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ABSTRACT    14 

Biofouling is still a major obstacle hindering wider application of thin-film composite 15 

(TFC) nanofiltration membranes in the water industry. One of the practical strategies 16 

to reduce biofouling is to develop novel anti-biofouling membrane materials.  17 

Well-dispersed biogenic silver nanoparticles with a diameter of ~6 nm (Bio-Ag0-6) 18 

were first immobilized in the selective layer of thin-film composite (TFC) 19 

nanofiltration membranes. Different dosages of Bio-Ag0-6 were added in the aqueous 20 

solution during the interfacial polymerization of tetraethylenepentamine (TEPA) and 21 

1,3,5-benzenetricarbonyl trichloride (TMC). Improved properties of Bio-Ag0-6 /TFC 22 

membranes were systematically investigated. When the concentration of Bio-Ag0-6 23 

increased from 0 wt.% to 0.05 wt.% in aqueous solution, the water flux of TFC 24 

membranes increased from 7.31 Lm-2h-1 to 13.76 Lm-2h-1, while maintaining the 25 

rejection of Na2SO4 at a relatively high level. The addition of Bio-Ag0-6 also 26 

enhanced the hydrophilicity of Bio-Ag0-6 /TFC membranes in comparison with the 27 
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bare TFC membranes. All Bio-Ag0-6 /TFC membranes exhibited an obvious 1 

antibacterial ability to inhibit the growth of P. aeruginosa. Moreover, the Bio-Ag0-6 2 

/TFC membranes showed the property of a low silver leaching rate in both the static 3 

immersion and the filtration systems. It demonstrated that the embedded Bio-Ag0-6 in 4 

TFC membrane via interfacial polymerization improved the performance of the TFC 5 

nanofiltration membrane. 6 

Key words: nanofiltration; biogenic silver nanopaticles; interfacial polymerization, 7 

antibacterial; silver leaching rate.8 
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1.  Introduction 1 

 Membrane fouling is a major obstacle in thin-film composite (TFC) membrane 2 

application[1], since fouling causes various negative effects on membrane 3 

performance such as decreased permeate flux and increased energy and maintenance 4 

costs [2, 3]. In terms of fouling components, fouling can be classified into three types: 5 

biofouling, organic fouling, and inorganic fouling [4]. Among them, biofouling is the 6 

most complicated, which drastically hinders the application of membrane processes[5]. 7 

Membrane biofouling is initiated by the adhesion of one of more bacteria to the 8 

membrane surface, followed by the growth and multiplication of the sessile cells, 9 

which can eventually develop a biofilm on the membrane surface[6]. Unlike physical 10 

or chemical fouling, biofouling is difficult to eliminate and causes irreversible damage 11 

to the membranes[7]. A common method to mitigate biofouling is feed water 12 

pretreatment. Physical pretreatments and chemical pretreatments are able to control 13 

scaling, inorganic, and parts of organic fouling. However, most antifouling measures 14 

by pretreatments are not effective in eliminating biofouling[8].  15 

Recently, the combination of polymeric materials with nanoparticles has 16 

attracted much attention in TFC membrane fabrication. The addition of nanoparticles 17 

has introduced the concept of thin film nanocomposite (TFN) membranes, which offer 18 

enhanced performance of membranes, such as reduced fouling, antimicrobial ability, 19 

and other new functionalities[9]. Lee et al. [10] fabricated TFC membranes with TiO2 20 

(~30nm) nanoparticles in the selective layer through interfacial polymerization. Jin et 21 

al. [11] prepared polyamide (PA) thin film NF membranes with nano-SiO2 (~15nm) 22 

by interfacial polymerization. The addition of SiO2 in the PA membrane improved the 23 

antifouling ability and increased the pure water flux without significant reduction of 24 

salt rejection. Lind et al. [12] prepared Zeolite-polyamide thin film nanocomposite 25 

membranes by interfacial polymerization using particles of three sizes (100 nm, 200 26 

nm and 300 nm) added in the TMC solution. The result demonstrated that smaller 27 

zeolites produced greater enhancement in membrane permeability. These 28 
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nanoparticles can improve the antifouling ability of the TFC membranes. 1 

Due to their excellent antibacterial properties and low toxicity to human cells [3, 2 

