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This study focuses on the preparation and modification of a thin-film composite (TFC) hollow fiber polyamide membrane fabricated by the interfacial polymerization of Piperazine 
(PIP) and trimesoyl chloride (TMC) on a porous polysulfone substrate. The effects of triethylenetetramine (TETA) and silica nanoparticles (SiO2) contents in the aqueous phase (as the 
additives) on the morphology and performance of the hollow-fiber composite membranes were studied. The morphologies, chemical composition and the surface image of membranes 
were investigated by using FTIR, SEM, AFM and contact angle analyzes. TETA resulted a more hydrophilic as well as lower surface roughness in the modified membranes. In addition, 
the active layer of the membranes had uniform, smooth and dense structures compared with the neat membrane (control sample). In case of the SiO2 nanoparticles, AFM images showed 
rougher surfaces in the modified membranes. However, the nanoparticles’ size is close to the membrane pore size. As a result, the silica particles block a few pure water channels 
of the membranes. The obtained results showed that the water flux increased with increasing the silica contents in the aqueous phase. Furthermore, the NaCl rejection increased by 
increasing the TETA concentration. This showed that adding optimal concentration of the both SiO2 and TETA in the aqueous phase would increase the both flux and rejection, as 
well as prepared appropriate hollow fiber TFC membrane. The hollow fiber composite membrane possessed a salt (NaCl) rejection of about 26 % and flux of about 31 L.m-2.h-1.
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• Novel hollow fiber NF membranes were fabricated
• Effects of TETA and SiO2 nanoparticles on the separation performance of TFC membranes were studied
• The optimized hollow fiber membranes had high water flux and reasonable salt rejection
• The hollow fiber had the separation characteristics of NF membranes

causing higher fluxes and lower operating pressures and are able to reject 
organic compounds and multivalent ionic salts [1, 2]. These advantages lead 
to a growing list of applications in the water purification processes, such as 
water softening [3, 4] and micro pollutant removal [5]. Industrially, the NF 

1. Introduction
             
      Nanofiltration (NF) membranes are often negatively charged, possessing 
separation characteristics in the intermediate range between reverse osmosis 
(RO) and ultrafiltration (UF). NF membranes generally have a thin skin layer, 
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process is applied for separation of specific components and organics, such as 

pesticides [6, 7] and heavy metals removal [8, 9], dyes separation [10, 11], 

purification of pharmaceutical compounds [12] and food processing [13-15]. 

A composite membrane is provided by forming a nano-thin selective 

dense layer on a porous substrate. The top selective layer and bottom porous 

substrate of the composite membrane can be modified to maximize the overall 

membrane performance [16, 17]. Reports show that the performance of the 

NF membrane is determined by the chemical structure of the thin active layer, 

pore size and its distribution, film thickness, and the surface charge and its 

morphological features [18]. Among the methods for preparing TFC 

membranes, interfacial polymerization (IP) is the most effective one [19-20]. 

The IP technique is based on a polycondensation reaction between two 

monomers; that is, a poly functional amine and a poly functional acid 

chloride. The advantage of the IP method is that the reaction is self-inhibiting 

via passage of a limited supply of reactants through the already formed layer 

[21]. Moreover, the thin layer can be optimized for a particular function by 

varying the monomer concentration in each solution, monomer ratios and 

reaction time of the interfacial polymerization [22-28]. 

The main attempt in optimal design of membrane processes is to create 

maximum permeate flow while having maximum solute rejection, with 

minimum capital and operating costs, as well [29-31]. Today, the main 

module geometries used are spiral-wound or tubular modules. The advantages 

of spiral modules are the large surface area of the membrane per m
3
 and the 

low module cost. However, they are extremely susceptible to the floating 

matter, have high energy losses caused by friction in the spacers and it is not 

possible to be reverse flushed [32]. Tubular modules do not require strong 

pre-treatment and back flushing is possible but they have low packing density 

and are expensive [33]. In consideration of the fact that membranes in hollow 

fiber (HF) form have some advantages over membranes in flat-sheet 

configuration, such as high surface to volume ratio, no require of feed and 

permeate spacers as well as less demand for pretreatment and maintenance, 

give a better packing density than the tubular module and allows a less 

demanding pretreatment and maintenance than that of the spiral wound 

module, studies have been focused on the development and application of NF 

membranes in hollow fiber configuration, recently [11]. 

