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ABSTRACT 

Polyvinylidene fluoride (PVDF) microfiltration (MF) membranes, which are widely applied in 

the field of wastewater and water treatment, would inevitably reach their end-of-life (EOL) 

after numerous fouling-cleaning cycles. Lack of recycling strategy for the EOL PVDF MF 

membranes impedes the sustainability of membrane technology. In this study, we proposed a 

cleaning-healing-interfacial polymerization (IP) strategy to upcycle real EOL PVDF MF 

membranes from a membrane bioreactor for fabricating nanofiltration membranes. The 

cleaning step was responsible for removing most organic and inorganic foulants from the 

membrane, with a following healing step of membranes using polydopamine (PDA). After 

healing, a continuous and intact polyamide (PA) layer can be formed on the surface of the healed 

membrane via IP reaction between piperazine (PIP) and trimesoyl chloride. The PA 

nanofiltration (NF) membrane upcycled from the healed substrate (NF-Healed) membrane had 

a pure water permeance of 20.2 ± 1.1 L m-2 h-1 bar-1 and a Na2SO4 rejection of 92.4 ± 1.2%. 

The Na2SO4 permeability of NF-Healed membrane showed an approximately 2 orders of 

magnitude reduction in contrast to the NF membranes upcycled from the cleaned PVDF MF 

substrate, highlighting the critical role of PDA healing in conditioning the substrate. Detailed 

mechanistic investigation reveals that the PDA healing layer can avoid unfavorable growth of 

PA layer on hydrophobic PVDF substrate or cleaned substrates with low PIP uptake. The 

healing layer constructed a favorable hydrophilic platform for connection between PA 

oligomers and subsequent continuous growth of PA layer. This study provides an effective and 

robust protocol to upcycle EOL low-pressure membranes and reduce their environmental 

footprint.  
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Synopsis: End-of-life PVDF microfiltration membranes were upcycled to new nanofiltration 

membranes via a novel three-step strategy, achieving sustainable use of membrane materials. 
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INTRODUCTION 

Polyvinylidene fluoride (PVDF) microfiltration (MF) membranes have high mechanical 

strength, excellent chemical resistance and thermal stability,1 leading to their wide applications 

in the field of water and wastewater treatment.2-5 During their lifespan, PVDF MF membranes 

are subjected to numerous fouling-cleaning cycles. The damage of cleaning agents to membrane 

substrate and accumulation of irrecoverable foulants in PVDF matrix result in increased 

cleaning frequency and inability to meet flow throughput,4,5 eventually leading to the end-of-

life (EOL) of membranes (typically 5-10 years).6,7 Currently, the disposal of EOL PVDF 

membranes is primarily via landfill.8 With the global market for membrane components 

estimated to reach $20 billion by 2020,9 nearly 30,000 tons of associated plastic waste need to 

be landfilled every year worldwide.8 Due to the chemically stable nature of the PVDF materials1, 

the landfill disposal of PVDF MF membranes has long-term negative environmental effects. 

Environmental engineers and material scientists attempt to recycle EOL membranes.7,10 

Currently, most of the studies focus on the downcycling of EOL high-pressure membranes to 

obtain low-pressure membranes, e.g., transforming EOL reverse osmosis (RO) membranes to 

nanofiltration (NF) or ultrafiltration (UF) membranes.11,12 However, the research relating to the 

upcycling of EOL low-pressure membranes to prepare high-pressure membranes is quite scarce. 

In our recent study,13 we found that a direct interfacial polymerization (IP) between amine and 

acyl chloride monomers could form polyamide (PA) rejection layers on biopolymer fouled MF 

substrates, which provides a strategy for upcycling fouled/EOL MF membranes. However, 

when this strategy was applied on the real EOL PVDF membranes during our pilot-scale 

experiments, it was noticed that the effectiveness cannot be ensured since the type and 
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distribution of foulants on the real EOL PVDF membranes varied significantly in different cases. 

