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ABSTRACT

It remains challenging for graphene oxide (GO) membranes to achieve highly
efficient performance and sufficient stability for aqueous molecule/ion precise
separations. Herein, a molecular-level rational structure design protocol was proposed
to develop ceramic-based graphene oxide framework (GOF) membranes with
significantly enhanced sieving performance and stability for efficient removal of salts
and micro-pollutants. Via a molecular cross-linking strategy, interlayered
nano-channels between GO nanosheets can be rationally designed, featuring precisely
tailorable channel size, promising surface chemistries and remarkably robust stability
suitable for aqueous separation. Due to a significantly decreased nano-channel size,
cross-linking of TU (thiourea) molecule significantly improved monovalent salt
rejection (95.6% for NaCl), outperforming existing state-of-the-art GO-based,
commercial organic nano-filtration and emerging two-dimensional MoS2 membranes,
while moderately decreasing water permeability. In comparison, the GOF membranes
cross-linked with MPD (m-phenylenediamine) exhibited a simultaneous increase in
permeability and rejection for both salts and micro-pollutants (21.0% and 53.3%
enhancement for chloramphenicol (CAP) solution), breaking their conventional
trade-off issue. Cross-linking mechanism indicates that more robust nano-channels
were formed by stronger covalent bonds via dehydration condensation between amine
(TU/MPD) and carboxyl groups (GO), and nucleophilic addition between amine
(TU/MPD) and epoxy groups (GO). Molecule/ion separation mechanism involved

size sieving (steric hindrance), electrostatic interaction, Donnan effect and partial
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dehydration effect. This work provides a novel protocol for rationally designing size
and surface chemistry of highly robust GO nano-channels at a sub-nanometer level to
construct water-stable functional GOF membranes with enhanced sieving

performance for water treatment applications.

INTRODUCTION

Severe water scarcity and pollution issues call for advanced purification
technologies to produce potable clean water from unconventional sources such as
wastewaters.! Considering their adverse health effect and ubiquitous presence in the
environment,”* adequate removal of organic micro-pollutants such as antibiotics and
endocrine disrupting compounds (EDCs), in addition to mineral salts, is essential for
wastewater reclamation.* > Nanofiltration (NF) is considered to be a promising
method for efficient removal of hazardous multi-valent salts and organic substances
due to its unique advantages such as high separation efficiency, low energy
consumption, small footprint, no phase change, environmental friendliness and
continuous operational process.’” In additional to a key challenging trade-off issue
between permeability and selectivity, conventional nanofiltration membranes usually
suffer from insufficient rejections especially for small-sized substances such as
monovalent salts. More importantly, increasing selectivity is critically required for
design of novel desalination membranes while there is limited impact of increased
permeability on water purification efficiency.' ' In spite of increasing applications in

trace contaminant separation, traditional polymeric nanofiltration membranes still can
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not perform well due to their insufficient stability and severe membrane fouling
especially for more challenging applications such as treatment of pharmaceutical and
aquaculture wastewaters with high-concentration pollutants/salts in harsh conditions
(acidic, alkaline or organic-solvent). These limitations of existing nanofiltration
membranes prompt us to rationally design and develop more robust membranes with
enhanced separation performance.

In comparison, via environmentally sustainable organic-solvent-free synthesis

12,13

routes, emerging two-dimensional (2D) graphene oxide (GO) nano-sheets can be

feasibly assembled into GO framework (GOF) nano-filtration membranes since they

4 16-19

are mechanically,' chemically and thermally robust,'” and surface modifiable.

Generally, GOF membranes feature ~ abundant separation-functional
chemistry-size-designable 2D nano-channels which are periodically constructed by
laminar GO nano-sheets via cross-linking or intercalating protocols, showing
exceptional molecular or ion sieving ability for precise separations.?’ Ultra-fast water

permeation inside nano-channels can be realized due to the preferential adsorption

and rapid capillary diffusion of water molecules along GO nanosheet surface,'® 2

enabling promising applications such as water/solvent separation,’'?*> dye-wastewater

23, 24 25, 26

purification, and seawater desalination. However, GOF membranes often

suffer from their poor aqueous stability (i.e., severe swelling), insufficient selectivity
or permeability especially for water treatment membrane systems under high pressure

20, 27

or long-term operation. Therefore, a key challenging issue is how to rationally

structure-design GOF nano-filtration membranes finally exhibiting high selectivity
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with acceptable permeability while enabling excellent long-term stability.?%-

Recently, via wusing novel cross-linkers with reactive groups, molecular
cross-linking strategies have been used to precisely control the interlayer structure and
separation performance (permeability and selectivity) of GO membranes, enabling
various promising applications such as forward osmosis (FO), pressure retarded
osmosis (PRO), pervaporation (PV) and NF.?" *1-33 Different from state-of-the-art
cross-linkers with other groups such as ~COOH, -OH, -NCO and -CH2Cl,?! 3436
cost-effective TU and MPD with active amine groups are expected to covalently
cross-link terminal groups (such as carboxyl and epoxy) of GO nano-sheets to form
more robust nano-channels. Moreover, their other inherent groups such as
hydrophobic benzene rings would possibly endow a different nano-fluidic transport
mechanism. Although their cross-linking could enhance PV and FO/PRO

31,32 NF-based performance enhancement and space-confined

performance,’”:
transport mechanism have been not revealed in details for aqueous separation of
high-concentration ions or pollutants in water via such a TU and MPD cross-linking
strategy.