13, 14], silver nanopaticles (AgNPs) have become an effective addition for fouling 3 

mitigation in polymeric membranes. Recently, efforts have been devoted to 4 

immobilize AgNPs into the selective layer of a membrane or grafted onto membrane 5 

surfaces. Lee et al. [15] added AgNPs in the oil phase to form a polyamine (PA) 6 

thin-film layer during the interfacial polymerization. Kim et al. [16] incorporated 7 

AgNPs into the MPD aqueous solution during the interfacial polymerization to 8 

improve antifouling properties of a TFC membrane. Yin et al. [17] attached AgNPs to 9 

the surface of PA TFC membrane effectively via covalent banding, with cysteamine 10 

as a bridging agent. These researches indicate that AgNPs can be immobilized to the 11 

TFC membrane via different methods and that positioning the AgNPs at the interface 12 

of a membrane allows for direct contact of AgNPs with bacterial cells for increased 13 

antimicrobial performance.  14 

AgNPs in the aforementioned reports (diameter 15~100 nm) are all synthesized 15 

via chemical reduction. Chemically produced AgNPs often have problems in particle 16 

stability and tend to aggregate at high concentrations or when the average particle size 17 

is less than 40 nm. [18]. In addition, most physical and chemical methods are energy 18 

intensive or environmentally unfriendly, due to the use of toxic solvents or additives 19 

[19]. Hence a more environment-friendly method, the biosynthesis of AgNPs, has 20 

been developed. Scientists have already tried to use biological materials for the 21 

synthesis of AgNPs. Bacteria, fungi and some plant extracts are capable of producing 22 

AgNPs by reducing silver ions [20, 21]. Some researchers have incorporated bio-Ag0 23 

into different casting solutions to fabricate ultrafiltration (UF) membranes [14, 22]. 24 

These nanocomposite membranes showed improved antibacterial activity and could 25 

be applied to the treatment of drinking water. However, bio-Ag0 is not yet known to 26 

be used in the fabrication of TFC nanofiltration membranes. 27 

In our previous work, novel biogenic silver nanoparticles were reported using 28 
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dried Lactobacillus fermentum biomass [23, 24]. Biogenic silver nanoparticles with an 1 

average diameter of ~6 nm (Bio-Ag0-6) showed high stability in aqueous solution. 2 

The attachment of the nanoparticles with the micro scale surface of the bacterium on 3 

which they were formed prevents them from aggregating.The Bio-Ag0-6 exhibited 4 

excellent antibacterial and anti-biofouling performance in an ultrafiltration membrane. 5 

The AgNPs acted via direct interaction of the bacterial cells, the release of silver ions 6 

(Ag+) and the generation of reactive oxygen species (ROS) [25]. Morones et al. [26] 7 

indicated that the bactericidal properties of the nanoparticles were size-dependent, and 8 

nanoparticles that present a direct interaction with the bacteria preferentially have a 9 

diameter of approximately 1-10 nm. The size of Bio-Ag0-6 is very small,  10 

In this study, the anti-biofouling characteristics of TFC nanofiltration membrane 11 

embedded with Bio-Ag0-6 as anti-microble agent were investigated. The effect of 12 

different contents Bio-Ag0-6 (0.005, 0.025, and 0.05 wt.%) on the permeate flux and 13 

anti-biofouling properties was systematically investigated. The SEM, FT-IR,AFM, 14 

water contact angle measurements, silver leaching test were also carried out to  15 

investigate the membrane surface morphology, its structure an d the stability of silver 16 

in the membrane. Furthermore, the flux and salt rejection of the Bio-Ag0-6 contained 17 

TFC membranes after 4 month immersion experiment were tested, to evaluate 18 

whether the addition of Bio-Ag0-6 in TFC membrane may influence the permeability 19 

of TFC membrane after part of the AgNPs release.  20 

2. Experimental 21 

2.1. Materials 22 

Polysulfone (PS Solvay P3500) was bought from BASF (China) Co. Ltd. 23 

Polyvinylpyrrolidone (PVP-K30), triethylamine (TEA; ≥99%), sodium dodecyl 24 

sulfate (SDS; 99%), N-hexane (99%), sodium sulfate (Na2SO4), ammonia solution 25 

(analytical grade), silver standard solution (1000 mg L-1) were supplied by Sinopharm 26 

Chemical Reagent Co., Ltd. N,N-dimethylacetamide (DMAc; ≥99%) was sourced 27 

from Jinshan Jingwei Chemical Co. Ltd, China. Silver nitrate (AgNO3, analytical 28 
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grade) was purchased from Shanghai Shenbo Chemical Co., Ltd. 1 