Therefore, it prompts us to seek a more versatile strategy to upcycle the real EOL PVDF MF 

membranes. 

We herein propose an upcycling strategy based on the features of the real EOL PVDF MF 

membranes. To avoid the interference of uneven distribution and varied type of foulants in real 

cases, the first step should be cleaning that can effectively remove a large part of the foulants 

(including both organic and inorganic foulants)5. Considering the exposed hydrophobic PVDF 

surface with inefficient uptake of amine monomer and possibly damaged membrane matrix 

during long-term use, the second step should be healing. The purpose of the healing step is to 

remediate the unfavorable sites that impede formation of continuous PA layer, e.g., due to weak 

uptake of reactive monomer. Polydopamine (PDA), which can be formed via self-

polymerization of dopamine14, is a kind of adhesive “bio-glue” that can strongly stick onto 

various natural surfaces15. Due to its catechol, quinone, and amine functional groups, PDA is 

highly hydrophilic16 and therefore has the potential to heal the hydrophobic and possibly 

damaged surface of the cleaned PVDF membrane. The above cleaning and healing pretreatment 

steps ensure the quality of the final interfacial polymerization step to form a PA layer with 

enhanced and more consistent salt selectivity. 

In this study, we demonstrated the cleaning-healing-IP strategy for upcycling real EOL PVDF 

MF membranes. These EOL PVDF membranes were thoroughly characterized after each step 

of cleaning, healing, and IP. By comparison among PA NF membranes upcycled from MF 

substrates after the different steps, we demonstrate the rationality and effectiveness of our 

strategy for upcycling real EOL PVDF MF membranes. We further reveal the critical roles of 
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the PDA healing on the growth of continuous and intact PA rejection layer on the real EOL 

membranes after chemical cleaning. This study provides a sustainable and promising pathway 

to upcycling real EOL MF membranes for preparing PA NF membranes. 

 

MATERIALS AND METHODS 

Real end-of-life PVDF MF membranes. Real EOL PVDF MF membranes (Supporting 

information, Figure S1) were obtained from a large-scale membrane bioreactor (MBR) in a 

municipal wastewater treatment plant, Shanghai, China. The membranes were used for the 

treatment of municipal wastewater for nearly 5 years and exposed to numerous fouling-cleaning 

cycles during the operation. Specifically, the membranes were exposed to in-situ NaOCl 

cleaning every month and ex-situ oxalic acid-NaOCl cleaning every six months. The EOL 

PVDF MF membranes (Brand name: TP7) was produced by Shanghai Zizheng Environmental 

Technology Co., Ltd. The pristine PVDF membrane (Figure S1) with a nominal pore size of 

0.2 μm was also used for comparison. 

Procedure of membrane upcycling. Cleaning: The real EOL PVDF MF membranes (denoted 

as EOL membranes) were first exposed to 0.5% (active chlorine) sodium hypochlorite solution 

for 2 h (Figure 1). After thoroughly washed by water, the membranes were immersed in 2 wt% 

oxalic acid solution for 2 h. The membranes after NaOCl and subsequent oxalic acid cleaning 

are denoted as cleaned membranes.  

Healing: The cleaned membranes were then framed in a Teflon module (Figure S2) and 

exposed to 2 g/L dopamine hydrochloride dissolved in 10 mM Tris-HCl buffer solution 

(pH=8.5). The module containing the cleaned membranes was shaken (rotation speed of 80 rpm) 
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in the dark for 24 h to form polydopamine via self-polymerization. The membranes were 

subsequently removed from the module and washed by water to terminate the self-

polymerization reaction, which were denoted as healed membranes. 

Interfacial polymerization (IP): The healed membrane was further framed between two 

identical Teflon rings. The surface of the membrane was exposed to a 0.20 wt/v% piperazine 

(PIP)/water solution for 2 min. Excess PIP/water droplets were removed by a rubber roller. 

