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a b s t r a c t
Polyamide thin film composite nanofiltration (NF-TFC) membranes were prepared by 
interfacial polymerization (IP) method using synthetic cellulose acetate membranes as support. 
M-phenylenediamine (MPD) and trimesoyl chloride (TMC) were used as monomers in water and 
hexane solution respectively. The effect of different monomers concentrations varying from 0.1 to 
0.25 wt.% and IP times from 15 to 90 s were investigated. The surface of different produced membranes 
were characterized using the scanning electron microscopy, atomic force microscopy, Fourier-
transform infrared, contact angle (CAw) and porosity. Water permeability and salts rejection (NaCl, 
Na2SO4) were determined for testing the membranes performances. The permeation studies showed 
that depending on TMC concentration and IP reaction time, the water permeabilities were 23.57 and 
10.44 (L m–2 h–1 bar–1), respectively. Na2SO4 and NaCl rejections were varying from 69.23% to 92.43% 
and from 19% to 55.54%, respectively, when TMC concentration was between 0.1% and 0.25% (w/v). 
The results of cadmium solution retention indicated that these novel membranes could be successfully 
applied for the heavy metals removal. The maximum of cadmium rejection at 0.25% (v/w) TMC 
concentration is 97.76% for CdSO4. This cadmium rejection depend on the nature of associated anion: 
R(Cd(NO3)2) < R(CdCl2) < R(CdSO4).

Keywords:  Polyamide; Thin film composite; Nanofiltration membrane; Interfacial polymerization; 
Heavy metals

1. Introduction

The membrane is defined as a selective barrier that 
permits the separation of molecules or ions in a liquid by a 
combination of sieving and diffusion mechanisms. Indeed, 
nowadays, membrane processes have more attention due 
to their several advantages: easy operation, high efficiency 
and no or little need for chemicals products. Among various 
membrane separation processes, nanofiltration (NF) is a 

relatively recent technology (since 1980), classed between 
ultrafiltration (UF) and reverse osmosis (RO). Additionally 
to its interesting features, the removal of organic matter and 
nearly all viruses with molecular weight cut off between 
100 and 1,000 Da [1,2]. It has also a good selectivity for 
multivalent ions that removes divalent ions. So NF is often 
used to soften hard water.

The nanofiltration was rapidly developed for different 
applications such as: drinking water production [3], wastewa-
ter treatment and water recycling. It was very efficient in dyes 
elimination [4], textile processing effluents and removal of 
toxic heavy metals such as: arsenic [5], chrome [6], lead [7] and 
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nickel [8]. Furthermore, several membrane separation studies 
are reported for removal of heavy metals particularly cadmium 
(Cd2+). In fact, the cadmium has been characterized by the high 
affinity for proteins and by the bioaccumulation in organisms 
which causes a progressive chronic poisoning. Moreover, it is 
known that the cadmium causes lung cancer, affects the respi-
ratory system, kidney, liver, renal failure, human carcinogen, 
weakens the bone, respiratory disease, gastrointestinal dis-
eases, birth defects, anaemia and inhibits the calcium control 
in biological systems [9–11]. The World Health Organization 
(WHO) establishes that the maximum concentration of cad-
mium, tolerated in drinking water has been set 5 µ L–1 [12].

