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Intercalation of small molecules in the selective layer of polyamide 
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A B S T R A C T   

In addressing lithium supply shortages driven by increased energy demand, nanofiltration membrane technology 
is crucial for recovering lithium from salt lake brines. Overcoming the challenge of achieving high selectivity for 
Li+ and water permeability in polymer nanofiltration membranes, this study proposes a simple approach using 
Aminomalononitrile (AMN) intercalation to modify polyamide layers. Density functional theory simulations 
predict AMN’s superior selectivity and enhanced hydrophilicity. Stable intercalation of AMN between poly
ethyleneimine (PEI) molecules is demonstrated, synergistically enhancing water permeability and Li+ selectivity. 
The resulting PEI/AMN-TMC membrane exhibits exceptional Li+ selectivity and improved water permeability 
(13.1 L⋅m− 2⋅h− 1⋅bar− 1), 2.9 times higher than traditional PEI-TMC membranes. Stable performance for over 
seven days, along with anti-scaling and anti-bacterial properties, underscores its practicality. This investigation 
sheds light on membrane structure regulation through small-molecule intercalation, offering insights into precise 
adjustments for enhanced water permeability and ion selectivity.   

1. Introduction 

With the successful development of Li-ion batteries in portable 
electronics and electric vehicles, there has been a significant surge in 
demand for lithium [1,2]. Salt lake brines characterized by a low 
magnesium-lithium ratio contribute to approximately 60 % of lithium 
compounds [3]. However, the retrieval of lithium from salt lake brines 
with a high Mg2+/Li+ ratio has garnered significant attention owing to 
the substantial demand for lithium resources (e.g., electro-driven [4,5], 
solvent extraction [6,7], precipitation [8], adsorption [9]). Benefiting 
from the size sieving and Gibbs-Donnan effect, nanofiltration intends to 
be an environmentally friendly and easy-to-operate lithium recovery 
technology [10]. In nanofiltration membranes, the Gibbs-Donnan effect 
manifests as an additional mechanism alongside the sieving effect. As 
solute concentration rises, the membrane can not only reject solutes 

larger than its pore size (sieving effect) but also repel ions in the solution 
that bear the same electrical charge as the membrane surface. This 
phenomenon is particularly pronounced in positively charged mem
branes, leading to heightened rejection of positively charged molecules. 
Nowadays, positively charged polyamide nanofiltration membranes and 
their derivatives fabricated by interfacial polymerization of poly
ethyleneimine (PEI) and 1,3,5-benzenetricarbonyl trichloride (TMC) 
have been widely used in the removal of heavy metal cations from so
lutions, and the separation of divalent ions [11,12]. The standard PEI- 
TMC membrane exhibits specific selectivity for separating Mg2+ and 
Li+. However, its practical performance is constrained by the relatively 
low water permeance (~5 L⋅m− 2⋅h− 1⋅bar− 1) resulting from the dense 
polyamide layer structure that is densely packed with long-chain PEI 
molecules [13]. 

To enhance the water permeance of PEI-TMC membranes and 
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achieve a more rapid mass transfer by regulating the structure of the 
selective layer, nanomaterials such as quantum dots [9], graphene oxide 
[14], and carbon nitride [15] have been employed as additives. How
ever, the practical utility of these materials is impeded by their high cost 
and complex synthesis process. Similarly, surface modification has 
shown promise in improving the permeance of polyamide membranes. 
Nonetheless, the intricate fabrication process and stringent conditions, 
including precise pH adjustment of the solution, impose limitations on 
its scalability for large-scale applications [16–18]. Positively charged 
modified polyamide membranes that have undergone extensive study 
continue to present a promising alternative. In the realm of electro
chemistry for energy storage, heteroatom-doped carbon materials are 
frequently employed to increase the spacing between carbon layers, 
facilitating the rapid transport of metal ions. This approach has been 
widely adopted and verified in the development of carbon-based battery 
anode materials [19–23]. Taking inspiration from this concept, small 
molecules can be incorporated into the conventional PEI-TMC poly
amide layer to increase the spacing between PEI chains, thus enhancing 
water permeability to address the issue of low permeability in the PEI- 
TMC polyamide layer. Aminomalononitrile (AMN) is a biochemically 
derived small molecule with an amino group, and its antibacterial at
tributes have been broadly substantiated and utilized [24,25]. More
over, the -C≡N functional group of AMN endows it with stable chemical 
properties, suggesting that it can act as an intercalation molecule to 
expand the space between the stacked PEI long-chain molecules. The 
incorporation of a small molecule like AMN can provide PEI-TMC, the 
commonly used selective layer in Li recovery, with a specific scaffold 
structure. This can significantly ameliorate the common permeability 
issue arising from an overly dense polyamide layer. Furthermore, the 
presence of –NH2 in AMN augments the positive charge of the selective 
layer, facilitating the exclusion of divalent ions to counterbalance the 
reduced rejection resulting from improved permeability. This has po
tential to break the permeation-rejection “trade-off” widespread in 
nanofiltration. 