Herein we propose a molecular-level rational structure design protocol to develop
ceramic-based GOF membranes with significantly enhanced sieving performance and
stability for highly efficient removal of salt ions and emerging micro-pollutants. Via a
molecular cross-linking strategy, interlayered nano-channels between GO nanosheets

can be quantitatively designed, featuring precisely tunable channel size, promising

surface chemistries and excellent long-term stability. In this work, thiourea (TU)
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(76.12 Da) and m-phenylenediamine (MPD) (108.14 Da) molecules were used as
covalent cross-linkers containing highly reactive binding sites to rationally construct
highly robust GO nano-channels. In additional to remarkable long-term stability, the
obtained GOF membranes exhibited enhanced removal performance for
high-concentration salt ions and emerging micro-pollutants. The structural,
physicochemical properties and separation performance (rejection and permeability)
were characterized in details. Furthermore, cross-linking mechanism and separation
models across functionalized GO nano-channels were proposed following detailed
structural and performance characterizations. This work hopefully provides a novel
protocol for rationally designing size and surface chemistry of robust GO
nano-channels at a molecular level to construct stable functional GOF membranes
with enhanced performance for water treatment applications.

MATERIALS AND METHODS

Fabrication and Modification of a-Al,O3 Substrates

Hollow fiber porous a-Al2O3 ceramic substrates were laboratory-prepared by a
dry-wet spinning technique involving phase-inversion and sintering (Figures S1-S2
and Table S3). After optimizing preparation parameters such as spinning pressure and
ethanol concentration (Figures S3-S4), the final o-Al,O; substrates with excellent
hydrophilicity (Figure S5) and mechanical properties (Figure S6) were used for the
preparation of GO-based membranes (dimension: 1.8 mm outer diameter, 1.2 mm
inner diameter, 60 mm length). The average pore size of a-Al2O3 ceramic substrate is

575415 nm when sintered at 1550 °C (Figure S7). Then o-Al2O3 substrates were

surface-modified with polydopamine (PDA) to improve the interfacial adhesion

7740



164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

between GO layer and the substrates according to the following procedures.*° First, 80
mg dopamine hydrochloride was dissolved into 40 mL 10 mM Tris-HCI at pH 8.5 to
prepare a solution (2 mg-mL™") for subsequent impregnation. With both sides tightly
sealed, the porous a-Al20O3 substrates were then immersed into the dopamine solution
at 20 °C for 20 h and then dried at 60°C for 24 h to allow a self-polymerization of
dopamine, forming a PDA thin layer (~10 nm) on the surface of partially sintered
alumina particles of the substrates. Finally, the modified substrates were rinsed using
deionized (DI) water and fully dried at room temperature (25 °C) .*’*° Compared with
the untreated o-Al2O3 substrates, the PDA-modified substrates show slightly
decreased water permeability (from 973.1 to 937.6 Lmh"'bar"! for Na2SO4 solution,
from 924.5 t0903.2 Lmh"'bar! for TC solution), and slightly increased rejection rate
(from 0.02 to 0.03% for Na2SOa, from 0.03 to 0.04% for TC) (Figure S8). The key
role of PDA layer was to only enhance the bonding force between substrate and GO
while GO membranes actually played an role in ion/molecule separation, which was
confirmed by significantly increased salt/pollutant rejection with much lowered

permeability after coating GO layer (Figure S8).
Preparation of GO-based Membranes

GO, TU-GOF and MPD-GOF membranes were prepared on the PDA-modified
a-Al2O3 substrates by simple vacuum filtration method using GO, TU-GO and
MPD-GO suspensions (Figure 1 and Figures S9-S10). As shown in Figure S11,
defect-free GOF membranes were prepared by vacuum filtration within only several
minutes, the thickness of which could be controlled via changing filtration time

(Figure S12). The resultant membranes were dried in an oven at 60 °C for 1 h.
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Figure 1. Schematic diagram of fabrication and separation application of TU- and
MPD-functionalized GOF membranes on PDA-modified o-Al:Os; hollow fiber ceramic

substrates.

Characterizations

The morphology and element composition of GO, TU-GOF and MPD-GOF
membranes were characterized by field emission scanning electron microscope
(FESEM, S-4800, Hitachi, Japan) equipped with energy dispersive spectrometer
(EDS). Surface charge behaviors (zeta potential at different pH values) of GO-based
suspensions were measured in a zeta-sizer instrument (ZS 90, Malvern Instruments
Ltd., UK). The surface functional groups of GO, TU-GOF and MPD-GOF membranes

were analyzed by Fourier transform infrared spectroscopy (FTIR, IS 50, Thermo
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Nicolet, US) in the wavenumber range from 4000 to 800 cm™ at room temperature

(25 °C). X-ray photoelectron spectroscopy (XPS, Thermo Fisher, K-Alpha, US) was
employed to characterize the surface compositions of the GO membranes, TU-GOF
and MPD-GOF membranes at dry state. X-ray diffraction (XRD, D/Max 2400,
Japanese Institute of Neo-Confucianism, Japan) was used to qualitatively identify
crystalline phases, and quantitatively characterize the interlayer spacing of GO-based
membranes with and without molecule-cross-linking. Interlayer spacing was
calculated according to the Bragg equation (1):

2d-sinf=n-1 (N
where d (nm) is the interlayer spacing of GO nano-sheets in GO, TU-GOF and
MPD-GOF membranes, @ is the diffraction angle, » is order of reflection (in general it
is taken as 1), 4 is the wavelength of X-ray (0.154056 nm).
Performance of GO-based Membranes

