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Abstract

Embedded nano-iron polysulfone membranes were prepared for dehydration of ethanol/water mixtures by per-
vaporation. It was found that the nano-iron particle can be prepared by in-situ thermal decomposition method in
casting solution. The verification of the nano-particle dispersion in membrane was made by TEM measurement. It
was found that the embedding nano-particle slightly increased the flux with the ordering polymer chains arrange-
ment in membrane and also increased the separation factor. A remarkable enhancement in the separation factor of
over 1000 can also be found in embedded membranes. But the flux of embedded membranes are lower (less than
350 g/m*-h) than the flux of non-embedded polysulfone membranes (500 g/m>-h). The increase in the separation
factor of embedding membranes mainly contributed by the ordering/packing of polymer chains was caused by the
surface effect of nano particle and limited the permeate diffusion behavior. On the other hand, it was found that
the nano-particle embedding in the membrane showed a significant effect on the sorption behavior and presented
a significant interaction between water and the embedded membrane. In this study, the high performance dehy-
dration membranes were successfully prepared with nano-particle embedding in polysulfone membranes.
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1. Introduction

Nano-technologies based on novel systems
associating metal particles to polymer matrix
open a wide range of new applications [1-5].
The main goal for the addition of fillers to poly-
mer focuses on the enhancement in the mechan-
ical and electrical properties, heat resistance,
and permeation barrier properties of polymers.
The reinforcing ability of nano-additive depends
on the particle size, structure, surface character-
istics, and degree of dispersion in polymer
matrix [6—8]. The permeation properties of poly-
mer—clay nanocomposites based on organic
polymers and inorganic clay minerals have
already been discussed [9,10]. Recently, there
are few studies concerning the association of
nano-metal particles to polymeric membranes
and their applications in separation processes.

It was expected that the addition of inorganic
particles to membranes increased the permeabil-
ity due to the disruption of polymer packing and
lead to faster diffusion of penetrates in mem-
branes. Contrarily, the inorganic nano-filler in
membranes modified the polymer packing in
matrix and led to a decrease in the penetrate dif-
fusion and the flux of permeates [11-13]. There-
fore, the characteristic of the nano-filler in
membrane matrix plays an important role to
determine the permeation behavior [14-18].

The purpose of this study is to investigate
the effect of nano particles on the separation
performance of composite membranes. The
nano-iron particles were prepared by the in-situ
thermal decomposition method in organic solvent
(N-methyl-2-pyrrolidone, NMP). The morphology
of nano-composite membranes was characterized
by TEM images. The polymer packing and thermal
properties were investigated by the thermal ana-
lysis. The separation performances of nano-
composite membrane were characterized by
pervaporation tests. The diffusion behavior and
sorption properties of permeates were discussed
by the sorption measurements and swelling tests.

2. Materials and methods
2.1. Materials

Udel® Polysulfone P-3500 was obtained
from Amoco Performance Products. For mem-
brane preparation, N-methyl-2-pyrrolidone (NMP)
was used as the solvent. All chemicals and sol-
vents used for the preparation of samples are
reagent grade. For the preparation of nano-iron
particles the carbonyl organometal (Fe(CO)s)
was used and thermally decomposed in NMP
under inert atmosphere at 180°C [19-21]. After
metallic particles were prepared in NMP solu-
tion, the casting solution was made with various
iron contents for 24 stirrings before membrane
preparation.

2.2. Membrane preparation

The nano-iron composite polysulfone mem-
branes were prepared from a casting solution
with varying iron content in NMP and mem-
branes dry method at 80°C. The casting solution
contained 25 wt.% polysulfone in NMP solu-
tion. With various amounts of nano-iron in cast-
ing solution, which was obtained from the
thermal decomposition process, the solution was
casted onto a glass plate to a predetermined
thickness of 400 um using a Gardner Knife.
Then the casting film was kept in an oven for
2 h at 80°C. The dense membranes formed after
2 h and were peeled off. Finally, they were kept
in a vacuum oven for 24 h before characteristics,
sorption, and pervaporation measurements.

