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a b s t r a c t

We report pressure-driven liquid-phase isotope separation (dead-end filtration) to enrich D and 18O in
natural water using graphene oxide (G-O) and UV-reduced graphene oxide (UV-rG-O) membranes. The
isotope diffusivity (molecular diffusion and adsorption separation) was found to be responsible for isotope
separation. Adsorption separation is the dominant mechanism for improvements in D and 18O enrichment
via increased G-O loading that leads to the increased number of adsorption sites (epoxy and hydroxyl
groups on G-O), and higher degrees of reduction of G-O that result in the narrowing of the nanochannels
which decreases the portion of water molecules experiencing molecular diffusion. The best performing
membrane was “UV-rG-O” made by exposing a G-O membrane to 24 h UV irradiation from one side,
showing enrichment of D of 0.5% for D/H and 18O of 0.08% for 18O/16O in a single-stage experiment,
without contribution from the vapor pressure isotope effect. This work improves the understanding of
the mechanisms for graphene-based membrane separation of D and 18O enriched water.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

In natural water there are three naturally occurring isotopes for
oxygen, oxygen-16 (16O), oxygen-17 (17O) and oxygen-18 (18O), and
for hydrogen, hydrogen-1 (1H ¼ H), hydrogen-2/deuterium
(2H ¼ D) and hydrogen-3/tritium (3H). 18O and D are stable
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isotopes that are widely used. For example, 18O is an essential
precursor in the production of fluoride-18 for position emission
tomography (PET) scans that are used in the diagnosis and man-
agement of cancer patients [1]. Heavy water (D2O) is used as a
moderator in nuclear reactors that generate carbon-free electricity
and valuable radioisotopes for medicine and industry [2]. Addi-
tionally, D2O and H2

18O are important tracers used in isotopic
analysis and environmental studies [3]. Current techniques for
enriching 18O include cryogenic distillation of water and CO [4],
oxygen gas, or NO gas [5]; or fractional distillation of water [6], and
D enrichment can be achieved with chemical exchange (Girdler
Sulfide Process), electrolysis, water distillation, and cryogenic
distillation of hydrogen [7,8].

The separation of watermolecules by differences in their isotope
content arises from the differences in mass or mass distribution
caused by D or 18O substitution. In membrane-based water isotope
separation, water molecules form hydrogen-bonds with neigh-
boring water molecules and H-bonding functional groups on the
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membrane. The difference in strength/length of the hydrogen bond
are reported as one of the reasons behind isotope separation based
on different rates of diffusion and selective absorption and
desorption. Hydrogen-bond strength is influenced by the nuclear
quantum effects, such as zero-point energy (ZPE) [9]. ZPE is related
to the mass ratio of the two isotopes, H/D and 16O/18O. The differ-
ence in ZPE between H2

16O and D2
16O is larger than that between

H2
16O and H2

18O due to the larger change in mass ratio when
substituting H with D compared to 16O with 18O [10]. The isotope
effect experienced when substituting H with D is greater due to the
change in the hydrogen-bond structure. Substitution with
hydrogen or oxygen isotopes also affect the mass distribution of the
water molecule. For H-bonded water molecules, it has been re-
ported the average moment of inertia for D2

16O is larger than those
of both H2

16O and H2
18O (and that of H2

18O is only slightly larger than
that of H2O) [9,11]. A larger moment of inertia lowers the frequency
of hindered rotation, resulting in less energy stored at zero-point
motions. Therefore, larger activation energies are required for
breaking the H-bonding of deuterated water molecules [12]. These
differences in diffusion and interactions with water and the func-
tional groups on themembrane could lead to selective separation of
water isotopes.

Membrane-based separation has been investigated as an alter-
native (e.g., to try to reduce costs and to try to simplify the process),
particularly pervaporation and membrane distillation that have
shown enhanced isotope separation with lower energy consump-
tion due to the combined vapor pressure effect, diffusion effect and
selective adsorption [13]. Chmieleswski et al. reported that for water
vaporizing inside the pores of the membrane [14], the vapor
pressure effect is largely responsible for D separation from H and
the diffusion effect is mostly responsible for 18O separation from
16O [15]. Due to the reported relatively large 18O separation from
16O achievedwithmembrane distillation, researchers have directed
their attention into improving the efficiency of this process [16,17]
and producing hydrophobic, polymer based-membranes to
enhance isotopic water separation [18].

In recent years, isotope separation has been reported for D at
room temperature with membranes made of graphene, MoS2, or
hBN [19,20], and more recently for oxygen gas via cryogenic
nanoporous adsorption at 112 K via “carbide-derived carbons”
(CDC's) packed into columns [21]. The separation using the mem-
branes is reported to be due to the “quantum sieving effect”
induced by their nanoscale pore sizes. On the other hand, CDC's
selective adsorption of 18O2 is reported to be due to the “collective-
nuclear-quantum effect” resulting from densely packed molecules
in sub-nanometer pores at a low temperature. The permeation of
water vapor through stacked graphene oxide layers was reported
by Boehm et al., in 1961 [22]. More recently, it has been again re-
ported that water can readily permeate through membranes
comprised of stacked and overlapped G-O sheets [23]. Selective
separations of ions and molecules through membranes composed
of G-O or chemically modified G-O sheets are also reported to be
possible due to charge and size-exclusion [24], and preferential
adsorption [25].

