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Abstract: The possibility of obtaining porous films through solutions of polylaurolactam (PA12) in
benzyl alcohol (BA) was considered. The theoretical calculation of the phase diagram showed the
presence of the upper critical solution temperature (UCST) for the PA12/BA system at 157 °C. The
PA12 completely dissolved in BA at higher temperatures, but the resulting solutions underwent phase
separation upon cooling down to 120-140 °C because of the PA12’s crystallization. The viscosity
of the 10-40% PA12 solutions increased according to a power law but remained low and did not
exceed 5 Pa-s at 160 °C. Regardless of the concentration, PA12 formed a dispersed phase when its
solutions were cooled, which did not allow for the obtention of strong films. On the contrary, the
phase separation of the 20-30% PA12 solutions under the action of a non-solvent (isopropanol) leads
to the formation of flexible microporous films. The measurement of the porosity, wettability, strength,
permeability, and rejection of submicron particles showed the best results for a porous film produced
from a 30% solution by non-solvent-induced phase separation. This process makes it possible
to obtain a membrane material with a 240 nm particle rejection of 99.6% and a permeate flow of
1.5 kg/m?hbar for contaminated water and 69.9 kg/m?hbar for pure water.

Keywords: polyamide; polymer solution; viscosity; phase separation; microfiltration membrane

1. Introduction

The use of membranes has become an integral part of many technological operations
in different industrial areas. The most important segments of the membrane materials mar-
ket are the petrochemical industry [1,2], water treatment [3,4], and gas separation [5,6]. In
addition, membranes have found applications in medicine as various dressing materials [7],
fetal membranes [8], membranes for hemodialysis in artificial kidneys [9,10], and mem-
branes for the separation of biological solutions [11,12].

A membrane is the thinnest film that can selectively allow small particles to pass
through itself while trapping and filtering out larger ones. The selectivity depends on
the chemical nature of the membrane material and pore size, allowing for separating
even the smallest objects, down to molecules, ions, or nanoscale particles. In this regard,
there is a distinction between microfiltration (pore diameter: 50-500 nm), ultrafiltration
(2-50 nm), and nanofiltration (<2 nm) membranes [13,14]. Membranes with small and
medium pore sizes are effective for separating and purifying low molecular weight liquids,
such as hydrocarbons and water. Membranes with larger pores are used to purify liquids
from solids and also as a support material for a small-porous selective layer [15].

In addition to porous membranes, there are nonporous materials with a filtration
mechanism based on the principle of molecular diffusion [16]. These membranes are char-
acterized by the presence of a dense selective layer, which allows for increased strength char-
acteristics and, thus, an extended service life compared to conventional porous membranes.
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Nonporous membranes are impermeable to particles and ions but are capable of allowing
individual small molecules to pass under high pressures applied to a filtered medium.
They are used in gas separation, pervaporation, and reverse osmosis processes [17-19].

Different organic and inorganic materials can be used for the production of membranes,
provided that they can be turned into a thin film. Both types of membrane materials
have their advantages and disadvantages when compared [20,21]. Inorganic materials
include ceramics, zeolites, metals, and allotropic modifications of carbon such as graphene.
Membranes based on them are considered to be more selective and permeable, resistant to
adverse conditions, mechanically strong, and wear resistant [15]. However, a significant
disadvantage of inorganic membranes is brittleness under impact loads and bending and
the high cost of synthesis, which is also an obstacle to their widespread distribution [22,23].

Organic membranes are made mainly from polymers. A variety of polymer materials
and the possibility of combining them mutually allow widely varying barrier properties and
structures of membranes by introducing functional groups into the polymer composition.
Organic membranes were originally developed based on cellulose and its derivatives [24].
Cellulose has become the most popular because of its wide availability and strong intra-
and intermolecular hydrogen bonds, which make it resistant to many solvents [25,26]. Due
to the positive properties of cellulose, many variants of cellulose-based membranes have
been developed for various purposes [27-31]. In addition to natural cellulose, membranes
are made from synthetic polymers, such as polyacrylonitrile [32,33], polyethersulfone [34],
polysulfone [35], polyethylene, and polypropylene, and many other polymers [36,37].