Here, a straightforward approach involving small-molecule interca
lation was employed to incorporate AMN molecules between the long- 
chain molecules of PEI. This intercalation strategy was implemented 
to effectively expand the space between the PEI long-chain molecules, in 
view of an enhanced water permeance. Simultaneously, the –NH2 group 
present in the AMN molecule can be protonated to –NH3

+ in aqueous 
solution, which helps to enhance the positive charge of the polyamide 
membrane, thereby enhancing the repulsion of Mg2+. Therefore, this 
strategy can elevate the positive charge of the PEI-TMC membrane to 
reinforce the Donnan effect and make the membrane structure looser to 
enhance the water permeance. Furthermore, the density functional 
theory (DFT) method was employed to predict and investigate the af
finity of AMN and PEI molecules for water, as well as their repulsion for 
Li+ and Mg2+. DFT analysis confirmed that AMN could be effectively 
embedded between PEI long-chain molecules, leading to a significant 
increase in the spacing between the PEI chains. Such structural 

modification could significantly improve the water permeability of the 
PEI/AMN-TMC membrane. Consequently, the objective for PEI/AMN- 
TMC membranes presented here is to achieve enhanced water perme
ability, improved selectivity for Li+ over Mg2+, reliable long-term sta
bility, excellent anti-fouling properties, and satisfactory antibacterial 
performance. 

2. Materials and methods 

2.1. Materials and chemicals 

Ultrafiltration (UF) membrane casting solutions were prepared using 
polyethersulfone (PES) and dimethyl sulfoxide (DMSO, 99.5 %) ob
tained from BASF (Germany). n-Hexane (99 %) was supplied by VWR 
International BVBA, located in Leuven, Belgium. Sigma-Aldrich pro
vided polyethyleneimine (PEI), trimesoyl chloride (TMC), lithium 
chloride (LiCl, 99 %), sodium chloride (NaCl, 99 %), sodium sulfate 
(Na2SO4, 99 %), magnesium chloride (MgCl2, 98 %), magnesium sulfate 
(MgSO4, 99 %), and aminomalononitrile (AMN). For the aqueous phase 
in the membrane preparation, a solvent of 100 mM phosphate-buffered 
saline (PBS) was employed, following the chemical selection outlined in 
the previous study conducted by our previous research [25]. 

2.2. Fabrication of AMN/PEI-TMC membranes 

PES substrates were manufactured as a support layer via a traditional 
phase inversion method. The PES polymer (16 wt%) was dissolved in 
DMSO (84 wt%). Then, use a spatula to scrape the casting solution onto 
the non-woven fabric on the glass plate. Subsequently, the non-woven 
fabric was placed in deionized water (DI) and left for 30 min to ensure 
that the phase inversion reaction was fully carried out. The resulting 
membrane was then rinsed thoroughly with DI. A traditional interfacial 
polymerization (IP) reaction was applied to develop the active layer. The 
aqueous solution containing 0.0–0.7 wt% PEI and 0.0–0.9 wt% AMN 
was dissolved in the PBS buffer (10 ml) in a particular proportion on the 
membrane and was kept in contact with the membrane for 0–7 min. 
Then, the solution was removed carefully. Subsequently, 0.1 wt% TMC 
organic (n-hexane) solution was poured on the membrane surface for 
0–2 min. Then, the membranes were kept in the oven (60 ℃, 10 min) to 
facilitate the IP reaction. Finally, the membrane was placed in deionized 
water over 24 h. A detailed fabrication scheme for the PEI/AMN-TMC 
membrane is shown in Fig. 1. The fabricated nanofiltration mem
branes with the relevant content of AMN, PEI, deposition time, and re
action time are shown in Table S1. 

2.3. Membrane characterization 

A NEXUS670 Fourier transform infrared spectrometer (FT-IR, Ther
moFisher, USA) and X-ray photoelectron spectroscopy (XPS, Perki
nElmer) were used to study the surface functional groups and element 

