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Abstract

Crystalline PVDF was precipitated, respectively, from water/DMF and 1-octanol/DMF solutions to produce membranes with asymmetric
and uniform morphologies. The formation mechanisms of these specific structures were described both in the aspects of thermodynamics
(equilibrium phase behavior) and the kinetics (diffusion trajectory). The phase diagrams of the investigated systems indicated the possibility
of liquid—liquid demixing or crystallization or both during the immersion-precipitation process. The sequence of these phase separation
events, which determined the ultimate membrane structure, was attributed to the kinetic factors. Into this context, a quantitative model
describing the immersion-precipitation process was considered. The calculated diffusion trajectory and concentration distribution in the
nascent membrane were found to be consistent with the experimental membrane morphologies. Moreover, the precipitation rate of the PVDF
solution in water and 1-octanol were examined by the light transmission experiments. The latter results further confirmed the validity of the
mass transfer calculation® 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction liquid—liquid demixing, the crystallization-dominated
membrane structure is difficult to prepare and its formation
The immersion-precipitation process is nhowadays widely mechanism is often overlooked in the literature. Although
used in industry to synthesize polymeric membranes. In thisthere are several articles that describe the microporous
process, a homogeneous polymer solution is immersed in amembrane formation in terms of crystallization during the
nonsolvent bath to induce polymeric coagulation. It has long precipitation process [1-5], the complex precipitation
been recognized that precipitation by liquid—liquid demix- phenomena (including thermodynamics and kinetics) have
ing gives rise to the observed porous structure of most asym-restricted present-day studies only to the experimental clar-
metric amorphous membranes. However, for crystallizable ification of the relation between membrane preparation
polymers, precipitation by solid—liquid demixing may take conditions and the structures of the precipitated product.
place as well during the immersion process. In this case, theln other words, the membrane formation mechanism of
formed membranes exhibit characters from both types of the crystalline polymer has not yet been elucidated in detail.
phase demixing. [1,2]. The liquid—liquid demixing process =~ Commercial  poly(vinylidene  fluoride) (PVDF)
often leads to a cellular morphology whose pores (devel- membranes have been proved to be useful in biomedical
oped from the polymer-lean phase) are surrounded by aapplications [7,8] and in various filtration processes
solid polymeric matrix (developed from the polymer-rich [9,10]. The subject of PVDF membrane formation,
phase). In contrast, the solid—liquid demixing occurs in however, has rarely been discussed in the literature; parti-
the crystallizable segments of the polymer to form cularly the role PVDF crystallization plays during the
membranes consisting interlinked crystalline particles [3— membrane formation process [11,12]. To have a clear
6]. Because crystallization is a slow process comparing to insight into the formation mechanism of PVYDF membranes,
one often resorts to the phase behavior of the membrane
mg author. Tel:+ 886 2 26215656; fax: + 886 2 forming syste'm and the kinetics of the immersion process.
26209887. The phase diagrams of water-DMF-PVDF and 1-octanol/
E-mail addressipcheng@sigma.che.tku.edu.tw (L.P. Cheng) DMF/PVDF systems have been investigated previously
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Fig. 1. Phase diagrams of two membrane forming systems: (a) water/DMF/PVDF; (b)1-octanol/DMF/PVDF. (—-): tie lines of the binodal.
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[11,13], as shown in Fig. 1(a) and (b), respectively. These i (1: nonsolvent, 2: solvent, 3: polymeg; in is the chemi-
phase diagrams share several common features (e.g.; botlkeal potential of species Eqgs. (1)—(3) are transport equa-
the equilibrium crystallization lines are outside the binodal tions expressed in dimensionless form. The dimensionless
boundaries); but their membrane structures were found totime, 7, and the dimensionless distaneg, are defined as:
differ markedly. This suggests that phase diagram by 7= Dot/M?andn = m/M, whereDy is the pre-exponential
itself is not sufficient to explain the formation process factor forthe diffusion coefficientin Duda’s expression [19].
of the observed membrane structures in these systemsM is the volume per unit area of the initial membrane solu-
Obviously, diffusion kinetics of the system plays a role tion before immersion. The polymer coordinate is
during membrane formation. The first quantitative model defined as the volume of polymer between the membrane-
that described the immersion-precipitation process for bath interface and the position of observation per unit area.
membrane formation was accredited to Cohen et al [14]. L (i, j = 1, 2) in Egs. (1) and (2) are coefficients for the
During the past three decades, extensive investigationsphenomenological expressions of diffusional fluxés.is
have been performed to unravel the arts behind membranehe thickness of the concentration boundary laysp is
formation. Various models have emerged ever since; the mutual diffusion coefficient for the bath liquid.c¥/is
however, most of them were qualitative. Rigorous mathe- the velocity of the free streank.in Eq.(3) is equal to 4.64
matical treatments came forth only until recently, which (#/V0)®®. v is the kinematic viscosity of the bath liquitis
were proposed by Reuvers et al [15,16] and by Tsay et al a factor which accounts for the effect of mass transfer in the
[17]. Unfortunately, these models did not agree with bath direction. Calculated results for the casé ef 0 are
experimental observations in a number of preparation reported in this work [18]. The detailed derivations of Eqs.
conditions. Later, Cheng [18] published an improved (1)—(3) can be found in the literature [18].

