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Abstract

Nanofiltration (NF) if with high water flux and precise separation performance with
high Li"/Mg?" selectivity, is ideal for lithium brine recovery. However, conventional
polyamide-based commercial NF membranes are ineffective in lithium recovery
processes due to their undesired Li*/Mg?* selectivity. In addition, they are constrained
by the water permeance-selectivity trade-off, which means that highly permeable
membrane often has lower selectivity. In this study, we developed a novel
non-polyamide NF membrane based on metal coordinated structure, which exhibits
simultaneously improved water permeance and Li*/Mg?* selectivity. Specifically, the
optimized Cu-m-phenylenediamine (MPD) membrane demonstrated a high water
permeance of 16.2 + 2.7 LMH/bar and a high Li"/Mg?" selectivity of 8.0 + 1.0, which
surpassed the trade-off of permeance-selectivity. Meanwhile, the existence of copper
in the Cu-MPD membrane further enhanced antibiofouling property and the
metal-coordinated nanofiltration membrane possesses a pH-responsive protperty.
Finally, a transport model based on the Nernst-Planck equations has been developed
to fit the water flux and rejection of uncharged solutes to the experiments conducted.
The model had a deviation below 2% for all experiments performed and suggested an
average pore radius of 1.25 nm with a porosity of 0.21 for the Cu-MPD membrane.
Overall, our study provides an exciting approach for fabricating non-polyamide

high-performance nanofiltration membrane in the context of lithium recovery.
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INTRODUCTION

Lithium, the lightest metal, has been extensively applied in rechargeable batteries
with numerous important applications such as environmental-friendly vehicles,
mobile communication equipment and other electric devices.! Lithium can be
extracted from aqueous media including salt lakes, brines, and seawater, of which
continental brine accounts for approximately ~ 59% of the worldwide lithium
production.>? Therefore, many technologies have been developed to recover lithium
from aqueous sources.*® Compared to conventional approaches such as solar
evaporation, chemical precipitation, adsorption, and solvent extraction, nanofiltration
(NF) offers a promising alternative thanks to its simplicity, low energy consumption,

and nontoxicity to the environment.’ 1

NF is a pressure-driven membrane separation technology,'> with a molecular weight
cut-off (MWCO) ranging from 200 to 1000 Da. Commercial NF membranes adopt a
thin-film composite (TFC) structure, where an ultra-thin polyamide rejection layer is
formed on the microporous substrate with an interfacial polymerization reaction. The
polyamide layer has a charged surface, ensuring an efficient separation of mono- and
multi-valent ions at low operating pressures.'!"> !¢ Nanofiltration in lithium recovery is
mainly employed as a pretreatment of the brine to eliminate the unwanted solutes (e.g.,
magnesium), with the following evaporation process to precipitate and crystallize

lithium-related products.®> Therefore, the high lithium selectivity is preferred to
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improve the product purity. In addition, high permeance could further translate into
enhanced lithium production. Due to the low rejection of lithium ions by the Cu-MPD
membrane, there would not be significant lithium dilution to increase the energy
consumption in the process of precipitation. Furthermore, a highly-permeable
membrane could potentially reduce the energy consumption for the pretreatment by
lowering the operation pressure.!” Consequently, NF has been extensively studied for
lithium recovery from brine.!® Nevertheless, conventional polyamide-based NF
membranes are inefficient for achieving more precise membrane selectivity!®>?° and
are adversely constrained by a trade-off between water permeance and selectivity, i.e.,

higher water permeance resulting in lower selectivity and vice versa.!?2!-26

Given the fact that the permselectivity limits of the polyamide chemistry, exploring
non-polyamide materials is critical to overcoming the longstanding tradeoff between
water permeance and selectivity.!%2%2527:28 MPD, as one of the crucial monomer (to
react with trimesoyl chloride) in fabricating fully-aromatic polyamide RO membrane,
has been dominating the RO market since its discovery. Unfortunately, the
fully-aromatic RO membrane has relatively low water permeance of 1-3 LMH/bar!®
and RO membranes are also not efficient in Li/Mg selective separation due to the
negatively charged membrane surface.® For instance, Uyuni salar brine contains 15-18
g/L Mg and 0.7-0.9 g/L Li,?° where Mg can interfere the lithium recovery process by

competing with Li in the formation of carbonate precipitate. It is difficult for
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commercial membrane to selectively remove Mg?" from the brine mixture due to their
comparable hydrated radius (Mg of 0.428 nm vs. Li of 0.382 nm).!* Therefore, we
envisage an NF membrane fabricated by the self-polymerization of MPD assisted by
Cu?*. Cu?" promots the polymerization and crosslinking and also serves as the
positive-charge-center in the NF membrane. Moreover, this fabricating scheme of
Cu-MPD membrane can be readily integrated with the existing production line of

commercial TFC membrane.

In this study, we fabricated a non-polyamide NF membrane featuring a
positively-charged rejection layer consisting of Cu-MPD complexes. The Cu-MPD
complexes imparts the membrane with concurrently high water permeance and
enhanced the Mg?/Li" selectivity. Meanwhile, the pH-responsive nature of the
Cu-MPD membrane enables further tuning of water permeance and rejection,
showing great potential in lithium recovery application. The fabricated membrane
successfully exceeded the state-of-art upper bound pertaining lithium recovery. Our
work shall have some insights into future membrane designs in the context of lithium

recovery.

