Graphical Abstract

uPA

Shortened
Distance

A/B (bar'")

A-uPA

Booming Flux

10’

10°

107

10?

N ]
~ 4
~ p
~ N ~ i
an | oR
ut, Bt
E < X 'I* ~ N A-uPA E
S A a »~ Membrane ]
~ ~ o
~ ~ ~
uPA TN E
Membrane ~ 3
B uPA A-uPA 1
bw30 A-uPA(PA conc.)
A-uPA(PPA con.) X  A-uPA(PPA ratio) 3
— . ——————— x
10° 10

Water Permeance, A (L m~hbar™)



Manuscript File Click here to view linked References %

1 Ultrathin polyamide nanofilm with an asymmetrical structure: a novel

2 strategy to boost the permeance of reverse osmosis membranes

3 Bowen Gan? Saren QiP, Xiaoxiao Song®, Zhe Yang®, Chuyang Y. Tang®, Xingzhong Cao®,

4 Yong Zhou?, Congjie Gao?

7  #Centre for Membrane Separation and Water Science & Technology, Ocean College, Zhejiang
8  University of Technology, Hang Zhou, 310014, P. R. China
9 P Suzhou Institute of Nano-Tech and Nano-Bionics (SINANO), Chinese Academy of Sciences,
10  Suzhou 215123, P. R. China
11  © Department of Civil Engineering, the University of Hong Kong, Pokfulam, Hong Kong
12 9 Institute of High Energy Physics, CAS, Beijing 100049, China.
13
14
15

16  *Xiaoxiao Song Tel: +86 (0571) 8832 4135, E-mail address: songxiaoxiao@zjut.edu.cn



mailto:songxiaoxiao@zjut.edu.cn
https://www.editorialmanager.com/memsci/viewRCResults.aspx?pdf=1&docID=12143&rev=1&fileID=194985&msid=3598475a-0639-4b90-a407-9370bd062e9b
https://www.editorialmanager.com/memsci/viewRCResults.aspx?pdf=1&docID=12143&rev=1&fileID=194985&msid=3598475a-0639-4b90-a407-9370bd062e9b

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Abstract

Ultrathin polyamide (PA) nanofilm based separation membranes have attracted drastically
increasing attention recently. Typically, PA nanofilms with the thickness of around tens of
nanometers are supported by a PSF substrate membrane which provides mechanical support.
However, the low surface porosity of the PSF substrate membrane has required the transverse
diffusion (parallel to the membrane plane) of water molecules in the nanofilm, which causes
much longer mean diffusion paths compared to the thickness of the nanofilm. In this study, we
address this problem by introducing a much looser polypiperazinamide (PPA) interlayer in
between the PA nanofilm and the PSF support membrane, with the PPA nanofilm serving as a
low resistance region for water molecules. A dual interfacial polymerization strategy was
applied to create an asymmetrical ultrathin polyamide selective layer comprised of a high
permeability loose PPA sublayer and a high selectivity dense PA top layer. Quartz crystal
microbalance with dissipation (QCMD) techniques and Doppler broadening energy
spectroscopy (DBES) were applied to study the asymmetry structure of the ultrathin polyamide
nanofilms. Compared with the home-made traditional ultrathin polyamide (UPA) membrane,
the asymmetrical ultrathin polyamide (A-uPA) membrane has 2 ~ 2.5 folds higher permeability
while maintaining higher salt rejection. Our study demonstrates that the asymmetrical structure
can significantly enhance the flux for ultrathin polyamide membranes. Further, the impact of
the structure of the top layer and the sublayer on the membrane separation performance was

explored by tuning the recipe of the PA top layer and the PPA sublayer.
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1. Introduction

The selective layer of the conventional polyamide-based desalination membranes is a thin
polyamide layer with a typical thickness of a few hundreds of nanometers formed by interfacial
polymerization [1-5]. Recently, it has been revealed by high-resolution characterization
techniques that the traditional polyamide layers have a large fraction of voids, hence the
intrinsic selective layer (typically < 20 nm) is much less than its apparent thickness [6-13]. The
voids, connected with the pores on the PSF substrate through a hierarchical pore structure, have
been proven to essentially enhance the permeability of the PA layer [2]. Although the surface
morphological designs of the polyamide separation layer, such as void fractions [9, 10, 14],
wrinkles [15-17], thickness and crosslinking degrees [13, 18-21], have been explored in recent
studies to tune the performance of the polyamide layer, relatively fewer researches are focused
on studying the intrinsic physicochemical structure of the ultrathin polyamide nanofilm and its

impact on the separation properties.

Recently, the researches on developing more efficient ultrathin polyamide nanofilms based
membranes have grown drastically. For example, ultrathin polyamide layers with thickness
around ten nanometers could be fabricated by electrospray facilitated 3D printing [21, 22],
interfacial polymerization at a free interface [18, 23-25], layer-by-layer technology [19, 26], or
low-temperature interfacial polymerization [25]. In general, permeability decreases (and salt
rejection increases) with the increase of the polyamide thickness as the uniform polyamide

chemistry (i.e., the reaction between m-phenylenediamine (MPD) and trimesoyl chloride
3
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(TMCQ)) in these ultrathin polyamide rejection layers. However, the development of ultrathin
membranes faces two major issues: (a) low permeability due to the absence of voids in the PA
layer (which act as convection paths for water molecules to reach a pore on the PSF substrate
[2, 13, 27-29]) or extra resistance caused by the blockage of substrate pores [30]; (b) the
potential low selectivity due to the incompatibility issue between the dense PA structure and

porous PSF substrate which causes defects [21].