Tetraethylenepentamine (TEPA; 95%), and trimesoyl chloride (TMC; 98%) were 2 

purchased from Aladdin Co. Ltd.  3 

2.2. Preparation of PS support membrane 4 

The PS support membrane was prepared via the immersion precipitation phase 5 

inversion method. First, the blend solution was prepared by dissolving 18 wt.% PS in 6 

DMAc at 80 °C. After stirring for 12h, the homogeneous solution was kept at room 7 

temperature to remove air bubbles for around 12h. Then the dope solution was cast 8 

onto a non-woven fabric (thickness 100–110 µm) using a casting knife, followed by 9 

dipping the membrane into a deionized water bath for immediate phase inversion. The 10 

wet film thickness was controlled at ~200 µm. After 30 min in a gelation medium, the 11 

membrane was taken out and kept in 1 wt.% NaHSO3 solution.  12 

2.3. Synthesis and characterization of biogenic silver nanopaticles (Bio-Ag0-6) 13 

The biogenic silver nanoparticles (Bio-Ag0-6) were synthesized with 14 

Lactobacillus fermentum LMG 8900 as reported in a previous work [23]. The detailed 15 

procedure was as followed: dried biomass was dissolved to in Milli-Q water in an 16 

Erlenmeyer flask, with NaOH and diamine silver added sequentially. The final 17 

concentration of biomass, silver and [OH]−1 was controlled to10 g L−1, 10g L−1 and 18 

0.2 mol L−1, respectively. After incubating in a shaking incubator at 30°C (200 rpm) 19 

for 24h, the solution was centrifuged at 5,000 rpm for 6 min. The biogenic silver 20 

hydrosol was separated and centrifuged at 6,000 rpm for 10 min for further 21 

concentration and purification. The concentration of biogenic silver nanoparticles is 22 

450 mg Ag g-1, which determined by inductively coupled plasma-optical emission 23 

spectrometer (ICP-OES). 24 

2.4. Preparation of TFC NF membranes 25 

The TFC NF membrane was prepared by interfacial polymerization of TEPA and 26 

TMC as described elsewhere [27, 28]. The aqueous solutions were prepared according 27 

to the compositions given in Table 1, and stirred vigorously until completely 28 
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dissolved. Firstly, the PS support layer was immersed in the aqueous phase for 10 min. 1 

The excess solution was removed from the soaked surface by an air knife. Then the 2 

organic solution of TMC (0.5 wt.%) in n-hexane was poured over the membrane for 3 

20 s to finish the interfacial polymerization reaction. The PS membrane was taken out 4 

from the n-hexane solution and heated in an oven at 40°C for about 2 min, for a better 5 

polymerization reaction. Finally, the prepared TEPA/TMC composite nanofiltration 6 

membranes were rinsed and stored in distilled water.  7 

2.5 Characterization of biogenic silver nanoparticles 8 

To verify the reduction of silver ions, UV-visible analysis was carried out with a 9 

UV-vis pectrophotometer (DR5000 HACH) operating in the absorbance mode in the 10 

range of 200–600 nm. Distilled water was used as the blank. The size and 11 

morphology of the AgNPs were studied by transmission electron microscopy (TEM) 12 

(Tecnai F30). Size characterization of the samples was carried out on TEM images 13 

using Digital Micrograph software (Gatan Pleasanton, CA, USA). The data were 14 

statistically analyzed using SPSS 18.0 software (Armonk, NY, USA). 15 

2.6. Membrane characterization  16 

The surface morphologies of the composite membranes were observed by a field 17 

emission scanning electron microscope (FESEM, HITACHI S-4800) at an 18 

accelerating voltage of 5 kV. Before SEM analysis, all membrane samples were dried 19 

in a vacuum oven at 80°C for more than 48h and coated with gold. Presence of silver 20 

nanoparticles was confirmed by energy dispersive X-ray spectra (EDX). 21 

The functional groups of membrane surfaces were identified by ATR FT-IR 22 

spectroscopy, which was conducted on the Nicolet iS10 (Thermo Fisher Scientific) 23 

equipped with multi-reflection Smart Performer ATR accessory. All spectra included 24 

the wave numbers from 500 to 4000 cm-1 with 64 scans at a resolution of 4.0 cm-1. 25 

