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AbstractL-cysteine as an amino acid was used for the modification of glycidyl POSS in the synthesis of L-cysteine
functionalized POSS, including carboxyl, hydroxyl, and diamine groups. Then, the synthesized nanoparticles were
applied to fabrication of L-cysteine POSS-TiO2 composite nanoparticles. NF membranes were prepared from the incor-
poration of different concentrations of the synthesized composite nanoparticles into the polyether-imide (PEI) as the
membrane matrix. The prepared membranes were characterized by Fourier transform infrared spectroscopy (FTIR),
Field emission scanning electron microscopy (FESEM) and atomic force microscope (AFM). Moreover, the separation
performance of the NF membranes was examined by pure water flux (PWF) and the separation of Na2SO4, Pb(NO3)2,
Cr(NO3)2 and Cu(NO3)2 aqueous solutions. The results showed the increase of pure water flux due to present hydro-
philic groups on the membrane surface. The highest pure water flux obtained was 22.03 L/m2h in 1 wt% of nanoparti-
cles. Furthermore, the rejection of Na2SO4 and Pb(NO3)2, CrSO4, and Cu(NO3)2 improved to 78%, 64%, 67% and 66%
that increased 11%, 33%, and 22%, and 39% compared with the pristine PEI membrane, respectively. Finally, the best
FRR% (81%) was obtained for 0.1 wt% of the composite nanoparticles (M3).
Keywords: Polyether-imide, Nanofiltration, L-cysteine/POSS-TiO2, Composite Nanoparticles, Heavy Metal Ions

INTRODUCTION

Nanofiltration (NF) membranes have gained much attention for
wastewater treatment due to their high separation performance in
monovalent and multivalent salts removal. The greatest challenge
for the enhancement of NF membranes is the achievement of high
pure water flux without decreasing salt rejection and good anti-
fouling properties [1-3]. Membrane fouling on the membrane sur-
face occurs due to the aggregation of pollutants, which reduces the
separation performance of NF membranes. There are different
methods to overcome these challenges and improvement of sepa-
ration performance such as surface modification of membrane,
grafting, cross-linking, coating, and incorporation of organic and
inorganic materials [4-7]. Among these methods, the use of hydro-
philic nanomaterials such as carbon nanotubes (CNTs), graphene
oxide (GO), and metal oxides into the polymer structure is a com-
mon method for improvement of NF membrane separation per-
formance [8-11]. But nanoparticle aggregation and reducing com-
patibility between polymer and nanoparticles leads to creating non-
selective voids and decreases the membrane performance. One
method for better dispersion and more affinity between polymer
and nanoparticles is the construction of new nanomaterials, includ-
ing suitable functional groups [12].

In this study, a novel composite nanomaterial was synthesized
by combination of TiO2 and polyhedral oligomeric silsesquioxane
(POSS) nanoparticles. The TiO2 nanoparticles have high stability,
non-toxicity, photo-catalytic, and good hydrophilic properties [13-
15]. Moreover, POSS nanoparticles have a unique structure with
high flexibility which makes possible its functionalization easily.
This provides better affinity for them with membrane matrix [16-
18]. There are many studies for the application of POSS in mem-
branes gas separation and pervaporation [19-22]. Moreover, some
studies focused on the metal ion removal from aqueous solutions
by POSS nanomaterials due to cage structure and its high capacity
for heavy metal adsorption [23,24]. Also, several studies consid-
ered POSS nanomaterials in membranes for wastewater treatment
that reported improvement of separation properties and their yield
such as overcoming to the membrane clogging, as well as their ac-
cumulation at high concentrations of nanoparticles. For example,
You et al. [25] reported the functionalization of POSS nanoparti-
cles with polyethylene glycol (PEG). These nanoparticles were
applied to preparing polyamide (PA)-based membranes by inter-
facial polymerization. The membrane hydrophilicity and electro-
negativity of fabricated membranes was enhanced compared with
the pristine PA membrane. The best separation performance was
obtained for 0.5 wt% of PEG-POSS nanoparticles with PWF of
38.7 (Lm2h1) and Na2SO4 rejection about 90%. Moreover, the
flux recovery ratio reached 98%. In another work, You et al. [18]
showed the application of amine-functionalized POSS nanoparti-
cles for the achievement of pore tuning in polydopamine (PDA)
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membrane with a mean pore size of 1.04-1.07 nm. The water per-
meability reached 1,099 Lm2h1MPa1. Moreover, cross-linking
between POSS and PDA increased the resistance of compaction
and reinforced alkali. He et al. [17] fabricated the NF membranes
from polyamide and POSS for heavy metals (selenium and arsenic)
separation. Dalwani et al. [26] fabricated thin film from POSS-
polyamide by interfacial polycondensation of POSS with acyl chlo-
ride. These thin films were robust and flexible and showed high
selectivity in liquid permeation. Chen et al. [27] fabricated hollow
fiber membranes from polybenzimidazole (PBI)-POSS/polyacry-
lonitrile (PAN) for the application in forward osmosis (FO) and
pressure retarded osmosis (PRO) processes. They studied two types
of membrane fouling: inorganic fouling (CaSO4·2H2O gypsum scal-
ing) during FO operations and organic fouling (sodium alginate
fouling) during PRO operations. The results revealed that gypsum
scaling on the membrane surface may be inhibited and even elim-
inated with an increment in reverse MgCl2 flux due to competi-
tive formations of MgSO4 and CaSO4·2H2O. In contrast, the in-
crease of reverse NaCl flux exhibits a slight enhancement in algi-
nate fouling in both FO and PRO processes. Compared to the
reverse salt flux, the permeate flux always plays a dominant role in
fouling. Therefore, lesser fouling has been observed on the mem-
brane surface under the pressurized PRO process than FO pro-
cess, because the reduced initial flux mitigates fouling phenomena
more significantly than the enhancement caused by an increase in
reverse NaCl flux.

