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Abstract
In this research, the application of mesoporous carbon CMK-3 and modi�ed CMK-3 (M-CMK-3) to improve
antifouling and rejection rate of polyethersulfone NF membrane was assessed. CMK-3 was modi�ed with
H-acid to increase hydrophilic characteristics of CMK-3. The synthesized CMK-3 and modi�ed CMK-3
membranes exhibited a high pure water �ux and also �ux recovery ratio (up to 95%) compared with bare
NF membrane. Also, the membranes with optimum additive loading (0.1wt%) of CMK-3 and M-CMK-3
were compared to reject different salts and dyes. From the obtained results, the membrane embedded
with M-CMK-3 showed higher rejection rate rather than bare NF membrane (up to 95 % for Na2SO4and
64% for CaCl2) and also the �ux permeability was increased from 6.44 for bare NF membrane to 20.11

kg/m2.h for the membrane embedded with M-CMK-3. A higher rejection data for different dyes under
different pH conditions (up to 90%) was reported for the synthesized membrane embedded with M-CMK-
3. After all, from the obtained data, M-CMK-3 with higher negative surface charge presented a higher
performance to remove salts and dyes. This research was aimed to develop cost-effective NF membranes
with high antifouling properties and super high �ltration capacity for removing dyes and salts from
wastewaters.

1. Introduction
With increasing requirements for textile goods, the amount of textile wastewater increased rapidly in
recent century [1, 2]. As the most of dyes applied in textile industry are poisonous for the environment,
this type of wastewater should be treated in terms of removing non-biodegradable dyes [3]. It should be
noted that, textile wastewater containing considerable concentration of salts like NaCl and Na2SO4

besides toxic dyes caused further di�culties in treatment processes [4, 5]. In this mean, different
treatment methods have been employed to remove non-biodegradable dyes from textile wastewater [6, 7]
e.g. coagulation [8], oxidation [9], adsorption [10, 11], and membrane based technology. Among the
mention methods, membrane technology is recognized as a cost-effective technology to attain
sustainable dye recovery [12, 13].

Nano�ltration (NF) is a proper membrane type for salt rejection and dye removal as a result of high
e�cient and low energy consumption of NF technology rather than osmosis process [14]. Recently, many
studies were focused on dye and salt removal from textile wastewater via NF process. As reported in the
literature, polyether sulfone-base NF membranes represent an acceptable performance for rejecting most
divalent salts (e.g. Na2SO4), however, low salt retention e�ciency was observed for monovalent salts (e.g.
NaCl) [15]. More recently, many researches have been done to modify polyether sulfone-base NF
membranes in order to enhance dye and salt removal from textile wastewater comprising the uses
nano�llers in the matrix of polyether sulfone-base NF membranes like sulfonated grapheme oxide [16],
Fe3O4@SiO2-NH2 nanocomposite [17], magnetic grapheme oxide/metformin hybrid [18], cellulose
nanocrystals [19] and etc.
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As a fact, both size exclusion and Donnan effect enhanced the dye and salts removal e�ciencies for
modi�ed NF membranes compared to commercial polyether sulfone-base NF membranes. On the other
hand, expensive materials applied more often to modify NF membranes which is a weak point to develop
them to industry. Consequently, a simple and cost- effective strategy to generate high e�ciency NF
membranes is required to recover water from textile wastewater [20–25].

In this research, mesoporous carbon CMK-3 and modi�ed CMK-3 with H-acid (M-CMK-3) were applied as
additives in this research. The CMK-3 and M-CMK-3 were chosen as the required materials for the
synthesis of nanoparticles are not expensive which makes them cost-effective additives along with the
existent hydrophilic groups in their structure like -OH, -NH2 and -SO3. Also, CMK-3 and M-CMK-3 provide
high effective surface and high density of the hydrophilic functional groups. Therefore, a series of CMK-3
and modi�ed M-CMK-3 NF membranes were synthesized and applied to remove four dyes including
Direct red-16, Reactive blue 19, Rhodamine b and Methylene blue and four different salts (NaCl, Na2SO4,
NaNO3, CaCl2). Also, the effect of nanoparticle loading (0.1, 0.3, 0.7 and 1 wt%) on the morphology,
membrane characteristics and performance and relative properties was assessed.

2. Materials And Methods

2.1. Materials
Polyethersulfone (PES) (MW = 58000 g.mol− 1) was chosen as the main polymer and dimethylacetamide
(DMAc) (BASF Germany) was selected as solvent and Polyvinylpyrrolidone (PVP) (MW = 25000 g mol− 1)
was used as membrane pore maker. Also, tetraethylorthosilicate (TEOS, Merck); poly (ethylene glycol)-
block-poly (propylene glycol)-blockpoly (ethylene glycol) (P123, Aldrich), were used as a silica source and
a structure-directing agent, respectively. 3-(choloropropyl)-trimethoxysilane (CPTMS, Merck), 1-amino-8-
naphthol-3,6-disulfonic acid monosodium salt (H-acid or ANDS, Merck), concentrated hydrochloric acid
(Merck), and ethanol (Merck) also were supplied. The different dyes and salts utilized in this research as
purchased from Merck and Sigma-Aldrich.

