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Thin-film composite polyamide (TFC PA) membranes hold promise for energy-
efficient liquid separation, but achieving high permeance and precise separa-

tion membrane via a facile approach that is compatible with present manu-
facturing line remains a great challenge. Herein, we demonstrate the use of

lignin alkali (LA) derived from waste of paper pulp as an aqueous phase additive
to regulate interfacial polymerization (IP) process for achieving high perfor-
mance nanofiltration (NF) membrane. Various characterizations and molecular
dynamics simulations revealed that LA can promote the diffusion and partition
of aqueous phase monomer piperazine (PIP) molecules into organic phase and
their uniform dispersion on substrate, accelerating the IP reaction and pro-
moting greater interfacial instabilities, thus endowing formation of TFC NF
membrane with an ultrathin, highly cross-linked, and crumpled PA layer. The
optimal membrane exhibited a remarkable water permeance of 26.0 L m? h?!
bar® and CI/SO,* selectivity of 191.0, which is superior to the state-of-the-art PA
NF membranes. This study provides a cost-effective scalable strategy for fab-
ricating ultra-selective and highly permeable NF membrane for precise ion-ion

separation and small organic compounds removal.

Thin-film composite polyamide (TFC PA) nanofiltration (NF) mem-
brane has demonstrated profound potential in supplying clean water
from unconventional sources such as wastewater, seawater and
brackish water, due to its prominent solute-water and solute-solute
selectivity'>. Generally, PA NF membrane is fabricated by interfacial
polymerization (IP) upon a porous substrate, where the amine
monomers in an aqueous phase diffuse into an organic solvent phase
and polymerize with acyl chloride monomers at the aqueous-organic
interface’ . However, in a conventional IP process, the distribution
and diffusion of monomers are uncontrollable, resulting in an unde-
sired PA layer that lacks precise selective capability and high water
permeance’”®. In addition, enhancing the performance of PA NF
membranes often encounters a trade-off problem: improving

selectivity and water permeance simultaneously proves challenging,
ascribing to the intrinsic properties of PA layer. Typically, increase in
selectivity requires a PA layer with higher degree of cross-linking,
which in turn increases water transport resistance and thereby reduces
water permeance. Therefore, understanding the mechanism of IP
process and effectively regulating IP reaction are critical for breaking
the trade-off phenomenon for promoting PA NF membrane perfor-
mance to address the increasingly growing water scarcity issues.
Generally, the porous support used in IP process contains ran-
domly distributed pores on the surface and it has week interaction with
amine monomers, leading to the discontinuous and non-uniform dis-
tribution and limited storage of amine monomers on substrate. This
results in the formation of a thick PA layer with wide pore size
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distribution. In addition, recent studies have emphasized that con-
trolling stoichiometric equilibrium or diffusion kinetics of reaction
monomers is important to achieve high performance PA NF
membranes’'®. Therefore, great efforts have been made to regulate IP
process for improving the perm-selectivity of NF membranes in the
past decade, including free-standing membrane fabrication", build-
ing interlayer on substrate™ or involving nanomaterials additives in
aqueous solution’®, etc. These approaches either improve the uniform
dispersion of amine monomers, or regulate their diffusion rates for
fabricating thinner, defect-free, and/or crumpled PA layer. Despite the
performance improvement by above approaches, the weak mechan-
ical strength of free-standing PA layer makes it impossible for actual
application, and redundantly modification steps of involving interlayer
or nanomaterials are difficult to be compatible with existing manu-
facturing line and cause additional carbon footprint. Undoubtedly,
seeking a simple method to achieve simultaneously uniform distribu-
tion of amine monomers and regulating IP reaction rate is of great
significance to develop high performance NF membrane.

Herein, we report a facile and highly practical method using
renewable lignin alkali (LA) as an aqueous solution additive to regulate
IP reaction to achieve ultra-selective and highly permeable NF mem-
brane. Lignin, produced by plant cells in the plant growth process, can
bind cells together and enhance the mechanical strength of plant cells
and tissues'”'. Inspired from lignification during plant growth process,
we expect that the water soluble LA molecules can be homogeneously
adsorbed onto polysulfone substrate surface due to hydrophobic-
hydrophobic interaction and m-mt stacking®, while also providing
abundant hydrophilic functional groups (-OH, -OCHj3, -SH) for inter-
acting with piperazine (PIP) molecules through electrostatic or
hydrogen bonding. Moreover, since LA molecules have both hydro-
phobic benzene ring and hydrophilic functional groups, they may
affect the interfacial tension of aqueous-organic interface as surfac-
tants do. These two aspects can improve the uniform distribution of
PIP molecules on the substrate surface, and increase the diffusion rate
of PIP across the aqueous-organic interface and its partition in organic
phase, contributing to the formation of an ultrathin, highly cross-linked
and crumpled PA separation layer. The optimized membrane shows a
remarkable pure water permeance of 26.0 Lm2h™bar™ and ClI//SO,*
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selectivity of 191.0, which is superior to the state-of-the-art PA NF
membranes reported both in literature and in market. The mechanisms
of LA regulation are also studied in detail through experiments, a series
of advanced characterizations, molecular dynamics (MD) simulations,
and Density Functional Theory (DFT) calculations. The addition of LA in
aqueous phase solution is compatible with the present industrial pro-
duction line, which offers a simple and facile approach for IP process
regulation. Furthermore, abundant LA is readily available from alkaline
paper pulp waste without additional cost. Our work provides a cost-
effective scalable approach for fabricating robust TFC membranes
such as NF, reverse osmosis, and forward osmosis.

