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ABSTRACT

The preparation of MCM-41 nanoparticles was made using tetraethylorthosilicate as silica
source and cetyltrimethylammonium bromide as surfactant. The X-ray diffraction, transmis-
sion electron microscopy, laser particle size analysis and N2 adsorption techniques were used
for characterization of nanoparticles. The dimethyldichlorosilan (DMDCS) was applied to
improve the dispersion of MCM-41 nanoparticles into the polysulfone (PSF) matrix. The
investigation on the thermal stability with thermogravimetric analysis showed the enhanced
stability of membranes possessing higher loading of MCM-41 nanaoparticles. The scanning
electron microscopy was used to evaluate the quality of particles dispersion and the result
showed that the modification of MCM-41 particles by DMDCS caused good quality disper-
sion of particles in to the polymer matrix. In order to enhance the hydrophilicity of MCM-41
nanoparticles, modification by ethylene diamine was performed. Permeation performance of
the prepared membranes was evaluated in terms of water content (WC) and pure water flux
(PWF) and NaCl salt rejection. The WC of modified membranes increased compared to
unmodified and neat polymeric membranes. The membranes, PWF permeation test showed
that addition of modified MCM-41 nanoparticles led to increase in water permeation. The
adequate NaCl, Na2SO4, and CaCl2 salt rejection indicated that the nanofilteration process
incorporating MCM-41 particles into the matrix of PSF is a promising candidate for desalina-
tion applications. The rejection results indicate that the charge (Donnan) exclusion mecha-
nism is the dominant effect resulting in high salt rejection.

Keywords: Modified MCM-41; Polysulfone; DMDCS; Ethylene diamine; Water content; Pure
water flux

1. Introduction

The demands for water and protection of the
entire ecosystems are an important issue credited to
the entire world’s population. On one side, the devel-
opment of new materials with advanced properties

such as high pore volume, specific surface area, open
pore systems, thermal and hydrothermal stability,
given monomodal particles is an ongoing task for
many environmentally friendly chemical processes [1–
5].

Water sorption behavior in nanoporous materials
plays an important role in manufacturing and design-
ing of advanced materials and devices thereafter. The*Corresponding author.
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most studied adsorbents for water are microporous
materials (zeolites), activated carbon, and silica gels
[6,7]. Despite the fact that they are efficient in many
cases, they do not have the specific surface area and
pore volume as much as mesoporous materials.

Mesoporous compounds are another group of
materials with potential applications as water sorbents
synthesized by using long-chain surfactant molecules
as templates [5,8,9]. The common MCM-41, MCM-48,
MCM-50, FSM-16, KIT-1, SBA-2, and SBA-15 materials
have different pore sizes (2–10 nm), large surface areas
(>500m2/g), and variable dimensions and shapes. The
mesoporous semi-crystalline compounds are expected
to exhibit adsorption characteristics different from
ordinary silica gels. The mesoporous materials,
regardless of the structure, type, and composition
have abundant number of silanol groups because of
the amorphous surface structure. Therefore, a large
amount of water can be sorbed on them followed by
capillary condensation [10–15].

The MCM-41 is one of the most useful materials
due to the structural simplicity (uniform cylindrical/
hexagonal pore channels with very narrow pore size
distribution), and easy pathway of preparation with
negligible pore-blocking effects [16–18]. Apart from
that, the high thermal, hydrothermal, chemical, and
mechanical stability are highly conducive for a num-
ber of important applications such as adsorption and
separation.

To synthesize a composite organic/inorganic mem-
brane, the polysulfone with characteristics such as
good toughness, high biocompatibility, good desalt-
ing, high potential flux, and relatively low cost has
been chosen as a polymeric matrix [19–21].

Clearly the success of the polymer nanocomposite
membranes depends largely on the quality of the
interface between the nanofiller and the polymer [22].
Inagaki et al., Long et al., and Zhao et al. believe that
the siliceous mesoporous materials are classified as
hydrophobic materials since they sorb more organics
than water but they also believe that with some modi-
fication by a hydrophilicity increaser agent this prob-
lem could be solved satisfactory [23–26]. Kim et al.
[27,28] enhanced the permeability of PSF by incorpo-
rating mesoporous MCM-48.

