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Abstract—Surface functionalization of zinc oxide (ZnO) nanoparticles was performed by glycidyl POSS. The synthe-
sized nanoparticles were applied to prepare polyether-imide based-nanofiltration membranes by phase inversion
method. The characterizations were done by FESEM, EDX and AFM analysis. The effect of different concentrations of
POSS-ZnO (PZ) nanoparticles was investigated to evaluate the separation performance of prepared membranes by
contact angle measurement, pure water flux (PWF), rejection of aqueous solutions including Na,SO,, Pb(NO;),,
Cu(NO;), and flux recovery ratio (FRR%). The prepared PEI/PZ membranes showed significant separation perfor-
mance and antifouling properties compared with neat PEI and PEI/ZnO membranes. The highest pure water flux
(424 L/m’h) was revealed for M1-PZ in 0.001 wt% of PZ nanoparticles, whereas that was 17 (L/m’h) for neat mem-
brane and 12-18 (L/m’h) for PEI/ZnO, respectively. Also, salt rejection was low for blended PEI/ZnO membranes. By
incorporation of PZ into the PEI, Na,SO,, and Pb (NO,), rejection improved to 83% and 59%, respectively. Moreover,
the M3-PZ showed the best separation performance for Cu (NO;), with the rejection of 67%. The highest antifouling
properties were obtained for M4-PZ with FRR% of 59%, which is significant compared with 15% for PEI/ZnO and
30% for neat PEI membranes.
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INTRODUCTION

Membrane filtration, such as ultrafiltration (UF), microfiltration
(MF), nanofiltration (NF), reverse osmosis (RO) and electrodialy-
sis (ED), is an environmentally friendly, highly efficient technol-
ogy for water purification [1,2]. NE as a major membrane process
was introduced in the 1980s and is operated in the range of 1-20
bar, including pore sizes of 1 nm [3,4]. One of the greatest challenges
in NF membranes is fouling, which significantly reduces their sep-
aration performance. Fouling increases the consumption of energy
and the operating costs. The methods for fouling control are fol-
lowed by the improvement of membrane hydrophilicity and de-
creased surface roughness of membranes. For this purpose, sur-
face modification, including physical and chemical modification,
grafting, adsorption, and blending, has been applied [5-7]. Among
these modifications, blending with hydrophilic additives, includ-
ing organic and inorganic materials, have been used extensively [8-
11]. Organic and inorganic nanomaterials such as titanium dioxide,
iron oxide, graphene oxide, carbon nanotubes, chitosan, and cellu-
lose acetate have been used for decreasing membrane fouling and
enhancement of chemical resistance and mechanical strength with-
out decreasing salt rejection. But the application of inorganic nano-
materials for the fabrication of membranes leads to agglomeration
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and bad dispersion of nanoparticles. The methods for overcoming
this are nanoparticle functionalization with desirable groups and
preparation of new composite nanoparticles [12,13]. In this study,
the functionalization of ZnO nanoparticles was considered by gly-
cidyl-POSS. Zinc oxide (ZnO) nanoparticles with advantages such
as high surface area, suitable non-toxic, low cost, high thermal and
chemical stability, good antibacterial properties are attractive in
membrane applications [14,15]. The application of ZnO nanopar-
ticles into the membrane matrix increases the stability of a system
at the operating condition. Moreover, the physical and chemical
properties of membrane improve and that leads to the improve-
ment of the anti-fouling properties of prepared membranes [12].
Rajabi et al. [16] synthesized ZnO nanoparticles and ZnO nanorods
for preparation of PES-based membranes. The prepared membranes
showed high-water permeability, high resistance of fouling in 0.1
wt% ZnO nanoparticles. Moreover, membrane durability improved,
and ZnO nanorods showed higher performance than ZnO nanopar-
ticles. Zinadini et al. [12] applied the coated multiwalled carbon
nanotubes (MWCNTSs) by ZnO for the fabrication of PES mem-
branes. These nanoparticles significantly increased the water per-
meability. The application 0.5wt% ZnO/MWCNTs into the PES
membrane showed the best anti-fouling properties of prepared
membranes. Moreover, the results exhibited good Direct Red 16
rejection.