Duan et al. [28] fabricated thin-film nano-composites (TFN)
membranes from polyamide (PA) for reverse osmosis by POSS as
nanofillers. POSS particles were incorporated on the selective layer
via interfacial polymerization. Thin film nanocomposite mem-
branes containing of 0.4% (w/v) P-8Phenylin showed a 65% incre-
ment in water flux compared to the pristine PA membrane without
decline in high salt rejection. The thin film nanocomposite mem-
branes with monoamine P-1NH2 showed low pure water flux 3.2
L/m2·h. P-8NH3Cl showed the highest pure water flux (35.4 L/
m2·h) at 1% triethylamine (TEA). Lu et al. [29] used one-step elec-

trospinning technique by the fluorinated-decyl polyhedraloligo-
meric silsesquioxane (F-POSS) colloidal suspension solution and
PVDF-HFP for the preparation of omniphobic nanofiber mem-
brane for membrane distillation (MD). These membranes showed
stable water quality and water flux in highly saline feed solutions
containing low surface tension substances.

In this study, glycidyl POSS was modified first by L-cysteine (as
an amino acid) for fabrication of (L-cysteine functionalized POSS)
nanoparticles by introducing hydroxyl, carboxyl, and amine func-
tional groups to POSS structure. Then, the prepared L-cysteine
functionalized POSS nanoparticles were applied to fabrication of
[L-cysteine POSS-TiO2] composite nanoparticles. The synthesized
composite nanoparticles were then applied to preparing PEI/L-cys-
teine POSS-TiO2 NF membranes. The prepared membranes were
characterized by FTIR, FESEM and AFM analysis. The separation
performance of fabricated membranes also was examined by pure
water flux and rejection of Na2SO4, Pb(NO3)2, CrSO4, and Cu(NO3)2

aqueous solutions.

EXPERIMENTAL

1. Materials and Methods
The octaglycidyloxypropyl-silsesquioxane (glycidyl-POSS) was

supplied by Iran Polymer and Petrochemical Institute. Polyether-
imide (PEI) (Mw=35,000 Da) was obtained from Sigma Aldrich.
Tetrahydrofuran (THF), N, N-dimethylacetamide (DMAc) was
purchased from DAEJUNG, Korea as a solvent. The L-cysteine was
provided by AIP Co., Iran. The polyvinylpyrrolidone (PVP) as pore-
forming was purchased from Merck.
2. L-cysteine POSS-TiO2 Nanoparticles Synthesis

The modification of glycidyl-POSS by L-cysteine was accord-
ing to Chang et al. [27] method. Briefly, glycidyl-POSS (1 mmol)
was dissolved in 10 ml THF under N2 purging. After stirring vig-
orously for 1 h at 50 oC, 1.0 g of L-cysteine (3.7 mmol) was added
to the POSS solution for obtaining a clear solution. In the following
of the process, the reaction between glycidyl group and thiol group