It is also reported in the literature that an optimized hollow fiber NF 

module would give a 100% increase in performance compared to an 

optimized spiral-wound module [34]. This module configuration would be a 

solution for the treatment of low quality water sources by direct capillary 

nanofiltration. 

The aim of this study was to investigate the effect of adding silica 

nanoparticles and TETA on the permeation performance and morphology of 

thin-film composite hollow fiber membranes. In this study, Polysulfone (PSF) 

hollow fiber UF membrane was used as a support layer. Trimesoyl chloride 

(TMC) and Piperazine (PIP) were used as monomers for IP reaction. The 

hollow fiber polypiperazine-amide TFC-NF membranes were prepared by 

adding TETA, silica nanoparticles (SiO2) and both of them, in aqueous phase 

of interfacial polymerization reaction to achieve high permeable composite 

membrane. 

 

 

2. Experimental 
 

2.1. Materials 

 

Polysulfone (PSf, Udel P3500, Solvay Polymers), and N-methyl-2-

pyrrolidinone (NMP, 99.8%, Merck) were used as the base polymer and 

solvent for preparation of UF hollow fiber membranes, respectively. Also, 

polyethylene glycols (PEG, Mw= 1000 g/mol), Lithium chloride (LiCl), 

glycerol and Triton X-100 supplied from Merck were used as additive. 

Trimesoyl chloride (TMC, Sigma-Aldrich) and Piperazine (PIP, Merck) were 

used for the preparation of polyamide active layer on the hollow fiber 

substrate. SiO2 nanoparticles and triethylenetetramine (TETA) were 

purchased from US Research Nanomaterial (15–20 nm, 170–200 m
2
/g) and 

Sigma-Aldrich, respectively. 

 

2.2. Fabrication of PSF hollow fiber support membrane  

 

To prepare the dope solution, 18% (w/w) of PSF with PEG, LiCl, Triton 

X-100 and glycerol as additives were well-mixed in the presence of NMP as 

solvent in a glass flask under magnetic stirring. The dope solution left aside 

for at least 12 h to remove air bubbles. Hollow fiber membranes were spun 

using the dry/wet spinning technique. The dope solution was loaded into a 

reservoir and forced to the spinneret using pressurized nitrogen. The spinneret 

had 0.5 mm inner diameter and 1 mm outer diameter. The spinning conditions 

of the fabricated hollow fiber PSF membranes were summarized in Table 1. 

The bore liquid and the external coagulant were tap water. 
 

 

Table 1. Spinning conditions of the hollow fiber membranes. 

Spinning parameter Operating condition 

Nitrogen extrusion pressure 50 Kpa 

Bore fluid Distillated water 

Bore fluid flow rate 0.35 l/h 

External coagulant Tap water 

External coagulant temperature 25 °C 

Air gap distance 1 cm 

 

 

2.3. Preparation of TFC membranes  

 

Thin-film composite hollow fiber membranes were prepared by 

interfacial polymerization of Piperazine in aqueous phase with TMC in 

organic phase (i.e. n-hexane). The concentration of additives in the aqueous 

phase are given in Table 2. The PSF hollow fiber support membrane was 

submerged into the aqueous phase for 90 s. Subsequently, the membrane was 

taken out to drain off the excess monomers for 1 min. The amine saturated 

membrane was again immersed into the organic phase containing 0.5% (w/v) 

TMC in n-hexane where the conventional IP reaction took place. Afterward, 

the membrane was taken out and air-dried at 70 °C for 4 min. The dipping 

process had been carried out such a way that only the external surface has 

come in contact with reactants to form polyamide skin layer. 
 

 
Table 2. The concentrations of additives in the aqueous phase to 

prepare thin layer. 