2.2. Synthesis of CMK-3 and modi�ed CMK-3
High order silica template was applied to synthesize mesoporous carbon (CMK-3) as reported by Ryoo
[26]. Ordered mesoporous silica Santa Barbara Amorphous-15 (SBA-15) was synthesized according Y.
Zhao et al. [27]. 9.1 g of P123 (poly (ethylene glycol)-block-poly-(propylene glycol)-block-poly (ethylene
glycol)) was dissolved in 288 mL of HCl (2 M) and temperature of the solution was kept t at 50°C. After
that, 22.2 mL of TEOS (tetraethylorthosilicate) were added to the solution and stirred for 20 min and then
the obtained solution was kept without stirring for 24 h. Then, it was heated at 80°C for 24 h. Finally, to
eliminate the template and achieve SBA-15 the sample was calcined at 550°C over 5 h [26].

Figure 1. illustrates the overall synthesis routes and schematic representation of pore arrangements of
CMK-3 illustrated. To synthesis CMK-3, 1 g of SBA-15 and 1.25 g of sucrose were �rst dissolved in 6 g of
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distillated H2O and 0.18 g of H2SO4 (98%) was added to the solution drop wisely. In the next step, the
mixture was stirring for 1 h, dried at 100 ºC for 6 h and then at 160 ºC for another 6 h. The obtained
sample was saturated another time with a solution containing of 0.75 g of sucrose, 4 g of distillated
water and 0.08 g of H2SO4, and heated for 6 h at 100 ºC and at 160 ºC for another 6 h. The resulting
sample was carbonized by heating at 150 ºC for 1 h and consequently at 900 ºC for 3 h under 5% H2/95%
Ar atmosphere. Afterward, the silica template was detached by etching in 1 M HF (50 vol% H2O/50 vol%
ethanol). As a �nal step, CMK-3 was attained by �ltration, washed with H2O several times, and dried at 60
ºC [28].

In the next step, CMK-3 was modi�ed by choloropropyl moiety. The synthesized CMK-3 (1 g) and dry
toluene (50 ml) were mixed in a two-neck round-bottom �ask and stirred under heating at 40°C. Then, (3-
Chloropropyl) trimethoxysilane (CPTMS) (1 ml, about 5 mmol) was added to the mixture and re�uxed for
24 h. Afterward, to remove unreacted CPTMS, the sediment was �ltered and washed several times with
fresh dry toluene and the sample was dried at 100°C overnight. As a �nal step, the H-acid-modi�ed CMK-3
(M-CMK-3) was prepared based on the following procedure. The H-acid (1-Amino-8-hydroxy-3,6-
naphthalenedisulfonic acid monosodium salt) (10 mmol) was dissolved in methanol and water (3:1, v/v).
Then, CMK-3-Cl (5 g) and triethylamine (10 mmol) were added to the solution and the mixture was stirred
under re�ux condition for 24 h. To eliminate unreacted H-acid, the obtained solid was �ltered and washed
several times with deionized water and methanol, after that, the resulting solid was dried at 100°C
overnight.

2.3. Preparation of membranes
In this work, for membrane fabrication, the casting solution compositions were designed based on Table.
1. To obtain homogeneous solutions, the mixtures were well mixed by using continuous stirring for
almost 24 h, and also, the solution were sonicated (DT 102H Bandelin ultrasonic (Germany)) for 30 min
(degas mood) to enhance the homogeneity. The obtained uniform solutions, were casted in 150µm
thickness by applying a casting knife and several glassy plates. The glassy plates were transferred into
non-solvent bath (distilled water) at once without any evaporation. The formed polymeric membranes
were moved into fresh distilled water to make sure that the phase inversion completely have been
�nished (24h). Subsequently, the prepared membranes were dried in room temperature between �lter
papers. (Whatman 1001 − 734 Grade 1, size: 46cmX100m) [29, 30].

