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Abstract

Polyamide (PA) nanofiltration (NF) membranes with excellent permeability and
selectivity have always been the ultimate pursuit of desalination technology. Herein,
we present a guanidinium manipulated interfacial polymerization strategy to develop
guanidyl-integrated PA NF membranes with ultra-high permselectivity. A nylon
microfiltration membrane is utilized as the support to conduct spatial-temporal
regulation of amine monomers along with controllable diffusion reaction. Through
introducing 1,3-diaminoguanidine (DAG) or triaminoguanidine (TAG) into the aqueous
piperazine solution, the free volumes of PA membranes could be well modulated at the
sub-angstrom scale. Consequently, the TAG-integrated PA membrane exhibited high
water permeance of 33.1 LMH-bar! and superior Na;SOs rejection of 99.2%.
Meanwhile, this membrane achieved outstanding anion sieving capability (C1/SO4> ~
343) and nearly 100% tetracycline removal, which is superior to the “state-of-the-art”
PA NF membranes. The DAG-integrated PA membrane attained ultra-high water
permeance of 46.5 LMH-bar! due to its relatively large free volume. In addition, the
nylon composite PA membranes displayed desirable anti-pressure and organic solvent-
resistant abilities. This study provides a convenient and scalable preparation strategy
for highly permselective NF membranes, which holds great application potential in
desalination and resource recovery.

Keywords: polyamide membrane, nanofiltration, guanidinium, free volume,

permselectivity.
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1. Introduction

One third to nearly half of global urban population may face water scarcity in 2050
[1, 2]. Nanofiltration (NF) is a green, clean, and efficient membrane separation
technology, which could play an important role in desalination, water softening, and
resource recovery [3, 4]. The polyamide (PA) selective layer with highly crosslinked
structure and negatively charged surface is created by the fast and elusive interfacial
polymerization (IP) between the amine monomers in aqueous phase and the acyl
chloride monomers in oil phase [5, 6]. The PA layer is conductive to intercepting high-
valent ions and micropollutants according to size exclusion and Donnan effect [7].
However, the inherent physicochemical properties of PA polymer face arduous
challenges of simultaneously enhancing water permeance and ion selectivity due to the
“trade-off” effect [8-11].

In order to break through the “trade-oft” limitation, researchers constantly devote
to optimizing IP diffusion kinetics to acquire thin and dense PA layers, showing critical
concerns about the spatial-temporal regulation of aqueous monomers [12-16]. The
interface polymerization of highly reactive amine and acyl chloride monomers is less
controlled due to instantaneous reaction. Ideally, spatial uniform distribution of amine
monomers is beneficial to interface crosslinking for satisfying selectivity [17]. In
addition, temporal manipulation could retard amine monomers diffusion to acquire
relatively thin film for high flux [18-21]. The surface micro-nano structure, pore size,
porosity, wettability, affinity and surface potential of the support critically influence the
spatial-temporal process, generating divergent morphologies and performances of PA
layers [22-24].

Usually, the conventional polysulfone (PSf) or polyethersulfone (PES)

ultrafiltration support membrane induces the rapid diffusion and uneven distribution of
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amine monomers due to heterogeneous surface pore sizes and poor affinity. Diverse
nano-materials have been applied as the interlayer to acquire ultra-thin selective layer,
including carbon nanotubes (CNTs) [25-28], microporous organic nanotube (MONS5)
[20], graphitic carbon nitride (g-C3Na4) [21], covalent organic frameworks (COFs) [29-
31], metal organic frameworks (MOFs) [32, 33], MXenes [34], zeolites [35], cellulose
nanocrystal (CNC) [36] and hydroxides [13, 37] etc. However, the aggregation and
exfoliation of interlayer largely obstruct its scalable production and none of above
candidates has been actually commercialized. Furthermore, PSf/PES ultrafiltration
support membranes generally suffer from poor solvent stability, small pore size and
high pore tortuosity, which increases the water transport pathway. Some studies utilize
porous microfiltration membranes as the supports, such as polypropylene (PP) [38, 39],
polyethylene (PE) [40], poly(vinylidene fluoride) (PVDF) [41], and
polytetrafluoroethylene (PTFE) [42]. However, the hydrophobic essence of polymer
materials is difficult to conduct IP reaction due to the uneven spread of the amine
solution. These supports need further complicated hydrophilic modifications to enhance
the interactions between the amine monomer and the substrate surface.