Immediately, a 0.16 wt/v% trimesoyl chloride (TMC)/n-hexane solution was poured onto the 

membrane surface for 30 s IP between PIP and TMC, to form a PA rejection layer. After pouring 

off the TMC/n-hexane solution, the as-synthesized thin-film composite (TFC) PA membrane 

was washed by water and cured in 60oC oven for 5 min. The membranes, denoted as NF-Healed, 

were then stored in 4oC deionized water for further use. Pristine, EOL, and cleaned PVDF 

membranes as controls were also subjected to the above IP, which were denoted as NF-Pristine, 

NF-EOL, and NF-Cleaned, respectively. The purpose of upcycling pristine, EOL, and cleaned 

PVDF membranes was to provide comparisons for us to better understand the role of each step 

and demonstrate the necessity and effectiveness of the cleaning-healing-IP strategy. 

 

Figure 1. Schematic of the cleaning-healing-interfacial polymerization strategy for upcycling 

of real end-of-life PVDF MF membrane. 
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Synthesis of free-support polyamide films. In order to resolve the role of PDA healing on the 

growth of PA layer, we further synthesized PA films at a free interface between 0.20 wt/v% 

PIP/water and 0.16 wt/v% TMC/n-hexane and then transferred them onto various substrates 

(including pristine, EOL, cleaned, and healed MF membranes).17,18 Briefly, a substrate was 

fixed on a Teflon platform in a glass container and was immersed in the PIP/water solution. The 

PIP/water level was 3 cm higher than the surface of the substrate to achieve formation of PA 

film at a free interface. The TMC/n-hexane solution was carefully poured onto the surface of 

PIP/water. The solution in the glass container was drained out via a pipe located at the bottom 

until the deposition of PA film on the substrate. The total reaction time for IP was 30 s. The 

resulting membrane was washed by water and cured in 60oC oven for 5 min. Then the 

membrane was stored in deionized water at 4oC. 

 

Membrane characterization. The surface morphology of membranes was observed by a field-

emission scanning electron microscope (FESEM, Nova Nano 450, FEI). Dried membrane 

coupons were coated with a thin layer of Pt before SEM characterization. The acceleration 

voltage for SEM observation was 5.0 kV. Membrane coupons were cut from EOL, cleaned, and 

healed membranes for confocal laser scanning microscope (CLSM, TCS SP8 STED 3X, Leica) 

observation. The polysaccharides and proteins on the membrane surface were labeled by Con 

A and SYPRO Orange, respectively.19,20 The crystalline structure of foulants on PVDF 

membrane surface were characterized by X-ray diffraction (XRD). The PIP uptake of various 

PVDF membranes was expressed by the weight change after immersion in an aqueous solution 

of 0.05 wt/v % PIP for 2 min. Attenuated total reflectance-Fourier transform infrared 
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spectroscopy (ATR-FTIR), X-ray photoelectron spectroscopy (XPS), atomic force microscopy 

(AFM), zeta potential, and water contact angle measurements of the membranes were 

documented in our previous work.21,22 

 

Membrane performance evaluation. The pure water permeance (PWP) of PVDF membranes 

were determined in a dead-end filtration cell (Millipore Amicon®, UFSC05001).23 The water 

temperature was maintained at 25 °C. The PVDF membranes were pre-compacted at 50 kPa for 

30 min before the formal measurement, and the PWP was determined at a constant pressure 

mode (30 kPa). Nanofiltration performance of upcycled TFC PA membranes was evaluated in 

a lab-scale cross-flow membrane filtration apparatus with an effective area of 9.1 cm2.22 A 10 

L deionized water sample was recirculated for 4 h for membrane precompaction at 10 bar with 

a cross-flow velocity of 20.0 cm/s to stabilize the permeate flux. The feed solution temperature 

was kept constant at 25.0 ± 0.5°C. The water flux, dextrose rejection (40 mg/L), as well as 

rejection of single salts (10 mM Na2SO4, MgCl2, MgSO4, and NaCl) were measured at 8 bar. 