MATERIALS AND METHODS

Materials and Chemicals

Deionized (DI) water was produced by Millipore system (Millipore, Billerica, MA)

and used for the preparation of all solutions. Polyethersulfone (PES) ultrafiltration
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substrate (UH050, MWCO 50 kDa) was purchased from Microdyn Nadir.
m-phenylenediamine (MPD, flakes, 99%, Sigma-Aldrich), CuCl-:2H>O (Macklin,
China), NalO4 (99.5%, Macklin, China) and glutaraldehyde (GA, 50% in water,
Aladdin China) were used for fabricating membrane rejection layer. LiCl (anhydrous,
98%) and MgCl,-6H>0 (98%) was purchased from Tokyo Chemical Industry (TCI,
Japan) and Uni-Chem, respectively. D-(+) Glucose (Mw. 180.16, Diekmann), D-(+)
sucrose (Mw. 342.3, Diekmann) and dextran (Mw 1000 and 2000, D-chem) were used
for the evaluation of membrane pore size. Absolute ethanol (>99.8%) was purchased
from NORMAPUR VWR, Dorset, UK. All chemicals are analytical grade unless

noted otherwise.

Fabrication of Cu-MPD NF membrane

As shown in Figure la, the fabrication protocol of the Cu-MPD NF membrane is
illustrated as follows: a piece of PES substrate (20 x 12 cm) was rinsed with DI water
and mounted into a home-made shaking reactor. First, a certain concentration of MPD
solution was added into the reactor with continuous shaking for 2 min to wet the
substrate surface. Then, CuCl, solution (1 wt% in DI water) was introduced into the
MPD solution to form the Cu-MPD complexes for 2 min. To accelerate the
polymerization, NalO4 solution (4 wt% in DI water) was then added into the mixture
and shaken for 5 h at 100 rpm. The membrane was taken out and immersed in DI

water overnight to remove the excessive chemicals. Afterwards, the membrane was
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crosslinked in GA solution (2 wt% in ethanol solution) at 50 °C for 20 min.3% 3!

Subsequently, the membrane was taken out from the GA ethanol solution and put in
an oven of 50 °C for another 20 min for post-treatment.*? The resultant NF membrane
is denoted as CuX-MPD-NF, where X represents the mass ratio of Cu to MPD varied

from 0, 1/3, 1/2, 1 and 2.

Membrane Characterization

Surface morphologies of the Cu-MPD NF membrane and PES substrate were
examined by field emission scanning electron microscopy (FE-SEM, S-4800, Hitachi)
at 5 kV. Transmission electron microscopy (TEM, Philips CM100, 100 kV) was
utilized to obtain cross-sectional images of the surface layer of the resultant
membrane. Prior to characterization, membrane samples were embedded in a resin
(Epon, Ted Pella, CA), which was subsequently cut by an Ultracut E ultramicrotome
(Reichert, Inc. Depew, NY) into slices with a thickness of around 100 nm. These
slices then were placed on a copper grid and characterized in TEM. Atomic force
microscopy (AFM, Veeco, Nanoscope Illa Multimode) was used to evaluate
membrane surface morphology and roughness. X-ray photoelectron spectroscopy
(XPS, Leybold Sengyang, China) was ultilized to analyze the surface chemical
compositions of the membranes. Water Contact angle (Attension Theta, Biolin
Scientific Sweden) was employed to measure the water contact angle of the prepared
membranes. The streaming potential (SurPASS 3 Electrokinetic Analyzer, Anton
PaarGmbH, Austria) was used for testing membrane surface charge. A quartz crystal
microbalance with dissipation (QCM-D, E4, QSense Biolin Scientific, Sweden) was
applied to examine the structure and mass change of the MPD-Cu complexes.*
Considering the limitation of QCM-D technique, the step of GA crosslinking was
omitted in the preparation of Cu-MPD complexes on the gold sensor. However, the

QCM-D measurements adopted the polymerization reaction between Cu** and MPD,

8
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which allows us to reveal the important role of solution pH on affecting the structure
and water adsorption properties of Cu-MPD complexes. Therefore, the detailed
preparation procedures are described as follows: First, Cul/2-MPD complex was
synthesized by the reaction 40 mL 2% MPD, 40 mL 2% CuClz and 20 mL 4% NalOa,
with a polymerization time of 5 hr. The complex solution was further diluted 1000
times, and 100 uL of the diluted solution was added onto a gold-coated quartz wafer.
Please note that no GA was added for cross-linking due to the limitation of gold
sensor. Afterwards, the coated wafer was placed in oven at 60°C overnight for drying.
Furthermore, three of the coated wafers were placed in three parallel flow cells in the
QCM-D chamber. To initiate the test, pure water was infiltrated into the QCM-D flow
cells for 10 min to rinse and stabilize the system and then brines of pH 3, 7, 9 with a
concentration of 2000 ppm (MgCl> and LiCl mixture) were pumped into cells to
investigate the pH responsive behavior of the complex (Figure 4a). The frequency and

dissipation variation of the three wafers were recorded.

We further employed QCM-D open cell to investigate of the mechanism of the
membrane formation (Figure S6b). First, 200 uL of certain concentration of MPD
solution diluted by 10 times was added into the cell and stabilized for a period of time,
and then 200 pL of 0.2% CuCl, was added into it and wait until the frequency of the
system stabilized. Finally, 200 uL 0.4% NalO4 was rapidly added into the cell. The
system was further left for reaction until there was no change in the frequency was
observed. The frequency was recorded during the whole process and was converted
into the thickness of the developed membrane on the surface of the wafer through a

Sauerbrey equation.

The mechanism of QCM-D was described as follows: with a set of QCM-D
equipment, one can measure the frequency and dissipation value of the system. The

frequency variation can be further converted into mass change or thickness change of
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the system by a Sauerbrey equation. On the other side, the dissipation value of the

coated materials can further translate into the structural change of the membrane.*?

