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ABSTRACT 

Construction of anti-fouling membrane has been a desirable approach to addressing the membrane 

fouling issues in ultrafiltration (UF) process. Anti-fouling means anti-adhesive and anti-microbial, however, 

few reports can achieve both properties in a facile and effective manner. In this work, we report a direct 

tannic acid (TA) coating method combined with in situ deposition of silver nanoparticles (Ag NPs) to 

improve the anti-fouling property of a positively charged polymeric UF membrane. Results showed that 

the TA-Ag NPs modified membranes showed improved protein resistance (flux recovery rate 71.2% after 

vs 17.8% before modification) as well as less attachment of bacteria (E. coli K1) on the membrane surface 

and reduced cell viability in the resultant bacterial suspension (reduced by ≥ 90%), due to the combined 

anti-microbial properties of both TA and Ag NPs. This indicates that our modification method is promising 

for UF membrane anti-fouling applications. 

INTRODUCTION 

Ultrafiltration (UF) has been widely used for removing virus and colloid in water by utilizing UF 

membranes. However, membrane fouling, formed by the adsorption of foulants from water and 

the formation of biofilms, has become a major issue that affects membrane operation in water 

purification.1-3 Surface characteristics of membranes, such as hydrophilicity, charge and 

roughness, have been considered as critical parameters in influencing membrane fouling.4,5 As a 

typical example, UF membrane made from polyethersulfone (PES), has become one of the most 

widely used polymeric membranes mainly due to its excellent stability against harsh conditions 

and easy processing. However, like many other polymers, the flux and fouling resistance of PES 

membranes need to be enhanced.4,5 
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 Great efforts have been made to improve the hydrophilicity of PES membranes. Additive 

blending has been commonly utilized in the membrane fabrication process to enhance 

membrane hydrophilicity and anti-fouling properties. Organic additives with high hydrophilicity, 

including the non-charged PEG and PEG-based polymers,6,7 and the charged polymers, such as 

the negatively charged sulfonated polymers,8,9 and the positively charged quaternary 

phosphinum polymers,10,11 haven been studied for improving the hydrophilicity of PES 

membranes.12 Although the water flux of the blended PES membranes could be substantially 

enhanced, the biofouling resistance still need to be improved for long-term filtration 

applications.13 In contrast, inorganic nanomaterials, such as the metals (e. g., silver and copper) 

14-16 and metal oxides (e. g., titanium oxide and silica oxide),17-20 featuring both hydrophilic and 

anti-microbial properties, have emerged as versatile modifiers to endow the membranes with 

active anti-adhesive and anti-microbial properties. In particular, the silver nanoparticles (Ag NPs) 

blended membranes have been shown to have the ability to recover the water flux after organic 

and biofouling. However, Ag NPs easily agglomerate during membrane preparation, leading to 

reduced utilization efficiency. Therefore, alternative approaches for the immobilization of Ag NPs 

has been investigated. The recently emerged nanoparticles in situ formation approaches have 

been established to overcome the issues of conventional additive blending method, mainly 

including sol-gel process21,22 and the more facile in situ reduction by means of UV irradiation23 or 

reducing agents, such as sodium borohydride (NaBH4).24 Particularly, Ag NPs generated by in situ 

reduction on PES membranes show homogeneous and tunable distribution. However, there is a 

need to develop a more effective approach to achieving simultaneous in situ deposition of Ag 

NPs and their adhesion to membrane surface. 
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Some natural compounds such as tannic acid (TA) have been shown to reduce a variety of metal 

ions in a green and mild condition.25 Recently, it has been employed as a membrane modifier, 

mainly due to its advantages like low cost, high adhesiveness and mild reactivity.26-28 To endow 

membrane with anti-fouling property, TA was used to coordinate with ferric iron Fe(III).29 The 

mild reducing property of TA in the complex also made it a good candidate for the in situ 

formation of Ag NPs on membranes.30 Unlike the conventional chemical reduction by NaBH4 that 

requires complexing free silver ions on membrane first, followed by contacting with reducing 

agent, TA induced in situ formation of Ag NPs initiates from the coordination of TA-Fe(III), acting 

as an intermediate coating layer, followed by contacting with silver ion solutions, which is 

beneficial for firm immobilization of Ag NPs.30 However, the TA-Fe (III) complex may potentially 

suffer from drawbacks of pore blocking if the concentration of Fe (III) is not properly controlled. 

