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Abstract The ternary phase diagrams of polyetherimide
(PEI)/N,N-dimethylacetamide (DMAc) with H2O and
BuOH as non-solvent were simulated using solubility
parameter and Flory-Huggins theory. The phase diagrams
show that 5.5% H2O/BuOH system containing 5% BuOH
and 0.5% H2O, or 6.5% H2O/BuOH system containing
6.2% BuOH and 0.3% H2O is required to induce liquidliquid demixing for 20 wt-% PEI/DMAc casting solution.
Therefore, BuOH can enhance the phase separation of the
PEI casting solution and hereby induce higher porosity of
the membrane, and the diffusion of BuOH into the water
coagulation bath causes larger pore size easily compared
with DMAc. Our predictions that the membrane pure water
ﬂux ﬁrst increases then decreases, and the rejection ratio of
bovine serum albumin decreases with the increasing
concentration of BuOH were validated by the experiments
using the prepared membranes.
Keywords phase diagram, solubility parameter, interaction parameter, ultraﬁltration, Flory-Huggins theory

1

Introduction

Phase inversion method is the most important technique
for the preparation of both asymmetric and symmetric
polymeric membranes. In this method, a membrane is
formed by precipitation of a homogeneous polymer casting
solution into polymer-rich phase and polymer-lean phase
[1–3]. The thermodynamics property of the casting
solution has great inﬂuence on the membrane morphology
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and performance [3]. Phase diagram is an effective tool to
describe the thermodynamics property of the casting
solution [3]. Usually, phase diagram is constructed via
the cloud-point titration method which can not apply to the
casting solution with high polymer concentration owing to
the large viscosity [4]. Therefore, Flory-Huggins theory is
employed to model the phase diagram including binodal
and spinodal curves [4]. The key of the simulation is to
determine the interaction parameters between polymer and
solvent, non-solvent (NS) which are commonly calculated
by solubility parameter. However, there are several
equations about interaction and solubility parameters.
Hildebrand et al. [5–7] proposed the relationship of
interaction parameter to Hildebrand solubility parameter.
Hansen [8] developed the relationship of interaction
parameter to Hansen solubility parameter with correct
constant α of 1. Lindvig et al. [9] successfully predicted
solvent activity coefﬁcients at inﬁnite dilution in several
acrylate and acetate polymers with correct constant α of
0.6.
Polyetherimide (PEI) has been widely used in the
preparation of membranes for water treatment and gas
separation due to its high selectivity, good chemical and
thermal stability [10–18]. The most commonly used
solvent for PEI is N,N-dimethylacetamide (DMAc) [19–
21]. Up until now, studies on calculation of interaction
parameters for DMAc/PEI casting system, especially with
NS of solution, simulation of phase diagram and its
relevance to membrane performance have been rarely
reported.
In this study, we calculated several interaction parameters based on different equations, determined the proper
relationship for NS/DMAc/PEI solution combining with
the cloud point experiments, and simulated phase diagrams
for PEI/DMAc/H2O-BuOH quaternary casting systems.
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According to the obtained phase diagrams and the kinetic
mechanism of the membrane formation process, the
membrane performances were predicted and validated.

2

Experimental

2.1

Materials

PEI (UltemR1000, General Electric, USA) with average
molecular weight of 38000 Dalton (Da) in pellet form was
dried in a vacuum oven at 105 °C to constant weight. Its
chemical structure was shown in Fig. 1. DMAc supplied by
Beijing Chemical Plant (China) were dried over molecular
sieve beads (50 nm, Dalian Liaodong Chemical Reagent
Co., China) before used. 1-Butanol (BuOH, aladdin) were
used without further puriﬁcation. Bovine serum albumin
(BSA) with average molecular weight of 67000 Da was
bought from Beijing Aoboxing Biological Product Company (China). All the chemicals are of analytical grade.
2.2

The cloud point was determined by a titrimetric method.
PEI was dissolved in solvent DMAc under magnetic
stirring for 10 h at 60 °C to form a homogenous solution.
The polymer solution was degassed for 30 min. NS (H2O,
BuOH or H2O/BuOH system) was slowly added to the
polymer solution under vigorously stirring until the
homogeneous solution became turbid. The titration was
carried out at room temperature, and the amount of NS was
added with a precision of 0.01 mL.
2.3

in the cell by deionized water for 30 min under the
transmembrane pressure difference of 0.15 MPa. PWF was
tested with transmembrane pressure difference of 0.1 MPa,
and RR was measured with 0.5 kg/m3 BSA solution.
Microscopic observation of the membrane morphology
was performed by using a scanning electronic microscope
(SEM) (KYKY2800B, Beijing, China) at an accelerating
voltage of 30 kV. Before observation, the membrane
samples were freeze-fractured in liquid nitrogen and then
sputtered with gold.