The root mean square (RMS) roughness of the composite membranes was 26 

measured with an Atomic Force Microscope (AFM) MFP-3D (Asylum Research). 27 

Air-dried membrane samples were fixed on a specimen holder where 5µm ×5µm 28 
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areas were scanned by a tapping node in the air. Three different images from each 1 

membrane sample were analyzed and their average values were taken as the final 2 

results. 3 

Hydrophilicity of the membrane surface was assessed according to the pure 4 

water contact angle, which was measured by the sessile drop method on a video 5 

contact angle system (DSA100, German KRUSS). The contact angle was measured 6 

automatically by a video camera in the instrument using the drop shape analysis 7 

software. At least five measurements on different locations of each sample were 8 

performed to calculate an averaged value of contact angles. 9 

The filtration performances of the composite membranes were evaluated by a 10 

dead-end filtration cell (Model 8010, Millipore Corp. USA). The membranes (4.1cm2 11 

of effective area) were operated at 25°C and 0.35 MPa. Pure water flux was measured 12 

by the weight of permeate water at a constant transmembrane pressure. The weight of 13 

the permeate flux was recorded by a precision electronic balance (Denver Instrument, 14 

USA). 2000 ppm Na2SO4 was used as feeding solutions to test membrane rejection. 15 

The pure water flux and salt rejection was calculated with Eqs. (1) and (2), 16 

respectively.  17 

J = !!

!"
      (1) 18 

R = 1− !!
!!

×100%                                                         19 

(2) 20 

Where J is the permeate flux (Lm-2h-1), Wp the permeate volume (L), A the 21 

membrane area (m2), t the filtration time (h), R the rejection ratio, and Cp and Cf the 22 

conductivities of permeate and feed solution, respectively. All the results presented 23 

are average data with standard deviation from at least three samples of each type of 24 

membrane. 25 

2.7. Antibacterial assessment  26 

P. aeruginosa (ATCC27853) was inoculated into a liquid lysogeny broth (LB) 27 
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and incubated in an Incubator Shaker (Zhicheng, ZHWY-2012C) shaking at 180 rpm 1 

for 10h at 37°C. The resulting cell suspension was further diluted to approximately 2 

3×106 colony-forming units (CFU)/mL. Aliquots (100µl) of the diluted working 3 

suspension inoculated with P. aeruginosa were applied to agar plates evenly. 4 

Membrane samples (diameter 2.1cm) were then placed onto the nutrient agar plates 5 

with the selective layer in contact with the agar surface. After incubation at 37°C for 6 

24h, the bacterial inhibition zone of each plate was observed. Furthermore, the 7 

membrane samples taken from the agar plates were dried in an oven at 80°C for 24h, 8 

and coated with platinum using a sputter coater for SEM observation. 9 

2.8. Stability of the immobilized silver 10 

The stability of the immobilized silver on the prepared composite nanofiltration 11 

membrane was evaluated via both static release and filtration experiments. In the 12 

static release test, the composite nanofiltration membrane was cut into a circular 13 

shape with an area of 3.6cm2, and was subsequently soaked in a sealed flask filled 14 

with 10 ml of Milli-Q water at room temperature. At specified time intervals, the 15 

water samples were collected and acidified by 2% HNO3 to be analyzed by 16 

inductively coupled plasma mass spectrometry (ICP-MS, Agilent, model 7500CX). 17 

The silver release rate under the filtration condition was evaluated by driving DI 18 

water through the membrane at a constant pressure of 0.35MPa. The permeate water 19 

was collected every 1.5h and released silver concentration measured by ICP-MS as 20 

described above. 21 

To measure the silver content incorporated in the composite membrane, the 22 

membrane was digested by sonication in concentrated HNO3 for 3 days. After 23 

digestion, the suspension was filtered to remove large particles and analyzed by 24 

ICP-MS for total silver content 25 

Further, the effect of silver depletion on the change of composite membranes 26 

filtration performance was also studied. First, the initial pure water flux and Na2SO4 27 

rejection of the composite membranes were measured. Then the membranes were 28 
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immersed in 1% NaHSO3 for 4 months then 2% HNO3 for 48h, to maximize the 1 

release of silver. After that, the pure water flux and Na2SO4 rejection were tested 2 

again. Based on the data before and after immersion, the rates of flux and rejection 3 

variation can be calculated. 4 

3. Results and Discussion  5 

3.1. Characterization of Bio-Ag0-6. 6 

From the TEM image of Bio-Ag0-6 in Fig. 1(a), it was found that biogenic silver 7 

nanoparticles were well dispersed and have a spherical morphology. The average 8 

diameter was about 6.1 nm calculated by the software image J. The absorption spectra 9 

of TEPA aqueous solutions containing different amounts of Bio-Ag0-6 were shown in 10 