Meanwhile, the diffusion and reactivity of two-phase monomers will directly
determine the crosslinking chemistry of PA layer. The utilization of typical piperazine
(PIP) and 1,3,5-benzenetricarbonyl trichloride (TMC) leaves little manipulation room
for improving separation performance due to restricted free volume and surface charged
property [4, 43-50]. Guanidinium with primary amine groups was used to modify PA
membranes for enhanced antifouling and antibacterial properties [51, 52]. Besides, the
triaminoguanidine (TAG) molecule was applied as the single aqueous monomer to react
with TMC to prepare positively charged PA membrane, which exhibited promising

Li*/Mg*" sieving capability [53]. Molecular dynamics simulation validated that the
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TAG molecule displayed a higher reactivity and a lower diffusivity than PIP [54].

Herein, we propose a facile and compelling strategy to prepare guanidyl-integrated
PA NF membrane on the nylon porous support. The nylon microfiltration membrane is
a highly suitable candidate as the support for IP owing to its large aperture, excellent
wettability and solvent resistance. The favorable electrostatic interaction between the
nylon substrate and amine monomers along with sufficient and even aqueous solution
spread better manipulate IP process quest for high performance NF membranes. The
second amine monomer, I,3-diaminoguanidine (DAG) or TAG with divergent
molecular structures and amino numbers, creates appropriate free volumes (equivalent
radii of 4.60 A and 3.85 A) for fast water permeance without sacrificing molecules and
ions selectivity, which breaks through the “trade-off” effect to some extent.
2. Methods
2.1. Materials and chemicals

Nylon porous supports (0.22 um) were purchased from Shanghai Peninsula
Industrial Co., Ltd. Purification Equipment Factory. The commercial polyether sulfone
(PES), cellulose acetate (CA), hydrophilic modified polyvinylidene fluoride (PVDF)
membranes with the average pore size of 0.22 um were bought from Haiyan New
Oriental Plastic Technology Co., Ltd. Piperazine (PIP, 99%), 1,3,5-Benzenetricarbonyl
trichloride (TMC, 98%), triaminoguanidine hydrochloride (TAG-HCI, 97%), 1,3-
diaminoguanidine hydrochloride (DAG-HCI, 97%), and polyethylene glycol (PEG)
with a series of molecular weights were all purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. n-hexane (97%) was from Shanghai Macklin
Biochemical Co., Ltd. Inorganic salts including Na>SO4, MgSO4, CaCl,, MgCl, and
NaCl (chemical pure) were from Sinopharm Chemical Reagent Co., Ltd (China). n-

Hexane (97%) was from Shanghai Macklin Biochemical Co., Ltd. All the chemicals
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were used without further purification.
2.2. Characterizations

The surface morphologies and the cross-section thickness of a series of membranes
were investigated by scanning electron microscopy (FESEM, S4800, Hitachi) and
transmission electron microscopy (TEM, JEOL2100, Japan). The membrane samples
were embedded in cured epoxy and the ion beam apparatus (MODELI, Gatan 695) was
utilized to sectioning. Scanning probe microscope (Dimension ICON SPM, Bruker) in
tapping mode were utilized to analyze the roughness of different as-prepared
membranes as well as the atomic-scale interactions between PIP monomers and
substrate surfaces. The detector tip was immersed in the PIP solution, meanwhile the
tip adsorbed a certain amount of PIP molecules. When the tip approached and retracted
away the surfaces of diverse substrates, the PIP-substrate interaction was built up.