Separation Performance Testing

A cross-flow filtration setup was used to test the separation performance of the
membranes. Water permeance and rejection were measured at 5 bar at room
temperature, and each membrane was pre-pressured at 6 bar for 2 h to reach the

steady-state. Water flux can be calculated according to Eq. (1),

AV
AtxA

Jw = (D

where J,, (L m™2 h™!) is the pure water flux; 4V (L) is the volume of permeate; A4 (m?)

is the active membrane area and A4¢ (h) is the sampling time.

For the rejection measurement, 1000 ppm MgCl, was used as feed solution. A
conductivity meter was used to measure the conductivity of permeate and feed to
determine the salt concentrations and then rejection defined by Eq. (2),

Rej; = 1—--=L (2)
where R is the salt rejection, while C, and Crare the salt concentrations of the

permeate and feed solution, respectively.

To examine the performance of the membranes in the application of Li recovery from
brine, a synthetic brine with a concentration of 2000 ppm (Mg/ Li mass ratio of 23)

was used as the feed solution and pH of the feed was adjusted from 3 to 9 using

10
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diluted HC1 and NaOH solutions.** Thus the separation factor S Limg Was calculated

by Eq. (3),

Crip/C
L,p/ Mg,p (3)

S;; =
LiMg Crif/Cmg,f

where S;; g is the separation factor of Li" over Mg, Crip and Cp;, are the Li"
concentration in permeate and feed, respectively, Cyg, and Cyg s are the Mg?*
concentration in permeate and feed, respectively. Inductive coupled plasma optical
emission spectrometer (ICP-OES, Optima 8 x 00, PerkinElmer) was used to measure

the concentration of Li* and Mg?* according to our previous work.>?

Nanofiltration model for uncharged solutes

The Donnan-Steric Pore model (DSPM) was used to develop a framework to
characterize transport across the fabricated Cu-MPD nanofiltration membranes.>>*
The extended Nernst-Planck equation was applied to model transmembrane transport.
For uncharged solutes, the migration term is neglected and transport is governed by
convection and diffusion.** The resulting expressions are integrated across the
membrane yielding closed-form expressions for individual solute fluxes. Water

transport is calculated using the Hagen-Poiseuille equation for flow through a tortuous

cylindrical pore, in line with observed membrane morphologies. The water and solute

fluxes are decoupled and provided by Eq. (4) and Eq. (5), respectively: 37-3%41-42
_ ergAP 4
Jo =30 “4)
N, = HiclvCiF (5)

" 1-(1-H;c) exp(~Pey)

11
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In Eq. (4), J, is the volumetric water flux, € is the porosity, 7p is the effective pore
radius, 7 is the tortuosity, and # is the dynamic viscosity. Across the membrane, 4P is
the applied hydraulic pressure and L is the membrane thickness. A membrane
thickness of 0.5 um was assumed in this work, based on the cross-sectional SEM
images of the Cu-MPD membrane active layer (Figure S1). In Eq. (5), NV is the molar
flux of solute i, which is a function of its convective hindrance factor, H;c, Péclet
number, Pe;, and feed concentration, ¢;r. The permeate concentration of each solute,

¢ip, 18 given by molar solute flux divided by the the volumetric solvent flux.

The Péclet number captures the ratio of convective to diffusive hindrance factors

across the membrane and is defined in Eq. (6):

Pe; = % (6)
where, K4 is the diffusive hindrance coefficient and D; is the diffusion coefficient of
the solute in the solvent. In high Péclet number regimes, convection dominates and
the solute flux is primarily governed by the convective hindrance factor, the water
flux, and the concentration of the permeate. Conversely, in low Péclet number

regimes, the solute rejection is diffusion limited and only depends on the solute flux

and permeate concentration.

Hindrance parameters are usually written as functions of the relative penetrant size,

A;, where A; is defined as the ratio of the solutes’ Stokes-Einstein radii to the

12
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membrane effective pore radius.*» * In this work, the convective and diffusive
hindrance processes are assumed to exhibit activated-type or Arrhenius-like behavior
whereby K;. and K;; are exponential functions of the convective and diffusive
fitting parameters, ;. and @; 4, respectively.'” % The mathematical expressions
for K;. and K;, are given by:

K. =exp(—a;.4;) (7)

Kiqa =exp(—ajq1;) ()
The semi-empirical parameters a;. and a;4 in Eq.s (7) and (8) reflect the averaged,
temperature-normalized energy barrier associated with solute convection and
diffusion processes, respectively. These parameters were used along with the
membrane porosity and effective pore radius are determined by the regression of
experimental data to the model for uncharged solutes.

Rejection of each solute species (1 — ¢; p/c; ) is given by: >7:3% 41

. Hic
1-(1-H;c) exp(—Pe;)

Rej; = 1 )
where Rej; is the rejection of solute species 7. In addition to fitting the rejection of
each solute, the model was also fit to the water flux measurements conducted as
detailed in Section 2.4. A particle swarm algorithm implemented in Matlab
(Mathworks, Natick, MA) was used to minimize the normalized least squared residual

between the model and experiments for all uncharged solutes: glucose, sucrose,

dextran (1 kDa), and dextran (2 kDa). *7-3-4! The objective function and fitted design

13
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variables are provided in Eq. (10).

. . ns Joed- S’zip Relﬂc —Relfip ’
Obj = min o | = — Z — (10)

€TP,Aicid Ty ke Rej; i
where the superscripts mod and exp denote the model and experiments. n corresponds
to the number of data points collected, where the subscripts s and f denote the

experimental data points representing solute rejection and water flux, respectively.

