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ABSTRACT. Reverse osmosis and nanofiltration by thin-film nanocomposite (TFN) membranes
are energy-efficient processes for water purification. However, it is difficult to fabricate high-
performance TFN membranes in controllable manner. In this work, the uniform and multilayered
polyamide (PA)-graphene oxide (GO) TFN membranes were assembled by a simple and
controllable strategy, named as multilayer deposition, which was performed by consecutively spin-
coating GO, meta-phenylene diamine (MPD)/piperazine (PIP), and trimesoyl chloride (TMC)
solutions on the substrates. The introduction of GO could reduce defects, resulting in formation of
smooth and defect-free reverse osmosis/nanofiltration membranes with significantly increased
NaCl and antibiotic rejection. For example, the TFN reverse osmosis membrane showed NaCl
rejection of 99.1% and water permeance of 1.83 L m? h? bar?, accompanied by substantially

enhanced antifouling property.
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1. Introduction

Reverse osmosis (RO) and nanofiltration (NF) membranes, featuring high energy efficiency
and environmental friendliness compared to other competing separation technologies, have been
widely employed to obtain fresh water through seawater desalination and wastewater reclamation
[1-3]. The most common type of RO/NF membranes are polyamide (PA) thin-film composite
(TFC) membranes that exhibit reasonable separation properties and stability. In the past decades,
researchers have been attempting to overcome the permeability-selectivity upper bound by
developing RO/NF membranes with higher permeance and higher rejection simultaneously [4,5].
One effective strategy is the inclusion of nanomaterials in PA to form thin-film nanocomposite
(TFN) membranes. TFN membranes are fabricated by loading nanomaterials into amine and/or
acyl chloride monomer solutions used for the interfacial polymerization (IP), which imparts
enhanced separation performances and additional special functions (e.g., antifouling properties)
[6-8].

Many kinds of nanomaterials with different dimensions including nanoparticles (e.g., silica
[9,10] and metal-organic framework (MOF) nanoparticles [11-13]), nanowires/tubes (e.g., carbon
nanotubes [14-16]), and nanosheets (e.g., carbon nitride [17] and covalent organic framework
nanosheets [18]) have been used as nanofillers in TFN membranes to tailor transport channels for
enhancing water permeation and obtaining high selectivity. For example, various ZnO
nanostructures such as nanoflowers, nanorods, and spherical nanoparticles were embedded into
PA layers for improving the desalination performance and antibacterial activity of TFN membrane.
The spherical ZnO nanoparticles embedded TFN membrane displayed 19.0% and 28.4% higher
water permeance than the membranes embedded with ZnO nanorods and nanoflowers,

respectively, owing to higher surface area and smaller size of spherical nanoparticles [19]. To
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provide more transport pathways for water molecules, defective ZIF-8 nanoparticles with
additional inner porosity were used as nanofillers in TFN membranes, which endowed the
membranes with a 52.0% increase in water permeance than the pristine TFC membrane while
maintaining the NaCl rejection of 98.6% [20]. As one of the important derivatives of graphene,
graphene oxide (GO) nanosheets possess many advantages including ultrathin thickness, excellent
mechanical strength, low production cost, abundant functionality, and tunable physicochemical
property [21-27]. The hydrophilic oxygen-containing functional groups and non-oxidized regions
of GO can also accelerate the water transport through GO-based membranes. Due to these merits,
GO nanosheets have been considered as promising alternative nanofillers to prepare high-
performance TFN membranes [28-32].

Existing preparation approaches for PA-GO TFN membranes generally involve mixing GO
nanosheets in aqueous/organic monomer solutions or depositing them on substrates [33-35].
Although the doping of nanomaterials in PA layers contributes to the improvement of water
permeance, the easy aggregation of nanomaterials in polymeric matrixes poses a great challenge
of potentially impaired rejection. Furthermore, the traditional IP reaction can be completed within
ten seconds, thus making it difficult to control [36,37]. Multilayer assembly by step-by-step
deposition is a controllable, versatile, and useful approach to precisely prepare uniform thin films
on various substrates [38-42]. During multilayer assembly, each precursor solution is successively
and repetitively coated on substrates to grow thin films of controllable thickness (e.g., by the
number of coating cycles) [43,44]. Recently, the application of multilayer assembly strategy in
TFN membrane usually focused on the post modification of PA layers through surface layer-by-
layer coating, which could enhance the surface hydrophilicity and antifouling properties [3,39].