Here, to address the low permeability and incompatibility issues of the ultrathin PA membranes,
we explore the effect of a chemically-bounded polypiperazinamide (PPA) loose interlayer, that
is sandwiched between the dense PA layer and the PSF substrate, on the performance of the
ultrathin PA membranes. This loose PPA interlayer, formed by the interfacial polymerization
between low concentration piperazine (PIP) and TMC, has larger free volumes in its polymer
network compared with the MPD/TMC network. This interlayer is expected to act as a gutter
layer to facilitate the transport of water molecules and to reduce defect formation. Further, the
structure of the asymmetrical ultrathin PA membrane, namely the A-uPA membrane, was
analyzed by using Quartz Crystal Microbalance with Dissipation (QCM-D) and Doppler
Broadening Energy Spectroscopy (DBES). Then, the impact of the PPA sublayer and PA top
layer on the performance of the A-uPA was further explored. This study proposes a new
fabrication strategy and forms a theoretical base for constructing higher performance reverse

0smosis membranes.
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2. Materials and Methods

2.1. Materials

Piperazine (PIP, Reagent Plus, 99 %) and m-phenylenediamine (MPD, > 99 %, Aladdin)
dissolved in DI water as well as 1,3,5-benzenetricarbonyl trichloride (TMC, > 99 %, Aladdin
98 %,) dissolved in n-hexane (HPLC grade, 97%) were used to fabricate the ultrathin
polyamide layers on the PSF ultrafiltration membranes (molecular weight cut-off of 50 KDa,
Ande). Sodium chloride (NaCl) and sodium sulfate anhydrous (Na2SO.) were provided by
Xilong Scientific Co. Ltd, which were used in membrane rejection tests. N, N-
dimethylformamide (DMF, 99.8 %) was used as a solvent for dissolving the PSF support to
prepare isolated PA membranes for characterization. All chemicals were used without any
further purification. The BW30 membrane obtained from Dow Filmtech (Minneapolis, MN)

was used as a reference for the comparison of membrane performance.

2.2. Preparation of uPA and A-uPA membranes

The uPA membranes were formed by performing the interfacial polymerization techniques on
the PSF substrates according to our previous study [19]. A-uPA membranes were formed on
the top of the substrates via the multilayer deposition-interfacial polymerization strategy
(Figure 1). The formation process of an A-uPA membrane includes two stages. In stage I, a
PPA sublayer was fabricated first. For the initial PPA nanofilm deposition, the substrate
membrane surface was soaked in a PIP solution with pre-designed low concentrations.

Subsequently, excess PIP solution is removed by N purging at 2 bar followed with hexane

5



100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

rinsing. The PIP solution impregnated surface was then reacted with a pre-designed low
concentration of TMC dissolved in hexane for 60 s. Finally, removal of excess TMC solution
stops the reaction and this results in the formation of a PPA sublayer on the PSF substrate. In
stage I, the fabrication methods of top layers dictated the same fabrication route with building
the sublayers, except the PIP solution was replaced by the MPD solution. Between the stage |
and 11, the membrane were dried vertically in a fume hood for 4 mins, during which time the
hexane was efficiently drained and dried to avoid pinholes developed in the subsequent stage.
After stage 1l, the membrane was not post-cured to avoid the annealing of the PSF substrate
pores and alteration of nanoscale structures of the PA layer, which will cause complexities in
the comparison between the uPA and A-uPA membranes. A series of concentration pairs
including PIP/TMC and MPD/TMC were examined in this study. For the simplicity, the A-uPA
membrane fabricated using PIP/TMC = xi1/y: and MPD/TMC = x./y- is designated with the
name of xo/y.@x1/y1 for short. As the reference to an A-uPA membrane, the corresponding uPA
membrane is designated with the name of x2/y.. After fabrication, all membranes were stored

in DI water at 6 °C refrigerator for further use.

' ' NZ purging

Formation of PA Top Layer

. PIPin Water TMC in Hexane .= ° MPD in Water
POV psr & PPAsublayer (PIP-TMC) | PA top layer (MPD-TMC)
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Figure 1. The preparation route of the A-uPA membrane.

2.3. Evaluation of membrane separation performance

Membrane separation performance (Flux, Jw, and Salt Rejection, R) was tested with a lab-scale
cross-flow RO test setup. The diameter of the membrane chamber was 5 cm and the feed
channel depth was 2.5 mm. The cross-flow velocity and pressure were 0.6 L/min and 2.0 MPa,
respectively. All membranes were compacted with DI water for 1 hour, then the rejection and
flux for NaCl (2000 ppm) and Mg2SO4 (2000 ppm) were tested for 1 hour. The determination
of Jw and R was consistent with our previous study [19]. As a comparison, the performance of

the BW30 membrane was also measured with identical conditions.