Fig. 1(b). A well-defined peak centered at 420nm was observed, corresponding to the 11 

plasmon excitation of AgNPs [15].  12 

3.2. Characterization of the Bio-Ag0-6 immobilized TFC membranes 13 

The chemical structure of the selective layer was analyzed by ATR-FTIR 14 

spectroscopy, a convenient method to analyze the various chemical bonds in the 15 

outermost part of a membrane. The spectra for the PS support membrane and TFC 16 

membranes containing different concentrations of Bio-Ag0-6 are presented in Fig.2. 17 

Besides the typical PS bonds of the substrate, all spectra of TFC membranes M0, M1, 18 

M2, M3 exhibited additional absorption peaks at 1637cm-1 and 3378cm-1, which were 19 

associated to C=O stretching vibration and N-H stretching vibration bands of amide 20 

groups [28]. These characteristic bands proved that the polyamide was formed on the 21 

surface of the PS substrate during the interfacial polymerization reaction. Compared 22 

to the spectrum of the bare composite NF membrane (M0), those of Bio-Ag0-6/TFC 23 

membranes (M1, M2, M3) were weaker. This may be attributed to two reasons: (i) the 24 

Bio-Ag0-6 which covered on the surface of the composite membranes decreased the 25 

signals of the absorption peaks. (ii) the extent of interfacial polymerization reaction 26 

was relatively reduced with the addition of Bio-Ag0-6. 27 

Images of TFC membranes containing different concentrations of Bio-Ag0-6 are 28 
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shown in Fig. 3(a). With the increase Bio-Ag0-6 concentration in the aqueous phase, 1 

the colour of the composite membrane varied from white to tints of yellow, indicating 2 

that the immobilized amount of Bio-Ag0-6 in the selective layer increased. Fig. 3(b) 3 

shows the surface morphologies of TFC membranes with different concentrations of 4 

Bio-Ag0-6 added in the aqueous solution during the interfacial polymerization 5 

reaction. All of these membranes exhibited typical “ridge and valley” structure 6 

characteristic of the PA thin-film layer of TFC membrane[29]. Compare to the NF 7 

membrane without Bio-Ag0-6 (M0), the membrane with 0.005% Bio-Ag0-6 in 8 

aqueous solution (M1) has a relatively looser nodular structure. It is probably 9 

attributed to that the addition of hydrophilic Bio-Ag0-6 enhanced the tension between 10 

the aqueous phase and oil phase and reduced the mass transfer of TEPA to organic 11 

phase. When the concentration of Bio-Ag0-6 in aqueous solution increased to 0.05%, 12 

the ultra-thin layer surface became looser, which resulted in the increase of membrane 13 

permeability and decrease of the salt rejection. The EDS spectra results (Table 2) 14 

indicated that the Bio-Ag0-6 had successfully immobilized in the selective layer of the 15 

Bio-Ag0-6/TFC membranes (M1, M2, M3). As the Bio-Ag0-6 content increased in the 16 

aqueous solution, the EDS spectra of Ag became stronger, especially for M3. Both the 17 

photos of the membranes and the EDS spectra proved that the content of AgNPs 18 

increased with the increased concentration of Bio-Ag0-6 in aqueous solution during 19 

interface polymerization.  20 

Fig. 4 presents AFM images of composite membranes (M0 and M1). A summary 21 

of the surface roughness values of the composite membranes are listed in Table 2. 22 

Root-mean-square (RMS) height is a key physical parameter determined by AFM 23 

analysis; it is defined as the mean of the root for deviation from the standard surface 24 

to the indicated surface. High RMS means high surface roughness [30]. As shown in 25 

Fig.4, the surfaces of the prepared TFC membranes (M0, M1) exhibited abundant 26 

nodular structures, a well-known property of conventional interfacial polymerization 27 

for polyamide thin-film layers. The RMS of the composite NF membrane was 28 
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reduced from 25.7 nm for the bare NF membrane (M0) to 10.9 nm for the 1 

Bio-Ag0-6/TFC membrane (M1). This finding is consistent with the other results 2 

where the surface roughness experienced a decrease after the addition of AgNPs [13]. 3 

