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a b s t r a c t
This study aimed at investigating the effective removal of cationic dye (methylene blue) and mul-
tivalent cation by a novel positively charged nanofiltration composite membrane. This nanofil-
tration membrane was made by incorporating two types of amino-metal–organic frameworks 
named MIL-101(Al)-NH2 and MIL-101(Cr)-NH2 with a positive charge as fillers into polyvinyl 
alcohol polymeric matrix. Optimal concentration of the polyvinyl alcohol and filler was evalu-
ated to enhance removal efficiency of particles. Fillers could homogeneously spread in polyvi-
nyl alcohol aqueous solution and form a thin layer above the polysulfone substrate. The effect 
of metal–organic framework types and their content on the membrane structure were studied 
by X-ray diffraction, Fourier-transform infrared spectroscopy, field-emission scanning electron 
microscopy, zeta potential and water contact angle. The filler morphology and its content into 
polyvinyl alcohol matrix (0%–20%) affected significantly on membrane performance and foul-
ing. MIL-101(Al)-NH2 had a smaller structure than grainy MIL-101(Cr)-NH2. The results showed 
that the membrane filled with MIL-101(Al)-NH2 achieved higher flux permeability and rejec-
tion compared with that of filled with MIL-101(Cr)-NH2. Although the membrane permeate 
flux was approximately 15 L/m2 h with a reasonable fouling and cleaning properties, this MIL-
101(Al)-NH2/polyvinyl alcohol nanofiltration membranes could reject up to 99% of methylene 
blue because of electrostatic repulsion effect. It is suggested that the fabricated nanofiltration 
membrane be used to purify dilute amounts of cationic dye

Keywords:  Nanofiltration; Electrostatic repulsion; MIL-101(Cr)-NH2; MIL-101(Al)-NH2; Polyvinyl 
alcohol; Methylene blue

1. Introduction

Dyes are used as coloring agents in different industries 
(e.g., leather, textiles, food, cosmetics, pharmaceuticals, 
and so on). These dyes are the pollutants that discharged 
into nature through the sewage system. The main concern 
regarding the dyes is toxicity and environmental distur-
bances [1–3]. Positively charged dyes, have been used 
widely among industrial dyes in printing and dyeing cot-
ton and textiles; for example, methylene blue (MB) and 
rhodamine B (RhB) [4–6]. The MB concentration, usually 

ranges from 10–200 ppm in wastewater discharged into the 
environment, and is highly harmful for the environment 
and human health [7–9]. In recent decades, substantial 
research has been conducted to improve materials pro-
gressively [10,11] and technological devices [12] increased 
freshwater supply by wastewater reuse or seawater as well 
as brackish water desalination. Amid the recent research, 
membrane filtration has high separation yield, low mate-
riel expenditure, and low energy waster [13,14]. In fact, 
‘the nanofiltration’ (NF) membrane has been a suitable 
water treatment technology to separate multivalent salts 
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and organic molecules [15] in that diffusion, electrostatic 
repulsion, and size exclusion are the principal mechanisms 
for solute separation [16]. The development of high perme-
ability and excellent selectivity NF membranes are essential 
[17]. Advanced ‘NF membranes, forming a thin-film com-
posite (TFC) design [18], are made of a skin layer deposited 
on top of typically porous support, such as ultrafiltration 
(UF) [19] or microfiltration (MF) membrane [20]. TFC struc-
ture leads to high performance and mechanical integrity of 
the membrane and enables scalable membrane fabrication 
at a reasonable cost [21]. In the case of polymeric materials, 
polyamides and aromatic polyamides are ideally known 
as ultra-thin synthetic coatings. Polyvinyl alcohol (PVA) 
polymer has excellent physical and ‘chemical stability’ in 
organic solvents. It can be attractive in terms of membranes 
due to permeability of high water and good film-forming 
properties. Also, this is easily soluble in water without any 
additional solvents [22]. Thus, PVA can form a selective 
skin layer in forming thin-film composite membranes for 
the organic solvent pervaporation [23]. However, when it 
is used as a reverse osmosis (RO) membrane, is generally 
lacking in the rejection of salts [24]. PVA molecules are 
cross-linked together by dialdehydes and dibasic acids 
as cross-linkers to improve membrane selectivity [25]. In 
addition, various additives, including nanoparticles such 
as zeolite [26], silica [27] and titanium dioxide [28], used 
as fillers to fabricate thin-film nanocomposite (TFN) and 
‘mixed matrix membranes’. These fillers help to improve 
membrane performance and characteristics. Over the last 
decade, many attempts have been made to create a recent 
kind of ‘porous material relies on metal–organic frame-
works’ (MOFs) known as the hybrid organic-inorganic 
framework or coordination polymers. Over the last decade, 
efforts to create a new type of porous material in the base 
metal–organic framework (MOF) is carried out in the 
framework of inorganic–organic hybrid materials or poly-
mers are coordinates.

