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Experimental section
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Fig. S1. Schematic illustration of the free-standing ULPA nanofilms prepared at a free aqueous-
organic interface. a) PAN substrates were fixed on the mesh and pre-sank on the bottom of
aqueous solution containing GQDs and PIP, then addition of the n-heptane containing TMC using
a pipette. b) Instantaneous formation of ULPA nanofilms at the free aqueous-organic interface. c)
PAN substrates were picked-up by a mesh and ULPA nanofilms were deposited and adhered on
them to form composite membranes. d) Rinsing composite membranes with excess n-heptane. e)
ULPA nanofilms adhered weakly onto PAN substrates f) The composite membranes underwent
thermal treatment at 60 °C for 10 min and ULPA nanofilms adhered tightly onto PAN substrates.

g) ULPA nanofilms were floated off the PAN substrates onto water surface.



Table S1. Preparation conditions of different free-standing ULPA nanofilms.

Nanofilm  PIP (gL') TMC(gL') GQDs(gL") Status t(s)*
PA 0.125 0.100 0.000 -- 60
ULPA-1 0.125 0.100 0.025 GQDs 60
ULPA-2 0.125 0.100 0.050 GQDs 60
ULPA-3 0.125 0.100 0.075 GQDs 60
ULPA-4 0.125 0.100 0.100 GQDs 60
ULPA-5 0.125 0.100 0.050 LGQDs-17 60
ULPA-6 0.125 0.100 0.050 LGQDs-45 60
ULPA-7 0.125 0.100 0.050 LGQDs-110 60
ULPA-8 0.125 0.100 0.050 RGQDs-0.61 60
ULPA-9 0.125 0.100 0.050 RGQDs-0.60 60
ULPA-10 0.125 0.100 0.050 RGQDs-0.58 60

* Interface polymerization time.
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Fig. S2. Chemical structure and schematic diagram of GQDs with different physical size and O/C
ratio. The data is obtained from Fig. la to 1d in the text and Fig. S4 to S7 in supporting

information.
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Fig. S3. Fluorescence photograph of pure water and 0.100 g L-! GQDs aqueous solution under 365

nm ultraviolet irradiation.
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Fig. S4. TEM images of LGQDs. The inset in every image is the size distribution statistics chart.

The average sizes of LGQDs in a), b) and d) are 17 nm,45 nm and 110 nm, respectively.
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Fig. S5. Size distribution of LGQDs, which were measured by a nanoparticle size analyzer.
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Fig. S6. XPS spectra and the corresponding elemental composition of RGQDs.
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Fig. S7. High-resolution XPS Cls spectra of RGQDs.
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Fig. S8. The influence of GQDs on PIP diffusion. Compared with relatively rapid free diffusion of

PIP, when GQDs were added to the aqueous phase, they interacted with PIP through chemical

affinity and steric hindrance, resulting in a restricted diffusion.
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Fig. S9. 2D DOSY NMR spectrum of water and PIP in GQD solution. a) in D,0O; b) in 0.050
g L' GQD solution; ¢) in 0.100 g L' GQD solution. The diffusion coefficients of PIP in a, b,and ¢
are 6.57x10°, 6.39x10° and 6.26x10° cm? s°!, respectively, which shows a decrease trend with
increasing GQD concentration.

Sample measurement and data analysis: GQDs and PIP were dispersed in D,O and the
concentration of PIP and GQDs was the same as those for nanofilm fabrication. Then, the mixture
solution was transferred directly into NMR tubes for measuring the diffusion coefficients of PIP
using 2D DOSY NMR. The DOSY spectrum was recorded on a Bruker Avance III 600
spectrometer (Switzerland). All measurements were performed at 25 °C. The diffusion coefficient
of PIP can be calculated from 2D DOSY NMR spectrum. The values of diffusion coefficients
were considered by taking centroid of the peak in the DOSY spectrum. Taking Fig. S9b as an
example, the centroid of the peak is 101 m?/s, which is equal to 6.39x10-'° m?/s. Thereafter, by

unit conversion, we can obtain the diffusion coefficient of ULPA-2 as 6.39x10° cm?/s.
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Fig. S10. AFM height images, profiles and topography images of the free-standing ULPA
nanofilms transferred onto silicon wafers. a) PA nanofilm; b) ULPA-1 nanofilm; c) ULPA-3
nanofilm; d) ULPA-4 nanofilm. A scratch was made to expose the silicon wafer surface for the

