: they consist
of lamellar stacks, each comprising several tens of individual graphene oxide layers.
Consequently, a comprehensive study of the membrane structure requires quantitative
characterization of the orientational ordering of both lamellae and individual layers. Recently, we
developed two quantitative approaches for characterizing GOM architecture. The first is based on
electron paramagnetic resonance (EPR) spectroscopy of stable nitroxide radicals (spin probes)
adsorbed onto the oxidized graphene layers [15]. If the probe molecules adopt a well-defined
orientation relative to the layer plane, their orientational order parameters reflect the ordering of
the layers. Among the probes tested, nitroxides containing conjugated aromatic fragments with
nitrogen atoms proved to be the most orientation-sensitive [16]. The second approach uses
machine learning for quantitative analysis of scanning electron microscopy (SEM) images of
membrane cross-sections, enabling determination of the lamellar orientation [17]. Together, these
methods allow quantitative characterization of the membrane architecture at both the nanoscale
(individual layers) and microscale (lamellar packets).

In a previous study, we showed that graphene oxide layer ordering and lamellar packing
density independently and significantly influence GOM permeability and selectivity [18]. The
starting GO dispersion concentration may affect both the packing density and the ordering of
lamellae and GO layers. Increasing the concentration can lead to the formation of a liquid-
crystalline phase in which the GO flakes are aligned relative to one another [19].

Only a few studies have demonstrated a substantial effect of the starting GO dispersion

concentration on GOM performance in water nanofiltration [19-23]. However, the effect of the
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starting dispersion concentration on the performance of free-standing membranes in water/polar-
liquid separation has not been studied systematically.

The present study therefore investigates GOMs fabricated from a single graphene oxide
dispersion at two different concentrations.

This work addresses the following questions:

(1) Do membranes prepared from dispersions at two concentrations (2 and 10 mg mL™)
differ in their internal architecture and water/polar-liquid separation performance?

(2) Is water/polar-liquid separation performance reproducible for membranes prepared by
the same method?

(3) Is the orientational distribution of the nitroxide spin probe in GOMs similar when the

probe is introduced after membrane formation or during membrane preparation?

2. Materials and methods
2.1. Materials

The graphene oxide dispersion was prepared using an improved Hummers' method [24]
and purified as described previously [25]. The C/O atomic ratio of graphene oxide determined by
X-ray photoelectron spectroscopy (XPS) was 2.6.

The nitroxide spin probe (1,1,3,3-tetramethyl-2,3-dihydro-1H-pyrrolo[3,4-b]quinoxalin-2-
yl)oxidanyl (H2) was synthesized as described in Ref. [26]. Our previous study showed that a
conjugated aromatic fragment bearing two nitrogen atoms in the nitroxide molecule enhances its
interaction with oxidized graphene layers and increases the orientational ordering of the probe
molecules in the membrane [16].

HPLC-grade acetonitrile (purity >99.99%) was supplied by RCI Labscan, and 96% ethanol

was purchased from “Ruskhim”. Double-distilled water was used in all experiments.

2.2. Membrane fabrication and preparation of spin-probed samples

The GO dispersion was concentrated from 2 mg mL™" to 10 mg mL™" using hydrogel
spheres, as described in [22]. Formation of a liquid-crystalline (LC) phase in the concentrated
dispersion was detected by polarized optical microscopy (SDPTOP CX40M microscope) with
crossed polarizers (Figure S1.1).

The membranes were prepared by vacuum-assisted self-assembly in a conventional glass
filtration system consisting of a Biichner flask, a glass frit, and a porous Anodisk (Whatman)
membrane used as the filtration substrate. Filtration with a water-jet pump typically took 7—12 h.

After filtration, the resulting membrane was gently detached. The membrane thickness, measured



with an electronic micrometer at a relative humidity (RH) of 35%, was 25-35 um, whereas the
thickness estimated from SEM images was 15-20 pum (Figure 4). This difference is consistent with
membrane swelling in humid air.

