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A B S T R A C T   

Polyamide membranes that can exclude salts from water have found significant success in desalination appli-
cations. The polyamide thickness is difficult to control, as it is closely coupled with other properties including 
monomer chemistries and substrate structures. In this work, an additive manufacturing strategy using spray- 
coating to prepare large-area polyamide composite membranes with tunable thickness is explored. Using 
spray-coating, composite membranes comprising polyamide layers and carbon nanotube (CNT) layers on top of 
porous substrates are additively constructed. In the context of mediation by CNT layers, thickness control is 
decoupled from other properties. As a result, the polyamide thickness can be independently adjusted by changing 
monomer concentrations, and water permeance is found to be related to the thickness. A large-area membrane 
with a size of 30 × 30 cm2 is successfully prepared under optimal conditions, and exhibits large water permeance 
of 34.1 L m− 2 h− 1 bar− 1 and high Na2SO4 rejection rate of 95.6%. Importantly, the additive nature holds the 
ability to eliminate defects possibly existing through multiple spraying, affording defect-healing characteristic. 
This work allows envisioning a turning point that additive manufacturing is shifting the long-standing paradigm 
in the preparation of high-performance separation membranes.   

1. Introduction 

Nanofiltration is a prevalent membrane filtration technique that can 
separate salts from water efficiently, which is indispensable in the field 
of saline water desalination [1–3]. Thin-film composite (TFC) has served 
as a benchmark structure of nanofiltration membranes for more than 
three decades, which typically comprises a polyamide layer formed by 
interfacial polymerization, and an underlying porous substrate [4]. 
Interfacial polymerization occurs at an immiscible interface, in which 
piperazine (PIP) dissolving in water react with trimesoyl chloride (TMC) 
dissolving in n-hexane, forming a cross-linked polyamide nanofilm 
[5–7]. Considering the fast-reacting and irreversible nature of the aro-
matic acyl chloride and diamines [8], interfacial polymerization is 
governed by the reaction kinetics to a large extent. The reaction under 
conditions of kinetics control results in relatively uncontrollable growth 
of polyamide, the thickness of which is considered to be reversely pro-
portional to its permeance. Furthermore, the variation of polyamide 
thickness is closely coupled with the properties of monomer chemistries 
and substrate structures [9]. Therefore, it remains a major challenge to 

tune the thickness of polyamide layers in a controllable and independent 
way. 

To circumvent such vulnerability, some strategies have been pro-
posed to decouple the thickness variation from other properties, 
enabling independent control [10–13]. Lee et al. reported a molecular 
layer-by-layer assembly [14]. Two types of reactive monomers were 
alternatively deposited on porous substrates to prepare polyamide 
membranes. The separation performance can be controlled exclusively 
by adjusting the deposition numbers, and the thickness control would 
not be limited to certain monomer chemistries. Livingston et al. 
employed a free aqueous-organic interface to access polyamide nano-
films with the thickness down to 8 nm [15]. Since no substrate was 
involved during interfacial polymerization, the thickness can be tuned 
independently by changing monomer concentrations. With the thickness 
decreasing, the water permeance was found to be increased propor-
tionally. Nevertheless, both strategies require complex or additional 
processes to prepare composite membrane, which may become prob-
lematic in large-scale production. A promising alternative should have 
the ability to control the thickness independently but also be able to 
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scale-up. 
Additive manufacturing, also distinguished as 3D printing, is an 

emerging manufacturing technique that has found diverse applications 
in industry [16,17]. It holds an ability to construct, using various ma-
terials, geometrically complex architectures at different scale with high 
convenience and reproducibility [18]. Additive manufacturing has the 
benefit that allows each of material properties to be manipulated inde-
pendently [19], while is capable of large-scale production. In this 
context, it provides a straightforward means by which the membrane 
thickness can be tuned in a controllable and independent way. 
Electro-spraying is a prime example of additive manufacturing that has 
been shown to be feasible for preparation of TFC polyamide membranes 
[20–22]. McCutcheon et al. proposed an electro-spraying strategy to 
prepare TFC polyamide membranes [23]. Applying a high electric field, 
monomer solutions in the form of small droplets were uniformly 
deposited on porous substrates in the presence of coulomb repulsion. By 
changing monomer concentrations and scanning numbers, the precise 
control of polyamide thickness was realized, and separation perfor-
mances can be tuned accordingly. 