MOFs consist of metal cores forming a structure of tex-
ture by ‘organic binders’ [29]. Currently, these materials 
are highly regarded because of their unique features (e.g., 
high pore volume [30] and surface area [30,31], low density 
[32], numerous adsorption sites, and various structures). 
These features promote several particular applications [29] 
in great deal of regions, that is, ‘gas storage, separation 
processes, catalysis and water treatment’ [33–36]. Among 
various applications, separation, filtration and membrane 
processes were further investigated. Overall, MOF par-
ticles can improve the structure and separation perfor-
mance of membranes in waste water treatment [37]. MOFs 
in NF membranes have many advantages over other inor-
ganic fillers: they not only have a better tendency to poly-
mer chains to prevent non-selective cavities but may also 
remove certain particles based on their shape, size, polarity, 
and structure [38].

MIL-n type MOF (for Materials Institute Lavoisier), 
first introduced by Férey et al. [39,40], is a porous metal 
carboxylate with an open framework that was developed 
using trivalent cations such as chromium(III) and iron(III), 
aluminium(III), gallium(III) or indium(III). Their topology 
is similar to some zeolites but has different surface chem-
istry, density, and pore sizes [39,40]. From MIL-n type 

MOFs, the MIL-101 series that are primarily used in gas 
separation membranes [41–44], has a cubic structure that 
consists of 2.9 and 3.4 nm mesoporous cages containing 1.2 
and 1.6 nm microporous windows [45]. MIL-101 is also an 
ideal candidate as filler for NF mixed matrix membranes 
due to its high stability in water and conventional solvents 
[46] and high surface area and porosity [47]. The presence 
of various functional groups in the MOF primary reactants 
and or incorporated functional groups by post-synthesis 
modification of organic ligands and unsaturated metal 
sites within the framework can regulate the physical and 
chemical properties of MOFs [48,49]. Amine groups are 
very diverse and can be placed into many MOF structures 
by using the amino ligand 2-amino-1,4-benzene dicarbox-
ylate (BDC-NH2) during MOF synthesis. The amine group 
on the organic ligand structure helps to develop further 
functionalized MOFs through post-synthetic modifica-
tions. Also it can improve the tendency of specific mol-
ecules such as the adsorption of anionic particles or the 
repulsion of cationic molecules [50]. MIL-101-NH2 retains 
the basic structural properties of MIL-101. At the same 
time, the presence of amine groups creates an additional 
positive charge in its structure and helps its better disper-
sion in the PVA polymer matrix [45]. The presence of this 
MOF in the membrane structure, because of electrostatic 
repulsion, can be effective in repelling positive particles 
such as MB dye molecules.

2. Materials and methods

2.1. Materials

Polysulfone pellets from Solvay Polymer were used as 
substrate membrane polymer. BDC-NH2 (99%) purchased 
from Sigma-Aldrich. Polyethylene glycol 400 (PEG400), 
Triton X-100 (TX-100) and N,N-dimethylformamide (DMF, 
≥99.9%) were used as pore former, surfactant and solvent, 
respectively. These materials were purchased from Merck. 
Also, sodium dodecyl sulfate (SDS), aluminium chloride 
hexahydrate (AlCl3·6H2O, crystallized, ≥99.0%), chromi-
um(III) nitrate nonahydrate (Cr(NO3)3·9H2O), acetone, 
ethanol, methanol (99%), PVA (molecular weight: 72000), 
glutaraldehyde and sulfuric acid (98%) were taken from 
Merck and used without more purification. De-ionized 
water and MB dye as sample feed solution were used 
through this work.