model, which incorporated the essential features of the

earlier models. Following Cheng’s method, this research _

developed a mathematical analysis of the formation of 3- Experimental

crystaline PVDF membranes. The calculated results ,

were found to be consistent with the light transmission 3-1- Materials

measurements and the SEM observations. Based on the

analyses of the thermodynamic and kinetic behaviors of
the systems, the relation between membrane preparatio
condition and the obtained membrane structures were
discussed.

PVDF (Kynar 740, EIf Ato Chem) was obtained in pellet
r]‘orm. Dimethylformamide (DMF, Aldrich, HPLC grade)
was used as the solvent. Both double distilled-deionized
water and 1-octanol (Reidel-de Haen, reagent grddes
0.82 g/ml) were used as the nonsolvents for the polymer. All
materials were used as received.

2. Theory
3.2. Membrane preparation

The immersion-precipitation process has been described ) )

as a ternary mass transfer problem previously [18]. The Membranes were prepared at°@5using the direct

mass transfer equations thus obtained for the membrandMMmersion-precipitation method. A homogeneous 22 wt.
solution region are given by % PVDF solution (i.e., dope A in Fig. 1) was dispersed

uniformly on a glass plate (ca. 3@Qdn), and then precipi-
ADr/ds) _ Vi A Pslaa(ua/dm) + dslia(dualdm)) tated in nonsolvent to form a laminate. The latter was
= D . i .
aT Do an soaked in ethanol first and then in acetone to remove
1-octanol and residual DMF. The membrane was dried at
ol b3) Vo d(slor(dpa/dm) + dsloa(dus/Im)) 5 45°C and then examined in a scanning electron microscope
or D_o ) ) (SEM, Hitachi S-800) for the top, bottom, and edge views.

The equation of conFinui_ty fpr the coagulation bath outside 3 3 pMeasurement of precipitation times
the membrane solution is given by
2 Light transmission experiments were performed to obtain
Ib _ M_2 9(D12/Do)(9¢/7Y) the onset and completeness times of phase separation in the
ot o N immersion-precipitation process. The principle of light
1 ( 3 V. M25,Y? 3 VOOMZSEY“) transmigsion experiments is tha_t the light transmittance _of
— -t = the casting solution decreases with the appearance of optical
Do 8 k\@ 16 k3\/§ inhomogenities, which can either be induced by liquid—
Iy liquid demixing or solid—liquid demixing. Therefore, the
X (a_Y><f + 1) 3 time at which the light transmittance begins to decrease is
identified as the outset of phase separation, whereas the time
In Egs. (1)-(3),¢; is the volume fraction of component at which light transmittance drops to a stable constant value
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Fig. 2. Mutual diffusion coefficient as a function of solvent weight fracti®): fneasured data for DMF/PVDF binary system)(literature data for acetone/
cellulose binary system.