The dextrose concentration was determined by a total organic carbon analyzer (TOC-L, 

SHIMADZU), while the concentration of single salt was quantified by a conductivity meter 

(DDSJ-308F, INESA instrument). 

 

RESULTS AND DISCUSSION 

Cleaning of real end-of-life PVDF MF membranes. The top surface of real EOL PVDF MF 

membrane shows a brown color different from the pristine membrane (Figure 2a), indicative of 

the presence of a foulant layer on the membrane surface. The SEM images reveal that pores on 
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the membrane surface were totally covered by foulants for the EOL membrane (Figure 2a). The 

PWP of the EOL membrane (Figure 2b) was 280 ± 40 L m-2 h-1 bar-1, which was significantly 

lower than that of the pristine membrane (1270 ± 50 L m-2 h-1 bar-1). 

After cleaning by sodium hypochlorite and oxalic acid, organic (e.g., polysaccharides and 

proteins) and crystalline inorganic foulants on the EOL membrane surface were mostly 

removed as indicated by CLSM and XRD characterizations (Figures S3 and S4), with many 

pores exposed on the membrane surface (Figure. 2a). ATR-FTIR spectrogram (Figure 2c) 

presents that the cleaning procedure eliminated the characteristic peak of 1653 cm-1, which 

represents amino group in protein substances.24 As shown in XPS spectra (Figure 2d), the 

decreased O1s and N1s signals as well as increased F1s signal after cleaning confirmed the 

removal of foulants from membrane surface.  

Surprisingly, the PWP of the cleaned membrane recovered to 2070 ± 240 L m-2 h-1 bar-1 

(Figure 2b), which was even higher than that of the pristine membrane. It implies a possible 

structural change for the cleaned membrane in contrast to the pristine membrane. The possible 

structural change was also reflected by the change in water contact angle of membrane surface 

(Figure 2e), which suggests that the cleaned membrane has a more hydrophobic surface than 

those of the pristine and EOL membranes. A more hydrophobic surface typically leads to a 

lower PWP for MF membranes.25 However, the cleaned membrane had a PWP even higher than 

that of the pristine membrane, which can be explained by the significantly enlarged pore size 

(Figure S5). Moreover, we determined the PIP/water uptake of membranes (Figure 2e) as it 

directly affects the available PIP monomer on the membrane surface for IP. The cleaned 

membrane had a PIP uptake as low as that of the pristine membrane, which was widely noted 
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in literature26,27. It was reported that PA layer cannot directly formed on the hydrophobic surface 

of PVDF membranes unless applying surface modification or adding additives into the aqueous 

phase26,27. These results indicated that the matrix of cleaned membrane was damaged (or the 

pores were enlarged) and became more hydrophobic during fouling-cleaning cycles in the 5-

year use, calling for a healing step to ensure quality of PA in IP process. 

 

Figure 2. Characterization and performance of various PVDF MF membranes: (a) SEM images 

with corresponding digital photos at the upper left corners; (b) pure water permeance; (c) ATR-

FTIR spectra; (d) XPS spectra; (e) water contact angle and PIP uptake. The PIP uptake 

represents the mass ratio of PIP absorbed by membrane.  