2.3. Pervaporation experiment

In pervaporation, the feed solution of
90 wt.% ethanol was in direct contact with the
membrane and was kept at 25°C. The effective
membrane area was 10.2 cm?. The downstream
pressure was maintained at about 5—8 Torr. The
flux was determined by measuring the weights
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of permeate [22-25]. The compositions of the
feed solution permeate was measured by gas
chromatography (GC, China Chromatography).
The separation factor, as/p, Was calculated by
the formula

aap = (Ya/Ys)/(Xa/Xs)

where, X, X and Y4, Y are the weight frac-
tions of A and B in the feed and permeate,
respectively (A being the more permeative
species).

2.4. Sorption measurements

The membranes were immersed in ethanol—
water mixture for 24 h at 25°C. They were sub-
sequently blotted between tissue papers to
remove the excess solvent and then placed in the
left half of a twin tube set-up. The system was
evacuated while the tube was heated with hot
water for 30 min and the right tube was cooled
in liquid nitrogen. The composition of the con-
densed liquid in the right tube was determined
by GC. The separation factor of sorption was
calculated by

Asorp = (YW/YC)/(XW/Xe)

where, X,, X,y and Y., Y,, are the weight fractions
of ethanol and water in the feed and membranes,
respectively.

2.5. Swelling measurements

The degree of swelling of membranes were
determined in distilled water and in aqueous
ethanol solution at 25°C. The weight of dry
membrane (W) was first determined. After
equilibrium with water or ethanol solution, the
fully swollen membrane was wiped with tissue
paper and weighed. Since the ethanol evapo-
rated very fast, it was difficult to read the real
weight directly. The weight of the membrane

was measured every 5 s and plotted as a function
of time for 30 s after wiping dry. The weight at
time zero could be extrapolated and was taken as
the swollen weight (W) of the membrane. The
degree of swelling was calculated by the follow-
ing equation:

Degree of swelling (%)
= (Wwet — Wdry)/Wdry X 100%

2.6. TEM and SEM studies

Surface morphology of the thoroughly dried
membrane was studied by transmission electron
microscopy (TEM) (Jeol-1400 transmission
electron microscope). Hitachi S4100 SEM was
used to observe the surface and cross-section
structures of asymmetric membrane. In SEM
studies, membrane samples were immersed in
liquid nitrogen and then fractured for preparing
samples. The SEM samples were then deposited
with gold using a sputter coater.

2.7. Thermal analysis

MDA thermal analysis was performed using
a Perkin-Elmer Pyris 7 DSC system. The mea-
surements were made from 60 to 300°C, at a
heating rate of 10°C min~' in N, atmosphere.
The sample size was about 5—10 mg.

2.8. IR spectra

All IR spectra were collected using 12 scans
and 2 cm™ ' resolution. The IR spectrum of each
sample was obtained from a JASCO FT/IR 420.

3. Results and discussion
3.1. Morphology of composite membranes

For the purpose of clarifying the size of nano-
iron in the composite membrane, the TEM
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(A)

Fig. 1. (A) TEM image (B) SEM-EDS of nano-composite membrane (8 wt.%).

images were made as shown in Fig. 1. It can be
seen that less than 50 nm diameters of iron par-
ticles can be found in this TEM image. On the
other hand, the SEM-EDS measurement was
used for the elementary analysis to identify the
iron content in membranes. It was found that the
iron content in membranes were proportional to
the adding ratio of metallic organic compounds
in the membranes, though the EDS spectra is not
shown in this paper. The results indicated that
iron can be prepared by thermal decomposition
method and is present in nano-size in polymer
membranes. Similar results were also found in
previous reports; the nano-particles embedded
were identified by TEM technology in the poly-
mer matrix [26,27].