3

Theory

3.1

Interaction parameters between NS and solvent

According to Flory-Huggins theory, the Gibbs free energy
of mixing (ΔGm ) for NS/solvent binary system is described
as Eq. (1):
ΔGm
¼ n1 ln f1 þ n2 ln f2 þ g12 ðu2 Þn1 f2 ,
RT

Determination of cloud points

Membrane preparation and characterization

The processes of membrane preparation and characterization were similar to our previous study [22]. The
homogenous polymer solution was cast on a non-woven
fabric (Ahlstrom, Finland). After exposed to air with the
relative humidity of around 55% for a few seconds, the cast
ﬁlms were immersed in a water coagulation bath for 24 h,
where the polymer precipitated due to the exchange of
solvent in the cast ﬁlm with non-solvent in the water
coagulation bath, and then the membrane was formed.
A home-made UF cell was used to measure pure water
ﬂux (PWF) and rejection ratio (RR) with effective
membrane area of 33.18  10 –4 m2 . Prior to the
experiments, the as-prepared membrane was compacted
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(1)

where R is the gas constant, T is the absolute temperature,
ni and fi are the number of moles and volume fraction of
component i, and g12 is concentration-dependent NS/
solvent interaction parameter which is assumed to be a
function of u2, with u1 ¼ f1 =ðf1 þ f2 Þ and u2 ¼ f2 =
ðf1 þ f2 Þ.
The Gibbs free energy of mixing for ideal binary
solution is expressed as Eq. (2):
ΔGm,ideal
¼ n1 ln n1 þ n2 lnn2 :
RT

(2)

Since ΔGE ¼ ΔGm – ΔGm,ideal , the NS/solvent interaction parameter [4] is calculated by Eq. (3):


1
n1
n2
ΔGE
,
(3)
n ⋅ln
þ n2 ⋅ln
þ
g12 ¼
n1 f2 1 f1
f2
RT
where ΔGE is the excess Gibbs free energy which can be
expressed by Eq. (4).
ΔGE ¼ RT ðn1 ln g1 þ n2 ln g2 Þ,

(4)

where gi is the activity coefﬁcient of the component i
which can be calculated by Wilson equation [23,24], Van
laar equation [24–26] or UNIFAC method [27,28]. Table 1
gives the interaction parameters between NS and solvent.

Fig. 1 Chemical structure of PEI
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Table 1 Calculation method for NS/DMAc interaction parameter
No.

System

Ⅰ

H2O/DMAc

Ⅱ

BuOH/DMAc

NS/DMAc interaction parameters (g12)
0.185 + 0.155u2 – 1.02

(5)

where υ is the molar volume and δ is Hildebrand solubility
parameters.
According to the Flory-Huggins lattice model of
polymer mixtures, the interaction parameter can be
approximately expressed as [5,6,30]:
χ i3 ¼ 0:34 þ

υi
ðδ – δ Þ2 , ði ¼ 1,2Þ:
RT i 3

–

Source

1.10u42

[29]
[30]

ΔGm
¼ n1 lnf1 þ n2 ln f2 þ n3 ln f3 þ g12 ðu2 Þn1 f2
RT

According to the regular solution theory of Hildebrand, the
interaction parameter between NS, solvent and polymer is
deﬁned as [9,29,30]:
υi
ðδ – δ Þ2 , ði ¼ 1,2Þ,
RT i 3

+ 1.79

u32

0.4554 – 0.0292u2 + 0.0127u22 – 0.005u32 + 0.0022u42

3.2 Interaction parameters between NS, solvent and
polymer

χ i3 ¼

u22

þ χ 13 n1 f3 þ χ 23 n2 f3 ,

where χ 13 and χ 23 are concentration-independent NS/
polymer and solvent/polymer interaction parameters,
respectively.
Eqs. (9–11) are obtained based on the deﬁnition of
chemical potential.
Δ1
¼ ln f1 – sf2 – rf3 þ ð1 þ g12 f2 þ χ 13 f3 Þðf2
RT
þ f3 Þ – sχ 23 f2 f3 – u2 f2 ð1 – u2 Þðdg12 =du2 Þ, (9)

(6)

sΔ2
¼ sln f2 – f1 – rf3 þ ðs þ g12 f1 þ sχ 13 f3 Þ
RT

Hansen [8] divided Hildebrand solubility parameter into
dispersion (d), polar (p) and hydrogen bonding solubility
parameter (h), and proposed the following equation with
correct constant α of 1 to calculate the interaction
parameters.
υ 
χ i3 ¼α i ðδdi – δd3 Þ2 þ 0:25ðδpi – δp3 Þ2
RT

(7)
þ 0:25ðδhi – δh3 Þ2 , ði ¼ 1,2Þ:
Lindvig [9] estimated interaction parameters from
Hansen solubility parameter, compared with the groupcontribution method, UNIFAC method et al. and obtained
the optimum correction constant α of 0.6. The solubility
parameters referred were summarized in Table 2.