Fig. 1. Schematic illustration for the fabrication of PEI/AMN-TMC. Gray, blue, white, red, and green balls represent carbon, nitrogen, hydrogen, oxygen, and 
chlorine, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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information of the fabricated membranes, respectively. A Philips XL30 
FEG scanning electron microscope (SEM, the Netherlands) was applied 
to inspect the morphology of the fabricated membranes. Metal was 
deposited on the membrane surface to improve the electro-conductivity 
of membrane before SEM observation. The surface information and the 
roughness of the fabricated membranes were evaluated by the Dimen
sion Icon SPM atomic force microscope (AFM, Veeco Instruments Inc., 
USA). A contact angle meter (OCA20, Dataphysics Instruments, Ger
many) was employed to assess the hydrophilicity and hydrophobicity of 
the membranes. The charge properties of the fabricated membrane 
surface were evaluated by an electrokinetic analyzer (SurPASS 3, Anton 
Paar, Austria). In the pursuit of characterizing pore size distribution, the 
composition of feed solutions was varied, specifically employing solu
tions containing 200 ppm polyethylene glycols (PEGs) with molecular 
weights ranging from 200 g/mol to 2000 g/mol. The quantification of 
dissolved organic carbon was conducted using a total organic carbon 
(TOC) analyzer (Multi N/C 2100, Analytikjena). The pore size distri
bution of the membrane was subsequently determined by calculating the 
rejections of PEGs with the equation [26]: 

dR(dp)

ddp
=

1
dplnσp

̅̅̅̅̅
2π

√ exp

[

−
(lndp − lnμp)

2

2(lnσp)
2

]

(1)  

where dp, μp, and σp are the stokes diameter (nm), mean pore radius 
(nm) and the geometric standard deviation of the PEGs. 

2.4. Separation performance tests 

The separation performance of the membranes was assessed with a 
cross-flow filtration apparatus. The effective area for nanofiltration was 
7.1 cm2. All membranes were compacted at 6 bar for 30 min until the 
water permeance was stable before the formal test. The nanofiltration 
performance of membrane was estimated by the rejection (R) and 
permeability (P): 

R(%) = (1 −
Cp

Cf
) × 100 (2)  

P = V/(A × Δt × Δp) (3)  

where V is the volume (L) of the permeance solution; A is the effective 

separation area (m2); Δt is the interval time (h), and Δp is the opera
tional pressure (bar); Cp and Cf represent the concentration (g/L) of 
permeate and feed solution, respectively. 

The separation performance of all membranes for Mg2+/Li+ was 
assessed by separating mixed solutions of Mg2+/Li+ with different 
Mg2+/Li+ ratios from 5 to 50 (concentration: 2 g/L). The Mg2+/Li+

separation factor (SMg2+/Li+ ) was calculated by the salt concentrations of 
the permeate and feed solution based on the following equation [27,28]: 

SMg2+/Li+ =
CLi+p/CMg2+p

CLi+f/CMg2+f
(4)  

where CMg2+f , CLi+f and CMg2+p, CLi+p represent the concentrations of 
Mg2+ and Li+ in the permeate and feed solutions, respectively. 

2.5. Stability, anti-scaling, and anti-bacterial performance evaluation 

The membrane stability was surveyed by a long-term testing. The 
stability of the membrane was estimated by testing the water permeance 
and separation factor of MgCl2/LiCl mixed solution (2000 ppm, 6 bar) 
for seven days. 

To investigate the anti-scaling properties of the membrane, a mixture 
solution containing 300 ppm Na2SiO3, 500 ppm CaSO4, 500 ppm MgCl2, 
and 500 ppm LiCl was prepared (pH 6.6 ± 0.1, 25 ℃) [16]. The anti- 
scaling testing was based on decreased normalized water permeance 
during filtration. Specifically, the above-mentioned scaling solution was 
filtered with the modified membrane at 6 bar for 30 h. The membrane 
was rinsed with NaOH solution (0.1 mM) carefully, and then the scaling 
solution was filtered again. Finally, the anti-scaling properties of the 
membranes were evaluated by comparing their normalized flux drop 
and recovery. 

The evaluation of antibacterial robustness in membranes typically 
involves using Escherichia coli (E. coli) as the test microorganism. Prior to 
the start of the experiment, a 2.5 cm2 test specimen is sterilized using 75 
% ethanol and then dried for use. E. coli cells were cultured overnight in 
5 ml Luria-Bertani broth (LB) media, shaking at 37 ◦C. The next morn
ing, 1 ml of the overnight culture is inoculated into 50 ml prewarmed LB 
and allowed to grow for 2–3 h at 37 ◦C with shaking until reaching an 
optical density (OD600) of 0.5–1, equivalent to approximately 108 col
ony forming units (CFU) /mL. Subsequently, 5 ml of the cultured cell 
suspension is brought into full contact with the membrane (2.5 cm × 2.5 

Fig. 2. DFT calculations for the repulsion energy between different molecules with cations and H2O. Side illustration of the 3D electron density difference distri
bution of: Li+; Mg2+ and H2O on the –NH3

+ of PEI (a, b, c) and AMN (d, e, f) as well as the corresponding the repulsion energy ΔER. Gray, blue, white, red, green, and 
purple balls represent carbon, nitrogen, hydrogen, oxygen, lithium, and magnesium, respectively. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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cm), and cocultured at 37 ◦C and 200 rpm for 3 h. Following coculturing, 
a tenfold dilution series of the E. coli cells is plated on LB agar plates and 
incubated overnight at 37 ◦C. Images are captured using a scanner, and 
the number of colonies on each plate is determined, with plate counts 
ranging from 30 to 1000 CFU. The survival rate of cells in the control 
group is recorded as 100 %. The antibacterial efficiency of the mem
brane is calculated using the formula: 

R =
N0 − N

N0
× 100% (5) 

where N0 is the initial number of live bacteria in the control group 
(without membrane treatment), and N is the number of live bacteria 
upon membrane treatment. All experiments are conducted with three 
biological replicates to ensure the reliability and reproducibility of the 
results. 