 

Healing of real end-of-life PVDF MF membranes. Although chemical cleaning removed 

most foulants from the real EOL PVDF MF membranes, the possibly enlarged or even damaged 

membrane pores and more hydrophobic PVDF membrane surface for the cleaned membrane 

might impede effective sorption of PIP/water on membrane surface, which could lead to 

formation of defects in PA layer. Therefore, a healing step should be introduced between 

cleaning and further IP steps. 
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The surface of cleaned membrane was further healed by PDA via self-polymerization. Digital 

photo and SEM images (Figure 2a) display the formation of a PDA healing layer with a dark 

color. The PWP of the healed membrane was 1250 ± 20 L m-2 h-1 bar-1 (Figure 2b), which is 

comparable to that of the pristine membrane (Figure 2b) but lower than that of the cleaned 

membrane, corresponding to a decreased membrane pore size (Figure S5). A new peak at 1613 

cm-1 for the healed membrane from ATR-FTIR spectra (Figure 2c) represents the overlap of 

C=C resonance vibrations in aromatic ring and N-H bending vibrations,28 while the presence of 

broad peak centered around 3300 cm-1 corresponds to catechol OH groups,29 which 

demonstrates formation of PDA on the healed membrane surface. The reduced F1s signal and 

increased O1s, N1s signals (Figure 2d) also confirm a coverage of PDA on the healed membrane 

surface. 

The PDA healing significantly reduced surface water contact angle (Figure 2e) from 94.3 ± 

1.5° (the cleaned membrane) to 49.7 ± 0.4° (the healed membrane), which is even lower than 

that of the pristine membrane (63.4 ± 1.1°). This effective surface hydrophilization can be 

attributed to the hydrophilic nature of PDA.30 As expected, Figure 2e shows that the healed 

membrane had nearly 300% PIP/water uptake (i.e., the healed membrane can absorb 300% PIP 

mass ratio of the membrane), which was higher than those of pristine, EOL, and cleaned 

membranes. Recent studies have shown that the substrate acts as a reservoir for aqueous 

monomers, with increased monomer uptake favored to form membranes of higher selectivity 

and/or water permeance.31,32 The PDA modified substrates have a higher amine monomer 

uptake compared with conventional polysulfone (PSf) substrates33. 
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Characterization of upcycled polyamide membranes. IP was performed on the healed 

membrane to form the PA rejection layer. The NF-Pristine, NF-EOL, and NF-Cleaned were also 

prepared as control samples. As shown in SEM images (Figure 3a), continuous PA layer cannot 

be formed on the pristine PVDF substrates, with a F1s peak detected by XPS (Figure S6), which 

implies exposure of substrate on the surface of NF-Pristine membrane. The discontinuity should 

be ascribed to the low PIP uptake induced by the hydrophobic nature of PVDF materials. In 

contrast, SEM images (Figure 3a) reveal that continuous PA layers can be formed on the EOL, 

cleaned and healed substrates with comparable surface roughness (Figure S7), while the NF-

Healed membrane seems to have the most uniform surface appearance. ATR-FTIR results 

(Figure 3b) show characteristic peak of 1628 cm-1 (the amide I band),34,35 confirming the 

formation of PA layers. A high-resolution deconvolution on O1s and N1s based on XPS analysis 

(Figure S6) for the NF-Healed membrane also demonstrates the formation of amide on the 

membrane surface (Figure 3c, d).  

  Figure 3e presents the O/N ratio and cross-linking degree of various membranes, both 

calculated from the XPS spectra (the calculation of cross-linking degree is detailed in Section 

S3). The O/N ratio of the NF-Healed membrane (1.23 ± 0.03) was significantly lower than those 

of NF-Pristine, NF-EOL, and NF-Cleaned membranes (2.31 ± 0.14, 1.53 ± 0.09, and 1.59 ± 

0.21, respectively), revealing an increased cross-linking degree with the aid of PDA healing 

(69.5 ± 4.1% for the NF-Healed membrane). The cross-linking degree of the NF-Pristine 

membrane cannot be determined due to the large O/N value, which was ascribed to the 

discontinuity of its PA layer. The highest cross-linking degree for the NF-Healed membrane can 

be well explained by the enhanced PIP/water uptake by the healed PVDF MF substrate, 
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providing a higher concentration of PIP for IP process and thus forming a more cross-linked PA 

structure.36 These results highlight the important role of PDA healing in formation of PA layer 

with high continuity and cross-linking degree. 