2.2. MOFs synthesis

In this study, two types of amino MOFs in the MIL 
family named MIL-101(Al)-NH2 (NM101A) and MIL-
101(Cr)-NH2 (NM101C) were synthesized and utilized 
as NF membrane fillers. For the synthesis of NM101A, 
according to previous reports [43,51], at first 0.51 g of 
AlCl3·6H2O was dissolved in 30 mL of DMF, and then 
0.56 g of BDC-NH2 was added to this solution. Next, 
the solution containing metal core and ligand was 
stirred for about 20 min, and the reaction was then 
completed in a Teflon-lined autoclave at 130°C for 72 h.

Finally, ‘the autoclave’ was cooled to room tempera-
ture, and the product was obtained as a yellow powder 
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after solution centrifugation at 10,000 rpm, several steps of 
washing with acetone, activation with methanol, and then 
drying at 100°C for 24 h.

NM101C was synthesized using water solvent and 
hydrothermal method in which, according to previous 
works [52], 2.5 g Cr(NO3)3·9H2O and 1.14 g BDC-NH2 ligand 
were dissolved in 35 g water for 20 min. After completing 
the reaction in a Teflon-lined autoclave at 130°C for 24 h, the 
product was separated by centrifugation and after washing 
with acetone thoroughly dried and stored.

2.3. Preparation of MOF/PVA NF membranes

An ultra-thin layer of PVA was formed on the polysul-
fone substrate. The support membrane, which was made 
by phase change method, had finger holes and a narrow 
and dense surface. The casting solution contained 16 wt.% 
polysulfones, 1 wt.% PEG400 and 2 wt.% of TX-100. These 
materials were dissolved in DMF at ambient temperature 
for 8 h. After ensuring the solution became bubble free 
after 10 h, the solution was cast on a nonwoven polyester 
by a casting knife with a thickness of 160 μm and directly 
immersed in an aqueous solution bath containing 1 wt.% 
SDS to complete the phase separation process for 24 h. This 
polysulfone membrane had a flux of 100 L/m2 h bar and 
a contact angle of approximately 74.38° and was saved in 
pure water prior to using.

For preparing the MOF/PVA NF membranes, polysul-
fone substrate was first cut to appropriate dimensions, and 
dried at room temperature. Then this support membrane 
was fitted between two frames that were sealed by wash-
ers and clamps for casting the solutions. The constructive 
solution of selective layer for coating the substrate surface 
was a 7 mL aqueous solution of PVA with specific weight 
percentage (0.6–1 wt.%), which was obtained by dissolv-
ing PVA powder in pure water at 90°C for 5 h. A uniform, 
constant-concentration solution of PVA containing differ-
ent amounts of MOFs including 0%, 5%, 10%, 15%, and 
20% (calculated by Eq. (1)) as filler was obtained by add-
ing MOF powder into the PVA solution step by step, under 
stirring and then ultrasonic waves. These membranes are 
listed in Table 1.

W
M
M

%MOF
MOF

PVA

� �100  (1)

The coating solution was casted on top of polysulfone 
porous membrane and dried at 50°C for 3 h. All the dried 
membranes were cross-linked with 25 mL solution con-
taining 0.15 wt.% glutaraldehyde and 1 wt.% sulfuric acid 
as a catalyst for 20 min and at temperature of the room. 
The final membranes were obtained after drying at room 
temperature.

2.4. Characterization

‘X-ray diffraction (XRD; Bruker, D8 Advance) with a 
scanning pace’ of 0.05°/s and ‘Fourier-transform infrared 
spectroscopy’ (Shimadzu, Japan FTIR 8400s Spectrometer) 
in 4,000–400 cm–1 wavenumber range at room temperature 
were used to characterize the crystalline structure and to 
investigate the molecular structure of MOFs, respectively. 
The MOFs structure and NF membranes cross-section and 
surface morphologies were evaluated by field-emission 
scanning electron microscopy (FESEM) (Model: TESCAN 
MIRA3 XMU) at 10 kV.

Contact Angle and Interfacial Tension Analyzer (CA-
ES10, Fars Overdraft Technology, Iran) measured mem-
brane surface water contact angle using de-ionized water at 
25.0°C. Also water contact angle has been used to measure 
the membrane surface hydrophilicity. An average of dif-
ferent contact angle measurements was taken at different 
points of the membrane sample.