2.6. Density functional theory method 

DFT were applied under the generalized gradient approximation 
(GGA) with the Perdew-Burke-Ernzerhof (PBE) function. The ultrasoft 
pseudopotentials were used for nuclei and core electrons. The plane- 
wave basis set with a kinetic energy cutoff (30 Ry) and a charge- 
density cutoff (300 Ry). The k-point mesh of 1 × 1 × 1 was used for 
the Brillouin zones. The models of AMN and PEI had been relaxed before 
calculating, as shown in Fig. S1. The vacuum layer was set with ~10 Å to 
remove the interaction from the slabs at z-direction. By adding the 
proton on the –NH2 group of AMN and PEI, and the geometry structures 
were optimized again, the protonated AMN and PEI were obtained 
(shown in Fig. S2). In addition, the repulsion energy (ΔER) was calcu
lated by Equation (6) [29]: 

ΔER = Etotal − Eadsorbate − Emolecule (6)  

where Etotal is the total energy of the compound, Eadsorbate is the energy 

of adsorbate, and Emolecule is the energy of the corresponding molecule. 
The DFT calculations were carried out by the PW modules in the 
Quantum ESPRESSO distribution [30]. 

3. Results and discussion 

3.1. DFT prediction of molecules for Mg2+/Li+ separation membrane 

DFT calculation was used to investigate the performance of PEI and 
AMN molecules on Mg2+/Li+ separation (Fig. 2 and Fig. S1-S4). The 
repulsion energy (ΔER) of ions by molecules was utilized as a descriptor 
of their repulsion capability [29]. First of all, models of AMN and PEI 
molecules were constructed and optimized as the initial phase (Fig. S1). 
Subsequently, the protonated AMN and PEI were optimized by adding 
the proton on the –NH2 group to simulate protonated molecules in 
aqueous, as shown in Fig. S2. As shown in Fig. 2a and 2d, the –NH3 
functional group of AMN has a lower repulsion (2.98 eV) to Li+ than that 
of PEI (3.01 eV), suggesting that AMN is more conducive to the transport 
of Li+. Simultaneously, the repulsion energy of Mg2+ on the –NH3 group 
of AMN (4.64 eV) is greater than that of PEI (4.61 eV), indicating that 
AMN is more conducive to the rejection of Mg2+ (Fig. 2b and 2e). 
Meanwhile, the water repulsion of AMN is lower than that of PEI (Fig. 2c 
and 2f), indicating that AMN has a better hydrophilicity. Fig. 2 presents 
the electron density difference illustrating the interactions of Li+, Mg2+

and H2O adsorption in the presence of AMN and PEI. As depicted in the 
Fig. 2, compared to PEI, AMN induces noticeable charge redistribution. 
It is evident that AMN exhibits a stronger affinity for Li+ and H2O, 
resulting in enhanced interactions with these species. Simultaneously, 
the interaction between AMN and Mg2+ is comparatively weaker, 
indicating a greater repulsion between them, consistent with the 
calculated repulsion energy results. In addition, the -C≡N group of AMN 
also shows the stronger repulsion to Mg2+ compared to the –NH3

+ group 
of PEI (4.77 vs. 4.61 eV) and the lower repulsion to Li+ (2.63 vs. 3.01 

Fig. 3. (a) FT-IR spectra and (b) XPS wide-scan spectra of membranes. Core-level XPS spectra of N 1 s: (c) PEI-TMC membrane and (d) PEI/AMN-TMC membrane. (e) 
Water contact angle and (f) Zeta potential measurements of membranes. 
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eV), suggesting its better selectivity to Li+ (Fig. S4). Therefore, not only 
the protonated –NH3

+ group of AMN has better selectivity to Li+ than the 
protonated –NH3

+ group of PEI, but the -C≡N group of AMN also shows 
better selectivity to Li+. The above results clearly show that the AMN 
molecule is more repellent to Mg2+, has more affinity to Li+ and has 
better hydrophilicity, which has been confirmed to have a particular 
potential in separating Mg2+ and Li+ at the molecular level. 