Generally, the most developed NF membranes comprise 
thin-film composite structure [2], with a selective skin on 
top of the porous support. Many techniques have been 
developed to prepare these types of membranes, including 
plasma initiated polymerization [13], photo-initiated polymeri-
zation [14], layer by layer [15] and interfacial polymerization 
(IP) [14,16]. Among the different techniques, interfacial 
polymerization adopted a particular interest. In fact, this 
technique is considered as breakthrough in the preparation 
of membrane, reported firstly by Cadotte in 1989 [17]. It 
was developed in the first time for RO membranes. The 
advantage of interfacial polymerization is that the reaction 
is self-inhibiting through passage of a limited supply of 
reactants and it requires shorter reaction time [18]. The 
skin layer produced by this technique will determine the 
overall solute retention, permeate flux and, in general, 
will control the efficiency of the membrane process. The 
IP usually takes place at the interface between immiscible 
organic phases and water. Generally, the monomers used 
are aliphatic or aromatic diamines e.g., piperazine (PIP) [19], 
m-phenylenedimine (MPD) [20], bisphenol A (BPA) [21] 
and acid chloride monomers e.g., trimesoyl chloride (TMC) 
[22,23] and terephtaloyl chloride (TPC) [24]. Depending 
on the monomers type used, the top surface of TFC can 
be a polyamide [25] (formed by reaction between amine 
and acyl chloride), a polyurea [26] (formed by amine and 
cyanogen) or a polyester [18] (prepared from alcohol/phenol 
and acyl chloride). Polyamide (PA) is the most popular top 
surface for the TFC membranes. A recent study discussed 
by Fan et al. [27], reported the addition of inorganic salt 
like calcium chloride (CaCl2) dissolved in water and used 
as an additive in the interfacial polymerization technique. 
The calcium ions (Ca2+) were able to have complexation with 
carbonyl groups, which would lead to the formation of thin 
polyamide film.

Based on Tsuru et al. [28] study, the application of two 
steps of interfacial polymerization with MPD and TMC  would 
increase the water permeability of the membrane. Also, Abou 
Seman et al. [29] reported an improvement on the antifouling 
properties and performance of membranes modified by IP 
where BPA and TMBPA have been used for the membrane 
development. The influence of monomer concentration and 
reaction time in IP were investigated towards the polyester 
NF-TFC membranes [21,30]. Other novel monomers types 
such as diethylenetriamine (DETA), triethylenetetramie 
(TETA), tetraethenepentamine (TEPA) and piperazidine 
(PIB) have also been studied by Li et al., [1]. Li et al. [31] 
reported also a new material, namely polyhexamethylene 
guanidine hydrochloride (PHGH), which showed good 

inhibition properties of bacteria and was successfully used 
for nanofiltration preparation by interfacial polymerization 
technique to be used in dyes removal (e.g., Congo Red, Methyl 
Orange and including Brilliant Blue) and salts (MgCl2, MgSO4, 
Na2SO4 and NaCl).

In this study, we presented the preparation of polyamide 
thin film composite nanofiltration (NF-TFC) by interfacial 
polymerization using the monomers m-phenylenediamie 
and trimesoyl chloride. The effect of different TMC concen-
trations and IP reaction time were investigated. These two 
operating parameters play an important role in the forma-
tion of the structure of the prepared skin top layer and subse-
quently the membrane synthesis. The chemical and physical 
surface properties of the prepared nanofiltration membranes 
were characterized in terms of morphology, FTIR, poros-
ity and water content (WC). Membrane performances were 
determined by the study of pure water permeability (PWP) 
and salts (Na2SO4 and NaCl) rejection. Finally, the thin film 
composite nanofiltration were tested for the removal of cad-
mium (CdSO4, Cd(NO3)2 and CdCl2).

2. Experimental setup

2.1. Materials and reagents

Cellulose acetate (CA) (MW 30.000 gr mol–1), acetone, 
formamide, m-phenylenediamine, trimesoyl chloride, hex-
ane, sodium salts (Na2SO4, NaCl) cadmium Salts (CdSO4, 
Cd(NO3)2 and CdCl2) were purchased from Sigma Aldrich 
(Darmstadt, Germany). The chemical structures of mono-
mers are shown in Fig. 1.

2.2. Preparation of CA support

The porous polymeric CA supports were prepared using 
the phase inversion technique. The casting solution consists of 
CA powder 19.5% wt., dissolved in a mixture of acetone and 
formamide (2/1) at room temperature (25°C). The solution 
was stirred for 24 h until complete dissolution of the polymer 
and then was allowed to degas for 1 h, before casting. The 
solution was casted into a glass plate, and was spread with a 
doctor’s blade to be 200 µm thick. Then, the glass plate was 
immersed for 1 h in a distilled water coagulation bath at 4°C. 
The membranes were then annealed for 10 min in distilled 
water bath at 60°C, for the thermal treatment [32].