There have been studies of G-O membranes for water isotope
separation using vapor and liquid-vapor permeation for enriching
D in water [26e29]. It has been reported that large sheet sizes,
hydrophobicity, narrowed interlayer spacing and nanochannel
uniformity are factors to improve D/H separation. However, the
separation of isotopic water vapor is overshadowed by the vapor
pressure isotope effect. For example, the separation factors re-
ported for unmodified G-O membranes in air-gap membrane
distillation (a ¼ 1.044e1.055) are below the vapor pressure isotope
effect (a ¼ 1.060) at 40e45 �C [28,29]. Therefore, the contribution
of G-O membranes to isotope separation is unclear as the reported
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enrichment is counteracted by a mixed ultrafiltration process in
which liquid can permeate into the hydrophilic nanochannels of G-
O [13,28]. Adjustments made to the surface hydrophobicity of G-O
membranes via reduction, functionalization or coating have been
studied for enhancing D/H separation [28,29], although these
modifications made it harder to isolate the effect G-O has on
isotope separation and the mechanism behind D enrichment in
water. Furthermore, to the best of our knowledge, there have been
no studies of G-O membranes for the enrichment of 18O in water.

The reported mechanisms behind separation for liquid-phase
permeation are molecular diffusion and selective adsorption. Mo-
lecular diffusion is described to occur within the nanochannels of
the membrane where molecules collide with each other without
interacting with the surface of the membrane [30]. It has been re-
ported that in liquid-phase, molecular diffusion rates are depen-
dent on the intermolecular interactions (intermolecular hydrogen
bonds with neighboring water molecules) and, less significantly,
the difference in molecular mass [31]. Generally, lighter isotopic
molecules are reported to have a higher diffusion rate. On the other
hand, selective adsorption is dependent on the bond strength
formed between the isotopes and the adsorption sites, which re-
sults in the difference in adsorption enthalpies and desorption
activation energies. Studies show that the affinity strength of the
adsorption site is influenced by the ZPE of the isotopes and that
heavier isotopes with a lower ZPE generally lead to preferential
adsorption and slower desorption [8,12]. Studies have shown that
H2
18O and D2O form stronger hydrogen bonds with oxygen func-

tional groups in cellulose membranes or on G-O [14,32]. The dif-
ference in adsorption strength of water molecules could affect their
surface diffusion on G-O depending on adsorption and desorption
rates. Heavier isotopes typically have a slower surface diffusion
rate, although the opposite has been reported for activated carbon
[33].

In this study, membranes of different G-O loadings were pre-
pared to alter the thickness of the membranes and the number of
adsorption sites. G-O membranes were also reduced with different
degrees of reduction that altered the number of adsorption sites,
surface hydrophobicity and d-spacing [34,35]. UV irradiation
(365 nm) was selected for partial “reduction” (literally: deoxy-
genation) of G-O and the degree of deoxygenation can be controlled
through exposure times. Unlike the chemically reduced G-O (rG-O)
films, e.g., produced using hydrazine or hydroiodic acid and that are
typically impermeable to water, the UV-reduced G-O (UV-rG-O)
membranes remained permeable towater. Studies have shown that
exposing G-O films to UV irradiation reduces the exposed G-O
surface [34] and affects the water permeability of G-O membranes
[35]. We have investigated the isotope effect that G-O and UV-rG-O
membranes have on enriching D and 18O in natural water by
pressure-driven liquid-phase permeation (dead-end filtration) that
minimizes the vaporization process. This study provides a better
understanding of the mechanisms behind isotope separation and
the membrane properties such as thickness, d-spacing and the
surface chemistry of G-O sheets that are desirable for D/H and
18O/16O separation.

2. Experimental section

2.1. Membrane preparation

G-O was synthesized by exfoliating graphite oxide following the
modified Hummers method, then G-O was dispersed in water at a
concentration of 0.5 mg mL�1 [36,37]. G-O membranes were pre-
pared by vacuum filtrating specific volumes (1, 3, or 5 mL) of the G-
O dispersion through mixed cellulose ester (MCE) filters (What-
man™, 10401712, 0.2-mm pore size, 47-mm diameter) and dried in
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air (named “1, 3, and 5mL G-O”). For UV-rG-Omembranes, dried G-
O films prepared from 3 mL of the G-O dispersion on MCE filters
were exposed to specific durations (3, 6 and 24 h) of UV (365 nm)
radiation in the UVP Cl-1000L UV crosslinker (~3 mW cm�2) at
room temperature (named “0, 3, 6 and 24 h UV-rG-O”). The films
were placed 12.5 cm below the 8WUV lamps. All films were left on
the MCE substrate and sandwiched with waterproof tape (Clear
Gorilla Tape) for an effective area of 4.91 cm2 and used as mem-
branes for dead-end filtration (Fig. S1). To separate the MCE filter
from the films for characterization, the filmwas thoroughly washed
with acetone (Chem-Supply) to dissolve and remove the MCE filter.