3.2. Characterization of membranes 

The chemical composition of the membrane surface was explored by 
FT-IR, as shown in Fig. 3a and S5. As shown in Fig. 3a and S5, the 
stretching vibration of the –NH2 group near 3340 cm− 1 and the defor
mation vibration near 1630 cm− 1 appear in the spectra of PEI/AMN- 
TMC and PEI-TMC, which may be attributed to many –NH2 groups of 
PEI/AMN-TMC and PEI-TMC membranes [31,32]. Interestingly, the 
spectra of the PEI/AMN-TMC membrane showed additional wagging 
vibrations and twisting vibrations of –NH2 groups at 1124 cm− 1 and 
1030 cm− 1, which were attributed to the –NH2 group of AMN (Fig. S5c), 
indicating that AMN is stably embedded between PEI chains and rarely 
reacts with TMC [32]. It is worth noting that the vibration of the -C≡N 
groups (~2243 cm− 1) is clearly shown in the spectra of PEI/AMN-TMC, 
suggesting that the stable -C≡N groups did not react with PEI or TMC 
[27]. This observation further corroborates the stable integration of 
AMNs within the membrane structure. The absence of vibrational sig
nals corresponding to –NH2 and -C≡N groups in the spectra of PEI/AMN 

and the AMN-TMC membrane indicates the absence of a dense mem
brane formation. This indicates that the co-deposition of AMN and PEI 
does not lead to membrane formation, and AMN cannot react as 
monomer with TMC to form a membrane. Consequently, the attachment 
of PEI and AMN onto the PES substrate is challenging, resulting in the 
limited visibility of their –NH2 and -C≡N groups in the spectra. 

The presence of S element can be observed in the XPS wide scan 
spectra of PES, AMN-TMC and PEI/AMN membranes (Fig. 3b). This is 
consistent with the absence of dense nanofiltration membrane formation 
on the PES substrate, consistent with the results of FT-IR analysis. In 
addition, non-negligible N elements were detected on the PEI/AMN 
membrane surface, indicating that a small amount of PEI and AMN 
remained on the membrane surface, which confirmed that they did not 
co-deposit to form a dense membrane. To further explore the cause of N 
element vibration of PEI-TMC and PEI/AMN-TMC membranes, the core- 
level XPS spectra of N 1 s are displayed in Fig. 3c and 3d. A new char
acteristic peak of the -C≡N group appears in the N 1 s core-level spectra 
of the PEI/AMN-TMC, suggesting that it is present in the membrane in a 
stable way, which is consistent with the results of the FT-IR analysis. 
This proves that AMN has not reacted with TMC during membrane 
formation and becomes embedded in the membrane structure. 

The water contact angle of a membrane is an important parameter 
for assessing its hydrophilicity. In Fig. 3e, we present the water contact 
angles for the PES, AMN-TMC, PEI/AMN, PEI-TMC, and PEI/AMN-TMC 
membranes. It is evident that PES, AMN-TMC, and PEI/AMN mem
branes exhibit similar water contact angles. This similarity can be 

Fig. 4. Surface and cross-sectional morphologies of (a, b) PES, (d, e) PEI-TMC and (g, h) PEI/AMN-TMC membrane, respectively. The AFM images of (c) PES, (f) PEI- 
TMC and (i) PEI/AMN-TMC membrane. 

J. Li et al.                                                                                                                                                                                                                                         



Chemical Engineering Journal 487 (2024) 150659

6

attributed to the absence of dense membranes on the AMN-TMC and 
PEI/AMN samples, which is consistent with the above analysis. On the 
other hand, the water contact angle of the PEI/AMN-TMC is smaller than 
the PEI-TMC, suggesting the embedded AMN improve the hydrophilicity 
of the PEI/AMN-TMC membrane, and also confirms that AMN molecules 
are more hydrophilic, which is consistent with the results of the DFT 
analysis. The enhancement of hydrophilicity yields a higher water per
meance and a rapid mass transfer through the membrane. 

The zeta potential of the membrane surface was analyzed to assess its 
charge (as depicted in Fig. 3f). Significantly, the zeta potential of the 
PEI-TMC membrane was considerably higher than that of the unmodi
fied PES membrane at the same pH. This variation can be attributed to 
the protonation of numerous amino groups in PEI, resulting in an 
increased positive charge on the surface. Moreover, the introduction of 
AMN with amino groups in the AMN-modified PEI/AMN-TMC mem
brane led to an even higher zeta potential. This suggests that the addi
tion of AMN enhances the repulsion of positively charged ions, further 
amplifying the overall positive charge on the membrane. 