The chemical components analysis and atomic concentrations of as-prepared
membranes were characterized by X-ray photoelectron spectroscopy (XPS, Axis Ultra
DLD, Kratos). Fourier transform infrared spectrometer (FTIR, NICOLET 6700) was
applied to further characterize the chemical components of membranes. The
hydrophilicity and wettability were measured using contact angle goniometer (OCA 25,
Dataphysics). Zeta potentials for solid surface were evaluated by the electrolyte
analyzer (SurPASS Anton Paar, GmbH) with 1 mM KCI solutions as electrolyte
solution over a pH value range of 3-10. Total organic carbon analyzer (TOC, multi
N/C2100) was used to reveal PEG concentrations in feed solution and filtrate. UV-vis
spectroscopy was utilized to evaluate the maximum absorption peaks and absorbance
of tetracycline. Besides, the concentrations of single-salt feed solution and filtrate were
determined by electrical conductivity, obtained from electrical conductivity meter

(DDSJ-308F, Shanghai leici instruments). Single-ion (such as CI° or SO4%)
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concentration in the mixture was calculated from ion chromatography (IC, ICS1100,
Thremo).
2.3. Preparation of guanidyl-integrated PA NF membranes

We chose the nylon, PES, CA or hydrophilic modified PVDF with the average
aperture of 0.22 pum as the support membrane for IP. Taking DAG-incorporated PA
membrane as an example, the nylon membrane with a diameter of 5 cm was placed on
the sand core of the suction filter. 10 mL mixed aqueous solution containing PIP (0.2
w/v%) and DAG (12% of PIP content) was evenly poured onto the surface of nylon
membrane. After two minutes, the redundant aqueous solution was removed and blotted
with filter papers. 5 mL n-hexane solution of TMC with 0.1 w/v% was added onto the
nylon support to initiate the IP reaction. After reacting 1 min, the oil phase solution was
immediately poured away. The prepared PA NF membrane was thoroughly washed with
n-hexane and was finally dried in an oven at 60 °C for 10 min. PA/nylon-M; represents
the contrast PA NF membrane solely involving with PIP. PA/nylon-M> represents the
PA NF membrane using DAG and PIP. PA/nylon-M3 represents the PA NF membrane
using TAG and PIP. The NF membrane was scaled up to 20*20 cm according to the
same preparation methods (Fig. S1).
2.4. Desalination performance characterizations

Desalination performance of various PA NF membranes was evaluated by a cross-
flow apparatus driven by pressure at room temperature. Effective filtration area of the
cell was 3.14 cm?. All as-prepared membranes were pre-compacted at 6.0 bar at least
one hour using deionized water to reach stable permeance, then were tested at 5.0 bar.
Feed solution permeance (P, LMH-bar!) was calculated by the following equation:

P=V/(Atp) (H

Where V(L) is the volume of collected filtrate, 4 (m?) is the effective filtration
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area, ¢ is the measurement time interval (h) and p is the test pressure (bar).

The single-salt rejection (R) of as-prepared NF membranes with a series of saline
solutions (Na2SOs, MgS04, CaClz, MgClz, and NaCl) were calculated by the formula
as follows:

R = (Cr — C,)/Cr*x100% 2)

Where Cr is the solute concentration of feed solution and C, is the solute
concentration of filtrate. The solute concentrations were detected using the electrical
conductivity meter due to the linear correlation between solute concentration and the
conductivity.

The molecular weight cut off (MWCO) is identified by the rejection of 90% for
spherical neutral solutes. Retention of the neutral solute represented by PEG with the
molecular weights of 200, 300, 400, 600, 800, and 1000 Da was characterized by TOC.
This calculation is consistent with formula (2), which Cris the TOC concentration of
feed solution and C, is the TOC concentration of filtrate. The equivalent radius of free
volume was calculated based on formula (3).

re =16.73x107" x5 (3)

Where 7, (m) is the Stokes radius of PEG molecule and M,, is the MWCO of PEG

molecule.