Among a large number of methods of obtaining porous membranes, the method of the
phase separation of polymer solutions has the greatest industrial applicability [38]. In this
case, a two-phase system is formed in which the phase with a higher polymer content forms a
porous film, and the phase with a lower polymer content generates pores [39,40]. The process
of porous structure formation can be triggered in the following several methods [41-44]:

1. By immersion of a polymer solution in a bath with a non-solvent (a precipitant), where
the membrane is formed due to the mass exchange of solvent and non-solvent [45-47].
The enrichment of the polymer solution with the non-solvent causes precipitation of
the polymer, forming a membrane with a typically asymmetric structure that includes
a dense surface layer (a skin) and a highly porous inner layer [48].

2. Byevaporating a solvent from a three-component solution that also contains a polymer
and a small percentage of a non-solvent that is less volatile than the solvent. When
heated, the solvent evaporates faster, and the system undergoes phase separation with
the formation of a porous structure due to the gradual increase in the concentration of
non-solvent [49].

3. By precipitation using the non-solvent-rich vapor phase, which can additionally be
saturated with a solvent if it is highly volatile. Polymer precipitation and membrane
formation occur due to the diffusion of the vaporous non-solvent into the polymer
solution [50,51].

4. By thermally induced phase separation due to the cooling of the solution prepared at
a temperature higher than UCST [52-54]. In this case, cooling of the solution can be
carried out in a cold bath with the same solvent, which can be used repeatedly.

Figure 1 summarizes the methods for producing polymer membranes via polymer
solutions and the typical polymers previously used [13,45,51,55-58].
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Polymers for membrane production via their solutions
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Figure 1. Methods for obtaining membranes from polymer solutions and the polymers used.

Polymer membranes must not only meet the requirements for their degree of perme-
ability and selectivity but also be chemically resistant and inert to the filtered substance
and surrounding equipment. The high reactivity of the membrane material leads to various
defects on its surface and the destruction of the porous layer over time, which negatively
affects the separation ability and service life. It is therefore relevant to use inert polymers,
such as aromatic polyamide [59], polyketone [60], polytetrafluoroethylene [61,62], and
polymethylpentene [63,64], to work in chemically aggressive environments and at high
temperatures. Aliphatic polyamides (nylons) are similarly characterized by a high chemical
resistance but may have strong hydrophilic properties [65,66]. This applies to polyamides,
such as polycaprolactam (PA6) and poly(hexamethylene adipamide) (PA66), membranes
from which are less suitable for cleaning water and aqueous solutions due to the fact of
swelling and subsequent loss of mechanical strength. In addition, these polyamides are not
resistant to alcohols, acids, and strong oxidizing agents [67]. It is therefore advisable to use
more hydrophobic polyamides, such as polyundecanolactam (PA11) or polylaurolactam
(PA12), to produce chemical- and water-resistant membranes. Both of these polymers
can be obtained from natural renewable raw materials (e.g., vegetable oils [68,69]), but
PA12 is more hydrophobic, which determines its better suitability as a highly resistant
membrane material.

The thermal and chemical resistance of PA12 is due to the fact of strong intermolecular
interactions caused by hydrogen bonds between the amide groups. As a consequence,
strong solvents, such as hexafluoroisopropanol [70] or m-cresol [71,72], which are highly
toxic and dangerous to the environment and humans, must be used to dissolve PA12.
Therefore, there is a problem with selecting an effective and safe solvent when obtaining
polyamide membranes from solution.

Such a solvent can be benzyl alcohol (BA), in which PA12 dissolves at high tempera-
tures. BA has low volatility, nontoxicity [73], and easy biodegradability [74]. BA is used
widely as a food additive [75], local anesthetic [76], antiseptic [77], a component of lotions
for the treatment of pediculosis [78], and preservative for cosmetic products [79]. In this
respect, BA can be regarded as a green solvent safe for industrial applications.

The possibility of obtaining nonporous and porous ultrafiltration membranes from
PA12 has been previously shown by the thermally induced phase separation of its solutions,
mainly in m-cresol or formic acid [80-83]. However, there have been no attempts to obtain
polyamide membranes using BA as a solvent so far. In addition, there are no data on
the solubility of PA12 in BA, the rheological behavior of its solutions, and the features of
their phase separation upon cooling or the addition of a non-solvent. At the same time,
this knowledge could be useful for developing safer methods of producing chemically
resistant polyamide membranes using environmentally friendly materials. On this basis,
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the purpose of this study was to evaluate the possibility of obtaining membrane materials
from solutions of polylaurolactam in benzyl alcohol and to study the morphological features
of the resulting materials.