An electrokinetic analyzer (EKA, Anton Paar GmbH, 
Austria) was used to measure the surface streaming poten-
tial using 0.001 mol/l KCl solution at 25°C. Membrane 
surface zeta potential, and thus estimation of membrane 
surface charge was calculated from the measured streaming 
potential. Dye solution concentration in feed and permeate 
was measured employing an ultraviolet-visible spectro-
photometer (T80+ UV/VIS Spectrometer, PG Instruments) 
at the wavelength maximal absorption of the dye.

2.5. NF performance evaluation

A lab-scale cross-flow filtration setup was used to 
evaluate membrane permeation feature and dye removal 
efficiency. All the permeation test conditions were the 
same at a temperature of 25.0°C ± 1.0°C, pressure driv-
ing force of 6.0 bar, pH of approximately 7.0, and 40 L/h 
cross-flow velocity. In this circulation model, the retentate 
stream was circulated back to the feed tank by a pump with 

Table 1
Types of membranes made by PVA and MOF particles and cross-linked by glutaraldehyde and sulfuric acid

Membrane label % PVA concentration MOF type % MOF loading

P0.6 0.6% – –
P1 1% – –
P0.8 0.8% – –
P0.8-5 0.8% NM101A 5%
P0.8-10 0.8% NM101A 10%
P0.8-15 0.8% NM101A 15%
P0.8-15-2 0.8% NM101C 15%
P0.8-20 0.8% NM101A 20%
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open flow of 4 LPM and head of 130 psi. After measuring 
permeate volume and its solute content, it was returned to 
the feed tank to keep the feed concentration unchanged. 
The membranes sheets were placed in a Plexiglas cell 
with an effective filtration area of 29 cm2 and compacted 
in 7.0 bar by de-ionized water before permeation tests to 
achieve a steady-state condition.

The pure water and dye solution permeability and 
rejection function of membranes were determined with 
de-ionized water and the aqueous solution of MB with dye 
concentrations of 10 mg/L. Also, the membrane perfor-
mance in the separation of 500 ppm AlCl3 polyvalent salt 
was evaluated.

First, pure water feed under 6.0 bar passed through the 
membrane surface, and pure water flux (Jw0) through the 
membrane was determined.

Filtration experiments were then carried out by 10 mg/L 
of dye solution as feed and checking the dye solution per-
meate flux (Jwt) for 30 min or until reaching steady-state 
flux (Jws).

After dye solution filtration, membrane samples were 
flushed by de-ionized water under the cross-flow velocity 
of about 60 L/h for 0.5 h. Thus, loosely attached dye mole-
cules were removed from the membrane surface, and then 
water permeate fluxes (Jwc) with de-ionized water were 
re-determined.

The following equation was used to determine the 
membrane permeate flux by using permeated water vol-
ume from a membrane with a specific effective area over a 
time interval [53].

J V
A Tw � ��

 (2)

where Jw is the membrane permeate flux in L/m2 h, A is 
the effective area of the membrane, and V is the volume 
of permeate over a specific period ∆t.

The time-dependent flux for each tested membrane was 
used to investigate its fouling behaviors. Reversible and 
irreversible resistances of membranes were calculated using 
the following equations [53]:
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The following equations were used to determine rel-
ative flux reduction (RFR) and water recovery ratio (FRR), 
respectively [53]:
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As mentioned above, Jw0, Jws, and Jwc are pure water, 
filtrated, and water-cleaned membranes permeate flux, 
respectively.

High FRR value indicates that the cleaning efficiency 
is acceptable and low values of RFR and membrane resis-
tances means better antifouling properties. The dye rejection 
(R) is determined using the following equation [53]:
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in which Cf and Cp are the dye concentrations in feed tank 
and permeate collection reservoir, respectively. Also, by 
measuring the conductivity of the AlCl3-containing solu-
tion using a conductivity meter, the amount of AlCl3 
concentration was obtained.

3. Results and discussion

3.1. Characterization of MOFs and MOF loaded membranes

The crystallinity of NM101A and NM101C were mon-
itored by XRD. Based on Fig. 1, XRD patterns of the syn-
thesized NM101A and NM101C showed clearly separate 
peaks at angles (2θ) of 8.87°, 16.8°, and 25.5° and indicated 
the same structural characteristic in consistent with the 
reported works [42,54].