2.3. Preparation of nanofiltration membranes

NF-TFC membranes were prepared by interfacial 
 polymerization technique using synthetic CA ultrafiltration 

                                       

M-phenylenediamine                                Trimesoyl chloride

Fig. 1. Chemical structures of monomer.
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(UF) membrane as support. The membrane support was 
taped onto a glass plate to leave only the top surface available 
for reaction. The cleaned membrane was immersed in a 0.2% 
(w/v) of m-phenylenediamine aqueous solution for 2 min at 
25°C. The pre-soaked membrane was positioned vertically 
out from the aqueous solution for 1 min to remove the excess 
of the MPD from the surface of membrane support. Then, the 
membrane was immerged in hexane organic solution with 
trimesoyl chloride, for a predetermined time for interfacial 
polymerization reaction. Finally, the TFC membrane was 
dried during 10 min for the evaporation of hexane. Then, it 
was stored in distilled water before characterization tests.

The series of produced membranes, the concentration of 
TMC and the reaction times were reported in Table 1.

The IP mechanism reaction between m-phenylenedi-
amine and trimesoyl chloride is presented in Fig. 2.

3. Membrane characterization

3.1. Scanning electron microscopy

The morphology of cross sectional and surface of the 
membranes were analyzed by scanning electron microscopy 
(SEM) (Zeiss EVO MA 100, Assing, Italy). The membranes 
samples were sputter-coated with a thin gold prior to SEM 
observation.

3.2. Atomic force microscopy

The surface morphology and roughness of the prepared 
membranes were studied using atomic force microscopy 
(AFM) (Bruker Multimode 8 with Nanoscope V controller, 
Santa Barbare, CA USA). Images were acquired in tapping 
mode, using silicon cantilevers (mode TAP 150, Bruker, Santa 
Barbare, CA USA).

3.3. Fourier-transform infrared spectroscopy

The surface chemical characterization of the ultrafil-
tration and thin film composite membrane was detected 
by Fourier-transform infrared (FTIR) spectroscopy (IR 
Affinit–1). The spectra FTIR of the membrane was measured 
in transmittance mode over a wave number range of 4,000–
650 cm–1 at 25°C.

3.4. Contact angle

The hydrophobicity nature of the membrane was deter-
mined by an optical camera using an Attension Theta T200 
blood pressure monitor. It is controlled by the “One Attension 
Software” software. The measurements of the contact angle 
(CAw) and the corresponding standard deviation were taken 
and the average values were then calculated.

3.5. Porosity

The porosity (ε%) was determined by gravimetric 
method, according to literature [33]. Porosity is defined as 
the ratio between the volume of voids presented in the mem-
brane and the volume of the membrane. The dry membrane 
was weighted and impregnated in kerosene for 24 h. After 
this time, the excess of kerosene was eliminated, and the 
membrane was weighted for the second time.

The porosity was determined as follows (1):

ε
ρ

ρ
ρ

(%)
( )

( ) /
=

−

− +





















W W

W W W
w d i

w d i
d

p

/
 (1)

Table 1
Preparation condition

Membrane name TMC % Reaction time (sec)

UF support 0 0
TFC-0.1-15 0.1 15 
TFC-0.1-30 0.1 30
TFC-0.1-90 0.1 90
TFC-0.15-15 0.15 15
TFC-0.15-30 0.15 30
TFC-0.15-90 0.15 90
TFC-0.25-15 0.25 15

 

Interfacial 
polymerization 

Fig. 2. Polymerization reaction between MPD and TMC.
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where ε is the membrane porosity (%), Ww is the wet weight 
of the membrane, Wd is the dry weight of the membrane, ρp 
is the polymer density (1.28 g cm–3) and ρk is the density of 
kerosene (0.82 g . cm–3).

3.6. Water content

The WC of the synthesized membrane was determined 
according to literature as follows [34]:

WC =
−

×
m m
m
w d

w

100  (2)

where mw is the weight of the wet membrane determined 
after the water excess on the membrane surface’s wiped, 
md is the weight of the dry membrane determined after the 
membrane is dried in an oven at 75°C for 24 h.