2. Materials and Methods
2.1. Materials

Polylaurolactam PA 12-E, produced by Anid (Yekaterinburg, Russia), with a melt-
ing point of 178 °C was used as a membrane material. Its intrinsic viscosity in m-
cresol at 25 °C was 1.221 dL/g, corresponding to a weight average molecular mass of
3.47 x 10* g/mol [72]. Benzyl alcohol (>99.0%) was supplied by Fluka (Buchs, Switzer-
land), while isopropyl alcohol (99.8%) was produced by EKOS-1 (Moscow, Russia).

2.2. Obtaining Porous Films

The PA12/BA solutions were prepared at 180 °C with stirring on a magnetic stirrer
IKA C-MAG HS 7 (Staufen, Germany). The PA12 concentrations were 10, 15, 20, 25, 30, 35,
and 40 wt.%.

The films were prepared on an HLCL-1000 laminator (ChemlInstruments, West Chester
Township, OH, USA) by applying a hot polymer solution between the layers of polyimide
siliconized film at 180 °C and then running it through the laminator rollers with a gap
width of 100 um and a speed of 0.9 m/min. After leaving the laminator, one part of the
formed films was immediately dipped into a washing bath containing isopropanol at 25 °C
to initiate phase separation due to the action of the non-solvent. The other part of these
films was cooled at the air to 25 °C for initiation of the thermal-induced phase separation
and then placed into an isopropanol bath to remove the BA. After soaking in this bath
for 30 min, both types of films were washed in a second bath with isopropanol to remove
residual BA and then air dried at 25 °C.

2.3. Methods

The rheological properties of the PA12/BA solutions were studied on a Discovery
HR-2 rotational rheometer (TA Instruments, New Castle, DE, USA) using a cone-plate
measuring unit with an angle between the cone and the plate of 2° and a plate diameter of
25 mm. The frequency dependences of the complex viscosity of the solutions were obtained
at a constant strain amplitude of 10% in an angular frequency range of 0.628-628 rad/s
at 160 °C. The dependence of the dynamic viscosity of the solutions on temperature
was obtained at a shear rate of 0.1 s~! and a cooling rate of 2 °C/min in a temperature
range of 160-25 °C. The rheological characteristics were calculated according to the usual
equations [84], and the relative error in their determination did not exceed 5%.

The morphology of the surfaces and cross-slices of the porous films were analyzed
using a Phenom XL G2 scanning electron microscope (Thermo Fisher Scientific, Breda,
The Netherlands) under an accelerating voltage of 15 kV and a pressure of 60 Pa. For the
removal of the electric charge, a thin (approximately 5 nm) layer of gold was applied to
the samples’ surfaces by ion-plasma spraying on a 108 Auto Sputter Coater (Cressington
Scientific Instruments, Watford, UK). The surface porosity (¢) of the films was determined
by analyzing their SEM images using Image] software.

The contact angles of the water droplets on the porous polylaurolactam films () were
measured by using an LK-1 goniometer (OpenScience, Krasnogorsk, Russia). The films
were cut out and placed on an object stage so that the camera captured the image of the
interface of the film with a droplet and air. A droplet of distilled water was placed on
the sample surface with a dispenser, after which the image was fixed with the camera for
subsequent analysis.

The filtration tests were conducted at 25 °C and a pressure of 1 atm in the setup with
dead-end cells (active filtration area: approximately 3.14 cm?) equipped with the stirring
mechanism. The performance of the polylaurolactam membranes was characterized in
terms of the permeability coefficient P (kg/m?hbar) and rejection R (%). An aqueous
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dispersion of the phthalocyanine particles, with a concentration of 0.01 wt.% and an
effective particle diameter of 240 nm, was used as a contaminated test liquid for the
microfiltration studies. The relative concentration of phthalocyanine particles in the feed
and permeate was evaluated using a UV—vis spectrometer, PE-5400UV (Ecroskhim, Saint
Petersburg, Russia), at a wavelength of 600 nm. The permeability coefficient for the pure
water and contaminated test liquid was calculated as follows:

where m is the mass of permeate passed through a membrane with area S in the time
interval At with a pressure difference Ap (10 atm) and a membrane thickness .
The rejection was estimated using the following equation:

R= (1 - Cp) -100% )
Cr

where Cp and Cy are the relative particle concentrations in, respectively, the permeate
and the feed.