Although scalable manufacturing using a roll-to-roll process for 
example was established, electro-spraying has inevitably required the 
use of an isolated chamber that is able to provide sustained and steady 
electric field. Our previous works have shown that spray-coating driven 
by compressed air is a convenient and flexible technique capable of 
preparing various separation membranes [24–28]. During 
spray-coating, liquid is atomized into uniform small droplets after 
leaving a nozzle. In this vein, polymers and nanomaterials can be evenly 
deposited onto arbitrary substrates. This process proceeds under 
ambient environment and no complex equipment is required, offering 
vast possibilities to be integrated with conventional manufacturing 
process. Therefore, the air-driven spraying can be regarded as an addi-
tive manufacturing method, not merely a simple spraying technique 
used to prepare membranes. Herein, we showed an additive 
manufacturing strategy to prepare large-area nanofiltration membranes 
with tunable thickness for fast and robust desalination (Scheme 1). TFC 
membranes were prepared by additive construction of carbon nanotube 
(CNT) layers and polyamide layers on top of macroporous polyether 
sulfone (PES) substrates. With the mediation of CNT layers, the thick-
ness of polyamide layer can be independently tuned by changing 
monomer concentrations. The optimal TFC membrane showed a water 
permeance of 34.1 L m− 2 h− 1 bar− 1 and a Na2SO4 rejection rate of 
95.6%. Importantly, the additive nature endows this strategy with the 
capability of defect-healing that the defects can be eliminated by 
consecutively spraying. 

2. Experimental sections 

2.1. Materials 

Multi-walled CNT (outer diameter: 4–6 nm, length: 10–20 μm, purity 
>95.0%) was provided by Nanjing XFNANO Materials Tech Co., Ltd. 
Pluronic F127 (Mw = 12.6 kDa) was obtained from Sigma-Aldrich. 
Piperazine (PIP, 99.0%), n-hexane (98.0%), sodium sulphate (Na2SO4, 
99.5%), anhydrous magnesium sulphate (MgSO4, 99.5%), magnesium 
chloride hexahydrate (MgCl2⋅6H2O, 98.0%), sodium chloride (NaCl, 
99.8%), N,N-dimethylformamide (DMF, 99.0%), and polyethylene gly-
col (PEG, Mw = 200, 400, 600, 1000, and 2000 Da) were purchased from 
Aladdin. Trimesoyl chloride (TMC, 98.0%) was obtained from J&K 
Scientific Co. Ltd. PES substrate with a nominal pore size of 0.45 μm was 
provided by Haiyan Xindongfang Plastic Technology Co., Ltd. Deionized 
(DI) water was used in all experiments. 

2.2. Deposition of CNT on substrates 

To prepare the CNT dispersion, CNT powders were first dispersed in 
water at a concentration of 0.5 mg mL− 1, followed by a sonication 
treatment at 650 W for 60 min. After that, a certain amount of Pluronic 
F127 was added to stabilize the dispersed CNT, and further subjected to 
the sonication at 100 W for another 30 min. As-obtained CNT dispersion 
was centrifuged at 10,000 rpm for 5 min to remove any aggregates 
possibly existing, and the supernatant was carefully collected as the final 
CNT dispersion. The CNT dispersion was spray-coated on PES substrates 
using a spraying equipment (SEV-300EDN, Suzhou Second Automatic 
Equipment Co., Ltd.). The air blow pressure was 1 bar, and spraying 
distance was 62 mm. The plate was maintained at 25 ◦C for evaporating 
water from the deposited CNTs. Typically, PES substrates with a size of 
30 × 30 cm2 were tiled on the plate of equipment, followed by spray- 
coating CNT dispersion onto substrates with an amount of 10 μL 
cm− 2. After dried at 25 ◦C, the CNT-coated PES substrates were 
obtained. 

