
Polyamide (PA 66) membranes were prepared with immersion precipitation via
phase inversion from mixtures of polyvinylpirrolidone (PVP) and ammonium
oxalate (OX) as constant additives and acetic acid, acetone, formamide, and water

as variable additives. The formic acid and pure water were employed as solvent and non-
solvent, respectively. The influences of additives on structure and permeation properties
of the membranes were analyzed by scanning electron microscopy (SEM) technique and
separation expriments using milk as the feed. In general the addition of water and for-
mamide in the casting solution slightly improves the flux without a pronounced effect on
the retention of protein. This behaviour is due to instantaneous demixing (for water) and
swelling mechanism (for formamide). When acetone was added to the casting solution,
flux was lower and rejection was higher in comparison with the addition of water and for-
mamide. This is due to the establishment of hydrogen bonding between acetone and
polyamide. The addition of acetic acid results in lower flux and higher retention due to
delay demixing.
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The preparation of asymmetric
membranes is mostly carried out via
phase inversion. Aliphatic polyamides,
such as nylon 6, 66, 610, and 46 have
been employed for manufacturing
porous membranes by isothermal
immersion precipitation [1-7]. These

polymers are used for preparation of
composite membranes [8-10] by
interfacial polymerization. 

Polymer and solvent are the
major components in the casting
solution. However the addition of a
third component is a well-known
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technique to control membrane morphology and per-
formance. A general mechanism is not available for
describing the effect of additives on the membrane for-
mation. Additives may affect the viscosity of the cast-
ing solution, shift the position of the binodal curve, and
cause specific interactions between polymer-additive,
solvent-additive, and coagulant-additive [11].

Water-soluble polymers such as polyvinylpyrroli-
done (PVP), polyethyleneglycol, inorganic salts, and
surfactants have been used as the third component [12].
Some researches [13,14] have discussed the influence
of aggregation in the casting solution on the formation
mechanism.

In this study, the roles of various additives such as
acetone, formamide, acetic acid, and water in the casting
solution were investigated on the morphology and per-
formance of polyamide 66 membranes. These additives
provide porous membranes leading to higher flux with-
out any negative effect on protein retention. The addi-
tives were selected based on the following criteria: being
easily accessible and having low molecular weight and
polar organic groups. Water was employed as a low cost,
polar, and low molecular weight material. Formic acid
was used as solvent and pure water was employed as
coagulant (non-solvent) during the experiments.

EXPERIMENTAL

Materials 
Polyamide from Fluka, polyvinylpirrolidone (PVP, Mw
= 25000), acetic acid, acetone, formamide, formic acid,
and ammonium oxalate (OX) from Merck were
employed for experiments. Distilled water was used
during the trails.

Preparation of Membranes 
Homogonous solutions of the polymer dissolved in
formic acid were prepared by stirring. The membranes
at low concentration of polyamide were fragile and
with many defects such as large holes. High concentra-
tion of polyamide leads to fabrication of very dense
membranes with low porosity. PVP as a pore forming
agent was added to the solution. However this had no
pronounced effect on the membrane porosity. For
preparation of suitable membranes, PVP and ammonium
oxalate were added to the solutions of low concentra-

tion of polyamide. The addition of  ammonium oxalate
reuslts in homogeneous membranes with no obvious
defects. 

After the addition of various additives to the solu-
tion, it was cast on the surface of a smooth glass at
room temperature. The membrane thickness was main-
tained at 100 µm using a film applicator. The film was
immediately immersed in the coagulation bath contain-
ing distilled water at room temperature. In order to
guarantee the complete phase separation, the mem-
brane was stored in the coagulation bath for 24 h. This
allows the water soluble components to leach out of the
membrane. Finally, the membrane was dried by placing
between two sheets of filter paper for 24 h at room tem-
perature. The compositions of casting solutions are list-
ed in Table 1.

Scanning Electron Microscopy (SEM)
The cross sections of the prepared membrane were
investigated using scanning electron microscope
(SEM, Philips). The samples were frozen in liquid
nitrogen and fractured. After sputtering with gold, they
were viewed with the microscope at 25 kV.

Flux and Retention 
All filtration experiments were carried out in a cross
flow cell. The retentate was circulated by a centrifugal
pump. The detailed of the experimental set up is shown
in Figure 1. Pasteurized and homogenised natural milk

Figure 1. The cross flow systems for milk concentration.



with 3.2 % protein and  2.5 % fat was employed as the
feed for all trails. The prepared membranes were able
to retain the available protein in the milk. The retention
of protein was investigated by measuring the amount of
protein in the permeate using the standard Bradford
method [15]. The stable flux for each membrane was
achieved by running the rig for a specified time. The
stable flux was determined by weighing the permeate
during 15 min under the transmembrane pressures of 2,
4, and 6 bars. The experiments were carried out at 20oC

with the flow rate of 11 m3/h resulting in a cross flow
velocity of 1.5 m/s.