FTIR patterns of the MOFs are demonstrated clearly in 
Fig. 2. NM101A, the first characteristic peak at 3,892.08 cm–1 
belonged to the Al–OH groups, whereas NM101C, Cr–OH 
vibration was moved a little (3,917 cm–1). Asymmetrical 
stretching of the amino groups (–NH2) at 3,469.7 cm–1 
and their symmetrical stretching at 3,546.85 cm–1 indi-
cated that in both MOFs structures, they were free for 
interaction [55]. These absorptions were formed by the 
contribution of two different bands indicating two amine 
species in the framework. Additionally, the appear-
ance of bands at 3,203.54 and 3,053.10 cm–1 suggests the 
interaction between the amines with the framework or 
with each other [56]. In this regard, two characteristic 
peaks at 1,622.02 and 1,257.50 cm–1 [43] denote the N–H 
bending vibration and C–N stretching vibration of aro-
matic amines in the lower frequency region, respectively. 
The amine group can lead to positive membrane charge.

Fig. 3 shows the surface (left) and cross-section (right) 
FESEM images of the membranes. According to cross- 
section FESEM (Fig. 3a), a polysulfone membrane with a 
thickness of about 75 microns had an asymmetric morphol-
ogy with a thin upper layer, small cavities, high porosity, 
and a bottom layer with finger-like holes. By comparing 
FESEM images of polysulfone substrate and PVA coated 
membrane (Fig. 3a and b), it was found that the mem-
brane surface became denser following PVA coating. This 
dense layer was attributed to the PVA skin layer on top 
of the polysulfone membrane surface. According to the 
cross-section FESEM images and IDFIX Report (Fig. 4), the 
PVA skin layer thickness was about 800 nm. This hydro-
philic layer enhanced the membrane permeate flux by 
reducing transmembrane resistance. FESEM images of 
the synthesized NM101A and NM101C in the membrane 
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matrix (Fig. 3c and d) show that the NM101A particles 
were smaller and more aggregate than the NM101C crys-
tals. Thus, the P0.8-15 membrane skin layer with NM101A 
filler was slightly thinner than the P0.8-15-2 membrane 
containing NM101C filler. Also, MOF particles were well 
dispersed in the PVA dense layer. The widespread pres-
ence of MOF particles on the membrane surface makes 
them more accessible to the feed solution and can increase 
dye rejection and improve fouling resistance.

3.2. Zeta potential and membranes surface charge

Zeta potential results are revealed in Table 2. “Zeta 
potential values” at pH = 7.0 indicated that the membranes 
have more positive charge by adding both NM101A and 
NM101C particles and neutralizing the effect of amphi-
philic substances. These findings are supported by results 
from a previous study performed on adsorption of MB 
and MO by NH2-MIL-101 [57]. This positive charge can be 
increased by elevating MOF loadings. The same upward 
trend has been observed in other works [55]. This phenom-
enon is because of the presence of MOFs in membranes 
surface that have positive charge amine groups. In addi-
tion, at 15% MOF loading, the NM101A/PVA membrane 
(P0.8-15) zeta potential were slightly higher than those of 
NM101C/PVA membrane (P0.8-15-2). The molecular weight 
of NM101A (223 Da) is lower than NM101C (248 Da), 
so at equal weight percentages, the molar content for the 
NM101A is higher than NM101C. Higher positive charge 
of the NM101A loaded membrane surface than that of 
NM101C can be due to the molar content difference.

3.3. Water contact angle results and hydrophilicity of membranes

The water contact angle of support and modified mem-
branes are listed in Table 3. According to the measured 
values, the membranes hydrophilicity was significantly 
increased by coating the PVA polymer on the polysulfone 
substrate, that is, adding fillers in PVA matrix reduces the 
effect of the hydrophilicity. However, in large amounts 
of NM101A, the water contact angle was reduced. High 

concentration of MOFs, surface roughness, high aggregation 
of hydrophilic free amine groups, or gaps between PVA and 
MOFs can reduce the water contact angle. At the same MOF 
loading, the membrane filled with NM101A had a smaller 
contact angle and more hydrophilicity than NM101C.