2.3. Preparation of membranes 

The composite membranes (termed as PA-CNT membrane) were 
prepared by spray-assisted interfacial polymerization on CNT-coated 
PES substrates as illustrated in Scheme 1. Spraying conditions were 
same as above. PIP aqueous solutions with the concentrations ranging 
from 0.05% to 0.5% (w/v), as well as TMC n-hexane solutions with the 
concentrations ranging from 0.2% to 0.4% (w/v), were first prepared. 
The detailed conditions were listed in Table S1. CNT-coated PES sub-
strates were soaked in PIP solutions for 30 s, and excess PIP solutions 
were subsequently removed by a rubber roller. The PIP solution- 
impregnated substrates were tiled on the spraying equipment, 

Scheme 1. Schematic diagram of the additive manufacturing of polyamide membranes.  
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followed by spray-coating TMC n-hexane solutions with designated 
concentrations. After interfacial polymerization, the membranes were 
cured in an oven at 70 ◦C for 10 min. The resultant membranes were 
stored in water for further use. In addition, control membranes (termed 
as PA membrane) were prepared using bare PES substrate, and the 
procedure was the same as above. 

2.4. Characterizations 

Microscopy observation of the membrane surfaces and cross sections 
was performed on a field-emission scanning electron microscope (SEM, 
Hitachi S4800) operating at a voltage of 5 kV and a probe current of 10 
mA. All samples were sputter-coated with a layer of platinum to avoid 
discharging effect, prior to observation. Atomic force microscopy (AFM, 
XE-100, Park Systems) operating under a noncontact mode with a 
scanning speed of 0.5 Hz was used to measure the thickness of mem-
branes. Membrane samples were obtained by etching away the PES 
substrates using DMF, and subsequently transferred onto silicon wafers 
to expose their thickness profiles. The membrane surface charges were 
analyzed by an electrokinetic analyzer (SurPASS, Anton Paar) under a 
streaming potential method using 1 mmol L− 1 potassium chloride as the 
background electrolyte solution. The pH values during the test were in a 
range of 3–10. 

2.5. Nanofiltration performance tests 

Nanofiltration performances of membranes were tested using a cross- 
flow apparatus, of which the active filtration area was 7.1 cm2. Prior to 
testing, all membranes were pressurized at 5 bar for 20 min to reach 
steady permeation flux. The test was conducted at 4 bar, and the cross- 
flow rate was 30 L h− 1. The temperature of the liquid was controlled by a 
heat exchanger at 25 ◦C. The permeation flux (Jw, L m− 2 h− 1) and water 
permeance (Pw, L m− 2 h− 1 bar− 1) were calculated as follows:  

Jw = ΔV / (A Δt)                                                                             (1)  

Pw = Jw / Δp                                                                                  (2) 

where ΔV (L) is the volume of the filtrate collected over a duration of Δt 

(h), A is the active filtration area (m2), and Δp is the applied pressure 
(bar). 

For the rejection test, the salt concentration in the feed solutions was 
1000 mg L− 1. The rejection rate (R, %) of inorganic salts was calculated 
based on the conductivity of the feed Cp and the filtrate Cf using an 
electrical conductivity meter (S230-K, Mettler-Toledo) as below:  

R = (1 – Cp / Cf) × 100%                                                                 (3) 

To obtain the molecular weight cut-off (MWCO) of the membrane, 
the retention test using PEG with different molecular weights (200, 400, 
600, 1000, and 2000 Da) was conducted. The concentration of PEG in 
the feed and the filtrate were measured by gel permeation chromatog-
raphy (Waters 1515). 