Results

Fabrication and characterization of LA regulated TFC
membranes

The performance of TFC NF membrane is mainly determined by the
thickness and nanoscale homogeneity of PA layer, which can be tuned
during IP process. Through controlling the initial dispersion state of
amine monomers and their diffusion behaviors from aqueous phase to
organic phase can significantly regulate the formation and character-
istics of PA nanofilm. Herein, we introduced LA as an additive into PIP
aqueous solution in order to regulate PIP distribution and its reaction
with trimesoyl chloride (TMC) for fabricating a robust NF membrane
with ultrathin, highly cross-linked and crumpled PA layer, which is
defined as LA-TFC (Fig. 1). For comparison, a conventional IP process
was employed to prepare the control TFC (C-TFC) membrane using PIP
solution without LA.

As observed by scanning electron microscopy (SEM) and atomic
force microscopy (AFM) (Fig. 2 and Supplementary Fig. 1), the C-TFC
and LA-TFC membranes exhibited obviously different surface
morphologies. The C-TFC membrane presented a smooth and con-
ventional nano-nodular PA structure, while the LA-TFC membrane had
a crumpled structure. It has been reported that the crumpled structure
can increase the water collection area thus efficiently improving the
membrane permeability**>”. As shown in Supplementary Fig. 1, the area
of crumpled structure increased with LA concentration increasing, and
the wrinkles distributed the most uniformly when LA concentration
was 0.75wt%. The root-mean-square roughness (RMS) results reveal
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Fig. 1| Membrane fabrication process. Schematic illustration of fabrication process of lignin alkali-thin film composite (LA-TFC) membrane.
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Fig. 2 | Morphologies and physicochemical properties of different TFC mem-
branes. a, d SEM and b, e AFM images of surface morphologies of control-thin film
composite (C-TFC) and lignin alkali-thin film composite (LA-TFC) membranes,
respectively. ¢, f TEM images of cross-section morphologies of C-TFC and LA-TFC
membranes, respectively. g ATR-FTIR spectra of polysulfone (PSF) and TFC
membranes. h XPS survey scan spectra of TFC membranes. i MWCO of TFC

membranes. Inserts in (b, ) are height profiles of the corresponding PA nanofilms,
inserts in (h) are degree of network cross-linking (DNC) and water contact angles
(WCAs) of C-TFC and LA-TFC membranes, and inserts in (i) are pore size dis-
tributions of C-TFC and LA-TFC membranes, respectively. The concentration of LA
for LA-TFC membrane preparation was 0.75 wt%.

that the LA-TFC membrane with crumpled PA structure had rougher
surface than that of C-TFC membrane. The average height of wrinkles
was ~78 nm, which was significantly higher than those nano-nodules
(-17nm) (Fig. 2b and e). Transmission electron microscopy (TEM)
measurements were further performed to investigate the thickness
and internal structures of different PA layers. Compared with C-TFC
membrane, the LA-TFC membrane presented a thinner PA layer, and
abundant voids were observed between the crumpled PA nanofilm and
polysulfone (PSF) substrate, indicating that the crumpled structures
are hollow inside (Fig. 2f). The above results demonstrate that the
addition of LA in aqueous phase solution can regulate the reaction of
PIP and TMC at the aqueous-organic interface during IP process, with
the resulting thinner and crumpled PA layer achieving greatly
enhanced water permeability (see the Section on “Separation perfor-
mance of LA-TFC membranes”).

The surface functional groups of TFC membranes were measured
using Fourier transform infrared spectrometer with attenuated total
reflectance mode (ATR-FTIR). Both C-TFC and LA-TFC membranes have
new peaks at 1440 cm™ and 1625 cm™ (Fig. 2g) in comparison with PSF
substrate, corresponding to O-H bending vibration and C=0 stretching
vibration of amide I, which are the typical peaks of PA nanofilm. Addi-
tionally, a broad peak at 3200-3600cm™ is ascribed to the O-H
stretching vibration of carboxyl groups” The surface elemental

compositions of TFC membranes were investigated using X-ray photo-
electron spectrometer (XPS) (Fig. 2h and Supplementary Table 1).
Compared with PSF substrate, the sulfur contents of both TFC mem-
branes decreased while the nitrogen contents increased due to the
formation of PA nanofilms. Moreover, the LA-TFC membrane possessed
denser PA layer with a higher degree of network cross-linking (DNC)
(85.5%) than that of C-TFC membrane (67.5%) calculated based on the O/
N ratios”. The molecular weight cut-off (MWCO) of TFC membranes was
determined by measuring the rejections of a series of neutral organic
solutes (i.e., raffinose, sucrose, glucose, and glycerol) (Fig. 2i). Compared
with C-TFC membrane, the LA-TFC membrane had a smaller MWCO (227
Da vs 281 Da) and a narrower pore size distribution, and meanwhile, the
mean pore radius of LA-TFC membrane was also smaller than that of
C-TFC membrane (0.307 nm vs 0.321 nm) due to its higher DNC, which
is more appropriate for high selective separation applications.