Tensile tests of the PA12 membranes (30 mm length, 5 mm width, and 70-100 um
thick) were performed with a ChemInstruments TT-1100 machine at 25 °C with a constant
speed of 3.8 cm/min. The maximum load of the sensor was 11.3 kg.

3. Results
3.1. Theoretical PA12/BA Miscibility

To predict both the solubility of the PA12 in BA and the phase state of their mixtures at
different temperatures, it is desirable to be guided by a phase diagram. It can be calculated
theoretically from the condition of equality of free-energy increments for each of the mixture
components in the coexisting phases [85-87]:

AG] = AG! ®)

where AG/ and AG; are the increments of the partial molar free energy of the i-th component
in the first and second phases, respectively.

For a two-component mixture, the incremental partial molar free energy can be calcu-
lated using the following equation:

Vo —V,
AG{ =RT (l”(Pl + m,2V72m,1g02 +X12§0§) 4)
",

where ¢ and ¢, are the solvent and polymer volume fractions, respectively; V, 1 is the
molar volume of the solvent (103.9 cm3/ mol); V2 is the critical molar volume of the
polymer (approximately 4100 cm3/mol, taking that the critical molecular weight is twice
the entanglement molecular weight [88], which was approximately 2000 g/mol for the
PA12 [89,90]); R is the universal gas constant; T is the thermodynamic temperature; and x12
is the Flory-Huggins interaction parameter. For the incremental partial molar free energy
of the second component, the form of the equation does not change, except that the indices
are replaced accordingly.

The Flory-Huggins interaction parameter can be calculated from a weighted arithmetic
mean of the three differences between the Hansen solubility parameters of the interacting
mixture components [26,91]:

Spa1+5 2 Spy4d 2 Syad 2
LLL2(5p 1 — dpp)” + FA5E2(py — Opp)” + 52 Sy — Omp)

6pi+opp | Opi+dpr | OHi+OHp
RT( Tz ot

X12 = Vi1 , )
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1

where 6p 1 (18.4 MPa’%), 6p, (17.2 MPa’?), §p; (6.3 MPa’), ép, (4.0 MPa%?), 5y 1
(13.7 MPa%?), and 8y 5 (5.1 MPa®?) are the dispersion, polar, and hydrogen bonding Hansen
solubility parameters for the solvent and polymer, respectively [91-93].

Equations (3)—(5) allow for determining the binodal lines, while the spinodal line can
be calculated based on the zero value of the second derivative of the free energy on the
concentrations of the mixture components [94]:

d*AG
T = (6)
dg1dg;
and the Flory—Huggins equation for free energy [95]:
AG = RT<¢11”4’1 + 2 Ingy + X12€01(P2) @)
Vin2 Vin2

As a result of combining Equations (6) and (7), the expression for calculating the
spinodal line takes the following form:

Vm,l (5]

Vin2 @2

=0 ®)

Sp1+o Sp1+o Spato
s ( SDLID2 (1 — Spp)” + A2 (Spy — pp)* + T2 (0 — 5H,2)2)
dpa1+9p, dp+6p; OH,110h,
RT( Datipa 4 featlea 4 il HZ)
The results of the theoretical calculations of the spinodal and binodal curves are
shown in Figure 2. The UCST for the PA12/BA system was 157 °C, and this means that a

temperature of 160-180 °C should be sufficient to achieve the complete solubility of PA12
and the subsequent shaping of the resulting solution.

T,°C

160 - UCST solution

120 - binodal

two-phase

80 system

40-

spinodal

0 i T i T v T ¥ T i 1
0 10 20 30 40 S0
Ppa1as VO1%0

Figure 2. Phase diagram for a mixture of polylaurolactam and benzyl alcohol.

3.2. Viscosimetry of PA12/BA Solutions

The PA12 solutions were Newtonian fluids at 160 °C, like the supercooled melt of this
polymer (Figure 3). The absence of non-Newtonian behavior in these systems was probably
due to the relatively low molecular weight of the polymer, as a result of which its melt and
concentrated solutions contained a small number of macromolecular entanglements.
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Figure 3. Frequency dependences of the complex viscosity of polylaurolactam solutions in benzyl
alcohol at 160 °C. The concentration of polylaurolactam is provided near the curves.