 

Figure 3. Characterization of TFC PA membranes upcycled from various PVDF MF substrates: 

(a) Surface morphology revealed by SEM observation; (b) ATR-FTIR spectra; (c) O 1s high-

resolution spectra; (d) N 1s high-resolution spectra by XPS analysis for NF-Healed membrane 

and (e) O/N ratio and cross-linking degree of various membranes. 

 

Nanofiltration performance of upcycled membranes. We further tested the nanofiltration 

performance of the upcycled membranes. Among various NF membranes, only NF-Healed 

membrane had the highest Na2SO4 rejection of 92.4 ± 1.2% (Figure 4a). The greatly improved 

Na2SO4 rejection for the NF-Healed membrane was primarily due to the formation of a more 

cross-linked PA rejection layer with better uniformity (Figure 3e). The NF-Pristine membrane 

has negligible Na2SO4 rejection, further demonstrating the unfavorable structure of PA layer on 

the pristine PVDF substrate. The NF-Cleaned membrane showed a Na2SO4 rejection and water 
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permeance with large error bar, implying the severe fluctuation of PA quality formed on the 

cleaned PVDF substrates. The fluctuation of PA quality was likely associated with both the 

unpredictable distribution of residual foulants after cleaning and possibly damaged PVDF 

membrane surface, impeding sufficient or uniform sorption of PIP/water on the surface of 

PVDF substrates and thus leading to possible formation of PA layer with defects. This result 

validates the necessity of PDA healing for obtaining a high-quality PA layer.  

The PWP of the NF-Healed membrane is 20.2 ± 1.1 L m-2 h-1 bar-1, which is comparable or 

higher than those of commercially available NF membranes and those prepared on conventional 

PES substrates (Figure S8). Although the PWP of NF-Pristine and NF-cleaned membranes were 

higher than that of the NF-Healed membrane, their compromised salt rejection hinders their 

applications. Moreover, as the permeate solute concentration is calculated by the ratio of solute 

flux over the water flux,22,37 the salt concentration in the permeates of the NF-Pristine and NF-

Cleaned membranes were actually “diluted” by the large water flux. The actual passage of 

Na2SO4 solutes across NF-Pristine and NF-Cleaned membranes are more severe than those 

expressed in the Na2SO4 rejection profile (Figure 4a). To avoid interference of the dilution effect, 

we calculated the Na2SO4 permeability and the results showed that the NF-Healed membrane 

had an approximately 1~3 orders of magnitude lower in Na2SO4 permeability compared to other 

membranes (Figure S9). This result reveals the critical importance of the PDA healing to obtain 

a continuous and intact PA layer for effective nanofiltration. 

  The nanofiltration performance of the NF-Healed membrane was further evaluated for 

rejection of various salts (Figure 4b). While the NF-Healed membrane performed nearly similar 

water permeance for all salts tested, the salt rejections for Na2SO4 and MgSO4 were much 
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higher than those for MgCl2 and NaCl. The rejection of charged salts by NF membranes were 

governed by the synergistic effect of size exclusion and Donnan exclusion. Dextrose, a neutral 

organic solute, was employed as the probe to evaluate the size exclusion effect by various 

membranes. Figure 4c shows that NF-Healed membrane had the highest dextrose rejection rate, 

which indicates an enhanced size exclusion effect thanks to the healing step. Moreover, zeta 

potential measurement (Figure 4d) suggests that NF-Healed membrane was strongly negatively 

charged at pH = 7 (with a zeta potential of ~ -50 mV). Both the increased size exclusion effect 

and strong Donnan exclusion resulted in high Na2SO4 rejection of the NF-Healed membrane. 

 

Figure 4. Performance of TFC PA membranes upcycled from various PVDF MF substrates: (a) 

Na2SO4 and water permeance; (b) single salts rejection by NF-Healed; (c) dextrose rejection; 

(d) zeta potentials. 