Three GOMs were studied. The first membrane (ML) was fabricated from a low-
concentration isotropic dispersion (2 mg mL™"), whereas the other two membranes (MH1 and
MH?2) were prepared from the concentrated dispersion (10 mg mL™).

To prepare ML and MH1 samples for EPR measurements, rectangular strips (4 x 10 mm)
were cut from each membrane and immersed in a solution of H2in a 1:1 (volume)
acetonitrile/water mixture at a concentration of ~3.5-1073 mol/L. After 24 h in the solution, the
membrane strips were removed and dried in air. The resulting samples contained approximately
3-10' radicals and yielded EPR spectra with a high signal-to-noise ratio.

To prepare the third membrane (MH2), the H2 spin probe was introduced into the
concentrated dispersion prior to filtration. EPR spectra of the GO dispersion probed with H2
nitroxide (see Fig. S3.1) show that H2 molecules readily adsorb onto graphene oxide sheets. The
resulting concentration of H2 in the dispersion was found to be within the range of 0.01-0.05 mM.

The membrane preparation procedure is shown in Figure 1.

concentration E spin probe

vacuum
filtration

/g

Figure 1. Scheme of GOM preparation.

2.3. SEM measurements and image analysis
The cross-sectional morphology of the membranes was examined using a Prisma E

scanning electron microscope (SEM; Thermo Scientific, Czech Republic). Before imaging, the
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samples were fixed on an L-shaped holder and coated with a 10 nm gold layer using a Q150R ES
plus sputter coater (Quorum Technologies, Great Britain).

Quantitative analysis of SEM images of the GOM cross-sections was carried out using a
machine-learning approach comprising two main stages. First, the images were segmented using
a pre-trained UNet model [17], after which the resulting segmentation mask was binarized using
amanually selected threshold to delineate the lamellar boundaries. Second, the angular distribution
of the lamellae was calculated from the binarized mask, enabling determination of the orientational
order parameters.

The orientational order parameters 7> and 7y characterizing lamellar ordering, were

calculated by averaging the Chebyshev polynomials Tj(cos ) over the two-dimensional

orientation distribution function p,p (f):

1= | T(eos ) pan()ap (1)

This procedure is described in detail in our earlier study [17]. The image processing software is

freely available at [27, 28].

2.4. EPR spectroscopy and spectra simulation

EPR spectra were recorded using a Bruker EMXplus-10/12 PX X-band EPR spectrometer
equipped with a nitrogen-flow temperature controller. The spin-probed membrane samples were
fixed in a quartz holder, as described in [15]. The angular dependence of the EPR spectra was
recorded at 105 K to suppress probe rotational motion, allowing the spectra to be simulated in the
rigid limit. Using a Bruker automatic goniometer, the angle between the normal to the membrane
surface and the spectrometer magnetic field was set in 10° steps with an accuracy of £1°. The
microwave power was set to 1 mW, and the magnetic-field modulation amplitude was 1 G. For
each sample, at least 10 EPR spectra were recorded at different rotation angles.

The shape of EPR spectra in ordered media at low temperatures is governed by both the
spin Hamiltonian parameters of the paramagnetic species and their orientational distribution. We
used the spin Hamiltonian parameters of H2 determined in our earlier work [16].

The angular dependences of the EPR spectra were simulated using the ODF3 program
(freely available at [29]). Spectra acquired at different membrane orientations were fitted
simultaneously, with the orientational order parameters of the probe molecules as adjustable
parameters. To improve the accuracy of the order parameters, we used an iterative procedure in
which the fits of the intense intrinsic GO signal and the weak nitroxide signals were refined
sequentially. The simulation procedure is described in detail in [15].
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In the fitting procedure, the orientational distribution function (ODF) of the nitroxide

radicals was represented by a series of Legendre polynomials:

o 2l+1

p(B) = z=oTPle(COSﬁ) 2)
The order parameter of rank [ is defined as the average value of the corresponding Legendre
polynomial:

P, = [, Pi(cosp) p(B)sinpdp (3)

Here, B is the angle between the GOM surface normal and the magnetic z axis of the nitroxide
molecule (see Figure 2a). For an axially symmetric distribution about the membrane surface
normal, the distribution of the magnetic z axes is described by this single angle. Because of the
symmetry of the nitroxide magnetic tensors, the EPR spectra are sensitive only to the even-order
terms in Eq. 2.