Hollow fiber membrane 
Concentrations of additives 

SiO2 (w/v%) TETA(w/v%) 

HF-TFC-NF0 - - 

HF-TFC-0.5T - 0.5 

HF-TFC-1T - 1 

HF-TFC-2T - 2 

HF-TFC-4T - 4 

HF-TFC-10T - 10 

HF-TFC-0.005S 0.005 - 

HF-TFC-0.05S 0.05 - 

HF-TFC-0.1S 0.1 - 

HF-TFC-0.5S 0.5 - 

HF-TFC-4T-0.1S 0.1 4 

 

  

2.4. Characterization of membranes 
 

The water contact angle of hollow fiber membranes was measured using 

a OCA 15 plus Tensiometer from Data physics Co. The hollow fiber with an 

effective length of 5 mm was immersed in ultra-pure water and the advancing 

contact angle was calculated with the aid of the computer software.  

FTIR analysis (WQF-510A FT-IR spectrometer, RAYLEIGH, China) 

was used to confirm the interfacial polymerization mechanism. 

The morphology of hollow fiber membranes was observed by a scanning 

electron microscope (SEM, EM-3200- KYKY Co., China).  

The surface topography of membranes, before and after interfacial 

polymerization, was examined using a Nanoscope IIIa atomic force 

microscope (AFM). The AFM device was Dual Scope TM scanning probe-

optical microscope (Easyscan2 Flex AFM, Switzerland). The pore sizes were 

measured by inspecting line profiles of different low valleys and high peaks 

on the AFM images at different locations of a membrane surface. The mean 

roughness (Ra) was used to quantify the differences between various 

membrane surfaces and was determined from the averages of at least 3 

sections of several fibers.  
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2.5. Nanofiltration experiments 

 

The permeation properties of membranes were investigated with a cross-

flow hollow fiber filtration setup. The module consisted of two fibers with a 

length of 24 cm. The shell sides of the two ends of the bundles were glued 

into two tees using a normal-setting epoxy resin. For each experiment, the 

solution containing 2000 ppm of NaCl was used as feed at pressure of 5 bar, 

temperature of 25 
0
C for evaluating the membrane performance during 30 

min. The flux (J), through the membrane, may be described by: 

 

tA

V
J

∆
=

 
(1) 

 

where V is the volume of permeate, A is the membrane surface area and ∆t is 

filtration time. 

The solute rejection R (%) was calculated by the following equation 

 

100)1((%) ×−=

C

C

feed

permeate
R

 
(2) 

 

where Cpermeate and Cfeed are the NaCl concentrations in permeate and feed 

solution.  

 

 

3. Results and discussion 
 

3.1. Membrane surface properties  

 

The influences of TETA as additives in aqueous phase on the contact 

angle are presented in Figure 1. The surface contact angle of PSF membrane 

was decreased by adding of this hydrophilic monomer (TETA) in the aqueous 

phase. This demonstrates that a more hydrophilic surface is obtained by 

adding of TETA in the aqueous phase. TETA is a well-known hydrophilic 

monomer with amine (N–H) functional group (see Figure 2). The higher 

membranes’ hydrophilicity with addition of TETA compared to the 

membrane prepared without additives can be attributed to the hydroxyl group 

(O–H) of TETA that remained in the membrane structure.  

FTIR spectra were used to investigate the changes in the chemical 

composition of the membrane surface. The spectra from PSF UF membrane 

and thin film composite membranes prepared with 4 wt.% TETA dissolved in 

the aqueous phase are shown in Figure 3. Obtained FTIR spectra shows the 

changes in the membrane composition.  

In Figure 3a, the peak at 1050 cm
-1

 is assigned to symmetric and 

asymmetric S=O band of polysulfone. Two peaks at 1511 and 1596 cm
-1

 are 

assigned to asymmetric aromatic bands of C=C groups, that are the special 

bands of the polysulfone. In Figure 3b, A strong band at 1670 cm
-
1 appears, 

which is assigned to C=O group in amide functional group that indicates that 

the interfacial polymerization successfully occurred. Two peaks at 1595 and 

2981 cm
-1

 are assigned to N-H band. In addition to, the peek at 3100 cm
-1

 

refers to –COOH band [36, 37]. 