The SEM and AFM were employed to analyze the surface 
morphology of the PES, AMN-TMC, PEI/AMN, PEI-TMC, and PEI/AMN- 
TMC membranes. The surfaces and cross-sectional morphologies of the 
fabricated nanofiltration membranes are illustrated in Fig. 4, S6, and S7. 
The surface image of the pristine PES membrane, which exhibits a flat 
surface (Fig. 4a), consistent with the findings in the literature [2]. Ac
cording to the literature [11], the reaction of PEI with TMC leads to the 
formation of disk-like patterns on the PEI-TMC membrane (Fig. 4d). An 
SEM image of the PEI/AMN-TMC membrane surface is presented in 
Fig. 4g. Remarkably, the densely distributed disk-like structures on the 
membrane surface imply that the intercalation of AMN between PEI 
chains influences the reaction between PEI and TMC. It is well estab
lished that, during interfacial polymerization, the rates of molecular 
diffusion and chemical reaction are two pivotal factors that influence the 
surface morphology of thin membranes [33]. The cross-sectional 
morphology of the PEI-TMC and PEI/AMN-TMC membranes as shown 
in Fig. 4e and 4 h. In the cross-sectional view, clear polyamide layers are 
evident in both the PEI-TMC and PEI/AMN-TMC membranes. The active 
layer thickness of the PEI-TMC membrane is ~ 80 nm, in close agree
ment with the thickness reported in the literature [17]. Notably, the 
polyamide layer in the PEI/AMN-TMC membrane measures ~ 112 nm, 
which is greater than that of the PEI-TMC membrane (~80 nm) 
(Fig. 4h). This may be because the AMN molecules embedded between 
PEI molecules expand the space between PEI molecules and are 
conducive to the diffusion of PEI molecules. Therefore, the thickness of 
the formed active layer is increased, and the structure of the polyamide 
layer is looser, which also contributes to the rapid mass transfer. Ac
cording to the AFM images (Fig. 4f and 4i), the surface average rough
ness (Ra = 3.08 nm) of the PEI/AMN-TMC membrane is lower than that 
of the PEI-TMC membrane (7.18 nm). This observation indicates that 

AMN molecules influence the diffusion of PEI molecules, resulting in a 
smoother surface for the PEI/AMN-TMC membrane, which may 
contribute to its excellent anti-scaling properties. Furthermore, both the 
surface and cross-sectional morphology of AMN-TMC and PEI/AMN 
closely resemble PES (as shown in Fig. S6 and S7), providing evidence 
that no polyamide layer has formed on the surface, in alignment with the 
previous characterization results. 

3.3. Optimization of membrane fabrication conditions 

A comprehensive overview of the H2O permeance of the membranes 
fabricated by various parameters as shown in Fig. 5a and S6-S9. The 
water permeance of PES, AMN-TMC, and PEI/AMN membranes is 
comparable, as depicted in Fig. 5a. This observation suggests that AMN- 
TMC and PEI/AMN membranes lack a dense selective layer on their 
surfaces, aligning with the water contact angle analysis and other 
characterization outcomes. On the other hand, the incorporation of 
AMN significantly enhanced the pure water permeance of the membrane 
with selective layer, corresponding to a smaller water contact angle 
(Fig. 5a). This improvement can be attributed to AMN embedded within 
the membrane structure. As shown in Fig. S8, the pure water permeance 
progressively increases with the concentration of AMN. This can be 
attributed to the notion that more embedded AMN leads to a looser 
membrane structure, resulting in a higher pure water permeance. The 
concentration of PEI in the aqueous phase solution is also considered as 
an important factor. As illustrated in Fig. S9, an increase in the con
centration of PEI leads to a decrease in pure water permeance, dropping 
from 14.3 L⋅m− 2⋅h− 1⋅bar− 1 to 8.3 L⋅m− 2⋅h− 1⋅bar− 1. This can be attrib
uted to the higher presence of PEI molecules, resulting in a denser 
membrane structure. To optimize the water permeance of the mem
brane, the deposition time of the mixed solution containing PEI and 
AMN molecules on the membrane was examined (Fig. S10). The pure 
water permeance decreased from 13.8 L⋅m− 2⋅h− 1⋅bar− 1 to 9.5 
L⋅m− 2⋅h− 1⋅bar− 1 with the increase of deposition time, which may be due 
to the deposition of more PEI and AMN molecules to obtain a denser 
membrane. Finally, the reaction times of TMC with PEI and AMN in the 
aqueous phase were examined, as shown in Fig. S11. It was observed 
that longer reaction times resulted in a decrease in water permeance. 
This can be attributed to the formation of a denser polyamide layer as 
the reaction time is extended. 

The optimization of permeance and rejection for five salt solutions 
(MgCl2, MgSO4, Na2SO4, NaCl, and LiCl) with 1000 ppm was achieved 
by preparing membranes under various experimental conditions (Fig. 5b 
and S12-16). The permeance of each salt solution has a similar trend 
with permeance of pure water under the corresponding changing con
ditions. Specifically, the membrane permeance exhibited an upward 
trend with increasing AMN concentration, while it decreased with 
increasing PEI concentration, deposition time, and reaction time. 