Also, due to the transitional nature of the TA-Fe (III) complexation states under different pH 

conditions,28 it is hard to ensure that ferric ions are tightly immobilized on membrane surface, 

which may quickly leach out and get absorbed by some specific type of microorganisms, such as 

Fe (III) reducing bacteria.31 Therefore, direct use of TA and the subsequent in situ formation of 

Ag NPs for membrane anti-fouling modification would be favorable to overcome these potential 

issues. In fact, with aromatic moieties in structure, the intrinsic adhesive nature of TA has enabled 

it to form a coating layer by itself on a variety of non-porous or porous substrates,26,28,32 allowing 

for the enhancement in hydrophilicity and transitions in surfaces charges, which confirms the 

feasibility and effectiveness of direct TA coating.  

In this study, a high-flux PES based UF membrane, tris (2, 4, 6-trimethoxyphenyl) polysulfone-

methylene quaternary phosphonium chloride (TPQP-Cl) blended PES (TPQP-Cl/PES) membrane 
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was modified by a direct TA coating method, followed by in situ formation of Ag NPs. Due to the 

adhesive property of TA coating and its electrostatic attraction with positively charged TPQP-Cl 

moiety in membrane, strong adhesion between Ag NPs and membrane surface would be 

ensured. Coating times and concentrations of TA are investigated for the proper generation of 

Ag NPs. Membrane morphology, silver loading and release, chemical composition and structures 

as well as the anti-fouling properties against organic foulant and biofoulants are also studied.  

EXPERIMENTAL 

Membrane synthesis 

Pristine TPQP-Cl/PES membrane was firstly prepared by the method that was previously reported 

by our group by a phase inversion method.11 Briefly, TPQP-Cl was synthesized by the 

chloromethylation of polysulfone (PSF, Mw=35 kDa) using paraformaldehyde (Sigma, Mw=30.03 

g mol-1), trimethylchlorosilane (Sigma, Mw=108.64 g mol-1), and stannic chloride (99%) at 50°C 

for 72 h, followed by the incorporation of tris(2,4,6-trimethoxyphenyl)-phosphine (TTMPP, 

Sigma, Mw=532.52 g mol-1) at 80°C for 12 h, as shown in Figure S1 in the Supporting Information. 

Dry TPQP-Cl was obtained by thoroughly evaporating the solvent. Then, membrane casting 

solution was prepared by dissolving PES (Ultrasons E 6020 P, Mw =51 kDa) and TPQP-Cl in 

dimethylacetamide (DMAc, Sigma, 99.8%), with a mass ratio of 8:2 and total concentration of 

15%. Finally, the TPQP-Cl/PES membrane was prepared with a casting knife (Paul N. Gardner 

Company, Inc. USA) with a gap of 200 μm and immersed in deionized water overnight to remove 

the residual solvent. 

Membrane modification 
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Membrane modification was performed by immersing the membrane in TA (sigma, Mw=1701.20 

g mol-1) solution for TA coating, as shown in Figure 1. Each pristine membrane was immersed in 

a series of TA solutions for different coating periods (1 min, 1 h and 6 h) and different 

concentrations (2, 10, 20 mg mL-1). After being rinsed with water, the membrane was further 

immersed in Ag NO3 (Sinopharm Chemical Reagent, Mw=169.87 g mol-1) solution (100 mM) for 

12 h so that the in situ generation of Ag NPs was realized. Finally, the modified membranes were 

thoroughly washed and stored in DI water before use. 