In order to further investigate the chemical states of membrane
surface compositions, high-resolution C 1s, N 1s, and O 1s XPS spectra
were employed (Supplementary Fig. 2 and Supplementary Table 2).
The C 1s spectra are divided into three peaks including 284.6 eV (ali-
phatic/aromatic C-H or C-C bonds), 286.0 eV (C-N), and 288 eV (amide
0O-C=N and carboxyl O-C=0 groups). The N 1s spectra include two
peaks at 399.5eV and 401.7 eV, corresponding to N-C=0 and R-N-H,
respectively. The O 1s spectra can be divided into two components at
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530.6 eV (0=C-N) and 532.6 eV (O-C=0)*. As observed from Supple-
mentary Table 2, both the ratios of unreacted amine and carboxyl
groups on LA-TFC membrane (1.8% and 9.4%) were lower than those on
C-TFC membrane (4.3% and 13.4%), implying that there existed more
amide bonds in PA nanofilm of LA-TFC membrane due to its higher
DNC. Furthermore, the concentrations of carboxyl groups on these
two membrane surfaces were also determined using a cationic dye
(toluidine blue O, 270 g/mol) adsorption-desorption technique (Sup-
plementary Fig. 3). The results demonstrate that the amount of car-
boxyl groups on LA-TFC membrane surface was less than that on
C-TFC membrane. This is consistent with the higher DNC of LA-TFC
membrane. The surface wettability of TFC membranes was also
investigated. The water contact angles (WCAs) of LA-TFC and C-TFC
membranes were 18.2° and 30.0°, respectively (the insert in Fig. 2h).
Despite that the LA-TFC membrane had lower content of hydrophilic
carboxyl groups, it exhibited better wettability, possibly ascribing to
its increased surface roughness (Supplementary Fig. 1).

Regulating mechanisms of LA on the PA nanofilm formation
The formation of PA nanofilm is considered to be a diffusion-reaction
process including two steps. First, PIP molecules diffuse from aqueous
phase to organic phase and react with TMC to form the incipient PA
layer. Then, the following PIP molecules diffuse slowly across the
incipient PA layer to form the final denser PA nanofilm?**. The surface
morphology of PA nanofilm is believed to be closely associated with
the interfacial instability’*®. In general, increased amine monomer
supply and enhanced reaction conditions could result in surfaces with
greater roughness.

In this study, LA molecules containing both hydrophobic and
hydrophilic moieties that suggest surfactant-like behavior, can be easily
gathered at the aqueous-organic interface (Fig. 3a and Supplementary
Fig. 4b), causing a sharp decrease in the interfacial tension (Supple-
mentary Fig. 5). The reduced interfacial tension can decrease the energy
barrier of PIP diffusion from aqueous phase to organic phase as evi-
denced by MD simulation (5.54 kJ/mol with presence of LA while7.03 kJ/
mol without LA, Fig. 3b), which can facilitate the diffusion of PIP across
the aqueous-organic interface (Supplementary Fig. 6). Furthermore, the
partition coefficient of PIP in hexane and aqueous phases was also
increased (Fig. 3c). These would enhance the effective supply of PIP
monomers into organic phase and promote the reaction rate of PIP with
TMC (Fig. 3d and Supplementary Fig. 7), thus resulting in greater
interfacial instabilities and promoting the formation of thinner and
denser PA layer with crumpled structure?~*', We also compared the LA
impacts on the morphologies with other surfactants such as sodium
dodecyl sulfonate (SDS) and cetyltrimethyl ammonium bromide
(CTAB). We found that crumpled structure only appeared when SDS
with a lower concentration (0.25 critical micelle concentration (CMC))
was involved, and the addition of CTAB cannot form a crumpled
structure under various concentrations (Supplementary Fig. 8). This
result shows that LA has a greater advantage in increasing the water
permeance by significantly increasing the membrane permeation area.
Furthermore, the PIP diffusion in the aqueous phase bulk solution
stored in the membrane pores might be limited by LA as proved by
nuclear magnetic resonance (NMR) measurement (Supplementary
Fig. 9) and MD simulation (mean square displacement (MSD) result in
Supplementary Fig. 10 and PIP diffusion coefficient result in Fig. 3e),
which might also contribute to the formation of thinner PA layer™.

In addition, LA could improve the uniform distribution of PIP
monomers on substrate. Since the LA molecules have hydrophobic
benzene ring and hydrophilic functional groups such as phenolic
hydroxyl, methoxy ether, and alcohol hydroxyl, they can be uniformly
adsorbed onto the PSF substrate surface as evidenced by the observa-
tion of distinct and uniformly dispersed brown areas on LA adsorbed
substrate (Fig. 3f). Similarly, PIP can be evenly dispersed on the sub-
strate surface through attractive forces between PIP and hydrophilic

functional groups of LA as proved by XPS analyses (Supplementary
Table 4). The results of the radial distribution function (RDF) analysis
from MD simulation show that the PIP molecule is more inclined to be in
close proximity to the oxygen-containing functional groups of LA
molecule (Supplementary Fig. 11b). This could be attributed to the fact
that the secondary amine functional groups of PIP readily form hydro-
gen bonds with these groups in a water environment, resulting in a
stronger attractive effect. The higher binding energy between LA and
PIP compared to PSF and PIP indicates a greater affinity of LA for PIP
molecules (Supplementary Fig. 11c, d). The LA promoting the uniform
distribution of PIP molecules on the substrate surface is conducive to
the formation of PA layer with more uniform pore size.

Furthermore, since LA molecules contain phenolic hydroxyl
groups, we also investigated whether LA participated in IP reaction,
because previous reports have indicated that polyphenols can react
with TMC to fabricate polyester NF membranes®?*. Typically, the
preparation of polyester membranes involves extended IP reaction
time to ensure membrane integrity. Remarkably, even with a brief IP
reaction time of 10 s, the crumpled structure can be observed (Sup-
plementary Fig. 12). Additionally, the membrane achieved a Na,SO,
rejection rate of 98.0%, whereas the polyester membranes usually
exhibit much lower salt rejection rates, around 10-20%>°¢. The smaller
and more reactive PIP can over-compete the bulky and less reactive LA
to diffuse into the organic phase and react with TMC. DFT calculations
also show that the reaction energy barrier between the acyl chloride
and secondary amine groups in PIP (16.47 kcal/mol) is much smaller
than that between the acyl chloride and phenolic hydroxyl groups of
LA (28.8 kcal/mol) (Fig. 3h, i), indicating that PIP will preferentially
react with TMC when its amount is sufficient. In addition, the ATR-FTIR
results show that there was no stretch vibration peak of ester group
C=0 at 1740 cm™ in both C-TFC and LA-TFC membranes (Supple-
mentary Fig. 13) and the surface SEM image of LA alone reacting with
TMC (LA-TMC) membrane revealed no significant difference with that
of PSF substrate (Supplementary Fig. 14), indicating that LA alone did
not effectively react with TMC.