Fig. 1. The proposed mechanism for preparation of L-cysteine POSS-TiO2 nanoparticles.
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was complete by stirring for 5 h at 50 oC. Then, the solvent was
removed by evaporation at room temperature for 24 h and dried
in a vacuum oven at 50 oC for 12 h to isolate the modified-POSS.
Finally, this product was washed with distilled water at 50 oC to re-
move unreacted L-cysteine. Fig. 1 shows the proposed mechanism
for nanoparticle preparation. In the synthesis following, the syn-
thesized nanoparticles from the prior step and TiO2 were added to
THF as a solvent and stirred for 12 h at 50 oC. After evaporation of
the solvent, L-cysteine POSS-TiO2 nanoparticles were dried in an
oven for 12 h at 50-60 oC.
3. Membrane Preparation

The nanofiltration membranes were prepared by the phase inver-
sion method. The blend of PEI/L-cysteine POSS-TiO2 membranes
with 18wt% of PEI and 1wt% of PVP was dissolved into the DMAc
and stirred for 6 h. Different concentrations of L-cysteine POSS-
TiO2 composite nanoparticles were added to the polymeric solu-
tion in the prior section and stirring was continued for another
4 h. Then the casting solution was sonicated 1 h for better disper-
sion of nanoparticles. After removing air bubbles from the homo-
geneous solution during the 6 h, the prepared solution was cast on
a glass plate with an applicator. Then the cast membranes were
soaked into the deionized water for complete phase inversion pro-
cess. The fabricated membranes were coded with M0, M1, M2,
M3, and M4 in 0, 0.001, 0.01, 0.1, and 1 wt% of L-cysteine POSS-
TiO2 composite nanoparticles. Table 1 shows the solution compo-
sition details for the preparation of membranes.
4. Characterization Methods

The Fourier transform infrared spectroscopy (FTIR) with a
Bruker spectrometer (TENSOR 27) was used to confirm the fabri-
cation of L-cysteine POSS-TiO2 composite nanoparticles and the
presence of them into the membranes. Field emission scanning
electron microscopy (FESEM) (MAIA3 model with accelerating
voltage of 50 eV) was used for morphology investigation of fabri-
cated membranes and synthesized L-cysteine POSS-TiO2 compos-
ites nanoparticles. Moreover, the roughness and surface morphology
of membranes were investigated by atomic force microscope (AFM)
(FemtoScan model made in Russia) with scanning area 6m×6m.

Membrane porosity was calculated by dry-wet weight method.
The wet weight of membranes was measured by membranes soak-
ing in distilled water for 24 h. The dry weight of membranes was
obtained by drying wet membranes in an oven at 60 oC for 24 h.
The membrane porosity () was measured by Eq. (1):

(1)

where the dry weight and wet membrane are Wd, Ww (g). Vm and

f are membrane volume (cm3) and water density (g/cm3), respec-
tively. All experiments were carried out three times and the aver-
age values of results were considered for decreasing experimental
errors.

Guerout-Elford-Ferry equation was used to obtain the mean pore
size of membranes [1,31,32]:

(2)

where  is the water viscosity (8.9×104 Pa·s), Q is the flow rate of
the permeated pure water (m3/s), and P is operating pressure
(0.45 MPa), A is the membrane filtration area (m2),  is the mem-
brane porosity, and l is the membrane thickness (m).

The contact angle () of prepared membranes was measured by
using a contact angle measuring instrument (G10, Kruss, Ger-
many) for the investigation of membrane hydrophilicity by deion-
ized water. The water content of membranes was measured by Eq.
(3) [13,33]:

(3)

where Ww and Wd are wet and dry weights of the prepared mem-
branes, respectively.
5. Membrane Filtration Performance

The cross-flow nanofiltration system was used to investigate the
performance of fabricated membranes. The membrane testing was
at ambient temperature and 4.5 bar. Before the test of membranes,
the membrane compaction was done with deionized water for 1 h
and 5 bar to obtain steady state condition. The pure water flux
(PWF) was determined by:

(4)

where Jw, 1 is the permeate flux (Lm2h1), V is the volume of per-
meate solution, A is the effective area of membrane (11.94 cm2), and
t is time (h).

The aqueous solution of Na2SO4, Pb(SO3)2, CrSO4 and Cu(NO3)2

was used as feed solution for evaluation of nanofiltration mem-
brane performance with concentrations 1,100 mg/L and 500 mg/L,
respectively.