The effect of silica in the aqueous phase on the contact angle of top 

surface of the membranes is presented in Figure 4. When concentration of 

silica in the casting solution is increased up to 0.1 wt.%, the contact angle of 

the membrane is strongly decreased. This trend could be attributed to the 

hydrophilicity of silica nanoparticle remained in the membrane structure. 

Also, the chemical composition of the TFC membrane surfaces is investigated 

by the FTIR and the obtained results are presented in Figure 3c. The FTIR 

spectrum indicated that the interfacial polymerization occurred due to the 

strong bond at 1731 cm
-1

, which is characteristic band of the C=O [38]. The 

bands at 694.2 and 1014 cm
-1

 suggest the stretching vibration and anti-

stretching vibration of Si-O band.  

In Figure 4, the highest contact angle was obtained for PSF membrane 

without addition of silica or TETA in the aqueous phase. This indicates the 

lowest hydrophilicity. The membrane prepared with 0.1 wt.% SiO2 and 4 

wt.% TETA in the aqueous phase exhibited lowest contact angle indicating 

highest hydrophilicity. The strong change in membranes’ hydrophilicity with 

both TETA and SiO2 can be ascribed by the carboxyl and amide polar groups 

which are strongly hydrophilic. As shown in Figure 3d, compared with the 

PSF membrane, the FTIR spectra of the TFC membrane with 0.1 wt.% SiO2 

and 4 wt.% TETA in the aqueous phase, exhibited same signals at 1596.7 and 

2980 cm
-1

 to N-H bands and 1014.3 cm
-1

 to Si-O band. 

 

 

 
 

Fig. 1. Contact angle of neat and TETA modified membranes. 

 

 
Fig. 2. TETA chemical structure. 

 

 

 

 

 

 
Fig. 3. FTIR spectra: (a) UF membrane, (b) TETA/polypiperazine-amide HF TFC 

NF membrane, (c) silica/polypiperazine-amide HF TFC NF membrane, and (d) 

TETA/silica/polypiperazine-amide HF TFC NF membrane. 

 

 
Fig. 4. Contact angle of neat and Silica modified membranes. 
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3.2. Membrane morphology 

 

The fast solvent/non-solvent exchange takes place across the interface of 

casting film and non-solvent immediately after immersion of the casting film 

into the water bath. This is combined with the large repulsive forces between 

polymer (PSF) and water (water is a very powerful non-solvent for PSF) 

leading to immediate precipitation of the polymer at the interface. As a result, 

an asymmetric membrane with a thin skin layer and large fingerlike pores in 

the sub-layer is formed. This is clearly exemplified by the SEM image (Figure 

5a) which shows the large pores in the sub-layer of the membrane prepared 

from the casting solution. According to the Figure 5b, the reaction between 

the TMC and the PIP leads to formation of a thin layer. The cross sectional 

morphologies of the membranes prepared with the addition of 4 wt.% TETA 

are different from the original NF membrane (Figure 5c). The active skin 

layer in this membrane has a uniform, smooth and dense structure. The cross 

sectional morphologies of the membranes prepared with the addition of 0.1 

wt.% SiO2 are shown in Figure 5d. The thickness of the formed thin layer 

containing both TETA and SiO2 particles is higher than that of other 

membranes and is clearly observed in Figure 5e. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
Fig. 5. Cross-sectional SEM  images: (a) PSF sublayer hollow fiber membrane, (b) polypiperazine-amide  HF TFC NF membrane( HF-TFC-NF0), (c) TETA/polypiperazine-amide HF 

TFC NF membrane (HF-TFC-4T), (d) silica/polypiperazine-amide HF TFC NF membrane (HF-TFC-0.1S), and (e) TETA/silica/polypiperazine-amide HF TFC NF membrane (HF-TFC-

4T-0.1S). 
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The surface crosslinking reaction can influence the external membrane 

surface [39]. Figure 6 shows the morphologies for external surface of the PSF 

hollow fiber UF membranes and the composite membranes prepared without 

additives and with TETA and SiO2, i.e. both of them in aqueous phase. 