2.4. Characterization of the membranes

The surface and cross-sectional morphologies of membranes were characterized by an
ultrahigh-resolution Hitachi 8010U FESEM unit. Cross-sectional images were prepared by
fracturing membrane coupons in liquid N.. Before observation, the samples were coated with
Pt at standard coating distance (~ 8 cm) with a 15 mA current. Both surface samples and cross-
section samples were coated for 45 seconds. The PA nanofilm’s topological images and
thickness at ambient conditions were obtained using an atomic force microscope (AFM, ICON,
Bruker, Billerica, MA) under the tapping mode. Free-standing polyamide (PA) selective layers
were isolated by dissolving the substrate PSF layer in pure DMF followed by washing with

fresh DMF for 3 cycles of rinsing (3 minutes in each cycle) and soaking (10 minutes in each
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cycle). The neat isolated PA layer should be transparent. The free-standing polyamide layer

was then transferred onto a silicon wafer for further characterization or analysis.

QCMD characterization

Quartz Crystal Microbalance with Dissipation (QCMD, E4, Q-Sense Biolin Scientific, Sweden)
was used to monitor the mass change in the process of interfacial polymerization to form the
nanofilms in the A-uPA and uPA membranes. The deposition medium is the cleaned gold
sensors (Q-Sense) installed in a QCMD flow chamber cell as previously described [19]. For
the deposition of uPA nanofilm, the MPD aqueous solution (0.1 wt %) was first pumped into
the chamber. Then, pure n-hexane was pumped in the chamber to remove excess MPD solution.
Finally, the TMC/n-hexane solution (0.02 wt %) was pumped through the chamber for the
growth of PA nanofilm. The deposition of the A-uPA nanofilm, on the other hand, was
accomplished with two stages. In the first stage, the PPA sublayer was formed by the reaction
between PIP/water (0.05 wt %) solution and TMC/n-hexane (0.01 wt %) solution following the
above-mentioned steps. In the second stage, the PA top layer was formed by the reaction
between MPD/water (0.1 wt %) solution and TMC/n-hexane (0.02 wt %) solution directly on
the top of the sublayer. Frequency variations were used to quantify the mass change of the
sensors induced by the formation of polyamide nanofilm using the Sauerbrey equation in the

Q-Tool analysis software (Q-Sense, Biolin Scientific, Sweden) [19].

Doppler Broadening energy spectroscopy (DBES)
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The variable monoenergy slow positron beam coupled DBES was obtained in the Institute of
high energy physics (Beijing, China). The DBES spectrum shows the information about the
positron annihilation event and their properties always characterized by the conventional S and
W parameters [31].In this study, The microstructure of membranes was analyzed in terms of
the value S and W parameters and the relation of W-S with different positron energy. More
detailed information regarding the DBES equipment and the definition of S and W can be found
in the references [32, 33]. The mean implantation depth of positron in the polyamide membrane

can be calculated by Equation 1 [31, 34]:
R= (4_0)51-6 1)
o

Here, the R is the mean implantation depth in the membrane. The p is the density of materials

(polyamide: 1.00~ 1.25 g/cm®[11, 35-39]). The E is the positron energy.

XPS

X-ray photoelectron spectroscopy analysis (XPS, Kratos AXIS Ultra DLD) was used for
performing the elemental content of the PA layer within 10 nm of the PA membrane and the
radiation source is Al Ka (1486.6eV). For all wide scans and high-resolution scans, a spot area
of 700x300um? was used. Furthermore, angle-resolved XPS (ARXPS) is used to explore the
depth profile of elemental composition in the cross-section of the polyamide selective layer.
The analysis depth may be estimated by d = /siné, where d is the analysis depth of the overlayer,
/. 1s the inelastic mean free path, and @ is the take-off angle of the analyzed electrons [40, 41].

ARXPS measurements for isolated polyamine layers were conducted at four different
9
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photoelectron take-off angle with respect to the membrane surface plane (30°, 50°, 70°, and
90°), and the corresponding estimated detection depths are 5.0, 7.1, 8.9 and 10.0 nm,
respectively [42]. All isolated polyamide nanofilms were transferred onto the gold-coated

silicon wafer for further characterization.

3. Results and discussion

3.1. Characteristics of the uPA and A-uPA membranes

The morphology of the home-made uPA membranes and the A-uPA membranes are
characterized by FESEM and the results are shown in Figure 2. On the top surfaces of both
membranes, the pores on the PSF substrate are no longer visible in the FESEM images, this
suggests the successful formation of the ultrathin polyamide layers. Compared with the PA
layer in the conventional RO membrane, both uPA and A-uPA membranes have a smooth
surface [2, 19]. Nodules and leaves, which produce a ridge-and-valley structure on the surface
of traditional PA membranes, are absent on the surface of both uPA membranes and A-uPA
membranes. This agrees well with our previous study [19], in which we discovered that by
adopting low concentration pairs of MPD/TMC, a smooth PA layer on top of the polysufone
substrate could be formed. This is probably due to the less intense interface polymerization
induced less release of CO2 nanobubbles [2, 10, 43]. Note that when MPD concentration was
increased from 0.02% to 0.1% (MPD/TMC ratio constantly at 5/1), nodular structures gradually
developed at a few locations in both membranes, which are likely a result of the occasional

release of CO2 gas nanobubbles [2, 10].