 

The stability of the upcycled membranes is of great importance for practical application of 
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this upcycling strategy. The NF-Healed membrane maintained a constant flux without 

significant change in Na2SO4 rejection in long-term experiments performed over 144 h (Figure 

S10). Typically, NF membranes are fabricated based on polyether sulfone (PES) or PSf UF 

substrates. Assisted by the PDA healing, the NF membrane fabricated on PVDF MF substrate 

can extend its application to various extreme conditions (e.g., organic solvent-contained 

wastewater, high temperature wastewater), as the PVDF substrate has strong thermal stability, 

high mechanical strength, and excellent chemical resistance27. The role of PDA healing also 

implies that the cleaning-PDA healing-IP could potentially be a versatile method to upcycle 

various end-of-life membranes (various materials including PES, PSF and PVDF; membrane 

types including MF and UF; hydrophobic and hydrophilic). 

 

Mechanistic insights. We further synthesized PA layers at a support-free interface between 

PIP/water and TMC/n-hexane solutions (rather than direct IP on substrates), and transferred the 

PA layers onto pristine, EOL, cleaned, and healed PVDF substrates. The NF membranes 

prepared at free-interface theoretically had identical PA rejection layers but different substrates. 

It allows us to understand the role of PDA healing, residual foulants, or the PVDF substrate 

itself in the separation performance of upcycled NF membranes, because it can avoid the effect 

of substrates on the growth of PA layer during IP reaction, i.e., the different PIP uptake 

conditions by various substrates.  
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Figure 5. (a) Na2SO4 rejection, (b) water/Na2SO4 selectivity (A/B), and (c) pure water 

permeance of membranes prepared directly on various substrates, as well as those prepared at 

a free interface (and deposited on the substrates). Membrane performance was tested at an 

applied pressure of 8 bar at 25 oC. 

 

  Figures 5a,b present that only NF-healed membranes prepared by direct IP or free interface 

method have comparable Na2SO4 rejection and water/Na2SO4 selectivity (A/BNa2SO4). The NF-

Pristine, NF-EOL, and NF-Cleaned membranes prepared via direct IP all showed significantly 

lower Na2SO4 rejection and A/BNa2SO4 than those prepared by free interface method, which 

meant that NF-Pristine, NF-EOL, and NF-Cleaned membranes prepared via direct IP had 

worser qualities of PA layers than those prepared by free interface method. It further confirmed 

that the unfavorable separation performance (Figure 4) of NF-Pristine, NF-EOL, and NF-

Cleaned membranes was ascribed to the hydrophobic surfaces of the substrates incapable of 

providing enough amine monomer for formation of high-quality PA layer. For NF membranes 

prepared at free interface, their PWPs show a tendency of NF-Cleaned > NF-Pristine > NF-

EOL ≈ NF-Healed (Figure 5c), which correspond well to the PWPs of MF substrates (Figure 

2b). It implies that the resistance of substrates can directly determine the resistance of whole 

NF membranes when PA layers were identical.  



20 
 

Some previous studies showed that an interlayer (like the PDA healing layer in this study) 

between substrates and PA layer can induce a “gutter layer effect” (or called the direct effect in 

literature33) and the interlayer can reduce the whole membrane resistance to water38,39. However, 

we noticed that the NF-Healed membrane prepared at free interface had a lower PWP than that 

of the corresponding NF-Pristine membrane (Figure 5c), indicating that this study did not 

present a significant gutter layer effect even though a PDA healing on substrate was applied. 

Moreover, the NF-Healed membrane prepared by direct IP had a higher PWP than that of NF-

Healed membrane prepared at free interface, which suggested that the PDA healing caused a 

positive effect in optimizing the IP process and structure of PA layer (or called the indirect effect 

in literature33), beyond facilitating the formation of continuous PA layer.  