3. Results and discussion 

3.1. Membranes prepared by additive manufacturing 

In this work, the CNT dispersion was spray-coated on the PES sub-
strate beforehand. After the deposition, the macropores of the PES 
substrate are covered by a continuous CNT layer (Fig. 1a and b). The 
macropores underlying the CNT layers still can be clearly seem, because 
of the ultrathin nature of CNT layers (Fig. 1b). After implementing 
spray-assisted interfacial polymerization at an optimal condition (PIP, 
0.075%; TMC, 0.3%), a continuous and defect-free polyamide layer was 
formed atop the CNT-coated PES substrate (Fig. 1c). Likewise, the ul-
trathin nature of polyamide layer makes the underlying macropores 
visible. The cross-sectional SEM image reveals a triple-layered mem-
brane structure that comprises a PES substrate, a CNT interlayer and a 
~25 nm-thick polyamide layer (Fig. 1d). After etching away the PES 
substrate by DMF, a free-standing film composed of the polyamide layer 
and the CNT layer can be obtained (Fig. 1e). This film can be easily 
transferred onto a steel wire lasso, without compromising its structural 
integrity, due to the rigid and robust CNT networks. Based on the AFM 
analysis, the thickness of this film is ~95 nm (Fig. S1a). Notably, based 
on the same etching protocol, the thickness of CNT layer is measured to 
be ~70 nm (Fig. S1b). Thus, by subtracting the thickness of CNT layer, 

Fig. 1. Membrane preparation. SEM images of membrane surfaces (a–c) and cross sections (d). (a) PES substrate, (b) CNT-coated PES subsrate, (c) and (d) composite 
membranes. Insets show corresponding digital images. (e) Digital image of a free-standing membrane on a steel wire lasso. (f) Digital image of a large-area membrane 
with a size of 30 × 30 cm2. The membranes were prepared at an optimal condition (PIP, 0.075%; TMC, 0.3%). 
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the thickness of polyamide layer is ~25 nm, which is in line with the 
observation from the cross-sectional SEM image. Importantly, large-area 
membranes, for example, 30 × 30 cm2, was successfully prepared by this 
spray-assisted interfacial polymerization (Fig. 1f). During the prepara-
tion process, the organic solution was fully atomized and consequently 
sprayed onto the aqueous solution-impregnated membrane surface in an 
even and continuous way. Therefore, this spray-assisted interfacial 
polymerization can be considered as a flexible and scalable technique 
that is amenable to production of large-area membranes. Moreover, 
given the very thin thickness and the high specific surface area of the 
CNT layer, it can be firmly attached on the PES substrate, especially after 
drying treatment. 

Fig. S2 displayed the influence of PIP concentrations on the mem-
brane morphology. Increasing PIP concentrations from 0.05% to 0.5%, 
all membranes exhibit the relatively flat surface, except for the obvious 
defects appeared in the membrane prepared from the PIP concentration 
of 0.05%. In addition to the surface, the membrane thicknesses 
composed of the polyamide layer and the CNT layer enlarge from 82 nm 
to 185 nm, when PIP concentration increasing. The change of TMC 
concentrations on the membrane morphology were presented in Fig. S3. 
For lower PIP concentration (0.075%), the rise of TMC concentration 
leads to defect-free surface and slightly enlarged thickness. Similarly, in 
the case of higher PIP concentration (0.5%), the defects are eliminated 
and the thickness is enlarged, as TMC concentration rising. Considering 
that all membranes have almost same thickness of the CNT layer, the 
spray-assisted interfacial polymerization contributes to thin polyamide 
layers with the thickness down to ~12 nm. Importantly, this spray- 
assisted interfacial polymerization allows the thickness of polyamide 
layers to continuously adjust over a wide range of ~115 to ~12 nm. 

3.2. Effects of CNT layers on membrane structures and performances 

The CNT layers on PES substrates hold three critical characteristics: 
(i) mediation of interfacial polymerization to create minimal thickness; 
(ii) gutter effect for unobstructed water permeation; and (iii) providing 
adequate mechanical strength. As shown in Fig. 2a and d, the surface 
morphologies of PA and PA-CNT membrane are very similar, and both of 
them have relatively flat surfaces. The thickness of PA membrane is 
~140 nm, while PA-CNT membrane has a thickness of ~48 nm (Fig. 2b 
and e). Note that such two membranes were prepared under same 
condition (PIP, 0.075%; TMC, 0.4%). The great divergence in thick-
nesses originates from the mediation of interfacial polymerization by 