In summary, despite the reduced PIP diffusion in the aqueous phase
bulk solution, LA can decrease the energy barrier of PIP diffusion from
aqueous phase to organic phase, increase the partition of PIP in organic
phase and promote more amount of PIP uniformly absorbed onto por-
ous substrate. These combined effects would enhance the effective
supply of PIP monomers into the organic phase, consequently accel-
erating IP reaction and promoting greater interfacial instabilities to
facilitate the formation of a denser PA layer with more crumpled
surface”, as illustrated in the Fig. 3g. Moreover, ascribing to the higher
amount of PIP participating into initial IP process when LA existing, the
formation of denser incipient PA layer would further retard subsequent
diffusion of PIP, thus endowing LA-TFC membrane with thinner PA
nanofilm. Through the above regulation mechanisms, the resultant LA-
TFC membrane has ultrathin, highly cross-linked, and crumpled PA layer.

Separation performance of LA-TFC membranes

The effects of LA concentration on the separation performances of LA-
TFC membranes were systematically investigated, and the results are
shown in Fig. 4. All LA-TFC membranes exhibited higher pure water
permeance (PWP) in comparison with C-TFC membrane. The PWP of
LA-TFC membranes increased with an increment in LA concentration
from 0.00 to 0.75 wt%. However, when the LA concentration was fur-
ther increased to 1.00 wt%, a slight reduction in PWP was observed.
Notably, the LAy,s-TFC membrane exhibited the highest PWP of
26.0 Lm2h™bar™, which surpassed that of C-TFC membrane by a fac-
tor of 3.6-fold magnification. Usually, smaller MWCO and narrow pore
size distribution might result in higher water transport resistance.
However, in our study, although the MWCO of LA-TFC membrane is
smaller than that of C-TFC membrane (Fig. 2), the LA-TFC membrane
still has ultrahigh PWP due to its thinner and crumple PA nanofilm with

Nature Communications | (2025)16:371


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55595-y

a 04 ——PIP only T .
—PIPwithLA = | Organic
=S ! phase
1 1 .
E -5.54 keal/mol 1 T Water-oil
vy ] (- - — - — .
S 4 \ interface
-4 | 1 e
> ] = Aqueous
L‘? 6 v PIP — e e qh
- - a
s -7.03 kcal/mol phase
5 -0 05 00 05 1.0 15
Distance (nm)
C ~— & o ~
"')o E d 2 e ‘e 1x10°
— - 1.00 o]
g 5 <\ CJPIP only 5 g e E Bx10¢ 82 x10° cm? !
) 1 I PIP with LA = = PIP only < o 5.82x 10 cm’ s
= g T Plied 3 ) < x10°4 — — _ |
s E £ 2
51 T = S 095 S o 3.46 x 10 cm? 5!
£ 3 B 3 2 © 2 4x10
g &) =
g / E s PIP with LA §
> I = [ .
= 2 * 2 9 Organic phase = e ..
£ g g 00 7O P £ 2x10° PIP diffusion in
S 2 & : .
€1 1= = 1. — Aqueous phase é aqueous solution by
2 = g = MD simulation
2. g g =
& o 0a S 085 & 1x10°
[ Partition coefficient  Partitioned amount = z 0 20 40 60 80 100 120 A PIP only PIP with LA
Time (s) Different aqueous solutions
f g . PIP molecule TMC molecule /,’ ST . I Final PA layer
‘ \
2.90% =c | \
1.76% = ! ]
12.39% =s Y PRl
R \
o / Ll o v]{, N
82.95% S . o q‘ -
1 1 .
oy e e -: o‘.
Surface element composition . ® =
. C-TFC
PSF substrate with PIP only
LA layer

=cC
mo
=N
[==h

2.41%
3.73%

15.26%

78.60%

Surface element comvposition

Incipient PA layer

’
’
[
i

SR
\
\
\
.

-

PSF substrate with both PIP and LA LA-TFC
by,
h . i i s
= 30 ebas ¥ = 30 %% %
£ %ot & 4.2 g . She
— 1 ‘.. ’ ° 7 4 o \ °
3 20 s Sy ° R R - I
= g 99 0 ] oo 9% / »
= ‘00 ° =3 o e \ '
> ¢ 4 \ % s N / 3,9,
g 10 J— - & 10 S o
b} 7AG=16.47 keal/mol \  ©4°9°% . , 3 “AG=28.80 keal/mol @ %’ oo
E 0 / [ \ 'J““‘:: s 0 / 3 \ T
3 ’ %o o - == — Y A
'E o, , —_ 0 2%, E e 5 i 5l N .:‘-u‘ jf
% -10 o R o \ 3%, = 10 &) 4 ",, 3, — P9 .
4 05959 ,0 e ‘g, E ,”’ 29 o N
A b4 R — & 1‘“‘“ o3, P
PIP-TMC LA-TMC