(8)

 ð1 – f2 Þ – χ 13 f1 f3 þ u2 f1 ð1 – u2 Þ
 ðdg12 =du2 Þ,

(10)

rΔ3
¼ rlnf3 – f1 – sf2 þ ðr þ χ 13 f1 þ sχ 23 f2 Þ
RT
 ð1 – f3 Þ – g12 f1 f2 ,

(11)

where s and r are the ratios of υ1 =υ2 and υ1 =υ3 .
When liquid-liquid phase separation of the polymer
solution occurs, the chemical potential of the polymer-rich
phase and that of the polymer-poor phase reach equilibrium (Eq. (13)):
ΔIi ¼ ΔΠ
i , ði ¼ 1,2,3Þ

3.3

Calculation of phase diagram

The Gibbs free energy of mixing for NS/solvent/polymer
ternary system is described as Eq. (8) [35–37]:

(12)

where I and II represent polymer-rich and polymer-poor
phases, respectively.
According to the material balance law, Eq. (13) can be
obtained.

Table 2 Solubility parameters for each component
Hildebrand solubility parameter /MPa0.5

Hansen solubility parameter /MPa0.5
Dispersion

Polar

Hydrogen bonding

Source

H2O

47.8

15.6

16.0

42.3

[16,31]

BuOH

23.1

15.98

5.73

15.76

[32,33]

DMAc

22.74

16.78

11.46

10.23

[31,32,34]

PEI

23.5

21.1

7.4

7.1

[16,34]
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fi1 þ fi2 þ fi3 ¼ 1, ði ¼ I,ΠÞ:

(13)

Eqs. (12,13) include ﬁve equations with six unknowns.
Polymer concentration in the polymer-poor phase is
assumed to be 10–10, 10–9, …, 10–2, then the compositions
of the polymer-rich and polymer-poor phase can be
calculated, which form binodal curve. The subscripts in
Eqs. (1–13) refer to NS (1), solvent (2), and polymer (3).

4

Results and discussion

4.1 Comparison of NS/PEI and DMAc/PEI interaction
parameters

H2O/PEI, BuOH/PEI and DMAc/PEI systems were used to
validate Eqs. (5–7), which were employed to calculate the
NS/PEI and DMAc/PEI interaction parameters. As shown
in Table 3, the interaction parameters of DMAc/PEI
calculated by Eqs. (5) and (6) are 0.02 and 0.36,
respectively, whereas those of BuOH/PEI are 0.005 and
0.345, respectively. Because DMAc is solvent and BuOH
is NS, and the interaction parameter of solvent/polymer
should be smaller than that of NS/polymer, Eqs. (5) and (6)
are not appropriate for DMAc/PEI system to calculate the
interaction parameters. Next, Eq. (7) with different
correction constant was employed to calculate the interaction parameters of NS/polymer and solvent/polymer, and
the results are also shown in Table 3.
4.2

Phase diagram of NS/DMAc/PEI

Based on Eqs. (12 and 13), Table 1, and Table 3, bimodal
curves are obtained and shown in Fig. 2.
The simulated binodal curves for both H2O/DMAc/PEI
and BuOH/DMAc/PEI systems in Fig. 2(a) are consistent
with the cloud points, indicating that Eq. (7) with correct
constant of 1 is appropriate to calculate the interaction
parameters for NS/DMAc/PEI ternary system. An obvious
feature in Fig. 2(a) is that the region of the homogeneous
phase for H2O/DMAc/PEI is much smaller than that for the
BuOH/DMAc/PEI system. Figure 2(a) shows that 1.14%
H2O or 8.1% BuOH is required to induce liquid-liquid
demixing for 20 wt-% PEI/DMAc casting solution.
To clarify the effect of additive BuOH on thermodynamic property of the PEI/DMAc casting solution, the
phase diagrams of NS(H2O/BuOH)/DMAc/PEI systems
were simulated. The molar volume of H2O/BuOH system
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and the interaction parameters of H2O/BuOH system with
DMAc and PEI were expressed as Eqs. (14 and 15) and
summarized in Table 4.
υ# ¼ υH2 O fH2 O þ υBuOH fBuOH ,
g # 1i ¼ gH2 O=i fH2 O þ gBuOH=i fBuOH , ði ¼ 2,3Þ:

(15)