Nanoscale molecular sieves are more suitable for
commercialization of nanocomposite membranes
whereas they have very thin selective layers than
micron-sized zeolites or molecular sieves. Recently,
the additional functionalization of nanofiller surface in
order to enhance sorption effects of these particles
and provide proper adherence between inorganic and
organic phases has been considered by researchers
[29,30].

In this study, as a new work, the functionalization
of particles was performed by dimethyldichlorosilane
(DMDCS) as a new modification agent to make the
particles to disperse widely into the matrix of polymer
and the hydrophilicity of MCM-41 particles was
enhanced by engulfing them in the ethylene diamine.
The main purpose of this study is the fabrication and
characterization of a new modified MCM-41/PSF
nanocomposite membrane in order to gain the supe-
rior capacity for water sorption. In the first step,
MCM-41 nanoparticles were produced and then their
structures were investigated with several adequate
characterization methods containing particle size anal-
ysis, X-ray diffraction (XRD) analysis, pore size analy-
sis, and transmission electron microscopy (TEM). The
effect of inorganic nanofiller on thermal stability nano-
composite membranes was studied by thermogravi-
metric analysis (TGA). The scanning electron
microscopy (SEM) was used to investigate the quality
of modified obtained nanocomposite membranes.
Finally, the sorption and permeation performance of
prepared nanocomposite membranes was evaluated
by water content (WC) and pure water flux (PWF),
and salt rejection measurement tests.

2. Experimental

2.1. Synthesis and functionalization of MCM-41
nanoparticles

The nanoparticles of MCM-41 were synthesized
through the self-assembly of inorganic silica precursor
and organic template. The source of silicon was tetra-
ethylorthosilicate (TEOS, Merck). The structure-direct-
ing agent was cetyltrimethylammonium bromide
(CTAB, Merck). A typical synthesis gel was prepared
by adding 5.78 g of TEOS to an aqueous solution con-
taining 1.01 g of CTAB, 0.34 g of NaOH, and 30ml of
deionized water. After stirring for about 2 h at room
temperature, the resulting homogeneous mixture was
crystallized under static hydrothermal conditions at
373K in a homemade Teflon-lined autoclave for 72 h.
The molar composition of the initial gel mixture was
1.0:0.10:0.30:60 TEOS/CTAB/NaOH/H2O. The solid
product was obtained by filtration, washed with
deionized water, dried in vacuum oven at 353K, and
calcined in air at 833K for 10 h with 1�C/min of heat-
ing rate to remove the CTAB. This method results in
the unmodified version of MCM-41 nanoparticles [27].
As shown in Fig. 1, surface modification of MCM-41
particles was performed this way: before removing
CTAB, silylation of MCM-41 with dimethylsilane was
achived by the immersion of MCM-41 nanoparticles
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into liquid DMDCS (Merck) for 72 h and then for
about 24 h in the ethylene diamine. Afterwards CTAB
was removed by means of soxhlet extraction appara-
tus using 300ml of methanol and 30ml of aqueous
HCl (10% vol). The extraction process was continued
for about 24 h then the mixture was filtered and
washed with 200ml of ethanol and in the end the
modified mesoporous MCM-41 samples were filtered
and washed in soxhlet apparatus with n-hexane, and
then dried at 333K in oven [28].