Fig. 3 | The mechanisms of lignin alkali (LA) in fabrication of thin film com-
posite (TFC) membranes. a The snapshot of the water-hexane interface of
piperazine (PIP) solution with LA after 10 ns molecular dynamics (MD) simulation
(Supplementary Fig. 4). b The free energy (AG) of PIP versus the z coordinates
perpendicular to the water-hexane interface (right image is the schematic illus-
tration of pulling the PIP from the aqueous phase to the organic phase). ¢ The
partition coefficient of PIP in organic and aqueous phases and PIP partitioned
amount in hexane (the partition coefficient of PIP was calculated by Eq. (8), and PIP
partitioned amount was determined by UV spectrophotometer characterization).
d The normalized concentration of trimesoyl chloride (TMC) in hexane over

concentration of TMC i

only and with both PIP

amide (PA) layer. h and
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reaction time during the interfacial polymerization (IP) process (the initial

s 0.05wt%). e The diffusion rate of PIP in aqueous phase

bulk solution by MD simulation (the insert represents the simulation box). f Surface
element compositions and optical photos of polysulfone (PSF) substrates with PIP

and LA adsorption. g Schematic diagrams of formation of

control-TFC (C-TFC) and LA-TFC membranes with different morphological poly-

i Free energy variations for the reactions between acyl
and amine group of PIP/phenolic hydroxyl group of LA,

respectively (the alkyl chain in LA molecule was deleted in order to let structure
convergence during the calculation process). Error bars represent standard
deviation of three independent measurements.
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deviation of three independent measurements.

more effective filtration area. As observed by SEM, all LA-TFC mem-
branes possessed a crumpled structure; furthermore, when the LA
concentration was 0.75wt%, these wrinkles were more abundant and
uniformly distributed throughout the membrane surface (Supplemen-
tary Fig. 1). In contrast, when the LA concentration increased to
1.00 wt%, a stacked PA layer became apparently, which subsequently
impeded water molecules transport and reduced water permeance. To
gain a deeper comprehension of the impact of crumpled structure on
the water permeance of LA-TFC membrane, the relationship between
crumpled area percentage and water permeance enhancement factor
was delved. Intriguingly, a linear correlation emerged between the
water permeance enhancement factor and the ratio of crumpled area
when utilizing LA with concentration below 0.75wt% (Fig. 4b and
Supplementary Information Fig. 15). This finding is consistent with the
recent critical reviews on crumpled membrane that such structures can
increase the effective water-transport area, which effectively increase
the water permeance”*. Tang and co-workers further modeled the
effect of nanovoid contained in the crumpled structures on water
permeance, revealing that the void containing membrane can poten-
tially offer 1-2 orders of magnitude enhancement in permeance due to
simultaneously increased filtration surface area and optimized trans-
port pathways®. This demonstrates that an increasing proportion of
well-distributed crumpled PA layer proves advantageous for enhancing
membrane permeance. However, further increase in LA concentration
to 1.00wt% caused a reduction in the enhancement factor (Fig. 4b),
possibly due to the extensive folding of the rejection layer (Supple-
mentary Fig. le).

Figure 4c reveals that all the LA regulated TFC membranes
exhibited higher salts rejections than those of C-TFC membrane
ascribing to their denser PA layer with higher DNC (Supplementary
Table 3). The MWCO measurement also proved this point. As shown in
Supplementary Fig. 16, all the LA-TFC membranes had a smaller MWCO
(~230 Da vs 282 Da) and narrower pore size distribution in comparison

with C-TFC membrane. For a typical PA NF membrane, the Donnan
exclusion and sieving exclusion usually play crucial roles in the ion
rejection. However, in this study, the streaming potential measure-
ments (Supplementary Fig. 17a) show that the surface negative charge
intensities of all LA-TFC membranes were weaker than that of C-TFC
membrane under neutral pH condition. As above discussed, the LA
molecules did not participate in IP reaction, thus the less negative
charge intensities of LA-TFC membranes were attributed to the less
carboxyl groups on their surface caused by the higher DNC of the PA
layer (Supplementary Fig. 17b and Supplementary Table 3). Therefore,
the increased salts rejections of LA-TFC membranes were mainly
attributed to the highly cross-linked PA layer regulated by LA. Espe-
cially, when LA concentration was 0.75 wt%, the LAg 7s-TFC membrane
showed the highest Na,SO4 rejection of 99.6%, while the C-TFC
membrane presented a Na,SO, rejection of 98.0%. Considering the
PWP and salts rejections comprehensively, the optimal amount of LA
was chosen at 0.75 wt%, thus the corresponding LA 75-TFC membrane
was used in the following experiments.

In general, the salt rejection will decrease to a great degree when
treating saline solution with higher salt concentration or operating
under high pressure due to the intensified concentration polarization
and shielding effect. In this study, the robustness of LA-TFC membrane
under high saline condition or high operation pressure was also
investigated. As shown in Fig. 4d, the LAg;5-TFC membrane still
maintained more than 99.2% Na,SO, rejection at higher salt con-
centration, and similarly, it also showed stable Na,SO, rejections under
different operation pressures (Supplementary Fig. 18). To further
assess its ion-ion selective ability, a simulated saline solution contain-
ing 2000 mg L™ Na,SO, and 4000 mg L™ NaCl was employed as feed*°.
The results demonstrate that the LAgs-TFC membrane exhibited a
prominent Cl7/SO,* selectivity factor (a=191.0), surpassing those of
C-TFC (a=33.7) and commercial NF270 membranes (a = 28.1) (Fig. 4e).
Moreover, the LAg;s-TFC membrane presented excellent long-term
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Supplementary Table 5, and the water/Na,SO, selectivity was calculated by
Eq. (10)). ¢ Schematic illustration of water permeance enhancement of LA-TFC
membrane. d Optical photograph of the fabricated large size LAy 75-TFC mem-
brane. e Separation performances of membrane coupons selected from
different positions of large size LA 75-TFC membrane corresponding to Supple-
mentary Fig. 21.