Table 1. Membranes casting solution composition.
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DMAc (wt.%)N.Ps (wt.%)PVP (wt.%)PES (wt.%)Membrane type
79.00.01.020.0M1 

78.90.1a1.020.0M2 

78.70.3a1.020.0M3 

78.30.7a1.020.0M4 

78.01.0a1.020.0M5 

78.90.1b1.020.0M6 

78.70.3b1.020.0M7 

78.30.7b1.020.0M8 

78.01.0b1.020.0M9 

   a: CMK-3, b: M-CMK-3 

 

2.4. Characterizations
With the aim of characterizing the prepared membrane, scanning electron microscope (SEM) (SEM,
Philips-XL30, The Netherland), Atomic force microscopy (AFM) (Nanosurf® Mobile S scanning probe-
optical microscope, Switzerland), Water contact angle (WCA) (contact angle meter XCA-50), SEM
(TESCAN MIRA3) and The Fourier transform infrared spectroscopy (FT-IR, Bruker alpha, German), X-ray
scattering (XRD) patterns (Zeta-Sizer Nano ZS, ZEN3600, Malvern).

2.5. Porosity and mean pore radius
a gravimetric method was applied to determine membrane porosity ( ). A piece of a membrane (2×2 cm2)
was weighed and after that immersed in distilled water for 24 h and weighed again. The following
equation has been used to calculate porosity:

 

(1)

where,  and  are the weight of membrane after and before immersing in water, respectively. A is the
membrane e�cacious area ,  is the membrane thickness, and  is the density of water (0.998
g/cm3) [31].

Besides, mean pore radius (rm) was calculated based on Guerout–Elford–Ferry Eq. (2):

 

(2)

ϵ = ω1−ω2A×L×dW

ω1 ω2

(m2) L dW

rm = √
(2.9−1.75ϵ)×8ηlQ
ϵ×A×ΔP
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Where, η is the water viscosity (8.9×10− 4 Pa s), Q is the volume of the permeate pure water per unit time
(m3/s), and ΔP is the operation pressure (4 bar).

2.6. Separation performance tests
To evaluate the performance of the prepared membranes, a dead-end setup with 150 ml of volume and
12.54cm2 of effective membrane area, made of stainless steel, was applied (Fig. 1). The setup was
pressurized by inert gas (N2) as transmembrane pressure (TMP). At the beginning of the �ltration, the
setup was permitted to reach steady state (15min), then the obtained data was recorded (4bar). By
applying a digital balance according to gravimetric method s, the pure water �ux (PWF) can be calculated
following Eq. 3:

 

(3)

JW.1 is membrane PWF ( ), M is permeation weigh (kg), A is membrane area ( ), and t is
�ltration time ( ) [32].
 To evaluate membrane antifouling behavior in contact with foulants, all the membranes were examined
by 1000 ppm milk powder) GUIGOZ Growth 3 Formula Milk Powder from 1 year to 3 years (as simulated
protein solution was recognized as good a foulant. In this way, 60 min distilled water, 90 min milk powder
solution and again 60 min distilled water were �ltered for each membrane (after milk powder test, the
membranes were washed 10 min by distilled water). The membrane �ux recovery ratio (FRR) was
calculated according to equation 4 based on milk powder �ltration data.
 
 

(4)

Where,  and  are the membrane PWF after and before milk powder solution test, respectively.
Clearly, higher FRR values imply the membrane resistance ability against fouling and cake layer
formation. To report accurate valuations, different types of resistance including total fouling ratio (Rt),
reversible fouling ratio (Rr), and irreversible fouling ratio (Rir) were calculated according to the following
equations below:

Jw.1 = MAΔt

kg/m2.h m2 Δ

h

FRR = ( )× 100Jw2Jw1

Jw2 Jw1
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Where jp is the permeate �ux for 24h.  In this laboratory work, also the effect of two different types of feed
(dye and salt) on membrane behavior, were investigated. The dye compounds are exhibited in Table 2. In
NF test, the concentration of the solute before and after �ltration was measured for different dyes at the
maximum absorption wavelengths via a UV-Vis spectroscopy (Table 2) and a calibrated Electrical
Conductivity Meter for inorganic salts, respectively. The actual concentration of solute was achieved
through the standard calibration curves. The rejection rate of the CMK-3 membranes for salts or dyes was
calculated by the following equation:

 

(8)

Where,  and  are the feed concentration in permeation and feed, respectively.
 

Table 2
The maximum absorption wavelengths of UV-Vis, molecular weights, hydrated radii, and charged types

of the dyes used in this work [32, 33].
Dye molecules   Abbreviation UV-vis λmax, nm Molecular weight, g/mol Charged type

Direct red-16   DR-16 526 637.55 - at pH 6.5

Reactive blue 19   RB-19 592 626.5 - at pH 6.5

Rhodamine b   RhB 560 479.02 + at pH 6.5

Methylene blue   MB 586 319.85 + at pH 6.5

 

3. Results And Discussion

3.1. Characterization of Nano particles (CMK-3 and M-CMK-
3)
To investigate the effect of modi�cation with H-acid on CMK-3, X-ray scattering (XRD) patterns of CMK-3
and M-CMK-3 were presented in Fig. 2. From the Fig. two diffractions peaks were observed for both CMK-

R% = (1 − ) × 100CPCF

CP CF
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3 and M-CMK-3, however, the resultant peaks of M-CMK-3 shifted so that the well –recognized peak
appears in the range of 20–25 of 2 . Also, the intensity of peaks were reduced for M-CMK-3 resulting
from decreasing in crystallinity, however, mesoporous framework has been maintained. These XRD
patterns veri�ed that the modi�cation was satisfactory done on the mesoporous channels [33]. Besides,
For the modi�ed CMK-3, there is a shift in the peak position towards higher than 2 theta values, which
indicates a decrease in the d-spacing (from 2.366 Å for CMK-3 to 1.893 Å for M-CMK-3) of the mesophase
during the modi�cation [34].