10
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The inserted cross-section FESEM images of the membranes (Figure 2) show the presence of
ultrathin PA skin layers in both uPA and A-uPA membranes. However, the accurate
measurements of the PA layer thicknesses directly from these images are not reliable due to the
lack of clearly defined boundaries between the PA layer and PSU substrate. Hence, the skin
layer thicknesses were characterized alternatively using AFM microscopy. For this purpose,
the PA skin layers of A-uPA and uPA membranes were isolated and transferred onto a silicon
wafer before AFM observation. As shown in Figure 3, a typical height histogram of a uPA skin
has two prominent probability peaks, the peak locating near 0 nm marks the height of the silicon
wafer baseline, and the sharp peak locating at a higher value represents the height with most
probability. Hence, the distance between the two distribution peaks is recognized as the
thickness (o) of the A-uPA and uPA skin layers [18]. As presented in Table 1, the uPA membrane
by a series of increasing MPD/TMC concentrations typically has a ¢ of 8.2 to 12.3 nm. A
similar increasing trend was also reported by Jiang et al. in the free interface formation of
ultrathin PA nanofilms [13]. In comparison, the ¢ value of the A-uPA membranes fabricated
with the 0.05/0.01 PPA sublayer is constantly higher (from 10.64 to 13.00 nm). The constantly
higher thickness of the A-uPA skin layers indicates the PPA sublayer contributes to the overall
thickness. Nevertheless, in both of the A-uPA and uPA membranes, the nanofilms have
thicknesses of ca. one magnitude lower than those reported for conventional PA layers (i.e., a

few hundreds of nanometers [13, 44, 45]).

11
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Table 1. the surface roughness (R) and thickness (6) of uPA membranes and A-uPA
membranes

Top layer MPD concentration (%)
Parameter 0.02 0.05 0.1

uPA A-UPA uPA A-UPA uPA A-UPA
R? 5.50 6.47 8.96 11.90 9.47 12.10
o 8.21 10.64 10.50 11.02 12.30  13.00

& The concentration ratio of MPD/TMC was kept constantly at 5:1
bThe thickness, J, is defined by the height difference between the two prominent peaks on the
height histogram.

MPD/TMC
=0.02/0.004

=0.05/0.01

MPD/TMC
=0.02/0.004

MPD/TMC MPD/TMC

=0.05/0.01

MPD/TMC
=0.1/0.02

MPD/TMC
=0.1/0.02

A-uPA

Figure 2. FESEM images of the uPA membranes (the left column) and A-uPA membranes (the

right column). uPA membranes were fabricated without the PPA sublayer. A-uPA membranes

12
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were fabricated with a PPA sublayer (PIP/TMC = 0.05/0.01). The inserted FESEM image is

the corresponding cross-sectional FESEM images to the surface FESEM images.

Thickne Thickne
MPD:TMC = £
=0.02:0.004 ﬁ . *_E
HLigh( (:m) l]c;ghl (nr:)
Thickness = 8.21 nm Thickness = 10.64 nm
MPD:TMC = 5
=0.05:0.01 = 3
Heuighl (n:n:) H:ighl (n:n)
Thickness = 10.50 nm Thickness = 11.02 nm
”!L; .i 80.0 nm
MPD:TMC £ £
=0.1:0.02 £ £
-10.0 nm
Height sensor

1.0 um

1.0um

0 n o x
Height  (nm) Height  (nm)

Thickness = 12.30 nm Thickness = 13.00 nm
uPA A-uPA
without sublayer with sublayer

Figure 3. AFM images of the uPA and A-uPA nanofilms isolated on the silicon surface ( the
left panel shows uPA nanofilms and the right panel shows A-uPA nanofilms
(PIP/TMC=0.05/0.01). The diagram to the left of each AFM image is the corresponding height

histogram. The color scales for all graphs have been unified.
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Table 2. Elemental compositions of the A-uPA selective layer (0.05/001@0.05/0.01) measured
by XPS

The XPS results of Atom percent (%)

the top and rear surfaces O1s N 1s C1ls O/N

Bottom surface 14.68 11.42 73.90 1.28

Top surface 16.70 11.07 72.23 151

To examine the crosslinking degree of the PA network in the A-uPA membrane, the elemental
composition of the A-uPA selective layer (0.05/001@0.05/0.01) was characterized by XPS.
The results are summarized in Table 2. In theory, for both MPD/TMC and PIP/TMC chemistry,
the fully-crosslinked and linearly-crosslinked polyamide network shows an O/N ratio of 1 and
2 respectively [44]. As shown in Table 2 - XPS results suggest that the top and bottom surface
of the isolated asymmetrical nanofilm in A-uPA membrane has an O/N ratio of 1.51 and 1.28
respectively, which value is within the range for typical MPD/TMC based RO membranes and
PIP/TMC based NF membranes [43, 46, 47]. Note that the XPS penetrates ~ 10 nm for organic
samples at a take-off angle of 90°. Therefore, these values reflect the average values of the
penetration depth of XPS. As the take-off angle decreases (for ARXPS), the O/N ratio of the
top surface showed an increasing trend (Table S1). This phenomenon indicates that the cross-
linking degree of the top MPD/TMC layer might be heterogeneous. For example, the O/N ratio
of the A-uPA membrane (3.88) even exceeded 2.0 at the take-off angle of 30°, suggesting the
presence of abundant oxygen-containing groups on the top surface, which is likely resulted

from the hydrolysis of uncrosslinked acyl chloride [48-50]. In conclusion, the XPS results

14
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suggest that the sublayer of PIP/TMC and the top layer of MPD/TMC are successfully formed
with a typical cross-linking degree. However, the crosslinking degree of the densest part in the

A-uPA nanofilm may be biased by the hydrolysis of TMC at the superficial surface.