measurement of ULPA nanofilm thickness.
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Fig. S11. AFM height images and profiles of the free-standing ULPA nanofilms transferred onto

silicon wafers. a) ULPA-5 nanofilm; b) ULPA-6 nanofilm; ¢) ULPA-7 nanofilm.
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Fig. S12. AFM height images and profiles of the free-standing ULPA nanofilms transferred onto

silicon wafers. a) ULPA-8 nanofilm; b) ULPA-9 nanofilm; ¢) ULPA-10 nanofilm.



Fig. S13. Cross-sectional TEM images of the PA and the ULPA-2 nanofilms on PAN substrates.



Fig. S14. SEM image of the ULPA-2 nanofilm transferred onto silicon wafer. The ULPA-2
nanofilm was smooth and defect-free. No damage was found after transferring from free aqueous-

organic interface onto silicon wafer.



Fig. S15. Fluorescent photograph of the PA and the ULPA-2 composite membranes under 365 nm

ultraviolet irradiation irradiation.
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Fig. S16. Correlating one-third power of diffusivity and nanofilm thickness.
We have correlated the one-third power of PIP diffusivity (D) and nanofilm

thickness (J). The results showed the same trend as those from the Freger equation

and R? reached 0.9986, revealing a desirable linear relationship.



Free-standing ULPA nanofilm

PAN substrate

Fig. S17. a) Simple vacuum device, b) The free-standing ULPA nanofilm was drawn under
vacuum from the water surface c¢) Flipped ULPA nanofilm.

In order to flip the free-standing ULPA nanofilms, we made a simple vacuum
device using funnel and rubber pipette bulb. The vacuum condition was provided by
the rubber pipette bulb. Then, the free-standing ULPA nanofilms were drawn under
vacuum from the water surface and flipped. The rear surfaces of the ULPA nanofilms
were thus facing up. Thereafter, we could use analytical instruments to confirm their

chemical structure of rear surfaces.
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Fig. S18. FTIR spectra of the free-standing ULPA nanofilms. The appearance of peak at 1708

cm™! means the formation of carbonyl group (O=C) of ester bonds.



[=2]
o

53.7° 52.6°

[3)]
o

N
o

Water contact angle (°)
8 8

-
o

A PP PR PR pAA

Fig. S19. Water contact angle of the ULPA composite membranes.



Table S2. The elemental compositions and crosslinking degrees (D, %) of front and rear surfaces

of the PA and the ULPA-2 nanofilm.

Nanofilm C (%) 0 (%) N (%) O/N*a D (%)*®
PA front 772 11.9 10.9 1.09 87.1
PA rear 78.1 11.4 10.5 1.09 87.1

ULPA-2 front 76.9 12.2 10.9 1.12 83.0
ULPA-2 rear 79.2 11.7 9.1 1.29 62.0

2 Element overall atomic ratio obtained directly.

b The crosslinking degree (D, %) is calculated based on the O/N* ratio using eqn S1

and S2.
O 3mt4n
~ = 1
N 3m+2n (ST)
m
D= x100% (52)
m+n

where m and n are the crosslinked and linear proportion of the polyamide nanofilms,

respectively.!



Fig. S20. SEM images of PAN substrate (a) and ULPA-2 composite membranes (b). The free-

standing ULPA-2 nanofilm was transferred onto PAN substrate to cover its visible pores.
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Fig. S21. Schematic illustration of the cross-flow filtration apparatus (a) and section diagram of

membrane cell (b).
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Fig. S22. Separation performance of the polyamide composite membranes prepared in different

reaction time. The polyamide nanofilms were prepared from 0.125g L' PIP and 0.100 g L' TMC

at free aqueous-organic interface in different reaction time.
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Fig. S23. Separation performance of the ULPA composite membranes prepared with different PIP
concentrations. The ULPA nanofilms were prepared from 0.100 g L-! TMC and 0.050 g L' GQDs

at free aqueous-organic interface for 60 s with different PIP concentrations.
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Fig. S24. Separation performance of the ULPA composite membranes prepared with different
TMC concentrations. The ULPA nanofilms were prepared from 0.125 g L-! PIP and 0.050 g L-!

