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a b s t r a c t

A Maxwell–Stefan model was firstly established to describe the mass and heat transfer in the air gap and
coagulation bath stages via thermally induced phase separation (TIPS) process. A cylindrical configura-
tion was considered with the polyvinylidene fluoride-diphenyl carbonate system. The model results
showed that firstly, in the air gap, a polymer concentration gradient was induced in the polymer solution
due to the diluent evaporation, and with an increase in the evaporation time, the gradient increased
gradually. When the initial polymer concentration decreased, the polymer concentration gradient in-
creased while the concentration gradient depth decreased due to a reduction in the diffusion coefficient.
Secondly, the temperature of the polymer solution declined rapidly when it was immersed in the coa-
gulation bath, which resulted in a temperature gradient in the solution. The temperature gradient di-
minished as the quenching time increased because of the heat transfer at the polymer solution–coa-
gulation bath interface. In addition, with the initial polymer concentration decreasing, the solution heat
transfer coefficient raised a little, which caused a slight rise in the temperature gradient. Finally, the
model results were validated by the experiments to obtain a beneficial reference for the formation of
polymeric microporous materials via TIPS.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

Thermally induced phase separation (TIPS) proposed by Castro
in 1980s [1] has been regarded as one of the most important
methods to prepare polymeric microporous materials that are
widely applied as foams [2,3], tissue engineering scaffolds [4,5]
and membranes [6,7]. During the materials preparation via TIPS, a
homogeneous polymer solution at an elevated temperature is
immersed in a coagulation bath that always contains water to
induce phase separation and polymer solidification after passing
an air gap. In the previous work of our group, the effects of the
mass and heat transfer across the polymer solution–coagulation
bath interface on the phase separation and the resultant polymeric
microporous structure have been studied by a method based on
the dissipative particle dynamics simulation [8–11]. The results

have shown that the microporous structures are directly con-
trolled by the dynamics of the TIPS process, which are strongly
influenced by the mass and heat transfer. Since the transport
phenomena are greatly affected by the evaporation during the air
gap and the quenching during the coagulation bath [12–15], for
the purpose of optimizing the performance of the polymeric mi-
croporous materials, both experimental and theoretical studies
have been conducted to describe the transport phenomena and
their effects on the phase separation mechanism of the TIPS
process.

Some experimental studies have been conducted to analyze the
effects of the air gap distance and the coagulation bath tempera-
ture on the morphologies and properties of the resultant poly-
meric microporous materials [12–14]. The experimental results
showed that in the air gap, the evaporation rate of diluent was a
key factor in determining the porosity of the resultant fibers. Since
the diluents can evaporate from the outer surface of the hollow
fiber, a dense layer on the outer surface can be formed by in-
creasing the air gap distance. Besides that, the mean pore sizes and
porosity increased with the increasing bath temperature because
the phase separation morphology had longer coarsen time to de-
velop. However, the details of the TIPS process can hardly be
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directly observed by the macroscopic experimental methods since
the polymeric microporous materials formation process via TIPS is
so fast.

Theoretical studies have also been carried out to investigate the
transport phenomena and their effects on the phase separation
mechanism of TIPS process [16–19]. Several one-dimensional
transport models based on Fick's law combining mass transfer and
heat transfer have been built since 1990s to describe the macro-
scopic transport phenomena, and the results demonstrated that
concentration and temperature profiles would be induced by the
transport phenomena, which affected the final porous structures
of the materials. It was proved that the anisotropic structure was
formed by the evaporation of diluent from the atmosphere–poly-
mer solution interface [20]. In addition, the calculated temperature
profiles during the coagulation bath could be used to facilitate the
analysis of the phase separation mechanism [21] and the crystal-
lization in the TIPS process [22]. Nevertheless, these models on the
basis of Fick's law only relate the diffusional fluxes to the com-
ponent change and are limited to the binary systems [20–22].