3.7. Membranes performance

TFC-NF and non-modified CA membranes were char-
acterized by measuring the water permeability, sodium 
salts rejections (NaCl, Na2SO4) and cadmium salt rejections 
(CdSO4, Cd(NO3)2, CdCl2).

Membranes performance was determined using stain-
less steel cell (Millipore, Massachusetts, USA) having a total 
volume of 350 mL, and the effective membrane area was 
38.54 cm2. The NF set-up is represented in Fig. 3.

The permeate flux (Jv) of the membrane was measured 
by applying N2 gas pressures varying from 0 to 16 bar. The 
permeate flux was determined using the following equation:

J V
A tv = ⋅ ∆

 (3)

where Jv is the pure water flux (L m–2 h–1), V is the volume of 
permeate (L), A is the effective membrane area (m2) and Δt is 
the operating time (h).

Sodium salts solution (Na2SO4, NaCl) and cadmium salts 
solution (CdSO4, Cd(NO3)2 and CdCl2) were prepared by dis-
solving adequate quantity into 1 L of distilled water. The feed 
and permeate cadmium concentrations were measured by 
using flam atomic absorption spectroscopy. Then, the reten-
tion rate was calculated as follows (4):
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×1 100  (4)

where Cf and Cp are the concentrations of feed and permeate 
solutions, respectively.

4. Results and discussion

4.1. Scanning electron microscopy

The morphology of both the ultrafiltration support and 
the thin film composite membrane were characterized by 
SEM. Fig. 4 shows the cross-section, top and bottom of the 
membranes produced by interfacial polymerization. The CA 
substrate presented an asymmetric structure with a micro-
porous finger like sub layer as shown in Fig. 4. The SEM 
images show that the TFC nanofiltration represented a dense 
structure, smooth selective top layer and have a roughness 
structure with nodular surface structure well distributed 
all throughout the surface, compared to the UF membrane 
support common to polyamide membrane [35–37]. The 
cross-section images of the membranes showed that the TFC 
nanofiltration have presented a composite structure and the 
thickness of the prepared thin skin top layer which increase 
with the increasing MPD and/or TMC concentration in solu-
tion. The SEM images of cross-section presented in Fig. 4 
have revealed the existence of the upper dense polyamide 
top layer which was quite thick and uniform [38].

During the IP process, the amine groups of m-phenylene-
diamine tend to react with acyl chloride group of trimesoyl 
chloride and form amide group in the chemical structure of 
the polyamide thin film composite membrane [39].

4.2. Atomic force microscopy

The topology of membranes surface was investigated 
using the AFM surface images as presented in Fig. 5. The 
roughness values were given in terms of root mean square 
roughness (RMS), roughness average (Ra) and Peak to peak 
(nm) in Table 2. From the AFM images, it can be observed 
the tiny nodules structure of polyamide on the TFC mem-
branes surface. From 3D images, it can be seen the ridge-val-
ley structure for TFC-NF membranes is much notable the 
membrane that of RMS which increased when the reaction 
time increased. In particular, comparing the membrane pre-
pared using the same TMC concentration (0.1%), when the 
reaction time increase from 15 to 90 s, the RMS and the rela-
tive roughness average decreases, but the peak to peak value 
increased. This result can be explained by the fact that the 
reaction initially makes a smooth layer on the membrane sur-
face. This smooth dense structure is in accordance with SEM 
images. For the membranes prepared using the same interfa-
cial polymerization time (15 s) and two TMC concentrations 
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Fig. 3. Nanofiltration pilot set-up.
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(0.15% and 0.25%), the roughness tends to increase in cor-
relation with monomer concentration. Both values of Ra and 
RMS with increasing of TMC concentration and reaction time 
[40–42].