2.2. Permeance of membranes

Dead-end filtrationwas carried out using stirred cells (Amicon®,
50 mL) connected to a manifold with a pressure chamber that
supplies 1.0 bar of pressure using N2 gas (Figs. S1b and c). 20.0mL of
water (feed) directly from the Milli-Q integral water purification
system (Merck Millipore, USA) that achieves a water quality of ul-
trapure (ASTM Type 1, 18.2 MU cm at 25 �C, TOC <10 ppb) was
added into the stirred cell. The feed (control) has a mixture of
hydrogen and oxygen isotopes. 18.0 mL of water (permeate) passed
through the membrane before the pressure was released, leaving
the remaining water (retentate) in the stirred cell. For each mem-
brane, dead-end filtration was carried out 3 times using a new
membrane each time. The permeance (L m�2 h�1 bar�1) was
calculated according to the following equation.

Permeance ¼ Vp

A$Dt$P
(1)

where Vp (L) is the volume of the permeate, A (m2) is the effective
area, Dt is the total time and P (bar) is the pressure applied.

The mass of the feed, permeate and retentate were recorded.
Due to the low permeance of some of the membranes, mass loss
from water evaporation were detected. To verify if the membrane
component causes isotope separation beyond vapor phase change,
control experiments were performed by replacing the G-O mem-
brane with a copper foil sandwiched between waterproof tape as
an impenetrable barrier. Additionally, Rayleigh's equation for
fractional distillation [38] were used with the fractionation factor
calculated from Horita et al.’s equation for liquid to vapor phase
change [39] (see Supporting Information for control experiments
and calculation details).

2.3. Separation performance of membranes

Water samples from the feed, permeate and retentate were
collected and tested using the Laos Gatos Research (LGR) Isotopic
Water Analyzer in liquid water mode (LGR LWIA, IWA-35EP) to
determine the D/H and 18O/16O, which are expressed in d notation
relative to VSMOW (Vienna Standard Mean Ocean Water) as,

dD or d18O¼ Rsample

RVSMOW
� 1 (2)

where R is the isotope ratio for D/H or 18O/16O with the subscripts
referring to the tested sample or the known isotope ratios in
VSMOW given by the reference sheet [40]. All measurements were
made using five commercially available working standards, LGR
1e5 (Ecotech) with known isotopic composition (dD, d18O) of
(�165.70‰, 21.28‰), (�123.80‰, �16.71‰), (�79.60‰, �11.04‰),
(�49.20‰, �7.81‰) and (�9.90‰, �2.99‰), and a stable isotope
international standard, Vienna Standard Mean Ocean Water 2
(VSMOW2, International Atomic Energy Agency (IAEA)) with
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known isotopic composition (dD, d18O) of (0.00‰, 0.00‰), to cover
the entire range of our sample measurements. The standards were
analyzed routinely as references between every 15 water samples
to check the instrument performance. The measured dD and d18O
values for standards during the analytical sequences are <1.0‰ and
<0.13‰, respectively, from the certified values. Each sample was
run twice with 3 lead injections and 5 repeats which were averaged
to determine dD and d18O values. From the isotope ratio, the sep-
aration factor for D and 18O are determined using,

a¼RR
RP

(3)

where R is the isotope ratio for D/H or 18O/16O with the subscripts R
and P referring to the retentate and permeate, respectively. The
separation factor reported is the average of the separation factors
from the water samples produced by three individual experiments
using a new membrane each time. The error bars shown represent
one standard deviation.

It should be noted that proton exchange between isotopic water
molecules occurs, H2O þ D2O # 2HOD [14,41]. In the separation
process, both HOD and D2O will be enriched as increasing the D/H
in water will increase the likelihood for D2O to form, although, at
low concentrations, HOD will be more common [42]. On the other
hand, H2

18O is enriched with an increase in 18O/16O as no “exchange”
of O happens in water.

The observed mass loss after dead-end filtration indicates the
contribution of water evaporation to the enrichment of D and 18O in
the water samples. The isotope enrichment solely caused by the
membrane was determined by subtracting the evaporative frac-
tionation (calculated from Rayleigh's model [38] and Horita et al.’s
equation [39], Eqs. (S1eS3)) from the percentage increase in the
isotopic ratios measured from the control and enriched water
sample in dead-end filtration. The change of D/H or 18O/16O as a
percentage from dead-end filtration or Rayleigh's fractionation,
was calculated by the equation below.