The FT-IR spectroscopy could be a proper analyze to prove the presence of CPTMS and H-acid into the
CMK-3 structure. Fig. 3a and b present the FT-IR spectra of CMK-3 and M-CMK-, respectively. The
functional groups related to the observed bands have been speci�ed. From Fig.3 the bands of S-H, CH2,
N-H, SO, C-O, C-N for M-CMK-3 could be observed, however, they are missed for CMK-3. This observation is
a signi�cant veri�cation to get a proper insertion of H-acids into CMK-3. The band around 3500 cm-1

which is related to stretching OH could be observed for both spectra of CMK-3 and M-CMK-3, while the
intensity of the peak is increased for M-CMK-3 rather than CMK-3. This observation besides the presence
of the bands of N-H, S-O for M-CMK-3 demonstrating the enhanced hydrophilicity property for M-CMK-3
compared to CMK-3.

Fig.4a and b present the SEM images of CMK-3 and M-CMK-3. From Fig.4 a and b, it could be seen that
all images, indicating mesoporous structure of CMK-3, although, remarkable differences are observed in
surface morphology between CMK-3 and M-CMK-3. It is evident that after modi�cation, the CMK-3
surface becomes coarser and rougher. As shown in Fig.4, the surface of mesoporous carbon are involved
spherical beads as a result of immobilizing the H-acid function. It is notable that the structure of the
mesoporous carbon remains intact after loading H-acid on the surface CMK-3 which is consistent with
both XRD patterns (Fig. 2) [35]. Also, Fig.4c presented the size distribution of M-CMK-3, verifying that the
size of nanoparticles was in the range of nanometers.

Also, the surface charge of CMK-3 and M-CMK-3 was evaluated by the zeta potential method (Fig.5).
From Fig.5 it could be observed that negative charge of M-CMK-3 is higher than CMK-3 (-28 versus -1.8)
which is a sign of proper modi�cation of CMK-3 by H-acid [36].

3.2. Pure water �ux (PWF) and water contact angle (WCA)
In general, pore sizes, porosity and thickness are effective factors on the membrane �ltration
performance. The in�uence of the nanoparticle loading on porosity and mean pore radius (rm) are
presented in Fig. 6a. As can be seen from the Fig. there is an inverse relationship between porosity and
rm. Besides, the membrane wettability is a signi�cant speci�cation of membranes which affects their
water permeation. Figure 6b displays the water contact angles and pure water �ux for all resultant
membranes (M1-M9). In overall, the lowest additive loading of both CMK-3 and M-CMK-3 presented the
highest porosity and water �ux. The highest pure water �ux (20.11 kg/m2.h at the pressure of 4 bar) was
attained in M6 (0.1 wt% of M-CMK-3 membrane) which its porosity is reported as 88.23%. This outcome
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implies a positive effect of low loading of M-CMK-3 on porosity and water �ux of PES nano�ltration
membrane.

From Fig. 6b, pure water �ux was decreased from M2 to M5. As an explanation, at higher percentages of
nanoparticles, there is a possibility of clogging and agglomeration of nanomaterials in membranes
texture which caused a reduction in water �ux. It should be noted that the presence of mesoporous
nanomaterials (CMK-3) led to increasing the total porosity, however, at higher percentages of
nanoparticles, clogging could be occurred which caused a reduction in pure water �ux.

Also, it is observed from Fig. 6b that the membranes with embedded M-CMK-3 (M6-M9) have lower
contact angles in comparative with those with embedded CMK-3 (M2-M5) which is attributed to the
presence of hydrophilic functional groups in the surface of M-CMK-3 like hydroxyl (-OH), amino (-NH2)

and sulfate (-SO3) groups. The contact angles for M6-M9 are in the range of 46–56º.

It should be noted that the WCA was increased from M7 to M9. As a fact, the contact angle depends on
the presence of nanomaterials on the membrane surface. At higher concentrations of M-CMK-3 (from M7
to M9) the probability of nanomaterial accumulation is high which increased the casting viscosity
(Table 3). So, the presence of nanomaterials on the membrane surface will be decreased causing an
increase in contact angle from M7-M9.