3.4. Selecting the optimal concentration of PVA as the coating 
polymer

According to Fig. 5, comparison of different PVA con-
centrations to cover the polysulfone membrane surface 
showed that by increasing the PVA concentration from 
0.6 to 0.8 wt.%, the pure water flux and the dye solution 
permeate flux were decreased slightly. This reduction was 
sharper for 1 wt.% of PVA. Furthermore, the MB rejection 
was increased with increasing PVA concentration and 
membrane coating layer thickness. Thus, a thicker PVA 
dense layer increased the membrane resistance against 
water passage and rejected more dye molecules. In the fol-
lowing, a concentration of 0.8 wt.% PVA was selected as 
the coating layer matrix.

3.5. Comparison the effect of two types of MOFs NM101A and 
NM101C on the performance of NF membrane

Dye separation performance of two NF membrane 
types incorporating NM101A and NM101C as filler with 
the identical MOF content of 15% are compared in Fig. 6. 
It was evident that in the same condition, permeation and 
dye rejection for membrane with NM101A as filler was 
almost higher than that of NM101C, while both rejection 
and permeate for PVA modified membrane without MOF 
were the least of all. NM101A particles had a polyhedral 
morphology with a smaller diameter than NM101C with 
grainy particles. So, according to cross-section FESEM 
figures (Fig. 3), the skin layer thickness for NM101A/
PVA membrane was slightly thinner than NM101C/
PVA membrane, and this could be the cause of its higher 
permeate flux.

The contact angle results showed that hydrophilic-
ity of NM101A/PVA membrane was slightly higher than 
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1/cm

1000200030004000

%
T

0

10

20

30

40

50

60

70

MIL-101(Cr)-NH2
MIL-101(Al)-NH2

Fig. 2. FTIR results of NM101A and NM101C.



M.M. Ghazi, A. Bagherian / Desalination and Water Treatment 267 (2022) 293–303298

(a) 

 

 

(b) 

 

 

(c) 

 

 

 

(d) 

 

 

Fig. 3. FESEM images of surface (left) and cross-section (right) of (a) polysulfone substrate, (b) P0.8, (c) P0.8-15 and (d) P0.8-15-2.
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NM101C/PVA membrane. This higher hydrophilicity can 
cause higher water permeation and dilute the dye concen-
tration in permeate and increase the rejection [58]. That is 
to say, a more positive charge for the NM101A/PVA mem-
brane increased the cationic dye rejection and increased 
water permeate by decreasing fouling. According to the 
results, it was concluded that NM101A can be used as a 
filler in the PVA matrix.

Some parameters were calculated by pure water flux 
and dye solution permeate flux according to Eqs. (3)–(6). 
The results are compared in Fig. 7 for membranes made 

with two types of MOFs. Reversible and irreversible resis-
tances for the P0.8-15 membrane, as well as RFR, were 
slightly lower than the P0.8-15-2 membrane, and this fea-
ture can be due to more surface positive charge, more 
hydrophilicity and less skin layer thickness of P0.8-15 mem-
brane. These factors caused higher rejection and perme-
ate flux of the P0.8-15 membrane. The flux return ratio for 
the P0.8-15 was also higher than P0.8-15-2.

3.6. Investigating the effect of different percentages of filler 
in the PVA matrix on dye separation performance

The effect of MOF contents, including 0% to 20% of 
NM101A, on the permeate flux and rejection was investi-
gated. For a more detailed characterization of membrane 
morphology, FESEM images proved to be helpful. Fig. 8  
shows the results of membrane permeability and dye 
rejection for all NM101A/PVA membranes with different 
amounts of NM101A loadings (0%, 5%, 10%, 15%, and 20%).

Pure water flux was decreased with MOF loading. This 
effect can be due to the increase in density and concentra-
tion of the coating solution and cross-linking between the 
amine groups at NM101A and hydroxyl groups of PVA in 
membrane surface. In fact, porosity and some properties 
of MOF particles within the PVA matrix had a positive 
effect on increasing the pure water flux. These properties 
created additional pathways for water to pass through 
the membrane, but its impact on increasing pure water 
flux was negligible.