The salt rejection was measured by Eq. (5):

(5)

where Cf and Cp are the concentration of feed solution and per-
meate, respectively.

 %    
Ww   Wd

fVm
---------------------

 
  100

rm  
2.9  1.75 8LQ

Ap
-------------------------------------------

Water Content %   
Ww  Wd

Ww
---------------------

 
  100

Jw, 1 
V

A t
----------

R %    f 1 
Cp

Cf
------

 
  100

Table 1. The used solution composition detail for membrane preparation
Membrane PEI (wt%) L-cysteine POSS-TiO2 (wt%) PVP (wt%) DMAc (wt%)

M0 18 0 1 81%
M1 18 0.001% 1 80.999%
M2 18 0.01% 1 80.99%
M3 18 0.1% 1 80.9%
M4 18 1% 1 80
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After that, fouled membranes were placed into the deionized
water for 2 h and then washed. Then, the pure water flux (Jw, 2 (L/
m2h)) was obtained for measurement of the flux recovery ratio
(FRR%):

(6)

To minimize the experimental error, measurements were done
three times for each sample and then their average value reported.

RESULT AND DISCUSSION

1. Membrane and Nanoparticle Characterization
The FTIR analysis of composite nanoparticles and fabricated

membranes is shown in Fig. 2. The strong peak at 1,100 cm1 and
1,074 cm1 was attributed to present Si-O-Si bonds in all FTIR
spectra due to the cage structure of POSS. The FTIR spectra for
L-cysteine POSS, L-cysteine POSS-TiO2 composite nanoparticles
showed the hydroxyl and NH2 groups into the nanoparticle struc-
ture [26,34,35]. Moreover, the adsorption peaks in 1,640 and 1,400-
1,500 cm1 are due to Ti-OH and Ti-O bonds in L-cysteine POSS-
TiO2 composite nanoparticles [36]. For PEI/L-cysteine POSS-TiO2

membrane, the stretching vibration of 1,730 and 1,777 cm1 is at-
tributed to C=O symmetric and asymmetric carbonyl groups into
the imide ring of PEI. The peak at 1,227 cm1 related to the aro-
matic ether linkage (C-O-C) of PEI. The broad absorption peak
around 3,000-3,600 cm1 is related to the stretching of hydroxyl
functional groups (-O-H) [33,37]. Introducing L-cysteine POSS-
TiO2 composite nanoparticles as additives in the PEI as membrane
matrix led to chemical cross-linking by -NH2 in nanoparticles and
imide rings of PEI. The peak at 3,483 cm1 is related to the presence
of N-H groups. The N-H groups are due to the interaction between
amine groups (-NH2) in L-cysteine POSS-TiO2 and imide rings in
PEI. The FESEM image of L-cysteine POSS-TiO2 composite nano-

particles shown in Fig. 2 confirmed the size of composite nanopar-
ticles ~39.33 nm.

The FESEM images of the fabricated membranes are shown in
Fig. 3 and Fig. 4. The asymmetric structure of membranes, includ-
ing selective layer and a porous layer as membrane supporter with
figure-like structure, is clear in all FESEM images. By incorpora-
tion of nanoparticles, the porous layer of membranes shifted to
longer pores in PEI/L-cysteine POSS-TiO2 membranes due to more
hydrophilic groups on the surface of these membranes, thus lead-
ing to more interaction with water molecules. The size of voids in-
creased in a high concentration of nanoparticles. Because by increas-
ing hydrophilic nanoparticles, the interaction between membrane
matrix and nanoparticles reduced and the interaction among nano-
particles and water molecules increased, and thus improved the
exchange rate of solvent-water and rapid demixing that led to
forming higher pores into the membrane structure [38-40]. The
larger pores were observed for composite nanoparticles due to
more speed in the exchange between solvent and non-solvent and
nanoparticle migration to the membrane surface [13,39]. It should
be considered that the cage structure of POSS into the composite
nanoparticles can lead to tuning pores into the membrane struc-
ture [41-44]. Also, the thickness of selective layer was enhanced by
increasing nanoparticles compared to the pristine PEI membrane,
which is an important factor for salt separation [45]. As is clear in
FESEM images, the selective layer thickness of PEI/TiO2 membrane
is higher than PEI/L-cysteine POSS-TiO2 membrane. This can be
described due to lower accumulation of L-cysteine POSS-TiO2

nanoparticles and better affinity with membrane structure that
was obtained by hydrophilic groups such as hydroxyl, carboxyl, and
amine. By incorporation of nanoparticles, the selective layer thick-
ness increased and the highest thickness selective layer was obtained
for M3 by incorporation 0.1 wt% of TiO2 and L-cysteine POSS-
TiO2 nanoparticles.