Polyhedral oligomeric silsesquioxane (POSS) as organic and inor-
ganic nanomaterial is attractive due to high functional groups in its
structure. POSS with its cage structure in combination with poly-
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mers increases rigidity and adsorption capacity of pollutants. The
presence of functional groups increases affinity with organic and
inorganic materials. The reactive functional groups of POSS lead
to reactions of cross-linking in solutions and thus create strength-
ened physicochemical characteristics. The size of POSS molecules
is in the range of 1-3 nm. POSS nanomaterials show high dispersity
into the common solvents [17-20]. Therefore, in this work, POSS
with its special properties was applied to functionalization of ZnO
nanoparticles. Studies showed a high potential of POSS materials
for enhancement of membrane performance in wastewater treat-
ment. You et al. [21] used POSS nanoparticles for tuning pores in
polydopamine (PDA) membrane by a facile co-deposition process
on polyacrylonitrile (PAN) substrate. The prepared membranes
showed high porosity with narrow nanopore size in about 1.04-
1.07nm. The high porosity of fabricated membranes increased
remarkably the water permeability and dye rejection. He et al. [18]
showed the capacity of POSS nanomaterials for adsorption of arse-
nic and selenium by NF membranes. Moreover, the construction
of thin-film nanocomposite membranes from different POSS nano-
material such as P-8Phenyl, P-8NH,Cl, P-8NH,, and P-1NH, was
investigated in desalination applications and wastewater treatment
[17,19,22-24]. In this study; the functionalization of ZnO by glycidyl
POSS was performed for the fabrication of PEI-based NF mem-
branes for separation of Na,SO,, Pb (NOs), and Cu (NO3), salts.
The epoxy groups in glycidyl POSS are unstable even in aqueous
solution; therefore, it has high reactivity with hydroxyl groups in
ZnO nanoparticles. Moreover, polyether-imide (PEI) exhibits high
thermal and chemical stability, good mechanical strength with high
ability in film forming [25-29]. Thus, it is expected that the pres-
ence of ZnO-POSS nanomaterials into the PEI membranes can
improve porosity and water permeability, adsorption capacity and
anti-fouling properties.

MATERIALS AND METHODS

1. Materials

Octaglycidyloxypropyl-silsesquioxane (Glycidyl-POSS) was pur-
chased from Iran Polymer and Petrochemical Institute. Polyether-
imide (PEI) (M,,: 35,000) was supplied from Sigma Aldrich. N, N-
dimethylacetamide (DMAc) and tetrahydrofuran (THF) were pur-
chased from DAEJUNG, Korea as a solvent. Zinc oxide nanoparti-
cles and polyvinylpyrrolidone (PVP) as pore-forming were purchased
from Merck. Aqueous solutions of Na,SO,, Pb(NO;), and Cu(NO3),
were applied as feed solutions for studies of membrane separation.
2. Synthesis of Functionalized-zinc Oxide Nanoparticles

The preparation of functionalized-ZnO nanoparticles by glyc-
idyl-POSS was followed by dispersion ZnO nanoparticles into THF
and stirring for obtaining a homogeneous mixture. Then glycidyl-
POSS was added to it. The solution was heated at 50 °C and stir-
ring followed for 6 h. Then the prepared solution was kept at ambi-
ent temperature for 24 h. The glycidyl-POSS functionalized-ZnO
(PZ) powder was dried in a vacuum oven at 50 °C for 14 h. Fig. 1
shows the synthesis route of PZ nanoparticles.
3. Membrane Preparation

PEI/PZ and PEI/ZnO membranes were fabricated by phase
inversion method and immersion into the water bath. First, PEI
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Fig. 1. The synthesis route for functionalization of ZnO by glycidyl
POSS.