Fig. 5. (a) Pure water permeance and water contact angle of fabricated membranes. (b) Salt solution permeance and rejection of fabricated membranes. (c) Mo
lecular weight cut-off and pore size distribution. 

J. Li et al.                                                                                                                                                                                                                                         



Chemical Engineering Journal 487 (2024) 150659

7

Fig. S13 also illustrates that as the concentration of AMN increases, the 
rejection of each salt solution initially rises and then declines. The in
crease in salt solution rejection can be attributed to the presence of 
AMN, which introduces additional positive charges from protonated 
–NH2 (as concluded from zeta potential measurements). The decrease in 
rejection rate could be attributed to an excessive number of AMN mol
ecules, which results in a looser membrane structure. This observation 
further supports the notion that AMN molecules intercalate between PEI 
chains, creating a larger space that causes a looser membrane structure. 
Furthermore, as the PEI concentration, deposition time, and reaction 
time increase, the salt rejection initially increases and reaches a stable 
state. The enhanced rejection can be attributed to the formation of 
denser or more positively charged membranes. However, it should be 
noted that membranes with similar salt rejection have a lower water 
permeance as the reaction conditions become more intense. Therefore, 
the optimal reaction conditions for the AMN-modified PEI-TMC mem
brane are as follows: AMN concentration of 0.7 wt%, PEI concentration 
of 0.5 wt%, deposition time of 5 min, and reaction time of 1 min. 

3.4. Separation performance of PEI/AMN-TMC nanofiltration membrane 

To assess the selectivity of the PEI/AMN-TMC for Li+ at different 
concentrations, the filtration performance was examined for different 
concentrations of MgCl2 and LiCl. As depicted in Fig. 6a, b, the salt so
lution permeance of the membrane was found to show a reasonably 
linear decrease with increasing salt concentration. This can be attributed 
to the decreased mass transfer driving force due to the elevated osmotic 
pressure and significant concentration polarization. Furthermore, 
although the MgCl2 rejection exhibited a slight decrease, it remained 
above 91.8 %; on the other hand, the rejection of LiCl dropped to 32.1 %. 
The diminished repulsion at higher salt concentrations can be attributed 
to the reduction in positive charge of membrane, resulting in a weak
ened electrostatic repulsion due to enhanced screening by the numerous 
counterions in the solution. Nevertheless, PEI/AMN-TMC membrane 
still has great potential for high-concentration Mg2+/Li+ mixed 

solutions. 
Mg2+/Li+ mixed solutions with different mass ratios were employed 

to estimate the selectivity of PEI/AMN-TMC membranes at different 
Mg2+/Li+ ratios. In the feed solution with a total concentration of 2000 
ppm for the simulated brine, the SMg2+/Li+ values were calculated to be 
30.2, 28.7, 26.6, and 25.1 when the mass ratios of Mg2+/Li+ were 5, 10, 
20, and 50, respectively (Fig. 6c). The separation factor exhibited min
imal changes with the increased Mg2+/Li+ mass ratio. Therefore, PEI/ 
AMN-TMC membranes have great potential for high Mg2+/Li+ ratio 
brine of salt lakes worldwide. Evaluation of the separation performance 
of PEI/AMN-TMC in high concentration salt solution is helpful to 
explore its possibility in practical application. The SMg2+/Li+ value only 
decreased to 20.3 and 19.0 with the concentration of Mg2+/Li+ mixed 
solution were raised to 3000 and 4000 ppm (Fig. 6d and S17). Similar to 
the mono-salt solutions, the presence of high concentrations of Cl- ions 
neutralizes the positive charges from the membrane. Consequently, the 
Donnan effect of the membrane on Mg2+ is weakened, leading to a 
reduction of the Li+ selectivity. Moreover, the PEI/AMN-TMC mem
brane exhibited a stable separation throughout a continuous filtration 
test conducted over a period of 7 days (Fig. 6e). This remarkable stability 
can be attributed to the presence of a stable positively charged moiety, 
underscoring the excellent stability of the PEI/AMN-TMC membrane. 
Furthermore, the PEI/AMN-TMC membrane maintains an excellent 
separation factor while retaining high permeance compared to nano
filtration membranes documented in the literature (as depicted in Fig. 6f 
and detailed in Table S2), highlighting its substantial potential for 
various applications. 