RESULTS AND DISCUSSION

Influence of Water Concentration 
Figure 2 illustrate the influence of addition of 2, 4, and
6 wt% of water to the casting solution on the flux and
rejection. Formic acid was used as solvent and distilled
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Table 1. Composition of casting solutions.

PA 66

(wt %)

Formic acid 

(wt %)

PVP

(wt %)

OX

(wt %)

Water

(wt %)

Acetic acid

(wt %)

Formamide

(wt %)

Acetone

(wt %)

12

12

12

12

12

12

12

12

12

12

12

12

80

78

76

80

78
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Figure 2. Effect of water concentration on: (a) flux and (b) rejection of protein.

(a) (b)



water was employed as non-solvent. Flux and rejection
of protein were affected by addition of water.

Water as additive in the casting solution in quater-
nary system of PA/PVP/OX/formic acid induced instan-
taneous demixing. In most cases, instantaneous demix-
ing were accompanied with the formation of porous top
layer, which leads to flux increment and rejection
decline. The lower flux and higher rejection in the case
of 6 wt% of water may be explained due to the formation
of excess hydrogen bonds between water and polyamide
resulting in a membrane with denser top layer.

Influence of Formamide Concentration 
The fluxes and rejections of different membranes as a
function of formamide concentration (2, 4, and 6 wt%)
in the casting solution at 2, 4, and 6 bars after 15 min
are presented in Figure 3. The flux of membrane at low
concentration of formamide (2 wt%) was highest.
Lower fluxes were obtained for 4 and 6 wt% of for-
mamide. 

At low formamide concentration, probably a mem-
brane having larger pores at top and higher porosity at
support layer was formed by swelling mechanism [16].
Increasing the concentration of formamide to 4 and
6 wt% in the casting solution provides higher forma-
tion of hydrogen bonding between formamide and
polyamide. This results in a membrane with a dense top
layer and low porosity at top and support layer leading
to lower flux and higher protein rejection. 

Influence of Acetone Concentration 
Figure 4 demonstrates the influence of addition of 2, 4,
and 6 wt% of acetone in the casting solution. The data
indicate that the addition of 2 and 4 wt% acetone
improves the flux without any negative effect on rejec-
tion. Increasing the acetone concentration to 6 wt%
slightly decreases the flux and improves the rejection.

Probably, by addition of acetone in the casting solu-
tion, pore density (number of pores per unit area)
increases without any pronounced change in the size of
the pores due to swelling mechanism suggested by
Kesting [1]. This results in higher flux without any
effect on the rejection. 

The porosity of the support layer increases with
addition of acetone in the casting solution. This is due
to the rapid exchange rate between solvent (formic
acid) and non-solvent (water) in the coagulation bath. If
the concentration of acetone in the polymer solution
increases, probably, the hydrogen bonding between
acetone and polyamide is formed. When a hydrogen
bond is established between additive and polymer, the
separation of additive from polymer network during
immersion precipitation needs more time resulting in
delay demixing. Delay demixing leads to lower poros-
ity for prepared membranes. This leads to lower flux
and higher rejection.

Influence of Acetic Acid Concentration 
The influences of the addition of acetic acid in the cast-
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Figure 3. Effect of formamide concentration on: (a) flux and (b) rejection of protein.

(a) (b)



ing solution on flux and retention of prepared mem-
brane are presented in Figure 5. The addition of acetic
acid results in flux decline and retention increment.

Two distinct types of membrane preparation
processes can be distinguished: instantaneous demixing
and delay demixing. Generally instantaneous demixing
is accompanied with an asymmetric porous structure
and delayed demixing with symmetry in the porous
part. The type of top layer (porous or dense) and the
presence of macrovoids depend on the delay time.
Delay demixing may be linked to the formation of a
dense top layer under certain conditions: the generation

of a high polymer concentration at the interface
between polymer solution and coagulation bath [17].

Addition of acetic acid in a quaternary system
(PA/PVP/OX/formic acid) causes a delay demixing for
immersed film in the coagulation bath. An increase in
acetic acid concentration causes the formation of a
membrane with a dense top layer resulting flux decline
and rejection improvement.

Comparison Between Additives in the Casting Solution
The influences of various additives at 2 (Figure 6), 4
(Figure 7) and 6 wt% (Figure 8) in the casting solution,
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Figure 4. Effect of acetone concentration on: (a) flux and (b)

rejection of protein.

(a)

(b)

Figure 5. Effect of acetic acid concentration: (a) flux and (b)

rejection of protein.

(a)

(b)



on flux and retention indicate that in general the addi-
tion of water and formamide slightly improves the flux
without a pronounced effect on the retention of protein.
In the case of acetone, flux is less and rejection is high
compare to water and formamide. The addition of
acetic acid results in flux decline and retention incre-
ment.