The separation performance of GO-based membranes (with the same membrane
thickness) was tested in a homemade dead-end filtration device at room temperature
(25 °C). All the membranes were first pre-run for 30 min before collecting
permeates.*’ The transmembrane pressure applied during pre-run and permeation
experiments was 0.5 MPa. The effective membrane area for separation was in the
range of 1.9-2.3 cm?. Water permeability J (L m? h! bar!) was calculated via the
following equation (2):

%4

J= )

T AALP

where V is the permeate volume (L), 4 is the effective membrane area (m?), Az is

collecting time interval (h), and P is the transmembrane pressure (bar).
10/40
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To investigate separation performance, different micro-pollutants and salts were
selected such as TC (Tetracycline, MW=444.43 Da), OTC (Oxytetracycline,
MW=460.43 Da), CAP (Chloramphenicol, MW=323.14 Da), DS (Diclofenac sodium,
MW=318.13 Da) (Tables S1-S2), NaxSO4, MgSO4, MgCl2 and NaCl for GO,
TU-GOF and MPD-GOF membranes. The initial concentration of micro-pollutants
was 50 mg-L! while that of salts was 100 mg-L!. The pH of four salt solutions was
7.0 while those of four micro-pollutant solutions were 6.0, 8.0, 10.0 and 12.0
respectively. The duration of salt separation was 420 min while that of micro-pollutant
separation was 240 min. Rejection was determined by the following equation (3):

Cr - Cp

R=—-—%x100%
Cr

3)
where C, (mg'L!) and Cr (mg'L"') are the permeate and feed concentrations of
micro-pollutants or salt ions. The conductivities of the permeates and feeds were
tested to determine salt concentration by a conductivity meter (DDSJ-308A, Shanghai
REX Instrument Factory, China) (Figure S20). The concentrations of micro-pollutants
were measured using a UV—-visible spectrophotometer (Evolution 220, Thermo Fisher

Scientific, US) at the wavelengths of 356, 353, 278 and 276 nm (Figure S21).
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245  RESULTS AND DISCUSSION
246 Molecular Cross-linking of GO Nano-sheets

a

MPD-GOF layer

GO layer &_

i TU-GOF layer
\ R 26024 nm X 260+27 nm

¢

1 pm

a-ALO;
PDA-a-AlL O,

GO

247
248  Figure 2. Cross-sectional (a, b, c¢) and top view surface (d, e, f) FESEM images of pristine

249 GO membrane (a, d), TU-GOF (b, e) and MPD-GOF (c, f) membranes. The inset in Fig. 2a
250  shows the cross-sectional SEM image of a-Al,Os substrate. (g) Optical image of a-AlO;
251 substrate, PDA-modified a-Al,Os3 substrate, pristine GO membrane, MPD-GOF membrane,
252 and TU-GOF membrane. (h) S-element (yellow signal) EDS mapping image of TU-GOF
253  membrane surface. (i) N-element (red signal) EDS mapping image of MPD-GOF membrane

254 surface.

255 The final a-Al,O; substrates exhibited a typical asymmetric structure consisting of

256  ultra-long finger-like macrovoids (~92%) and a thin sponge-like layer (~8%) (inset in
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Figure 2a). Such an ultra-long finger-like macrovoid structure, combined with
excellent hydrophilicity (water contact angle ~20°, Figure S5), was beneficial to
improve water permeability of the substrates due to significantly reduced mass
transport resistance.*' Membrane thickness and water permeability could be regulated
by controlling filtration time (Figure S12). After vacuum filtration, pristine GO,
TU-GOF and MPD-GOF membranes all have a well-stacked two-dimensional
laminar structure with the same thickness (GO ~260 124 nm; TU-GOF ~260+27 nm,;
MPD-GOF ~260=%20 nm), which were tightly coated on the ceramic substrate
surfaces with enhanced interfacial bonding via a self-polymerization of dopamine
(Figures 2a-2c). They also show an integrate membrane surface morphology featuring
continuous coverage, no visible defects and pinholes (Figures 2d-2f). Compared to
brown-colored pristine GO membrane (Figure 2g), the surfaces of black TU-GOF and
darker brown MPD-GOF membranes look rougher with typical wavy-wrinkles and
homogeneous molecular incorporation (Figures 2h-2i). Such a color change based on
the same thickness preliminarily indicates that MPD and TU reacted with oxygenated
groups of GO nano-sheets via molecular cross-linking, resulting in a decrease in

oxygen content (will discuss in the following section).
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Figure 3. Chemical properties of pristine GO, TU-GOF and MPD-GOF membranes. (a) Zeta
potential under different pH values and (b) FTIR spectra in the wavenumber range of
2000-800 cm™'; (c) XPS wide scan, and XPS narrow scans for Cls peaks for GO (d), TU-GOF

(e) and MPD-GOF (f) membranes.