CNT layers [29,30]. The PES substrate having large pores makes the 
interfacial polymerization very fast and relatively uncontrollable, thus 
resulting in large thicknesses [31]. Moreover, due to the strong wetting 
property of the PES substrate [32], the intrusion of the polyamide into 
macropores usually occurs [33], further increasing the thickness of the 
polyamide layer to some extent (Fig. 2c). In sharp contrast, a continuous 
layer of CNT network on top of the PES substrate would uptake and 
release of PIP aqueous solutions in a more controllable way [34], 
contributing to the formation of thinner polyamide layers [35]. Zeta 
potential test also confirms that controllable interfacial polymerization 
is likely to occur (Fig. S4). The reaction between PIP and TMC is very 
fast, thereby leaving a large number of unreacted acyl chlorides on the 
membrane surface. Those acyl chlorides would hydrolyze into carboxyl 
groups, which accounts for the high negative surface charge of PA 
membrane. Upon the mediation of interfacial polymerization by CNT 
layers, the reaction becomes more controllable through the controlled 
release of PIP, making the reaction between TMC and PIP more com-
plete, and thus generating less unreacted acyl chlorides. As a result, the 
surface of PA-CNT membrane is in less negatively charged, evidencing 
the occurrence of controllable interfacial polymerization. Additionally, 
the continuous CNT layer offers a robust barrier that relieves the 
intrusion of the polyamide into the substrate macropores (Fig. 2f). 
Overall, in terms of mediation effect, the CNT layers on top of PES 
substrates are able to create polyamide layers with less thicknesses. 

It is expected that CNT layers are beneficial to water transport from 
polyamide layers to PES substrates by means of gutter effect [29,36,37]. 
For typical composite membranes that merely comprise a polyamide 
layer and a porous substrate, water molecules need to transport through 
polyamide layers to the pore openings of substrates, assuming that 
polymeric backbone of substrates is impermeable. Thus, water mole-
cules would transport in both vertical and slanting directions. Consid-
ering that the concentration gradient is normal to membrane surface, 
the transport occurring in vertical direction is regarded as the shortest 
path, which is in accordance with the thickness of the polyamide layer, 
and consequently minimizes the hydraulic resistance. For the transport 
far away from the pore openings, water molecules inevitably follow a 
slanting direction inside the polyamide layers, leaving an actual trans-
port path being greatly larger than the thickness of polyamide layers. In 
this case, the transport occurring in slanting direction causes much 
higher hydraulic resistance. 

As shown in Fig. 3a, with water molecules transporting both verti-
cally and slantingly through the polyamide layer of PA membrane, it is 

Fig. 2. Microstructures of different membranes. SEM images of (a) surface and (b) cross section of PA membrane. (c) Schematic illustration of PA membrane. SEM 
images of (d) surface and (e) cross section of PA-CNT membrane. (f) Schematic illustration of PA-CNT membrane. The membranes were prepared under same 
condition (PIP, 0.075%; TMC, 0.4%). 
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necessary for water to take much longer transport path because of the 
large thickness. The intrusion of the polyamide occurring at the mac-
ropore would further increase thickness of the polyamide layer, thus 
extending the transport path. As a result, water transport inside PA 
membrane is subjected to high hydraulic resistance, leading to sluggish 
water permeation. As shown in Fig. 3b, the polyamide layer with a thin 
thickness has much lower hydraulic resistance, as the transport path is 
markedly shortened in vertical direction. Notably, the permeability of 
CNT network is much higher than that of the polyamide layer but close 
to that of the substrate. Water transport in the polyamide layer is more 
likely to occur along the vertical direction, instead of the transport in 
slanting direction that is observed in PA membrane. Water molecules 
still require to take longer transport path in CNT layer to reach the 
openings of the substrate. Nevertheless, the transport resistance in this 
case is significantly reduced, because of the high permeability of CNT 
network. Compared with thick polyamide layer of PA membrane, the 
CNT layer of PA-CNT membrane not only offer a shorter transport path, 
but also reduce the transport resistance. Therefore, the CNT layer can 
serve as a gutter layer that may offer a large number of shortcuts for fast 
water permeation. 