is considered as the completeness of phase separation. Tbetween nonsolvent and polymer which is requiredLfpr
carry out the experiment, a collimated light beam was shone calculations, it is assumed that the friction coefficients
on the membrane solution. The transmitted light intensity between polymer and low molecular species (nonsolvent
was continuously measured by a Si-detector. And a compu-and solvent) are proportional to the volume fractions of
ter was used to store and analyze the intensity profile. the low molecular weight species. Such assumption has
Detailed experimental setup and procedures can be referredilso been used elsewhere to yield satisfactory computed

to a previous publication [18]. results [15-18,22,23]. Various cases corresponding to
- o different preparation conditions were calculated and the
3.4. Measurement of the diffusion coefficient results were plotted on the phase diagram to obtain the

The reflected light differential interference microscope diffusion trajectories.

was used to measure the mutual diffusion coefficients
between DMF and PVDF in several compositions [13,20].
The results are shown in Fig. 2. In the region where solvent Table 1 ) )

. . . Parameters for trajectory calculations
weight fraction is low, the data of acetone-cellulose acetate
(e.g., A in Fig. 2) was used to obtain the fitted curve in 1-octanol bath Water bath
accordance with Duda’s theory [19].

T (K) 298 298
. . . . a
3.5. Computation of the diffusion trajectory L (cm) 30 30
Voo (cm/sec) 10 10
A computer code was used to compute the local concen-2 (M 0.0652 0.0959
. . . dope thickness (m) 300 200
tration of ea}ch component in the membrar_1e solutlon_ and t_hevl (cmole) 157 194 18
bath. The input parameters for calculations are listed in v, cm¥mole) 77.436 77.436
Table 1. The mutual diffusion coefficients between solvent V; (cmslzmole) 168361 . ] 168361
. . 5
and nonsolventD;, were obtained by the Wilke-Chang Di2(cm‘/sec) 8.846x10™-6.486x10 ¢, 1.7x100

equation [21]' These diffusion coefficients were transformed 2L measures the distance between the leading edge and the position of

into ternary phenomenological coefficients by a procedure gpservation. Wheri. > 30 cm, concentration boundary layer becomes
described previously [18]. To obtain friction coefficient relatively flat.
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4. Results and discussion will predict a membrane structure controlled by crystalliza-
tion. Therefore, Fig. 3 suggests that liquid—liquid demixing

4.1. Morphologies of membranes precipitated from water can precede solid-liquid demixing and dominate the preci-

and 1-octanol pitation process even though solid—liquid demixing is
favored in a thermodynamical sense.