In a wide pH range from 1 to 11, pristine GO, TU-GOF and MPD-GOF nano-sheets
are all negatively charged (Figure 3a) due to the deprotonation reaction of inherent
carboxyl groups on GO surface.*>** Compared to pristine GO, the negative charges of

TU-GOF and MPD-GOF are slightly suppressed because cross-linking reactions of
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TU and MPD with GO nano-sheets consumed their partial carboxyl groups with
additional amine groups.?” *" For pristine GO membranes, the adsorption bands of
C=0 stretching (1727 cm™), sp>~hybridized C=C (1621 c¢cm™"), C-OH stretching
(1354 e¢m™), C-O-C stretching (1225 ¢cm™!) and C-O stretching (1045 c¢cm™!) are
clearly identified respectively (Figures 3b, S13 and Table S4), which can be ascribed
to carbonyl/carboxyl, aromatic, carboxyl, epoxy and alkoxy groups on GO
nano-sheets.****® In comparison, for TU-GOF membrane, in spite of constant peak
intensity of C-OH stretching (1354 c¢cm™'), the absorption peak intensities of C=0
stretching (1729 ¢cm™) and C-O-C stretching (1225 cm™) are decreased, indicating
again a partial consumption of their corresponding oxygenated groups via
cross-linking reaction between TU and GO. After cross-linking with TU, the
adsorption band of C=O stretching vibration slightly blue-shifted from 1727 to 1729

35.47.48 In addition, the formation

cm’!, which has been well confirmed in other reports.
of a new band at 1553 cm! can be ascribed to the antisymmetric C-N stretching
coupled with out-of-plane NH2 and NH modes.*’ This indicates again that TU was
covalently crosslinked onto GO nano-sheets. Similarly, for MPD-GOF membrane, the
peak intensities of carboxyl (C=O stretching at 1727 ¢m ! and C-OH stretching at
1354 cm™), and epoxy (C-O-C stretching at 1225 cm™!) groups are greatly suppressed.
Furthermore, a new peak arises at 1507 cm!, which can be assigned to the C-N

stretching and C-NH deformation vibrations.*

This demonstrates that amine groups
in TU/MPD reacted with GO carboxyl groups via dehydration condensation and GO

epoxy groups via nucleophilic addition reaction, consequently consuming oxygenated
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functional groups on GO nanosheets.** >

XPS analysis was used to further confirm the cross-linking reaction between TU or
MPD and GO nano-sheets for dry-state GO, TU-GOF and MPD-TOF membranes.””
4 Cls and Ols peaks are observed in all three membranes, while Nls peak is
identified for both TU-GOF and MPD-GOF membranes because of the formation of
amide (-CO-NH-) groups (Figure 3c). Moreover, compared to pristine GO membrane
(O/C ratio ~0.38), the O/C ratios in TU-GOF and MPD-GOF membranes are
decreased to 0.32 and 0.26, respectively (Table S5). Such a decrease in O/C ratio
resulted from the consumption of oxygenated groups (carboxyl and epoxy groups) of
GO by their reactions with TU and MPD molecules, which is consistent with the
FTIR results (Figure 3b and Figure S13). As shown in Figure 3d, the Cls spectra of
pristine GO membrane can be deconvoluted into five characteristic peaks at binding
energies of 284.5, 285.1, 286.5, 287 and 288.1eV, which correspond to C-C/C=C,
C-0O/C-N, C-O-C, C=0 and O-C=0, respectively. However, compared to pristine GO
membrane, the peak intensity of C-O-C and O-C=0O bands exhibites a significant
decline for TU-GOF membrane (Figure 3e, Figure S14 and Table S6), which once
again indicates a partial consumption of epoxy and carboxyl groups. Futhermore, the
intensity of C-O/C-N peak is increased significantly owing to the formation of a new
C-N covalent bond (Figure 3f, Figure S14 and Table S6), which once more confirms
that the amine groups in MPD reacted with carboxyl and epoxy groups on GO to form
covalent bonds via dehydration condensation and nucleophilic addition reaction

respectively. Cross-linking mechanism of GOF-based membranes was further
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confirmed by their S2p and N1s narrow scan spectra (Figure S15), clearly indicating
the formation of new amide group (C-NH bonding at 400.2 eV) in both TU-GOF and
MPD-GOF membranes via covalent cross-linking reactions.

Regulatable Nano-channel Size and Enhanced Stability
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Figure 4. Phase structure, interlayer spacing and nano-channel size of the GOF membranes
covalently cross-linked with TU and MPD molecules at dry and wet states. (a) XRD patterns,
and (c) interlayer spacing (d-spacing) value and 2D nano-channel size of pristine GO
membrane (GO:TU=1:0) and TU-GOF membranes with different GO/TU mass ratios at dry

state; (b) XRD patterns and (d) interlayer spacing (d-spacing) value and 2D nano-channel size
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of pristine GO membrane (GO:MPD=1:0) and MPD-GOF membranes with different
GO/MPD mass ratios at dry state; (¢) XRD patterns and (f) 2D nano-channel size and its
swelling percentage of pristine GO, TU-GOF (GO:TU=1:2) and MPD-GOF (GO:MPD=1:6)

membranes which were altered from dry to wet state.