DR ¼
�
REnriched � RInitial

RInitial

�
(4)

where R is the isotope ratio for D/H or 18O/16O and the subscripts
Enriched refers to the retentate from the dead-end filtration or the
water sample after vaporization. The subscript Initial refers to the
feed from the dead-end filtration or the water sample before
vaporization.
2.4. Material characterization

Scanning electron microscopy (SEM) images were obtained on a
FEI Nova NanoSEM 450 FE-SEM. Contact angle measurements were
captured using a Rame-Hart goniometer. X-ray diffraction (XRD)
patterns were obtained using an Empyrean Thin-Film XRD unit and
analyzed using X'Pert HighScore Plus software. Raman spectrawere
recorded on a Renishaw InVia 2 Raman spectrometer at room
temperature with a 532 nm laser excitation. X-ray photoelectron
spectroscopy (XPS) spectrawere acquired using an ESCALAB 250 Xi,
Thermo Scientific. Depth profiles using time-of-flight secondary ion
mass spectrometry (ToF-SIMS) were conducted on ION-TOF TOF.-
SIMS 5. Analysis conducted used negative polarity by Biþ at 30 keV
and sputtered with Csþ beam of 1 keV. Samples were prepared on
silicon wafers with tape fixing the thin film except for the 24 h UV-
rG-O which was directly placed onto the silicon wafer. The unex-
posed side of the membrane was attached facing up to allow the
distinction of the interface between the reduced side of the film
and the silicon wafer/tape.
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3. Results and discussion

3.1. Characterization of membranes

G-O films were prepared by vacuum filtrating 1, 3 and 5 mL of
0.5 mg mL�1 G-O solution and the UV-rG-O films were prepared
using 3 mL G-O films exposed to different durations of UV radiation
with a wavelength of 365 nm which is reported to have sufficient
energy to excite electrons in the sp2 domains of G-O and generate
electron-hole pairs [34,43,44]. It has been reported that the
generated electron-hole pairs can reduce G-O by removing more
reactive epoxy and hydroxyl groups on the basal plane [45]. The
resulting UV exposed films remained intact with the color of the
membrane progressively becoming darker, with the 24 h UV-rG-O
possessing a dim sheen on the surface (Fig. S2b). These observa-
tions indicate that UV irradiation partially reduced the G-O films.
Fig. 1 a and b show the thickness of the G-O and UV-rG-O mem-
branes determined from the SEM cross sections shown in Fig. 1 c to
h. The average film thickness increased with higher G-O loading,
from 250, 490 to 730 nm for 1, 3 and 5 mL, respectively. Here a low
Fig. 1. Thickness of membranes from SEM images for a) G-O membranes with different loa
standard deviation. Corresponding SEM cross sections are c) 1, d) 3 and e) 5 mL G-O and f)
contact angle measurements of 3 mL G-O on an MCE substrate that have been reduced using
The calculated d-spacing from XRD spectra of G-O and UV-rG-O membranes in laboratory
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light intensity, ~3 mW cm�2, was used to minimize the expansion
of the film. UV exposure of 490-nm-thick, 3 mL G-O resulted in
minor changes to the film thickness, from 550 nm for 3 h UV
exposure to 490 nm for 24 h UV exposure, and their lamellar
structures remained intact. This suggests the G-O films did not
experience rapid decomposition which has been reported to cause
expansion [34,35] or large gaps in UV-rG-O films due to the release
of CO, CO2, and H2O gas molecules [43].

Water contact angle measurements were carried out on the UV
exposed surfaces, Fig. 1i. The pristine G-O surface had a water
contact angle of 48�, and a similar contact angle was observed after
3 h UV exposure. Longer durations of UV irradiation increased
water contact angle to 60� for 6 h UV exposure and to 62� for 24 h
UV exposure. The higher water contact angle indicates an increased
surface hydrophobicity, which can be owed to the removal of hy-
drophilic oxygen containing functional groups. This is consistent
with the XPS and ToF-SIMS results discussed below.

Thin-film XRD patterns of the G-O and UV-rG-O films before
(dry) and after soaking in water for 1 h (wet) are shown in Fig. 1j.
The (001) peak of the G-O film shifts from 10.2� to 11.2�, 11.3� and
dings and b) different UV durations for UV-rG-O membranes. Error bars indicate one
3 h, g) 6 h and h) 24 h UV-rG-O membranes as marked. Scale bars, 500 nm. i) Water
0, 3, 6 and 24 h of UV irradiation, where the error bars are for one standard deviation. j)
conditions (dry) and after soaking in water for 1 h (wet).
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11.4� after 3, 6 and 24 h of UV exposure, respectively. These peaks
correspond to a decrease in d-spacing from 8.7 Å to 7.9 Å, 7.8 Å and
7.7 Å. The d-spacing becomes narrower with longer irradiation
time. This can be attributed to the removal of oxygen functional
groups between the G-O layers. Furthermore, the broadening of the
peak for the UV exposed films suggests that the d-spacing becomes
less uniform throughout the depth of the film. When these films
were soaked in water for 1 h, the peaks all experienced a negative
shift due to water entering the interlayer channels and causing the
membrane to swell. In the case of the G-O film, the peak is located
at 5.3� and corresponds to a d-spacing of 16.7 Å. After UV radiation,
the peak shifted to the right, 6.0�, 6.7� and 7.1� for 3, 6 and 24 h UV
exposure, respectively, corresponding to d-spacings of 14.7 Å,
13.2 Å and 12.5 Å. UV-rG-O films show a lesser degree of swelling
after soaking in water, which is likely due to the removal of oxygen
functional groups and increased hydrophobicity of the G-O layers.