To be concise, only two most significant set of results As the same dope solution (point A in Fig. 1) was
which illustrate the effects of nonsolvent on the membrane immersed in 1-octanol, the morphology of the formed
structure are discussed here: (a) dope A (Fig. 1) immersed inmembrane differs dramatically from that shown in Fig. 3.
water (harsh bath) and (b) dope A immersed in 1-octanol Fig. 4 presents a uniform microporous structure composed
(soft bath). The PVDF membrane precipitated from water, of spherical particles (1.pm, dia.) of approximately the
as shown in Fig. 3, exhibit an asymmetric structure. Three same size. Other dimensions of this membrane have largely
distinct regions can be identified in this membrane. Near the identical structure and are therefore not shown here. Such
top surface is a thin dense layer, commonly termed “skin” in structure represents a crystallization-dominated precipita-
the literature. Fig. 3 indicates that this layer is tight and tion situation, wherein all crystalline particles were
nonporous. Underneath the skin is a region composed ofnucleated and grown in a similar concentration field and
parallel columnar macrovoids which extend to the central finally fused together to form a bi-continuous structure [23].
part of the membrane. The lower half of the membrane cross To explain the formation mechanism of the previously
section shows a cellular morphology, in which closed pores mentioned asymmetric or particulate structure, one
are enveloped in a polymer mat. All such characteristics cannormally has to consider both the thermodynamic (phase
ordinarily be found in amorphous membranes. Since typical behavior) and the kinetic (mass transfer) aspects of the
morphology from polymer crystallization (i.e., crystalline formation process. The phase diagrams in Fig. 1(a) and
particles) is not in evidence, the observed membrane struc-(b) indicate that there is a wider gap between the crystal-
ture was derived largely from liquid—liquid demixing. From lization line and the binodal for the 1-octanol/DMF/PVDF
the phase diagram shown in Fig. 1, however, it appears thatsystem than for the water/DMF/PVDF system, and that the
during immersion-precipitation mass exchange of solvent liquid—liquid demixing boundary of the former system is
and nonsolvent brings the membrane solution into a meta-much smaller than that of the latter system. This indeed
stable state initially with respect to solid—liquid demixing, suggests a more favorable condition for PVDF to precipitate
and then with respect to liquid—liquid demixing. In other into a crystallization orientated structure in 1-octanol than in
words, considerations based totally on the phase behaviorwater. However, Fig. 1 also indicates that the crystallization

Fig. 3. SEM photomicrograph showing the cross section of the membrane Fig. 4. SEM photomicrograph showing the cross section of the membrane
prepared by immersing dope ‘A’ (Fig. 1) in water. prepared by immersing dope ‘A’ (Fig. 1) in 1-octanol.
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Fig. 5. Light transmittance during immersion of PVDF solutions into different baths. A: water bath. B: 1-octanol.

boundary must be entered before there is any chance forAn instantaneous demixing is observed in the case of
liquid—liquid demixing to occur, irrespective of immersing immersing the dope in water. Curve ‘A’ shows that the
in water or 1-octanol. Therefore, the time needed to initiate light transmittance drops off immediately after dope-bath
crystallization (normally slow because of nucleation and contact and the light transmittance arrives at a constant
growth) relative to that for membrane solution to enter the stable value at ca. 50s. Therefore, the structure of the
binodal also affects the sequence of the two-phase separamembrane were set in shortly after the much faster process
tion processes and thus the membrane morphology. In otherof nonsolvent—solvent exchange. In such a short time frame,
words, the kinetic factors play an important role in the no polymer crystallization could possibly occur. Instead, the
membrane formation process. It is possible that the diffu- intrusion of nonsolvent brought quickly to the membrane
sional mass transfer of solvent and nonsolvent is so fast thatsolution into the binodal region in which liquid—liquid
before the nucleation process of crystallization, the binodal demixing initiated and dominated the membrane precipita-
boundary has been crossed and liquid—liquid demixing tion process, thereby forming the asymmetric structure
takes place rapidly to yield an asymmetric morphology, as shown in Fig. 3. The situation reversed when 1-octanol
depicted in Fig. 3. In contrast, if the mass transfer is slow was used as the nonsolvent. Curve ‘B’ in Fig. 5 indicates
(e.g., immersing in a soft bath), crystallization occurs prior a delayed type of demixing [16]. The light transmission
to liquid—liquid demixing and a “particulate” morphology intensity decreased by less than 2% after immersion for
results, as shown in Fig. 4. In the discussion that follows, the ca. 300 s. Although this small change in intensity may be
kinetical viewpoint of the membrane formation process will caused by the proximity of refractive indices between the
be based upon the light transmittance measurements and theascent membrane and the bath liquid, the membrane solu-
diffusional path calculations. These results together with the tion in fact becomes a soft gel and could be removed from
phase diagrams will illustrate clearly the causes of the the glass plate at 3 min. after immersion. In this slow preci-
marked differences in membrane structures prepared inpitation case, the exchange of nonsolvent and solvent was
water and in 1-octanol. very slow, and hence nucleation of polymer crystallites

