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ABSTRACT

The performance of membranes for a specific application can be determined with the help of structural properties
such as Molecular Weight Cutoff (MWCO), morphology and pore statistics. Heavy metal ions from aqueous streams
can be separated with the help of ultrafiltration membranes. MWCOs and pore statistics of Polyurethane (PU) and
Carboxylated Polysulfone (Cpsf) blend ultrafiltration in the presence and absence of the various composition of the
additive poly (ethylene glycol) 600 were studied with the help of dextran of different molecular weights ranging from
19 kDa to 150 kDa. The derived pore size, porosity and number of pores have a remarkable relationship with the
MWCO, morphology and the flux performance of the membranes. Certain toxic divalent heavy metal ions such as
copper, cadmium, nickel and zinc were subjected to rejection by the blend membranes by complexing them a
polymeric ligand, Poly (Ethyleneimine) (PEI). The effect of the polymer blend compositions and additive
concentrations on the rejection and permeate flux of metal ions are discussed.
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Abbreviations: PU: Polyurethane; Cpsf: Carboxylated Polysulfone; PEG: Polyethylene Glycol; MWCO: Molecular
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INTRODUCTION

Molecular

In the present investigation, the solute retention method is used
for determining the pore statistics because of its simplicity and
its advantage in determining MWCOs. Further, the filtration
characteristics of dextran with different molecular weights can
also be used to correlate MWCO and pore statistics.

and

Weight Cutoff (MWCO)

morphology are the structural properties of membranes that are

Pore statistics,
essential for the application of the membrane process with
specific permeate qualities. Several ultrafiltration, microfiltration
and reverse osmosis membrane systems using different polymeric

MATERIALS AND METHODS

membranes were evaluated for their pore statistical studies,

MWCO, morphology and formation mechanism. The average
pore size, MWCO and morphological studies have been carried
out for polyacrylonitrile/polyurethane blend membranes and
applied for water purification. Thus it has been considered as a
key parameter of membranes, which is useful for variety of
pharmaceutical, food and biotechnological applications [1].

Dextran with molecular weight 19 kDa, 42 kDa, 77 kDa and 150
kDa were procured from Sigma-Aldrich company (U.S.A) and
stored at a suitable temperature before use. Sulfuric acid and
phenol were procured from SRL Chemicals Ltd. and used as
received for the analysis of dextran.
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Poly (ethyleneimine) (M,=600000-1000000) 50% aqueous
solutions was procured from Fluka chemicals, AR grade
(steinheim) and used as a 1 weight% aqueous solutions for the
metal complexation studies.

Copper (II) sulfate (AR), nickel (II) sulfate (AR) and zinc (II)
sulfate (AR), were procured from Merck Ltd. and used as such
for the preparation of aqueous metal ion solutions. Cadmium
(IT) chloride (AR) was procured from Qualigens fine chemicals
Ltd., India and used as such.

Deionized and distilled water were employed for the preparation
of dextran, metal ion solution and 1 weight% PEI aqueous
solution [2].

Characterization

Conditions and specifications of materials under investigation:
PU/Cpsf blend composition of 80%,/20% and 75%,/25% with
0, 2.5, 5 and 7.5 weight% PEG 600 concentrations only were
taken for investigation because Cpsf composition less than 20%
was found to yield negligible pure water flux and more than
25% was not compatible with PU. Thickness of membranes was
maintained at 0.20 mm + 0.02 mm.

Ion Exchange Capacity (IEC): The dried sample of membrane is
immersed in saturated sodium chloride solution for a day to
liberate the H™ ions. The mixture was then titrated with 0.1 M
Sodium Hydroxide (NaOH) solution to determine the H*
content and the IEC was calculated as follows

IEC=(NaOH consumed * molarity of NaOH)/weight of dried

membrane (meq/g)

Metal ion rejection: Rejection and flux experiments were
carried out at room temperature, using an ultrafiltration kit of
450 ml capacity and holdup volume of 10 ml, supplied by
Amicon model 8400, Millipore Ltd., Bangalore, India. The
effective membrane area was found to be 38.5 cm?, the applied
pressure was 345 kPa and the agitation was kept uniform [3].