separation stability during 100 h operation (Fig. 4f), and its surface
remained intact after long-term operation as revealed by XPS and ATR-
FTIR characterizations (Supplementary Fig. 19). Since LA can be
available from alkaline paper pulp waste, we further investigated the
possible use of real alkaline pulp wastewater as an additive of aqueous
phase solution to fabricate TFC membrane. We obtained a black liquor
primarily composed of LA from an alkaline pulping mill (Qingshan
Paper Industry, Fu Jian, China) and used it as an additive in aqueous
phase solution. The resultant NF membrane was denoted as BLA-TFC.
The results show that the PWP of the BLA-TFC membrane reached
21.5Lm?h™bar?, which is almost three times that of C-TFC mem-
brane. It also presented a high Na,SO, rejection rate of 99.2% and a
remarkable Cl/SO,* selectivity of 105 (Supplementary Fig. 20), which
are superior to those of C-TFC and commercial NF270 membranes.
Our study suggests the promising of LA or LA containing wastewater
for fabricating TFC membranes for water softening, brine refining and
other similar practical applications.

Furthermore, the PWP as well as selectivities of water/Na,SO, and
NaCl/Na,SO, of LAg 75-TFC membrane were compared with the state-
of-the-art PA NF membranes reported in literature (Fig. 5a, b and
Supplementary Table 5). Notably, the LA ;5-TFC membrane possessed
a higher Na,SO, rejection and NaCl/Na,SO, selectivity (191.0) without
compromising water permeance. Its separation performance sur-
passed the upper-bound of most state-of-the-art PA NF membranes
due to its ultrathin, highly cross-linked, and crumpled PA nanofilm
(Fig. 5¢). As above discussed, the ultrathin and crumpled PA nanofilm
can decrease the water transport resistance and create more effective
area for water collecting®***, thus endowing the LA-TFC membrane
with higher PWP. Moreover, the highly cross-linked PA nanofilm
exhibited a narrower pore size distribution, thus enhancing the

selectivity of LA-TFC membrane. Although there are many PA NF
membranes with high-performance are fabricated by adding
nanoadditives*®*?, or pre-conditioning of polymer/nanomaterial
interlayers'*, the unavoidable problems such as agglomerated
nanomaterials, extra carbon footprint, and lengthy operation steps
hinder their commercialization. In contrast, the additive LA used in this
work is abundant available from alkaline paper pulp waste, which will
not create additional carbon footprint in membrane fabrication pro-
cess, and the addition of LA in aqueous phase solution is compatible
with the current manufacture line, easy to achieve commercialization.
In addition, considering that the practical application involves
larger membrane area, we fabricated a large size LA 75-TFC membrane
with dimensions of 65 cm x 25 cm to evaluate its actual production
potential (Fig. 5d). Then, we selected eight membrane coupons from
different positions (Supplementary Fig. 21) for separation perfor-
mance test to assess its homogeneity. Encouragingly, these membrane
coupons exhibited similar PWP (-26.3Lm?2h™bar™?) and Na,SO,
rejection (-99.3%) (Fig. 5e). The uniformity observed across various
regions of this LAy ;s-TFC membrane suggests that it can be reliably
employed for large-scale industrial applications without concerning
about inconsistent performance or localized defects. This finding
further supports the viability and potential widespread application of
LA-regulated PA NF membrane for efficient filtration processes.

Discussion

We have proposed a simple and efficient approach that involves
aqueous phase additive LA to regulate the distribution/diffusion
rate of PIP and reaction rate of IP process for creating a robust NF
membrane with an ultrathin, highly cross-linked, and crumpled PA
separation layer. The as-developed NF membrane exhibited a high
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pure water permeance of 26.0 L m2h™ bar™ with excellent Na,SO,
rejection of 99.6% and Cl/SO4* selectivity of 191.0, which was
superior to the state-of-the-art TFC NF membranes reported in lit-
erature and in market. We also reveal that the percentage of
crumpled structure on PA nanofilm has a strong relation to the
water permeance enhancement, which can provide a refer to the
further exploration and design of crumpled PA nanofilms. In addi-
tion, the additive LA used in this work is a resource from paper pulp
waste, which will not create additional carbon footprint in mem-
brane fabrication process. Moreover, the addition of LA in aqueous
phase solution is compatible with the present industrial production
line, and no additional steps are required during TFC membrane
manufacturing. Furthermore, the abundant functional groups on LA
molecule confer it a great potential to form composite materials,
which can be used to develop membranes with special functions.
For example, a kind of hydrogel fabricated based on LA-Ag nano-
composite possesses a long-term good cell affinity and high anti-
bacterial property*, which provides a possibility to the next
generation environment-friendly antibacterial NF membrane
fabrication.

Methods

Materials and chemical reagents

Materials and chemical reagents can be found in Supplement Experi-
mental Methods 1.1.

Fabrication of different TFC membranes

The C-TFC membrane was fabricated by IP reaction in situ on a PSF UF
substrate using an aqueous solution of 0.50 wt% PIP (pH 11.60) and a
hexane solution of 0.15wt% TMC. The PSF substrate was first fixed
onto a customized plastic frame to make sure only the top surface was
exposed to the solution. Then, 20 mL PIP solution was poured onto the
substrate for 3 min. After PIP solution was drained out, an air knife was
used to further remove the residue solution on the surface. Subse-
quently, the substrate was contacted with 20 mL TMC solution for
1min followed by hexane rinsing for 5s to remove unreacted TMC.
Finally, the resulting C-TFC membrane was cured in an oven at 60 °C
for 10 min to promote the cross-linking of PA network and then stored
in DI water at 4 °C for further experiments.