The chemical composition of the exposed and unexposed side
(attached to the MCE substrate) of G-O and UV-rG-O films were
studied by XPS, with the full survey spectra given in Figs. S3a and b.
The C/O atomic ratio of the exposed side shows an increase from
2.02 for 0 h, 2.17 for 3 h, 2.30 for 6 h to 2.65 after 24 h of UV
exposure (Fig. 2a, blue). The plot shows a relatively linear increase
in C/O atomic ratio with the duration of UV exposure. For the
Fig. 2. a) C/O ratio of the top (exposed, blue) and bottom (green, previously attached to su
from the survey XPS. Their corresponding high resolution C1s spectra of both sides as shown
bottom side facing upwards when attached to a SiO2/Si wafer.
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unexposed side, the C/O atomic ratio remains ~2.0 for G-O and UV-
rG-O films (Fig. 2a, red), even after 24 h of UV irradiation. XPS re-
sults suggest that the unexposed side of the film was not reduced.
High resolution XPS C1s of the G-O and UV-rG-O films are shown in
Fig. 2b. The C1s spectrum of G-O could be deconvoluted into three
peaks corresponding to the following bonds: CeC and/or C]C
(284.8 eV), CeO (epoxy/hydroxyls, 286.9 eV) and C]O (carbonyl,
288.4 eV) [46]. Comparing the C1s spectra of the exposed side of G-
O and UV-rG-O films, the CeO bond experiences a decrease in peak
intensity while the C]O peak remains relatively unchanged.
Similar to previous works, the results indicate UV irradiation is
capable of breaking the CeO bonds in the epoxy and/or hydroxyl
groups, leading to partial reduction of G-O [44,47]. On the unex-
posed side, the peaks remain akin to the exposed side of G-O, even
after 24 h irradiation. This result points to the gradual reduction
along the depth of the film by UV radiation.

ToF-SIMS depth profiling through the G-O and UV-rG-O films
was used to further investigate the degree of reduction at different
depths after UV exposure. The samples were prepared by trans-
ferring the detached films from their MCE substrates onto a silicon
wafer with the reduced side facing down. ToF-SIMS tape containing
Si, C and O was used for 0, 3 and 6 h UV-rG-O while 24 h UV-rG-O
was directly deposited on the siliconwafer. The depth profiling was
bstrate) surface for G-O and UV-rG-O calculated from the atomic percentage obtained
in b). c) ToF-SIMS depth analysis of the C/O ratio for unreduced and UV-rG-O with the
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conducted until the presence of silicon from the siliconwafer, or the
ToF-SIMS tape was detected. The normalized ToF-SIMS depth pro-
file is shown in Fig. 2c, where the C�, O�, CN� and Si� species are
the grey, red, green, and brown curves, respectively. A C/O profile
(blue curve) calculated from the ratio between the C� and O�

species is also shown. The depth profiles consist of four regions: the
MCE portion (blue) on the unreduced side of the film determined
by the presence of CN� species, whose intensity decreased and
reached a constant, representing the end of the MCE region; the
unreduced section of the film (green) showed a constant intensity
of C� and O� species, and relatively stable C/O ratios; the partially
reduced segment of the film (purple) experienced a decrease in O�

species, and an increase in the C/O ratio; the interface where the
film meets the silicon tape or silicon wafer (orange) is indicated by
the increase in Si� species which is made clearer in Fig. S4.

The profile for the pristine G-O film has a constant C/O ratio
throughout the entire depth of the film. Similarly, the 3 h UV-rG-O
film also shows a relatively stable C/O ratio, likely due to the thin
depth of reduction or little C/O ratio increase (2.2 from 2.1 for G-O
indicated by XPS). The C/O ratio for 6 h UV-rG-O film increases from
1.7 to 1.8 across a depth of ~250 nm. This is also consistent with the
XPS result where the C/O ratio increases slightly. By further
increasing the UV exposure duration to 24 h, the depth of reduction
increased to ~370 nm with the C/O ratio increasing from 2.1 to 2.7.
Details of the film thickness, sputtering time and depth of junctions
are included in Table S1. Results from ToF-SIMS confirm that UV
irradiation up to 24 h increases the degree of reduction linearly
from the unreduced portion of the film to the reduced surface of the
film.

Raman spectroscopy was carried out on both sides of the G-O
and UV-rG-O films as shown in Fig. S3c and d. The two prominent
peaks are the D (1349 cm�1) and G bands (1602 cm�1) which
originate from the k-point photos of A1g symmetry and the first
order scattering of the E2g phonon of sp2 C atoms, respectively [48].
The positions and relative intensities of the two peaks remain un-
changed on both sides of the film, suggesting that the rG-O films
remain highly disordered after UV irradiation. We note that the
Raman penetration depth (~700 nm for a 532 nm laser) could
exceed the thickness of the film, whereas XPS and ToF-SIMS suggest
partial reduction only on the exposed surface of the rG-O films.

