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Abstract—Polyacrylonitrile/polyamide (PAN/PA) thin film composite nanofiltration membranes were 
manufactured by interfacial polymerization (IP) of trimesoylchloride reacting with piperazine, in the 
presence of triethylamine. The influence of IP reaction time up to 100 s on the membrane performance 
and structure was investigated considering flux, rejection, structural morphology and roughness of the 
membrane using permeation test, scanning electron microscopy, atomic force microscopy as well as fou�
rier transform infrared spectroscopy. Structural evaluation of membranes revealed that the average PA sur�
face pore size was reduced initially up to 60 s of reaction due to the crosslinking process and PA layer com�
paction increment, however, became larger at longer reaction times. The PA layer effective thickness grew 
up with IP time and became constant after 60 s. The best water flux and Na2SO4 salt rejection were 
obtained at 60 s of reaction, which were 100 m3/day and 87% at pressure of 13 barg. Variation trends of 
permeation and morphological results showed accordance that confirmed their accuracy. Comparison of 
the Na+ rejection value with the rejection of commercialized NF membrane of Dow Company (NF90�
400/34i) showed acceptable result for membrane performance.

DOI: 10.3103/S1063455X18040070

Keywords: interfacial polymerization, polyamide, nanofiltration, composite membrane, reaction time.

INTRODUCTION

Polyacrylonitrile (PAN) membranes have attracted a great deal of attention amongst both academia and 
industrial researchers as UF�membrane due to its superior characteristics in hydrophilicity, solvent stability 
and cost effectivity. PAN membranes could offer great advantages as support of nanofiltration (NF) composite 
membranes, employed for rapidly expanding technologies such as water and wastewater treatment, desalina�
tion, etc. with rewards in reduction of membrane replacement cost and improved permeate quality [1–2]. 
Chemical treatment of nitrile groups (CN), among polymeric chains of PAN membrane, could be considered 
as a modification method in order to creation of desired properties such as antifouling and permeation 
improvement due to membrane hydrophilicity increment [3–4].

Interfacial polymerization (IP) is an important fabrication method for reverse osmosis (RO) and NF com�
posite membranes preparation. In this method, a thin layer of polyamide (PA) film is attached on the support 
layer that is responsible for the separation performance. Potentials of IP procedure for fouling reduction of NF 
composite membranes have been investigated heretofore, which present some opportunities to optimize both 
the thin film properties and surface morphology of the support layer in order to achieve to the best overall sep�
aration performance and membrane stability [5–12]. Affective IP factors include monomers reaction time, 
concentrations, partition coefficients, overall kinetics and diffusion rates of reactants, reactivity ratio where 
blends of reactants are employed, polymer solubility in the solvent phase, presence of by�products, hydrolysis, 
cross linking, post treatment [13–23]. Ahmad and Ooi wrote a short literature review on the IP parameters 
under three distinct categories; preparation conditions, material selection and kinetic control [14–16]. The 
authors [24] in a study on the thin film composite (TFC) membranes, identified reaction time, relative humid�
ity and coating temperature as the critical parameters and suggested their optimization for adjusting the mem�
brane flux. In another work, the researchers [16] investigated the effects of reaction time on the surface pore 
size. They found that pore size reduces initially but later the pores tend to coalesce and become larger.

1 The text was submitted by the authors in English.
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Considering the significance of reaction time and the findings of [16] suggesting its potential optimization, 
in this article, the influence of IP reaction time on the performance of TFC�NF membranes is investigated 
considering flux, rejection, morphology and roughness of the membranes. Adjustment the performance and 
morphology of the PAN/PA composite membranes by changing the monomer reaction time is the focus of 
this study. Triethylamine (TEA) was used as a catalyst for IP reaction, which helped to reaction continuity and 
played an important role in changing the membrane surface morphology. The best IP reaction time for reach�
ing to the industrial acceptable membrane performance based on the permeation and morphology analysis was 
evaluated. The mechanism of IP reaction and formation quality of PA layer was investigated carefully based 
on spectroscopic analysis.

EXPERIMENTAL

Materials

The PAN polymer (MW = 15000 Da) and its solvent N�methyl�2�pyrolidone (NMP) were obtained from 
Sigma�Aldrich Company for preparation of micro porous supports. PA active layer was built using piperazine 
(PIP) and trimesoyl chloride (TMC) as the monomers and TEA as the catalyst; the first two were purchased 
from Sigma�Aldrich, and the last from Merck Company. Feed solutes employed here include Na2SO4, 
MgSO4 and NaCl; all of them were prepared from Merck.