3.2. The desalination performance of uPA and A-uPA membranes

3.2.1. The impact of sublayer on the membrane performance

100 100.0%

Without Sublayer:
: I.’urs.‘ water flux NaCl Rejection| | 90.0%

With Sublayer:
Pure water flux NaCl Rejection

RO+

T

- 80.0%

J(Lm ’h I)
NaCl Rejection

&
T

:: 0.0%

(1] 30.0%

Top Layer:  MPD:0.05 % MPD:0.1 % MPD:0.2 %

Membrane

Figure 4. The comparison of the desalination performance for the uPA and A-uPA membranes.
The sublayers for all membranes were fabricated with PIP/TMC = 0.05/0.01; The top layers
for all membranes were fabricated with a fixed concentration ratio of MPD:TMC = 5:1, while

the MPD concentration varies. Testing conditions: 2.0 MPa, 2000 ppm NaCl solution.

The desalination performance of the uPA and A-uPA membranes are compared in Figure 4. The
A-UuPA membranes were fabricated with the same MPD/TMC top layer with the reference uPA

membrane, while their sublayers were fabricated with PIP/TMC = 0.05/0.01. For all 3 MPD

15
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concentrations examined, the water flux of the A-uPA membrane increased ~ 2 to 2.5 folds
compared with the uPA membrane. Simultaneously, the NaCl rejection of the A-uPA membrane
was constantly higher than that of the uPA membrane. For example, the pure water flux for the
0.05/0.01@0.05/0.01 A-uPA membrane was 65.35 L m? h', which was approximately 2 folds
of that (33.76 L m? h') of the uPA membrane. Meanwhile, its NaCl rejection (95.18 %) was
higher than the reference (90.73%). The detailed data on membrane performance is listed in
Table 3. While the enhancement of salt rejection may be explained by the better compatibility
due to the addition of a loose sublayer between the porous UF substrate membrane and the
ultrathin PA nanofilm [30], the increment in the water permeability suggests that water
molecules encounter less resistance while diffusing through the A-uPA layer. Although not a
primary topic to discuss in this study, it should be noted that the salt rejections of both uPA and

A-uPA membranes could be further enhanced by tuning the IP time of the MPD/TMC top layer.

Table 3. The comparison of desalination performance between the uPA and A-uPA membranes

MPD conc. A Rejection®
Sublayer®
(WIV %)? (L-m*htbart) (%)
Without 1.690 90.73%
0.05
With 3.271 95.19%
Without 1.351 96.11%
0.1
With 2.855 97.30%
0.2 Without 1.162 96.67%

16
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301

302

303

With 2.600 96.70%

@ MPD:TMC ratio was kept constantly at 5 for the top layer fabrication.
b The sublayer was fabricated with PIP/TMC = 0.05/0.01.
¢ Testing conditions: 2.0 MPa, 2000 ppm NaCl solution.

3.2.2. The impact of the sublayer recipe on the A-uPA membrane performance

a) b)
10 3 100.0% 160 n T - o 9 1000%
j 140
120
n - 90.0% -
Pure water flux (PIP:TMC) 120 - - - 4 90.0%
100 2:1 5:1 10:1 ) Pure water flux
~- Salt Rejection - 80.0% _':‘ 100 - Salt Rejection =
£ w0 NaCl Na,SO, g A NaCl Na;80, 2
a = E gl +800% 2
= - - -
| - 70.0% ’:_',_“ = r ’ E
) -
= 60 = 60
#£60.0%
40 10 L 4 20.0%
wl 4 200% 20 |-
0 10.0%
0 - 10.0% PIP (%): 0 0.02 0.05 0.1 0.5 1
PIP : 0.05 % PIP : 0.1 % TMC (%) : 0 0.004 0.01 0.02 0.1 0.2

Membrane Membrane

Figure 5. (a) NaCl and Na>SO4 salt rejection and pure water flux for A-uPA membranes with
the sublayers fabricated by different PIP:TMC (2, 5, or 10). (b) NaCl and Na>SO4 salt rejection
and corresponding water flux for A-uPA membrane with varied sublayer recipe (0/0; 0.02/0.004;
0.05/0.01; 0.1/0.02; 0.5/0.1; 1/0.2). The top layers for these membranes were fabricated with

MPD/TMC = 0.05/0.01. The dotted lines serve as a guide to eye.

To further explore the impact of the sublayer recipe on the A-uPA performance, the PIP:TMC
ratio was first tuned while the top layer MPD/TMC recipe was kept constant. As shown in
Figure 5, at examined PIP concentrations (0.05 % and 0.1 %), the flux of A-uPA membranes
steadily increased as the TMC concentration increased (i.e., decrease of PIP:TMC ratio). In

theory, due to the lower diffusion rate of amine molecules in the organic phase, the amine

17
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concentration in aqueous phase should be significantly greater than the TMC concentration
organic solution to provide for an optimized reaction stoichiometry [51, 52]. Therefore, as the
PIP:TMC ratio decreases, there lacks a proper amount of PIP to produce an as dense PPA
network. This theory explains very well the increase in the A-uPA membrane’s permeability
while TMC concentration increased. Interestingly, the A-uPA membrane series fabricated with
high PIP concentration (e.g., 0.1%) generally had higher flux than the corresponding membrane
fabricated with low PIP concentration (e.g., 0.05 %). As the higher PIP/TMC concentration
tends to form a thicker PPA sublayer [19, 47], one would expect the thicker PPA sublayer
resulting in greater resistance. Interestingly, the permeability of the resultant A-uPA membrane
increased instead. This phenomenon inspired us to further tune the recipe of the PPA sublayer
by adjusting the concentration of the PIP/TMC. The PIP:TMC ratio of 5:1 was chosen in
subsequent experiments, as this ratio was able to achieve good NaCl rejection both at 0.05%

and 0.1% PIP concentrations.