4.3. Fourier-transform infrared spectroscopy

The spectra FTIR were used for characterization of the 
chemical surface of the membrane. The FTIR spectra of the 

CA support and of the TFC-NF membrane were represented 
in Fig. 6. For CA support, the band at 3,300–3,600 cm–1 was 
specified to OH stretching band, the bands at 1,440 and 
2,930 cm–1 were attributed to the symmetric and asymmet-
ric bending vibration of –CH2 group, respectively. The band 
characteristic at 1,065 cm–1 was specific to C–O–C (ether 
linkage) from the glycosidic units. The appearance of an 
absorption band at 1,754 cm–1 is attributed to C=O vibra-
tion, followed by bands at 1,370; 1,220 and 1,060 cm–1, which 

 

TFC-0.1-15

UF support 

TFC-0.1-90

TFC-0.15-15

Actif top layer

TFC-0.25-15

tif top l

Top layer Bottom layer Cross section 

Fig. 4. SEM images of unmodified and NF-TFC polyamide membranes (Top, bottom surface and cross section images are presented).
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are specified to C–O stretching of ester, carboxylic acid and 
ether, respectively. Compared to the CA support, tow novel 
bands at 1,645 and 1,545 cm–1 appeared on the FTIR spectra 
for the TFC-NF membrane comprising of a polyamide top 
layer [43]. This confirms that an interfacial polymerization 
reaction between MPD and TMC occurs and a polyamide fin 
top layer was formed. The tow bands at 1,645 and 1,545 cm–1 
are specific of amide (C=O stretching) band and amide II 
(N–H) band of the amide groups (–CONH–). An absorption 
band observed at 1,720 cm–1 is attributed to the C=O stretch-
ing of carboxylic acids (–COOH) resulting from the hydro-
lysis of acyl chloride (–COCl) [37]. The bands at 2,958 and 

(a)
(b)

(c)

(e)

(d)

Fig. 5. AFM images of (a) unmodified and (b) TFC-0.1-15, (c) TFC-0.1-90, (d) TFC-0.15-15 and (e) TFC-0.25-15.

Table 2
RMS roughness. Roughness average and peak to peak (nm) of 
the membranes

Membrane  
name

RMS  
roughness (nm)

Roughness  
average (nm)

Peak to  
peak (nm)

UF support 1.69 1.53 32.27
TFC-0.1-15 3.10 12.59 5.68
TFC-0.1-90 2.68 2.26 20.34
TFC-0.15-15 3.65 2.96 25.72
TFC-0.25-15 13.24 7.30 75.20
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2,850 cm–1 are attributed to C–H stretching that comes from 
methylene (–CH2) of polyamide. The enhancement of band 
strength around 3,302 cm–1 is attributed to N–H stretching 
derived from the amino groups (–NH2) of polyamide.

The TFC-NF have a specific bond of polyamide, which 
confirms the successful reaction between MPD and TMC and 
the formation of amide linkages (–CONH–) in the active thin 
top layer, regardless which monomer was deposited on the 
CA support first.

4.4. Contact angle

The hydrophilicity nature of the membranes surface was 
determined with CAw measurements. Fig. 7 presents the 
CAw of the TFC-NF membranes prepared by IP with dif-
ferent TMC concentrations and different reaction times. As 
shown in Fig. 7, it can be noticed that CAw decreased pro-
gressively from 70.32% to 39.15% when the time reaction 
increased from 15 to 90 s and TMC concentration increased 
from 0% to 0.25% (w/v). This result can be explained by the 
rich surface on carboxylic acid, confirmed by FTIR. In the 
other hand, the decrease of the contact angel can be related 
to the increase of the surface roughness as revealed in AFM 
images.

4.5. PWP and porosity

The PWP and the porosity of the CA support and the thin 
film composite are illustrated in Fig. 8. The PWP decreased 
significantly from 23.57 to 10.44 L m–2 h–1 bar–1 when the 
reaction time and TMC concentration increased. The range 
of values accorded previously for nanofiltration membrane 
[2]. In dead as, the concentration of TMC increased, the layer 
of the thin film composite was postulated to be thicker and 
thus, resulted in lower permeability’s (as it can be seen in 
SEM images (Fig. 4). Also, longer reaction time will induce 
a thicker skin film layer on top of the CA ultrafiltration sup-
port [21]. It can be noticed that the same trends for porosity 
decreased from 70.16% to 40%. This is on accordance with the 
fact that the water permeability is affected by porosity and 
membrane thickness.

4.6. Water content

The results of WC calculated using Eq. (2) for the UF sup-
port and NF-TFC membranes are presented in Fig. 9. The WC 
decreased from 70.80% to 45% when time reaction and TMC 
concentration increase. The WC seems to be affected by the 
decrease of porosity.