3.2. Thermal properties of composite
membranes

Fig. 2 shows the effect of nano-particle content
on temperature profiles of DMA measurements.
As shown in Fig. 2, the nano-particles embedded
in the membrane increased the temperature of
second Tan delta. It implied that more ordering
polymeric packing was obtained with increasing
the nano-particle content in membranes. It
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implies that the ordering/packing of polymer
chains in composite membranes will affect their
permeation behavior and selectivity.

3.3. IR spectra of composite membranes

Fig. 3 shows the FTIR spectra of nano-com-
posite membranes which swelled in pure water.
All the membranes had very similar spectra
peaks at low wave numbers (650-2000 cm ™).
It can be seen that the carbonyl group existed in

Tan delta
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Fig. 2. DMA measurements of nano-composite mem-
branes.
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Fig. 3. FTIR spectra of iron nano-composite membranes with various nano-iron content.

the nano-composite membranes in the range of
2—10% iron content. All of the carbonyl groups
did not show an increase in the intensity of absor-
bance, instead it showed that there was some
unreactive metallic material in the composite
membranes. It indicated that the unreacted metal-
lic material was not proportional to the organic
metallic reagent additive in the membranes.
Therefore, it can be noted that there is some of the
unreacted agent in the thermal decomposition
procedure in 2 h reaction. On the other hand, the
wave number of 3400-3600 cm™' is the OH
bond of the sorption water in membranes
[28,29]. It can be seen that the broad band around
this range shifted to a low wave number with
increasing the embedding iron in the composite
membranes. The shift of the wave number indi-
cated that the water molecule was affected by
the interaction force in the membrane. It was
proposed that some hydration force was formed
around the iron surface due to oxidation of the
iron. The hydration of metal oxide usually can
be found in an aqueous solution.

The vs 34003600 cm ™' is a band of water
molecules in the composite membranes and the

shift of the wave number was due to the interac-
tion between water and polymer in the mem-
branes. Therefore, it indicates that the
embedding of nano-iron strongly shifted the
band to a higher wave number. It also implied
that the strong shift showed an increased interac-
tion of water molecules in the membrane. Thus
it can be expected that the sorption selectivity
of embedding membrane increased the selectiv-
ity of water to ethanol in test conditions.

3.4. Separation performance of composite
membranes

Fig. 4 shows the effect of embedding nano-
iron on the separation performance of composite
membranes. It can be seen that the flux slightly
increased with increasing the nano-particle con-
tent in composite membranes. However, the flux
of embedded membranes with low iron content
is lower than the pure polysulfone membrane
(22). It was indicated that the embedding iron
significantly decreased the flux with high-order
polymer packing in membranes and it was coin-
cided with the result of DMA tests. It was
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Fig. 4. Effect of nano-particle content on the perva-
poration properties of composite membranes.

proposed that the embedding nano-particle
increased the polymer packing in composite
membranes and significantly decreased the
permeation rate. On the other hand, the separa-
tion factor of composite membranes rapidly
increased. The increase in the separation factor
may be contributed by the increase in diffusion
selectivity or sorption selectivity of the
embedded membranes which was caused by the
embedded nano-iron.

It is interesting to note that the increase of
iron content in membranes enhanced both the
flux and separation factor of nano-iron
embedded membranes. Generally, the modifica-
tion of additive technology induced two possible
effects on the membrane matrix [30]. The first
one is that the additive material induced a close
packing between the membrane matrix and the
additive. In this case, the dense structure of mod-
ified membrane owns a low flux and enhances
the separation factor. The other one is that the
additional material presented the low compat-
ibility in polymer matrix and induces phase
separation in membrane matrix. Therefore,
those phase separations of modified membrane
induced a loss of separation factor and an
increase in the flux of membranes [31,32]. In
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Fig. 5. Sorption tests of nano-iron embedded mem-
branes in the 90 wt.% ethanol solution.

this study, the embedded membranes showed
different results to the above cases. Therefore,
more experiments must be made to distinguish
the effect of nano-particles embedded in the
polymer membrane on the increase in both the
flux and the separation factor.