As the contact angle of M6 is about 50º after 10s, and also its pure water �ux was 20.11 kg/m2.h (the
highest pure water �ux among others), it can be concluded that this dose of additive loading is more
appropriate to use in the matrix of NF membrane to progress the rejection and water �ux.

3.3. Morphology Analysis
To assess the cross-section morphology of the synthesized membranes, the SEM images were prepared
(Fig. 7). The cross-section images showed asymmetric structure including a thin top layer and a sublayer
with coarse pores. This event can be related to phase inversion rate over the membrane formation in
distilled water due to the different casting solution viscosity (Table 3). In other words, by increasing the
CMK-3 and M-CMK-3 to the membrane solution, hydrogen bonding is created between the functional
groups of the nanomaterials (-OH, -NH2 and -SO3) and polymer structure, which increases the viscosity of
the casting solution, so this factor is effective in the phase inversion step for membrane formation and
the migration of nanomaterials to the membrane surface. More hydrophilic nature of casting solution in
modi�ed membranes caused an increase in phase inversion rate [18]. Besides, high settlement between
polymeric matrix and the CMK-3 and M-CMK-3 nanoparticles could be proved by the homogeneous
distribution of additives. From Fig. 7 membranes with fewer CMK-3 and M-CMK-3 loading showed more
loose pores than those with more additive loading (M2 and M6 against M5 and M9). This outcome may
be related to using higher loading of the hydrophilic nanoparticles (CMK-3 and M-CMK-3), accelerating
diffusion rate of water into the matrix of membrane over the phase inversion which is caused tinier pores.
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Table 3. Viscosity parameter of casting solution

Membrane Viscosity, cP

M1 223

M2 294

M5 396

M6 341

M9 633

 

The EDX and EDX mapping were performed and the results are displayed for a series of membranes in
Fig. 8. As can be seen from the Fig. the picks of Si and N disappeared for original PES membrane (M1),
nevertheless, for all modi�ed membranes the Si peak could be recognized (M2-M9). This observation
indicates that the modi�ed membranes were covered properly with CMK-3 complex.   The Si content in
membrane matrix increased as CMK-3 loading was increased (from M2 to M5 and M6 to M9).  Besides,
the N peak appears in M6-M9 as a result of adding M-CMK-3, comprising functional group of NH2. EDX
mapping images demonstrate that N and Si elements were distributed appropriately in the membrane
matrix.

The surface topography of the membranes was evaluated by AFM, so that the lighter and darker areas in
the three-dimensional AFM images are representative peaks and valleys on the membrane surface (the
difference between the highest and lowest points described as roughness). As a fact, the surface with
high roughness acts as a trap to absorb foulants on the surface of membrane which led to membrane
fouling and a �ux reduction. The obtained results from the preliminary analysis of membrane surface
roughness are presented in Fig. 9 and Table. 4. Random samples of the prepared membranes were
chosen to surface evaluations. Based on Table. 4, M1 in compare with modi�ed membranes showed the
highest roughness (Sa, 9.66 nm) with an average amounts of difference between the highest peak and
the lowest valley (Sz) of 65.71 nm and the root mean square of the Z data (Sq) of 12.10 nm. As a result,
Sa, Sz and Sq data of modi�ed membranes (M2-M9) verify that the surface of modi�ed membranes
becomes smoother.  M6 indicated the least amounts of Sa (1.07 nm), Sz (2.30 nm) and Sq (1.36 nm)
indicating M-CMK-3 with minimum loading (0.1 wt%) is an optimum membrane in agreement with SEM
images, contact angle and pure water �ux data. As a matter of fact, rough surface traps the foulants in
the space between peaks and valleys, so, more smooth surface of the modi�ed membranes reduced the
cake-layer formation and also enhanced the membrane antifouling potential [37, 38]. 
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Table 4
Membrane surface roughness of bare and modi�ed

nano�ltration PES membranes.
Membrane   Sa (nm) Sq (nm) Sz (nm)

M1   9.66 12.10 65.71

M2   1.54 1.62 2.75

M3   6.13 6.20 2.61

M4   1.42 1.96 31.99

M5   1.08 1.47 37.88

M6   1.07 1.36 2.3

M7   1.36 1.82 34.83

M8   1.34 1.79 23.33

M9   1.64 1.81 7.57

 