Both interlayer spacing and nano-channel size of GOF-based membranes can be
precisely regulated at a sub-nanometer level via such a covalent cross-linking strategy
(Figure 4). Cross-linking of adjacent GO nano-sheets via TU molecule resulted in a
gradual decrease in the size of both interlayer spacing and GO nano-channels at dry
state (Figures 4a and 4c), where GO single layer size (~0.34 nm) was deducted for the
latter.'® Via dehydration condensation between -NHz (TU) and -COOH (GO) as well
as nucleophilic addition between -NH2 (TU) and C-O-C (GO), TU cross-linking
between adjacent GO nano-sheets periodically resulted in structurally narrowed
well-defined 2D nano-channels (interlayer spacing as well) due to the small
dimension of covalent TU-link and the deoxygenation of —COOH group.?’ A
nano-channel size of 0.48 nm was determined for pristine GO membrane, while that
of TU-GOF (1:0.5) membrane is slightly decreased to ~0.45 nm (Figure 4c). Such a
gradual decrease in nano-channel size ranging from ~0.48 nm (GO:TU=1:0) to ~0.38
nm (GO:TU=1:3) was beneficial to improve membrane selectivity. In comparison, for
MPD-GOF membranes at dry state, 2D nano-channel size increased gradually in the
range of 0.48-0.76 nm with decreasing GO:MPD ratio from 1:0 to 1:8 after
cross-linking (Figures 4b and 4d). Such a gradually enlarged nano-channel size is
expected to facilitate membrane permeability. Compared with small-sized TU

molecule (76.12 Da), cross-linking via larger-sized MPD (108.14 Da) resulted in a
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larger interlayer spacing (0.74 nm vs. 0.93 nm) for GOF membranes with the same
loading (GO:TU= 1:2 vs. GO:MPD= 1:2) at dry state. After robust covalent
cross-linking, the WCA of both TU-GOF and MPD-GOF membranes increased
(~72°-82° vs. ~56° and ~75°-85° vs. ~56°), indicating reduced hydrophilicity (Figure
S16).

Aqueous stability is a key challenging issue for practical water treatment
applications of GO-based membranes. However, when pristine GO membranes were
immersed into water, their nano-channel size significantly increased from 0.48 nm to
1.23 nm, indicating a severe swelling phenomenon (with a swelling ratio as high as
~156%) (Figures 4e-4f and Table S7). This unfavorable swelling can be ascribed to
the weak interaction (i.e., electrostatic repulsion mechanism) between adjacent GO
nanosheets when excessive water molecules were easily captured inside GO
nano-channels by the strong hydration enabled by plentiful oxygenated functional
groups on pristine GO nanosheets. In our work, although PDA modification enhanced

23. 30 an undesirable

interfacial bonding between ceramic substrate and GO layer,
disruption of membrane structure was visibly observed after static soaking in acidic or
alkaline solutions for only 7 days due to its severe swelling with excessive
nano-channel/interlayer-spacing enlarging (Figure S17), definitely significantly

degrading performance such as selectivity and long-term stability (Figure S18).

By comparison, interestingly, molecular covalent cross-linking via TU and MPD
could tightly interlock GO nano-sheets against this swelling tendency (Figures 4e-4f

and Figures S17-19). Their nano-channel size more slightly increased only from 0.40
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to 0.54 nm (TU-GOF membrane), from 0.68 to 0.88 nm (MPD-GOF membrane) with
significantly suppressed swelling ratios of only ~35% and ~29% from dry to wet state
(Figures 4e-4f and Table S7), fully demonstrating their excellent anti-swelling ability
in aqueous solutions via the formation of highly robust confined nano-channels.
Cross-linking using TU and MPD consumed the oxygenated groups on GO
nano-sheets (Figures 3b-3c), resulting in not only a reduction in electrostatic repulsion
but the formation of stronger covalent bonds between adjacent GO nano-sheets,
consequently prohibiting membrane swelling with suppressed nano-channel
dimension. Both TU-GOF and MPD-GOF membranes exhibited extraordinary
aqueous stability and robustness with much better structural integrity not only in
water, but also in strong acidic (HCI, pH = 1) and basic (NaOH, pH = 11) solutions,
even after more than three months (Figure S17). In addition, during long-term
operation, TU-GOF, MPD-GOF membranes exhibited time-dependent slight decrease
(but acceptable stability) in permeability and salt rejection (Figure S18d).
Nevertheless, compared with GO, the prepared GOF membranes (TU-GO and
MPD-GO) had better long-term stability in Na2SOa rejection due to their more robust
nano-channels after TU or MPD cross-linking (Figure S18d). The key concerns of our
current work focus on performance (permeability and selectivity) enhancements,
cross-linking and separation mechanisms at lab scale. Following this work, more
future efforts should be systematically performed to further improve its longer-term

performance and stability for both salts and pollutants.

Enhanced Salt and Pollutant Sieving Performance
Salt ion sieving ability is an essential indicator for evaluating nanofiltration

membranes.’! Pristine GO membranes exhibited moderate rejections for NaxSOa (72.6
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+ 1.1%), MgSO4 (58.4 + 1.8%), NaCl (45.8 + 1.3%), and MgCl> (23.7 £ 2.5%)
following an order of R (Na2SO4) > R (MgS04) > R (NaCl) > R (MgCl2) (Figure 5a),

which are at similar levels with previous reports.’®

This phenomenon can be
explained via size sieving and Donnan exclusion effects. The negatively charged
GO-based membrane tended to repel salt ions such as SO4>~ and CI” from membrane
surface. However, in order to maintain the electro-neutrality for both feed and
permeate solutions, the counter ions such as Mg?* and Na* were rejected. According

to the Donnan exclusion theory (Eq. 4),” % rejection is related to ionic valence,

following the order of the ratio of Z ¢0-ions to Z counterions wwhere Z is the ionic valence.