In general, all Bio-Ag0-6/TFC membranes (M1, M2, M3) had a smoother surface 4 

compared with the bare TFC membrane (M0). It is well established that the 5 

membrane with lower roughness and surface energy has stronger antifouling abilities 6 

[31, 32]. 7 

Contact angles of TFC membranes (M0, M1, M2, M3) were summarized in 8 

Table 2. The contact angle is a measure of tendency for water to wet the membrane 9 

surface. A lower contact angle means a better hydrophilicity of the membrane surface. 10 

It has been generally acknowledged that increasing membrane surface hydrophilicity 11 

could effectively reduce membrane fouling[33]. The contact angle gradually 12 

decreased from 41.8°to 33.0°when the Bio-Ag0-6 concentration in the aqueous 13 

phase increased from 0wt% to 0.05wt%. The addition of Bio-Ag0-6 had a great 14 

contribution to the surface hydrophilicity. This may attribute to the well dispersed 15 

Bio-Ag0-6 nanoparticles which contain a great deal of hydrophilic groups such as 16 

hydroxyl groups and amino groups, responsible for the hydrophilicity increase. 17 

The main chemical components in the selective layer affecting the hydrophilicity 18 

of the membrane are amide groups, amino end groups (from the hydrolysis of 19 

unreacted acyl chloride groups), and AgNPs. The improved surface hydrophilicity of 20 

the TFC membrane prepared from a polymerization reaction of TEPA and TMC is 21 

mainly from the increased Bio-Ag0-6 content at the surface skin layer. 22 

3.3. Permeate flux and selectivity 23 

The pure water permeability of the TFC membrane with different Bio-Ag0-6 24 

contents was determined by measuring the pure water flux through a dead-end 25 

filtration system. As presented in Table 3, with the increase of Bio-Ag0-6 in aqueous 26 

solution, the pure water flux of the TFC membranes increased from 7.31 L/m2h to 27 

13.76 L/m2h at 0.35 MPa. The presence of Bio-Ag0-6 in the aqueous solution during 28 
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the interfacial polymerization reaction can effectively enhance the water permeability 1 

compared with the bare TFC membrane. The pure water flux of the Bio-Ag0-6/TFC 2 

membrane with AgNPs was higher than that of the bare TFC membrane. 3 

 The rejection rate of the TFC membrane to salt is mainly determined by both 4 

the size and Donnan exclusion effects [34]. In Table 3, when the concentrations of 5 

Bio-Ag0-6 increased from 0wt% to 0.025wt% in the aqueous solution, the salt 6 

rejection of the prepared Bio-Ag0-6/TFC membranes slightly decreased from 88.46% 7 

to 86.71%. When the concentration of Bio-Ag0-6 reached 0.05wt%, the rejection 8 

decreased drastically to 68.33%. This may be due to the high concentration of 9 

Bio-Ag0-6 in aqueous phase blocking the degree of TEPA/TMC chemical 10 

cross-linking, resulting in a loose membrane structure, which will increase pore size 11 

and weaken the size exclusion effect. The results were consistent with the SEM 12 

images. 13 

3.4. Anti-bacterial tests 14 

P. aeruginosa was chosen as the test bacteria in the disk diffusion test. The 15 

results shown in Fig. 5 indicated that the prepared Bio-Ag0-6/TFC membranes had a 16 

significant inhibition capacity to the P. aeruginosa. The bare TFC membrane did not 17 

show any inhibition effect toward the growth of P. aeruginosa. With the increase of 18 

Bio-Ag0-6 content, the inhibition zone became clearer and larger. Although there was 19 

no obvious inhibition zone around membrane M1, the amount of P. aeruginosa 20 

attached to the surface of the membrane decreased evidently. Both of M2 and M3 had 21 

a clear bacterial inhibition zone.  22 

Fig. 6 shows the SEM images of bacteria grown on different types of membranes 23 

taken from the disk diffusion experiment. It can be observed that the surface of the 24 

bare TFC membrane (M0) was covered with a dense layer of bacteria. The results for 25 

the Bio-Ag0-6/TFC membranes were quite different from that of bare TFC membrane. 26 