GQDs at free aqueous-organic interface for 60 s with different TMC concentrations.



Table S3. Spherical neutral solutes with various molecular weights were selected for rejection

tests.

Spherical Molecular Molecular Stokes radius Rejection (%)
solutes structure weight (Da) (nm)? PA ULPA-2
Isobutanol )\,OH 74 0.279 16.6£3.0 16.2+2.8
Glucose Her (o 180 0.358 69.2+2.0 58.4+2.0
Sucrose o on 342 0.462 91.2+1.5 86.1+2.5
Raffinose " 6 N 504 0.584 93.5£2.0 93.0£3.0

H(ﬁz)\ﬁg%;%oﬂ

B-cyclodextrin J%): ¢ 1134 0.742 94.7£3.0 93.3+2.0

The MWCO of ULPA composite membranes was determined by the rejection of

90% for spherical neutral solutes including isobutanol, glucose, sucrose, raffinose and

B-cyclodextrin. The operating conditions were 100 ppm feed solution and stabilization

for 0.5 h under 2.0 bar. The rejection of solutes was calculated based on the eqn 4 in

the text, where the concentrations of the permeate and feed solution were detected by

a total organic carbon (TOC) analyzer (Leichi, HTY-CT1000A, China). The mean

pore size of composite membranes equals the Stokes radius of the spherical solute

with a 50% rejection. The pore size distribution, expressed as a probability density

function, is deduced by the following eqn S3:

dR(r,)

1

p

= ex
dr rplncp 27 P

|

] (Inr,-Inp. ) ?
2(Inc, )

(83)



where p is the mean pore size and is calculated by correlating the Stokes radius of
spherical solutes, o, is equal to the ratio of the solute radius at R =84.13% to

R =50.00%, and T is the Stokes radius of the spherical solute.3*



Table S4. Pure water permeance of the ULPA composite membranes and ultrathin polyamide

composite membranes.

Pure water permeance

Nanofilm (L m?h bar) Increment
Type thickness Nanofilm ‘ Composite membrar'les (L m2 h! bar)
(nm) ULPA Ultrathm ULPA Ultrathm
polyamide polyamide
PA 18.3 12.8 12.8 12.4 12.4 0
ULPA-1 13.2 - 17.7 17.8 17.0 0.8
ULPA-2 10.5 - 22.3 32.1 21.1 11.0
ULPA-3 8.3 - 28.2 46.0 26.3 19.7
ULPA-4 5.5 - 42.3 65.8 38.2 27.6

Note: the pure water permeance of PAN substrate was 400 L m= h-! bar!.

A simple resistances-in-series model was applied to describe water transport
through the thin-film composite membranes consisting a polyamide nanofilm on a
substrate.> The permeance of composite membranes, P composite membraness Should follow
eqn S4. The permeance of polyamide nanofilms and substances, P anofim and P gupstances

also can be described by eqn S5, and S6, respectively.

1

composite membranes = +R (S4)
substance nanofilm

1
Pnanoﬁlm - (SS)

nanofilm

1
Psubstance S (86)

substance
where Rinofm 18 the resistance of polyamide nanofilms, and Rgyypstance 18 the resistance
of substances.
By substituting resistances of the polyamide nanofilms and the substances from eqn
S4 and S6 into eqn S5, the permeance of polyamide nanofilms, Puofim, can be

obtained as:

P =
nanofilm 1 B 1 (S7)
P

composite membranes P

substance

where Pomposite membranes aNd Pgupsance €an be obtained in the experiment.



In the text, the permeance of PA composite membranes and PAN substance were
12.4 and 400 L m2 h'! bar!, respectively. According to eqn S7, the permeance of PA

nanofilm (Pp,) can be calculated as:

_ 1 o e
P, ] 1 1 ] 12.8 L m™~h™ bar (S8)

P 12.4 400

substance

composite membranes

As the usual assumption is that the permeance is inversely proportional to thickness,
the pure water permeance of ultrathin polyamide nanofilm is obtained by the scaling
of the permeance and thickness of PA nanofilm. Then, the resistance of a series of
ultrathin polyamide nanofilms with corresponding thickness can be calculated from
eqn S5 by the correlated permeance. The resistance of PAN substance can be
calculated from eqn S6 by measuring the substance permeance as 400 L m2 h'! bar!.
Finally, by substituting resistances of the nanofilm and the PAN substance from eqn
S5 and S6 into eqn S4, the pure water permeance of ultrathin polyamide composite

membranes can be obtained, as shown in Table S4.
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Fig. S25. Separation performance of the ULPA composite membranes prepared by LGQDs.