The fabrication process of LA-TFC membrane was similar to that
of C-TFC membrane as described above, except that a certain amount
of LA (0.25, 0.50, 0.75, or 1.00 wt%) was added into the PIP solution.
The pH values of the LA containing aqueous solutions were in the
range of 11.56-11.41, which were similar with the control group without
LA. The resulting membranes were denoted as LA,-TFC membranes,
where n represents the LA concentration. In order to explore the
potential use of real alkaline pulp mill wastewater as an additive in
aqueous solution for fabricating TFC NF membrane, a black liquor
primarily containing LA was collected from an alkaline pulping mill
(Qingshan Paper Industry, Fujian, China). The fabrication process was
also similar with that of C-TFC membrane, and the resultant NF
membrane was denoted as BLA-TFC. Prior to IP reaction, the black
liquor was diluted 20 times to maintain the LA concentration the same
as that used for fabricating LAg;s-TFC membrane and added into
0.5 wt% PIP solution, and then the pH value of the aqueous solution
was adjusted to 11.46 that similar with the LA containing aqueous
solution (0.75wt% of LA). No further purification steps were
implemented.

Characterization of TFC membranes

ATR-FTIR (NEXUS 670, USA) and XPS (Thermo Scientific K-Alpha, USA)
were used to analyze the surface chemical compositions of different
membranes. SEM (Regulus 8230, Japan) was utilized to characterize
membrane surface and cross-section morphologies. TEM (JEOL JEM-
2100, Japan) and AFM (Dimension Fastscan, Bruker, USA) were

employed to observe the PA layer thickness and membrane surface
roughness, respectively. The WCAs of different membranes were
investigated on a goniometer (DSA25E, KRUSS, Germany) based on
sessile drop method. A streaming potential analyzer (SurPASS™ 3,
Anton Paar, Austria) was utilized to ascertain the zeta potential values
of membrane surfaces.

Separation performance of TFC membranes

The separation performances of TFC membranes were measured
using a cross-flow filtration equipment (CFO16D, Sterlitech, USA)
with an effective filtration area of 16 cm?. The PWP of TFC mem-
branes was determined using deionized water as feed. All the
membranes were pre-compacted at Sbar for 30 min prior to
permeate sample collection. Unless specified, the applied pres-
sure, cross-flow velocity, and feed solution temperature were
maintained at 5 bar, 0.1ms™, and 25 °C, respectively. The PWP of
the membranes was calculated by Eq. (1):

%4
= 1
PWP <A x @)

where PWP (Lm™2h™bar™) represents the pure water permeance of
membrane, V (L) is the total volume of liquid permeating through
membrane during filtration time T (h), AP (bar) is the applied pressure,
and A (m?) is the effective filtration area, respectively.

Single salt rejection of TFC membranes was evaluated using
individual Na,SO4, MgS0,4, NaCl and MgCl, solution with concentra-
tion of 1000 mg L™ as feed. The monovalent/divalent ion selectivity of
TFC membranes was assessed using mixed salts solution with
2000 mg L™ Na,SO, and 4000 mg L™ NaCl. The MWCO and pore size
distribution of TFC membranes were determined by measuring the
rejections of a series of neutral solutes (i.e., glycerol, glucose, sucrose,
and raffinose) with concentration of 200 mg L™. The rejections of salts
and neutral solutes were calculated by Eq. (2). The separation factor of
NaCl to Na,SO, (a) (both the mixed and single salt solutions) was
calculated based on Eq. (3):

Cp
R=(1-22)x100% @)
Cr

_ (Crnact/Crnays0,), 1= Ryuqq

©)

~ (Cract/ Chays0,)f 1= Rygs0,

where R represents the salt or neutral solute rejection, C, and Crare the
salt or neutral solute concentrations in permeate and feed solutions,
respectively. The salt concentration was determined by measuring the
solution conductivity using a conductivity meter (Mettler Toledo FE38,
USA), the anion ion concentration in mixed salts solution was mea-
sured by ion chromatography (ICS-1100, ThermoFisher Scientific Co.,
Ltd., USA), and the neutral solute concentration was analyzed by a total
organic carbon (TOC) analyzer (TOC-L, Shimadzu, Japan).

MD simulations

In the simulation of the aqueous phase bulk solution, a cubic simula-
tion box with dimensions of 50 x 50 x 50 A3 was used, which contained
100 PIP molecules, 50 LA molecules, and 5000 water molecules. Radial
distribution function (RDF) of PIP interaction with LA was analyzed in
this model. The diffusion coefficient D of PIP in bulk solution was
calculated using the mean square displacement (MSD) as a linear
regression equation, given by Egs. (4) and (5):

1 N
MSD()= 5> [(r(®) = 15(0))’] )
j=1
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Where r(0) is the original positional coordinate of molecules/atoms,
r() is the position at time t, and N is the total number of molecular.

For simulating the water-hexane biphasic solution, a rectangular
box with dimensions of 40 x 40 x 120 A3 was used to construct the
system of hexane and LA/water mixture. The box was divided into
three layers from bottom to top: hexane, LA/water mixture, and hex-
ane. The hexane layers contained 150 hexane molecules, while the LA/
water mixture layer contained 100 PIP molecules and 50 LA molecules.