Maxwell–Stefan equation [23,24] proposed in 1870s is a gen-
eral constitutive equation covering more driven forces of fluxes for
describing the transport phenomena in multicomponent systems
[25–27]. It has provided a facile basis for explaining various
transport phenomena involving simultaneous heat and mass
transfer in different areas, such as the permeation and separation
for membranes [26,28,29]. However, the application of Maxwell–
Stefan equation in the polymeric microporous materials prepara-
tion has hardly been reported.

As mentioned above, the mass and heat transfer between the
polymer solution and the environment (air or coagulation bath)
have an important effect on the phase separation. In order to get a
deeper and more accurate understanding on the phase separation,
a Maxwell–Stefan model is constructed to study the influence of
the mass and heat transfer on the TIPS process in this work. Since
hollow fibers have been acknowledged to possess large surface
area per unit volume of the fiber to provide a great potential for
the commercial application, the Maxwell–Stefan model is devel-
oped in cylindrical coordinates. In the following part, the polymer
concentration and temperature gradients in the polymer solution,
resulting from the mass and heat transfer in the air gap and the
coagulation bath stages of the TIPS process, are firstly calculated
based on the Maxwell–Stefan model. Then the effects of the eva-
poration time corresponding to the air gap distance, quenching
time and initial polymer concentration on the profiles are in-
vestigated. Finally, the polymeric microporous materials are pre-
pared to validate the model results.

2. Model and analysis

2.1. Basic description of Maxwell–Stefan equation

The Maxwell–Stefan equation was originally proposed to de-
scribe the multicomponent diffusion in ideal gases [23,24]. After-
wards it was extended to a generalized Maxwell–Stefan equation
for the multicomponent diffusion in gases, liquids or solids, cov-
ering a comprehensive set of driving forces (e.g., chemical poten-
tial, pressure, electric field). The generalized Maxwell–Stefan
equation [25–27] with the chemical potential as the driving force
is
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where the subscript i and j denote the component i and j,

respectively. μi is the chemical potential of the component i. xi

represents the mole fraction of the component i. The mole flux Ni
for the component i is given by = +N J C vi i i , where Ji represents
the mole diffusional flux of the component i. Dij is the mutual
diffusion coefficient between the component i and component j. Ct
is the total mole concentration of the solution.

For a multicomponent system undergoing phase changes (e.g.,
evaporation) involving simultaneous heat transfer and mass
transfer, the latent heat will cause the energy transfer to be de-
pendent on the mass transfer, resulting in the coupling of the
temperature and concentration fields. The Maxwell–Stefan equa-
tion can be introduced to the diffusion term of the conservation
equations and the boundary conditions of both the heat transfer
and mass transfer, thereby the aforementioned fields are obtained.

Taken a cylinder as an example, if the transport phenomena in
the radial direction are merely considered, the continuity equation
can be expressed as
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Then, the local conservation equation of mass for the compo-
nent i in the solution can be given by
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where ni is the mass flux for the component i.
The mass boundary condition of the component i at the inter-

face of phase α and β is expressed as
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where v represents interfacial velocity. ρ α
i and ρ β

i are the densities
of the component i at the phase α side and the phase β side of the
interface, respectively.

With regard to heat transfer, on the basis of Fourier's law, the
heat flux is defined as = − (∂ ∂ )q k T r/ , where k is the thermal
conductivity of the solution. The constitutive equation of energy is
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where Hi is the partial molar enthalpy of the component i.
The local conservation equations of energy in the polymer so-

lution is expressed as
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where Hv represents the rate of the energy input from the external
power sources per unit volume.

The energy boundary condition at the interface of phase α and
β can be expressed as
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The ni consisted in Eqs. (3)–(7) can be obtained by the Max-
well–Stefan equation.

2.2. Model development

During the TIPS process, the mass transfer and heat transfer
usually happen simultaneously. In this section, the application of
Maxwell–Stefan equation is extended to the description of the
transport phenomena during the TIPS process as reported in the
preceding work [15,30,31]. A Maxwell–Stefan model derived from
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