R= 1-_C& :1_( | Zp | C
Cs | zpl Cg' + C¥'

)I Zg |/l Za |

4

Where Z, and Zy are the valences of counter ions (positively charged ions) and
co-ions (negatively charged ions), respectively, Cg  (mol-L!) and CZ' (mol-L1)
are the concentrations of co-ions in solution and membrane phase, respectively, and
Cy' is the membrane charge concentration. Theoretically, salt rejection should follow
this order R (Na:SOs4) > R (MgS0O4) = R (NaCl) > R (MgCl2). However, despite
having the same valence ratio of anion to cation, a higher rejection was detected for
MgSO4 (58.4 + 1.8%) than NaCl (45.8 = 1.3%) in the experiment, which was
attributed to a more dominant role of size sieving effect. Compared with Na* (Ruydrated
0.36 nm) and CI" (Ruydrated 0.33 nm), large-sized hydrated Mg?* (Ruydrated 0.43 nm) and
53,54

SO4? (Ruydrated 0.38 nm) were more easily blocked by GO nano-channels.

After TU cross-linking, due to a remarkable suppressing in nano-channel size (from
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1.23 to 0.54 nm, Figure 4f and Table S7), a significant enhancement in salt rejection
was achieved for TU-GOF membrane (GO:TU=1:2), showing an almost complete
rejection for Na2SO4 and MgSO4 while very high rejection for NaCl (95.6 + 1.14%)
and MgCl2 (90.2 = 0.95%) (Figure 5b). Despite lowering water permeability,
increasing selectivity is more highly required for design of high-performance
desalination membranes since there is limited impact of increased permeability on
water purification efficiency.'” ' Such high rejections of NaCl not only far exceeded
those of pristine GO membranes, but other reported state-of-the-art GO-based,
commercial organic nano-filtration and emerging two-dimensional MoS2 membranes
which all operated under the same NF mode (Figure 5e and Table S8). Generally, only
reverse osmosis (RO) or FO membranes can fully reject NaCl while most NF
membrane can not perform well.'”> > 3¢ In spite of significantly enhanced ion rejection,
minor Na* (4.4 + 1.1%, NaCl) and Mg?" (9.8 + 0.9%, MgCl2) ions with larger size
still passed across smaller TU-GOF membrane nano-channels. Both hydrated Na*
(Dhydrated 0.72 nm) and Mg?" (Dhydraed 0.86 nm) ions have larger size than the
nano-channels (~0.54 nm) of TU-GOF membrane at wet state while dehydrated Na*
(Ddehydrated 0.19 nm) and Mg?" (Ddehydrated 0.53 nm) ions have smaller size.””-*® That is
so say, the pore diameter of TU-GOF nano-channels was smaller than hydrated ionic
diameter but larger than dehydrated ionic diameter. We can thus speculate that its ion
separation performance should be dominated by a combined mechanism of size

t,57' 59

sieving associated with partial dehydration effec where large-sized hydrated ions

should undergo a dehydration mechanistic process to enter the nano-channels, which
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has been widely confirmed in the ion channels of GO, biological or metal-organic
frameworks membranes.”® When dehydrated ions exited the nano-channels and
entered an aqueous solution, they were rehydrated by water molecules. Nevertheless,
such a significant rejection enhancement was at the cost of moderate permeability
decrease (Figure 5b). Interestingly, after cross-linking with MPD molecules,
MPD-GOF membranes (GO:MPD=1:4) exhibited a simultaneous enhancement in
rejection and permeability for four salts (Figures 5c-5d). Cross-linking with MPD
indeed enlarged nano-channel size at dry state, but significantly suppressed it at wet
state in the actual NF process (Figure 4). Covalent cross-linking of adjacent GO
nano-sheets enhanced not only the aqueous robustness of nano-channels with
longer-term stability for more than three months (Figure S17), but their salt sieving
ability in both rejection and permeability (Figure S18). Enhanced rejection (for
instance, from 45.8% to 75.2% for NaCl, from 72.6 to 93.5% for Na:SOs4) can be
ascribed to reduced aqueous nano-channel dimension as well as an additional steric
hindrance mechanism of decorated larger-sized MPD molecules with benzene rings,
thus effectively blocking (i.e. rejecting) small-sized salt ions. In spite of suppressing
wet-state nano-channel dimension after MPD cross-linking (Figure 4f), an
extraordinary enhancement in water permeability was observed (Figure 5d) (will

discuss in the following section).
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Figure 5. Rejection and permeability of pristine GO membranes (a), TU-GOF (b), and
MPD-GOF (c) membranes with the same thickness for separation of four different salt
solutions with a constant concentration of 100 mg-L"'; (d) Comparison of salt sieving
performance (rejection and permeability) of GO, TU-GOF and MPD-GOF membranes; (e)
Comparison of NaCl rejection and water permeability between TU-GOF membrane in this
work, and other state-of-the-art GO-based membranes, commercial NF membranes and
two-dimensional MoS; membranes which operated in NF mode. (See more reference in Table

S8, Supporting information)
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Figure 6. (a) Pollutant rejection of pristine GO membranes, TU-GOF membranes with a
GO/TU mass ratio of 1:1 and MPD-GOF membranes with a GO/MPD mass ratio of 1:6; (b)
Performance comparison in permeability and rejection of three types of GO-based membranes
for removal of four micro-pollutants. The applied trans-membrane pressure was 5 bar and the
feed concentration was 50 mg-L™' for four micro-pollutants; (c) Permeability and rejection of
MPD-GOF membranes with a GO/MPD mass ratio of 1:6 for removal of TC at different pH
values; (d) Permeability and rejection of MPD-GOF membranes with a GO/MPD mass ratio

of 1:6 for removal of CAP at different pH values.