2.2. Synthesis of membranes

Before using PSF (Ultrason 6010, Merck) powder
in synthesis process, it must be degassed at 423K
for 2 h under vacuum to remove all of its WC. To
prepare a sample of MCM-41/PSF nanocomposite
membrane, 1.2 g of the pure PSF was dissolved in
6ml of N,N-dimethylacetamide (DMAc, Merck) and
mixed for 12 h then for making 10 wt.% of MCM-41
in the PSF solution, 0.1 g of MCM-41 powder was
dissolved in N,N-dimethylacetamide with a few
drops of PSF solution and sonicated in ultrasonic
bath for about 20min. After that, this MCM-41 solu-
tion was added to the polymer solution and the
mixture was allowed to mix for 4 h at room temper-
ature then the mixture was sonicated for 10min,
after which it was allowed to mix for 10min and
this procedure repeated several times to ensure per-
fect dispersion. The prepared casting solution was
cast on a glass substrate using casting blade. The
glass substrate was covered with a glass cover to
slow down the evaporation rate of the solvent,
allowing for the formation of a film with a uniform
thickness without curling. After about 1min, the
glass substrate was placed into a coagulation bath
of deionized water. Coagulation of film immediately
occurred and the membrane formed and separated
from glass substrate. The membrane remained in
deionized water bath for about 24 h to complete the
phase separation process then dried in air at 323K.

2.3. Characterization

Powder XRD data were recorded using a Philips
Analytical X-pert diffractometer with Cu Ka radiation
(k= 1.54056 Å) with a step size of 0.02 �/s. N2 adsorp-
tion isotherms were measured at 77K on a Micromeri-
tics ASAP 2010 analyzer using standard continuous
procedures. Samples were first degassed at 573K for
5 h. Surface areas and pore size distribution were
determined by BET and BJH methods, respectively
[31,32]. The particle size analysis for MCM-41 particles
was performed by means of Shimadzu sald-2101. SEM
(LEO 1450VP) was used to study the morphology of
the membranes. The transmission electron micro-
graphs (TEM) were obtained on a Zei (LEO912AB)
transmission electron microscope device. Thermal sta-
bility of membrane was investigated by TGA in Shi-
madzu (TGA-50/50h) by heating at a rate of 3�C /min
up to 600�C. WC of the membranes was obtained after
soaking membranes in water for 24 h and the mem-
branes were weighed followed by mopping them with
blotting paper. The wet membranes were placed in
vacuum drier at 75�C for 48 h and the dry weights of
the membranes were determined [33]. The percent of
WC was calculated using the equation:

WC% ¼ ðWwet �WdryÞ
Wwet

�100 ð1Þ

where Wwet and Wdry are the wet and dry weights of
the membranes, respectively.

A membrane pilot containing a disk membrane
module made from stainless steel was used in the
experiments. The effective membrane area in the mod-
ule is 35 cm2. The schematic representation of mem-
brane pilot is shown in Fig. 2. The PWF measurement
was carried out in a batch mode and transmembrane
pressure of 1 bar. PWF is calculated using the follow-
ing equation:

PWF ¼ Q

A
ð2Þ

Fig. 1. Silylation and amine treatment of MCM-41 nanoparticles.
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where Q is the permeate volumetric flow rate and A
is the effective membrane area.

At each time interval, the feed and permeate were
sampled, and the selectivity was determined by mea-
suring the ion rejection (Ri), that is, the ratio of the ion
concentration in the permeate to that in the feed:

Rið%Þ ¼ Ci;F � Ci;P

Ci;F
�100 ð3Þ

where Ci,F and Ci,P are the concentrations of solute i
in the feed and permeate, respectively.

The salt concentrations were evaluated by ion
chromatography (IC; ICS-1500, Dionex, USA) and
inductively coupled plasma spectrometry (ICP;
Optima 5300DV ICP-OES, Perkin Elmer, USA).

3. Results and discussion

3.1. Characterization results of MCM-41 nanoparticles

The XRD pattern of the mesoporous material is
shown in Fig. 3. The observation of several Bragg
peaks at low reflection angles (2h= 2.5–7.0), which are
relevant to (1 0 0), (1 1 0), (2 0 0), and (2 1 0) and can be
indexed in a hexagonal lattice and correspond well to
the hexagonally arranged pore structure of MCM-41,
is the proof of a long-range order and consequently of
the good quality of the sample. As the material is not
crystalline at the atomic level, no reflections at higher
angles are observed.