The sorption test of nano-iron embedded
membranes for the 90 wt.% ethanol solution is
shown in Fig. 5. It can be seen that the water
content in membranes increased with increasing
the nano-iron content. It can also be seen that
water is a preferable adsorbed permeate than the
ethanol in membranes and the water content in
membranes is proportional to the increasing in
nano-iron particle content. It shows that the
composite membranes with nano-iron particles
embedded may change the hydrophilicity of
membranes. However, it should be noted that
the polymer and nano iron are hydrophobic
material and there is no possibility to enhance
the hydrophilic properties of composite mem-
branes. Thus, the hydration of iron is one of the
possible reasons to change the hydrophilic prop-
erty of embedded membranes. It should also be
noted that nano-iron easily oxidises in air and
forms iron oxides. The hydration of iron oxides
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is easy in an aqueous solution. Therefore, the
oxidation of metal may play an important role
in the change of the membranes’ hydrophilicity.

As shown in Fig. 4, the separation factor of
iron embedded membranes increased with an
iron content of up to 8% and then slightly
decreased with more iron embedded in the mem-
branes. On the other hand, the flux of those
membranes increased with the iron content in
the composite membranes. The pervaporation
separation index (PSI) is the product of the total
flux and separation factor, and it is a good index
for determining the performance of a pervapora-
tion membrane. Fig. 6 show the dependence of
PSI of composite membranes on the amount of
iron embedding. It can be seen that the PSI value
increased as the iron content was increased up to
8% but the embedded 10% iron content in the
membrane presents a large standard deviation
because of the poor distribution of nano-iron
particles in the membrane. Thus, it is proposed
that a higher content of nano-iron lead to a poor
membrane formation, and therefore the PSI
value showed a large standard deviation with
increasing iron content in membranes (when the
iron content was larger than 10%). The PSI

1.00E+008

1.00E+007
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1.00E+006

1.00E+005 L L L ! L ! L
2
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Fig. 6. Effect of nano-particle content on the perva-
poration standard index of composite membranes.

values were contributed by both flux and separa-
tion factor, and the small difference in the flux
indicates that the change of PSI value was due
to the difference flux of permeate in the modi-
fied membranes.

To further distinguish the reason that caused
the change of PSI, the effect of iron-embedded
content on the sorption and diffusion properties
should be discussed in modified membranes.
The diffusion selectivity («) can be defined as
the ratio of permeation selectivity (o”) and sorp-
tion selectivity (o) [33]:

o =aa

Based on the permeation data and the sorp-
tion measurements, permeation selectivity (o)
and sorption selectivity (2°) can be obtained.
Fig. 7 show the relationship between diffusion
selectivity and iron content in embedded mem-
branes. It can be seen that the sorption selectiv-
ity increased with increasing nano-iron content
in the composite membranes. It can also be seen
that the diffusion separation factor is much more
than the sorption separation factor. As shown in
Fig. 4, the separation factor first increased with

100 1600

Sorption selectivity (Sa)
Diffusion selectivity (Do)

Fe(CO)s content (%)

Fig. 7. Effect of nano-particle content on the sorption
and diffusion properties of composite membranes.
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increasing nano-iron content in composite
membranes (up to 8%), and then slightly
decreased, indicating that the dominant influ-
ence on the separation factor was permeate
diffusion behavior. It can also be seen that the
diffusion selectivity first increased with up to
8% of nano-iron content and then decreased
to 10% iron content in the membranes, imply-
ing that a loose packing density of the compo-
site membrane was formed.

To further distinguish the enhancement of
hydrophilicity by embedding nano-iron, the
swelling test of different iron contents with
90% ethanol in the feed were made. Fig. 8 shows
the effect of different iron contents on the degree
of swelling of embedded membrane. It can be
seen that the degree of swelling slightly
increased as the nano-iron content in the compo-
site membranes increased at 90% ethanol
composition in feed. The larger swelling proper-
ties at high iron content implied that the
membrane structure would be loose membrane

Degree of swelling (%)
w

1 | 1 | 1
0 4 8

Fe(CO); content (%)

Fig. 8. Effect of nano-particle content on the degree of
swelling of composite membranes.

packing due to the swelling of polymer chain
by absorbing more permeates in membranes.
A lower packing density of membrane usually
leads to decreased diffusion selectivity in the
pervaporation process.