To better understand the role of CNT layer, separation performances 
of PA and PA-CNT membranes were evaluated. The membranes were 
prepared from various PIP concentrations while TMC concentration was 
fixed at 0.4%. With PIP concentration decreasing from 0.5 to 0.075%, 
the water permeance enhanced while Na2SO4 rejection rate maintained 
almost unchanged for both membranes. In the case that the polyamide 
layer was directly formed on PES substrate (Fig. 3c), water permeance 
varied slightly in a range of ~8–10 L m− 2 h− 1 bar− 1. In contrast, water 
permeance increased sharply from ~12 to 25 L m− 2 h− 1 bar− 1, when the 
polyamide layer was formed on top of the CNT layer (Fig. 3d). In view of 
high hydraulic resistance stemming from large thickness and longer 
transport pass, the PA membrane was less permeable. Reducing the PIP 
concentration did not enhance the water permeance effectively, as the 
bare PES substrate was not able to mediate interfacial polymerization 
that creates thin polyamide layer for fast water permeation. Mediated by 
the CNT layer, a very thin layer of polyamide was formed, which 
exhibited less hydraulic resistance for water permeation. The CNT layer 
also served as a gutter layer, allowing water molecules easily to pass 
through, due to the high permeability of the CNT network. Thus, the 
water permeance of PA-CNT membranes regardless of PIP concentration 
was higher than that of PA membrane. Furthermore, the mediation ef-
fect of the CNT layer has the ability to control the thickness of the 
polyamide layer by changing PIP concentration, contributing to higher 
water permeance. 

Typically, a polyamide layer having large thickness but low per-
meance is mechanically stable that can withstand high transmembrane 
pressure frequently required in nanofiltration process. However, a thin 

polyamide layer possessing large permeance seems to be mechanically 
problematic, and consequently is susceptible to high transmembrane 
pressure. To validate the influence of transmembrane pressure on sep-
aration performances, we prepared membranes with different struc-
tures. For the membrane with thick polyamide layer, with the pressure 
rising from 2 to 8 bar, the permeation flux was gradually enhanced, and 
Na2SO4 rejection rate slightly increased (Fig. 4a). Notably, the increase 
of the permeation flux was proportional to that of the pressure, indi-
cating that the thick polyamide layer well maintained its structural 
integrity covering a wide range of pressures. Likewise, the polyamide 
layer having thin thickness exhibited a proportionally increased 
permeation flux and almost unchanged Na2SO4 rejection rate, when the 
pressure rising from 2 to 6 bar (Fig. 4b). However, the flux and Na2SO4 
rejection rate were found to be compromised at a higher pressure of 8 
bar. The thin polyamide layer directly formed on macroporous substrate 
may undergo significantly large stress at a higher transmembrane 
pressure, resulting in tearing or cracking that would deeply compromise 
separation performances [38]. In the context of a thin polyamide layer 
formed on the CNT layer, the permeation flux varied proportionally to 
the pressure change (Fig. 4c). The high pressure did not undermine the 
structural integrity as verified by the unchanged Na2SO4 rejection rate. 
The inherently strong π–π interaction of the CNT makes its layer me-
chanically robust [38–40]. Therefore, the CNT layer not only reinforces 
the structural integrity of thin polyamide layer, but also can scatter the 
stress and terminate the propagation of tearing or cracking possibly 
occurring. 