At 105 K, the rotational mobility of the nitroxides is largely suppressed, so any variation in
spectral line shape upon sample rotation reflects the orientational distribution of the probe
molecules within the membrane. Figure 2a shows the nitroxide magnetic axes and the preferred
orientation of the H2 molecule with respect to the GOM surface. The angular dependence of the
EPR spectra (Fig. 2b) shows that the magnetic z axes of the nitroxides are predominantly aligned
with the membrane surface normal. The origin of the characteristic EPR spectral features of

nitroxide spin probes is discussed in detail in [30].

a
—
n p.
/N
X ¥ B, mT
GO membrane surface 330 333 336 339 342

Figure 2. (a) Orientation of the magnetic axes (x, y, z) of nitroxide H2 relative to the GO
membrane surface normal (green arrow),; (b) EPR spectra of ML containing H2. The spectra
were recorded at 105 K with the membrane surface normal rotated relative to the magnetic

field

2.5. Measurements of GOM permeance to polar liquids
Membrane permeance was measured using a device (Fig. S2.1) in which the membrane

was sealed above a vessel containing the liquid (V = 5 mL), with a saturated-vapor volume of
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approximately 2 cm? beneath the membrane. Transport through the membrane occurred from the
vapor phase (gas pervaporation). The exposed membrane area was 78.5 mm?.

The device was held in a TS-1/80 SPU thermostatic cabinet at 298 K (accuracy =1 K).
Temperature and humidity were monitored with a thermometer-hygrometer placed inside the
thermostatic cabinet; relative humidity values were used to calculate the water vapor pressure
inside the cabinet. The setup was weighed with a Mettler E240 analytical balance every 10—15 min
to measure the mass loss over time. The corresponding mass-loss graphs are presented in Figure
S2.2.

The driving force for transmembrane transport is the vapor-pressure difference between
the two sides of the membrane. The slope obtained by linear regression of mass loss against time
was normalized to the exposed membrane area (78.5 mm?) to determine the flux j through the

membrane (Figure S2.2).
The permeance values (in mol m? bar s™) were calculated as P =7/ Ap where Ap is the

vapor-pressure difference above (p) and below (p*) the membrane (Ap = p® — p). The saturated

vapor pressure below the membrane was calculated using the Antoine equation:

leps = A B
8P = C+T

The constants A, B, and C are given in Table S2.1 [31]. The values of p® at room temperature (298
K) are 0.0313, 0.0776, and 0.1207 bar for water, ethanol, and acetonitrile, respectively.

The water-vapor pressure above the membrane was taken as the water-vapor pressure
corresponding to the current relative humidity, according to the thermohygrometer readings (RH
~35%); thus, Apw = 0.0203 bar was used for water permeance measurements. The ethanol- and
acetonitrile-vapor pressures above the membrane were assumed to be negligible because the
thermostatic cabinet was ventilated.

Atmospheric moisture produces a reverse flux of water vapor (j%,) through the membrane
along with the outward flux (jui-) of ethanol or acetonitrile. Thus, the observed flux is j,ps = jgir —
Jrey In experiments with ethanol and acetonitrile. The values of ju for ethanol and acetonitrile
(Table 1) were calculated as jzi = jops + jrew, Where the reverse water flux was estimated from
the measured water permeance as jy,, = P, - Ap,,; Ap,, for the acetonitrile experiment was taken
as RH - p;,=0.0110 bar. For the ethanol experiment, we accounted for the partial pressure of water
over the azeotropic ethanol/water mixture. Using the water mole fraction y = 0.10 in 96% ethanol
and the water activity coefficient y = 2.266 [32], we obtained a water partial pressure over the
ethanol-water mixture of p,, = y -y - py, = 0.0071 bar; thus, Ap,, = 0.35-0.0313 — 0.0071 =

