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ABSTRACT A comparative study of transport characteristics of composite membranes based on graphene
oxide prepared by Hummers’ (H-GO) and Brodie (B-GO) methods is presented. By using Raman and XPS
spectroscopy combined with gas and vapor measurements at non-zero pressure drop, it is shown that the dif-
ference in preparation methods results not only in different composition and microstructure of the membranes,
but also in different water vapor permeability and resistance towards pressure drops during membrane perfor-
mance. The H-GO samples are found to be more defective and stronger oxidized with C/O ratio of 1.8, whereas
B-GO revealed a total C/O ratio of 2.6 with more perfect microstructure. The higher oxidation degree of H-GO
membranes allows one to achieve higher water vapor permeability (up to ∼170 Barrer at 100 % humidity)
but dramatically lower stability towards pressure revealing the irreversible loss in permeability up to 46 % dur-
ing the application of pressure drop of 1 bar. In contrast, B-GO membranes show slightly lower permeability
(∼140 Barrer at 100 % humidity) but enhanced pressure stability revealing the irreversible permeability loss of
only 4 % at pressure drop of 1 bar which is about 10-fold smaller compared to H-GO stability. This could be
explained by the difference in microstructural features of the H-GO and B-GO. Graphene oxide prepared by
Hummer’s method has more flexible and defective nanosheets, whereas Brodie’s method gives rise to more
rigid nanosheets with more perfect microstructure. The obtained results suggest that it is possible to prepare
graphene oxide membranes with high resistance towards pressure using only the composition-microstructure
interplay without additional modification with pressure-stabilizing agents.
KEYWORDS graphene oxide membranes, Hummers’ method, Brodie method, oxidation degree, pressure sta-
bility, water vapor permeability
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1. Introduction

At present time, the dehydration of natural and technological gas mixtures has become one of the most important tasks
in the conditioning of natural gas for pipeline transport, preparation of pure gases for electronics, chemical industry and
medicine enterprises. To solve this problem, membrane technologies are developed, since the use of compact membrane
modules can significantly reduce capital investments, and the energy intensity of the entire process. The key factors
determining the effectiveness of membrane technology are the permeability and selectivity of the membrane material as
well as its long-term stability and resistance towards external conditions including pressure drops. Currently, polymeric
materials dominate in the membrane technological processes, however, they are prone to physical aging and plasticization
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which significantly reduces both the performance and long-term stability of the membranes introducing challenges in
design of membrane materials [1].

A reasonable alternative to polymers are carbon membranes, which are considered as advanced materials among with
the graphene oxide (GO) and its modified derivatives [2]. Graphene oxide is a two-dimensional material which could
be considered as a modification of graphene richly decorated with oxygen-containing groups, including hydroxyl, epoxy,
carbonyl and carboxyl groups making GO a suitable candidate for dehumidification technologies. Graphene oxide is ob-
tained by intercalation and oxidation steps of carbon precursors (commonly, graphite and carbon nanotubes) [2–4]. For
industrial applications, the pressure stability of graphene oxide still remains an important issue. Generally, the perme-
ability of GO-based membranes decreases with increasing operating pressure which is attributed to compaction of GO
nanosheets and shrinking of interlayer spacing [5]. To enhance GO pressure stability, various pressure-resistant agents are
introduced into interlayer galleries of GO. For instance, the layered carbon nitride (C3N4) nanoparticles [6], single-walled
carbon nanotubes [7], functionalized fullerenes [8], zeolitic imidazolate framework particles [9] were reported to stabilize
GO towards pressure drops. Moreover, the intercalation of positively charged copper hydroxide nanostrands [10] or K+

ions [11] in GO were claimed even to increase water permeance with pressure. These results are promising, however, it
is more desirable to manage the pressure stability using only intrinsic interplay of composition and microstructure in GO,
because additional modification steps could strongly increase the complexity and costs of the graphene oxide membranes;
moreover, the integration of foreign substances into GO matrix could inevitably induce the formation of additional struc-
tural defects. The stability of GO towards elevated pressures and pressure drops could be obviously based on the method
of GO preparation. The understanding of this interrelation could give an opportunity to design the pressure-stable GO
microstructure originally at the stage of its synthesis.