However, Fig. 7 shows the relationship
between iron content in membranes and sorption
selectivity of composite membranes, indicating
that the sorption selectivity increased with
increasing iron content in membranes. The loose
polymer packing lead to a coupling effect and
resulted in a decrease in separation factor. How-
ever, the embedded membranes did not decrease
the separation factor of membranes. It was pro-
posed that the enhancement of water adsorption
in membranes, which swelled the polymer chain,
was contributed by hydration of embedded iron
oxides in membranes.

On the other hand, it can be seen that the dif-
fusion selectivity first increased with increasing
the iron content and then decreased after
8 wt.%. This behavior did not coincide with the
result of the swelling measurement. It indicated
that in the nano-iron embedded in membrane
matrix an interaction exists between nano-iron
and polymer. However, the nano-particle
embedded in the membrane enhanced the hydro-
philic properties and induced an increase in the
sorption selectivity of membranes. The iron oxi-
dation was supposed to be the major factor to
induce this phenomenon. There are evidences
that the iron will be quickly oxidised in air to
form iron oxides [34,35]. The evidence for this
study to identify the oxidation of nano-iron in
membranes will be provided in the future works
and the effect of oxidation of nano-iron on the
hydration will also be discussed. In this investi-
gation, the increase in swelling induced a flex-
ible polymer chain in iron embedded
membranes. Therefore, the swelling effects
decreased the diffusion selectivity of mem-
branes with the iron content at 10% and with too
much swelling permeate in membranes.
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3.5. Effect of operating temperature on
pervaporation properties

Fig. 9 shows the effect of feed temperature on
permeation flux and separation factor of iron-
embedded membrane with 90% ethanol in feed
solution. It can be seen that the permeation flux
increased with increasing feed temperature,
while the separation factor decreased with
increasing the operating temperature. It is well
known that the decrease of separation factor was
due to the increase of molecular motion with
increasing the feed temperature. The increase
in permeation flux with operating temperature
in feed was due to the increase in membrane
swelling.

As shown in Fig. 9, less flux was found at
25°C and the separation factor shows the same
proportion to iron content. However, the flux
slightly decreased with increasing nano-iron
content in membranes at 45°C and the separa-
tion factor was almost constant at 45°C, which
was still larger than 1500 for all composite
membranes. Generally, the amount of liquid
absorbed into a solid membrane typically
increased with increasing temperature. On the
other hand, the chain mobility of polymer
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Fig. 9. Effect of operating temperature on the permea-
tion properties of composite membranes.

membranes also increased with increasing oper-
ating temperatures. A swelling membrane could
be formed by increasing the chain mobility and
permeate sorption in membrane. Therefore, an
increase in permeation flux with increased tem-
perature will be found.

4. Conclusion

Embedded nano-iron polysulfone membranes
were successfully prepared for dehydration of
ethanol/water mixtures by pervaporation. It was
found that the nano-iron particle can be prepared
with in-situ thermal decomposition method in
casting solution. The TEM observation verified
the nano-particle in the composite membranes.
It was found that the embedding nano-particle
slightly increased the flux of membrane and
strongly increased the separation factor due to
the interaction between nano-iron and polymer
in membranes. The embedded iron in composite
membranes showed an obvious effect on the per-
meation and sorption behaviors of embedding
membranes. It is proposed that nano iron
affected the ordering/packing of polymer chains
and some of the particle oxide, which influenced
the hydrophilic prosperity. Then, it was found
that the nano-particle embedding in membrane
showed a significant effect on the sorption beha-
vior and the interaction between water mole-
cules and the membrane. In this study, the
high performance dehydration membranes were
successfully prepared with nano-particle embed-
ding in glassy polymeric membranes.
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