with 18 wt% and PVP at 1 wt% as a pore-forming agent was solved
into the DMAC as a solvent. Then different concentrations of ZnO
and PZ nanoparticles (0, 0.001, 0.01, 0.1 to 1 wt%) were added to
the solution in the prior step and stirred for 20 h at 60 °C for ob-
taining a homogeneous solution. After that, the air bubbles from
the fabricated solution were removed by keeping the solution at
ambient temperature for 12 h. The NF membranes were constructed
by spreading on a clean glass plate and an applicator. The mem-
branes were soaked in deionized water for 24 h for the complete
phase inversion process. The final thickness of prepared membranes
was 120 pm. The prepared membranes were indicated as M1-
Zn0O, M2-ZnO, M3-ZnO, M4-ZnO with 0.001, 0.01, 0.1, 1 wt% of
ZnO nanoparticles, and also, M1-PZ, M2-PZ, M3-PZ, M4-PZ are
blended membranes containing of 0.001, 0.01, 0.1 and 1wt% of
(POSS-ZnO) PZ nanoparticles. The MO was related to neat PEI-
membrane. The composition of polymeric solution is summarized
in Table 1.
4. Characterization Methods
4-1. Membrane and Nanoparticle Characterization

Fourier transform infrared spectroscopy (FTIR) was used to con-
firm fabrication synthesis of nanoparticles and their presence in
the membranes. FTIR spectra were recorded with a Bruker spec-

Table 1. Details of compositions for the preparation of membranes

Membrane PEI ZnO and pPVPpP DMAc
(wt%) POSS-ZnO (Wt%) (Wt%)
Mo 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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trometer (TENSOR 27) in the range of 500 to 4,000 cm™" at resolu-
tion of 1 em™ for each spectrum. The energy dispersive X-ray (EDX)
analytical method was applied to show the dispersion of nanopar-
ticles into the membrane structure. The morphology of membranes
and nanoparticles was examined by field emission scanning elec-
tron microscopy (FESEM). The roughness and surface morphol-
ogy of fabricated membranes were determined by atomic force
microscope (AFM) (FemtoScan model made in Russia) with scan-
ning area 6 Umx6 pm.
4-2. Membrane Filtration Performance

The cross-flow nanofiltration system was used for the calculation
of separation performance of fabricated membranes. Membrane test-
ing was carried out at ambient temperature and 4.5 bar. Before the
membrane testing, membrane compaction was done with deionized
water for 30 min at 5 bar to obtain a steady state condition. Mem-
brane rejection was determined by the aqueous solutions of Na,SO,
(1,100 mg/L), Pb(NO3),, Cu(NO;), with concentration 500 mg/L.
Membrane fouling was examined by flux recovery ratio (FRR%)
by washing fouled membranes in deionized water and measure-
ment of pure water flux (PWF) at 4.5 bar and room temperature.

Egs. (1) and (2) were applied to measure membrane porosity and
mean pore size of the prepared membrane [30-32]:
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All calculations were repeated three times and the average values
were reported for reducing experimental error, where W, and W,,
(g) are dry weight and wet weight of membrane respectively. py is
water density (g/cm’). V,, is volume (cm”’). 7, Q, AP are the water
viscosity (8.9x10™* Pa-s), the volume of the permeated pure water
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flux (m?/s) and operating pressure (0.45 MPa) respectively. A, and
I are the membrane filtration area (m?), porosity and the thickness
of membranes (m). The contact angle of fabricated membranes
was obtained by contact angle analyzer for determination of mem-
brane hydrophilicity properties.

The pure water flux (PWF), salt rejection and FRR% of fabri-
cated membranes were calculated by Eq. (3), (4) and Eq. (6) [4,25]:
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where J,, 1, V are the PWF (Lmh™") and volume of solution in per-
meated water, A and t are the effective area of membrane (11.94
cm?) and time (h). Csand C, are the feed and permeate concen-
tration, respectively. J,,, (L/m’h) is the PWF of fouled membranes
after washing.

RESULTS AND DISCUSSION

1. Characterization of ZnO, PZ Nanoparticles and Prepared
Membranes

The chemical structures of ZnO, and PZ nanoparticles were de-
termined by FTIR analysis as shown in Fig. 2. The FTIR spectrum
of ZnO and PZ nanoparticles are shown in the range of 500-4,000
cm™". The presence of hydroxyl groups was observed at 3,383 cm™
[33,34]. The band 1,735 cm™ is attributed to present carbonyl groups
of imide rings [35]. The strong absorption bond around 1,101 cm™
was attributed to the presence of Si-O-Si group in the PZ and PEI/
PZ membranes [36,37]. Zn-O bonds were determined at the peak
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Fig. 2. The FTIR analysis of ZnO, PZ nanoparticles, glycidyl POSS and PEI/PZ (1 wt%) membranes.
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Fig. 3. FESEM images of the prepared membranes from ZnO nanoparticles and POSS-ZnO nanoparticles.