Four different classical methods are employed to obtain GO: the method of Brodie [12], Staudenmaier [13], Hoff-
man [14], and Hummers’/Offeman (or, simply, Hummers’ method) [15]. The methods have a variety of modifications, for
instance, at least, classical [15], modified [16] and improved Hummers’ [3] methods have been reported. Each method of
preparation endows the resulting GO with different chemistries making a strong impact on the microstructure and func-
tional characteristics of GO membranes [17–19]. For instance, it was shown that Brodie-GO membranes reveal higher
selectivity towards H2 molecules due to a narrower interlayer spacing between GO nanosheets compared to Hummers’
GO [18]. In other work, it was reported that, due to different chemistry, Brodie-GO is considered as a better photocat-
alytic platform than Hummers’ GO [19]. It could be assumed that the difference in microstructure and chemistries of GO
prepared by different methods could be employed for the enhancement of GO-based membranes for gas dehumidification
without the need to modify GO with various pressure-resistant reagents.

In this work, a comparative analysis of the compositional and transport characteristics of membranes based on
graphene oxide obtained by the improved Hummers’ method (H-GO) [4] and Brodie method (B-GO) [5] is performed.
The microstructure and chemical composition of the membranes is examined by scanning electron microscopy, Raman
and X-ray photoelectron spectroscopy. The permeability of the membranes towards water vapors is studied under various
humidity and pressure drops of the feed stream focusing on the possibility of pressure stability enhancement using only the
interplay of microstructure and chemical composition of neat GO membranes. Our results present the general concept for
improving functional properties of graphene oxide by careful choice of preparation method rather than post-modification
with foreign substances.

2. Experimental part

Graphene oxide samples were obtained by improved Hummers’ method and modified Brodie method. To prepare H-
GO samples, graphite was oxidized by potassium permanganate with the graphite: KMnO4 ratio of 1:6 [12]. The detailed
description of the synthesis is presented in [6]. For the preparation of B-GO, potassium chlorate was used as an oxidant
taking graphite/KClO3 ratio of 1:16. In a 100 ml flat-bottomed flask, 0.7 g of thermally expanded graphite and 9.6 g of
potassium chlorate were added with constant stirring and cooling in an ice bath. To the resulting mixture, a fuming nitric
acid was added dropwise (24.5 ml, one drop per second). The flask was left under constant stirring and room temperature
for 12 hours, and then the reaction mixture was heated to 60 ◦C and left for 8 hours at this temperature to further oxidize
the graphite. As a result, the first batch of graphene oxide (B-GO1) was obtained. The resulting suspension was diluted
with water in a ratio of 1:1 by volume, then the precipitate was separated by vacuum filtration and repeatedly washed
with deionized water until the pH = 6. The precipitate was dried by sublimation and then subjected to re-oxidation as
described above. The resulting mixture was stirred at 60 ◦C for 20 hours. The obtained graphene oxide was repeatedly
washed with deionized water until the pH = 6. For the purification from residual inorganic ions, the resulting H-GO and
B-GO suspensions were subjected to dialysis for 30 days under constant stirring. The suspensions were further used for
the formation of selective layers of composite membranes.

For composite membranes preparation, porous anodic aluminum oxide (AAO) membranes (pore diameter of ∼80 nm,
thickness ∼100 µm) were used as reliable supports for GO thin selective layers. The AAO films preparation is described
in [13,14]: briefly, a standard anodic oxidation of aluminum foils with high purity (99.999 %) in 0.3 M H2C2O4 at 120 V
was employed followed by selective removal of aluminum and etching of a barrier layer to get highly-permeable porous
AAO supports with the N2 permeance of 90 – 100 m3·m−2·bar−1·h−1 [15].
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To obtain composite membranes, water-methanol suspensions with the concentration of 1 mg/ml were prepared by
diluting the original H-GO and B-GO suspensions with methanol. The suspensions were carefully deposited on the surface
of AAO supports by spin-coating at the rate of 1500 rpm. To achieve dense packing of the GO nanoflakes, vacuum suction
was used upon the spin-coating and the several aliquots (30 – 50 mkl) of GO suspensions were deposited successively. To
make sure that the obtained composite membranes have no large parasitic defects, the membranes were examined using
optical microscope Carl Zeiss and tested for N2 permeability.