Anti-biofouling test

Pseudomonas aeruginosa PA14 was used as the model gram-negative bacteria for all
anti-biofilm and anti-biofouling assays. Approximately 15 mL of tryptic soy broth
(TSB) (BD, NJ, USA) was inoculated with a single colony of P. aeruginosa and
cultured in a shaking incubator at 37 °C and 250 rpm overnight.* Cells were then
centrifuged at 4 °C and 8000 rpm for 10 min, washed and suspended with sterile PBS

for the following tests.

Anti-biofilm experiments were carried out using a rotating disk biofilm reactor (DK20,
Biosurface, Montana, USA) under medium shear conditions. Briefly, the membrane
coupons were taped on the rotating disk. The biofilm was firstly formed in batch
mode (no flow) for 24 h with 1 mL PA14 suspension (10° CFU/mL) and 250 mL TSB
solution (300 mg/L). After reaching steady-state growth, the reactor was operated for
an additional 24 h with a continuous flow of the TSB solution (30 mg/L, 8.5 mL/min).

During the whole biofilm formation, the membrane coupon surfaces were

14
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continuously exposed with fluid shear from the rotation of the disk (200 rpm). At the
end, the membrane coupons were removed from the disk for confocal laser scanning
microscopy (CLSM) (LSM700, Carl Zeiss, Jena, Germany) observation and viable

cell enumeration. >% 3!

In addition, the anti-biofouling tests were conducted using a cross-flow membrane
module. A 4 L synthetic wastewater was recirculated using a high-pressure pump
(Hydra-cell pump, Wanner Engineering, Minneapolis, MN) with a flow rate of 1
L/min and pressure of 5 bar. Following cleaning and stabilization, the biofouling
experiments were initiated by injecting bacterial suspension (10’ CFU/mL) into the
feed tank. After anti-biofouling, the membranes were carefully removed from the

module for CLSM analysis.
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RESULTS AND DISCUSSION

sMicroscopic analysis and surface properties of the membranes.

Figure 1 presents the proposed chemical structure of the MPD-Cu complexes.>
Briefly, MPD was self-polymerized and initiated by Cu?" and NalO4 to form Cu-MPD
complexes, and GA was used to improve the crosslinking degree of the resulting

3 Specifically, Cu?" could promote this self-polymerization by

membrane !
coordinating with MPD monomers and mediating the transfer of electrons from MPD
to NalO4.>? In addition, Cu®** serves as the positive-charge center in the resultant
complexes. After MPD monomer is oxidized, it would turn into a cationic radical and
cleave from the coordination. The generated radical would further attack a free MPD
monomer to propagate the polymer chain. Simultaneously, another free MPD
monomer would occupy the vacancy of the left radical and start cycle of oxidation
and polymerization, resulting propagated polymer chain. To confirm the formation of
the positively charged Cu-MPD complexes, zeta potential measurements of the plain
PES and Cu-MPD membranes were performed. As shown in Figure S2, the PES
substrate was negatively charged throughout the pH range between pH 3 to 9. In
contrast, the Cu-MPD NF membrane exhibited increased positive-charge density in
the pH range from 3 to 7.4 (the isoelectric point). The positive-charge property on the
surface of the membrane can be potentially ascribed to the Cu-MPD complexes

containing cationic copper and protonated amino groups at acidic to neutral

conditions.

16



328
329
330
331
332

333

334

335

336

337

338

339

340

341

342

343

344

2min 2mn - - - - - - - - -~ A A}
DD | ,
L 4

' \ ! \ [
\ Heosed jlonenes
v " e
s Metal 5 ji;[ j@[ | N N N/ n :
Ligand Oxidant | N N N | I \ N | |
: . | L |
Cu®* | . |
| / H I | Cl{\ |
- - N _N N | |
\ D OO0 .
" substrate | N N N7 n | | P> |
\ N N N
| ( b

2% GA in ethanol Cross-linking 2% GA in ethanol

= g =

Figure 1. Membrane fabrication route and structural illustration of Cu-MPD NF
membrane. MPD, CuCl; and NalO4 solution was poured onto the surface of the PES
substrate, successively, followed by immersion of the surface-coated membrane into a
GA/ethanol bath at 50 °C to form crosslinked Cu-MPD NF membrane.

To further confirm the formation of the Cu-MPD complexes, SEM and TEM
techniques were applied to examine membrane surface and cross-section
morphologies. As shown in Figure 2a, the pristine PES substrate had a flat surface
(with root-mean-square roughness R; of 12.2 nm in Figure 2e), with evenly
distributed nanosized pores.>* After coating the Cu-MPD complexes, the substrate
pores vanished with numerous nodules prevailing on the surface of the Cu-MPD
membrane (Figure 2¢) with increased R, of 22.1 nm in Figure 2f), which is in good
agreement with the literature.”> Cu-MPD membranes with different components
(Table S1) and various Cu/MPD ratios were fabricated, and their morphologies and
topographies were characterizated through SEM (Figure Sla) and AFM (Figure S3).

From there we can see that such nodules were absent when no Cu®?" or NalOs
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involved in the coating process, confirming the indispensable roles of Cu?* and NalO4

in promoting the formation of Cu-MPD complexes.>
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Figure 2. (a-b) SEM, (c-d) TEM, (e-f) AFM and (g-h) XPS of the prepared membrane;
(a, b, e, g) are for PES substrate, and (c, d, f, h) are for Cul/2-MPD NF membrane. (i)
water flux against applied pressure; (j) rejection of neutral solutes under different
applied pressure for the Cul/2-MPD membrane. For (i, j), dots are data obtained from
experimental work, and curves are model work.