of 510 and 640 c ™ [14].
2. Membrane Morphology

FESEM, EDX and AFM were applied to characterize the sur-
face morphology of PEI/ZnO and PEI/PZ membranes. The FESEM
cross-section images of all prepared membranes (PEI/ZnO and
PEI/PZ) are shown in Fig. 3. The images of EDX and AFM are
shown in Fig. 4 and Fig. 5. All prepared membranes show asym-
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metric structure, including a top layer as selective layer and a sup-
port layer with porous structure. The phase inversion process leads
to exchange between solvent and non-solvent (deionized water)
and produces a asymmetric structure. By increasing the nanopar-
ticle loading, the thickness of selective layer changes and acts as a
barrier layer and increases by incorporation of ZnO nanoparticles.
The highest thickness of selective layer was observed for M2-ZnO
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Fig. 3. Continued.

at 0.01 wt% of ZnO nanoparticles. Then the thickness of selective
layer decreased in M3-ZnO and M4-ZnO. This decreasing can be
explained due to ZnO nanoparticle agglomeration at high concen-
tration [32,38]. Moreover, the thickness of selective layer of PEI/
PZ membranes increased with increasing PZ nanoparticles. The
highest thickness of selective layer was observed for M4-PZ. Longer
and larger porosities were obtained for porous layer and increased
in the high concentration of nanoparticles. Because by introduc-
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ing nanoparticles, the interactions between polymer chains are
reduced and the rate of exchange solvent and non-solvent increase
due to hydrophilic properties of nanoparticles. These parameters
lead to more and longer porosity [35,39,40]. The structure of PEI/
ZnO and PEI/PZ membranes revealed better dispersion of PZ
nanoparticles due to more interaction between PEI and PZ nanopar-
tides and creating hydrogen bonding between hydroxyl groups
and carbonyl group of imide ring of PEI [41]. Functionalization of

Korean J. Chem. Eng.(Vol. 37, No. 2)
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ZnO by POSS conveniently improves incorporation for the con-
struction of composite polymers [42]. PZ nanoparticles show tun-
ing porosities because of the cage and rigid structure of POSS [21].
Mapping and EDX analysis of M2-PZ was applied to confirm the
uniform structure of nanoparticle dispersion and the presence of
Si element of PZ nanoparticles (see Fig. 4).
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The surface morphology of prepared membranes was evaluated
by AFM analysis. The AFM image and the roughness parameters
are shown in Fig. 5. The results show a smoother surface for PEI/
PZ than PEI membranes. The average roughness (R,) was reduced
from 20.01 nm in pure PEI to 1.90 nm in M3-PZ. Thus, the incor-
poration of PZ nanoparticles led to better dispersion of PZ nanopar-



Glycidyl POSS-functionalized ZnO nanoparticles incorporated polyether-imide based nanofiltration membranes 269

1 K
-]
o]
o
1%—5
10000}
e | Kig
o o v
LAY L T T T T T T T o
g = 750 '- mbe =10 nA
Fig. 4. EDX analysis of M2-PZ membrane.
, H MO- neat sample H MI1-PZ
N
- A
» - -
* - g
I : - -/ o
Ra: 20.01 nm Ra: 2.14 nm
Ra: 3.44 nm Ra: 1.90 nm
H M2-PZ
Ra: 3.16 nm
Fig. 5. AFM images of PEI/PZ membranes.
ticles into the membrane and a smoother surface. process, is determined by the contact angle. Fig. 6 shows the change
3. Membrane Separation Performance of contact angle in PEI/ZnO and PEI/PZ and pristine PEI mem-

Membrane hydrophilicity, which is important in the separation branes. Incorporation of ZnO and PZ nanoparticles decreased the

Korean J. Chem. Eng.(Vol. 37, No. 2)
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Fig. 7. Pure water flux for all prepared membranes.