3.2. Membrane filtration performance

G-O and UV-rG-O membranes were kept attached to their MCE
substrate for dead-end filtrationwith 1.0 bar pressure applied using
N2 gas. The permeance was calculated using Eq. (1) where the time
was taken for 18.0 mL of the feed to permeate through the mem-
brane. Permeance for G-O and UV-rG-Omembranes are provided in
Fig. 3a and c, respectively. For G-O membranes with different
loadings, the permeance decreases at a decreasing rate with greater
G-O loading (thickness), from 9.46 to 4.69, 1.15 and 0.874 L m�2 h�1

for membranes prepared from 1, 2, 3 and 5 mL of G-O solution. This
result is expected given thicker G-O membranes have been re-
ported to possess greater tortuosity and a longer path for water to
travel through [49]. In the case of UV-rG-O membranes prepared
from the same loading of G-O, longer durations of UV exposure
resulted in a decrease in permeance. This can be assigned to the
decrease in d-spacing caused by the mild surface reduction as
evident in Fig. S5 which shows permeance linearly increasing with
d-spacing.

The separation factors for the membranes were calculated using
Eqs. (2) and (3) with the isotope ratios, D/H and 18O/16O, of water
samples from the feed and retentate after 18.0 mL permeated
through the membrane. The separation factor for D (grey) and 18O
(blue) for G-O and UV-rG-O are shown in Fig. 3b and d, respectively.
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In our experiments, water loss attributed to evaporation was
recorded, with larger volumes observed for membranes that had a
smaller permeance. In control experiments, the water loss origi-
nated from inside the dead-end cell while the sealed off vessel for
the permeate experienced negligible changes. As a result, controls
and Rayleigh's equation for fractional distillation [38] using Horita
et al.’s equation to calculate the fractionation factor [39] (see Sup-
porting Information) were employed to examine that the separa-
tion is from the membrane and not due to the isotope effect
associated with phase transition from liquid to vapor (vapor pres-
sure isotope effect) [38,39]. The relative isotope ratio experienced
by the controls agrees well with Rayleigh's fractionation. Fig. 4
shows that the increase in heavier isotopes is greater than that
obtained from the controls and Rayleigh's fractionation, demon-
strating that the G-O and UV-rG-O membranes are capable of
enriching D and 18O in natural water.

3.2.1. Effect of membrane thickness on isotope separation
The possible mechanisms behind liquid-phase pressure driven

isotope separation can be elucidated from the slope of the linear
regression formed by plotting dD against d18O for the permeate and
retentate water samples (Fig. S6a-c). Depending on the mechanism
(adsorption effect, molecular diffusion and/or vapor pressure ef-
fect), isotope fractionation affects D and 18O unequally. In the case
groundwater circulating through the hydrological cycle, fraction-
ation caused by the vaporization and precipitation of water is re-
ported to result in a slope ranging from 5 to 8, depending on
temperature and humidity [50]. In our case, the slopes for 1, 3 and
5 mL G-O membranes are smaller, 1.5 ± 0.6, 2.5 ± 0.2 and 4.8 ± 0.5,
respectively. This result suggests that for 1 mL and 3 mL G-O
membranes, the isotope separation is predominantly contributed
by a mixture of molecular diffusion and adsorption which are re-
ported to result in a slope of 0.5 and 3, respectively, when there is
no vaporization [50,51]. In the case of 5 mL G-O membrane, a
greater portion of the isotope fractionation is caused by vapor
phase change as a greater volume of water was evaporated,
although molecular diffusion and adsorption are also likely to
contribute.

To eliminate the effect of vapor phase change, the change in
isotope ratio (Eq. (4)) caused by the membrane was obtained by
subtracting the change in isotope ratio from the vapor pressure
isotope effect (calculated using Rayleigh's fractionation). From
Fig. 5a and b, D and 18O isotope ratio increases with loading except
for 18O/16O for 5 mL G-O membrane suggesting the separation
mechanisms dominant in the 5 mL G-O membrane is less effective
for 18O compared to D. One potential reason is the dominating
mechanism has changed from molecular diffusion to adsorption
separation, as this mechanism is less effective for enriching 18O
compared to D. Molecular diffusion (also known as bulk water
diffusion) is reportedly based on the intermolecular interactions
and the difference in molecular mass between isotopic water
[31,51], and occurs in the region between the nanochannels
without interacting directly with G-O. For bulk water diffusion at
25.0 �C under 1.0 bar, the self-diffusion coefficient has been
determined to be 2.275 � 10�9, 2.276 � 10�9 and
2.296 � 10�9 m2 s�1 for HOD, H2

18O and H2
16O, respectively [52]. The

bulk diffusivity of H2
16O is reported to be ~1.009 times greater than

both HOD and H2
18O. Previous studies reported that higher G-O

loading can result in the aggregation of G-O stacks that can hinder
the diffusion of water vapor by causing blockages and pore defor-
mation, leading to a decrease in flux and rejection efficiency
[26,53]. It is expected that the molecular diffusion mechanism is
hindered as G-O loading increases (for the 5 mL G-O membrane),
resulting in a decrease in the efficiency of 18O enrichment when
compared to D. This is most evident in the slope of the line



Fig. 3. a) Permeance and b) D and 18O separation factors for G-O with different loadings. c) Permeance and d) D and 18O separation factors for UV-rG-O with different UV durations.
Error bars are one standard deviation of three individual experiments using a new membrane each time.
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increasing from 1.5 to 4.8 as the loading increased from 1 mL to
5 mL of G-O solution, suggesting that molecular diffusion is no
longer the dominant isotope fractionation effect.