Membrane characterization 

Surface morphology, bottom and cross-sections of membrane samples was analyzed by field 

emission scanning electron microscopy (FESEM, Nova Nano SEM 450 FEI, USA). To analyze the 

size distributions of Ag NPs, at least 300 particles from the SEM images were counted.  

To study the elemental compositions on membrane surface, energy dispersive X-ray (EDX, 

FESEM, Nova Nano SEM 450 FEI, USA) characterization was performed. Also, for further 

identification of silver, X-ray photo-electron spectroscopy was carried out using AXIS Ultra 

instrument (Kratos Analytical, Manchester, UK), with an AlKα (1486.69 eV) X-ray source operated 

at 150 W (15 kV, 10 mA). X-ray diffraction (PXRD) patterns were collected using a Miniflex 600 

diffractometer (Rigaku, Japan) with a speed of 5° min-1. For identification of functional groups of 

TA, FTIR spectra were recorded using an attenuated total reflectance (ATR) Fourier Transform 

Infrared spectrometer (FTIR) (Perkin Elmer, USA).  

To investigate the total amounts of silver formed on membranes, membrane samples were 

thoroughly digested in nitrate acid solution (Ajax Finechem, 5%) for three days and the solutions 

were filtered and diluted for measurement using an inductively coupled plasma optical emission 
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spectrometer (ICP-OES, Avio 200, Perkin Elmer, USA) in the axial mode at 328.068 nm. To study the 

static release behavior of silver ions, the modified membrane (2×2 cm2) was immersed in 5 mL 

of Milli Q water at 25°C. After a given time, the solution was removed for analysis of the silver 

concentration and another 5 mL of fresh Milli Q water was added. 

Surface charging states of the membranes were characterized by Zeta potential analysis with 

electrokinetic analyzer (SurPASS™, Anton Paar, Austria) using 1 mmol L-1 KCl water solution under 

300.0 mbar. Surface wettability of the membranes was evaluated by static contact angle 

measurement of using a contact angle goniometer and the sessile drop technique (Dataphysics 

OCA15, Dataphysics, Germany). To get reliable results, the contact angles were measured at five 

random locations for each membrane.  

Measurements of water permeability and molecular weight cut-off (MWCO)  

Water permeability of the membrane was measured by a dead-end cell (HP4750, Sterlitech 

Corporation, USA). Compaction of membrane was firstly conducted before the flux was stable, 

then initial water flux was tested at 100 kPa. The pure water flux J was calculated by Equation 

(1).10 The pure water permeability of the membrane in lm-2 h-1 kPa-1 was calculated by dividing 

the pure water flux by the transmembrane pressure difference (100 kPa). 

J=V/(A×t)           (1) 

where V was the volume of permeate water (L), A was the active membrane area (m2) and t was 

the permeation time (h).  

MWCO tests were performed by filtering of PEG molecules with a series of molecular weights 

(Sigma, Mw=20, 100, 200 and 300 kDa). PEG solutions with a concentration of 1 g L-1 were used 

as the feed solution and 5 ml of permeate was collected after each filtration. The concentrations 
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of the feed and permeate solutions were analyzed by using a total organic carbon (TOC) analyzer 

(TOC-LCSH, Shimadzu, Japan). The PEG rejection was calculated by Equation (2).10 

R (%) = (1−Cp/Cf) ×100%          (2) 

where Cp and Cf were the PEG concentrations for permeate and feed solutions, respectively. 