TEM (Figure 2(b,d)) images present the cross-sections of the pristine PES substrate
and the Cu-MPD membrane. Compared to PES, the Cu-MPD membrane had a
thick-rejection layer of several hundred nanometers (marked between the two red
lines in Figure 2d). XPS was also used to confirm the formation of the Cu-MPD
membrane on the surface of the PES substrate (Figure 2(g,h) and Figure S4(a-c)).

Results in Figure 2(g,h) show the C 1s spectra of the PES substrate and the

18
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Cul/2-MPD membrane to reveal the chemical compositions of the synthesized
complex structure. Specifically, the deconvolution of C 1Is spectrum of the PES
substrate (Figure 2g) showed four peaks at 284.4, 284.9, 285.3 and 286.1 eV,
attributed to the C=C, C-C, C-S and C-O of the backbone of the PES structure,
respectively.’® In contrast, C-N and C=N were also detected in the Cul/2-MPD
membrane at the bonding energy of 285.1 and 287.0 eV, respectively, in addition to
the peaks related with C=C and C-C of the polymerized MPD chain (Figure 2h).>* >’
N 1s spectrum was also investigated for the Cul/2-MPD membrane to gain further
information of the membrane composition (Figure S4b). The peak at 399.4 eV
indicated the -NH, while the peak at 399.9 and 400.1 eV can be assigned to -N= and
-N-C, respectively. In addition, the signal of 401.1 eV indicates the presence of -N'=,
which can be due to the coordination of Cu?" and amino groups on the Cu-MPD
polymer chain.>® The existence of Cu can also ben verified by the zeta potential
(Figure S4d) and isoelectric point data (Table S2), where the isoelectric point of
membrane Cul/2-MPD was pH 7.4 + 0.2 while for Cu0-MPD it was pH 5.3 + 0.3.
Overall, the structural and compositional characterizations above demonstrate the

successful synthesis and loading of positively charged Cu-MPD onto a PES substrate.

To better understand the structure of the novel NF membrane, we use a DSPM-DE
model to characterize membrane porosity and pore radius. Figure 2i shows the

modeled and experimentally-measured water flux as a function of the applied
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hydraulic pressure. A linear relationship is observed between water flux and hydraulic
pressure. The model, which is based on a Hagen-Poiseuille formulation, aligns very
strongly with the experiments. In Figure 2j, the rejection of each species is plotted as
a function of the applied hydraulic pressure. The DSPM-derived model is able to
capture the experimentally-observed variation of the solute rejection for all the solutes
tested across the range of hydraulic pressures analyzed. Solute rejection increases
with penetrant size in alignment with the physical intuition underlying size-based
selectivity. The rejection of each solute initially increases rapidly with transmembrane
pressure, before plateauing.>”-**#! The increase in observed rejection is driven by an
increase in water flux, which leads to an increase in convective hindrance. As
transmembrane water flux continues to increase, solute rejection approachs the high
Péclet limit where Rej; > 1 — H; . The fitted porosity and effective pore radius
obtained from the global optimization method were 0.21 and 1.25 nm, respectively.
Conventional nanofiltration membranes have porosities and effective pore radii that
range from 0.02-0.1 and 0.5-2 nm, respectively.*® 32 The regressed parameters
suggest that the Cu-MPD membranes are significantly more porous than conventional
nanofiltration membranes, which aligns with observations from the SEM and TEM
images taken. The effective pore radius, however, is similar to current polyamide
membranes. The increased porosity with a comparable pore radius of synthesized
Cu-MPD membranes guarantees the excellent separation performance in a wide range

of NF-based applications beside the lithium recovery discussed below. Lastly, the
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alignment between the model and experimental data highlights the model’s predictive
capabilities  in  determining  the  rejection  of  uncharged  solutes

coordination-complex-based membranes.

Separation properties and lithium recovery performances of the membranes.

Figure 3 presents the effect of Cu/MPD ratio on the separation performance of the
membranes. The actual copper loading concentration in membrane fabricated with
various Cu/MPD ratio was characterized with EDX (Figure S5) and ICP-OES (Table
S4).Without copper, the membrane exhibited relatively low rejection (22.6 + 2.4%)
with low water permeance (1.3 + 0.1 LMH/bar). With the increased Cu/MPD ratio, an
improved membrane water permeance and simultaneously enhanced MgCl, rejection
up to 90.0 + 1.2% was observed. An optimized Cu/MPD ratio appears to be between
1/2 and 1, with the ratio of Cu/MPD strongly affecting the polymerization of Cu-MPD
complexes and therefore affecting their surface morphologies (Figure S1). We
speculate that the absence of copper led to the formation of incomplete and loose
MPD complex layer as Cu can promote the MPD self-polymerization.>> Such a loose
structure could be further severely compacted at high transmembrane pressure,
leading to low water permeance and low MgCl rejection. When Cu/MPD ratio
increased, the structure of the formed Cu-MPD complex became more rigid with
fewer defects, resulting in improved membrane separation performance. As the ratio

exceeded 1, however, synthesized Cu-MPD complex exhibited different assembly
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pathways and decreased thickness as demonstrated by the different oligomer
absorption peaks in Figure S6a and QCM-D measurements in Figure S6b. This might
give some insight in explaining that the membrane exhibited an optimal structure with
Cu/MPD ratio varying 1/2 to 1. Separation performance of more membranes

fabricated with different components can be seen in Figure S7.