A series of PIP concentrations in the range of 0.02% to 1% (PIP:TMC = 5) were applied to
fabricate the A-uPA membrane. As shown in Figure 5b, the flux of the A-uPA membrane kept
increasing to 117.55 L m h™* when the PIP concentration was 0.5 %, and then subsequently
decreased as the PIP concentration further increased. This is likely caused by the overgrowth
of the PPA sublayer at elevated PIP/TMC concentration, therefore the increased hydraulic
resistance overrules the incurred benefit from the asymmetrical structure. Meanwhile, the

Na>SOj4 rejection kept increasing to 99.47% at 1% PIP concentration, which can be explained
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340

by the enhanced rejection of divalent ions by the PPA sublayer. Interestingly, the maximum
NaCl rejection rate appears at a much lower PIP concentration of 0.05 %. At the higher PIP
concentrations, the NaCl rejection decreased steadily. The opposite trend of Na,SO4 and NaCl
rejection suggests that while the thicker PPA sublayer fabricated at high PIP/TMC
concentration (beyond PIP/TMC=0.05/0.01) promotes the resultant A-uPA’s rejection to
NazS0s, it instead lowers the A-uPA’s rejection to NaCl. This phenomenon indicates a less
intact PAtop layer is formed at a higher PIP/TMC concentration. Possible explanations for this
can be (a) highly rough surface (as observed in Figure S2, larger globules appeared at higher
PIP/TMC conc.) is not beneficial to the formation of an integral ultrathin top layer; or (b) a
thicker PPA layer cause more resistance for MPD diffusion into the organic phase, hence
insufficient MPD resulted in less intact PA top layer. Hence, we infer that only a moderately
thick sublayer could be beneficial to achieve enhanced permeability while maintaining high
NaCl rejection. Besides, to design a proper asymmetrical PA membrane, the sublayer roughness

and thickness should be carefully managed to prevent defect formation in the top layer.

3.2.3. The impact of the top layer recipe on the A-uPA membrane performance
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Figure 6. NaCl and Na>SO4 salt rejection and corresponding water flux for A-uPA fabricated
with different MPD/TMC concentration in top layer (0.01/0.002, 0.02/0.004, 0.05/0.01,

0.1/0.02, 0.2/0.04). The PPA sublayer was PIP/TMC = 0.05/0.01.

The permeability and selectivity of the A-uPA membrane could be further tuned by altering the
recipe of the top layer. As shown in Figure 6, the NaCl rejection of the A-uPA membrane could
be further improved to 97.30 % by increasing the MPD concentration to 0.1 %. At the same
time, the permeability showed a decreasing trend, demonstrating a typical trade-off relationship
with the NaCl rejection [4, 27]. Note that this trend corresponds to the increase of the
asymmetrical A-uPA layer thickness (Figure 3). In other words, the increment in the top layer

thickness increases the NaCl selectivity although it does not benefit the permeability.

3.3 The structure of the selective layers of A-uPA membrane

3.3.1 The QCMD study of the evolution of A-uPA asymmetrical structure

@) (b) -

(
(
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Figure 7. QCMD characterization of the evolution process of the selective layers in (a) uPA

layer formed with 0.1/0.02 MPD/TMC chemistry; and (b) A-uPA layer formed with a 0.05/0.01
20
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PIP/TMC sublayer and a 0.1/0.02 MPD/TMC top layer.

The QCMD study was performed to study the formation process of the PA layer in the uPA
membrane and A-uPA membrane respectively. As shown in Figure 7a, the PA layer in the uPA
membrane grew instantaneously upon TMC addition and the thickness gradually increased to
10 nm over the time frame of ca. 120 seconds. The rapidity of the reaction between MPD and
TMC has been reported in our previous study [19]. In this work, the final nanofilm formed was
ca. 10 nm, which agrees very well with the measurement from the AFM characterization. On
the other hand, as shown in Figure 7b, the formation of the A-uPA membrane can be clearly
divided into two stages. In stage I, when TMC was added, the sublayer deposited at least an
order of magnitude slower than the PA top layer formation (between MPD and TMC), which
is probably resulted from the much lower reactivity between PIP/TMC [10]. In stage I, the
formation of the top layer went through a similar process with the uPA membrane,
demonstrating the successful formation of the top layer. The QCMD characterization provides
clear evidence that the A-uPA is composed of a two-layered structure: a sublayer formed by the
PIP-TMC chemistry and a top layer formed by the MPD-TMC chemistry. Furthermore, the
QCMD result shows that the deposited mass in the top layer is much bigger than the sublayer,
which can be explained by the much slower reaction rate between PIP and TMC [30]. Therefore,
assuming the density of the MPD/TMC and PIP/TMC are similar (i.e., ca. 1 g/cm®), the

MPD/TMC top layer formed should be significantly thicker than the PIP/TMC sublayer.
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3.3.2 The DBES study of the A-uPA selective layer
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Figure 8. (a) the S parameter as a function of positron energy for uPA and A-uPA membranes
(positron energy 0.1 ~ 1.4 keV); (b) the S parameter as a function of positron energy (positron
energy 0.15 ~ 5 keV); the W-S plot in the (c) uPA and (d) A-uPA membranes. In this figure, the

uPA membrane was 0.05/001. The A-uPA membrane was 0.05/0.01@0.05/0.01.