In the dye solution filtration section, with the addition 
of MOF particles as filler up to 10%, the average amount 
of dye solution permeates increased, then it decreased 
very slightly to 15%, and finally reduced sharply to 20%. 
Some factors, such as the concentration and the skin 
layer thickness, cross-linking between membranes com-
ponents, MOFs porosity and additional paths for water, 

Table 2
Zeta potential values of different membranes

Membrane  
type

Filler  
type

Zeta potential value  
(mV) at pH 7.0

P0.8 – 11.72
P0.8-15 NM101A 16.168
P0.8-15-2 NM101C 15.30

Table 3
Water contact angle values of different membranes

Membrane type Membrane contact angle (°)

Support membrane 74.38
P0.8 36.78
P0.8-5 38.55
P0.8-10 47.46
P0.8-15 37.28
P0.8-15-2 39.41
P0.8-20 28.62
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Fig. 4. IDFIX Report of P0.8 membrane.
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hydrophilicity, surface charge and thus the higher rejec-
tion of dye particles, and low fouling could explain this 
trend of flux changes.

At first, because of the electrostatic repulsion and 
improvement of ‘dye’ rejection and membrane fouling, the 
dye solution permeate flux increased. Gradually, with the 
MOF ratio rising, a decreasing trend was seen in the per-
meate flux, due to the dominance of concentration and 
thickness of the skin layer. For PM0.8-20 with 20% MOF 
loading, the negative effect of the coating solution con-
centration on membrane permeability was very high, 
and the amount of permeate flux was not acceptable.

The upward trend of dye rejection was also main-
tained by placing more MOF particles in the PVA matrix. 
When the coating solution was concentrated, the mem-
brane skin layer became thicker and more compact with 
a smaller pore size that prevented the passage of dye 
molecules. That is to say, in higher MOF-loaded mem-
branes with greater charge density were rejected pos-
itively charged amine functional groups more cations. 
Since in high quantities of MOF loadings (up to 20%), 

dye rejection had an upward trend, so the possibility 
of gaps in membrane surface at these amounts was dis-
carded. It was clear that the P0.8-10 with 10% MOF load-
ing had the highest permeability (approximate 15.03 L/
m2 h) while P0.8-20 with 20% MOF loadings had the 
highest rejection (99.18%) and P0.8-15 with a good per-
meability and rejection (14.91 L/m2 h and 98.8% respec-
tively) has been the best choice. This membrane (P0.8-15) 
rejected 14% of AlCl3 polyvalent ion from water.

Also Fig. 9 shows the trend of some parameters such 
as Rr, Rir, RFR, and FRR vs. NM101A content. Adding more 
MOF particles into the PVA matrix reduced the membrane 
fouling and increased the parameter of flux return ratio 
due to the improved properties of surface and membrane 
performance. The noteworthy point is that the perfor-
mance of membranes has been investigated for a limited 
time. Considering the results of irreversible resistance and 
membrane flux return ratio, the membranes with higher 
MOF percentage was expected to have a higher stable flux 
over a more extended time.
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The results of flux, rejection and fouling parameters 
related to this membrane were competitive with the val-
ues of other studies as well as membranes used in indus-
try and can separate a large part of dyes and solutes from 
colored effluents [59,60].

4. Conclusion

NM101A and NM101C were utilized as fillers in PVA 
polymeric matrix to fabricate a novel NF membrane. The 
presence of amine groups and consequently positive 
charge in these MOFs helped enhance the molecule repul-
sion of cationic dye. FESEM characterization revealed that 
particles of MOF were equally located on the membrane 
surface within the PVA matrix. The NM101A particles 
formed a thinner layer on the polysulfone substrate due 
to their smaller size compared to NM101C. As a rule, this 
layer becomes thicker by adding more MOF particles. Zeta 
potential results also showed that the surface of the mem-
brane filled with NM101A had a more positive charge, and 
this positive charge was increased at high MOF loadings. 
By comparing membranes fabricated with two types of 
MOFs with the same load, it was observed that the mem-
brane containing NM101A had higher permeability and 
also rejected more cationic dye molecules. Among the mem-
branes with different MOF loadings, the best permeate flux 
was related to P0.8-10, and the best rejection was related to 
P0.8-20, but the P0.8-15 membrane had both high perme-
ate flux and rejection. This membrane has shown at least 
14% rejection in the separation of AlCl3 polyvalent ions.
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