To study the thickness and microstructure of the membranes, scanning electron microscopy (SEM) of membrane
cross-sections was performed using Nvision 40 (Carl Zeiss) microscope. To get the average thickness of the selective
layers, the SEM micrographs were statistically processed with ImageJ software.

To estimate the defectiveness of the H-GO and B-GO samples, the Raman spectroscopy was employed using a
Renishaw InVia instrument with Leica DMLM optics (50× objective) and 20 mW 633 nm He–Ne laser. The obtained
spectra were processed with Wire 3.4 Renishaw software, using Pseudo-Voigt functions positioned at 1340 ± 20 and
∼ 1590±10 cm−1 for D- and G-peaks, respectively. Because graphene oxide is far more defective compared to graphene,
the I(D)/I(G) ratio for H-GO and B-GO was calculated using integrated areas of D and G peaks divided by their FWHM
to get more reliable estimates of defectiveness.

To check the chemical composition of the membranes, X-ray photoelectron (XPS) spectra were registered on SPECS
instrument by employing MgK-α excitation (excitation energy,Eex = 1254 eV). Pure graphite C1s energy (284.6 eV) was
used to calibrate the resulting spectra. The spectra were quantitatively processed with CasaXPS software using Shirley
type background and mixed Gauss (70 %) – Lorentz (30 %) functions for spectra deconvolution. During the processing,
the FWHM of spectral peaks was kept constant for all the spectral components. The subdivision of the C–C band into
sp2–C, sp3–C-hybridized components was neglected due to an insufficient spectral resolution [16].

To study the transport characteristics of the membranes, a set of individual permanent gases (H2, N2, O2, CO2,
CH4, C4H10 and SF6) was used. For the analysis, the membranes were tightened between a feed chamber and calibrated
permeate chamber of a two-compartment measurement cell. Then, the permeate chamber was evacuated using a vacuum
pump until the residual pressure of less than 0.1 mbar was achieved. After this, the stream of the measured gas was
introduced into the feed chamber and a pressure-time curve was registered during the gas inflowing across the membrane
into the permeate chamber. The fluxes of the permanent gases were calculated using a slope of the linear part of the
pressure-time curve.

To study the water vapor permeability under a steady mode, a feed stream containing a mixture of dry N2 and N2

flux with controlled humidity was used. To obtain wet N2 flux, the N2 stream was bubbled through the vessel with liquid
water. The control of the entire feed stream humidity was performed by setting the ratio of dry N2 and wet N2 fluxes. The
feed stream was introduced to the feed side of the membrane, while the permeate side was blown with He flux (pressure =
1 bar). The permeability was measured under varied relative humidity of the feed stream (inlet relative humidity RHin).
For each humidity value, the membrane was blown with feed stream for at least 30 minutes to achieve an equilibrium
steady flux across the membrane. During the experiment, the dependence of outlet relative humidity (RHout) of the He
flux was measured with time. The humidity and temperature of both gas fluxes were controlled using HIH-4000 sensors
(Honeywell, USA). The experiments were performed at the temperatures of 23 – 25 ◦C.

3. Results and discussion

The results of SEM have shown that the selective layers based on B-GO and H-GO are represented by thin and
uniform layered films covering the entire surface of AAO supports. The average thickness of HGO- and BGO selective
layers stands in the range 18 – 20 nm (Fig. 1(a,b)).