However, the compact surface coating layers may increase the diffusion resistance of water
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molecules through TFN membranes. Considering the unique properties of GO, we envisage that
whether GO can be embedded into PA layers during multilayer assembly of TFC membranes for
preparing high-performance PA-GO TFN membranes in a more controllable and efficient manner.

In this work, we report a spin-coating multilayer assembly strategy for the preparation of PA-
GO TFN membranes (Fig. 1). This strategy possesses advantages of easy operability, good
controllability, and low solvent consumption. The deposited GO nanosheets provide stable and
confined interface for PA polymerization, resulting in PA-GO TFN membranes with uniform,
smooth, and defect-free rejection layers. These TFN membranes exhibit competitive desalination
and antibiotic separation performance with substantially improved antifouling ability, paving a

new direction for high performance TFN membranes.

Multilayer assembly

MPD/PIP TMC
solution solution

— [ —)
Spin-coating Spin-coating

GO deposition MPD/PIP deposition TMC deposition

# 1P
/ .
i = reaction
1 .
e
'
i

PA-GO;-n TFN
membrane

Fig. 1. Hlustration of fabrication and structure of PA-GO TFN membranes by spin-coating

multilayer assembly.



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

2. Experimental

2.1. Materials
Natural graphite flakes were purchased from XFnano Chemical Co., Ltd, China. Potassium
permanganate (KMnOs), sodium nitrate (NaNOs), sulfuric acid (H2SOas, 98 wit%), hydrogen

peroxide aqueous solution (H202, 30%), meta-phenylene diamine (MPD), piperazine (PIP), and
trimesoyl chloride (TMC) were purchased from Kutai Chemical Reagent Co., China. The solvent
of n-hexane was used without further purification. The polysulfone (PSF) ultrafiltration membrane
with a molecular weight cutoff of 100 kDa was used as substrate.
2.2. Preparation of graphite oxide

The graphite oxide was prepared by a modified Hummers method [45]. Natural graphite
flakes (2.0 g) and NaNOs (1.0 g) were gradually added into concentrated H2SO4 (46 mL) while in
ice water bath. And then KMnOs (6.0 g) was slowly added into the above mixture under constant
stirring and the mixture temperature was controlled below 20 °C. After reaction, the above
suspension was further stirred at 35 °C for about 1 hour and pure deionized water of 96 mL was
slowly added. The suspension temperature was heated to 98 °C for 40 min. Finally, the above
suspension was treated by 30% H202 solution and washed by 5% HCI solution and deionized water.
The obtained product was dried at 60 °C under vacuum for overnight to produce bulk graphite
oxide.
2.3. Preparation of PA-GO RO membranes

A GO suspension was obtained by ultrasonic exfoliation of graphite oxide powder in water
and then diluted to 0.1 mg/mL. PA-GO RO membranes were fabricated by the spin-coating
multilayer assembly (Fig. 1). A 200 uL of the GO suspension was firstly dropped onto a

polysulfone ultrafiltration membrane (PSF, molecular weight cutoff = 100 kDa) that was subjected
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to rotation speed of 5000 rpm. For preparation of PA-GO RO membranes, a meta-phenylene
diamine (MPD) aqueous solution (0.1 or 1.0 mg/mL) was spin-coated on the substrate by the same
operation and then followed by a trimesoyl chloride (TMC) n-hexane solution (with a MPD/TMC
concentration ratio of 10) to complete one deposition cycle. PA-GO RO membranes with different
deposition cycles of 1, 3, 5, and 7 were prepared in the current study. Finally, the PA-GO RO
membranes were dried at 60 °C for 5 minutes for better polymerization. The obtained PA-GO RO
membranes are denoted as PAx-GOy-n membranes, where X, y, and n represent the MPD
concentration, GO concentration, and deposition cycles, respectively. For comparison purpose, PA
RO membranes were also prepared by same condition without GO suspension, and the
corresponding membranes are denoted as PAx-n.
2.4. Preparation of PA-GO NF membranes