We further selected Cul/2-MPD membrane as a benchmark to perform the lithium
recovery test from brine, and found its high Li"/Mg?* selectivity and high water
permeance (Figure 3(b,c)). Specifically, the pH of feed solution was varied from 3 to
9 to reveal the pH-dependent lithium recovery performance. Interestingly, unlike the
conventional polyamide-based @NF membrane encountering the  water
permeance-selectivity trade-off,!° the Cu-MPD membrane demonstrated both high
water permeance of 16.2 + 2.7 LMH/bar and high rejection against LiCl and MgCl, of
323 + 7.6% and 91.6 £ 0.2%, respectively, at pH 3. The more pronounced
enhancement for rejecting divalent ions of MgCl, further led to a high Li'/Mg?*
selectivity value (8.0 = 1.0, Figure 3b), which can be potentially due to the enhanced
Donnan exclusion effect, resulted from more protonated amino groups at lower pH
solution. At pH 9, in contrast, the membrane had systematically decreased water
permeance of 9.1 + 0.7 LMH/bar and reduced rejection of LiCl and MgCl, of 21.7 +
2.1% and 78.9 £ 0.5%, respectively. Consequently, their Li‘/Mg*" selectivity

decreased to 3.9 + 0.1, potentially due to the neutralized membrane surface. As a
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result, the high-performance Cu-MPD membrane at pH 3 showed relatively good
performance in the correlation in the upper bound diagram between membrane water
permeance and Li/Mg selectivity for the state-of-the-art NF membrane, including both
lab work and commercial membranes (Figure 3d and Table S3).% It is worthwhile to
note that different testing conditions (e.g., operating pressure, feed concentration,
temperature and etc.) could significantly affect membrane separation performance. In
order to exclude the effect of operation conditions, the correlation between water-salt
permselectivity A/Bmeciz vs. membrane permeance 4 and salt-salt selectivity
Bric/Bmgciz vs. membrane permeance 4 to examine membrane intrinsic transport

properties were plotted in the revised Supporting Information (Figure S11).

The pH of the feed solution would greatly affect the charge density of the membrane
active layer by changing the protonation condition of the amino groups in the
Cu-MPD complex. Specifically, when pH increases, fewer amino groups are
protonated, leading to reduced positive charge density of membrane active layer; As a
result, the electrostatic repulsion between these amino group decreases, leading to a
tighter structure of the Cu-MPD complex. Therefore, the pore size of the membrane is
reduced, and vice versa. When pH decreased, more amino groups became protonated,
leading to higher positive charge-density. This electrostatic repulsion would result in a
looser structure of the Cu-MPD complex. Thus, more water could be captured and

enter the nano pores of the Cu-MPD complex.
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Figure 3. Separation properties and lithium recovery performances of the Cu-MPD
membranes. (a) Water permeance and Mg?’ rejection of membrane fabricated at
varied Cu/MPD ratios, (b) lithium recovery performance of Cu-MPD NF membrane
as a function of pH. Membrane rejection of Li", Mg*" and separation factor (S) of
Li*/Mg*" and (c) pure water permeance in the pH range from 3-9 and (d) the
performance boundary between water permeance and Li"/Mg?" separation factor,
including literature results, commercial membranes and the membrane developed
from this study. All filtration tests are operated at 5 bar, 1000 ppm of MgCl> was used
for evaluating membrane rejection for Mg?" and a synthetic brine of a concentration
of 2000 ppm (Li/Mg mass ratio of 23) was used for evaluating membrane lithium
recovery performance. All the presented results are based on three membrane coupons
replicates.

Mechanisms of the pH-responsive properties of the membranes.

To gain a better understanding of the pH-responsive membrane properties, we further
performed QCM-D analysis on the structure and mass change of the Cu-MPD
membranes under different pH conditions. A significant decrease in frequency was

observed when pH decreased from 9 to 3 shown in Figure 4a, implying an increased
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mass of Cu-MPD membrane. Such an increase is caused by more-opening pore
structure that could accomodate more water molecules and ions. Indeed, the highest
Dissipation (D) value was obtained for the Cu-MPD complexes at pH 3, thanks to the
enhanced electrostatic repulsion for the protonated amino groups at a lower pH. The
looser structure further explains the enhanced water absorption (Figure 4a) as well as
the improved membrane water permeance (Figure 3b). On the contrary, a higher pH
resulted in both decreased changes in D and frequency (F) values, corresponding to a
more rigid layer structure and a lower water absorption, respectively. This can be
potentially due to the diminished charge interaction, which can be certified by the zeta

potential results shown in Figure S2.
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Figure 4. (a) QCM-D characterization of Cu-MPD NF membrane using simulated
brine of 2000 ppm at pH 3, 7 and 9. Cu/MPD complexes at ratio of 1/2 were coated
on the surface of the gold senor. To perform the charaterization, DI water was first
filtrated through the system for stabilizing. Subsequently, brine with different pH was
introduced with the real-time measured frequency and dissipation and (b) a schematic
illustration of a mechanism for pH-responsive membrane.
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Antibiofouling properties of the membranes.

Conventional polyamide-based NF membranes are prone to biofouling and
significantly increase its operation costs.’> Copper is a well-known antimicrobial
agent.®* % In this regard, antibiofouling and antimicrobial properties of the Cu-MPD
membrane were investigated. The CLSM images (Figure 5b) show reduced biofilm
thickness after a 10 h filtration test for the copper-contained membrane compared to
the control counterpart. Moreover, compared to the control membrane showing
significant water flux loss, the Cu-MPD membrane exhibited only a slightly reduced
water flux thanks to the antifouling capability as a result of the loaded copper (Figure
5a). We further performed the significance test for the two groups of data of colony
forming unit (Supporting Information Figure S8), and the calculated P value is 0.03,
implying a significance of the antimicrobial ability between membrane with and
without copper. We also performed static antimicrobial tests using the rotating disc
reactor. After 40 h rotating disc experiment, the Cu-MPD membrane and control were
taken out from the reactor for CLSM imaging (Figure S9a), which showed that fewer
live bacteria can be observed on the surface of Cu-MPD membrane in line with the
anti-biofouling tests. In addition, more live bacteria were observed on the plate spread
with bacteria suspension solutions from control, compared to that of Cu-MPD

membrane (Figure S8(b,c)).
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Figure 5. Anti-biofouling tests of the membranes with and without copper using a
cross flow filtration system and rotating disc reactor. (a) normalized membrane water
flux with and without copper, (b) CLSM image of the membrane surface with and
without copper after 10 h filtration at 10 bar.