3.3. Separation performance of membranes 

To reveal the structure-property relationship, the separation per-
formance of the PA-CNT membranes prepared under various PIP and 
TMC concentrations was evaluated (Fig. 5, Tables S2 and 3). With TMC 
concentration being fixed at 0.4%, water permeance of membranes was 
increasingly enhanced by lowering PIP concentration from 0.5 to 
0.075% (Fig. 5a). Na2SO4 rejection rate did not vary when PIP con-
centration changing. This tendency was well related to the reduction of 
thickness of polyamide layers (Fig. S2), the membrane of which 
possessed almost same a PES substrate and a CNT layer. Under the 
lowest PIP concentration, that is, 0.05%, the membrane could not reject 
Na2SO4 effectively, because of the defect apparently existing on mem-
brane surface (Fig. S2). To illustrate the separation performance influ-
enced by various TMC concentrations, a high PIP concentration of 0.5% 
was first investigated. As shown in Fig. 5b, water permeance was 
markedly enhanced as TMC concentration dropped from 0.4 to 0.1%. 
Specifically, Na2SO4 rejection rate begun to decline slightly in the first 
conentration drop, while much pronounced decline of the rejection rate 
occurred in the next conentration drop. It seems that TMC being in lower 

Fig. 3. Dissection the role of CNT layer. (a) Schematic depicting water transport through PA membrane. (b) Schematic depicting water transport through PA-CNT 
membrane. Effects of different PIP concentrations on the separation performance of PA (c) and PA-CNT membranes (d). The membranes were prepared under same 
TMC concentration of 0.4%. 
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Fig. 4. Effects of pressure on the separation performance of different membranes. (a) Thick PA membrane (Condition: PIP, 0.075%; TMC, 0.4%). (b) Thin PA 
membrane (Condition: PIP, 0.075%; TMC, 0.1%). (c) PA-CNT membrane (Condition: PIP, 0.075%; TMC, 0.4%). 

Fig. 5. Separation performance of PA-CNT membranes prepared from various PIP and TMC concentrations. (a) Effects of PIP concentration on water permeance and 
Na2SO4 rejection rate. TMC concentation was fixed at 0.4%. (b) and (c) Effects of TMC concentration on water permeance and Na2SO4 rejection rate. PIP con-
centation was fixed at 0.5% and 0.075% for (b) and (c), respectively. 

Fig. 6. Separation performance of PA-CNT membrane. (a) Permeation flux and rejection rate toward various inorganic salt solutions. (b) Characteristic curve of PEG 
retention. (c) Nanofiltration performance stability over a relatively long period of 30 h. (d) Nanofiltration performance of the membrane benchmarking against other 
state-of-the-art membranes and commercial membranes. The membranes were prepared at an optimal condition (PIP, 0.075%; TMC, 0.3%). 
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concentration would not be able to react thoroughly with PIP having 
higher concentration to form a defect-free polyamide layer. PIP mole-
cules would diffuse from aqueous solution to the immiscible interface 
closer to the organic solution for the reaction with TMC. Thus, it is 
necessary for TMC to maintain a properly high concentration. Other-
wise, rapid TMC consumption by excess PIP molecules would make the 
polyamide layer less cross-linked, leaving a large number of defects. In 
the case of lower PIP concentration of 0.075%, water permeance was 
progressively enhanced as TMC concentration dropped from 0.4 to 0.2% 
(Fig. 5c). Na2SO4 rejection rate was only compromised in a relatively 
low TMC concentration. The optimal separation performance can be 
obtained under a lower PIP concentration of 0.075%, and a higher TMC 
concentration of 0.3%. The water permeance was 34.1 L m− 2 h− 1 bar− 1 

and Na2SO4 rejection rate was 95.6%. The variation of separation per-
formance under different TMC concentrations was also well related to 
the thickness change of polyamide layer (Fig. 3), as indicated previously. 
In addition, the separation performance of the large-area membrane 
with a size of 30 × 30 cm2, which was mentioned above, was also tested 
(Table S4). The water permeance and Na2SO4 rejection rate were the 
same as that of the optimal membrane. 