PA-GO NF membranes were fabricated by the same spin-coating multilayer assembly as the
PA-GO RO membranes. The GO suspension (0.1 mg/mL), piperazine (PIP) aqueous solution (0.1
mg/mL), and TMC n-hexane solution (0.1 mg/mL) were continuously spin-coated on the
polysulfone substrate to complete one deposition cycle. PA-GO NF membranes with different
deposition cycles of 1, 3, 5, and 7 were prepared in the current study. Finally, the PA-GO NF
membranes were dried at 60 °C for 5 minutes for better polymerization. The obtained PA-GO NF
membranes are denoted as PAx-GOy-n NF membranes, where x, y, and n represent the PIP
concentration, GO concentration, and deposition cycles, respectively. For comparison purpose, PA
NF membranes without GO were also prepared by same condition.
2.5. Characterizations

The morphologies of the prepared PA-GO TFN membranes were observed by a field-

emission scanning electron microscope (SEM, Ultra-55, Zeiss Co.) at an accelerating voltage of 5
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kV. The samples were coated with thin gold layers to reduce the charging effect. The surface
structures of the PA-GO membranes were characterized by employing an atomic force microscope
(AFM, Bioscope Catalyst Nanoscope-V, Bruker, USA). The values of root mean square roughness
(Rq) and arithmetic average roughness (Ra) were calculated by NanoScope Analysis software. The
chemical structures of the samples were studied by using Fourier transform infrared spectrometer
(FTIR, IRTracer-100, Shimadzu CO.). X-ray photoelectron spectroscopy (XPS) experiments were
conducted by using an RBD upgraded PHI-5000C ESCA system (PerkinElmer). The hydrophilic
properties were investigated by using a contact angle meter (OCA20/data-physics, Germany). The
water contact angle was measured for at least three samples to obtain the average value. Surface
zeta potentials of membranes were evaluated using streaming potential analyzer (SurPASS, Anton
Paar, Austria) with Immol/L KCI aqueous solution as the background electrolyte. The solution pH
was controlled by using HCI and NaOH solutions to measure the zeta potential values at pH of 4—
10.
2.6. Desalination performance test

The desalination performance of the prepared PA-GO RO membranes was investigated by a
cross-flow filtration cell with an effective permeation area of 7.0 cm?. The desalination experiment
was conducted using a 2000 mg/L NaCl solution as the feed with an applied pressure of 10 bar at
room temperature. The concentration of NaCl solution was measured by a conductivity meter. The
water permeance (P, L m h't bar?) and NaCl rejection (R) of the membranes were calculated
according to the following equations (1) and (2), respectively:

V

:AxtxAp @)
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Where V (L) is the permeated water volume, A (m?) is the effective membrane area, t (h) is
the permeated time, and Ap is the transmembrane pressure. The parameters Cr and Cp are the salt
concentrations in the feed and permeate solutions, respectively. The reported permeance and
rejection results for each membrane were the average of at least three membrane samples.
2.7. Nanofiltration performance test

The nanofiltration performance of the prepared PA-GO NF membranes was investigated by
a cross-flow filtration cell with an effective membrane area of 7.0 cm?. The nanofiltration test was
conducted employing chlortetracycline aqueous solution (100 mg/L) as the feed with an applied
pressure of 4 bar at room temperature. The concentration of chlortetracycline solution was
measured by UV characterization.
2.8. Membrane fouling test

Membrane fouling and cleaning properties were investigated by using sodium alginate (SA)
as model organic foulants. The prepared PA-GO RO membranes were first equilibrated with the
foulant-free background electrolyte solution (1 mM CaClz + 47 mM NaCl) under pressure at room
temperature until water permeance became stable. For conducting membrane fouling test, a SA
stock solution was then added into the feed tank to obtain a final feed foulant concentration of 200
mg/L. After running for 360 min, the feed solution was replaced with DI water to flush the
membranes for removing the foulant. The pure water permeances of the membranes were then

measured to evaluate the fouling reversibility of membranes.

3. Results and Discussion

3.1. Characterizations of PA-GO TEN membranes
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Fig. 2. (aand b) FTIR spectra of the PA1-5 (black) and PA1-GOo.1-5 (red) RO membranes. (c) XPS

spectrum and (d) high-resolution C 1s XPS spectra of the PA1-GOo.1-5 RO membrane.