The comparison of membrane performance between direct IP and free interface demonstrated 

the critical importance of PDA healing on formation of high-quality, continuous, and intact PA 

layer. At initial stage of IP process, the instant reaction between PIP and TMC produces nuclei 

of PA materials, or PA oligomers, on substrates. The key of further formation of continuous PA 

layer with less defects is the connection of PA oligomers. However, on pristine PVDF substrate 

or cleaned substrate with uneven distribution of foulants, the PA oligomers cannot connect 

“hand in hand” (as drawn in Figure 6a) due to the relatively low PIP uptake (or low PIP density 

on the membrane surface). In contrast, the PDA healing layer conditions the surface to achieve 

enhanced PIP uptake, serving as a more favorable platform to “bridge” the PA oligomers into a 

continuous and high-quality PA layer (Figure 6b).   
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Figure 6. Schematics illustrating the role of PDA healing in formation of continuous PA layer 

on real end-of-life PVDF MF membranes. 

 

Implications. For the first time, we proposed a cleaning-healing-IP strategy for upcycling real 

EOL PVDF microfiltration membranes. The cleaning, healing, and IP are responsible for 

foulant removal, reaction platform construction, and PA layer formation, respectively, allowing 

successful preparation of TFC PA membranes from EOL membranes for efficient nanofiltration. 

The strategy provides a robust route to form continuous and intact PA layer on the hydrophobic 

PVDF substrates with uneven distribution of foulants and possibly damaged surface. Moreover, 

the strategy can help address the issue of abandoned EOL low-pressure membranes, whose 

chemically stable nature makes their disposal quite harmful to the environment. By applying 

the strategy, the life span of the low-pressure membranes can be prolonged, which hence 

significantly reduces their environmental footprint. Although the membrane materials, foulants, 

and damaged conditions varied in different real cases, we believed that after proper 
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modifications (changing cleaning method, adjusting healing procedure, or optimizing the IP 

condition), the strategy can be used for upcycling EOL low-pressure membranes.  

A major obstacle for applying this strategy to EOL low-pressure membranes in real 

applications is that traditional PA membrane production lines adopts continuous feeding of 

substrates. This in turn requires the dissemblance of membrane modules, which damages and 

wastes module housings, flow spacers, and interconnects, with major implications in overall 

economics and sustainability of the upcycling strategy. Therefore, novel and practical upcycling 

processes should be developed for in-situ cleaning, healing, and forming PA layer without 

destruction of membrane modules, for example, by using the concentration polarization 

enhanced modification technique.40,41 Furthermore, the healing agent PDA in this study may be 

expensive and needs long reaction time (nearly 1 d), further development of a cheaper and more 

efficient healing agent is required in the future, for example, based on the metal-tannic acid 

chemistry42. 

 

CONCLUSIONS 

A real EOL PVDF MF membrane was successfully upcycled to fabricate new NF PA membrane 

by a cleaning-PDA healing-IP strategy. The cleaning step was effective in removing most 

organic and inorganic foulants from the PVDF membrane. The PDA healing can avoid 

unfavorable growth of PA layer on hydrophobic PVDF substrate or cleaned substrates with low 

PIP uptake, constructing a favorable hydrophilic platform for connection between PA oligomers 

and subsequent continuous growth of PA layer. After the healing, a continuous and intact PA 

layer can be formed on the surface of healed PVDF membrane via IP reaction between PIP and 
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TMC. The NF-Healed membrane had a pure water permeance of 20.2 ± 1.1 L m-2 h-1 bar-1 and 

a Na2SO4 rejection of 92.4 ± 1.2%. The Na2SO4 permeability of NF-Healed membrane showed 

an approximately 2 orders of magnitude reduction in contrast to the NF membranes upcycled 

from the cleaned PVDF MF substrate, highlighting the critical role of PDA healing in 

conditioning the substrate. Our study provides an effective and robust protocol for sustainable 

use of EOL low-pressure membranes and reduce their environmental footprint. 
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