All MD simulations were initialized using the Packmol software**.
The water molecules were modeled using the three-site SPCE water
model®, and the atomic force field parameters were derived from the
IL parameters of the OPLS-AA force field by Doherty et al.**™*%, To avoid
boundary effects, all simulations used three-dimensional periodic
boundary conditions (PBC). The cut-off distance for non-bonded
interactions was set to 12 A, and the particle mesh Ewald (PME) method
was used for long-range electrostatic interactions®. Before formal
simulation, the system was pre-equilibrated using the steepest descent
algorithm to remove excessive initial structural stress*. Subsequently,
a 1 ns NPT simulation (with a time step of 2-fs) was conducted to
equilibrate the system to its actual density. This was followed by a10 ns
formal NPT simulation with data collection performed using a 2-fs time
step. Temperature and pressure coupling were achieved using the
v-rescale thermostat and Berendsen barostat, respectively, at 298.15K
and 1 atm®% All MD simulations were performed using GROMACS
2018.8%, and all visualized structures were provided by VMD 1.9.4 54,

For calculating the free energy change of PIP crossing the aqueous-
organic interface, a two-layer simulation box with dimensions of
40 x40 x100 A3 was constructed. The LA/water mixture and hexane
occupied the regions z< 50 A and z> 50 A, respectively. A PIP molecule
was placed in the aqueous phase with its center of mass coordinates at
(204, 204, 30A). Prior to sampling, energy minimization was per-
formed, followed by 1 ns pre-equilibration under NPT conditions using
Berendsen pressure control®, with position restraints applied to the PIP
molecule. Subsequently, stretching MD simulations were conducted
under NPT conditions, which stretch the PIP molecule by 4 nm along the
Z-axis to cross the aqueous-organic interface. 20 configurations were
selected from the simulation trajectories at regular time intervals. Each
configuration underwent 1 ns of NPT pre-equilibration and 2ns of
umbrella sampling simulations. The reaction coordinate was defined as
the projection of the center of mass coordinates for PIP onto the pulling
vector. To determine the free energy distribution of PIP interfacial dif-
fusion, we employed the weighted histogram analysis method (WHAM)
to analyze the average force along the reaction coordinate®. In the
results of final free energy change, we set the aqueous-organic interface
as the origin point and took 1.5 nm in the direction of the aqueous phase
and the organic phase to collect the simulated data for analysis.

Density functional theory calculations

Geometry optimizations and harmonic vibrational frequency calcula-
tions were performed on PIP, LA, and TMC using DFT methods with the
B3LYP hybrid functional® and the 6-311G(d,p) basis* sets in Gaussian
16 software®. To consider solvation effects, SMD’s polarizable con-
tinuum solvent model was utilized*. Stable minima without imaginary
frequencies or transition states with only one imaginary frequency
were identified as stationary points. The reported energies included a
zero-point energy correction. The binding energies were calculated
based on Eq. (6). The reaction free energy barrier was calculated using
Eq. (7):

Ebinding = Ex+pip - Ex - Epip (6)

AG=Grs — Gp @)

where Ey.;, represents the total energy of the system with both PIP
and PSF or PIP and LA, E, is the energy of the system without PIP, E,,;, is
the energy of PIP, and G and G5 represent the Gibbs free energies of
reactant and transition state, respectively.

UV spectrophotometer characterization

The partitioned amount of PIP into blank hexane was measured by UV
spectrometer (UNICO-UV2, China). Specifically, 5mL of 0.5wt% PIP
solution (with or without addition of LA) was first placed in the sample
bottle, and then 5 mL of pure hexane was slowly added. After 1 min PIP
diffusion at 25 °C, 2 mL of the above hexane solution near the aqueous-
organic interface was collected with a pipette, and the PIP absorbance
was tested at the maximum characteristic peak 208 nm. The partition
coefficient K of PIP in organic and aqueous phases can be calculated
by Eq. (8)%:

CoxVo

Kd:CWXVW_COXVO

®

Where V,, and V,, are the volume of the aqueous phase and organic
phase solutions, respectively; Cy, represents the PIP concentration in
the aqueous phase at the initial time; Co represents the PIP con-
centration in the organic phase.

To in situ monitor the diffusion rate of PIP into the organic phase,
0.9 mL of 0.5 wt% PIP solution (with or without addition of LA) was first
carefully added into the bottom of a quartz cuvette. Then, 0.5 mL of
pure hexane was gently added on top of PIP layer. The PIP absorbance
in hexane was tested at the maximum characteristic peak 208 nm and
recorded at every 1s time interval for 120 s.

The consumption rate of TMC in organic phase was used to reflect
the IP reaction rate. To in situ monitor the consumption of TMC in
organic phase, 0.9 mL of 0.5 wt% PIP aqueous solution (with or without
addition of LA) was first carefully added into the bottom of a quartz
cuvette. Then, 0.5mL hexane with 0.05wt% TMC was then gently
added on top of PIP layer. The TMC absorbance in hexane was tested at
the maximum characteristic peak 290 nm and recorded at every 1s
time interval for 120 s.

Calculation of water permeance enhancement factors
The water permeance enhancement factors of LA-TFC membranes
were calculated by Eq. (9):

e=ti=Po s 100% )
Poas—Po

where E represents the water permeance enhancement factor; Py and

P; are the pure water permeance of C-TFC and LA-TFC membranes,

respectively, and the subscript i represents the LA concentration

varying from 0.25 to 1.00 wt%.

The water/salt permselectivity
According to solution-diffusion model, the water/salt permselectivity
can be calculated by Eq. (10):

_ $(AP—Am) 10)
AAP — Am)+1
5(
where R is the salt rejection, A is the pure water permeability, B is the
salt permeability, AP is the operation pressure, and Ar is the osmotic
pressure difference across the membrane®.

Data availability

All data in the manuscript or the supplementary information are
available from the corresponding authors. Source data are provided
with this paper.
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