FIG. 1. SEM micrographs of cross-sections of the composite membranes with selective layers based
on: a) H-GO; b) B-GO; c) Raman spectra for H-GO and B-GO membranes
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Raman spectra of H-GO and B-GO show the typical D-mode (defect-activated peak coming from transverse optical
phonons (TO phonons) with A1g symmetry in graphene lattice) and G-mode (coming from optical phonon with E2g-
symmetry) (Fig. 1(c)). Generally, the D-peak is responsible for various types of defects in GO including sp3-carbons,
edges, nanoflakes tilting, etc., whereas G-peak shows the vibrations of sp2-carbons in GO skeleton. It should be noted
that graphene oxide is intrinsically sp3-rich and defective phase, and its Raman spectra are more complex containing D′′,
D′, and D∗ modes overlapping with apparently visible D and G peaks and making impact into peak areas [20,21]. At the
same time, the ratio of intensities of D and G modes (I(D)/I(G) ratio) are commonly used to estimate the defectiveness
of carbon materials. In the present study, the I(D)/I(G) ratio was calculated using heights of D and G peaks (see
Experimental part) which gives one more reliable estimates for GO [20] rather than simple dividing of integrated areas
of peaks commonly practiced in most of the works on graphene oxide. According to the results, it was revealed that
B-GO sample has smaller I(D)/I(G) ratio which could be estimated as lower level of defects in its structure compared
to H-GO.

According to the XPS results (Fig. 2(a–d)), the GO sample obtained by improved Hummers’ method is stronger
oxidized achieving the C/O ratio of 1.8, whereas the C/O ratio of B-GO reaches 2.6, which is more close to mildly
thermally-reduced GO [22]. Moreover, the ratio of single- to double- oxygen bonded carbon (C–O/C=O) reaches 4.0
for B-GO and only 2.8 for H-GO showing the strong and dominating contribution of C–O bonded groups (hydroxyls
and epoxy groups) over C=O component (carbonyl, carboxyl groups) for graphene oxide obtained by the Brodie method
(Fig. 2(e,f)). According to model structure of GO, the hydroxyl and epoxide groups are commonly located on the basal
surface of GO nanoflakes [23]. Thus, B-GO membrane has less oxidized nanosheets with dominating presence of basal
oxygen groups and is expected to be more rigid with smaller number of defects compared to H-GO-based membrane.

FIG. 2. XPS spectra of the composite membranes: a), c), and b), d), represent C1s spectra and O1s
spectra for H-GO and B-GO samples, respectively; e),f) spectral components content calculated from
C1s spectra (e), and O1s spectra (f) for H-GO and B-GO-based membranes
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Both composite membranes based on H-GO and B-GO reveal low permeability towards permanent gases achieving
the values not exceeding 0.002 – 0.003 Barrer for H2 gas. Generally, there is a linear dependence of gas permeance on
the inverse square root from molecular mass of gases obeying the Knudsen diffusion equation [24, 25].

Such a small permeability is achieved by dense packing of GO nanosheets upon spin-coating under vacuum suction,
and favors a high potential for application of both H-GO and B-GO films in membrane technologies for selective gas
dehumidification (Fig. 3(a)). It should be noted that B-GO membrane has smaller gas permeability compared to H-GO
which could be attributed to more perfect structure of B-GO with smaller number of defects which stays in line with the
Raman spectroscopy data. The results on gas permeability stay in good agreement with literature data suggesting nearly
barrier gas permeability which is typical for dense thin graphene oxide films [26].

FIG. 3. Transport characteristics of composite membranes based on two types of graphene oxide: H-
GO (Hummer’ method) and B-GO (Brodie method): a) permeability of permanent gases: SF6, C4H10,
CO2, N2, CH4, H2; b) permeability of water vapors in the relative humidity range (RH) from 10
to 100 %; c), d) pressure stability of: c) H-GO and b) B-GO composite membranes in the range of
pressure drop from 0 to 1 bar. The first and the fifth pressure cycle are shown

The H-GO and B-GO membranes exhibit relatively high water vapors permeability staying in the range of 30 – 170
Barrer depending on the humidity of the feed stream (Fig. 3(b)). It should be noted that in the low humidity range (up to
30 – 40 %), both H-GO and B-GO films have very close values of permeability, whereas, starting from humidity of 40 %,
the permeability of H-GO begins to increase rapidly while the water vapor transport across B-GO remains small enough
until the humidity of 80 % at which the B-GO permeability begins to increase sharply. The different shapes of water vapor
permeability curves for H-GO and B-GO are evident and could arise from the difference in microstructure and chemical
composition of the films. The high oxidation degree of H-GO and deep extent of oxidation (the high presence of C=O
groups) favors the sorption and capillary condensation of water molecules in H-GO microstructure [22], thus, resulting in
higher water vapor permeability in the humidity range of gas stream from 40 up to 100 %. In contrast, graphene oxide
prepared by the Brodie method has greater C/O ratio with smaller amount of oxygen functional groups resulting in more
rigid microstructure and lower water vapor permeability.