Formation of a thin layer on the membrane support results in a wholly 

shrinkage surface which causes a superior separation properties.  

In order to analyze the surface topology of the polyamide coated 

membranes in detail, the membranes’ surface were scanned by the AFM. 

Figures 7-9 showed the AFM images as well as roughness analysis by taking 

a horizontal section in the image frame for samples. In the images, the 

brightest areas indicate the highest points of the membrane surface and the 

dark regions show valleys or pores. Figure 7 shows the surface AFM images 

of the PSF membranes prepared with various TETA concentration in the 

aqueous phase. It visually seems that the membranes roughness prepared with 

TETA is lower than that of the original PSF NF membrane. Also, decreasing 

roughness by increasing TETA concentration could be due to expansion of 

the IP reaction, possibly leading to the formation of the polyamide smoothly 

active layer. In this condition, decreasing the roughness might cause lower 

fouling. Table 3 demonstrates a decreasing trend in roughness with addition 

of additive. As can be seen in Figure 8, images recorded for composite 

membranes confirm that SiO2 nanoparticles were successfully coated onto the 

membrane and produced rougher surfaces. Increasing of surface roughness 

parameters was due to disturb the unity of the polymer chains in membrane 

structure. This could be due to aggregation of nanoparticles, particularly in 

high concentrations [40]. In Figure 9, the AFM images of PSF membranes’ 

surface prepared with both of TETA (4%) and SiO2 (0.1%) are presented. As 

could be observed, the roughness was decreased because of sandwiching 

nanoparticles between layers.  

 

 
Table 3. The mean roughness (Ra) of the prepared hollow fiber membranes. 

Sq (nm) Sa (nm) Sz (nm) Membrane 

43.115 28.628 354.17 HF-TFC-NF0 

27.962 22.722 213.94 HF-TFC-1T 

25.450 18.762 192.31 HF-TFC-4T 

9.689 7.385 86.441 HF-TFC-0.05S 

24.099 18.988 163.83 HF-TFC-0.1S 

15.925 11.759 138.48 HF-TFC-4T-0.1S 

 

 

 

 

 (a)                                               (b)                                                 (c) 

 

(d)                                                 (e) 

Fig. 6. Surface SEM images: (a) PSF sublayer hollow fiber membrane, (b) polypiperazine-amide HF TFC NF membrane( HF-TFC-NF0), (c) TETA/polypiperazine-amide HF TFC NF 

membrane (HF-TFC-4T), (d) silica/polypiperazine-amide HF TFC NF membrane (HF-TFC-0.1S), and (e) TETA/silica/polypiperazine-amide Hf TFC NF membrane (HF-TFC-4T-0.1S). 

 

 

 
(a) 

 
Fig. 7. Surface morphologies AFM images: (a) polypiperazine-amide HF TFC NF membrane (HF-TFC-NF0), (b) TETA/polypiperazine-amide HF TFC NF membrane (HF-TFC-1T) and (c) 

TETA/polypiperazine-amide HF TFC NF membrane (HF-TFC-4T). 
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(b) 

 
(c) 

 

Fig. 7. Continued  
 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 8. Surface morphologies AFM images: (a) polypiperazine-amide HF TFC NF membrane (HF-TFC-NF0), (b) silica/polypiperazine-amide HF TFC NF membrane (HF-TFC-0.05S) and 

(c) silica/polypiperazine-amide HF TFC NF membrane (HF-TFC-0.1S). 
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Fig. 9. Surface morphologies AFM images of TETA/silica/polypiperazine-amide HF TFC NF membrane (HF-TFC-4T-0.1S). 