0.0039 bar for the ethanol experiment. The flux values are shown in Table 1. Ethanol permeance



for 96% solution was calculated as j;;-/(ps: — Pw), acetonitrile permeance was calculated as

jdir /pgcn-

Table 1. Water, ethanol, and acetonitrile fluxes through the GOMs (values in 10~ mol m s .

i jﬁtl,;l;anol ]-sgﬂlanol jggitonitrile jglg;ztonitrile
ML 10.5 2.38 3.17 4.26 6.76
MH1 9.65 0.200 0.92 0.512 2.81
MH2 9.36 0.0489 0.75 0.322 2.54

3. Results and discussion

3.1. Structural characteristics of GOMs from SEM and the spin probe technique

SEM image analysis allows us to determine order parameters 72, Ty, Ts... of GOM
lamellae, which characterize structural ordering at the micrometer scale. At the same time, the
orientation-sensitive spin probe technique provides the order parameters of individual oxidized
graphene layers and thus characterizes membrane ordering at a smaller length scale. Due to the
presence of sp*-hybridized carbon atoms in the GO structure, graphene oxide layers tend to form
waves or corrugations. The literature provides two estimates of the characteristic corrugation
period of GO layers. Atomic force microscopy measurements of graphene oxide monolayers
suggest a characteristic period of 10-20 nm [33], whereas molecular dynamics simulations for
graphene oxide with C:O ratios of 23 yield values of approximately 5 nm [34]. These periods are
5-20 times the size of the H2 probe (~1 nm). Given the flat and rigid structure of H2, the spin
probes are expected to track the corrugations and provide order parameters P2, P4, ... that are
somewhat lower than those describing the overall layer alignment across the membrane. This

structural model is shown schematically in Figure 3.

lamellar order parameters
T, Ty T

spin probe for layer
order parameters
Py, Py, Pe...

Figure 3. Schematic representation of the hierarchical structure of GOMs.



Representative SEM images of the three GOMs and the results of their analysis are
presented in Figure 4. Up to 14 images for each sample were processed (See Table S4.1) to
calculate the average order parameters. Lamellar order parameters were determined up to 7. The

T>, Ty and Ts values were similar for the three GOMSs, indicating comparable lamellar ordering.
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Figure 4. SEM images of the GOMs and the corresponding segmentation masks and

angular distributions.

The angular dependences of the EPR spectra and the results of their simulation are
presented in Figure 5. The simulation results of spectra deconvolution into nitroxide and GO
components are shown in Figure S5.1. Joint simulation of the spectra yielded order parameters of
ranks 2, 4, and 6 with sufficient reliability. Attempts to include higher-rank terms did not lead to

a significant improvement in the fit, indicating that higher-rank features of the probe orientation

distribution could not be resolved from these spectra.

The second-rank order parameters P2 and 7> characterize orientational ordering at different
levels of GOM structure. The P> values obtained by EPR are lower than the 77 values obtained by
SEM. However, these parameters are defined using different polynomials and orientation

distributions (Egs. 1-3), so their numerical difference cannot be attributed directly to a difference



in structural ordering. We believe that layer corrugation contributes substantially to the distribution

of local orientations sensed by EPR, while imperfect alignment of layers within lamellae may also

contribute.
ML —— experiment
—— simulation
a0°
a0°
“
DD
31;:0 SBIS 336 Ség 31;2 SSID ‘ : 342 SSID
P, 0.49 0.52 0.62
P, 0.18 0.18 0.30
Ps 0.05 0.02 0.10

Figure 5. Angular dependences of the EPR spectra of the GOMs spin-probed with H2 (black
lines) and the results of their simulation (red lines). The spectra were recorded at 105 K at
different angles between the membrane surface normal and the magnetic field. The values of
uncertainties for the order parameters were estimated as £10% for P>, +20% for P4 and £40%
for Ps.