The prominent difference in the H-GO and B-GO membranes performance could be seen when the membranes are
subjected to stepwise pressure cycling with pressure drops in the range from 0 to 1 bar (step of 0.2 bar) during water vapor
permeability testing at 100 % humidity (Fig. 3(c,d)). During the first pressure cycle, the H-GO membrane loses up to
46 % of its original permeability, and, after pressure release, the membrane reveals an irreversible permeability decrease
of ∼30 %. The observed strong decrease in membrane permeability could be attributed to highly-oxidized and soft nature
of nanoflakes in H-GO membrane which tend to compaction under pressure elevation resulting in shrinking the pathways



Comparative study of transport properties of membranes based on graphene oxide ... 277

for water molecules transport. Nearly the same trend is observed for the B-GO membrane, however, it has higher stability:
after the pressure release, the membrane restores its permeability with the irreversible loss of only ∼4 % revealing more
rigid and stable microstructure of the B-GO compared to H-GO membrane. During further pressure cycling, the H-
GO and B-GO membranes reveal stabilization of water vapor permeability. Under the 5-th pressure cycle, both H-
GO and B-GO membranes exhibit the dynamical pressure decrease of ∼20 % with irreversible pressure loss of ∼4 %
showing some kind of a limit in structural compaction of GO (Fig. 3(c,d)). The same trend for gradual compaction and
stabilization of microstructure was shown for the permeation of H-GO membranes towards liquid water in nanofiltration
experiments [27]. It could be assumed, that the observed difference in pressure stability in H-GO and B-GO is encoded
in their synthesis method which pre-determines the extent of graphite oxidizing and the resulting defect content and
rigidity of GO nanoflakes. To achieve enhanced pressure stability of graphene oxide, its microstructure should be close
to that of B-GO membranes but with higher content of basal hydroxyl and epoxy groups to provide higher water vapor
permeability. Thus, for the design of pressure-stable and highly-permeable membranes, the protocol of GO synthesis
should be reconsidered carefully to avoid strong over-oxidation and defects formation in GO samples. The obtained
results show that it could be possible to achieve pressure-stable GO using only microstructure-composition interplay as
is shown for the B-GO membrane. This route could be considered as an alternative to modification of GO with various
pressure-resistant agents such as, for instance, carbon nitride layers [6] or single-walled carbon nanotubes [7] to avoid
complication of GO preparation for industry.

It should be noted that the performance of GO membranes under pressure requires further in-depth experimental
studying including in-situ and operando X-ray diffraction analysis of d-spacing changing during pressure cycling which
requires more sophisticated equipment. At present, most of the studies report the liquid (or vapor) water permeability
under the average feed stream pressures in the range of 1 [28] to 6 bar [29] and even up to 50 bar [30], whereas the size
of d-spacing for GO membranes is commonly measured and presented for the pressure of 1 bar. As a result, it is hard to
correlate the membrane performance with dynamical pathways for water molecules transport in GO microstructure.

4. Conclusions

Gas and vapor transport characteristics as well as the resistance towards pressure drops is studied comparatively for
membranes based on graphene oxide synthesized by Hummers’ (H-GO) and Brodie’s (B-GO) methods. It is revealed that
B-GO membrane exhibits stronger resistance towards elevated pressure owing to higher uniformness of its microstructure
provided by more rigid, less defective and lower oxidized planar nanoflakes. To enhance the pressure stability of graphene
oxide, a careful control of synthesis conditions is required to provide the balance between GO oxidation degree and the
rigidity of its nanoflakes. Thus, it is possible to control the pressure resistance of GO by adjusting its composition-
microstructure interplay which could be considered as an alternative approach rather than introducing additional pressure-
stabilizing agents.
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