In addition to salt sieving, we also further evaluated the micro-pollutant separation
performance for GO, TU-GOF and MPD-GOF membranes. For four selected typical
micro-pollutants, the size shows an order DS < CAP < TC < OTC in MW (Table S2).
Pristine GO membranes exhibit low rejections (57.2 + 2.3% for CAP, 61.7 £ 2.1% for
DS) for smaller-sized CAP and DS but higher rejections (77.9 = 1.7% for OTC, 81.3
+ 1.2% for TC) for larger-sized OTC and TC (Figure 6a). Compared to rejection, an

opposite trend is observed for water permeability (Figure 6b). After cross-linking with
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TU (CH4N2S, 76.12 Da) (Figures 6a and S22a), like salt rejection (Figure 5), the
TU-GOF membranes show a significant increase in CAP rejection due to the
enhanced steric hindrance effect via reducing nano-channel size (Figures 4a and 4c).
A complete CAP rejection (99.9 £ 0.1%) was achieved at GO/TU 1:3, much higher
than 57.2 + 2.3% at GO/TU 1:0 (pristine GO membrane) (Figure S22a). Similarly,
rejections were also significantly improved for DS (96.8 £ 0.7%), OTC (98.9 £ 0.6%)
and TC (99.7 £ 0.2%) (Figure 6a). In spite of significantly enhanced rejection,
however, the water permeability is sacrificed for TU-GOF membranes (like salt
sieving in Figure 5).

In order to address this issue, larger size MPD (CsHsN2, 108.14 Da) with active
functional groups (-NH2) and benzene rings was then introduced as a cross-linker into
GO membrane (Table S2). Interestingly, compared with pristine GO membranes, like
salt separation (Figure 5), the MPD-GOF membranes with a GO/MPD mass ratio of
1:6 show simultaneous increases in rejection and water permeability for CAP, DS,
OTC and TC solutions, breaking their conventional trade-off issue (Figures 6 and
S22b). Unlike that cross-linking with TU only significantly enhanced rejection with a
moderate sacrifice of water permeability (Figure 6b), cross-linking with MPD resulted
in simultaneously enhanced rejection and water permeability via reducing GO
nano-channel size inside the wet membranes. The water permeability increases with
MPD content especially at GO:MPD ratios < 1:4 while maintaining high CAP
rejection. At GO:MPD = 1:8, MPD-GOF membrane exhibits an enhanced water

permeability of 5.38 = 0.07 L m™2 h™! bar! (1.43 times higher than pristine GO
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membrane) and CAP rejection of 70.8 £ 1.3% (Figure S22b). Like salts, such a
moderate decrease in nano-channel size (from 1.23 to 0.88 nm) led to moderately
improved rejection for micro-pollutants. However, this decrease in nano-channel size
additionally improved, not lowered water permeability, which is different from a
generally acceptable viewpoint that a decrease in pore size inevitably causes a
permeability loss. In addition, for MPD-GOF membranes, a gradual enhancement is
observed in both rejection and water permeability with increasing pH value (TC in
Figure 6¢, CAP in Figure 6d). This simultaneous improvement can be attributed to an
enhanced electrostatic repulsion interaction between MPD-GO membrane and
TC/CAP molecules, i.e., more negatively charged (Figure 3a).’ Ionization state of
antibiotics in water is usually affected by pH value, which is reflected by a property
indicator named as dissociation constant pKa. As an amphoteric compound, TC is
positively charged below pH 3.32 but negatively charged above pH 7.78, and
consequently neutrally charged within a pH range of 3.32-7.78.9° At pH=6, a
relatively low rejection rate (89.7%) of neutrally charged TC is observed, which was
dominated by a size sieving mechanism. With pH value increased from 6 to 12, a
gradual rejection enhancement is observed due to an enhanced electrostatic repulsion
mechanism associated with size sieving. A similar trend can also be observed in CAP
rejection (Figure 6d), where CAP is positively charged below pH=2 but negatively
charged above pH=9, and consequently neutrally charged within a pH range of 2-9.
At high pH condition, electrostatic repulsion was enhanced between adjacent GO

nano-sheets, therefore expanding nano-channels to increase water permeability.®!
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Mechanistic Insight for Robust Cross-linking and Enhanced Sieving

A mechanistic insight is proposed here to understand molecular cross-linking and
salt/molecule sieving for robust space-confined nano-channels in GOF membranes
(Figure 7). Molecular covalent cross-linking between TU or MPD and GO
nano-sheets mainly involved carboxyl and epoxy groups via dehydration
condensation and nucleophilic addition reaction, respectively. Based on XPS Cls
peak (Figures 3d-3f), more epoxy groups (~34%) were dominantly detected on GO
nano-sheets than carboxyl (~2%) (Table S6). Since hydroxyl and carboxyl groups are
located around the edges of GO nano-sheets while carbonyl and epoxy groups are

62,63 we can speculate that after cross-linking

concentrated at their interior planes,
reactions TU and MPD molecules more dominantly exist on the interior planes than
the edges (Figure 7b). Via a covalent cross-linking strategy, amine groups (-NH2) in
TU and MPD molecules provided highly active binding sites to react with GO
carboxyl groups through dehydration condensation reaction, and GO epoxy groups
through nucleophilic addition reaction (Figures 7a-7b). Such a covalent cross-linking
was beneficial to not only regulate the size of GO nano-channels more stably formed
between adjacent GO nano-sheets, but tailoring their surface chemistries (such as
surface terminal groups, hydrophilicity/hydrophobicity and surface charges).
Moreover, due to its much higher bond energy, this chemically covalent cross-linking
was much stronger than hydrogen bond or van der Waals force, significantly

suppressing electrostatic repulsion between adjacent GO nano-sheets, which was a

key action force responsible for severe swelling of pristine GO membranes.
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Consequently, it could significantly enhance long-term aqueous membrane stability
(i.e., anti-swelling ability) via robustly forming stable nano-channels with
space-confined sub-nanometer dimension after stronger covalent cross-linking with
TU and MPD molecules.