Less bacteria was observed on the membrane surface and the membranes with higher 27 

silver loading (M2 and M3) seemed nearly free of bacterial growth. The results may 28 
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be attributed to the higher hydrophilicity, the lower roughness and the bactericidal 1 

effects of AgNPs [35, 36].  2 

Some researches explained that the anti-bacterial capacity of silver composite 3 

membranes mainly relies on their ability to release silver ions (Ag+), which has a 4 

strong toxicity to bacteria. Silver ions can react with cysteine by replacing the 5 

hydrogen atom of the thiol group to form S-Ag complexes [37], thus might altering 6 

protein structure and hindering enzyme action, particularly respiratory function. 7 

Furthermore, Ag+ can influence the structure and the permeability of the cell 8 

membrane [38, 39]. 9 

The above results clearly indicate that the incorporation of Bio-Ag0-6 can 10 

effectively enhance the antibacterial performance of the TFC membranes. 11 

3.5. Analysis of silver leaching 12 

The release rate of silver from the selective layer of the TFC membrane was 13 

examined in both static and filtration experiments. As presented in Fig. 7, the initial 14 

silver ions released from M1, M2, M3 were 0.013, 0.16 and 0.20 µg cm-2 day-1, 15 

respectively, which then declined steadily with time. The release rate of M1, M2, M3 16 

leveled off to a level below 0.01 µg cm-2 day-1 after being soaked in Milli-Q water for 17 

40 days, The total amount of Bio-Ag0-6 immobilized in the selective layer of TFC 18 

membranes M1, M2, M3 were 1.05, 3.61 and 4.96 µg cm-2, respectively. After 40 19 

days of the static release test, the ratio of the remaining silver to the original amount 20 

in the Bio-Ag0-6/TFC membranes were 97%, 89% and 75% for M1, M2 and M3, 21 

respectively. Due to the relatively low leaching rate of around 0.01µg cm-2 day-1, all 22 

the membranes are expected to last more than 5 months until all the silver in the 23 

membranes is completely released. This will potentially extend the life of the 24 

antifouling effect of the TFC membrane. 25 

The concentration of silver ions in the permeate fluid during filtration was 26 

analyzed by ICP-MS. The result is presented in Fig. 8. For all the tested membranes, 27 

Ag+ leaching increased at a higher Bio-Ag0-6 content. The leaching Ag+ concentration 28 
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in the permeate side was very low with an initial concentration being less than 25 ppb 1 

for M3, and less than 5 ppb for M1 and M2. The release rate of Ag+ gradually 2 

decreased as more water was filtered with time. According to the National Secondary 3 

Drinking Water Regulations, the Ag threshold is limited to 100 ppb. Hence, the 4 

amount of silver released from the prepared Bio-Ag0-6/TFC membranes (M1, M2 and 5 

M3), has no health concern. According to the filtration experiment, the prepared TFC 6 

membranes with Bio-Ag0-6 could be a good choice for membrane biofouling 7 

disinfection since the Ag+ release was below the threshold value during the filtration 8 

process. The leaching results suggested that the antimicrobial effect of Bio-Ag0-6 9 

could last for a long time. 10 

Although the anti-bacterial action by AgNPs is not fully studied, several 11 

researchers inferred that the anti-bacterial capacity of the composite membranes is 12 

based on their ability to release biotoxic silver ions (Ag+) into the surrounding 13 

solution [40]. Several studies have proved that the anti-bacterial capacity of silver 14 

loaded membranes had a significant reduction due to a decrease of the silver content 15 

[41]. In this study, after 40 days soaking process, most of the silver remained inside 16 

the membranes. 17 

As shown in Fig. 9, the Bio-Ag0-6/TFC membranes (M1 and M2) show an 18 

excellent stability of flux and selectivity. After the membranes soaked in NaHSO3 for 19 

4 month and in 2% HNO3 for 48 h, the Na2SO4 rejection of bare TFC membrane (M0) 20 

is 74.08%, only 88% compared with the initial rejection of M0. that Na2SO4 rejections 21 

of Bio-Ag0-6/TFC (M1, M2) were 80.63% and 83.25%, respectively. The rejections 22 

of M1 and M2 were more than 91% compared with the initial rejection of M1 and M2. 23 

The result indicated that the Bio-Ag0-6 nanoparticles may have a strong binding 24 

strength with the PA polymer and could be held tightly in the selective layer which is 25 

consistent with the results of the silver leaching during the 12 h filtration. The release 26 

of silver from the membrane may form the outer surface of the selective layer of the 27 

TFC membrane. So it is expected that a kind of stable and novel anti-biofouling TFC 28 