Preparation of PAN Support Layer Through IP Method

PAN was first dried in an oven at 65°C for at least 5 h. Homogenized solution of PAN in NMP (20%, w/w) 
was poured onto a glass plate and casted with an applicator calibrated for 200 μm of film thickness. The glass 
plate was then immediately immersed in a water bath at room temperature in which it was maintained for 24 h 
to ensure full coagulation before being washed with de�ionized water.

Fabrication of PAN/PA TFC Membranes

PAN support membrane was mounted on a smooth glass plate and immersed into an aqueous amine solu�
tion containing PIP (2%, w/v) and TEA (0.45%, w/v) for 5 min at ambient temperature. Additional solution 
was removed from the PAN surface by applying a soft roller. A wooden frame was then clamped onto the glass 
plate before the organic solution containing TMC (0.3%, w/v) dissolved in n�hexane was poured onto the sup�
port within specified polymerization reaction times (selected to be 20, 40, 60 and 100 s) at 25°C. The nascent 
TFC membranes were then cured for 1 min at room temperature, before being washed with de�ionized water.

Membrane Characterization

Scanning electron microscopy analysis. Membranes surface and cross�section were examined using scan�
ning electron microscopy (SEM) experiment. Samples were frozen in liquid nitrogen and fractured, before 
being sputtered with gold and evaluated with a Philips SEM apparatus at 5 kV acceleration voltages.

Atomic force microscopy analysis. Surface morphology and roughness of the membranes were investigated 
using a dual scope TM scanning probe�optical microscope AFM (DME model C�21, Denmark). Square of 
the prepared membranes were cut and glued on a glass substrate and viewed at scan size of 10 × 10 μm. 
Employing DME�SPM software, surface roughness parameters were obtained from the height profile of 
atomic force microscopy (AFM) images.

Fourier transform infrared spectroscopy. Presence of PAN and PA characteristic functional groups into the 
structure of support and active layer were analyzed by fourier transform infrared spectroscopy (FTIR) spec�
troscopy (IBB Bomem MB�100�Canada). This analysis was performed on the membrane samples in the range 
of 500 to 4000 cm–1 wave length with 10 cm–1 resolution.

Membrane performance testing. Permeation performance of PAN/PA composite membranes were tested 
with various feed solutions (1000 ppm aqueous solutions of Na2SO4, MgSO4 and NaCl), using the NF test 
setup, capable of operating at various flow patterns, temperatures and pressures. A gear pump circulated the 
feed from temperature�controlled reservoir through the vertically aligned membrane unit with feed rated of 
10 L/min. The retentate stream was returned to the feed reservoir. An electronic balance interfaced with a 
computer was used to collect permeated mass versus time data. Using a batch cross�flow system at 13 bar 
transmembrane pressures, the water flux and salt rejection of the membranes were measured by collecting the 
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permeate stream directly for 10 min after it had been stabilized for 60 min. All of the tests were repeated twice 
and the average value was reported for error reduction.

RESULTS AND DISCUSSION

Mechanism of IP Reaction between PIP and TMC

PIP is the simplest cyclic member of the ethylene amines family, which has two secondary amine groups 
and act both as a nucleophilic reagent in IP reaction and binder of PA layer to the PAN surface. TMC with 
three acyl functional groups (–COCl) is another active reagent in IP reaction that can easily react with water 
and generate carboxylic acid groups (–COOH). Acyl halides such as TMC (RCOX, X = halogen atom) react 
readily with water, alcohols, and amines and are widely used in organic synthetic processes whereby the acyl 
group is incorporated into the target molecules by substituting the acylation reaction, involving substitution 
by an electron donor group on the electrophilic carbonyl group (C=O) [21]. TEA is an acid scavenging catalyst 
due to the presence of two free electrons on its nitrogen atoms. This organic compound is more powerful 
acceptor of H+ related to PIP during IP reaction.

IP reaction, which is so called self�limiting phenomenon, is diffusion�controlled and can be completed 
rapidly before the formation of a dense cross�linked barrier layer that prevents monomers to contact [16, 18, 
22, 23, 25]. The polymer chains (PIP�TMC) are expected to contain both cross�linked and non�cross�linked 
structures containing carboxylic acid group. Due to the steric hindrance effect, one of the acyl groups of TMC 
may not readily react with PIpp. Instead of, one carboxylic acid functional group arises due to the partial 
hydrolysis [16, 23, 25–27]. Given time, the remaining acyl chloride groups, however, will undergo hydrolysis 
if no PIP is present [16, 25–31]. Generation of acid groups among PA chains increases the surface hydrophi�
licity and water permeation of composite membrane but diminishes cross�linking effect and salt rejection.