Aqueous solution of Cu?*, Ni*, Cd** and Zn?* were prepared
at an approximate concentration of 1000 ppm in 1 weight%
solution of PEI in deionized water. The pH of these aqueous
solutions was adjusted to 6 + 0.25 by adding small amount of
either 0.1 M HCI or 0.1 M NaOH. Solutions containing PEI
and individual metal ions were thoroughly mixed and left
standing for 5 days to complete binding.

During ultrafiltration, for each run, the first few ml of permeate
were discarded. For the presetting of all the membranes and to
maintain the constant flux, each metal ion-PEI chelate solutes
were run in the ultrafiltration kit at 345 kPa (with compressed
air). The permeate flux and percentage rejection were
determined by analyzing concentrations of the feed and
permeate [4].

The concentrations of each metal ion in permeate and feed was
measured using an atomic absorption spectrophotometer. The
pH of the feed and permeate solutions were measured with an
Elico pH meter. In the absence of metal ions, the concentration
of PEI was also confirmed by UVwisible spectrophotometer
(Hitachi model U-2000) at Ay, =269 nm.
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RESULTS AND DISCUSSION

During dextran rejection studies for the determination of pore
statistics and MWCOs, uniform agitation in the feed side was
performed or else concentration polarization and cake formation
would take place on the membrane surface which would affect
flux and ultimately affect the partition coefficient and aggregate
size of pores.

Due to larger pore size it is impossible for ionic level rejection of
metal ions. Hence to enhance the size and consequently the
rejection of metal ions, a water soluble chelating polymer poly
ethyleneimine (PEI) was used for the complexation of metal ions
such as Cu?*, Ni?*, Zn?* and Cd?* and were subjected
individually from aqueous streams by the PU/Cpsf blend
membranes [5].

Blend membranes of 80%,/20% and 75%,/25% composition in
the absence and in the presence of various concentrations of
additive, PEG 600 from 0 to 7.5 wt% were subjected to the
rejection of metal chelates and the results are given in figures I
and II. All the experiments were conducted in triplicate in order

to get reproducibility with negligible small deviation (Figures 1
and 2).
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Figure 1: Effect of PEG 600 concentrations on rejection of
metal chelates of PU/Cpsf (80%,20%) blend membranes.
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Figure 2: Effect of PEG 600 concentrations on rejection of
metal chelates of PU/Cpsf (75%,/25%) blend membranes.




Lakshmi DS, et al.

Pore statistics

Effect of polymer blend composition: In the blend system when
the composition of Cpsf is increased from 20% to 25% changes
were found in pore statistics. Thus when Cpsf composition in
the blend system was increased from 20 to 25% the pore radius
of the blend membranes also increased from 32.68 A to 61.86 A
as shown in table. Similarly, the percentage porosity had also
been increased. However, the number of pores per unit area
decreased from 2.941 x 109 to 1.648 x 1019 with an increase of
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Cpsf from 20% to 25% as shown in table. Thenumber of pores
is less at 75%/25% composition and in the absence of additive.
The increase in pore radius, porosity and decrease in the number
of pores per unit area due to addition of Cpsf in the system may
be due to the phase separation between the polymeric
components also formation of inhomogeneity leading to cavities
in the sub layer of membranes. The same trend was observed in
flux values of our previous studies (Table 1) [6].

Table 1: Pore statistics and molecular weight cutoff of PU/Cpsf blend membranes.