 

16 

 

nanofiltration membrane could be achieved. 1 

4. Conclusions 2 

The improved properties of the TFC nanofiltration membranes were achieved by 3 

adding Bio-Ag0-6 in aqueous solution during interfacial polymerization. The 4 

following conclusions can be drawn from the experimental results. 5 

(1) The Bio-Ag0-6 was successfully introduced in the selective layer of the TFC 6 

membranes. Bio-Ag0-6 enhanced the hydrophilicity and decreased the 7 

surface roughness value of the TFC membranes, which may reduce the 8 

attachment of microbes. 9 

(2) The addition of Bio-Ag0-6 can improve the permeability of the TFC 10 

membrane. Both membranes M1 and M2 showed higher pure water flux 11 

compared to the bare TFC membrane (M0), while maintaining a high 12 

rejection to Na2SO4. 13 

(3) In terms of bacterial analysis, the Bio-Ag0-6/TFC membranes exhibited 14 

excellent anti-biofouling performance. The results demonstrated that the 15 

Bio-Ag0-6 nanoparticles in the TFC membranes could be an effective 16 

approach to reduce membrane biofouling. 17 

(4) The released silver from the Bio-Ag0-6/TFC membranes were in the safe 18 

range and had less influence on the filtration performance compared to the 19 

bare TFC membrane, indicating the stability of immobilized silver in the 20 

membranes. 21 
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Table 1 1 

Composition of the aqueous solution with different bio-Ag0-6 2 

NO. TEPA(wt%) TEA(wt%) SDS(wt%) Bio-Ag0-6(wt%) 

M0 1 1 0.12 0 

M1 1 1 0.12 0.005 

M2 1 1 0.12 0.025 

M3 1 1 0.12 0.05 

 3 
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Fig.1 TEM image of Bio-Ag0-6(a) and UV-vis absorption spectra of Bio-Ag0-6 suspension (b). 3 
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 1 

Fig.2 FT-IR of PS substrate membrane and TFC membrane M0, M1, M2, M3. 2 

  3 
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(a) 1 

 2 

(b) 3 

    4 
Fig.3 (a) images of TFC membrane samples, (b) SEM images of M0, M1, M2, M3. 5 

6 
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Table 2. 1 

Surface elemental composition of M0, M1, M2, M3 2 

Membrane samples  Element  
Ag (%)  C (%)  O (%) S (%) Au (%) 

M0 0 3.18 1.14 8.82 86.86 
M1  0.25 2.72 0.63 7.64 88.76 
M2 
M3  

1.63 
2.71 

2.62 
2.17 

0.78 
1.08 

7.67  
7.27 

87.30 
86.24 

  3 
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 1 
Fig.4 AFM images of bare TFC membrane (M0) and nano-composite TFC membrane (M1). 2 

3 

M0 M1 RMS=25.7±0.51nm RMS=10.9±0.82nm 
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Table 3  1 

Roughness, contact angle, pure water flux and salt rejection of the prepared TFC membranes  2 

Membrane 
Roughness  

(nm) 

Contact angle 

 (°) 

Water flux 

(L/m2h) 

Rejection of 

Na2SO4 (%) 

M0 25.7±0.51 41.8±0.94 7.31±2.7 88.46±2.2 

M1 10.9±0.82 38.6±1.28 9.88±0.5 87.95±2.2 

M2 8.05±4.31 37.8±0.94 10.34±0.1 86.71±2.5 

M3 20.3±0.57 33.0±0.91 13.76±3.0 68.33±1.3 

(2000 ppm Na2SO4 , 0.35 MPa) 3 

4 



 

29 

 

 1 

Fig.5 Inhibition zone for P.aeruginosa (PA) on composite NF membranes M0, M1, M2, M3. 2 

M0 

M2 

M1 

M3 
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 1 
Fig.6 SEM images of TFC membranes M0, M1, M2, M3 after batch incubation with P. 2 

aeruginosa (PA) at 37°C for 24h.  3 
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Fig. 7 The release rate of silver during 40 days leaching test. 2 
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Fig. 8 Concentration of leached silver in the solutions filtered by the test membranes M1, M2, M3. 2 
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Fig.9 The pure water flux and salt rejection of M0, M1, M2, M3 after silver depletion 2 

treatment (soaked in 1% NaHSO3 for 4 month and 2% HNO3 for 48 h). 3 

 4 