within the membrane solution prior to liquid—liquid demix-
4.2. Precipitation times of membranes precipitated from  ing became feasible. As will be shown later by diffusion
water and 1-octanol trajectory calculations, liquid—liquid demixing will not

take place even at 3 min. after contact of the dope and the

Light transmission experiments were carried out to bath. Therefore, crystallization dictated the precipitation

follow the course of the precipitation process. The results process to form the “particulate” morphology i.e., shown
are presented in Fig. 5 in the form of transmittance profiles. in Fig. 4.
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Fig. 6. Calculated diffusion trajectories for immersing dope ‘A’ into different baths. (a) water bath. (b) 1-octanol bath, trajectory ‘A’: ¢€csoryréB’:
180 s., trajectory ‘C: 540 s.,

4.3. Diffusion trajectories of membranes precipitated from trajectories and concentration profiles are shown, respec-
water and 1-octanol tively, in Figs. 6 and 7. The dope solution contained
20 wt. % PVDF and the bath was either water or 1-octanol.

The mass transfer process during immersion-precipitation The trajectories represent the compositions of each com-
before the occurrence of phase separation was modeledbonent in the membrane solution at different times after

as a ternary diffusion problem. The calculated diffusion immersion; they are plotted on a ternary phase diagram as
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Fig. 7. Calculated polymer volume fraction profiles for immersing dope ‘A’ into different baths. Curve ‘A’: water bath (1. s.), Curve ‘B": 1-octhnol ba
(180s).

shown in Fig. 6. The interfacial composition of the where vitrification took place and the structure froze.
membrane solution is located on the binodal, in accordanceHence, the skin layer was very hard and stiff so as to
with the assumed equilibrium boundary condition. For the preclude any possibility of microporous regions near this
case of immersing the dope in water, Fig. 6(a) indicates that surface. Although the diffusion trajectory alone does not
the diffusion trajectory crosses the binodal immediately at predict a liquid—liquid demixing dominated precipitation
contact of the dope with the bath. This agrees with the process in the porous region underneath the skin, the SEM
precipitation time observed in the light transmission experi- in Fig. 3 and the light transmission experiment both indicate
ment. Such type of precipitation was coined “instantaneous such a dominance. In such a short time domain, it appears
demixing” by Reuvers et al. [16]. The membranes thus that the normally sluggish crystallization process was not
formed usually feature a tight skin and a cellular sublayer, likely to commence earlier than liquid—liquid demixing.
and in many cases the macrovoids are prevalent in theConcerning the formation of macrovoids, it is beyond the
membrane cross section [16,23-26]. Fig. 3 provides scope of the current work. However, the steep concentration
evidence for this latter structure. gradient, as shown in Fig. 6, formed instantly at contact with
The volume fraction of polymer along the membrane the bath indeed suggests a favorable condition for macro-
cross section when the trajectory first enters the binodal is void formation [16,23—-26].
shown as curve ‘A’ in Fig. 7. The composition of the In contrast to the instant demixing case, as 1-octanol was
membrane-bath interface is located on traxis (depth used as the coagulation bath, mass transfer between
= 0) and the composition of the bottom surface is on the solvent—nonsolvent became laggard and precipitation was
other end of the concentration profile. Curve ‘A’ indicates a delayed (see Fig. 5). As shown in curve ‘C’ of Fig. 6(b), the
pronounced high polymer concentration near the interfacial diffusion trajectory enters the binodal very slowly at ca.
region followed by a constant low concentration all the way 540 s after immersion. This is much longer than the
toward the bottom surface. The high interfacial polymer observed precipitation time. Because of such deferral of
concentration brought this region rapidly into a state the liquid—liquid demixing process and also because the
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The cellular-like pores are not observable and the

membrane demonstrated a microporous structure packed

by spherical crystallites. The calculated polymer concentra-

tion in the membrane solution at 180 s. is shown as curve References
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