To study the free volume in the A-uPA membrane, the DBES experiment was further conducted.
The DBES of A-uPA and uPA membranes are compared in Figure 8. The value of S parameters
is generally related to the free volume in the PA layer [53]. Specifically, The larger S value
reflects the lager free volume in polyamide layers [14, 54]. The Kkinetic energy corresponding

to the PA nanofilm can be calculated by equation 1 to be around 0.5 KeV, considering the PA
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nanofilms of both membranes are ~ 11 nm. As shown in Figures 8a and 8b, the S parameter
range of the PA nanofilm region (within the region marked in blue) of uPA and A-uPA
membrane was ~ 0.500-0.504 and ~ 0.495-0.500, respectively. Hence, within the region of the
PA nanofilm, the S parameter of the A-uPA membrane was constantly lower than the uPA
membrane, which suggests the former has a denser polyamide layer than the latter. This
phenomenon can be explained by the formation of a denser top layer in the A-uPA membrane
considering the hydrophilic sublayer enhances the absorption of MPD molecules, resulting in
a more concentrated MPD solution at the interface [16, 30]. Generally, PA membranes with a
looser polyamide structure can favor the increase of water flux at the expense of salt rejection.
Interestingly, both of the salt rejection and the pure water flux of A-uPA membranes is higher
than uPA membranes as a sub-layer was introduced. In fact, the concurrently increased water
flux and salt rejection confirm a key idea in this research that the water permeability of the PA
nanofilms can be optimized by designing an asymmetrical polyamide structure without

deteriorating the selectivity of the polyamide nanofilm.

On the other hand, the W parameter indicates the types of chemical elements or free volume
[31, 55, 56]. What’s more, the slope of the W-S relationship curve has been generally adopted
as a fingerprint of a specific free volume type [31, 57]. Figures 8c and 8d show the W-S plot
for the uPA membrane and the A-uPA membrane surface respectively. Within the S parameter
range according to the polyamide nanofilm region, the W-S plot of the uPA membrane (Figure

8c) shows only one fitted line, which suggests only one type of free volume exists in the PA
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nanofilm of the uPA membrane. By contrast, the W-S plot of the A-uPA membrane shows two
fitted lines with different slopes which suggests two types of free volume exist in the polyamide
layer of the A-uPA membrane (Figure 8d). The analysis indicates that the A-uPA nanofilms are
composed of two distinctive free volumes. Therefore, the DBES analysis is in good agreement
with the QCMD study that the asymmetrical structure of the PA nanofilm of the A-uPA

membrane comprises of the top and bottom sublayers.

3.3.3 Discussions on the mechanism for permeance enhancement in the A-uPA membranes
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Figure 9. The permeance-selectivity trade-off relationship for the developed uPA, A-uPA, and
the BW30 membrane (reference). uPA and A-uPA refer to the membranes fabricated without
and with PPA sublayer respectively (as shown in Figure 4). A-uPA (PA conc.) refer to the A-
uUPA membranes fabricated using varied PA top layer concentration (Figure 6). A-uPA(PPA
conc.) and A-uPA(PPA ratio) refer to the A-uPA membranes fabricated using PPA interlayer
varied by the PIP:TMC ratio (Figure 5a) or concentration (Figure 5b), respectively.
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Table 4. The performance comparison between a typical A-uPA membrane and the BW30
membrane.

Membrane types A NaCl Rejection A/B
(L-m2-ht-bar?) (%) (bar?)

A-UPA? 2.86+0.10 97.30+0.18 1.94

BW30P 3.02+£0.08 97.15+0.45 1.84

BW30° 25+0.16 95.00 £ 0.50 1.97

8The recipe for the A-uPA membrane was 0.05/0.1@0.1/0.02.

The BW30 membrane was tested in this study with a hydraulic pressure of 2.0 MPa and a
CFV of ~8 cm/s.

¢ The BW30 membrane was tested in the previous study [19] with a hydraulic pressure of 1.0
MPa and a CFV of ~ 20 cm/s.

The permeance (A) and selectivity (A/B) values of the uPA and A-uPA membranes developed
in this study are plotted in Figure 9. It is clearly shown that the permeance-selectivity trade-off
line has been upshifted toward the more favorable position after the incorporation of the PPA
interlayer (the blue dotted line). Therefore, this supports the core concept of this work: adopting
the asymmetrical structure can enhance the permeance of the A-uPA membrane without
compromising selectivity. The optimized A-uPA membrane (0.05/0.01@0.1/0.02) achieved
slightly better selectivity (A/B) and slightly lower permeance than the BW30 membrane (Table
4). Unlike the rich nanostructures (i.e., nodules and leaves) required for the high permeance of
the BW30 membrane [2, 10, 43], the asymmetrical structure of the PA nanofilm in A-uPA

represents a new approach for fabrication of high permeance TFC membranes.
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Figure 10. (a) the illustration of A-uPA chemical structure based on membrane characterization.
(b) the diagram of the water flow in uPA (left) and A-uPA (right). The plain blue arrows
represent the water flow through a loose region. The blue arrows with glowing red represent

the water flow through a dense region with higher hydraulic resistance.