Evaluation of the PA Formation

Identifying the PA functional groups helps to clarify the effect of various reaction times on the PA structure 
[32]. FTIR spectroscopy was applied for this purpose, which related results has been demonstrated in Fig. 1, 
where a comparison can be made between different spectrums representing support PAN, pure PA polymer 
and prepared composite membranes with 20, 60 and 100 s of IP reaction times. The PA identification peaks 
will belong to the amide and acid carbonyl (C=O) bonds, which feature in the range of 1700–1725 cm–1 for 
acidic CO and 1640–1690 cm–1 for amide carbonyl. The carboxylic acid, if presents, will show a strong and 
broad bond covering the range between 3200 to 3600 cm–1 for the O–H stretch.

As can be seen in Fig. 1, the carbonyl stretching bonds have appeared in the range between 1650 to 1750, 
which the first at 1675 cm–1 belongs to the amide C=O and the next at 1730 belongs to the acidic C=O bonds. 
The important note is that the pure acyl chloride group (COCl) should present an absorbance peak for C=O 
stretch near 1800 cm–1. However, there is not any sign of this peak on FTIR graphs of PA composite mem�
branes. The PA composite membrane had been kept in dionized water after preparation according to section 
Fabrication of PAN/PA TFC Membranes. High tendency of acyl chloride to react in wet conditions and forma�
tion of carboxylic acid cause to disappear of carbonyl bonds of acyl halid and instead the acidic C=O has been 
appeared.

The peak near 2245 cm–1 is assigned to nitrile groups caused by triple stretching bond   in PAN polymer in 
graphs 1, 3, 4 and 5 (see Fig. 1). This peak for a pure PAN polymer is more sharpener but the sharpness will 
be reduced for phase inversion PAN membranes due to the hydrolysis effect of aqueous nonsolvent and chang�
ing the C–N to the –COO groups [33].  The broad peak around 3400 cm–1 in graphs 3, 4 and 5 is indicative 
of (–COOH) groups in the PA skin layer. Appearance of O–H stretch and amide and acidic carbonyl bonds 
related to COOH group in the spectrums 3, 4 and 5 in comparison to the PAN support membrane (1) or PA 
polymer (2) (see Fig. 1) provides strong evidence that PA layer and PAN/PA composite membrane were 
formed. Moreover, the C=O and O–H peaks intensity of the PA composite membranes have increased when 
the reaction residence time is increased from 20 to 100 s, which shows that the number of amide functional 
groups and accordingly the thickness of the PA layer has enhanced.
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Membrane Performance Analysis

Using 1000 ppm of Na2SO4 aqueous salt solution as feed at 13 bar operating pressure, salt rejection and 
permeability of the PAN/PA membranes were investigated with respect to the reaction time, which related 
results are shown in Fig. 2. There are interesting points regarding membrane performance at 60 s reaction 
time, indicating this to be the optimum reaction time. The feed flux was reduced about 23% from 130 to 
100 L/(m2⋅h) as reaction time progressed from 20 to 60 s, but followed with a lime descending trend afterwards 
up to 100 s. Na2SO4 rejection was increased about 40% from 20 to 60 s reaction time and reduced sharply to 
reach to the 43% of its maximum value. Both ascending and descending trends of flux and rejection, respec�
tively in the first 60 s of reaction time confirm the formation and growth of the PA active layer. However, it 
could be expected to continue these trends after 60 s, but numerous repeated tests confirmed the results 
described changes after 60 s. This called for further investigations into the behavior of PA active layer, in which 
the morphology, roughness and pore size of the surface layer in association with the reaction mechanism were 
considered.

Morphology Analysis

Using SEM analysis, both of the cross section and surface of the TFC fabricated membranes were investi�
gated morphologically. The influence of various reaction times on the TFC membranes cross section can be 
observed in Fig. 3. Two distinguished layers of PA and PAN support can be identified, where the penetration 
progress of reacting monomers into the structure of PAN support membrane is visible. As reaction time 
increases, the structure of support membrane has been impressed more and the tips of pyramidal channels 

Fig. 1. FTIR spectrums for PAN support membrane (1), PA polymer (2), PA composite membranes (3–5) with 20, 60 and 
100 s of IP reaction time.

Fig. 2. Influence of IP reaction time on the TFC membrane performance using Na2SO4 in the feed solution (0.3% TMC, 2% 
PIP and 0.45% TEA).