contact angle of membranes from 65° to in the range of 20-30°,
therefore improving membrane hydrophilicity due to hydrophilic
groups such as hydroxyl. The result of pure water flux (PWF) is
summarized in Fig. 7 for different concentrations of ZnO and PZ
nanoparticles. Pure water flux of modified membranes by PZ nano-
particles improved compared with pristine membrane. But the signif-
icant increasing of PWF by PEI/ZnO membranes was not ob-
served compared to the pristine membranes. The highest PWF in
PEI/ZnO nanoparticles was obtained 18 (L/m’h), which was fairly
similar to other reported values by ZnO nanoparticles. While, the
water permeability enhanced significantly in PEI/PZ nanoparticles
and the highest PWF recorded 42.4 (L/m’h) in M1-PZ and then
decreased to 16.75 (L/m’h) in M4-PZ by increasing nanoparticle
concentration. It is often considered that strong interaction is cre-
ated between water molecules and oxygen-containing groups in
the POSS and ZnO structure [43-45]. Therefore, the free paths for
water transport decreased by increasing PZ nanoparticles. As shown
in Table 2, the porosity of membranes decreased in a high concen-
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Table 2. Membrane porosity and mean pore size for fabricated mem-

branes
Sample Porosity (%) Mean pore size (nm)
MO 56.01 4.20
M1-PZ 75.11 1.89
M2-PZ 68.09 1.97
M3-PZ 62.03 1.87
M4-PZ 61.22 1.61
M1-ZnO 75.42 1.39
M2-ZnO 69.31 1.52
M3-ZnO 67.12 1.27
M4-ZnO 69.25 1.34
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Fig. 8. The Na,SO, rejection of pure PEI, PEI/ZnO and PEI/PZ mem-
branes.

tration of nanoparticles, and the highest porosity was observed in
MI1-PZ, which is in agreement with the results of PWE Moreover,
the cage structure of POSS affects the increasing free path for water
molecule transport. Therefore, the functionalization of ZnO nano-
particles by glycidyl-POSS improved the PWF in ZnO-containing
membranes.

The separation performance of all prepared membranes was
evaluated by the aqueous solution of Na,SO, (1,000 mg/]). The result
of salt rejection is shown in Fig. 8. As shown, the Na,SO, rejec-
tion increased to 83% in M3-PZ in 0.1 wt% of PZ nanoparticles,
which can be explained by Donnan exclusion mechanism and molec-
ular sieve. The oxygen groups and hydroxyl groups with their neg-
ative charges on the nanoparticle surface repulse the SO} ions
and that led to rejection of Na,SO, salt. Moreover, the cage struc-
ture of POSS particles reduced surface pores and created narrow
pores which lead to increase rejection [18,46].

The Na,SO, rejection did not increase significantly by incorpo-
ration of ZnO nanoparticles, and the highest Na,SO, rejection (78%)
was obtained at the lowest ZnO concentration; that showed 11%
increase compared with pure PEI with Na,SO, rejection 59%. After
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that, the rejection rate decreased at a high concentration of ZnO
nanoparticles. However, the membrane porosity increased com-
pared with pristine membrane according to Table 2. But the mean
pore size of membranes decreased with increasing ZnO nanopar-
ticles. The results of the mean pore size of membranes are shown
in Table 2. Na,SO, rejection decreased in M4 due to agglomera-
tion of nanoparticles on the membrane and decreasing nanoparti-
cle dispersity [38,47].

Metal aqueous solutions of Pb(NOs), and Cu(NO;), were pre-
pared with a concentration of 500 mg/L for the examination of
heavy metal ions separation. The result of metal ion rejection is
shown in Figs. 9(a) and (b). POSS is a good adsorbent for heavy
metals according to previous studies [18,48,49]. Therefore, PZ nano-
particles showed more separation performance of heavy metal (Pb**
and Cu’™") than ZnO nanoparticles. The trend of rejection rate of
Pb(NO,), was incremental from M1 to M2, and then it decreased
in M3. This process can be explained by the thickness of the selec-
tive layer and the type of channel formation. As clear in FESEM
images, the thickness of the selective layer increased from M1 to
M2 for both PEI/ZnO and PEI/PZ membranes. Then it decreased
in M3. According to FESEM images, the M3-ZnO and M3-PZ
membranes show more continuous channels in their structure com-
pared with M2 and M4. Thus, the adsorption and transport of
Pb’* with ion hydrate of 4.01 A increased and that led to reduced