The surface morphology of fabricated membranes was investi-

FRR%  
Jw, 2

Jw, 1
--------

 
  100

Fig. 2. The (a) FTIR analysis of composite nanoparticles and fabricated membrane containing of composite nanoparticles, and (b) FESEM
image of L-cysteine POSS-TiO2 composite nanoparticles.
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gated by AFM analysis in the scanning area 6m×6m as shown
in Fig. 5. Moreover, the roughness parameter of PEI/L-cysteine

POSS-TiO2 membranes is clear in Table 2. By incorporation of
nanoparticles, average roughness (Ra) of membranes and the max-

Fig. 3. The cross sectional FESEM image of PEI/TiO2 blended membranes.
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Fig. 3. Continued.

Fig. 4. The cross-sectional FESEM images of PEI/L-cysteine POSS-TiO2 membranes.
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imum height of roughness (Rmax) decreased compared with the pris-
tine PEI due to filling cavities with hydrophilic composite nano-
particles and forming smoother surface. M3 showed the lowest
surface roughness (Ra=1 nm) and Ra reduced from 19.49 nm for

the pristine PEI to 1 nm for 0.1 wt% particles due to filling pores
with additives. Therefore, incorporation of nanoparticles into the
membrane enhanced antifouling properties [46-49]. But Ra increased
to 3.2 nm for membranes containing 1 wt% of composite nanopar-

Fig. 4. Continued.
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ticles. The increasing surface roughness was attributed to compos-
ite nanoparticle aggregation on the membrane surface that can lead
to pore blockage and form a rougher membrane surface.

2. Membrane Filtration Performance
The hydrophilic groups on the composite nanoparticles improved

the membrane hydrophilicity. The contact angle of the fabricated
membranes (Fig. 6) showed the improvement of membrane hydro-
philicity with the incorporation of TiO2 and L-cysteine POSS-TiO2

composite nanoparticles. By incorporation of TiO2 and L-cysteine
POSS-TiO2 nanoparticle, the contact angle decreased from 65o in
the pristine membrane to 30o in M4 due to the presence of hydro-
philic groups in the nanoparticles. The hydrophilic groups into nano-
particles increased water transport via the membrane. As shown
in the Fig. 7, the pure water flux of PEI/TiO2 membranes was lower
than pristine PEI membrane, while by introducing L-cysteine POSS-
TiO2 composite nanoparticles improved to 22.03 (L/m2h) for M4
in 1 wt% composite nanoparticles, that is the result of increasing

Fig. 5. The AFM images of fabricated membranes.

Table 2. The roughness parameter of PEI/L-cysteine POSS-TiO2
membranes

Membrane No. Ra (nm) Rmax (nm)
M0 19.49 84.36
M1 2.7 14.66
M2 02.62 10.37
M3 1.0 5.9
M4 3.2 18.21
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membrane hydrophilicity and higher affinity of particles with poly-
mer matrix and thus better nanoparticle dispersion compared with
TiO2 nanoparticles. These results are in agreement with mem-
brane porosity (Fig. 8) and the mean pore size of membranes (Fig.
9). As shown in Fig. 8 and Fig. 9 the porosity and mean pore size
of membrane decreased due to filling pores with nanoparticles and
then increased in a high concentration of nanoparticles. The FESEM

images of membranes confirm these results.
The membrane separation was examined by the aqueous solu-

tion of Na2SO4, Pb(NO3)2, CrSO4, Cu(NO3)2. Fig. 10 shows the
Na2SO4 rejection of fabricated membranes. The Na2SO4 rejection
improved from 69% in pure PEI to 78% in M1 due to presence of
negative charges on the membrane surface and electrostatic repul-
sion of SO4

2 ions. Furthermore, the cage structure of POSS af-
fected the size of porosities and led to tuning porosities into the
membrane structure [18,50,51]. On the other hand, the lowest PWF
was obtained at M1-TP, which led to reduced salt ion transport
with water molecules. However, the membrane porosity increased
in M1-TP, but the mean pore size of the membrane decreased,
which prohibited water molecules and salt ion transport. The highest
Na2SO4 rejection (79%) was obtained for 0.1 wt% TiO2 nanoparti-
cles into the PEI membrane (M3). Decreasing membrane poros-
ity, decreasing mean pore size of membrane and increasing the
selective layer thickness to 11.3m are effective in salt ion rejec-
tion. Moreover, electrostatic repulsion between negative charges
on the membrane surface and SO4