A curve of the molecular weight vs rejection was plotted in which the molecular weight at 90% 

of rejection by the membrane was defined as the MWCO cut off value. Finally, the pore size of 

membrane surface was determined as the hydrodynamic diameter of PEG. For the radius of PEG, 

it was calculated from the MWCO using Equation (3).10  

Solute radius (nm) = 0.0262×Mw0.5−0.03        (3) 

where Mw stands for the MWCO of the membrane 

Anti-organic fouling measurement 

For the organic fouling test, bovine serum albumin (BSA, Mw=66 kDa) was used as the model 

foulant due to its strong adsorption capability on membranes. Each membrane (1×3 cm2) was 

immersed in 10 mL of BSA solution (1000 ppm) and the static adsorption lasted for 12h. After 

contact, the concentration of the BSA solution was measured by testing the absorbance at OD280 

nm using a UV spectrophotometer (UV-2600, Shimadazu, Japan). Three replicates were 

measured for each sample. The adsorbed BSA amount (Q) was calculated using Equation (4) 33. 

In addition, dynamic filtration of BSA solution in a dead-end cell was also performed at 100 kPa. 

After each filtration, the membrane was thoroughly cleaned and the pure water flux was tested 

again so that flux recovery rate (FRR) was calculated via Equation (5).33 

Q = (C0-C1)/A           (4) 
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where C0 and C1 were the concentrations before and after the test, respectively. A was the 

effective area of membrane. 

FRR= J1/J0×100%           (5) 

where J0 and J1 were the flux values before and after BSA fouling test 

Anti-biofouling measurement 

Bacteria induced biofouling was performed using Escherichia coli K1 (E. coli K1) as the typical 

bacterial strain. The bacterial suspension was prepared using typical methods34-36 with slight 

modification as summarized here. A single colony of E. coli K1 was isolated from streak plates and 

then dispersed in 10 mL of fresh Luria-Bertani broth (LB broth) and cultivated in incubator (37°C) 

under shaking for 18 h. After that, 200 μL of the inoculum was transferred into fresh broth, 

incubated for 2 h and harvested in the mid-log-phase period. Subsequently, the broth was 

removed by washing with phosphate-buffered saline (PBS pH 7.4) and centrifuging at 3000 rpm 

for 5 min for three times. Finally, an aliquot of bacteria was prepared with a concentration of 

5×107 CFU mL-1. 

Anti-microbial tests of membranes were performed by adding 200 μL of the final aliquot onto the 

membrane surface (1.5×1.5 cm2) under static contact for 4 h. Three pieces of membranes of each 

type were utilized as replicates. After contact, 100 μL of the bacterial suspension was removed 

and diluted for spread plating onto LB agar plates in order to measure the remaining culturable 

bacterial numbers in suspension after 4 h contact. Anti-microbial performance of membranes 

could be described by cell viability, which was obtained by comparing the culturable cell numbers 

of modified membranes against that of the pristine membranes, as shown in Equation (6). 

Anti-microbial performance = N1/N0×100%       (6) 
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where N0 is the number of bacteria after treated by pristine membranes and N1 is the number 

of bacteria after treatment by modified membranes 

Anti-adhesive tests were also conducted, where the bacteria treated membranes were 

thoroughly washed with PBS three times to remove the loosely attached and dead bacteria. The 

washed membranes were then immersed in 10 mL of Tween 20 (Merck, Mw=1228 g mol-1) 

solution (diluted with PBS and the concentration was 0.05%) followed by vortex and rotation for 

0.5 h so that attached bacteria were released from the membrane. Finally, the numbers of 

bacteria attached on membrane surface was determined by the same plate counting method as 

mentioned above and the data was processed with three biological replicates.  

Anti-adhesive performance=A1/A0×100%       (7) 

where A0 is the number of bacteria attached on pristine membranes and A1 is the number of 

bacteria attached on modified membranes. 

Cell morphology of E coli K1 attached on the membranes was observed by SEM. Briefly, the 

membrane that was incubated with bacteria was taken out and washed three times and 

immersed in glutaraldehyde fixative solution (Sigma, 2.5%) for 2 h. Then, the solvent was 

removed, and the membrane was washed with sodium cacodylate buffer (Sigma, 0.1 M). After 

that, osmium tetroxide (Sigma, 1%) was added onto the membrane and kept in contact for 1 h 

followed by thorough washing with Milli Q water. Subsequently, a series of dehydrations were 

performed by using 70% ethanol, 100% ethanol, hexamethyldisilazane (HMDS): ethanol 1:1 (v/v), 

HMDS: ethanol 2:1 (v/v) and pure HMDS solutions. Finally, the membrane samples were dried in 

air and coated with gold for SEM observation. 