For fabrication of the PA-GO RO membranes, the GO suspension (0, 0.1, or 1.0 mg/mL),
MPD aqueous solution (0.1 or 1.0 mg/mL), and TMC n-hexane solution (with MPD/TMC ratio of
10) were consecutively spin-coated on the PSF substrates (Fig. 1). In the current study, the solvent
consumption was as low as 200 pL for each coating cycle, which was much lower relative to the
conventional IP process [29,46]. Fig. 2a,b presents the FTIR spectra of the PA1-5 and PA1-GQOo.1-
5 RO membranes. Both membranes showed characteristic peaks at 1659, 1578, and 1485 cm™,
which can be assigned to the stretching vibration of C=0, N-H, and C-N, respectively, proving the
successful preparation of polyamide selective layer. PA1-GOo.1-5 had a much more intense peak

at 3364 cm™ compared to PA:-5, resulting from the embedding of GO nanosheets with abundant

10



181  —OH groups. Concomitantly, a new characteristic peak at 1045 cm™ emerged in the spectrum of
182  PA1-GOo.1-5, which is assigned to the epoxy groups of GO. These results verified the successful
183  incorporation of GO nanosheets into the TFN membranes. The XPS spectra were employed to
184 identify the PA polymerization. Compared with the PSF substrate (Fig. S1), a new peak of N 1s
185  appeared at binding energy of 399.6 eV in the spectrum of the PA1-G0Oo.1-5 membrane (Fig. 2¢),
186  ascribing to the formation of PA layer. Since the membrane surface was completely covered by
187  the PA-GO layer, the S 2p peak of the PSF substrate almost disappeared after multilayer assembly.
188  The high-resolution C 1s spectra with four fitting peaks at 284.2 eV (C-H, C-C, and C=C), 284.8
189 eV (C-CONH and C-COOH), 285.8 eV (C-N), and 287.7 eV (N-C=0) confirmed the successful
190  PA polymerization based on Schotten-Baumann reaction between acyl chloride and amino (Fig.

191 2d).

400 nm 400 nm 400 nm

400 nm 400 nm 400 nm

192
193  Fig. 3. SEM images of (a) PAo.1-5, (b) PA01-GOo.1-5, () PA01-GO:1-5, (d) PA1-5, (e) PA1-GOo.1-

194  5and (f) PA1-GO1-5 RO membranes.
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Fig. 3 shows the SEM images of the PA and PA-GO RO membranes with same spin-coating
deposition cycles of 5 but different MPD and GO concentrations. The PA membrane with low
MPD concentration (PAo.1-5) appeared discontinuous and defective (Fig. 3a), possibly due to the
penetration of the MPD aqueous solution into porous PSF substrate [43,47]. In contrast, the GO
containing RO membrane PAo.1-GOo.1-5 showed a defect-free and granular structure (Fig. 3b),
revealing the critical role of GO deposition in the formation of a continuous PA layer. GO
nanosheets provide stable reaction interface, prevent monomer solution penetration into substrate,
and improve MPD storage for better interfacial polymerization. The resulted granular structure
may be originated from the higher affinity of MPD molecules to the oxygen-containing groups on
GO nanosheets, thereby leading to the preferential polymerization of PA on these regions. With
the increase of GO concentration to 1.0 mg/mL, the PAo.1-GO1-5 membrane displayed some
wrinkles (Fig. 3c), which are often observed in pure GO membranes [48,49]. As expected, the
increase of MPD concentration could also promote the formation of continuous PA membranes
(see PA1-5 in Fig. 3d). As GO concentration increased to 1.0 mg/mL, wrinkles also appeared for
the membrane PA1-GO:1-5 (Fig. 3f), though they were less obvious compared with PAo.1-GO1-5.
Additional PA-GO membranes PA1-GOo.1-n (with MPD concentration fixed at 1.0 mg/mL, GO
concentration fixed at 0.1 mg/mL, and over different deposition cycles) are presented in Fig. S2 in
the supporting information. Clearly, as the number of deposition cycle increased, the prepared PA-
GO RO membranes became more continuous with a denser surface. We also conducted the cross-
sectional SEM characterization of the PA1-GOo1 RO membranes. As shown in Fig. S3, when
depositing 3 cycles, the PA1-GOo.1-3 RO membrane showed an ultrathin thickness at about 80 nm.