The adsorption effect is reported to occur due to the difference
in surface diffusion rates caused by the preference in adsorption
and desorption interactions between the water isotopes and the
oxygen functional groups on G-O (epoxy and hydroxyl groups)
[8,14], and the lateral interactions with neighboring water mole-
cules. In the hopping model, water molecules could migrate along
the surface of G-O by hopping between energetically favorable
adsorption sites if the water molecule has sufficient activation
energy to overcome the energy barrier to jump to the neighboring
site [30]. Water molecules form hydrogen bonds with the surface
functional groups of G-O, where the difference in strength of the
hydrogen bonds resulting from nuclear quantum effects is reported
to give rise to selective adsorption and desorption [9]. The chemical
affinity quantum sieving effect has been invoked to explain the
differences in the preference between lighter and heavier isotopic
molecules adsorbing. It has been reported that the only degree of
freedom of adsorbed molecules is the vibrational energy normal to
the surface which is influenced by the ZPE. The interaction is
stronger for heavier isotopes that have lower ZPE, which allows
them to have greater adsorption enthalpies and require higher
energy to desorb [8]. Saidi et al., have modelled the hydrogen
bonding formed between D2O and H2O with epoxy and hydroxyl
groups, and found that the hydrogen bond formed with D is
stronger for both groups [14]. Similarly, theoretical calculations
performed by Krinkin show that H2

18O is less likely to rupture its
hydrogen bond than H2

16O [32]. Coplen and Hanshaw have reported
that the adsorption effect is likely to result in significantly greater D
enrichment than 18O enrichment [51]. As ZPE is related to the mass
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ratios of H/D and 16O/18O, the difference in ZPE between H2
16O and

D2
16O is larger than that between H2

16O and H2
18O due to the (much)

larger change in mass ratio when substituting H with D compared
to 16O with 18O [10]. As a result, the H/D substitution has a greater
effect on the hydrogen bond environment [54]. The H/D and
16O/18O substitutions also affect the mass distribution of water
molecules. Because D2

16O has twice the moment of inertia of H2
16O

and H2
18O (resulting in a lower frequency of hindered rotation, and

thus a lower ZPE and larger desorption activation energy for D2O), a
slower desorption rate than H2

18O is expected [12]. Therefore, D2
16O

is expected to have the slowest surface diffusion rate followed by
H2
18O and then H2

16O given the higher magnitude of isotope effect
experienced byD-enrichedwater.We note that even though proton
exchange to HDO may affect isotope effects, ZPE calculations for
water molecules suggest D2O has the lowest ZPE followed by HDO
and then H2O [55], and so the isotope separation mechanism
should apply to the filtration process overall [14]. For membranes
with higher G-O loading, the number of adsorption sites will in-
crease, and as a result, the adsorption separation effect becomes
more influential [51]. This is evident as D enrichment becomes
significantly greater compared to 18O enrichment for the 5 mL G-O
membrane, whereas 3 mL G-O membrane is the most effective for
18O enrichment due to the molecular diffusion effect.

3.2.2. Effect of UV reduction on isotope separation
Mild reduction with different UV durations altered the inter-

layer spacing and surface chemistry of G-O, which affect water
diffusivity in confined nanochannels. The slope of the line for dD vs
d18O values of the permeate and the retentate (Fig. S6b, d-f) in-
creases from 2.5 ± 0.2, 3.1 ± 0.6, 6.2 ± 1.4 to 7.2 ± 1.5 for 0, 3, 6 and
24 h UV-rG-O membranes, respectively. With UV irradiation, the



Fig. 4. Relative isotope ratio from membranes, control and Rayleigh's fractionation plotted against vapor loss during measurements for hydrogen and oxygen isotopes for G-O
membranes prepared from different volumes, a) and b), and UV-rG-O membranes with different irradiation times c) and d). Error bars are one standard deviation of three individual
experiments using a new membrane each time.
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vapor pressure isotope effect plays a more dominant role in the
isotope separation. Fig. 5c and d shows the change in isotope ratio
from the membrane by subtracting the change caused by the vapor
isotope effect. In the case of 3 h UV-rG-O, the change of 18O/16O
remained similar to that of pristine G-O even though change of D/H
increased, suggesting the adsorption effect that favors D separation
from H is dominant. This shift to adsorption mechanism may be
caused by the decrease of d-spacing from 16.7 Å to 14.7 Å. This
results in thinner layers of water molecules inside the nano-
channels, leading to a smaller portion experiencing bulk water
diffusion. Additionally, Wen et al. reported that there are greater
water molecule interactions with the oxygen functional groups
[29], resulting in a greater portion undergoing surface diffusion.
This is supported by the increase in both the change of D/H and
18O/16O for 6 h and 24 h UV-rG-O membranes, as their d-spacings
after immersion are further decreased, 3.5 and 4.2 Å smaller than
that of 3 mL G-O membranes, respectively.