Blend composition PEG 600, Wt%

Pore radius, R A)

Porosity, € (%) No. of pores/cm?, MWCO, (kDa)

n (X 1019

PU Cpsf

80 20 0 32.68 0.0112 2.941 42
75 25 0 61.86 0.0184 1.648 42
80 20 2.5 47.14 0.019 1.728 92
75 25 2.5 66.1 0.0206 1.187 71
80 20 5 49.4 0.021 1.632 42
75 25 5 69.34 0.0241 1.056 >77
80 20 75 50.12 0.0383 1.56 >42
75 25 75 73.02 0.0434 0.943 >77

Effect of additive concentration: Pore statistics of blend
membranes has been changed by the addition of PEG 600.
Hence the increase of Cpsf from 20% to 25% at 2.5 wt% PEG
600 concentration increases the porosity and the pore radius
whereas number of pores per unit area decreases. This is due to
the formation of large size pores in smaller number due to the
inhomogeneity between Cpsf and PU in the presence of PEG
600. The same trend is obtained for 5 wt% and 7.5 wt% and
similar performance were observed for flux measurements too

(7].

Molecular weight cutoff

MWCO of a membrane is a parameter to specify the rejection
behavior of membrane and determined by using an inert solute
of stable molecules having various range of molecular weights.
In general, the MWCO of a membrane is determined by the
identification of an inert solute, which has the lowest molecular
weight and has a solute rejection of 80%-100% in steady state
UF experiments. Thus dextrans of different molecular weights
such as 19 kDa, 42 kDa, 77 kDa and 150 kDa were chosen to
calculate MWCO of all PU/Cpsf membranes.

Effect of polymer blend composition: Membrane of 80%,20%
with 0 wt% additive PU/Cpsf composition showed highest
separation for 42 kDa and the rejection was very low for 19 kDa
dextran i.e., less than 80%. Hence MWCO of 80%,/20% blend
membrane was considered as 42 kDa. In a similar manner
membrane with 75%/25% PU/Cpsf composition in the
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absence of additive exhibited a higher percentage separation of

92% for 42 kDa dextran but resulted low percentage separation
for dextran of 19 kDa.

Effect of additive concentration: The MWCO values had a
change in magnitude when additive was added into the casting
solution of PU/Cpsf blend membranes. However when the
additive concentration is increased from O to 7.5 wt% at 2.5%
increment there was no appreciable change in MWCO value,
since the percentage separation of 42 kDa itself fell in the least
needed 80% separation to fix the MWCO. For 75%,/25% PU/
Cpsf membranes, when the additive was increased to 2.5 wt%
the MWCO also showed an increase in value of 77 kDa. On
further increase in additive showed no appreciable change in
MWCO. This phenomenon concludes that upon increase of
additive increases the pore size. This increase in MWCO upon
increase of additive may indicate an increase in pore size which
may be due to the initiation of surface tension gradient at the
gelation medium for the convective mass transfer phenomena of
non-solvent to solvent or vice versa. This convective flow is
influenced by the higher density of the nascent membrane,
leading to the formation of macro voids and lowering the
MWCQO, similar results have also been observed for PU
membranes by other researchers [8].

Ion Exchange Capacity (IEC)

IEC for all membranes was calculated by simple titration
method.
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Effect of polymer blend composition: IEC for 80/20 PU/Cpsf
blend membrane was found to be 1.84 meqg! and for 75/25
PU/Cpsf blend membrane is 2.59 meqg! at 0% additive. This
increase may be due to higher concentration of Cpsf in blend
which may lead to liberate more number of H" ions.

Effect of additive concentration: On increasing PEG 600
concentration to 2.5 wt% the IEC of 80/20 PU/Cpsf is slightly
increased to 2.3 meqgl. Similarly for 2.5 increment of PEG 600
the IEC value of 75/25 PU/Cpsf was found to be increased to
3.2 meqg!l. This increase in IEC with increase in PEG 600
concentration may be due to the formation of macro voids due
to leaching out of PEG 600 from the membrane during
gellation which becomes the domain of H* ions. A similar trend
was observed for other membranes too. It has been concluded
that as more pores are opened the number of H ions release
also increased.