2 is the major mechanism for
Na2SO4 rejection. By comparison between PEI/TiO2 and PEI/L-
cysteine POSS-TiO2 in Na2SO4 rejection with values of 79% and
78%, respectively, it was found that the POSS particles have not a
significant effect on the Na2SO4 rejection, and electrostatic repul-

Fig. 6. The contact angle of fabricated membranes.

Fig. 10. The Na2SO4 rejection for the fabricated membranes at feed
concentration of 1,000 mg/L.Fig. 7. The pure water flux for all fabricated membranes.

Fig. 8. The porosity of fabricated membranes.

Fig. 9. Mean pore size of all fabricated membranes.
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sion is an important mechanism for Na2SO4 rejection. Further-
more, the decline of Na2SO4 rejection was related to the accumulation
of nanoparticles and the decrease of functional group effects on
the membrane surface for ion repulsion.

The separation performance of Pb(NO3)2 is shown in Fig. 11. As
is clear, by incorporation of composite nanoparticles, the Pb(NO3)2

rejection improved from 43% in M0 to 64% in M4. The cage struc-
ture of POSS has a high potential for adsorption of Pb2+ ions [24,
52,53]. However, the NO3

 repulsion by negative charges on the
membrane surface is another reason for lead rejection. PEI/TiO2

membranes enhanced the lead rejection to 61% in 1 wt% nanopar-
ticles. As is clear in Fig. 11, the presence of POSS particles into the
membrane structure improved the lead rejection due to the ad-
sorption mechanism by the cage structure of POSS. Larger mean
pore sizes in PEI/L-cysteine POSS-TiO2 membranes increased the
active sites for adsorption of Pb2+ ions. Moreover, the reduction of
Pb2+ rejection in M2 membrane can be explained by longer fin-
ger-like structure (see FESEM in Fig. 3 and Fig. 4).

Investigation of CrSO4 rejection (Fig. 12) by TiO2 and L-cyste-
ine POSS-TiO2 particles showed good performance of nanocom-

posite particles to Cr2+ rejection. By considering negative charges
on the membrane surface and SO4

2 repulsion by membranes sur-
face, the adsorption mechanisms by POSS in composites nanopar-
ticles is important for Cr2+ rejection. The highest CrSO4 rejection
(67%) was found for M3-TP. M3-TP showed the highest selective
layer thickness (4.67m). But in a high concentration of compos-
ite nanoparticles, decreased the Cr2+ rejection that can be explained
by high porosity, longer and larger mean pore size of membrane,
and thus high PWF that leads to from nonselective pores and
more aqueous solution transport. Furthermore, introducing TiO2

nanoparticles into the membrane, Cr2+ rejection was reduced from
62% to 32%. It was considered that the addition of decreasing
PWF compared with the pristine PEI membrane; increasing TiO2

nanoparticles has a negative effect on Cr2+ rejection due to reduc-
ing the mean pore size of the membrane, more aggregation of TiO2

nanoparticles in the membrane structure and thus reduction of active
sites to adsorption of Cr2+ ions.

The rejection of Cu(NO3) is shown in Fig. 13. As is clear, incor-
poration of L-cysteine POSS-TiO2 composite nanoparticles improved
Cu2+ rejection from 40% in M0 to 66% in M3-TP. However, intro-
ducing TiO2 nanoparticles increased Cu2+ rejection to 61% in M1-
TiO2, but low PWF of PEI/TiO2 membrane decreased separation
performance of these membranes. Moreover, the Cu2+ rejection
decreased by increasing TiO2 nanoparticles from M1-TiO2 to M4-
TiO2 and that can be the result of decreasing more active sites for
Cu2+ adsorption. Because, the membrane pores fill with TiO2 nano-
particles. Furthermore, by increasing L-cysteine POSS-TiO2 nano-
particles increased Cu2+ rejection due to the presence cage struc-
ture of POSS and the formation of more active sites for Cu2+

adsorption. Then, the Cu2+ rejection was reduced in 1wt% compos-
ite nanoparticles due to nanoparticle aggregation and lower active
sites.