According to the previous characterization results, the A-uPA chemical structure can be
illustrated in Figure 10a. The top layer consists of MPD/TMC and the sublayer consists of
PIP/TMC network respectively. As the residual acyl functionalities from the sublayer can
continue to react with the amine molecules in the second amine solution [2], this reaction
provides for chemical linkages between these two sublayers. In this way, the top layer and

sublayer are chemically linked and to form an integral A-uPA selective layer. As shown in
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Figure S1, the performance of the membranes with only the PPA sublayers indicates the
sublayers have very high permeability. For example, when the sublayer formed by the
concentration pairs of PIP/TMC = 0.05/0.01, the pure water flux was 529.88 L m h%, which
corresponds to an A value of ~ 26.5 L m? h™ barl. Note this A value is ca. 8 folds of the A
value of the A-uPA membrane, this suggest that the contribution of the PIP/TMC sublayer to
the hydraulic resistance is minor (i.e., ~ 1/8), while the contribution of the MPD/TMC top layer
to the hydraulic resistance is major. Simultaneously, the NaCl rejection of the PPA layer is
significantly lower than the A-uPA membrane. Considering the much higher water permeance

and much lower NaCl rejection of the PPA layer, it is properly addressed as the loose layer.

Although the attempt to isolate the PIP/TMC layer failed in this study (likely due to its ultrathin
nature, the ultrathin layer disintegrated during the dissolution), the mass contribution
(estimated from QCMD study) and resistance contribution (from flux measurement) of the PPA
layer was ca. 20% and 13%, respectively. The low resistance of the PPA layer is in favor of the
permeability increase, however, it hardly explains why the permeability would increase 2 folds.
Alternatively, this significant increase may be explained by the “gutter layer” effect that has
been similarly employed to decrease interface resistance in gas separation membranes [28, 58].
As shown in Figure 6b, when the dense MPD/TMC layer is in direct contact with the PSF
substrate, water molecules need to diffuse transversely to get to nano-sized pores on the
substrate. The surface porosities of the traditional PSF membranes developed by phase

inversion method are typically low (i.e., <10 %) [2]. In this case, the PSF substrate has a surface
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pore density of 343 counts/pum? and the most distributed pore sizes between 6 to 13 nm (Figure
S3). This translates into a surface porosity between 1.2% and 5.7%. In such circumstance, the
average length of a water molecule need to travel to exit from a pore on PSF substrate
membrane is much more than the thickness of the PA layer due to the transverse movement
(Figure 10b) [29], therefore creating extra resistance within the dense PA top layer. By contrast,
when the bottom section of uPA layer is replaced by the PPA sublayer with higher permeability
(and much looser structure than the PA layer), the whole hydraulic resistance of selective layer
will be directly reduced, as the water molecules diffuse through the dense PA layer to the looser
PPA layer which acts as a low-resistance gutter layer to favor molecular transport [28, 58-61].
On the other hand, the PPA gutter layer may prevent the infiltration or growth of dense PA layer
into the pore channels of the PSF support during the second stage IP reaction, thus giving rise

to the lower PA thickness [30, 47, 62].

4. Conclusion

In this study, we have successfully designed and developed an ultrathin polyamide nanofilm
with an asymmetrical structure in geometry (i.e., comprising of a dense top layer and loose
sublayer) as the selective layer of a PA-based reverse osmosis membrane. Compared with the
uPA membrane with a conventional symmetrical structure, the A-uPA allows the pure water
flux to increase 2 ~ 2.5 folds while gaining higher salt rejection compared with the uPA
membrane. Further, this approach allows for the optimization of the sublayer and top layer of

the PA nanofilm separately to tune for better water flux and salt rejection. The asymmetrical
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design of PA nanofilm helps to reduce the diffusion resistance induced by the transverse
diffusion of water molecules to reach the low-density nanosized pores in PSF support. This is
because the mean depth the water molecules need to penetrate within the dense part to reach a
looser part in the PA nanofilm is shortened (i.e., the “gutter” layer effect). This study
demonstrates for the first time the asymmetric geometry within the polyamide nanofilm can
lead to concurrent enhancement of water flux and salt rejection. This provides for a new path
for the improved design of conventional desalination membranes. Future work should reveal
more specifically how the properties of the interalyer (such as hydrophilicity, porosity,
thickness, surface roughness, residual TMC etc) affect the formation and performance of the

top layer.
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714  Figure S3. Pore size and density analysis of PSF substrate membrane: (a) The SEM image of
715  the PSF substrate surface. (b) The pore size distribution on the PSF substrate membrane. Pores
716  are counted in the imageJ software.
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718  Table S1 The result of ARXPS for the A-PA membrane

The detective angle of ARXPS of Atom percentage (%)
O 1s N 1s C1ls O/N

the top surface ( Relative Depth )

18.25 11.95 69.80 1.53

60° ( 7.1 nm)
22.59 12.76 64.65 1.77
50° (8.9nm)
23.93 6.16 69.91 3.88
30°(5nm )
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