130 
120 

100 

95 92 

62 
69 

87 

59 

37 
30 

70 

110 

150 

0 40 80 120 
IP, s 

30 

50 

70 

90 

110 
Rejection, %Flux, L/(m

2
·h) 
JOURNAL OF WATER CHEMISTRY AND TECHNOLOGY      Vol. 40      No. 4      2018



PERFORMANCE AND MORPHOLOGY EVALUATION 223
become filled by the polymerization reaction products. More interestingly, the thickness of the PA active layer 
has been enhanced with increasing the reaction time from 20 to 60 s, where no further increase in the PA thick�
ness is observed afterwards [21, 22, 31]. Using measuring tools in the SEM software, the average thickness of 
the PA active layers was measured across the cross sections, which has been plotted against IP reaction time 
in Table 1, which shows non�uniform increment rate for PA layer thickness [23, 31, 34]. It increased with slow 
gradient to 2.99 μm up to 20 s, then followed the ascending trend slightly afterwards between 20 and 60 s that 
reached to the maximum thickness after 60 s of reaction time (4.1 μm). Then the increment rate slowed down 
considerably to the extent that the thickness remained almost constant after 60 s.

After soaking the support membrane into the PIP solution, the internal sections of the PAN structure is 
wetted by the diamine reagent. Therefore, both the surface and subsurface sections of the PAN membrane can 
be affected by the TMC solution. In the first 40 s of reaction, the TMC solution is capable of penetrate into 
the PIP encapsulated within internal voids of the PAN. Consequently, the influence of PA formation at the 
tips of pyramidal channels and internal structure of the PAN is visible in Fig. 3. After that, the created PA layer 
resisted against TMS penetration into the sub layers of formed PA layer. Consequently, no significant growth 
is observed in the thickness of the PA active layer after 60 s and polymerization reaction is impeded [32]. The 
permeation flux behavior presented in Fig. 2 is consistence with the growth pattern of PA active layer thickness 
described above. Interestingly, nearly constant flux corresponds to the constant thickness of the PA active layer 
after 60 s.

As regards the morphology of the surface, Fig. 4 illustrates the SEM images from the surface of the PA 
active layers prepared with different reaction times. Evidently, as reaction time progresses, the surface porosity 
seems to decrease up to the reaction time of 60 s (Figs. 5b, 5c) indicating the growth of the PA polymer chains, 
enlarging the clusters formed and reducing the interspaces between them. However, it is interesting to note 
that the surface porosity at 100 s of reaction time has increased slightly compared to the 60 s. This might 

Table 1. Variation of PA active layer thickness against IP reaction time

Thickness, mc IP, s

2.995 20

3.69 40

4.1 60

4.15 80

Fig. 3. SEM photographs from the cross section of TFC membranes with different reaction times, s: 20 (a), 40 (b), 60 (c) and 
100 (d).
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explain the very slight flux decrement and sever salt rejection reduction from 60 to 100 s of reaction time as 
seen in Fig. 2.

Surface Roughness and Pore Size Analysis

Figure 5 illustrates the two and three dimensional AFM images of the TFC membranes. Roughness param�
eters and associated pore�size profiles within 100 μm2 (10 × 10 μm) of the membrane were computed by the 
SPM�DME software which is presented in Table 2 and Fig. 5, respectively. Ry, Rz, Ra and Rq represent the 
interspace between the highest peak and lowest valley, mean distance between peaks and grooves, mean surface 
roughness and standard deviation for surface roughness, respectively [35–36].

According to Table 2 and Fig. 5, the roughness of the smooth PAN support (see Figs. 4, 5a) is lower than 
all of the PA layers roughness. The support membrane surface roughness has increased from 3.9 to 62.4 nm 
after 20 s of reaction time (see Fig. 4b) indicating the time lack for regular filling of PA chains produced within 
the PAN voids and its surface irregularities.

Higher concentration of monomers at primary times of reaction causes to production of PA layers with 
higher rate at adjacent PAN surface position. Deposition of PA layers on the surface of PAN membrane and 
on each other takes places more homogeneously when the reaction rate is lower or reaction time is higher. 
Consequently, rougher surfaces are created when PA layers are produces with higher production rate at lower 

Table 2. Roughness parameters and mean pore size of the prepared membranes with different reaction times 