RESULTS AND DISCUSSION 
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Membrane modification process 

The membrane modification process was displayed in Figure 1. Two steps were involved. In the 

first step, the membrane was immersed in TA solution; the electrostatic attraction and π-π 

interaction between TA molecules and the positively charged TPQP-Cl moiety in membrane 

resulted in attachment of TA onto the membrane. The second step involved the in situ formation 

of Ag NPs, which was induced by the TA coating. As a result, some of the phenolic hydroxyl groups 

were oxidized into quine structure, as revealed by other reports.30 It can be seen that the whole 

membrane modification process were carried out using green and low cost reagents in a mild 

and facile condition. Since TA coating was a critical step that determines the subsequent 

formation of the Ag NPs, two parameters including coating time and concentration of TA were 

studied.  

Effect of TA coating time 

It has been reported that TA coating time had influence on the thickness of the coating layer, 

which could reach as high as 60 nm when the coating time was 8 h.26 In order to avoid the 

formation of thick layer and meanwhile ensure the firm coating of TA, the coating time in this 

work was investigated in terms of 1 min, 1 h and 6 h. As shown by the SEM images in Figure S2 

in the Supporting Information, no significant difference can be found between pristine and TA 

modified membranes, indicating that the pore size and the porosity could be well maintained 

after TA modification (as illustrated by the inset images in Figure S2a-S2d). Also, TA coating was 

realized under all times studied, as shown in the FTIR spectra in Figure S3 in the Supporting 

Information, characterized as the newly appeared hydroxyl groups (-OH) and carbonyl groups (-
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C=O) from TA. Therefore, a medium TA coating time, 1 h, was adopted for the subsequent 

modification. 

Effect of TA coating concentrations 

Coating with different concentrations of TA solutions were carried out to study their effect on 

the formation of Ag NPs. Figure2 showed that with increasing TA concentration, the amount of 

Ag NPs formed on membrane surface increased while the mean sizes of Ag NPs were similar (60.3 

± 10.0, 61.3 ± 11.6, and 63.2 ± 14.8 nm, from low to high TA concentration, respectively), as 

shown in Figure S4 in the Supporting Information. However, the total amount of silver generated 

in membranes showed the opposite tendency, with the lower TA concentration reducing more 

silver ions, as shown in Figure 3a. To elucidate this, SEM images of the bottom and cross-sections 

of TA-Ag modified membranes were taken (Figure S5 in Supporting Information), which revealed 

that large amount of Ag NPs could be formed within the membrane matrix when lower TA 

concentration was used. This could be explained in terms of the interactions between TA 

molecules and the positively charged TPQP-Cl moiety in membranes. Our previous work showed 

that the distribution of TPQP-Cl moiety differed within the whole membrane, with more 

distribution on the bottom than on the surface,11 which attracted TA molecules to transport to 

the bottom side of the membrane. The concentrations of TA may influence its diffusion behavior. 

The low TA concentration enabled faster transport of TA to the bottom of the membrane, thus 

giving rise to a homogeneous TA coating and ultimately the formation of Ag NPs throughout the 

membrane matrix (Figure 3b). In contrast, when a high concentration of TA was used, the 

mobility of TA molecules decreased and mainly deposited on the surface of membrane, where 

the formation of Ag NPs mainly took place (Figure 3c). For the anti-fouling application, more 
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coverage of Ag NPs generated on membrane surface is more favorable than inside the membrane 

matrix. Also, the loading of silver ion generated from the high concentration of TA coated 

membrane was assumed to be sufficient for the disinfection of microorganisms in water.37 

Therefore, this type of TA-Ag modified membrane were further characterized in terms of 

membrane stability, elemental composition and chemical structures as well as anti-fouling 

performance. 