Even though UV reduction partially removed oxygen functional
groups and decreased the number of adsorption sites, there was no
obvious decrease in heavy isotope enrichment. Previous studies by
Saidi et al. reported that the content of oxygen functional groups
does not affect the diffusivity of water molecules as long as there is
a continuous film of water formed along the surface [14]. In liquid-
phase permeation (dead-end filtration), a continuous film of water
is expected to form in the nanochannels. These isotope separation
results further support that the d-spacing, which is dependent on
the swelling caused by the content of oxygen functional groups, is
mainly responsible for enriching D and 18O.
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24 h UV-rG-O membrane shows the greatest isotopic enrich-
ment of water, where the change in D/H (0.5%) and 18O/16O (0.08%)
increased 8 and 2 times compared to those from G-O membranes,
respectively. However, these values are much lower than those
observed in other studies where vapor permeation or liquid-vapor
permeation (e.g., air-gap membrane distillation and pervaporation)
was used. In the literature, the highest D/H separation factor
reportedly with G-O membranes was ~1.22 (88e95 �C) with vapor
permeation [27]. In membrane distillation where the liquid to va-
por interface occurs within the G-O membrane, the D/H separation
factor reduced to 1.044e1.055 at 40 �C [28]. The significant
decrease in separation factor was said by the authors to be owing to
liquid water permeating through the membrane. A low 18O/16O
separation factor of 1.0053 (60 �C) was reported with hydrophilic
polymer membrane using pervaporation [55]. A coating of super-
hydrophobic silica nanoparticles on G-O membrane reportedly
achieved a D/H separation factor of 1.151 at 40 �C [29]. A18O/16O
separation factor (1.048 at 35 �C) was reported when hydrophobic
poly(vinylidene fluoride) (PVDF) nanofibrous membranes were
used in air-gap membrane distillation [18]. The lower separation
factors have been reported as a result of condensed water mole-
cules (liquid-phase) preventing Brownian motion and therefore
limiting the effects of kinetic fractionation [14]. Additionally, air-
gap membrane distillation and pervaporation have the benefit of
vapor pressure isotope effect and Knudsen diffusion that syner-
gistically combines with molecular diffusion and the adsorption
effect, leading to greater D/H and 18O/16O separation factors, as
reported in Ref. [15].



Fig. 5. Percentage increase in isotope ratio from the membrane by subtracting the enrichment from the vaporization effect. Effect of G-O loading on a) D/H increase and b) 18O/16O
increase. Effect of different durations of UV reduction on c) D/H increase and d) 18O/16O increase. Error bars are one standard deviation of three individual experiments using a new
membrane each time.
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Even though isotope separation is significantly smaller in
pressure-driven liquid-phase water isotope separation, the result
from this study provides a better understanding of the mechanisms
involved in graphene-based membranes which are otherwise
difficult to isolate in vapor-phase membrane isotope separation.
Further work focused on fabricating graphene-based membranes
for vapor-phase membrane isotope separation can improve the
separation factor for 18O enrichment.

4. Conclusion

The separation of oxygen isotopic water has been demonstrated
for the first-time using graphene-based membranes of different
thicknesses and degrees of reduction with the use of dead-end
filtration for liquid-phase isotope separation. D enrichment from
H and 18O enrichment from 16O were achieved due to the differ-
ences in hydrogen bond strength with neighboring water mole-
cules and oxygen functional groups on G-O, resulting in different
rates of diffusion (molecular diffusion) and selective adsorption and
desorption (adsorption effect). Heavier water isotopes were
enriched in the retentate due to its slower diffusivity and were
larger than the enrichment from water vapor loss. Our results
showed increasing G-O thickness improved D/H and 18O/16O sep-
aration due to the increase in the number of adsorption sites.
However, we observed a decrease in the efficiency of 18O enrich-
ment compared to D at higher G-O loading suggesting molecular
diffusion has been hindered which may be owed to the aggregation
of G-O stacks at higher G-O loading blocking diffusion. Results also
352
showed UV-rG-O films experience increased heavier isotope sep-
aration with a higher D enrichment efficiency compared to 18O,
suggesting the adsorption mechanism is dominant which may be
owing to the decrease in d-spacing from reduction, allowing
greater water molecule interaction with the surface of G-O sheets.
From themembranes tested, G-Omembrane prepared from 3mL of
0.5 mg mL�1 had the greatest 18O/16O percentage increase with
further improvements in both D and 18O enrichment achieved with
24 h UV reduction. From this study, the improvements can be
attributed to the oxygen functional groups in G-O and UV-rG-O that
act as adsorption sites, and the unique lamellar structure that has
an easily adjustable d-spacing.
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