The particle size analysis result of modified MCM-
41 in Fig. 4 shows that the congeries of particles’ sizes

is mostly between 40 and 90 nm and this proves the
nanoscale structure of produced MCM-41 particles.

The nitrogen adsorption–desorption isotherm of
extracted MCM-41 at 77K exhibits both a reversible
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Fig. 2. Schematic diagram of membrane pilot.

Fig. 3. XRD pattern of MCM-41 particles.
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Fig. 4. The particle size distribution of MCM-41
nanoparticles.
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type IV isotherm and a sharp pore filling step at p/p0
0.2–0.3 which are characteristic of uniform pores
(Fig. 5). The sample shows high specific surface area,
approximately 930m2/g, and a narrow distribution of
pore diameters centered at 2.2 nm (Fig. 6) which con-
firms results of the XRD analysis.

The TEM images of the modified MCM-41 parti-
cles in Fig. 7 show the existence of ordered hexagonal
structures with pore sizes of about 2–2.5 nm. These
XRD patterns, pore size analysis, and TEM results are
in agreement with previously published results on
nano-sized mesoporous silica materials [34,35].

3.2. Characterization results of MCM-41/PSF
nanocomposite membranes

3.2.1. Scanning electron microscopy

The formation of undesirable gaps or aggregation
of inorganic particles in the polymer may happen
because of incompatibility between the polymer and
the inorganic material, deducing the sorption capabil-
ity and mechanical properties of the membrane.

In order to investigate the quality of dispersion of
MCM-41 nanoparticles into the polymer matrix, we
utilized SEM images of surface of two kinds of nano-
composite membranes, filled with unmodified MCM-
41 and contained silylated MCM-41. SEM surface
images of 20wt.% unmodified and DMDCS-modified
MCM-41/PSF nanocomposite membranes are shown
in Fig. 8. Fig. 8(a) shows that in the unmodified
MCM-41 case in which the unfavorable voids between
polymer matrix and inorganic particles present, one
can see the agglomeration of particles. However, as
can be seen in Fig. 8(b), the DMDCS-modified MCM-
41 nanoparticles are well dispersed in the PSF matrix
and the distinct voids between two phases cannot be
distinguished. The reason for these two different
kinds of behaviors is due to silanol groups’ function.
Since they have hydrophobic property and the surface
of unmodified MCM-41 nanocomposite membrane is

covered by them, the MCM-41 particles easily adhere
to each other via hydrogen bonding and form irregu-
lar agglomeration in the polymer matrix. However, in
the modified version, the surface of membrane is sily-
lated with dimethylsilyl and ethylene diamine groups
hence the hydrophobic surface of membrane turns to
hydrophilic surface. This treatment prevents the parti-
cles from being agglomerated and enhances the inter-
action between particles and polymer producing a
composite with well-dispersed mesoporous particles
in the polymer matrix. This trend also can be seen in
Fig. 9, in this figure the porous structure of membrane
is clearly shown.

The pores of membrane are about 3–5lm and the
uniformity of the pore sizes shows that the coagula-
tion bath of deionized water successfully created these
pores. The other concept that can be inferred from this
cross-sectional SEM image is that the thickness of the
membrane is about 40–50lm which demonstrates that
the membrane is thin enough that it can enhance the
water permeation flux and the resistance preventing
the water from passing the membrane is low.

Fig. 5. The N2 adsorption–desorption isotherms of MCM-
41 particles at 77K.

Fig. 6. The pore size distribution of MCM-41 particles.

Fig. 7. The TEM image of MCM-41 pores.
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3.2.2. Thermogravimetric analysis

As can be seen in Fig. 10, TGA results obtained
from three samples with 10wt.%, 20wt.%, and 40wt.
% MCM-41 loading show that the thermal stability of
membrane remarkably enhances with increasing the
MCM-41 loading in the polymer matrix. The 10wt.%
membrane has a good thermal stability till 445�C then
loses weight. However, the 20wt.% and 40wt.%
MCM-41 loaded membranes have thermal stability till
500�C and 560�C respectively. These results demon-
strate that by increasing the loading of thermally sta-
ble inorganic MCM-41 into the polymer matrix, the
degradation temperature of membrane rises and the
thermal stability of membrane significantly improves.