Fig. 6a displayed the permeation flux and rejection rate of the 
optimal membrane toward various inorganic salt solutions. The rejec-
tion characteristic of the membrane followed an order of Na2SO4, 
MgSO4, MgCl2, and NaCl. The separation performance of nanofiltration 
membranes is thought to be governed by a synergistic effect of steric 
hindrance and Donnan effect (electrostatic interaction). Divalent ions 
showed a higher rejection rate than that of the monovalent ion, which is 
ascribed to larger hydrated radius. Due to the negatively charged 
membrane surface, anions bearing more charges would undergo strong 
electrostatic repulsion than that of monovalent anion, resulting in 
higher rejection rate. In addition, other membranes prepared under 
various PIP and TMC concentrations (Tables S2 and S3) showed a similar 
rejection characteristic as referred above. The membrane possessed a 
relatively small MWCO of 280 Da (Fig. 6b). Once again this result evi-
denced that the defect-free membrane has the capability to desalination 
effectively. The permeation flux and Na2SO4 rejection rate maintained 
almost unchanged over a relatively long period of time (Fig. 6c), indi-
cating that the membrane was defect-free and the significant compac-
tion did not occur. The reinforcement derived from rigid and robust CNT 
network layer accounts for the excellent separation stability. To high-
light the remarkable separation performance of our membrane, its water 
permeance and salt rejection were compared with other state-of-the-art 
membranes reported in literature (including several commercial mem-
branes). Our membrane exhibited very high water permeance while 
maintaining a satisfactory salt rejection, outperforming most reported 
membranes prepared from various strategies (Fig. 6d and Table S5). 

3.4. Defect-healing characteristic 

The effective elimination of defects inevitably existing is prerequisite 
in the production of large-area membranes, which is thought to be a 
demanding challenge. In contrast to conventional interfacial polymeri-
zation that heavily relies on complex and time-consuming processes to 
eliminate defects, our strategy does not require extra processes but 
simply consecutively spraying TMC n-hexane solutions. As a demon-
stration (Fig. 7), we prepared a membrane with obvious defects using 
very low PIP concentration, which has been proved above. As result of 
the defects, this membrane exhibits very high water permeance but a 
negligible rejection rate to Na2SO4. When the spraying process repeating 
for only one time, the Na2SO4 rejection rate can radically rise from 6.2% 
to 98.6%, evidencing the complete elimination of defects. Since the CNT 
layer contains enough aqueous solutions, as-sprayed n-hexane solutions 
would contact with the aqueous solutions, triggering the reaction of 
TMC and PIP at local areas that had not been covered by polyamide 
layers. Thus, the polyamide continues to grow so as to form continuous 
and defect-free layers before the reaction is quenched by the self- 

limiting nature of interfacial polymerization [41]. As the spraying 
repeated for another time, the rejection rate maintains almost un-
changed, while the water permeance continue to decline, due to the 
increased thickness. Given that the CNT layers have been wholly 
covered by polyamide layers after spraying repeated one-time, this 
barrier would segregate those two reaction phases. The increased 
thickness of polyamide layer mainly stems from the reaction between 
PIP and the unreacted acyl chlorides on the pre-formed polyamide. 
Therefore, our additive manufacturing strategy not only provides a 
nimble and cost-effective way to eliminate defects, but also endows 
polyamide membranes with defect-healing characteristic, which is of 
great significance for the large-scale production. 

4. Conclusions 

In summary, an additive manufacturing strategy using spray-coating 
was proposed to prepare TFC polyamide membranes with tunable 
thickness. With the aid of spray-coating, TFC membranes featuring 
polyamide layers and CNT layers on top of PES substrates were con-
structed in an additive way. It is found that thickness control can be 
decoupled from other properties, as the mediation effect by CNT layers 
make interfacial polymerization more controllable. The polyamide 
thickness can be independently tuned by changing monomer concen-
trations, and water permeance was also related to the thickness. Using 
this approach, TFC membrane with a large size of 30 × 30 cm2 was 
successfully constructed. The optimal membrane exhibited large water 
permeance of 34.1 L m− 2 h− 1 bar− 1 and high Na2SO4 rejection rate of 
95.6%. Importantly, additive nature endows membranes with defect- 
healing characteristic, which is beneficial to the large-scale produc-
tion. Our work highlights the great promise of additive manufacturing, 
which may become a game changer in the preparation of high- 
performance separation membranes. 
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