Figure 9 represents the SEM micrographs of the
prepared membranes (12 wt% PA, 2 wt% PVP, and
4wt% OX) (a) by addition of 2 wt% of water (b), for-

mamide (c), acetone (d), and acetic acid (e). By com-
paring the micrograph (a) with other micrographs, it is
clearly seen that the addition of additives improves the
porosity of the membranes.

The porosity of the membranes prepared with water
and formamide is higher comparied to the porosity of
membrane prepared with acetone. The membrane with
acetic acid obtained lowest porosity. There are some
macrovoids in the structure of membranes prepared
with acetic acid and acetone. When delay demixing
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Figure 6. Comparison between additives at 2 wt%: (a) flux

(b) rejection of protein: (1) without additive; (2) water; (3) for-

mamide; (4) acetone; (5) acetic acid.

(a)

(b)

Figure 7. Comparison between additives at 4 wt%: (a) flux

(b) rejection of protein: (1) without additive; (2) water; (3) for-

mamide; (4) acetone; (5) acetic acid.

(a)

(b)



occurs, the numbers of macrovoids are reduced
depending on the delay time. If the delay time is long,
a very dense layer is formed. However in the case of
acetone or acetic acid the delay time is short and there-
fore some macrovoids can be observed. Although, there
are few macrovoids in the membranes prepared with
acetone or acetic acid, in general, the porosity of these
membranes are less in comparison with the membranes
prepared with formamide or water as additives. This is
in agreement with membrane performance showed in

Figure 6.
The effects of various additives depend on the

physical properties including the solubility parameter
and hydrogen bonding (Table 2). By considering the
obtained results, the decrease of flux versus various
additives is according to the following order:

water > formamide> acetone> acetic acid
The order of solubility parameters for different addi-
tives according to Table 2 are as follows:

water> formamide >acetic acid ~ acetone
In quaternary systems, a polymer solution with a good
interaction (low difference in solubility parameters)
between solvent (or additive in the casting solution)
and non-solvent, results in instantaneous demixing. In
the case of  a low interaction (high difference in solu-
bility parameters) delay demixing occurs. Generally,
instantaneous demixing is accompanied with an asym-
metric porous structure and delayed demixing is often
associated with the formation of a dense layer. 

For preparation of membranes in this work, the sol-
ubility parameter between solvent and non-solvent in
all cases was similar. Therefore, the solubility parame-
ter between additive (water, formamide, acetone, and
acetic acid) and non-solvent (water) play an important
role and affects the morphology and performance of the
membrane.

When water is used as additive in the casting solu-
tion, there is a good interaction (zero difference in
solubility parameter) between additive (water) and
non-solvent (water). There is a low difference in
solubility parameter between formamide and water
(non-solvent). Thus, in the case of water or formamide
as additive in the casting solution, instantaneous
demixing occurs and a membrane with a porous top
layer is formed.

When acetone or acetic acid are used as additives
there is high differences between solubility parameters
resulting in delay demixing and formation of a dense
layer. The difference between solubility parameters of
acetone and water is high in comparison with the differ-
ence between solubility parameters of acetic acid and
water. However due to the formation of strong hydro-
gen bonding, a membrane with denser top layer is
anticipated when acetic acid is used as additive. These
explanations are in agreement with the morphologies of
the membranes represented in Figure 9.
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Figure 8. Comparison between additives at 4 wt%: (a) flux

(b) rejection of protein: (1) without additive; (2) water; (3) for-

mamide; (4) acetone; (5) acetic acid.

(a)

(b)
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Figure 9. SEM Images of membranes cross-sections of 12 wt% PA, 4 wt% OX, and (a) 2 wt% PVP, (b) 2 wt% water,  (c) 2 wt%

formamide, (d) 2 wt% acetone, and (e) 2 wt% acetic acid.

(a)

(b)

(c)

(d)

(e)
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CONCLUSION

Addition of additives in the casting solution at quater-
nary system of PA/PVP/OX/formic acid, affects mem-
brane morphology and performance. The effect
depends on solubility parameters and hydrogen bond-
ing with polymer.

Water as additive in the casting solution induced
instantaneous demixing, which leads to flux increment
and rejection decline.

In general, the addition of water and formamide
slightly improves the flux without a pronounced effect
on the retention of protein. In the case of acetone, flux
is less and rejection is high compared to the addition of
water or formamide. The addition of acetic acid results
in flux decline and retention increment.
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Table 2. Solubility parameter and hydrogen bonding.

S = Strong, M = Moderate.

Water Formamide Acetone Acetic acid

Solubility parameter (cal/cm3)1/2

H-bonding

23.4

S

19.2

S

9.9

M

10.1

S
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