The covalently cross-linked nano-channels presented an enhanced sieving ability
for inorganic salts and organic micro-pollutants. Due to significantly suppressed
nano-channel dimension with excellent anti-swelling ability, enhanced size sieving
played a key role for efficiently sieving different-sized salts/micro-pollutants while
electrostatic  interaction was additionally responsible for similar-sized
salts/micro-pollutants (Figure 7c). After covalent cross-linking with TU and MPD
molecules, the GOF membranes were still negatively charged, effectively rejecting
more negatively charged micro-pollutants via an additional electrostatic repulsion
mechanism. Besides size sieving and electrostatic interactions, additional steric
hindrance effect of MPD molecules decorated inside the nano-channels were possibly
responsible for high rejection, effectively sieving small-sized species (especially salts)
which could not transport across larger MPD-GOF nano-channels. Besides size
sieving, steric hindrance and electrostatic interaction, Donnan exclusion or partial
dehydration effect also played an important role in salt sieving process (Figure 7c).
For TU cross-linking, significant enhancements in rejection were achieved for salt and
micro-pollutants while their water permeability was moderately sacrificed due to
significantly decreased nano-channel size. However, for cross-linking using

larger-sized MPD, the MPD-GOF membranes with moderately suppressed
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nano-channels exhibited simultaneously enhanced rejection and permeability for both
salts and micro-pollutants, breaking their conventional trade-off issue between
selectivity and permeability. Despite the suppressed dimension (from 1.23 to 0.88 nm)
with enhanced robustness, the hydrophobicity of MPD-GOF nano-channels was
enhanced due to the partial reduction of GO nano-sheet surface with less
oxygen-containing groups after dehydration condensation and nucleophilic addition
(Figure 3 and Figure 7a) and rich hydrophobic benzene rings of cross-linked MPD
molecules. Such a hydrophobicity enhancement inside MPD-GOF nano-channels was
expected to reduce their water adsorption capacity and thus dwell time**, facilitating
fast water molecule transport across the space-confined nano-channels. Therefore, an
extraordinary enhancement in water permeability can be ascribed to such rapid
low-friction transport of more water molecules inside more hydrophobic
space-confined nano-channels (less than 1 nm) after cross-linking reaction.®*%

Similar hydrophobically enhanced space-confined transport phenomena were also

well confirmed via molecular dynamics simulations during water transport through

67 68, 69

GO membranes,”’ carbon nanotubes and 2D conjugated aromatic polymer

membranes’’,
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Figure 7. Schematic diagram of (a) cross-linking reactions between GO nano-sheets and TU
and MPD molecules, (b) GOF membrane structures rationally designed via a molecular
covalent cross-linking strategy and (c) separation mechanisms across cross-linked GO-based

membranes with enhanced sieving of micro-pollutants and salts.

31/40



608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

IMPLICATIONS

In this study, via two molecular cross-linkers, a molecule-level rational structure
design strategy was proposed to fabricate ceramic-based GOF membranes, featuring
enhanced selectivity or permeability with excellent long-term aqueous stability for
highly efficient sieving removal of high-concentration salts and micro-pollutants.
Robust nano-channels for molecule/ion sieving could be precisely designed with
tailorable size and surface chemistries. Through consuming oxygenated groups on GO
nano-sheet surface, such a cross-linking involved dehydration condensation between
TU/MPD amine groups and GO carboxyl groups, and nucleophilic addition reaction
between TU/MPD amine and GO epoxy groups. In aqueous state, incorporation of TU
and MPD molecules decreased the interlayer spacing (i.e., nano-channel size) via
forming more robust nano-channels which were tightly cross-linked by stronger
covalent bonds in a confined dimension less than 1 nm. For TU cross-linking, due to
significantly decreased nano-channel size, significant enhancements in rejection were
achieved for salt (for example, 95.6% for NaCl) and micro-pollutants while their
water permeability was moderately sacrificed. In contrast, for cross-linking using
larger-sized MPD, the MPD-GOF membranes with moderately suppressed
nano-channels showed simultaneously enhanced rejection and permeability, breaking
their conventional trade-off issue between selectivity and permeability. Despite the
suppressed nano-channel dimension, an extraordinary enhancement in water
permeability can be ascribed to rapid low-friction transport of more water molecules

inside more hydrophobic space-confined nano-channels (less than 1 nm) after
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cross-linking reaction. Moreover, we demonstrated that electrostatic interaction
played an important role in sieving performance especially for similar-size
salts/micro-pollutants and that Donnan exclusion and partial dehydration effects were
also specially present for salt sieving. This work may provide a new strategy for
rational design of water-stable functional GOF membranes with alterable
nano-channel size and surface chemistry for enhanced sieving performance.
Considering real applications, separation of salt/micro-pollutant mixtures is very
important and will be performed in our following studies. Since ceramic membranes
are known to have better mechanical strength and chemical stability, future studies are
needed to explore the use of ceramic-based GOF membranes for more harsh
separation applications such as organic solvent and acidic or alkaline water filtrations

under long-term operation.
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