Increasing the concentration of the polyamide expectedly caused an increase in the
viscosity, and the concentration dependence of the specific viscosity of the solution was
linearized in logarithmic coordinates (Figure 4). In this case, the slope of the straight line
is2.8,i.e., 17sp ~ cpa12>8. This indicates that all of the solutions under consideration were
concentrated rather than dilute, as the viscosity of the latter increased linearly with an
increasing polymer concentration [96].

logn,,
4 - o
3 -
© slope 2.8
2 -
o
1 : . . . : ,
-1.5 -1.0 -0.5 0.0

logcp,q, [g/dL]

Figure 4. Concentration dependence of the specific viscosity of the polylaurolactam solutions in
benzyl alcohol at 160 °C.
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As the temperature decreased, the viscosity of both the melt and PA12 solutions
gradually decreased until the crystallization point was reached, causing the effective
viscosity to rise sharply to an infinitely large value (Figure 5). In the case of the solutions,
the onset point of a sharp increase in the viscosity means the moment of their phase
separation, i.e., the transition from the liquid homogeneous state to a nominally two-phase
system consisting of solvent and semicrystalline polymer. As the polymer concentration
decreased, the crystallization temperature shifted toward lower temperatures. This means
that BA acted not only as a solvent for PA12 but also as its plasticizer.

n, Pa-s
10° 1 100%

10*-

10°4 20%,30%
Q
10 \\
104 10% \ P
(o]

PoooSSe
|

]-
(o)

(o)
107" 1 #099000000000000000003

L] v L) L) v
120 140 160 T, °C
Figure 5. Temperature dependences of the effective viscosity of the polylaurolactam solutions in

benzyl alcohol obtained in the cooling mode at a constant shear rate of 0.1 s~1. The concentration of
polylaurolactam is provided near the curves.

The depression of the PA12 crystallization temperature can be traced by its dependence
on the polymer concentration in the solution (Figure 6). In general, an addition of a
large amount of plasticizer to a semicrystalline polymer can cause plasticization of its
amorphous part, with an increase in the free volume, leading to the increased mobility
of the macromolecular segments and reducing the melting temperature of the polymer
and, consequently, its crystallization temperature. In our case, the crystallization of pure
PA12 occurred at 158 °C, while the addition of benzyl alcohol lowered its crystallization
temperature. The most pronounced decrease in the temperature took place when the PA12
concentration was reduced to 20% or less.

Thus, the crystallization of the PA12 solutions occurred at temperatures of 121-142 °C,
while the UCST for the PA12/BA system was 157 °C (see Figure 2). Similarly, the pure PA12
crystallized at 158 °C (Figure 5), while its melting point was 178 °C. In this respect, the
PA12 melt and solutions were capable of being in a highly supercooled state. Nevertheless,
the viscosity of the concentrated solutions, even containing up to 40% PA12, did not exceed
5Pa-s. As a result, all of the obtained solutions were very fluid and easily shapeable. At
the same time, the preparation and use of more concentrated solutions are technologically
unfeasible due to the extremely slow solubility of PA12, difficulty in stirring the PA12/BA
mixtures, and their rapid crystallization upon cooling.
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Figure 6. Concentration dependence of the crystallization temperature of the polylaurolactam
solution in benzyl alcohol.

3.3. Morphology of the PA12 Films

The easy flowability of the PA12 solutions allows them to be shaped between the two
coating anti-adhesion films at elevated temperatures. Then, the resulting hot sandwich
film can either be quickly placed in a bath containing a non-solvent with the subsequent
removal of the coating films or cooled in the air for phase separation due to the PA12’s
crystallization. Non-solvent-induced phase separation occurs due to the enrichment of the
polymer solution with a non-solvent and the resulting loss of solubility of the polymer with
the formation of a two-phase system [97]. As a result, a porous film is formed from the
amorphous polymer-enriched phase, the pores of which represent the polymer-depleted
phase. Then the amorphous polymer-enriched phase partially crystallizes because of the
temperature decrease. Phase separation under the influence of air occurs due to the cooling
of the polymer solution, causing partial crystallization of the polymer with the formation
of a two-phase system [98]. As a result, the crystallizing polymer forms a porous film
whose pores are filled with solvent. Thus, the difference between the two types of phase
separation is the initial phase state of the polymeric phase—amorphous or semicrystalline.
In turn, this leads to differences in the kinetics of phase separation and different sizes of
formed pores due to the different relaxation rates of the amorphous and semicrystalline
polymeric phases [31].