Metal ion rejection studies

All the metal salts were prepared at the concentration of 1000
ppm and were complexed with a water soluble chelating polymer
PEI as the ionic level separation through UF process is not
possible due to larger pore size of membranes which are not
suitable to reject ions and hence the salts were complexed with
PEI and subsequently rejected individually from aqueous
streams by the PU/Cpsf blend UF membranes.

PU/Cpsf blend UF membranes of 80%,/20% and 75%/25%
composition in the absence and in the presence of various
concentrations of additive PEG 600 from 0 to 7.5 wt% were
subjected to the rejection of metal chelates and the results were
given in Figures 1 and 2. Metal ion rejection studies and
permeates flux measurements were repeated twice for the sake of
reproducibility. The results are reproducible with negligible
small deviations [9].

Role of polymer blend composition: The rejection of metal
ions were carried out with PU/Cpsf membranes in absence of
additive after complexation of metal ions with the polymeric
water soluble ligand PEI and the results of rejection studies are
given in Figures 1 and 2.

At 20% Cpsf composition in the blend Cu?* exhibited 99%
rejection while Ni2*, Zn?* and Cd?* exhibited 97%, 95% and
93% respectively. On further increase to 25% Cpsf showed a
decrease in rejection for all metal ions. The rejection for Cu?”,
NiZ*, Zn?* and Cd** are 96%, 90%, 88% and 85%. This lower
rejection efficiency of 75%/25% PU/Cpsf blend membranes
compared to 80%,/20% blend membranes attributed to higher
amount of Cpsf in the blend resulting in relatively high
negatively charged membranes which would less effectively reject
divalent cations. This phenomenon is referred as the Donnan
effect and has been confirmed with PU/Cpsf blend membranes.
The results also have good correlation with the pore statistics

[10].

From this experiment, it is obvious that in all the membranes
Cu?* exhibited higher rejection than Ni?* which in turn was
higher than Zn2*. Cd** exhibited the lowest rejection and the
size of the ion and its complex suggest the reason for the
observation.
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Role of additive concentration: Metal ion rejections by PU/
Cpsf membranes of various additive concentrations are shown in
Figures 1 and 2.

For 80%,/20% PU/Cpsf blend membranes when the additive
was increased from 2.5 wt% to 7.5 wt% the rejection of Cu?*
decreased linearly from 97% to 90%. The decrease in rejection
upon the increase of PEG 600 concentration in the casting
solution or blend membranes may be due to the fact that the
higher amount of non-solvent additive leads to formation of
bigger pores during gellation because of thermo dynamical
instability and to lower the free energy of the system.

In the same manner when Cpsf concentration was increased
from 20% to 25% in the blend at 2.5 wt% additive
concentration the rejection has decreased from 97% to 92% for
copper. The same trend is observed for all the additive
concentrations and may be due to the fact that the Cpsf matrix
has a larger segmental gap due to its swelling behaviour and that
the solvent, non-solvent replacement during gellation takes place
rapidly leading to the formation of macro pores. The decrease in
rejection in the presence of additive may be attributed to the
rapid leaching out of pore former creating larger pores [11].

The above studies showed that the binding capacity of copper
with PEI is stronger than that of other metals in the order
Cuf™>Ni?*>Zn?*>Cd?*. The complexing capacity depends on
the number of functional groups in the macromolecular
complex and the atomic weight of the
observation have been reported for poly (methacrylate) system.
In all the cases, the metal ion complexed with PEI exhibited
better rejections as compared to pure metal ion solutions as
feed, due to complex formation with PEI based on Jahn-Teller
distortion effect.

metal. Similar

Metal ion permeate flux studies

The permeate flux of metal ion is essential for predicting the
economics of the membrane processes and to specify the
product rate. During metal rejection studies, the permeate flux
studies were also been carried out simultaneously for 80%,20%
and 75%/25%. The permeate of PU/Cpsf
membranes in the absence and in the presence of additive are
shown in Figures 3 and 4.

flux values
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Figure 3: Effect of PEG 600 concentration on flux of metall

chelates PU/Cpsf (80%,20%) blend membranes.
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Figure 4: Effect of PEG 600 concentration on flux of metal
chelates PU/Cpsf (75%,/25%) blend membranes.