Reaction, s Mean pore size, 
nm

Ry Rz Ra Rq

nm

0 700 32 30.3 3.92 4.83

20 200 561 550 62.4 80.3

60 110 545 465 20.4 31.6

100 300 1460 1160 47.8 71.3

Fig. 4. SEM surface images of the TFC membranes for different reaction times, s: 0 (a), 20 (b), 40 (c), 60 (d) and 100 (e) (0 s 
corresponds to the PAN membrane).
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reaction times. Upon reactants consumption, their concentration declines, thickness of PA layer increases on 
the surface and less reaction progress happens on the PAN surface. Therefore, the produced linear PA chains 
fill progressively the crystal lamellas, making the surface more homogeneous as reaction time increases to 60 s 
(see Fig. 5c), which causes to creation of smoother surface. However, the surface roughness increases up to 
100 s of reaction time. This could be due to the non�uniform formation or irregular PA clusters, being left over 
the surface, thereby inhibiting appropriate contacts of TMC with the remaining PIP or water molecules on 
the surface. The height profile of AFM images that is computed by SPM�DME software has been shown also 
in Fig. 5 that enables the membrane mean pore size to be calculated as reported in Table 2 [19–21, 37]. The 
pore size was reduced from 700 to 110 nm when the reaction time increased from 0 to 60 s, respectively. How�
ever, further increment of reaction time up to 100 s has enlarged the pore size to 300 nm. These results conform 
to the morphological evidences presented by the SEM surface images at Fig. 4, where the surface compaction 
seems to have reduced for reaction time beyond 60 s. Also, the mentioned mean pore size confirms the rejec�
tion behavior of the membranes as presented in Fig. 2, where there is a considerable reduction in Na2SO4 salt 
rejection beyond 60 s of reaction time, corresponding to larger PA surface pore size.

From the IP mechanism point of view these behavior could be interpreted as follow: as the IP reaction 
progresses, the PIP and TMC concentrations are reduced and skin layer thickness is increased, which leads to 
creation of more resistance against reaction of less available reactants. Water molecules in competition with 
the much�reduced PIP monomers start to react with TMC monomer that likely intensifies at 60 s of reaction 
time. TEA seeks to react with the resulting acidic hydrogen atom thereby promoting the IP reaction and leav�
ing a highly polar product possessing N–H bond. This in�turn will attract polar water molecules toward the 
polar acyl chloride groups at the surface of created PA layer that is responsible for production of pores with 
weaker walls. The adjacent weaker pore walls would tend to coalesce together and create bigger pores at 100 s 
of reaction time.

Fig. 5. Two and three dimensional AFM images and the associated pore�size profiles  (polymerization times, s: 0 (a), 20 (b), 
60 (c) and 100 (d)).
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Having found the optimized reaction time of 60 s for the membrane at 13 bar operating pressure, another 
same permeation test was carried at lower operating pressure of 8 barg, but at similar reaction time of 60 s. The 
results presented at Table 3, show similarity in rejection due to the similarity of the surface pore size at different 
pressures but indicate lower permeation rate for pure water at pressure of 8 barg because of the lower differen�
tial pressure across the membrane.

Finally, in order to investigate the water hardness reduction performance of the PAN/PA membranes, per�
meation tests were repeated using MgSO4 and NaCl salts at the similar Na2SO4 concentration and operating 
pressure that results are presented in Fig. 6. The highest and lowest salt rejection is related to Na2SO4 and 
NaCl salts, respectively with the maximum and minimum ionic size. The results shows that the effect of salt 
type on the rejection property of the membrane is stronger that on the water fluxes. Consequently, the TFC 
membrane is effectively capable to salt rejection and could be classified as the nanofiltration membrane suit�
able for treating slightly salty water.

CONCLUSIONS

Adjustment the preparation parameters of the PAN/PA thin film composite nanofiltration membrane con�
sidered in this study to investigate the influence of the IP reaction time on the membrane performance on the 
basis of the flux, rejection, morphology and roughness of the membrane. The SEM analysis revealed that 
among the four IP reaction times of 20; 40; 60 and 100 s, the PA thickness increases up to the 60 s due to the 
penetration potency of TMC and PIP monomers toward each other among created PA layer and performing 
the IP reaction. After that up to 100 s of reaction, resistance of the created PA layer and reduction of mono�
mers concentration prevent from reaction progress and thereby slow the polymerization reaction and eventu�
ally cease the PA layer growth. On the other hand, consumption of the acidic hydrogen atoms by TEA groups 
leads to further absorption of water molecules toward membrane surface that causes to hydrolysis of TMC 
molecules making them inactive. The water molecules, which are drawn inside the pores, apply pressure and 
weaken the pores walls and lead to their breakage and enlargement of the surface pore size. The best membrane 
performance obtained at 13 barg for the membrane prepared by 60 s of reaction time. Na2SO4 salt rejection 

and pure water flux of 87 and 100 L/(m2⋅h) were attained, respectively for this membrane which is acceptable 
for industrial applications. The salt rejection is 10% lower than industrial cases (FILMTEC NF90�400/34i 
Nanofiltration Element) however; the pure water flux is 48% higher than.
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