When films are obtained by cooling a relatively low-concentrated solution contain-
ing 25% PA12, a low-dense structure is formed, consisting of weakly bonded individual
polymer spherical aggregates (Figure 7a,b). In this case, during the cooling and phase
separation of the solution, the role of the continuous phase was played most likely by
a dilute PA12/BA solution, which was then removed by washing the resulting film in
isopropanol. In turn, a PA12-rich crystallizing phase formed due to the phase separation is
transformed into dispersed spherical-shaped polymer particles. The result is the formation
of a brittle film unsuitable as a membrane material. A formation of this type of morphology
is due to the low concentration of the polymer in the solution, which results in the absence
of macromolecular entanglements; otherwise, the concentrated polymer solution would
form a gel [99]. Previously, thermally induced phase separation of the dilute polymer
solutions was applied to obtain polymer microspheres and nanoparticles of the different
structures [100-103].



Colloids Interfaces 2023, 7, 10 10 of 18

Figure 7. SEM images of the cross-sections (a,c) and surfaces (b,d) of the porous films obtained from
25% (a,b) and 40% (c,d) polylaurolactam solutions by cooling.

When using a highly concentrated solution containing 40% PA12, the size of the
formed polymer aggregates increased, while the film surface became much denser but
contained pores (Figure 7c,d). In this respect, the polymer still formed a dispersed phase as
a result of the phase separation of the solution under cooling despite its high concentration.
This was confirmed by a closer look at the spherical polymer aggregates, which resembled
corals or sponges interconnected by filamentous formations in some cases (Figure 8). This
structure of the aggregates allowed for assuming their porosity. However, one cannot
accurately assess how well the porosity is formed in the depths of large aggregates, which
may have no pores in the inner layers.

Sy v
"-:“.~'I )

Figure 8. SEM images of aggregates obtained from 25% (a) and 40% (b) polylaurolactam
solutions by cooling.
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In the case of obtaining films by the precipitation of 20-30% solutions, BA is replaced
by the non-solvent—isopropanol. As a result, phase separation occurs more successfully in
terms of obtaining the membrane material. In this case, the continuous phase was formed
from the PA12-rich solution, while the dispersed phase was a dilute polymer solution,
after the removal of which sinuous pores remained in the film volume (Figure 9a,c). When
the 20% PA12 solution was used, the surface of the films was formed by large, irregularly
shaped aggregates with cracks between them (Figure 9b). The use of the 30% solution
reduced the size of the surface aggregates, having small holes between themselves rather
than cracks (Figure 9d). Thus, it can be assumed that in the case of a less concentrated
solution, there is a strong shrinkage of the obtained film, and this leads to the formation of
surface cracks.

Figure 9. SEM images of the cross-sections (a,c,e,g) and surfaces (b,d,f,h) of the porous films obtained
from 20% (a,b), 30% (c,d), 35% (e,f), and 40% (g,h) polylaurolactam solutions by its precipitation
with isopropanol.
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Interestingly, one can detect a pronounced central layer in the core of the film obtained
from a more concentrated 30% solution (Figure 9¢). Within this layer, filament pores also
formed (Figure 10a). Perhaps the outer layers of the forming film cool down and harden
quickly due to the higher polymer concentration and the large temperature difference
between the solution (180 °C) and the non-solvent (25 °C), slowing down the diffusion
rate of the non-solvent deep into the film. In this case, local phase separation may occur
in the center of the film due to the cooling of the solution rather than the action of the
non-solvent. This was confirmed by the similarity in the filamentary structures of the film
core (Figure 10a) and spherical aggregates (Figure 8a) formed during phase separation
initiated by cooling. In contrast, the pores within the film edges had a sinuous shape, and
the surface of the film cross-section resembled that of a mammalian brain (Figure 10b). In
this respect, the formed film can be considered an asymmetric membrane.

Figure 10. SEM images of the porous formations in the center (a) and at the edges (b) of the film
obtained from the 30% polylaurolactam solution by precipitation with isopropanol.

A higher PA12 concentration of 35-40% led to the fact that the phase separation
occurred due to the cooling by cold non-solvent rather than its diffusion into the forming
film. The morphology of the surfaces and cross-sections of the resulting films (Figure 9e-h)
resembled that of the films obtained by thermal-induced phase separation (see Figure 7).
It can be assumed that a high polymer concentration slows down the diffusion of the
non-solvent into the polymer solution because of either its higher viscosity or a denser skin
that forms on its surface upon contact with the non-solvent.