By increasing deposition cycles, the thickness of PA1-GOo.1-7 membrane increased to 160 nm.

12
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Although greater thickness usually resulted in better continuity, smaller thickness brought higher
water permeance.

Unlike PA membranes prepared by conventional IP that possess rough surface with leaf-like
features, the multilayer-deposited PA membrane was much smoother due to the multistep micro-
polymerization from the step-by-step coating (Fig. 3 and 4). AFM characterization of the PA1-5
membrane and PAi1-GOoi-1, PA1-GOo1-5 and PAi1-GOoi1-7 membranes shows that these
membranes had Rq < 5.0 nm and Ra < 4.0 nm, which are much lower than those of PA membranes
prepared by conventional IP [50-52]. Compared to the PA1-5 membrane (Rq = 4.60 nm and Ra =
3.65 nm), the PA1-GOo.1-5 membrane with identical number of deposition cycle had slightly
reduced surface roughness (Rg = 3.39 nm and Ra = 2.69 nm). This may be interpreted by that the
GO nanosheets offer more stable and confined interface for polymerization. In addition, as the
deposition cycle increased from 1 to 7, the PA-GO membranes also became smoother, with Rq
decreased from 3.71 nm to 3.02 nm and Ra decreased from 2.96 nm to 2.46 nm. The inclusion of
GO nanosheets (Fig. S4) or increasing the deposition cycle (Fig. S5) were also effective in
reducing the water contact angle due to the oxygen-containing groups of GO nanosheets, which is
beneficial for enhanced separation performance [53]. The surface charges of the PA and PA-GO
membranes were measured by the zeta potential analysis. As shown in Fig. S6, both PA and PA-
GO membrane surfaces possessed negative charges in the pH range of 4-10, due to existence of
the carboxyl groups arising from the hydrolysis of residual acyl chloride groups. In contrast with
PA membrane, the PA-GO membrane had more negative charges, which should result from the

introduction of GO containing numerous negatively charged functional groups [33].
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Fig. 4. AFM images of the PA ((a) PA1-5) and PA-GO RO membranes ((b) PA1-GQOo.1-1, (c) PA1-

GOo.1-5, and (d) PA1-GOo.1-7). The insets were corresponding 3D AFM images of membranes.

3.2. Desalination performance

Membrane separation performance was evaluated by cross-flow filtration using a 2000 mg/L
NaCl solution (Fig. 5). For membranes prepared at any given MPD and GO concentrations,
increasing deposition cycles sharply decreased the water permeance and increased the NaCl
rejection, which can be attributed to the more continuous and thicker selective layers [43]. For the
PAo.1-n series, the rejection remained relatively low (84.8%) even after deposition for 7 cycles.
The addition of GO nanosheets was able to substantially improve the membrane rejection, with
PA0.1-GOo.1-7 and PA0.1-GO1-7 showing NaCl rejections of 94.1% and 92.6%, respectively. The

crumpled GO nanosheets of the PA-GO RO membranes with high GO loading may result in

14



250 unselective pathways for ion transports, which explains the slightly lower rejection of PAo.1-GO1-

251 7 compared to PA0.1-GOo.1-7.
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253  Fig. 5. Desalination performances of (a) PAo.1-n, (b) PAi-n, (c) PA01-GOo.1-n, (d) PA1-GOo.1-n,
254  (e) PA01-GO:s-n, and (f) PA1-GO1-n RO membranes with various deposition cycles of n. The error