3.2.3. Water content

WC is related to the membrane hydrophilic prop-
erty [36]. WC of each membrane is calculated using
Eq. (1). As Table 1 shows, WC for pure PSF is equal
to 63.75, whereas for the PSF nanocomposite mem-
brane with 40wt.% of unmodified MCM-41 and
DMDCS modified nanoparticles it is equal to 79.47
and 84.51, respectively.

It is obvious that WC is increased by increasing
the weight percent of MCM-41 nanoparticles. Sever-
ance of polymer chains due to the presence of MCM-
41 nanoparticles creates the spaces in the polymer
matrix which leads to increasing the WC. The well-
dispersed nanoparticles of the modified version of
MCM-41 make its WC increase more than that of
unmodified version. The good dispersion of particles
in the polymer matrix enhances the specific surface
area and pore volume of particles and so increases the

Fig. 8. SEM images of (a) unmodified and (b) DMDCS-modified MCM-41/PSF composite membrane.

Fig. 9. Cross-sectional SEM image of DMDCS modified
MCM-41/PSF nanocomposite membranes.

Fig. 10. TGA thermodiagrams of MCM-41/PSF composite
membranes with different MCM-41 loading.
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water sorption capacity of modified sample compared
to unmodified sample.

3.2.4. Pure water flux

The addition of modified MCM-41 nanoparticles
can influence the PWF at least in two features. At first
it causes that the membrane becomes more hydro-
philic. The contact angle measurement proves this
claim properly (Fig. 11). As can be seen, the contact
angle of pure PSF membrane (membrane with no
MCM-41 loading) is about 74�. By increasing the
MCM-41 loading, the contact angle data of unmodi-
fied membranes increased; meaning the hydrophobic-
ity of the membranes was enhanced with the addition
of MCM-41 nanoparticles. This could be associated
with the hydrophobicity of MCM-41 particles.

Compared with unmodified versions of mem-
branes and pure PSF membrane, amin modified mem-
branes have lower contact angle, meaning the
hydrophilicity of the membranes was improved with
modification by ethylene diamine. Secondly its effect

on the membrane morphology affects its permeation
properties. The relationship of PWF of the membranes
against MCM-41 nanoparticles amount is presented in
Fig. 12. In general, the PWF is increased by increasing
the MCM-41 amount in the casting solution and
reached a maximum value of 62.36 L/m2h when the
MCM-41 amount is 20wt.%. At 10wt.% and 20wt.%
of MCM-41 nanoparticles, the MCM-41 nanoparticles
quite dispersed into the matrix of polymer and water
is allowed to pass through MCM-41 channels easily
and so, it increases the flux. At 40wt.% of MCM-41
nanoparticles, the relative agglomeration of nanoparti-
cles on the membrane matrix leads to the little
decrease of PWF.

3.2.5. Salt rejection measurement

The ion concentrations on the feed and permeate
sides along with the ion rejections in the water desali-
nation tests are listed in Tables 2 and 3. As can be
seen in Tables 2 and 3, with enhancement in MCM-41
loading in the polymer matrix the ion rejection per-
cent increases. The other fact that can be seen in the
tables is that the ion rejection by the unmodified
nanocomposite membranes is obviously lower than
those by modified membranes. This might be due to
the agglomeration of number of unmodified MCM-41
particles in the matrix of PSF that create the unfavor-
able shortcut for passing the ions.