4.7. Effect of TMC concentration

The monomer concentration is an important parameter 
for IP that influences the performance of prepared TFC-NF 
membranes. Fig. 10 shows the performance of the TFC-NF 
membrane prepared using different TMC concentrations, 
keeping the other parameter constant (MPD = 0.2% (w/v), 
T = 25°C and time = 2 min). Initially, the water permeability 
declined rapidly from 23.57 to 10.44 L h–1 m–2 bar–1 as the TMC 
concentration increased Between 0% to 0.25% (w/v). Also, 
the rejection of Na2SO4 and NaCl solutions increased from 
69.23% to 92.43% and from 19% to 55.54%, respectively, when 
the TMC concentration increased. The permeability and salts 
rejection behavior of the monomer concentration can be jus-
tified in terms of morphology and chemical changes of the 
membrane that occur during the formation of skin film. 
The TMC concentration has a great effect on the interfacial 

Fig. 7. Contact angle of water on the surface of membranes 
 prepared.
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Fig. 8. Variation of pure water permeation and porosity with 
TMC concentration (amine = 2%; curing temperature = 25°C; 
 curing time = 2 min).
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polymerization and thereby the morphology and thickness 
of the prepared polyamide skin layer [22,44]. At lower TMC 
concentration, the rate of polymerization reaction is expected 
to be lower due to the non availability of sufficient monomer 
concentration at the interfacial polymerization site [22,44]. 
This results where taker formation of thin and loose polyam-
ide thin top layer which poorly rejects the salts while perme-
ating more amount of water. The increase of the TMC concen-
tration leads to increase the MPD collided with TMC and the 
cross-linking extent of skin layer [22,45–49].

4.8. Effect of reaction time

To study the influence of reaction time on the membrane 
performance, a series of TFC membranes were prepared at 
different times. The results of PWP and salts (Na2SO4, NaCl) 
rejection are represented in Fig. 11. It can be observed from 
Fig. 11 that Na2SO4 and NaCl rejections, and also the water 
permeability increase on increasing the reaction time in 
organic phase with TMC for polyamide skin layer. The water 
permeability decreased from 23.57 to 11 L m–2 h–1 bar–1 and 
salts rejection increased from 75.76% to 78.98 % and from 

53.3 to 58,76 for Na2SO4 and NaCl, respectively, when the 
reaction time varied from 15 to 90 s. The maximum rejec-
tion for Na2SO4 was reaching 78.98% at 90 s, while the water 
permeability was 11 L m–2 h–1 bar–1. At a short reaction time 
(15 s), the polyamide top surface was not completely formed 
and it was thin on the top of CA support (as it can be seen in 
SEM images), which leaded to a high water permeability and 
low salts rejection. The increasing of reaction time leads the 
novel prepared skin top surface to become thicker and the 
cross-linking extent to become higher.

However, after predetermined reaction time, the water 
permeability and rejection of salts nearly stayed constant, 
which can be explained by the self-limiting phenomenon in 
IP technique [45]. The cross-linking and thicker extent was 
increased, and numbers of COOH groups existed on the TFC 
membrane, this by decreasing the salts rejection and water 
permeability. It was well known that IP technique was a 
self-limiting phenomenon offered in the diffusion-controlled 
IP [29,45].

4.9. Effects of operating parameters on the removal of cadmium

4.9.1. Effect of feed concentration

The effect of feed concentration on the retention 
efficiency of CA support and TFC-NF membranes at 
25°C and at pH = 6.8 is presented in Fig. 12. As observed 
in this figure, an increase of the salt concentration leads 
to a decrease of cadmium retention. This result could be 
justified by the appearance of the concentration polarization 
phenomenon at the interface membrane-solution [50,51]. 
This layer, by neutralization of negative charges of the 
membrane [50], reduces the repulsion force between the 
anions present in solution and membrane surface, so by 
consequence the cadmium permeate easily circulates 
through the membrane.

4.9.2. Effect of the nature of associated anion

The results of the retention of three cadmium salts 
(CdSO4, CdCl2, Cd(NO3)2) having different associated 

Fig. 9. Water content for UF support and NF-TMC.