3.4. Antifouling behavior
In this part, the membranes fouling characteristic of the resultant membranes was investigated by a three
step analysis including �rst and third steps of distilled water �ltration and second step of protein �ltration
(1000 ppm milk powder solution). The experimental data are shown in Fig. 10. Su�ce it to say that, PWF
of the applied membranes before and after milk powder �ltration (�rst and third step of distilled water
�ltration) almost showed no remarkable reduction for modi�ed membrane comparing to the bare
membrane. According to the Fig. 10, M1 showed the least PWF in the �rst step. Besides, the mentioned
membrane (M1) faced with fouling phenomenon after �ltering milk powder solution and PFW reduced in
third step, indicating low antifouling property of bare NF membrane. The modi�cations applied showed
an enhancement on the membrane permeation �ux relative to the naked membrane (M1). Among the
modi�ed membranes, M6 represented the highest PWF in the �rst and third steps and there are no any
signs of fouling phenomenon milk powder solution �ltration. Initial PWF for M6 was about 20.11 kg/m2.h
while it was 6.4 kg/m2.h for the bare membrane. The observed tending for M6 was compatible with the
results obtained in membrane characteristics reported earlier including hydrophobicity and morphology
of membranes.

Following the results of milk powder �ltration, the �ux recovery ratio (FRR) (Fig. 11a), reversible resistance
(Rr) and irreversible resistance (Rir) were calculated for accurate evaluation of the membrane separation
process (Fig. 11b). Based on the data in Fig. 11, bare NF membrane (M1) shows the lowest FRR (67.84%)
and Rr (4.37%) and the highest value of Rir (32.16%), while a series of modi�ed membranes demonstrate
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an acceptable performance. The modi�ed membranes with M-CMK-3 present better performance in terms
of FRR, Rr and especially Rir. M6 showed the maximum FRR (99.87%), and Rr (79.21 %) and minimum Rir

(0.13 %) in compare with other modi�ed membranes. In overall, high membrane surface hydrophilicity,
membrane surface smoothness, additive dispersion uniformity in membrane matrix, thin membrane top-
layer and thick sub-layer, are the results of membrane modi�cation with the negatively charged M-CMK-3
in optimal percentage (0.1 wt%). It should be noted that an inhibiting effect against foulant formation on
the membrane surface was supplied by hydrogen bonding on the membrane surface as a subsequence
of the presence of hydrophilic functional groups (-SO3, -NH and -OH). The Low Rir value obtained for the
M6 (0.13%) is a good approval on its capability for dye/salt removal. [17].

3.5. Salt rejection
It should be mentioned that, with considering FRR, Rr and Rir obtained for modi�ed membranes, two of
them were selected as the optimum membranes to test salt removal e�ciencies comprising M2 (for a
series membrane with embedded CMK-3) and M6 (for a series membrane with embedded M-CMK-3). The
salt rejection performances of M1, M2 and M6 were evaluated by the �ltration of Na2SO4, NaNO3, NaCl
and CaCl2 solutions with concentration of 5 mM. As a notice, salt rejection test was performed for both

monovalent ions (Na+, Cl− and NO3
−) and divalent ions (SO4

2− and Ca2+) to achieve a more
comprehensive assessment. As shown in Fig. 12b, the presence of CMK-3 and M-CMK-3 caused an
increase in water �ux of M2 and M6 relative to M1 for all kinds of salt solutions tested. Between two
chosen modi�ed membranes, M6 possessed the highest water �ux of 23.71 kg/m2.h against M1 with
water �ux of 6.39 kg/m2.h which these results are consistent with membrane permeability discussed
earlier. Also, from Fig. 12a, M6 presents higher e�ciency for removal all kinds of salts compared with the
data reported for M1 and M2. This outcome could be explained by the zeta potential of CMK-3 and M-
CMK-3 reported in Fig. 5. As a fact, the surface of M-CMK-3 showed remarkable negative charged respect
to CMK-3 (-28 mV versus − 1.8 mV) which caused an effective negatively charged surface for M6
membrane, so, M6 is more capable for anion repulsion. The salt rejection rate pursued the order of
Na2SO4 > CaCl2 > NaCl > NaNO3. This phenomenon can be deduced by electrostatic interaction and size

exclusion. The divalent ions of Ca2+ (4.12 Å) and SO4
2− (3.79 Å) possess large hydration radius

compared with monovalent ions Na+ (3.58 Å) and Cl− (3.32 Å), which caused a greater resistance to pass
through the NF membrane for divalent ions [39–41]. The rejection rate of Na2SO4 was achieved higher
than CaCl2 as the surface charge of the membrane is negative (Fig. 5 and Fig. 6b), the repulsive effect

causes higher removal percentage of SO4
2− ion rather than other salts (Fig. 12a). Also, the hydration

radius of Cl− (3.32 Å) is lower than SO4
2− (3.79 Å), causing an increase in the rejection rate for SO4

2−.

Another reason that can be mentioned is the presence of more negative hydration energy in Ca2+ (-1505
kJ/mol) than SO4

2− (-1080 kJ/mol). The more negative the hydration energy, the more scattering and
solubility of the elements which makes separation harder. Therefore, the removal percentage of Na2SO4

was achieved higher than CaCl2 [37–39]. The lowest rejection percentage was reported for NaNO3 which
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could be related to the hydrated form of NO3
− ion in aqueous solution, causing an enhanced dispersion in

water and harder separation.