ULPA-2) GQDs; ULPA-5) LGQDs-17; ULPA-6) LGQDs-45; ULPA-7) LGQDs-110.
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Fig. S26. Separation performance of the ULPA composite membranes prepared by RGQDs.

ULPA-2) GQDs; ULPA-8) RGQDs-0.61; ULPA-9) RGQDs-0.60; ULPA-10) RGQDs-0.58.
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Fig. S27. Variation of pure water permeance of the ULPA composite membranes versus the
nanofilm thickness. As expected, the ever-thinner ULPA nanofilms were achieved as increasing
concentration, size or O/C ratio of GQDs. However, unlike increasing the concentration and O/C
ratio of GQDs to reduce the thickness to elevate the permeance, increasing the size of GQDs

makes the nanofilm thinner but actually decrease the permeance.
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Fig. S28. Water molecules transport through ULPA nanofilms with GQDs (a) and large-diameter
GQDs (b). The large-diameter GQDs result in a more tortuous travel path for water molecules

than small ones.



Table S5. Water permeance and salt rejection of the ULPA composite membranes.

Na,S0, MgSO, MgCl, NaCl
Pure water
Membrane Water Water Water Water
permeance Rejection Rejection Rejection Rejection
permeance permeance permeance permeance
0, 0, o, 0,
(L m?h'bar') (L m?h? bar?) (%) (L m? h' bar™) %) (L m? h' bar™) (%) (L m? h' bar) (%)
PA 12.4£2.0 9.8+1.5 99.4+0.2 10+2.0 98.8+0.3 9.9+1.8 83.7+1.0 11.6+2.0 21.7+2.0
ULPA-1 17.8£3.0 15.1+£2.5 99.5+0.1 15.5+2.8 99.5+0.2 16.2+2.8 79.0+1.5 16.2+2.5 17.7£1.5
ULPA-2 32.1£3.0 25.4+4.0 99.6+0.2 27.4+4.0 99.5+0.2 30.4£3.0 64.2+2.0 30.4+4.5 17.7£2.0
ULPA-3 46.0+3.0 37.4£3.5 98.5+0.5 38.2+2.5 95.6+1.0 44.8+2.5 39.1+0.8 45.4+3.5 17.1£2.0

ULPA-4 65.8+3.0 43.0£3.0 93.7+1.2 51.6+3.5 87.7£1.5 61.2+3.5 35.5+2.0 64.1£3.5 12.1£1.6




Table S6. Performance comparison of various membranes in CI/SO4* selectivity.

Pure water

Rejection (%) CI/SO4
Membrane permeance selectivity, Testing conditions Ref.
(L-m2-h!-bar?) Na,SO4 NaCl S
TS-1I 26.04 99.6 49.6 126.0 2000 ppm, 4.8 bar, cross-flow 6
PA/PD/ZIF-8/SWCNTs 53.5 95 11 17.8 1000 ppm, 4.0 bar, cross-flow 7
PA/PD/SWCNTs 32 95.9 23 18.8 1000 ppm, 6.0 bar, cross-flow 8
PA/SWCNTs 40 96.5 13.4 24.7 1000 ppm, 6.0 bar, cross-flow 9
NCM 25.1 99.1 27.5 80.6 1500 ppm, 4.0 bar, cross-flow 10
ZNGTFNMs 10.63 97.8 31.6 31.1 1000 ppm, 6.0 bar, cross-flow 11
PIP/Sericin-TMC NF2 16.4 97.3 32 25.2 500 ppm, 5.0 bar, cross-flow 12
TFC2.0.5 14.5 97 27.7 24.1 1000 ppm, 4.0 bar, cross-flow 13
TFN-mZIF2 14.9 93 11.5 12.6 1000 ppm, 4.0 bar, cross-flow 14
PA-PPTA/PSf 8 8.52 99.1 63.6 40.44 1000 ppm, 5.0 bar, cross-flow 15
NFM-3 5.6 98.8 35 54.17 1000 ppm, 4.0 bar, cross-flow 16
M,.c 13.6 94.2 23 13.3 500 ppm, 2.0 bar, cross-flow 17
THPC-5 50.5 98.4 23.2 48.0 1000 ppm, 6.0 bar, cross-flow 18
TFC-PA (SARIP) 17.1 99.6 27 128.5 1000 ppm, 4.0 bar, cross-flow 4
PA 12.4 99.4 21.7 130.5 1000 ppm, 2.0 bar, cross-flow
ULPA-1 17.8 99.5 17.7 164.6 1000 ppm, 2.0 bar, cross-flow
ULPA-2 32.1 99.6 17.7 205.8 1000 ppm, 2.0 bar, cross-flow  Tpig
ULPA-8 28.6 99.3 26.8 104.6 1000 ppm, 2.0 bar, cross-flow ~ Work
ULPA-9 27.6 99.2 26 92.5 1000 ppm, 2.0 bar, cross-flow
ULPA-10 23.1 99.3 26 105.7 1000 ppm, 2.0 bar, cross-flow