Release and stability of Ag NPs 

The release profile of Ag NPs were conducted in a static mode within a period of 22 days. As 

shown in Figure 4a, the initial release of silver ion on the 1st day was more than 0.1 ppm, which 

is within the silver ion concentration allowed in drinking water based on the world health 

organization (WHO) guideline and the regulation of U.S. Environmental Protection Agency 

(USEPA). This was mainly due to the free silver ion remained on membrane surface, which could 

be removed by thorough washing of the membrane prior to use. The released amount of silver 

then dropped to below 0.1 ppm as measured by every 2 h. As shown in Figure 4b, the release 

rate of silver tended to slow down on the rest of the four days, with silver released every 24 h 

slightly higher than 0.1 ppm. Significant reduction of silver release could be seen from the 6th 

day to the 15th day. Finally, the last 7 days witnessed the silver release amount lower than 0.1 

ppm. Within the periods studied, 10.74% of the total silver was released, indicating that the TA-

Ag modified membrane was able to provide sufficient silver ions for microbial control while 

preventing a rapid depletion of silver. Moreover, the SEM image inserted in Figure 4b showed 

that the morphology and mean size of Ag NPs did not change dramatically, which revealed the 

stability of Ag NPs prepared by the green and facile TA coating method. 
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Elemental composition and chemical structure 

To identify the changes in elemental composition and chemical structure after modification, EDX, 

XPS and XRD characterizations were performed. The EDX spectra (Figure 5a) showed the 

existence of Ag element after modification, indicating the incorporation of silver on membranes. 

The XPS spectra of C1s (Figure 5b) displayed the functional peaks of TA, such as-C-O and –C=O 

bonds. Also, the sharp peaks centered at 367.5 eV and 373.5 eV (Figure 5c) were attributed to 

Ag3d5/2 and Ag3d3/2,26 respectively, further evidenced the successful incorporation of silver. In 

addition, the sharp peaks from the XRD patterns (Figure 5d) were found at 2θ degrees of 38.2°, 

44.3°, 64.6°, 77.5° and 81.6°, which is consistent with literature report38 and matches well with 

the Powder Diffraction File (PDF) card for silver , indicating a crystalline structure of the formed 

Ag NPs. 

Surface charge and wettability characterization 

Figure 6a exhibited the surface charges of membranes before and after modification. The pristine 

membrane surface carried positive charges due to the existence of quaternary phosphonium 

moiety in membrane. In contrast, after the coating of TA, the surface was negatively charged 

because of the phenolic hydroxyl groups in TA. Interestingly, although TA reduced silver ions by 

sacrificing some phenolic hydroxyl groups, the zeta potential of the TA-Ag NPs modified surface 

didn’t change dramatically compared with the TA modified membrane. In addition, since the cell 

walls of microorganisms normally show negative charges,4,5,39,40 the TA-Ag NPs modified surface 

may form an electrostatic repulsion interaction with bacteria, which is highly favorable to form 

an anti-adhesive membrane surface  
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Wettability of membranes were measured by testing the static contact angles. As shown in Figure 

6b, the pristine membrane had an average contact angle of 54.6° while after modification the 

average contact angle decreased to 26° for TA modified membranes and further dropped to 13.9° 

for TA-Ag NPs modified membranes, indicating a significant improvement in the membrane 

hydrophilicity. The reason might lie in the abundant phenolic groups in TA molecules and the 

water affinitive nature of the Ag NPs.14,23,41 To sum up, it can be concluded that the modified 

membranes exhibited improved hydrophilicity and negatively charged surface, which was 

potentially beneficial for anti-fouling applications. 