The P; values (Figure 5) were slightly higher for both membranes prepared from the
concentrated dispersion than for ML. The difference was small for MH1 and more pronounced for
MH2. This trend suggests that flake alignment in the liquid-crystalline dispersion can promote
layer ordering in the membrane. The probe ordering in MH2 was higher than in MH1. For MH1,
the spin probes were introduced into the prepared membrane, whereas the MH2 membrane was
prepared from an aqueous dispersion already containing the spin probes. It is possible that not all
interlayer spaces of the membrane are accessible to the probe molecules introduced from the

solution.

3.2. Permeance and selectivity of the GOMs

The measured permeance values (Table 2 and Figure 6) show similar water-vapor
permeance for the three GOMs, whereas ethanol- and acetonitrile-vapor permeances decrease
significantly for GOMs prepared from the concentrated GO dispersion. The relative errors of the
permeance values were estimated from linear regression analysis and were generally 1-6%,

reaching 16% in the worst case. Table 2 also lists selectivity values for the water/ethanol and
10



water/acetonitrile pairs, calculated as ratios of the permeances of the individual substances. Since
both substances (water and acetonitrile, or water and ethanol), which can mutually influence each
other's permeability, were always present within the membrane during the experiment due to
reverse water flow, the obtained values were supposed to be close to the real selectivities for
separating mixtures of these substances. The main result of this study is a decrease in the
permeance of ethanol and acetonitrile by a factor of approximately 4 and 2.5, respectively, for
GOMs prepared from the concentrated dispersion. This leads to considerably higher water/ethanol
and water/acetonitrile selectivity (Table 2). The two membranes prepared from the concentrated

dispersion showed similar permeance and selectivity under the conditions studied.
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0.1+ B water ; water/ethanol
R B <thanol [ water/acetonitrile

- I acetonitrile 90 +

5 _

o
" 40
L - I
= s

20014 e 30 -_

o ] [

< 204

@

q’ -

E =

0 10-

o

0.001 4 0 ] .
ML MH1 MH2 ML MH1 MH2

Figure 6. (a) Permeance and (b) selectivity of the GOMs. Bars correspond to water (blue),
ethanol (pink), and acetonitrile (green), selectivities are shown for water/ethanol (magenta) and
water/acetonitrile (cyan).

Membranes prepared from isotropic and liquid-crystalline dispersions differ only
slightly in orientational ordering but exhibit substantially different transport properties.
Differences in defect density may also contribute to their transport properties, but the present

measurements cannot determine this characteristic.

Table 2. Functional properties of the GOMs

GOM Permeance, mol m2s! bar’! Selectivity
water ethanol acetonitrile water/ethanol water/acetonitrile
ML 0.0518 0.00449 0.00560 11.5 9.2
MH1 0.0475 0.00131 0.00233 36.2 20.4
MH2 0.0461 0.00107 0.00211 43.2 21.8
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4. Conclusions

Free-standing graphene oxide membranes were fabricated from the same starting
dispersion at concentrations of 2 and 10 mg mL™" and characterized at the levels of lamellae and
individual GO layers. SEM analysis gave similar lamellar order parameters for the three
membranes, whereas EPR measurements revealed slightly higher layer order parameters for the
membranes prepared from the concentrated dispersion. The most pronounced effect of increasing
the starting dispersion concentration was on the transport of organic vapors. While water
permeance remained nearly unchanged, ethanol and acetonitrile permeances decreased
substantially for the membranes prepared from the concentrated dispersion. This resulted in higher
water/ethanol and water/acetonitrile selectivity. The two membranes prepared from the
concentrated dispersion showed similar permeance and selectivity under the conditions studied.

The results indicate that controlling the concentration of the starting GO dispersion is a
potentially effective way to improve water/polar-liquid separation selectivity without a substantial

loss in water permeance.
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