3.6. Dye removal
Figure 13 displays the dye rejection performance of the applied membranes for four dye molecules with
initial concentration of 30 ppm including direct red-16 (DR-16), reactive blue-19 (RB-19), rhodamine B
(RhB) and methylene blue (MB). It should be noted that these dyes are classi�ed into two charge types
including positive charged dye molecules: RhB and MB, and negative charged dye molecules: DR-16 and
RB-19 (Table 2). It is obvious that the lowest dye rejection is related to M1 (bare NF membrane) due to the
greater osmotic pressure resulted from pores blocked with dye molecules. As a fact, the modi�ed
membranes presented better performances as a result of their smaller size of pores and more negative
surface charge. Among all dyes, the rejection data of DR-16 and RB-19 are higher than the MB and RhB
for all membranes tested. This outcome could be elucidated by size sieving and electrostatic repulsion.
The molecular size of DR-16 (637.55 g/mol) and RB-19 (626.53 g/mol) are larger than MB (319.85
g/mol), and RhB (479.02 g/mol) which led to high–penetration resistance and higher rejection
percentages for DR-16 and RB-19. Besides, according to Donan effect theory, the rejection rate of
negatively charged dyes comprising DR-16 and RB-19 is higher than positively charged ones [39, 42–44].

In overall, NF membranes embedded with M-CMK-3 (M6-M9) showed higher rejection percentages (up to
97% of dye rejections for all dyes) in compare to NF membranes embedded with CMK-3 (M2-M5). As an
explanation, according to on zeta potential data (Fig. 6), M-CMK-3 resulted higher negatively charged
surface relative to CMK-3 caused an improved electrostatic repulsion for negatively charged dyes (DR-16
and RB-19). Also, M-CMK-3 membranes rejected positively charged dyes satisfactorily along with
negatively charged ones because of sieving effect. As a conclusion, the membranes embedded with M-
CMK-3 are developed in terms of rejection due to both physical size and electrostatic effect relative to the
membranes embedded with CMK-3.

Also, three different feed pHs (acidic, nature, basic) were examined for comparing the behavior of the
bare and optimal modi�ed membranes (M2 and M6). Figure 14a-d showed the performances of M1, M2
and M6 to reject DR-16, RB-19, RhB and MB, respectively. From the Figs. M6 presented higher rejection
percentages for all dyes used under different PHs.

The membranes (M1, M2 and M6) exhibited the least removal rates for dye solutes under acidic
conditions. From the experimental results, the highest rejection is related to the basic pH. In acidic feed,
higher concentrations of H+ cause some changes on the dye particles nature so that their surface charges
shifted to positive charges. As a fact, the surface charge of M-CMK-3 based membrane (M6) is neutral in
acidic conditions as H-acid reacted with CMK-3 by NH2 group, (see C-N bands in Fig. 3b). Subsequently,
the major mechanism for dye removal was size sieving under acidic condition, so the dyes with higher
molecular size (DR-16 and RB-19) showed higher rejection data [45, 46].



Page 14/35

In alkali pH, the –SO3 and -OH functional groups on the surface of M-CMK-3 change into negative form.
As can be seen from the Figs., there is a contrast between membrane rejection in negative (DR-16 and RB-
19) and positive (RhB and MB) dye compounds resulted from membrane �ltration ability according to
electrostatic repulsion (different nature of dyes) and Gibbs–Donnan effect (different size of dyes) [46,
47].

Table 5 compares the performance of some modi�ed membranes embedded with different nano�llers for
removing dye and salt. In overall, M-CMK-3 presented better performance in terms of removing salts and
dyes rather than TiO2, TiO2-Al2O3, UiO-66-NH2, GO as �llers to modify NF membranes. This comparison
veri�ed high density of hydrophilic functional groups on the surface of M-CMK-3 in this research which
make the NF membrane more e�cient to remove dyes and salts.
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Table 5
Performance comparison of the modi�ed membrane with reported membranes.

Polymer Membrane
type

Nano�ller salt Dye Salt
rejection,
%

Dye
rejection,
%

Ref.

PSF NF GO MgSO4

NaCl

KCl

CaCl2

MgCl2

- 90

31

32

53

64

- [48]

PS NF Cellulose
nanocrystals

MgSO4

NaCl

CaCl2

MgCl2

- 92

32

50

45

- [40]

Chitosan

PEG-400

NF CS Na2SO4

MgSO4

NaCl

CaCl2

Methyl
Orange

Brilliant
blue

Methyl
Viologen

Methylene
blue

75

87

32

93

99

99

99

99

[39]

CaAlg NF TiO2 Na2SO4

MgSO4

NaCl

MgCl2

Brilliant
blue

Direct
black-38

Congo red

15

16

9

12

98

96

95

[49]

Ceramic
membrane

NF TiO2 and α-
Al2O3

Na2SO4

NaCl

Eriochrome
black T

40

20

99 [50]
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Polymer Membrane
type

Nano�ller salt Dye Salt
rejection,
%

Dye
rejection,
%

Ref.