255  bar was standard deviation calculated from three membrane samples at least.
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All membranes formed with 1.0 mg/mL MPD, including PA1-n (Fig. 5b), PA1-GQo.1-n (Fig.
5d), and PA1-GO1-n (Fig. 5f), exhibited higher rejection and lower permeance compared to their
respective counterparts formed with 0.1 mg/mL MPD. In particular, the PA1-GQo.1-n series
appeared most promising in terms of rejection performance. Even deposition for only 3 cycles, the
PA1-GOo.1-3 RO membrane showed a high rejection of 97.3% and permeance of 2.21 L m2hbar-
! By increasing deposition cycles, the PA1-GOo.1-7 membrane showed an impressive rejection of
99.1% together with a permeance of 1.83 L m2h™ bar?. These separation properties are highly
competitive against existing commercial RO membranes (Fig. S7) and other TFN membranes in
the reported literatures (Table S1) by exceeding the permeability-selectivity trade-off [54]. The
effect of feed concentration on desalination performance of the PA-GO membranes was also
assessed. Although the higher osmotic pressure and more serious concentration polarization at
high feed concentration caused a reduction of permeance, the PA-GO membranes exhibited stable
and even larger rejection (Fig. S8). We conducted the desalination test of PA1-GQo.1-7 RO
membrane at various pH values of 4, 7, and 10. The results showed that the water permeance of
membrane was independent of feed pH while rejection rate increased from 98.4 to 99.3% with
increasing feed pH from 4 to 10. This may be attributed to the stronger electrostatic repulsion
interactions at higher pH, as arising from increasingly negative charges on the membrane surfaces
[55].

3.3. Antifouling property
The fouling behavior of the PA1-7 and PA1-GOo.1-7 RO membranes were evaluated using SA

as model foulant. As shown in Fig. 6a, the PA1-GOo1-7 membrane presented lower water
permeance reduction ratio (17.8%) in contrast with that (26.9%) of the PA1-7 membrane, despite
that PA1-GOo.1-7 had a higher initial water permeance (1.65 L m2htbar for PA1-GOo.1-7 vs. 1.43

L m2h?bar! for PA1-7). Fouling reversibility property was also investigated by flushing the
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fouled membranes with DI water for 60 min. The PA-GO membrane displayed higher water
permeance recovery ratio than that of the PA membrane. These results strongly suggest that PA-
GO membranes possessed better antifouling performance, which can be attributed to more
hydrophilic and smoother membrane surfaces due to introduction of GO [34]. Membrane long-
term stability is one of the critical concerns when developing PA membrane for practical
application. We investigated the stability of the PA-GO RO membrane by running for 48 hours.
The membrane showed stable water permeance and salt rejection during the entire filtration time

(Fig. S9), proving the excellent stability of the prepared PA-GO membrane.
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Fig. 6. (a) The fouling and fouling reversibility for the PA1-7 and PA1-GOo.1-7 RO membranes
using sodium alginate (SA, 200 mg/L) as model foulant. The initial water permeances of PA1-7
and PA1-GQOo.1-7 membranes were 1.43 and 1.65 L m2htbar?, respectively. (b) Water permeance
and chlortetracycline rejection of PAo.1-GOo.1-n NF membranes with various deposition cycles of

n.

3.4. Applicability of multilayer assembly

In order to demonstrate the general applicability of spin-coating multilayer assembly strategy
and show the nanofiltration application of the prepared membranes, the multilayered PA-GO NF

membranes with various deposition cycles were prepared by consecutively spin-coating GO, PIP,
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and TMC solutions on the polysulfone substrates. As shown in Fig. S10, the PAo.1-GOo.1-7 NF
membrane showed smooth surfaces along with some wrinkles from GO nanosheets, which were
not appeared in PAo.1-7 membrane. We also evaluated the antibiotic separation performances of
PA-GO NF membranes employing chlortetracycline aqueous solution at 4 bar. For PA-GO NF
membranes, increasing deposition cycles would decrease the water permeance and significantly
increase the chlortetracycline rejection (Fig. 6b). After coating for 5 cycles, the PAo.1-GQOo.1-5 NF
membrane showed large water permeance of 13.1 L m2h*bar*and chlortetracycline rejection of
90.8%. As coating cycle increased to 7, the PA0.1-GOo.1-7 NF membrane displayed a higher
rejection of 94.3% along with a permeance of 8.54 L m2h™ bar?. For the pure PAo1-7 NF
membrane without GO, water permeance reduced to 7.49 L m? h* bar? with a relatively low
rejection of 90.2%. These results demonstrate that the multilayer assembly strategy is available for
obtaining nanofiltration membranes with good antibiotic separation performance.