IMPLICATIONS

We developed a novel non-polyamide NF membrane with Cu®* assisted MPD
self-polymerization. The fabrication conditions and the effect of Cu** on membrane
structure and separation performance were systematically investigated. The optimized
membrane exhibited high water permeance and high Li*/Mg?* selectivity, which
exceeded the upper bound of the lab-made membrane as well as commercial
membranes. Furthermore, the membrane showed both increased water permeance and
salt rejection at lower pH. The underlying mechanism in membrane structure and
surface charge density at different pH was elucidated with the aid of QCM-D. An NF

model was also developed in this work to fit water flux and rejection of uncharged
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solutes to experimental data. The model was within a 2% deviation of all conducted
experiments. Lastly, the Cu-MPD NF membrane showed good anti-biofouling ability,
accounted for its Cu** loading and surface positive charge. The high porsity and
suitable pore radius implied by modelling and separation performance highlight the
great promise of Cu-MPD membranes in the fields relevant to NF applications.
Additionally, this method can be further extended by tuning pore size using different
monomers or cations for versatile applications, such as heavy metal removal and dye

retention.
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Figure S1. (a) SEM images of prepared membranes, (b) digital photos of prepared
Cu-MPD membranes. (c) the cross-section SEM image of membrane Cul/2-MPD.
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Figure S2. Zeta potential measurements of Cu-MPD NF membrane, Cu-MPD
complex without GA crosslinking and PES substrate as a function of pH.
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Figure S3. AFM images of prepared membranes with different compositions and
different Cu/MPD ratios.

The amino groups in the Cu-MPD membrane contributes greatly in the
positive-charge property of the membrane while the copper also plays an important
role. Zeta potential of the Cu-MPD series membranes was measured at varied pH
from 9 to 3. As shown in Figure S4., there was an obvious different between the trend
of zeta potential for membrane Cu0-MPD and Cul/2-MPD. We could conclude that

below pH 5 the contribution of amino group dominated, while at pH higher than 5 the
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43  effect of copper was significant. The two membranes also showed different
44  1isoelectrical points. The isoelectrical point for Cu0-MPD was 5.3+0.3, and it was

45  7.4£0.2 for Cul/2-MPD.
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46
47  Figure S4. (a) XPS spectra of the prepared membranes. In Cu-MPD complex coated

48  sample, XPS spectra show peaks of Cu and enlarge N signals, but the S peak
49  belonging to PES substrate disappeared due to the surface coverage with Cu-MPD
50  complex. In Cul/2-MPD, the peak of Cu could not be clearly seen, because of the low
51 mass of Cu and the cover of GA crosslinking. (b) N 1s spectrum of the Cul/2-MPD
52  membrane, (c) the Cu 2p XPS spectra of both Cu-MPD coated substrate and
53 Cul/2-MPD membrane. The existence of Cu in both the NF membrane Cul/2-MPD
54  and coated substrate are confirmed, (d) zeta potential of Cul/2-MPD and Cu0-MPD
55 membrane. A similar surface-positive-charge density has been showed in these two
56  membranes, indicating copper only plays a limit role in rejection at lower pH.
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Figure S5. Copper loading in prepared membrane with different Cu/MPD ratios by
EDX.
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Figure S6. (a) UV-vis spectrum of Cu-MPD oligomers with different Cu/MPD ratios.
The reaction time was 30s. (b) Thickness of Cu-MPD oligomers with different
Cu/MPD ratios.
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68  membrane. All filtration tests are operated at 5 bar and the feed solution concentration
69  is 1000 ppm of MgClo, which are based on three replicate membrane coupons.
70

71  Table S1. The recipe for fabricating the Cu-MPD membrane.

Membrane type Cu MPD NalO4 GA
(Wt%)  (Wt%) (Wt%) (Wt%)
Substrate 0 0 0 0
MPD-+Cu 1 0 0
MPD+Cu+GA 1 1 0 2
MPD-+Cu +NalOs+GA 1 1 4 2

72

73  Table S2. Contact angle and isoelectrical point of prepared membranes.

Membrane type Contact angle Isoelectrical
(Cu/MPD ratio) point
Substrate 56.9+1.7 <3
0 37.5+4.6 5.3+0.3
1/3 40.2+2.5 7.3+0.2
1/2 54.1+4.0 7.4+0.2
1 16.2+2.0 7.0+0.2
2 23.9+1.3 5.2+0.3

74

75  Table S3. Comparison of this work to the literature.

Feed Pressure
Surface- Membrane concent Mg/Li Li (pre-pressure
charge type -ration mass ratio pH SF  Permeability rejection time) Reference
ppm  ppm/ppm LHM/bar % bar (h)
Positive Cu-MPD 2000 23.5 3 8.0 16.16 323 5(2) This work
5 6.7 13.76 30.2
6 6.1 11.36 21.2
7 4.9 10.36 22.2
9 3.9 9.05 21.7
BPEI-TMC
, coated
Positive with EDTA 24 5.5 9.2 0.6 ~35% 10(2) 1
Positive PEI-TMC 2000 20 6.5 20 5.02 19 8(0.5) 2
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Table S4. Copper loading concentration.