Salt rejection through nanoporous nanocomposite
membranes can be attributed to size exclusion or
charge exclusion or surface evaporation. In the size
exclusion mechanism, the hydrated radius and hydra-
tion shells are important. Ions are hydrated in water,
so their hydrated radii are much larger than the radii
of bare ions. The dependency of the anion rejections
on the hydrated diameter and the rapid rejection
reversals assisted in the size exclusion mechanism as
well. Therefore, it could be concluded that the size

Fig. 11. Contact angle of PSF membranes synthesized with
different loading of unmodified and modified MCM-41. Fig. 12. Effect of MCM-41 amount on membranes PWF.

Table 1
Effect of MCM-41 nanoparticles on WC of each membrane

Membrane MCM-41 (wt.%) WC (%)

PSF 0 63.75

U
a

MCM41/PSF 10 65.99

DM
b

MCM41/PSF 10 68.12

U MCM-41/PSF 20 72.58

DM MCM41/PSF 20 77.32

U MCM41/PSF 40 79.47

DM MCM41/PSF 40 84.51

aU=unmodified.
bDM=DMDCS modified.
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exclusion mechanism was also operative in the pres-
ent system.

The rejection (%) comparison of Na2SO4, NaCl,
and CaCl2 solutions vs. water permeate flux indicated
in Fig. 13 shows that the more negative charge of ions
leads to higher rejection (%) and also the more posi-
tive charge results in lower rejection (%). According to
these observations it can be concluded that the Don-
nan (charge) exclusion is also a serious effect in high
rejection outcome. The enhancement of rejection (%)
with increase in water permeation flux is probably
due to the “dilution effect” that makes the concentra-
tion of ions to decrease [37].

4. Conclusion

Mesoporous MCM-41 was synthesized and modi-
fied by DMDCS to incorporate into the matrix of
PSF in order to enhance the WC and PWF of nano-
composite membrane. The TGA results show
improvement of thermal stability of PSF by intro-
ducing MCM-41 nanoparticles into it. The SEM
results show the better dispersion of modified
MCM-41 nanoparticles in the matrix of polymer
compared to the unmodified one. Results from WC
test show that by increasing the concentration of
MCM-41 nanoparticles in the casting solution, the
water sorption capacity of membrane increases and
the sorption capacity of modified version of mem-
branes is higher than unmodified versions. Perme-
ation performance of the modified nanocomposite
membranes was also greatly improved because of
the addition of MCM-41 nanoparticles. The mem-
brane with maximum flux was obtained when the
MCM-41 amount was 20wt.%. The ion rejection tests
showed that the enhancement in MCM-41 loading
in the matrix of PSF increased the rejection (%) and
showed that the modification of MCM-41 nanoparti-
cles effectively enhanced the rejection (%) of the
ions tested.Fig. 13. Rejection of salt solution vs. water permeate flux.

Table 2
Na+ concentration on feed and permeate sides during NF

Membrane MCM-41 (wt.%) Conc. feed (ppm Na+) Conc. permeate (ppm Na+) Rejection (%)

PSF 0 6,410 495.7 92.3

U
a

MCM41/PSF 10 6,503 866.96 86.6

DM
b

MCM41/PSF 10 6,503 278.3 95.7

U MCM-41/PSF 20 6,570 794.41 87.9

DM MCM41/PSF 20 6,570 207.6 96.8

U MCM41/PSF 40 6,692 949.80 85.8

DM MCM41/PSF 40 6,692 203.2 96.9

aU=unmodified.
bDM=DMDCS modified.

Table 3
Cl- concentration on feed and permeate sides during NF

Membrane MCM-41 (wt.%) Conc. feed (ppm Cl�) Conc. permeate (ppm Cl�) Rejection (%)

PSF 0 7,894 447.1 94.3

U MCM41/PSF 10 7,789 1,536.5 80.3

DM MCM41/PSF 10 7,789 318.1 95.9

U MCM-41/PSF 20 7,771 1,264.93 83.7

DM MCM41/PSF 20 7,771 232.8 97.0

U MCM41/PSF 40 7,836 1,330.16 83.0

DM MCM41/PSF 40 7,836 219.7 97.2
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