PES NF 18% UiO-66-NH2 - Congo red

Orange 

Crystal
violet

Methylene
blue

- 97

83

67

62

[51]

PES NF 20% H-acid-CMK-
3

Na2SO4

NaNO3

NaCl

CaCl2

Direct red-
16

Real
liquorice

Rhodamine
B

Methylene
blue

95

33

61

64

99.8

99.6

99.2

99.4

This
study

Polysulfone (PSF), Graphene oxide (GO), Nano�ltration (NF), Polysulfone (PS), Chitosan (CS),
Polyethylene glycol (PEG) calcium alginate (CaAlg),

 

3.7. Long-term �ltration
To achieve the membrane performance over long-term �ltration, the optimal membranes including M2
and M6 and the bare membrane (M1) were tested for dye removal with colored wastewater (a mix
solution of four dyes with concentration of 50 ppm) over 1380 min. The obtained results are presented in
Fig. 15. As can be seen from the Fig., the modi�ed membranes (M2 and M6) showed signi�cantly higher
�ux in comparison with the bare membrane. Besides, the trend stability of the tested membranes is
another evidence for improving membrane performance after modi�cation. From the Fig. a prominent
reduction in �ux trend could be observed for the bare membrane (M1) as a result of fouling completely
after three-cycle �ltrations. This can be directly related to the PES hydrophobic nature (higher WCA,
Fig. 6b), which tends to absorb foulants and creates a cake layer on the membrane surface. As explained
before, the surface roughness can intensify this phenomenon. In contrast, M6 exhibited the most stable
trend. A small reduction in the performance for M2 is related to higher irreversible fouling ratio compared
to M6. As a known fact, long-term �ltration can be directly affected by membrane fouling resistance.

4. Conclusion
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Novel mesoporous membranes are facilely fabricated through phase inversion method. The effect of
additive loading on the morphology, porosity, permeability, and separation performance of the
membranes embedded with CMK-3 and M-CMK-3 were studied. Membranes with optimum additive
loading (0.1wt%) for CMK-3 and M-CMK-3 showed the highest rejection of 83% and 95% for Na2SO4,

while maintain a stable water �ux about 16 and 23 kg/m2.h, respectively. The salt rejection followed the
order of Na2SO4 > CaCl2 > NaCl > NaNO3. From the dyes separation results, the modi�ed membranes
revealed the superior rejection over 97% for negative and positive charged dyes. Also, the performance
stability of the membranes was investigated by the use of different pH solution dyes. As a conclusion, the
membrane embedded with M-CMK-3 represented higher negatively surface charged, hydrophilicity,
antifouling characteristics and rejection rate of different salts and dyes under different pH conditions.
This study illustrated that a newly developed hydrophilic NF membrane with superior potential for dye
and salt removal could be attained by applying M-CMK-3 in polyethersulfone.
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Figures

Figure 1

Schematic of the dead-end setup.



Page 22/35

Figure 2

XRD pattern of CMK-3 and M-CMK-3.
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Figure 3

FT-IR spectrum of CMK-3 (a) and M-CMK-3 (b).
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Figure 4

SEM images of CMK-3 (a) M-CMK-3 (b) and size distribution of M-CMK-3.
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Figure 5

Zeta potential of a) CMK-3 and b) M-CMK-3.
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Figure 6

Porosity and rm of the prepared membranes (a), WCA and pure water �ux of the prepared membranes (b).
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Figure 7

Cross-section SEM images of the prepared membrane.
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Figure 8

EDX and EDX mapping images of the prepared membrane (green) for silicon element, (blue) for nitrogen
element
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Figure 9

AFM images of the prepared membranes.
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Figure 10

Fouling behavior for the prepared membranes in three steps.
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Figure 11

(a) The �ux recovery ratio (FRR) and (b) fouling resistance (Rr and Rir) for the prepared membranes.
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Figure 12

Separation performance for inorganic salts with concentration of 5mM (Na2SO4, NaNO3, NaCl and
CaCl2) (a) salts rejection and (b) water �ux of series of M1, M2 and M6 membranes at 4 bar.
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Figure 13

Dye rejection of all membranes synthesized for different dyes (30ppm).
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Figure 14

Dye rejection of bare (M1) and optimal (M2 and M6) membranes at different pH for all dyes.
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Figure 15

The long-term performance of the selected membranes.