The single salt separation factor (SNaCZ/Na2S04) and mixed ion separation factor

(S

cr /Sof,') were applied to evaluate the monovalent/divalent ion selectivity, which can

be calculated from equation (4) and (5):
SNaCiNaz50,=(1-Rnact)/(1-Ryays0,) 4)
S Cr/sos :(1 'RCI')/ ( 1 'Rsoj') (5 )

Where Ry, and RNa2S04 separately represent the rejections of single NaCl and



193

194

195

196

197

198

199

200
201

202

203

204

205

206

207

208

209

210

211

212

213

NazSO4. Ry and R soZ- represent the rejections of CI” and SO3 in NaCl/Na2SOq4 binary

saline solution. The single salt concentration of NaCl or NaxSO4 was 1000 ppm. The
total concentration of mixed saline solution was 2000 ppm and the mass ratio of NaCl
to Na;SO4was 1:1.

3. Results and discussion

3.1. Guanidyl-integrated PA NF membranes

3.1.1. Surface morphology of PA/nylon-Mx

PA/nylon-M,
PA/nylon-M;

&

Lo 3T A e T oA N T P o R 4T T
SN g R SR SEING B RN XN B s S AN

Scheme 1. Preparation process of PA/nylon-Mx NF membrane. DAG and TAG involved

NF membranes were termed as PA/nylon-M> and PA/nylon-M3, respectively. PA/nylon-
M1 was used as a control sample without guanidinium.

In contrast to the binary PIP and TMC in the IP reaction, guanidyl-integrated PA
NF membranes were created by introducing the second amine monomer (DAG or TAG)
as shown in Scheme 1. DAG and TAG molecules own diverse molecular structures and
active amino groups. The PA network structure could be manipulated by DAG or TAG
at sub-angstrom scale. All PA/nylon membranes displayed similar surface
morphologies featuring smooth and nodular structure like “calm sea and raised island”
(Fig. 1a-1c). The morphologies were mainly caused by the heat releasing effect in the
process of IP, especially at the relatively large pore support. The beneath macropores
create free liquid-liquid interface that allows degassed nanobubbles created during IP

process to easily escape, thus generating the “calm sea”. Meanwhile, the “raised island”
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part was created by the confinement interface between the substrate and PA film in view
that the resulting microbubbles cannot well escape from the solid-liquid interface [23,
55]. The free interfacial part of large pore fairly shortened the transverse transfer
distance and declined the transfer resistance between the PA layer and the nylon support,
thus facilitating the fast water transport.

The thickness of PA films of PA/nylon-M> and PA/nylon-M3 were both less than
50 nm that were thinner than PA/nylon-M; (Fig. 1d-11). The diffusion rate of DAG or
TAG was slowed down to acquire relatively thinner PA layer possibly due to the
stronger interaction of multiple amino groups with the negatively charged nylon
substrate. (The selection and spatial-temporal regulation of the nylon substrate will be
discussed in Section 3.2 in detail). The AFM results showed the roughness of PA/nylon-
M: and PA/nylon-M3; were lower than PA/nylon-Mi, implying that guanidinium

involved IP process were more controllable (Fig. S2).

PA/nylon-M; PA/nylon-M, PA/nylon-M,

10
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Fig. 1. Surface morphologies and thickness of PA/nylon-Mx. (a-c) SEM images of
PA/nylon-Mi, PA/nylon-M>, and PA/nylon-Ms. (d-f) Cross-section SEM images of
PA/nylon-Mi, PA/nylon-M», and PA/nylon-Ms. (g-i) TEM images of PA/nylon-Mj,
PA/nylon-M;, and PA/nylon-Ms.
3.1.2 Physicochemical properties of PA/nylon-Mx