Role of polymer blend composition: The 80%,/20% PU/Cpsf
blend membrane in the absence of additive showed lower flux of
2.94 Lm?h'! for copper ions where the values were higher for
Ni?* (3.12), Zn?* (3.64) and Cd?*. The flux value was highest for
Cd?* with a value of 3.99 Lm?h'! as depicted in Figure 3.

When Cpsf content was increased to 25 wt%, the flux value of
Cu?* also increased to 13.24 Lm?h'! as shown in Figure 4. All
other metal ions also exhibited similar trend for the system. The
increase in flux upon increase of Cpsf composition may be due
to the formation of higher hydrophilicity incorporated by
carboxylated polysulfone. However blend membranes yielded a
highest permeate flux value for Cd?* than for the rest of the
metal ions. This trend corresponds to the decreasing metal ion
size and chelating behavior with the polymeric ligand, PEI.

Role of additive concentration: As shown in the Figure 3, the
additive played a major role in enhancing the permeate flux
values of PU/Cpsf membranes. Thus for 80%,/20% PU/Cpsf at
2.5 wt% additive copper yielded a flux of 5.21 Lm?h! which is
much higher than for the membrane of same composition
without additive (2.94 LmZh!). Further, the flux increased to
6.36 Lm?h! and 8.31 Lm?h! respectively when the additive
concentration was increased to 5 wt% and 7.5 wt% and similar
trend observed for other metal ions also.

In the same manner, for the blend membrane 75%/25% PU/
Cpsf, at 2.5 wt% additive concentrations, the flux value was
15.12 Lm?2h! and at 7.5 wt%, the value was 34.65 LmZh'!. This
increase in flux due to increase in additive is because of the pore
former which got leached out during gellation, creating pores.
The order of flux for the metal chelate is Cd2™>Zn2">Ni**>Cu?*

which was primarily due to the larger metal chelate size for Cu
and lowest size for Cd [12].

Similarly, for a given additive concentration of 2.5 wt%, when
the Cpsf composition in the blend was increased from 20% to
25%, the flux also increased from 5.21 Lm-2h-1 to 15.12
Lm-2h-1 for the copper ion.
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Similar observations were also seen for other additive
concentrations. The other metal ions such as Ni, Zn and Cd
showed a similar trend with flux values of 5.63 Lm?2h', 5.96
Lm?h?! and 6.26 Lm?h! and of 15.86 Lm?*hl, 16.27 and
16.93 LmZhlrespectively at 20% and 25% Cpsf content in the
blend. Thus, the increase in flux with increasing Cpsf
in blend favors phase thereby

composition separation,

facilitating generation of macro voids.

CONCLUSION

Ultrafiltration blend membranes based on polyurethane and
carboxylated polysulfone in the presence and absence of additive
polyethylene glycol 600 were prepared. The 80%,/20% and
75%/25% PU/Cpsf blend membranes were found to be
suitable  composition and the compatible
concentration of additive was found to be 7.5 wt%. The
molecular weight cutoff and pore statistical studies of blend
membranes were calculated with the help of dextran of different
molecular weights ranging from 19 kDa to 150 kDa, depending
on the composition of polymers and concentration of the
additive, PEG 600. Also the blend membranes were subjected to
the rejection of toxic heavy metal ions such as Cu?*, Ni?*, Zn?*

maximum

and Cd?*. Toxic heavy metal ions were separated by complexing
them with poly ethyeleneimine. The permeate flux studies have
also been carried out. The polymercomposition and additive
concentration were found to possess considerable impact on the
rejection and permeate flux of metal ions.
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