Membrane type (Cu/MPD ratio)

Cu loading concentration pg/cm?

0
1/3
172
1
2

ND

18.4+0.8

9.9+1.2
4.4+0.3

15.3£2.0

Membrane coupon with different components was immersed into 2% HNO; and
shaken for 3 days, and then the Cu leaching concentration was measured by ICP-OES.

We also carried out the long-term running filtration to investigate the stability of
the membrane. The testing result is presented in Figure S12. The Cul/2-MPD

membrane showed a maintained rejection in 72 h filtration, indicating its stability in

long-term running application.
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Figure S8. (a) the CLSM of membrane surface after the rotating disc filtration
experiment, (b) bacteria cell number on the plates spread using the rinsing water from
the membrane surface after rotating disc filtration with a P value of 0.03 and (c)
digital photos of the spread plates in (b).
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Figure S9. (a) the CLSM image of membrane surface with no copper and with
Cu/MPD ratio of 1/2 after 40 h filtration at 5 bar; (b) normalized permeability of
membrane with no copper and with Cu/MPD ratio of 1/2 in 40 h filtration at 5 bar; (c)

the photos of membrane with no copper and with Cu/MPD ratio of 1/2 after 40 h
filtration at 5 bar.

0.20

= Copper in permeate

o

o

(8]
T

0.05

Cu® concentration (ppm)

o

o

S
L}

L L L L 'l L L L
0 10 20 30 40 50 60 70 80
Time (h)

Figure S10. Copper leaching test in pure water through a dynamic cross-flow
filtration for the Cul/2-MPD membrane at pH 7 with an applied pressure of 5 bar.
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Figure S11. (a) Tradeoff between membrane water permeance (4) and membrane
water/MgCl, selectivity (4/B) and (b) Tradeoff between water permeance and
Bri+/Bugo+ ratio based on the literature survey of NF membranes and some
commercial NF membranes in Table S3. B value can be calculated by J,.(1-R)/R.

To evaluate the effect of Na" on the membrane performance, we have tested
membrane performance with the presence of Na'. Specifically, the mass of the added
Na" was equal to the amount that was needed to adjust pH from 7 to 9 (we did not add
NaOH for brine with pH lower than 7; instead, we adjusted the pH with HCI). The
results show that presence of Na" didn’t show any effect on the membrane

performance in the 72 h filtration.
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Figure S12. Membrane long-term running stability test for 72 h, pH 3, at an applied
pressure of 5 bar. (a) SF, Li* and Mg®" rejection at the presence of Na® with
equivalent molar amount of NaCl to that of NaOH used adjusting from pH 7 to 9. The
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dash line represents the corresponding control membrane without the addition of
NaCl and (b) the concentration of Li* and Mg?* in permeate and feed.
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Figure S13. Membrane separation performances tests by measuring the concentration

of Li* and Mg?* feed, retentate and permeate solution at an applied pressure of 5 bar
for Cul/2-MPD NF membrane at pH3.

Table SS. Average biofilm thickness and average biovolume on surface of membrane
with no copper and with Cu/MPD ratio of 1/2.

Average biofilm thickness (um)  Average biovolume (um?/pum?)

Membrane Live cell Dead cell Live cell Dead cell
No copper! 9.3£1.9 21.745.1 5.7€2.2 10.5+1.5
With copper! 1.9+1.5 0.5+0.4 1.3+0.9 0.2+0.1
No copper? 48.5+6.8 61.6+3.1 36.9+5.3 51.0+2.7
With copper? 36.1£8.2 43.3+14.8 21.94£5.5 29.5+15.6
No copper® 7.4+2.7 27.8+8.1 5.6x1.6 16.8+6.0
With copper® 9.8+5.1 18.3£5.7 7.4+4.1 14.1+4.9

Note

! membrane after 10 h filtration at 10 bar;
2 membrane after 40 h filtration at 5 bar.
> membrane after rotating disc filtration.

The ICP samples have been filtrated by 0.22 um PES filter in order not to

contaminate the ICP. Therefore, I and Cu, that facilitate the formation of the Cu-MPD
S11
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149
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complexes, may also be filtered out within its large-sized aggregates. Considering that
it is beyond the current scope of this work, we decide not to over-interpret these
results. However, future studies could address this issue through advanced

characterization techniques.

Table S6. I and Cu concentration before and after Sh reaction. All samples have been
diluted for 1000 times.

Sample I Cu
(ppm) (ppm)
Oh 3.28+0.26 2.28+0.02
5h 3.06+0.03 2.44+0.03

Table S7. Performance of membrane with different recipes.

Membrane Type Permeability

(LMH/bar) MgCl, Rejection (%)
Cu0-MPD-GA 1.9+0.1 225+24
Cul/2-MPD-GA 10.6 £ 0.7 90.0+1.2
Cu0-MPD-GAO 96.6 + 6.6 6.5+1.7
Cul/2-MPD-GAO 533+4.1 548 +£4.6

Notes: GAO and Cu0 mean no GA or Cu was incorporated during the polymerization
process.

Table S8. The recipe of the membranes in Table S7.

Membrane type Cu (wt%) MPD NalO4 (Wt%)  GA(Wt%)
(Wt%)

Cu0-MPD-GA 0 2 4 2
Cul/2-MPD-GA 1 2 4 2
Cu0-MPD-GAO0 0 2 4 0

Cul/2-MPD-GAO 1 2 4 0
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