 

 

3.3. Membrane performance 

 

The values of the NaCl rejection and the water permeability are presented 

in Figure 10, for various TETA concentrations. From Figure 10, it can be seen 

that the salt rejection increased from 15.17 to 25.44% with increasing the 

TETA concentration from 0.5 to 10% (w/v). This increase could be attributed 

to the expansion of the polymerization reaction in the presence of TETA and 

denser polyamide active layer (Figure 5). In fact, with the addition of TETA 

to the aqueous solution due to the expansion of polymerization reaction from 

third sides, polyamide active layer with more density and hydrophilicity was 

formed, which can lead to increase the flux. Also, from the AFM images 

(Figure 7), it can be observed that the surface roughness is reduced. As a 

result, it can be concluded that lower surface roughness can lead to lower 

fouling tendency, which this can be considered as a flux increasing reason. 

Increasing the TETA concentration was continued from 1% to 10% in the 

aqueous solution, which leads to flux decreased slightly and then not showed 

much change. To explain the flux decline, it can be concluded, though adding 

TETA, hydrophilic amide groups and free amino groups on the membrane 

surface increased, but increased membrane density is dominated by the 

increased hydrophilicity, which eventually would lead to a slight decrease in 

the flux. Finally, according to the rejection rate and the permeate flux, the 

concentration of 4% TETA, which have relatively high rejection and 

acceptable flux, was selected as the optimum concentration in order to get 

stable separation performance in further experiments. 

 

 
Fig. 10. Effect of TETA concentrations in the aqueous phase  on flux and NaCl 

rejection of membranes. 

 

 

As shown in Figure 11, when the silica concentration increased from 0 to 

0.1% (w/v), the NaCl rejection increased from 14.59 to 19.94% and then 

decreased down to 17.69% when the concentration continued to 0.5% (w/v). 

Rejection decline can be explained by the fact of excessive concentrations of 

silica nanoparticles that caused accumulations occur in some membrane 

surface areas and inhibit reactions between the organic and aqueous phases 

and consequently the crosslinking not completely established. The water flux 

increased from 21.7 up to 39.68 L.m
−2

.h
−1

 with the silica concentration 

increasing from 0 to 0.005% (w/v) and then decreased down to 34.50 

L.m
−2

.h
−1

, when the concentration continues to 0.5% (w/v). The presence of 

silica nanoparticles in the aqueous solution affected on the IP reaction and 

increased the crosslinking. Secondly, the presence of nanoparticles in the 

formation of the polyamide layer increased the membrane hydrophilicity. 

Increasing hydrophilicity caused the water molecules to pass through the 

membrane at higher speeds. Silica nanoparticles affected on the surface 

polymerization and changed the crosslinking conditions. Also, due to mixture 

miscibility of organic and aqueous phases in the polymerization process, its 

variability was greater [41, 42]. With continuing increase of the silica content 

from 0.1 to 0.5%, the active layer is easier to fall-off from the supporting 

membrane after the filtration experiment [43]. In fact, the flux decline is 

mainly due to a small amount of silica attached to the membrane pore. The 

size of nanoparticles is close to the membrane pore size, so the silica will 

block a small amount of pure water channels of membrane [40, 43].  

 

 

 
Fig. 11. Effect of silica concentrations in the aqueous phase on flux and NaCl 

rejection of membranes. 

 

 

4.  Conclusions 

 

Polyamide polysulfone hollow fiber composite nanofiltration (NF) 

membranes were prepared by interfacial polymerization process. The 

polypiperazine-amide TFC NF membrane was prepared under the optimum 

condition: 3% (w/v) PIP in the aqueous phase; 0.5% TMC in the organic 

phase; reaction time of 60 s and curing temperature at 70 °C for 4 min. Under 

these conditions, the effects of additives (TETA, SiO2 and both of them) in 

the aqueous phase on the performance and structure of hollow fiber composite 

membrane were discussed. The experimental results showed that the structure 

and performance of the composite membrane can be effectively controlled by 

adjusting the concentration of additives. The membranes containing TETA 

showed high rejection. After addition of silica sol in the aqueous phase, the 

water flux of the resulting membrane changed slightly, but the NaCl rejection 

increased. 
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