Water permeability and MWCO 

Table 1 summarized the water performance of membranes before and after modification, which 

indicated an improvement in water permeability without sacrificing the rejection property of 

solute (PEG). On one hand, the optimized TA concentration that would not affect porosity and 

pore sizes was used, and therefore, the pore diameter remained almost the same as the pristine 

one although a slight reduction was observed. Moreover, during the reduction of silver ions, Ag 

NPs formed near the pores tended to cover some area of the pores, which potentially led to the 

reduction of pore diameter. On the other hand, the improvement in surface hydrophilicity greatly 

outweighed the reduction of pore sizes, which resulted in the improvement of water 

permeability of TA-Ag modified membranes. Therefore, it was obvious that direct TA 

modification combined with in situ formation of Ag NPs was feasible in modifying positively 

charged membranes without sacrificing water performance. 

BSA fouling resistance 
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It is well known that organic fouling could result in severe impact on membrane performance. 

BSA, as a type of negatively charged protein, has a high affinity to polymeric membranes, 

especially those with positive charges. As shown in Figure 7a, the adsorption of BSA on pristine 

membrane was quite high. After modification with TA, around 50% less of BSA was adsorbed. 

What’s more, the amount of adsorbed BSA was much lower when the surface was further 

covered with Ag NPs (reduced by 87%). This could be due to the poor compatibility between 

organic BSA molecules and inorganic Ag NPs, which promoted further weakening the interaction 

between the foulant and membrane surface.  

Flux recovery is another critical issue to consider in terms of anti-fouling. As illustrated in Figure 

7b, the FRR for pristine membrane was merely 17.8%. While in contrast, modified membranes 

possessed a much higher flux recovery capability (FRR were 75.3% and 71.2% for TA and TA-Ag 

modified membranes), which again meant that TA coating and Ag NPs deposition was effective 

in mitigating BSA fouling compared with the pristine membrane. 

Anti-biofouling property 

Compared with organic fouling, membrane fouling formed by microorganisms are more 

challenging because of the formation of biofilm and extracellular polymeric substances.5,42,43 It is 

well known that TA is an effective natural anti-microbial agent,26,27,34,36 which is capable of 

inactivating these microorganisms through chelating Ca2+ and Mg2+ on outer membrane, 

disordering the electrical balance and ultimately leading to the damage of the cellular membrane 

structure. Presumably, it can be estimated that TA modified membrane surface may be able to 

exhibit anti-biofouling property, including anti-attachment and/or inactivation of the 

microorganisms adhered.  
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Utilizing E. coli K1 as indicator organism, our anti-attachment test results showed that the 

attached bacteria on TA modified membrane surface was around 62.0 % that was lower than the 

pristine membrane (as can be seen from Figure 8 and Figure 9 a, b). This can be attributed to the 

changes in surface charge. Indeed, TA modification conferred the surface with abundant negative 

charge that were repulsive and resistant against the bacteria that showed negative charge as 

well. Our anti-microbial test showed that 38.1% reduction of cell viability was found in TA 

modified surfaces (Figure 8; Figure 9d, e), which was mainly due to the hydroxyl and quine 

structure that was capable of disrupting outer membrane integrity of the bacteria. Although TA 

coating has shown some anti-biofouling effect, it is still far from enough to dramatically inhibit 

biofouling issue from a long term perspective, considering the toughness of biofilm generated by 

the attached cells. Therefore, Ag NPs was further formed in situ on membrane surface by the 

facile TA reduction process in order to enhance the anti-biofouling property. The TA-Ag NPs 

modified membrane showed significant reduction in attached bacteria and live bacteria amount 

(by 92.2% and 97.4%, respectively) compared to the pristine membrane and TA modified (Figure 

8; Figure 9c, f), which was attributed to the improved hydrophilicity and excellent anti-microbial 

property of Ag NPs. 