The chemical compositions of diverse PA NF membranes were intensively
characterized by XPS and FTIR. From Fig. 2, the high-resolution C 1s deconvolution
spectra showed that three peaks respectively associated with C-C/C-H at 284.6 eV, C-
N at 285.7 €V, and C=0 at 287.6 eV further confirmed the formation of PA film. The N
Is spectra exhibited that the PA active layers of PA/nylon-M> and PA/nylon-Mj3 still
retained more amino groups present in DAG and TAG molecules. The N-H peak
contents of PA/nylon-M> and PA/nylon-M3 were respectively 13.9% and 25.0% (Fig.
2e, and 2f). The density of amine group present in PA/nylon-M3 was higher than
PA/nylon-M,, indicating TAG had a greater reaction and crosslinking extent. The same
peak content present in PA/nylon-M; was only 5.6% (Fig. 2d). Moreover, the
atomic/mass concentrations of element N of PA/nylon-M> and PA/nylon-M3 were
higher than PA/nylon-Mi, suggesting that the guanidinium were involved in the IP
reaction (see Table S1). The O 1s deconvolution spectra showed the similar peak-
splitting situations of the three membranes. The carboxyl content arising from the
hydrolysis of underreacted acyl chloride in PA/nylon-M> was the highest, which
indicated the lower reaction degree of TMC. (Fig. 2g-21). The functional group of the
nylon substrate is amido bond, -CONH-, which is consistent with the major
composition of PA layer. The peak located at 3296 cm™! was attributed to the stretching
vibration of N-H. The obvious peaks located at 1634 cm™ and 1540 cm™ were the amide

] band (the stretching vibration of C=0) and amide [ | band (the bending vibration of

11



253  N-H). The distinction was the range of 3200 cm™'~3600 cm™ which was due to the
254  occurrence of amino and carboxyl, especially present in PA membranes. The new peak
255  at 1440 cm™! was originated from the aromatic ring present in aromatic polyamide (Fig.
256  S3). In addition, the elements C/N/O were uniformly distributed on the surfaces of

257  PA/nylon-M, (Fig. S4).
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259  Fig. 2. XPS analysis of PA/nylon-Mx. (a-c) High-resolution XPS spectra of C 1s with
260  PA/nylon-Mi, PA/nylon-M>, and PA/nylon-Ms. (d-f) High-resolution XPS spectra of N
261 1s with PA/nylon-Mi, PA/nylon-Mz, and PA/nylon-Ms. (g-i) High-resolution XPS
262  spectra of O 1s with PA/nylon-Mi, PA/nylon-Mz, and PA/nylon-Ms.

263 Size exclusion and Donnan effect are usually accepted mechanisms in the field of

264  nanofiltration desalination. The hydrophilicity, surface charged property and transfer

12



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

pore size of selective layer play pivotal roles in NF process. As shown in WCA
characterization, the water wettability of PA/nylon-M; and PA/nylon-M3 was improved.
PA/nylon-M; expressed better hydrophilicity than other two membranes (Fig. 3a),
favoring the fast water diffusion and transport through the membrane. From Fig. 3b,
we can see that PA/nylon-M; and PA/nylon-M3; showed relatively higher zeta potentials
than PA/nylon-M; at pH<7. It was because the more amine groups present in PA/nylon-
M: and PA/nylon-M3 occurred protonation in the acidic solution. At pH>7, PA/nylon-
M; showed the strongly negatively charged surface property due to the deprotonation
of carboxyl groups, consistent with the results of O 1s spectrum (Fig. 3b). The higher
content of carboxyl group on the surface caused more negative surface. The
underreacted acyl chloride groups were attributed to the molecular structure of DAG.
DAG monomer with two-arm primary amine groups shows larger molecular
dimension than PIP as shown in the-ball-and-stick model and molecular formula of
sectional structure unit (Fig. 3d). The distance between the carbons of two acyl chloride
monomers is 6.9 A or 6.1 A due to the various configuration of DAG monomer, which
is longer than PIP with 5.6 A. Likewise, TAG as a three-arms molecule holds 3 reaction
sites with shorter distance (3.5 A) and larger crosslinking degree (Fig. 3¢). Therefore,
the free volume of polyamide can be changed at sub-angstrom scale by introducing
DAG/TAG molecules. Besides, “two-arms” DAG molecule has lower contact and
reaction probability than “three arms” TAG molecule, resulting in insufficient
utilization of acyl chloride groups of TMC and loose crosslinking structure of
PA/nylon-M,. The MWCO (383 Da) of PA/nylon-M> was higher than that of PA/nylon-
M (256 Da) and PA/nylon-M3 (279 Da) as illustrated in Fig. 3c. We further calculated
the equivalent aperture radii of PA/nylon-Mx according to the formula (3). The