Fig. 10. Variation of membrane performance with TMC 
 concentration ([MPD] = 0.2%; time (MPD) = 2 min, [Na2SO4] = 
[NaCl] = 1 g L–1, P = 9 bar and T = 25°C).

Fig. 11. Variation of NaCl rejection and water flux on interfa-
cial reaction time of TMC ([MPD] = 0.2%; time (MPD) = 2 min, 
[Na2SO4] = [NaCl] = 1 g L–1, P = 9 bar and T = 25°C).
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anions are shown in Fig. 13. The sequence of cadmium salt 
retention by the membranes is R(Cd(NO3)2) < R(CdCl2) < R
(CdSO4). The cadmium associated with the divalent anion 
(SO4

2–) is more rejected than the cadmium associated with 
monovalent anions (Cl– and NO3

–). The cadmium rejec-
tion depends on the anion valence, which is related to the 
electrostatic repulsion force exerted by the TFC-NF mem-
branes on the more loaded anion. Comparing the reten-
tion of CdCl2 and Cd(NO3)2, the retention order could be 
related to the hydration energy (HE) of chloride and nitrate 
anions, as reported in Table 3.The less hydrated ions pen-
etrate more easily through the membrane surface, thus 
resulting in a lower retention of cadmium associated with 
nitrate anions [52].

4.9.3. Effect of pH

Generally, the pH affects the charge of the nanofiltration 
membrane and the anions of solutes in solution and as con-
sequence the membrane efficiency. Here, we investigated 
the rejection of cadmium salts at three pH (pH = 3, pH = 5 
and pH = 8). The concentration of cadmium salts and the 
trans-membrane pressure (TMP) were fixed at 1 g L–1 and 
9 bar, respectively. From Fig. 14 we noted that at pH = 3, the 
membrane is positively charged (protoned species A-NH3

+). 
The increase of the cadmium retention rate can be attributed 
to the repulsion between cadmium (Cd2+) and the positive 
charge of the membrane. At pH = 5, the retention rate was 

slightly decreased. This value is an indication of isoelec-
tric point (PEI) of membranes because it corresponds to a 
minimum of cadmium rejection. While at pH = 8, above the 
isoelectric point, the membrane is charged negatively, which 
corresponds to a deprotonation of the carboxylic group 
(R–COO–). Our results are in concordance with the litera-
ture [48]. Furthermore, the increasing of cadmium retention 
below the isoelectric pH is attributed to  repulsion between 
the nitrate anion and the negative charge of the membrane. 
This can be explained by the absence of the repulsive forces 
between the uncharged membrane surface and the ions in 
solution [53].

5. Conclusions

Novel flat-sheet thin film composite membranes 
for nanofiltration were successfully prepared through 
interfacial polymerization of MPD and TMC on CA 
ultrafiltration membrane. The membrane performance, 
that is, the water permeability and salts rejection of the 
TFC-NF are strongly dependent on the polyamide thin 
top layer preparation condition such as reaction time 
and TMC concentration. SEM and AFM images showed 
that the TFC had smooth surface. The water permeability 
decreased from 23.35 to 10.44 L m–2 h–1 bar–1, when TMC 
concentration and reaction time increased. In addition, 
the salts rejections of these TFC membranes were varied 
from 69.23% to 92.43% and from 19% to 55.54% by 
using Na2SO4 and NaCl, respectively. The rejection of 
cadmium depends on the nature of associated anion:  
(Cd(NO3)2) < R(CdCl2) < R(CdSO4).
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Table 3
Hydration energy of ions used in this work [8]

Ions Hydration energy (KJ mol–1)

NO3
– 310

Cl– 325
Cd2+ 1,815
SO4

2– 1,047
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Symbols

J — Flux, L m–2 h–1

V — Volume of pure water, L
A — Area of the membrane, m2

Δt — Time, h
R — Rejection, %
Cf — Feed concentration, g L–1

Cp — Permeate concentration, g L–1

Ww — Weight of the membrane wet, g
Wd — Weight of the membrane dry, g
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