3.5. Anti-scaling and anti-bacterial performances of PEI/AMN-TMC 
membrane 

Scaling of membranes by inorganic pollutants is a significant concern 
in lithium extraction from salt lakes. During the separation process, the 
membrane surface is susceptible to scaling by inorganic pollutants, 
leading to a decline in its separation performance. Therefore, the 

Fig. 6. Separation performance of PEI/AMN-TMC membrane. Permeance and rejection to (a) MgCl2 and (b) LiCl with different feed solution concentrations. Effect of 
different Mg2+/Li+ mass ratios on the permeance and SMg2+/Li+ for (c) 2000 ppm and (d) 3000 ppm. (e) Long-term stability at 6 bar (2000 ppm, Mg2+/Li+ = 20:1). (f) 
Comparative separation factors (SMg2+/Li+ ) and water permeance of the PEI/AMN-TMC membrane and reported positively charged membranes. (Detailed data 
in Table S2). 
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membrane’s ability to resist scaling is a crucial parameter to consider. 
To evaluate the membrane’s ability to resist inorganic fouling, a simu
lated scaling solution containing scale-forming ions such as Ca2+, SiO3–, 
and SO4

2– was utilized. As depicted in the Fig. 6f, the flux of the PEI-TMC 
membrane decreased by over 90 % with the increase in scaling time. In 
contrast, the PEI/AMN-TMC membrane showed a significantly higher 
flux than the PEI-TMC membrane after 18 h. Additionally, after clean
ing, the recoverable flux of the PEI/AMN-TMC membrane was consid
erably higher than that of the PEI-TMC membrane (Fig. 7a). These 
findings further confirm the excellent ability of the PEI/AMN-TMC 
membrane to resist inorganic scaling. 

Simultaneously, the PEI/AMN-TMC membrane exhibits excellent 
anti-bacterial properties, indicating its effectiveness in preventing bio
logical fouling. Compared with the PEI-TMC, the AMN-TMC and PEI/ 
AMN had a better anti-bacterial performance, which was derived from 
the excellent anti-bacterial ability of AMN (Fig. 7b and S18-S19). 
Furthermore, the colony-forming unit data showed that the viability of 
E. coli on PEI/AMN-TMC membranes with AMN was significantly 
reduced to 25.8 %. This feature further enhances its suitability for large- 
scale applications. 

The PEI/AMN-TMC membrane exhibits enhanced hydrophilicity, 
allowing for the formation of a stable hydration layer on its surface. This 
characteristic contributes to a reduction in inorganic scaling and bio
logical fouling. Membranes with higher hydrophilicity possess a more 
significant energy barrier against the nucleation of pollutants, thereby 
minimizing scaling and biological fouling on the membrane surface 
[33]. Additionally, the PEI/AMN-TMC has a lower roughness than PEI- 
TMC membranes. The smooth surface of the PEI/AMN-TMC membrane 
reduces the adhesion sites for pollutants, further enhancing its anti- 
scaling and anti-bacterial properties. Consequently, the hydrophilicity 
and reduced roughness render the PEI/AMN-TMC highly effective in 
preventing inorganic scaling and anti-bacterial. 

3.6. DFT calculation of small molecules embedded mechanism 

DFT calculations were employed to validate the reliability of 
embedding AMN molecules between PEI molecular chains. The results 
clearly indicate that introducing AMN molecules leads to expanding the 
space between PEI chains (Fig. S20). This enlarged space between the 
PEI chains promotes efficient mass transfer, aligning with the proposed 
mechanism. Additionally, the calculation of the binding energy (-0.93 
eV) demonstrates the stable embedding of AMN molecules within the 
PEI matrix, ensuring the membrane’s stability. In summary, DFT anal
ysis confirms that AMN molecules can be securely intercalated between 
PEI chains, resulting in a looser PA layer and facilitating rapid mass 
transfer in the nanofiltration process. 

4. Conclusion 

In conclusion, a straightforward method for controlling the structure 
of polyamide membranes was introduced, by incorporating AMN, small 
molecules derived from prebiotic chemistry, between PEI chains. This 
approach allows efficient lithium extraction from high Mg2+/Li+ ratio 
salt solutions while significantly improving water permeation. The 
incorporation of AMNs not only increases the space between PEI chains 
but also enhances their hydrophilicity, resulting in reduced barriers to 
water transport. The resulting PEI/AMN-TMC membrane has an excel
lent water permeance of 13.1 L⋅m− 2⋅h− 1⋅bar− 1 and high MgCl2 rejection 
of 97.53 % with long-term stability. Moreover, The membrane exhibits 
exceptional performance in recovering lithium from model salt lake 
brine solutions. It effectively reduces the highly concentrated Mg2+/Li+

ratio from 20 to 0.8 during the separation process, resulting in a high 
SMg2+/Li+ value of 26.7. These results indicate the membrane’s potential 
for effectively recovering lithium from the brine of salt lakes. Further
more, the intercalated AMN molecules confer the membrane with 
exceptional anti-scaling and anti-bacterial properties. Additionally, DFT 
calculations have validated the enhanced Li+ selectivity and hydrophi
licity of AMN molecules and confirmed their stable intercalation be
tween PEI chains. This research provides valuable insights into the 
design of functionalized nanofiltration membranes with improved water 
permeance and ion selectivity, offering potential applications in various 
water treatments. 
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