equivalent radii of free volume of PA/nylon-Mi, PA/nylon-M; and PA/nylon-M3 are

13
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respectively 3.67 A, 4.60 A and 3.85 A. Thus, the free volume of PA NF membranes
could be precisely manipulated at sub-angstrom scale by guanidinium involved

interfacial polymerization.
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Fig. 3. (a) Water contact angles of PA/nylon-Mx. (b) Zeta potentials for solid surfaces
of PA/nylon-My. (c) Molecular weight cut off (MWCO) of PA/nylon-Mx. (d) Molecular
formula and the-ball-and-stick model of crosslinking structural fragment of PA/nylon-
M,. (e) Molecular formula and the-ball-and-stick model of crosslinking structural
fragment of PA/nylon-Ms.
3.2 Role of nylon microfiltration support membrane

The pore sizes, porosity, wettability, and exterior physicochemical properties of
support membranes provide a pivotal link to the formation of PA active layer by IP
along with desalination performance of PA NF membrane. We further selected four
substrates containing nylon, PES, CA and hydrophilic modified PVDF membranes with
average aperture of 0.22 um to investigate the roles of the microporous substrate on NF
performance (Fig. S5). The formed PA layers displayed similar surface morphologies
combining smooth and nodular constructions, which was ascribed to the free interface

and confinement interface effects (Fig.4). Meanwhile, DAG/TAG-incorporated
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composite PA NF membranes were characterized by SEM and AFM. The morphologies
of guanidyl-integrated PA layers with different polymer substrates are similar to

conventional PA layers formed by TMC and PIP (Fig. S6 and S7).

PA/PES-M,

Fig. 4. SEM images of four substrates, respectively containing nylon, PES, CA, and
PVDF membranes as well as SEM images of the conventional PA membranes with
above four substrates that were named as PA/nylon-M,, PA/PES-M,, PA/CA-M,, and
PA/ PVDF-M| membranes.

Spatial-temporal distribution and diffusion of aqueous monomers are of vital
significance to realize highly perm-selective NF membranes. Positively charged PIP
molecules can adequately adsorbed and evenly distributed on the electronegative
support surface through long-range electrostatic interaction for controllable diffusion
and reaction (Fig. 5a). The hydrophilic and highly porous substrate is favorable to
absorb and store sufficient PIP solution for subsequent reaction (Fig. 5b). We further
investigated the atomic-scale interaction force between PIP molecules and substrate
surface by AFM. As shown in Fig. Sc, the force-distance curves quantitatively showed
the magnitude of interactions between PIP molecules and different substrates. The
nylon membrane showed the highest drag force (Fnax=0.70 nN) and interaction range

compared to other membranes.
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Fig. 5. (a) Zeta potentials for solid surface of four support membranes. (b) Adsorption
content of the PIP solution of different support membranes. (c) Force-distance curves
of PIP monomers with diverse wetting substrate surfaces of nylon (i), PES (i1), CA (ii1),
and PVDF (iv). The atomic-scale interaction force was evaluated.