Table S7. Separation performance of the ULPA composite membranes for mixed feed containing

500 ppm NaCl and 500 ppm Na,SOy,.

C1/SO4*

Sample Cl- (mg L") SO4# (mg L) R (CI) R (SO4*) selectivity, S

Feed 319.8 360.0 -- -- --
PA 285.7 1.2 10.66 99.67 270.7
ULPA-1 290.1 0.8 9.29 99.78 412.3
Permeate ULPA-2  293.8 0.5 8.13 99.86 656.2
ULPA-3 299.7 4.5 6.29 98.75 75.0

ULPA-4  319.7 13.7 0.03 96.19 26.2




Solution-diffusion model
The transport of water and salt through polyamide nanofilms can be described by the
solution-diffusion model.! The water flux across nanofilm is calculated by the

following eqn S9:
J,=A(Ap-Ar) (59)
where J is the water flux (L m?h'), A (L m?h'! bar!),Ap (bar) and An (bar) are

the water permeability constant, the applied hydrostatic pressure and the osmotic
pressure difference across the nanofilm, respectively. Like the water flux, the salt flux

through nanofilm is given by the following eqn S10:

J-BAc, (S10)
where J_ is the salt flux (mg m h'!), B is the salt permeability constant (m h'), and

Ac, is the salt concentration difference (Ac,=c,-c,). Ac, and An have the

following relationship:
An=Ac RT (S11)

The constant A is related to water permeability as following:
P, M

A=——= (S12)
L RT

where P, is the water permeability (cm? s'), M (g mol'), L (cm), R (83.1 cm?-bar

mol!-K-1) and T (K) are the molecular weight of water, the thickness of nanofilm, the
gas constant and the absolute temperature, respectively. The salt permeability is

defined as following eqn S13:
P

B== S13
; (S13)

where P, is the salt permeability (cm? s!). According to the solution-diffusion

S

mechanism, the water-salt selectivity, o is defined as the ratio of water

w/s

permeability to salt permeability:

Oy =—= (S14)



The selectivity is a material property describing the ability of a nanofilm to separation
water and salts. The trade-off and upper-bound relationship between the water

permeability and water-salt selectivity is:

P, A
?:(P—)ﬁ (S15)

where ) and B are empirical fitting parameters. For the permselectivity trade-off
relationship of the nanofilms,A=0.37x107 cm* s and B=2 .For the upper-bound

relationship, A=1.4x10” cm?* s and B=2.6
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Fig. S29. The separation performance of the ULPA-2 composite membranes at 1000 ppm Na,SOy,

in pressure cycling experiment.



‘TA30

[ 9

© h—-l——-l——-l——-l——-. 4100

.Q ~

< 25r ™ |—— =

= \ S

o \ —«+— Permeance {80 ‘E

g20r \ —=— Rejection o

2 | X °

815} _J\ 1% o)
\

§ AN 40 =

£10 - S e | 8

5 s 5

o N 2

« St N 120 <

o .

®

= ol ' —10

69099 QQQQ’LQQQQQ 00099 00099 QQQQQ‘“
Salt Concentration
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