The comparison between separation performance of fabricated
membranes in this study with several related researches in Na2SO4,
Pb(NO3)2, Cu(NO3)2 and CrSO4 removal is shown in Table 3. As
seen, the modified membranes in the current study are compara-
ble with that of other reported ones.

The flux recovery ratio (FRR%) of M0 and M3-TiO2 and M3-

Fig. 11. Pb(NO3)2 rejection of fabricated membranes at feed con-
centration of 500 mg/L.

Fig. 12. CrSO4 rejection of fabricated membranes at feed concen-
tration of 500 mg/L.

Fig. 13. Cu(NO3)2 rejection of fabricated membranes at feed con-
centration of 500 mg/L.
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TP membranes is illustrated in Fig. 14. Generally, FRR% of all pre-
pared membranes increased compared with pristine PEI mem-
brane, and the highest FRR% was 53% and 81% in 0.1 wt% TiO2

and composite nanoparticles, respectively. The improvement of
FRR% was related to present functional groups -OH, -COOH on
the membrane surface and decreasing membrane roughness ac-
cording to AFM results for M3 membranes. Also, increasing the

selective layer thickness and formation of dense layer structure on
the membrane surface is effective for improvement of anti-fouling
properties. FRR% shows the ability of membrane recycling after
fouling. Membrane hydrophilicity is the most important factor to
decrease fouling. However, POSS materials are hydrophobic, but
the modification of POSS with different functional groups such as
-OH, -COOH and -NH2 enhanced the hydrophilicity of POSS
nanoparticles.

CONCLUSION

Glycidyl-POSS was functionalized by L-cysteine to synthesis of
L-cysteine/POSS nanoparticles containing of hydroxyl, carboxyl,
and amine groups. Then, the synthesized nanoparticles were applied
to fabrication of L-cysteine POSS-TiO2 composite nanoparticles.
The synthesized (L-cysteine POSS-TiO2) nanoparticles were then
applied to preparing of PEI based NF membranes. The used com-
posite nanofiller showed potential of POSS-based nanoparticles
for the enhancement of pure water flux and separation performance
of NF membranes. The rejection of Na2SO4 promoted ~11% com-
pared with the pristine PEI membrane in 0.1 wt% nanoparticles,
and Pb(NO3)2 rejection increased ~33% compared with pristine
PEI membrane in 1 wt% nanoparticles. Moreover, CrSO4, and
Cu(NO3)2 removal was enhanced 22%, and 39% compared with

Table 3. Comparison between the separation performances of prepared membranes in this study with some related researches

Membrane Nanoparticle Nanoparticle
loading (wt%)

Feed
concentration

(mg/L)

Pressure
(bar) PWF

Rejection (%)
Ref.

Na2+ Pb+2 Cu+2 Cr2+

Polyether sulfone GOa 1 1,000 5 7.3
(kg/m2·h) - 77 - [54]

Polyether sulfone PANI/Fe3O4
b 0.1 20 5 47

(kg/m2·h) - 85 - [55]

PI84 GO 0.9 0.05 M 15 13.07
(L/m2h) 100 - - - [56]

Poly(phenylene
ether-ether sulfone) TiO2 0.1 1,000 6 44

(L/m2h) 074 - - - [13]

PVC-ABA/PSf 0.5 10 4.5 34.17
(L/m2h) - 68 - - [57]

PVDF A-HNTsc 0.66 100 - 26
(L/m2h) - - 47 - [58]

PEI TiO2 1

1,000

4.5 11.9
(L/m2h)

069 - - -

In this study500 - 61 - -
500 - - 59 -
500 - - - 38

PEI L-cysteine
POSS-TiO2

0.1

1,000

4.5 7.9
(L/m2h)

072 - - -

In this study500 - 55 - -
500 - - 66 -
500 - - - 67

aGraphene oxide (GO).
bPolyaniline/iron (II, III) oxide (PANI/Fe3O4) nanoparticles.
c3-Aminopropyltriethoxysilane (APTES) grafted halloysite nanotubes (HNTs).

Fig. 14. FRR% ratio of pure PEI, PEI/TiO2 and PEI/L-cysteine POSS-
TiO2 (0.1 wt%) membranes.
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pristine PEI membrane, respectively. The hydrophilic groups in
composite nanoparticles enhanced anti-fouling properties of the
prepared membranes, and the best FRR% (81%) was obtained for
M3 with 0.1 wt% of composite nanoparticles.
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