Hence, PA/nylon-M; showed outstanding permselectivity compared with other PA
composite membranes with divergent supports. The rejection of NaxSO4 could reach
over 99% (Fig. S8). Also, the water permeance of PA/nylon-M> greatly increased to
twice of PA/nylon-M;, which is higher than other composite membranes as depicted in
Fig. S8b.

3.3 Desalination performance of PA/nylon-Mx

In order to validate the permselectivity of guanidyl-integrated NF membranes, we
performed a series of single salt and mixed ions separation measurements. All as-
prepared membranes were operated under the cross-flow condition driven by pressure
of 5 bar. Firstly, the preparation condition of PA/nylon-M; were optimized by varying
contents of DAG monomers. In case of DAG (12% of PIP content) involved in IP, the
water permeance of PA/nylon-M, could reach 46.5 LHM-bar! and the rejection of
Na»SO04 was up to 95% (Fig. S9). Likewise, the water permeance of PA/nylon-M3; was
enhanced to 33.1 LHM-bar!. Therefore, the permeance of two guanidyl-integrated NF

membranes were strongly improved. Moreover, given that PA/nylon-M3 reserved
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smaller pore size than PA/nylon-Ma, the rejection of NaxSO4 was increased to 99.2%,
which had almost no attenuation than PA/nylon-M; (Fig. 6a).

We further examined the rejection of diverse salts, including Na>xSOs, MgSOs4,
CaCly, MgClp, and NaCl to evaluate the desalination capabilities of three PA NF
membranes (Fig. 6b). PA/nylon-M; and PA/nylon-M3 showed outstanding interception
abilities of divalent anionic salts according to size exclusion and Donnan effect.
Theoretically, the hydrated radii of SO4>" and CI are respectively 3.79 A and 3.32 A.
The size of SO4* and CI" is only sub-angstrom difference, but SO4* owns more negative
charges than CI" in the feed solution. Therefore, PA/nylon-M; (3.67 A) can effectively
sieve SO4% and CI. Although the equivalent radius of free volume of PA/nylon-Ms
(3.85 A) is a little larger than the hydrated radius of SO4>, the negatively charged
surface is beneficial to reject high-valence co-ions, meanwhile screening corresponding
counterions. Therefore, the synergistic effects of steric and charged exclusion guarantee
the rejection of high-valent anionic salts, such as Na;SO4 and MgSO4. The Na;SOq4
rejections of PA/nylon-M; and PA/nylon-M3 were 99.4% and 99.2%. The MgSO4
rejections of PA/nylon-M; and PA/nylon-M3 were 98.4% and 97.8%. In addition, the
rejection of CaClo, MgCl, or NaCl of PA/nylon-M3 was a little higher than PA/nylon-
M; on account that the slightly acidic condition in saline solution protonated part of
amino groups, which led to the rejection of cations. Although the Na,SO4 rejection of
PA/nylon-M; was relatively weak, the saline permeance of PA/nylon-M> was greatly
improved than the contrast sample, PA/nylon-M;. Therefore, PA/nylon-M; is
conductive to efficiently removing larger molecules and high-valence heavy metal ions
in pursuit of high flux (Table S2). Further, we conducted the single salt selectivity as
well as mixed anions selectivity of PA/nylon-My. As demonstrated in Fig. 6c, the

PA/nylon-M3 shows the comprehensive outstanding permselectivity in terms of NaCl/
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PA NF membranes (Fig. 6d).
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Fig. 6. (a) Na;SOsrejection and water permeance of PA/nylon-Mx. (b) Different saline
rejection and permeance of PA/nylon-My; (¢) Single salt (NaCl/ Na2SO4) selectivity and
mixed salts (C1/SO4>) selectivity of PA/nylon-My. (d) Comparison of separation
performances of reported typical NF membranes and this work. Circular legends
represent NF membranes with interlayers; rectangle legends represent that PA layers
created by IP reaction system with multiple monomers or components; triangle legends
represent commercial NF membranes (detail statistics are shown in Table S3).