The multilayer assembly also shows good potential in many other aspects. For example, this
approach could be potentially extended to other TFN membrane chemistries, such as interfacial
polymerization by other amines and TMC [14,53], to target a wider range of contaminants and
separation processes. Future studies may also explore additional applications beyond simple
desalination and antibiotic separation, such as the removal of toxic organic micropollutants for
water reuse. In addition, membrane performance may be further improved by tailoring the
physicochemical properties of substrates, adjusting synthesis parameters, and replacing GO
nanosheets with porous nanomaterials [56,57]. In general, the multilayer assembly reported here
can be an excellent candidate to prepare high-performance TFN membrane for water treatment.

3.5. Mechanism analysis
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In comparison with the PA TFC membranes, the PA-GO TFN membranes exhibited greater
rejection, higher permeance, and enhanced antifouling performance. The greater rejection may be
attributed to the formation of denser and more uniform selective layers. During the preparation of
the PA TFC membranes, the small amount of the loaded MPD/PIP and TMC molecules and the
infiltration of these monomer solutions into the porous substrates make it difficult to form
continuous and uniform PA layers (Fig. 7a). For the PA-GO TFN membranes, the incorporated
GO nanosheets may serve three functions to promote the formation of defect-free membranes (Fig.
7b): (1) the GO nanosheets can increase the storage of MPD/PIP molecules due to their large
number of oxygen-containing groups, thereby promoting the PA polymerization; (2) the deposited
GO layers can provide stable interfaces and then facilitate the formation of more uniform PA-GO
layers; and (3) the small pore size of the GO layers slow the diffusion of MPD/PIP molecules and

reduce the intensity of Schotten-Baumann reaction for better polymerization [58,59].

b
Multilayer
assembly

[

Defective PA,-n membrane GO membrane PA-GO,-n TFN membrane

l.oo. .loo

SRR

..Io.loo

GO membrane Conventional PA TFC membrane PA,-GO,-n TFN membrane
Fig. 7. Schematics of multilayer assembly of (a) defective PAx-n and (b) defect-free PAx-GOy-n
TFN membranes, and (¢) molecular transport through GO, conventional PA TFC, and PAx-GOy-

n TFN membranes.
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GO nanosheets also play an important role in the permeance of the PA-GO TFN membranes
(Fig. 7c). For pure GO membranes, all interlayer channels, inner pores, and inter-edge spaces can
be served as pathways for molecular transports [27,60]. Typically, GO possesses highly oxidized
and non-oxidized regions in molecular skeletons. The oxygen-containing groups can help adjacent
GO nanosheets to form interlayer transport channels and promote water molecules to quickly pass
through GO membranes in hydrated state. Moreover, the existence of non-oxidized regions in GO
can construct rapid capillary networks, which facilitate correlated water transport through the
membranes as nearly frictionless flow. All these facts result in the ultrahigh water permeance of
GO membranes. For the conventional PA TFC membranes, the trimesoyl chloride and amine
interfacial reaction produces highly crosslinked and dense polyamide network, rejecting the
passage of salt ions or antibiotics while showing relatively low water permeation. Compared with
the conventional PA TFC membranes governed by solution-diffusion mechanism, the insertion of
GO nanosheets endows the PA-GO TFN membranes with interlayer channels and capillary
networks for rapid water transport [28,29]. The multilayered structure of PA-GO TFN membranes
may also be beneficial to the enhancement in water permeance. Moreover, because of the more
hydrophilic and smoother surfaces from the introduction of GO in PA layers, the antifouling

property of PA-GO TFN membranes is enhanced.

4. Conclusion

In this study, we report the simple multilayer assembly strategy for preparation of PA-GO
reverse osmosis/nanofiltration membranes. Benefiting from the stepwise polymerization and
nanomaterial incorporation, the formation processes and membrane structures can be controlled
more effectively. The insertion of GO nanosheets by multilayer assembly improves the monomer

adsorption and offers stable interface, promoting the formation of uniform and defect-free TFN
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membranes with increased NaCl and antibiotic rejection. The prepared PA-GO RO membrane
displayed the impressive NaCl rejection of 99.1% and water permeance of 1.83 L m? h'! bar?,
accoupled with enhanced antifouling property. Overall, the multilayer assembly reported here
provides a promising alternative route to fabricate high-performance TFN membrane for water
purification.
Supporting information.

Characterizations (SEM, XPS, and water contact angles) and desalination performance of PA
TFC and PA-GO TFN membranes.
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