CONCLUSIONS 

A facile method, direct TA coating combined with in situ formation of Ag NPs, for anti-fouling 

modification of positively charged UF membrane is developed. Under suitable modification 

conditions (20 mg mL-1 TA modification for 1 h), Ag NPs were able to create a good coverage on 

membrane surface without significantly altering the surface porous structure. Furthermore, due 

to the intrinsic hydrophilicity and anti-microbial property of both TA and Ag NPs, fouling caused 
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by BSA and bacteria could be substantially mitigated compared with the pristine membrane, with 

significant reduction of BSA adsorption (87%), great improvement in flux recovery (71%) as well 

as excellent anti-bacteria adhesion and bactericidal properties (mitigated by more than 90% in 

the TA-Ag modified membranes). This modification method is promising for functionalizing UF 

membranes with comprehensive antifouling properties (anti-adhesive and anti-microbial) for 

practical applications. 
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FIGURE 1. Schematic illustration of membrane modification process. 
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FIGURE 2. SEM images of pristine membrane surfaces (a) and TA-Ag modified membrane surfaces from 

2 mg mL-1 TA (b), 10 mg mL-1 TA (c) and 20 mg mL-1 TA (d). 

 

FIGURE 3. Total silver contents of membranes after modification (a), and schematic illustration of Ag NPs 

formation at low (b) and high TA concentrations (c). 
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FIGURE 4. Release profiles of silver on the 1st day (a) and the whole periods (b) under static condition at 

25°C.  
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FIGURE 5. EDX spectra (a), XPS spectra of C1s (b) and Ag3d (c), and XRD patterns (d) of 

membranes. 

 



23 

 

 

FIGURE 6 Zeta potentials (a) and contact angles (b) of membranes. 
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FIGURE 7. Anti-BSA fouling property of membranes: adsorption of BSA on membranes (a) and 

water permeability of the membranes before and after BSA fouling (b). 

 

 

FIGURE 8. Anti-adhesive (left axis) and anti-microbial performances (right axis) of membranes. 
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FIGURE 9. SEM images of bacteria attached on the surface of pristine membrane (a), TA modified 

membrane (b), and TA-Ag NPs modified membrane (c). Optical images of live bacteria after 

contacting with pristine membrane (d), TA modified membrane (e), and TA-Ag NPs modified 

membrane (f). 

 

TABLE 1. Water permeability, MWCO and pore size of membranes before and after 

modification 

Membrane type Water permeability 

(lm-2h-1kPa-1) 

MWCO 

(kDa) 

Pore size 

(nm) 

Pristine 14.6 ± 1.0 135 19.2 

TA modified 15.4 ± 0.9 120 18.1 

TA-Ag modified 19.4 ± 0.9 113 17.6 

Notes: Pressure applied was 100 kPa. A series of PEG with Mw of 20 kDa, 100 kDa, 200 

kDa and 300 kDa were rejected and molecular weight at 90% of rejection by the 

membrane was regarded as the MWCO. TA modified membrane was prepared by 

immersing the pristine membrane in 20 mg mL-1 of TA solution for 1 h; TA-Ag modified 

membrane was prepared by immersing the TA modified membrane in 100 mM of Ag NO3 

solution for 12 h.  
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FIGURE S1. Synthesis of TPQP-Cl. [1, 2] 
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FIGURE S2. SEM images of membrane surfaces. (a) pristine membrane, (b) membrane after 

TA coating for 1 min, (c) membrane after TA coating for 1 h and (d) membrane after TA coating 

for 6 h when TA concentration was 2.0 mg mL-1. 

 

 

FIGURE S3. FTIR spectra of TA coated membranes prepared with different coating times. 
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FIGURE S4. Particle size distributions of silver nanoparticles as a function of the concentration 

of tannic acid: (a) 2 mg mL-1, (b) 10 mg mL-1, and (c) 20 mg mL-1.  

 

 

FIGURE S5. SEMS images of the bottom and the cross sections of TA-Ag modifed membranes, coated 

with 2 mg mL-1 TA (a) and (c), 20 mg mL-1 TA (b) and (d) 
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