The DAG-regulated IP reaction creates the thin and loose PA layer, which
contributes to certain selectivity and high permeance of PA/nylon-M,. With the
increasing concentration of Na;SO4 solution from 1000 ppm to 5000 ppm, the salt
rejection of PA/nylon-M» remained stable. The decline of permeance was attributed to
concentration polarization, but the permeance maintained more than 20 LHM-bar™! (Fig.

7a). From the above discussion, the PA/nylon-M3 showed splendid permselectivity and

18



388

389

390

391

392

393

394

395

396

397

398

399

400

mono/divalent anions sieving capability. Apart from that, the PA/nylon-M3 can achieve
effective tetracycline interception. The rejection ratios of a series of tetracycline
solutions from 3 ppm to 12 ppm were 100%, which provides a satisfactory removal and

recovery of antibiotics (Fig. 7¢).
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Fig. 7. (a) NaxSOq4 rejection and permeance of PA/nylon-M; with the increasing salt
concentrations. (b) Long-term operational stability of PA/nylon-M, with 1000 ppm
NaxSO4 solution as the feed solution. (c) Tetracycline rejection and permeance of
PA/nylon-M3 with the different tetracycline concentrations. (d) Long-term operational
stability of PA/nylon-M3 with 3 ppm tetracycline solution as the feed solution. (e-g)
The anti-pressure performances under cross-flow condition with the linearly increased
pressure of PA/nylon-M; (e), PA/nylon-M; (f), and PA/nylon-M3 (g).

To further explore the operational stability, we tested the guanidyl-integrated PA NF
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membranes for consecutive 24 h. As shown in Fig. 7b and 7d, PA/nylon-M> showed a
quite stable rejection of Na;SO4 around 96% and high permeance. Similarly, the
PA/nylon-M3 maintained high removal efficiency (100%) of tetracycline over 24 h. The
excellent interface compatibility between the PA selective layer and nylon substrate
offers long-term operational stability.

In addition, we studied the pressure resistance of NF membranes with nylon
support. The flux of PA/nylon-Mx enhanced linearly with increasing the operational
pressure up to 8 bar, meanwhile the rejection of Na;SO4 was almost constant (Fig. 7e-
g). More attractively, the nylon based composite PA membrane showed good resistance
to different polar and non-polar organic solvents. The result displayed that the
permeance of polar solvents by PA/nylon-M> was related to the molecular sizes and the
non-polar solvents remained impenetrable under pressure. The permeances of polar
solvents containing methanol, ethanol, and acetonitrile are respectively 21.4, 6.3, and
11.1 LHM-bar! (Fig. S10), which displaying the desirable potential of separating
polar/non-polar organic solvents.

4. Conclusion

In summary, we provided a facile and scalable strategy to construct high-
permselectivity PA NF membranes by directly introducing guanidinium (DAG or TAG)
into amine aqueous solution for interfacial polymerization. The nylon microfiltration
membrane was used as the support due to the desirable negatively charged surface, high
monomer storage and the favorable interactions. DAG and TAG with divergent
molecular sizes and amino structures created various free volumes (pore sizes) of
PA/nylon-M; and PA/nylon-Ms. By contrast to the PA/nylon-M;, the water permeance
of PA/nylon-M, got extreme increment to 46.5 LHM-bar™! and the rejection of Na,SO4

was higher than 95%. The permeance of PA/nylon-M3 increased up to 30 LHM-bar™!,
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meanwhile maintaining prominent rejection of Na2SO4(99.2%), surpassing most of the
“state-of-the-art” PA NF membranes. In addition, PA/nylon-M3 showed splendid
mono/divalent anion sieving and 100% tetracycline removal capabilities. The guanidyl-
integrated nylon composite NF membranes open a new avenue for effective

desalination, water advanced treatment and organic solvent nanofiltration.
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