2 2

FRR%
g &

Pure PEI M4-ZnO M4-PZ

Membrane

Fig. 10. The flux recovery ratio (FRR %) of pure PEI, M4-ZnO and
M4-PZ in 1 wt% nanoparticles.

salt rejection [50]. In the high concentration of nanoparticles (M4),
the rejection of Pb(NO), increased due to the significant increas-
ing thickness of the selective layer and the interconnecting struc-
ture of channels.

The Cu(NO;), rejection improved in PEI/PZ about 40% rather
than pure PEI membranes and increased from 42% to 67% in
M3-PZ. By incorporation of nanoparticles, the interaction between
polymer and nanoparticles increased and free spaces into the mem-
brane structure filled, which led to improving salt rejection. Against
Pb™" rejection, the maximum rejection of Cu** was obtained in
M3-PZ. Because Cu”* has higher hydrate ion (4.19 A) than decreased
ion transport. Therefore, the major mechanism for Cu(NO), rejec-
tions is ion repulsion. The presence of high negative charges on
the PZ particles repulses the NOj3 . Thus, the Cu(NO;), rejection
increased with increasing nanoparticle loading and negative charges.
But, in 1 wt% of PZ nanoparticles for M4-PZ occurred the agglom-
eration of nanoparticle and led to reducing Cu(NO,), rejections.
Studies show that the ionic radius is the most important reason for
the adsorption of Pb** and Cu’". Also, the adsorption of the small
ionic radius is greater. Therefore, the adsorption of Pb™" with a
smaller ionic radius is more than Cu** [50-52]. The results did not
exhibit a significant increase for Cu (NO,), rejection by PEI/ZnO
nanoparticles.

4. Anti-fouling Properties of Prepared Membranes

The hydrophilicity and surface roughness of membranes, which
are two important parameters for the explanation of antifouling
properties, can be measured by flux recovery ratio (FRR %). As
shown in Fig. 10, the highest FRR% was obtained for 1wt% of
ZnO and PZ nanoparticles. The antifouling property of PEI/ZnO
membranes is very low. By introducing ZnO nanoparticles into
the membrane matrix the thickness of selective layer in PEI/ZnO
membranes increased significantly compared with PEI/PZ and pure
PEI membranes, which led to increase membrane roughness and
thus reduction of FRR% and antifouling ability. But functionaliza-
tion ZnO with glycidyl POSS improved the anti-fouling property
from 30% for pure membrane to 59% for M4-PZ. The presence of
hydrophilic groups on the PZ nanoparticles and smoother surface
membrane increased PWF after membrane fouling [53,54]. As clear

Korean J. Chem. Eng.(Vol. 37, No. 2)
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in FESEM images, the thickness of selective layer in PEI/ZnO mem-
branes is in the range of 3.84-15.05 um, while it is in the range of
1.38-7 um for PEI/PZ membranes and 2.29 pim for pure PEI mem-
brane.

CONCLUSION

Surface functionalization of zinc oxide (ZnO) nanoparticles was
performed by glycidyl POSS. The synthesized nanoparticles were
applied to prepare polyetherimide based-nanofiltration membranes.
Generally, the incorporation of PZ nanoparticles had a significant
influence on the improvement of separation performance than
ZnO nanoparticles. It was revealed that M1-PZ in 0.001 wt% of PZ
nanoparticles had the highest pure water flux (42.4 L/m’h) among
prepared membrane due to increasing membrane hydrophilicity
and the presence of negative charges on the PZ nanoparticles that
led to higher interaction with water molecules. Moreover, the highest
Na,SO,, Pb(NO;), and Cu(NO;), rejection was obtained 83%, 59%,
and 67% respectively by incorporation of PZ nanoparticles into
the PEL Donnan exclusion mechanism had the highest effect for
Na,SO, rejection. Pb** adsorption by PZ nanoparticles was higher
than Cu* ions. Furthermore, antifouling properties improved by
introducing PZ nanoparticles and FRR% reached 59% in M4-PZ.
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