According to the interaction parameters in Table 4, the
phase diagrams of PEI/DMAc/H2O-BuOH quaternary
systems were modeled. As shown in Fig. 3, the region of
the homogeneous phase increases with the increasing
volume ratio of BuOH/H2O. Moreover, 5.5% H2O/BuOH
system containing 0.5% H2O and 5% BuOH or 6.5% H2O/
BuOH system containing 0.3% H2O and 6.2% BuOH is
required to induce liquid–liquid demixing for 20 wt-%
PEI/DMAc casting solution. Therefore, additive BuOH
can enhance the phase separation of the PEI casting
solution and hereby induce higher porosity of the
membrane [38].
4.3

Membrane performance

It can be predicted that PWF ﬁrst increases then decreases,
and BSA RR decreases with the increases of BuOH
concentration. The reasons are as follows. Firstly, additive
BuOH can enhance the phase separation of the PEI casting
solution and hereby induce higher porosity of the
membrane [38]. Secondly, because the molecular size of
BuOH is larger than that of DMAc, fast leaching of
additive BuOH leads to larger pore size easily compared
with DMAc. Thirdly, as the concentration of additive
BuOH increases, the viscosity of the casting solution
becomes higher which hinders the diffusion of DMAc,
BuOH, and water. Lastly, owing to the poor mutual
solubility between BuOH and water, BuOH can not diffuse
into water immediately when the casting solution contacts
with H2O [39,40], and thus the skin layer of the membrane
becomes thicker. The former two factors have more
important effects on membrane performances under low
BuOH concentration, whereas the last two play the key
role under high BuOH concentration. In addition, the
second reason is based on ball-and-stick molecular models
of BuOH and DMAc constructed using Materials Studio.
Each model is fully relaxed with the Discover module and
well optimized in geometry by the Forcite module. The
energy minimization stages in this study start with
steepest-descent and are changed to conjugate-gradient as

Table 3 The interaction parameters of solvent/polymer and NS/polymer
Eq. (5)

Eq. (6)

Eq. (7), α = 1

Eq. (7), α = 0.6

H2O/PEI

4.30

4.64

2.60

1.56

BuOH/PEI

0.005

0.345

1.69

1.01

DMAc/PEI

0.02

0.36

0.94

0.56

System

(14)
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Fig. 2

Phase diagram of NS/DMAc/PEI with H2O and BuOH as NS, and correct constant of (a) α = 1, (b) α = 0.6

Table 4 Molar volume and interaction parameters of H2O/BuOH system with DMAc and EI
H2O/BuOH system
BuOH/H2O (vol/vol)

g# 12

g# 13

χ 23

υ# /(L$mol–1)

9.327

0.4292 – 0.0114u2 + 0.0873u22 – 0. 1688u23 + 0.1045u24

1.78

0.94

85.2

22.86

0.4441 – 0.0215u2 +

1.73

0.94

89.3

0.0306u22

–

0.0702u23

+ 0.0440u2

the energy derivative on any atom decreases to 1000
kcal/mol. As this value reaches to 10 kcal/mol, it is
switched to Newton-Raphson, and then stopped when it is
below 0.001 kcal/mol or when at least 50000 steps are
completed. Then, the molecular sizes of BuOH and DMAc
are obtained as 0.66 nm and 0.49 nm, respectively.
To validate our prediction, a series of membranes with
different concentration of BuOH were fabricated, whose
cross-sectional SEM images and performances were given
in Figs. (4 and 5). Figure 4 shows that the thickness of the
membrane skin layer increases with increasing BuOH
concentration. Figure 5 shows that when BuOH concentration is lower than 2 wt-%, PWF increases sharply, while
RR decreases slightly with the increase of BuOH

4

concentration. When BuOH concentration is higher than
2 wt-%, PWF and RR have markedly decrease with
increasing concentration of BuOH. The experimental
membrane performances are consistent with the predictions.

5

Conclusions

For the ternary phase diagrams of NS(H2O/BuOH)/PEI/
DMAc, Hansen solubility parameter and correct constant α
of 1 are better choice than other models to calculate
interaction parameters of PEI/DMAc and PEI/NS. PEI/
DMAc/H2O-BuOH quaternary phase diagram was simu-
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Fig. 3 Phase diagram of NS(H2O/BuOH)/DMAc/PEI

Fig. 4 Cross-sectional SEM images of PEI membranes with BuOH concentration of (a) 0%, (b) 4%, (c) 6% and (d) 8%
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Nomenclature
ΔGm , Gibbs free energy of mixing
R, gas constant
T, absolute temperature
ni, mole number of component i
fi , volume fraction of component i
g12, concentration-dependent NS/solvent interaction parameter
ΔGE , excess Gibbs free energy
gi , activity coefﬁcient of the component i
υ, molar volume
δ, Hildebrand solubility parameters
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