Thus, 20-30% PA12 solutions are more suitable for obtaining membranes in terms of
the morphology of the resulting films. In this case, the phase separation should be initiated
by exposure to a non-solvent rather than a decrease in temperature. At this relatively low
polymer concentration, there is probably a rapid diffusion of BA from the solution into
the non-solvent, causing a dramatic increase in the polymer concentration in the solution.
Therefore, the subsequent phase separation occurs with the formation of a continuous
medium from the polymer rather than from the non-solvent. In contrast, the initially higher
polymer concentration in the 35-40% solutions is insufficient to form a continuous medium
from the polymer. It is because the diffusion between the non-solvent and concentrated
solution occurs slowly without a noticeable change in the polymer concentration in the
solution, leading to phase separation with the formation of a continuous medium from the
polymer-poor phase.

3.4. PA12 Porous Films as Microfiltration Membranes

Let us consider the application of porous films as microfiltration membranes using
the example of three specimens obtained from solutions containing different amounts of
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PA12 and in which the phase separation was initiated by two different methods. The film
produced from the 40% solution upon cooling rejects poorly submicron phthalocyanine
particles with an average size of 240 nm; the rejection is as low as 58.4% (Ra40nm, Table 1).
This is most likely due to the presence of large cracks on the surface of this film (see
Figure 7d). This sample was also quite brittle and had a low tensile strength of approxi-
mately 0.6 MPa. At the same time, it does not have high water permeability despite the
cracks, indicating a small internal porosity, i.e., the measured permeate flow is due to the
presence of defects rather than pores. This conclusion also is confirmed by the low surface
porosity (9.1%, Table 1) and the fact that the water contact angle for this sample (87° & 10°)
was comparable to that for nonporous polylaurolactam (92° + 3°).

Table 1. Porosity, wettability, permeability, microfiltration ability, and tensile strength of the porous
films from polylaurolactam.

Polymer Content 40% PA12 40% PA12 30% PA12
Phase separation temperature induced non-solventinduced non-solvent induced
@, % 9.1 12.4 22.8
0,° 87 £ 10 73£1 71+4

Puwater, kg/m?hbar 2.1 142 69.9
Pgispersion, kg/m*hbar 4.7 1.0 1.5
Roaonm, % 58.4 98.9 99.6

7, MPa 0.6 £0.1 1.8 +:0.6 1.9+0.3

The action of the non-solvent on the same 40% solution led to a porous film with
quite different physicomechanical and transport characteristics. The resulting film had
three times higher strength and rejected 98.9% of the phthalocyanine particles (Table 1).
In addition, the film had a 68 times higher pure-water permeability (Pwater), indicating its
better porosity. The higher porosity also is confirmed by the calculated surface porosity,
which was higher (12.4% versus 9.1%), and the better wettability of the film with water
(73° versus 87°). This improvement in the wettability with the increasing porosity is
explained by the Wenzel model [104], according to which the wettability of hydropho-
bic materials deteriorates with increasing porosity while that of hydrophilic materials
conversely increases. Thus, compared to temperature-induced phase separation, the non-
solvent-induced phase separation provided the membrane with higher roughness (in
concurrence with the SEM data, see Figures 7d and 9h) and better wetting due to the
relative hydrophilicity of PA12. In this case, the filtration of the aqueous phthalocyanine
dispersion resulted in more than a 100 times lower permeability than that of pure water.
This may be due to the clogging of pores with phthalocyanine particles.

The decrease in the polyamide concentration to 30% with the non-solvent-induced
formation of a porous film yielded the least defective membrane according to the SEM
data (see Figure 9d). Indeed, this film had the highest strength (1.9 MPa, Table 1) and the
best rejection of the phthalocyanine particles (99.6%). In addition, the film had the highest
surface porosity (22.8%), good wettability (71°), and an acceptable filtration rate of the
phthalocyanine dispersion (1.5 kg/m?hbar).

The final question concerns the performance of the obtained microfiltration membrane
compared to membranes from other polymers. The correct conditions for a comparison
are the same unfiltered fluid and a polymer having a comparable chemical resistance,
which means the same challenges in forming membranes from it. Suitable references are
microfiltration membranes made from polymethylpentene (PMP). The best-quality PMP
membrane has the same high rejection coefficient of 99% for the same aqueous dispersion
of phthalocyanine particles [64]. However, the PMP membrane is dozens of times less
permeable to water than the PA12 membrane (1.9 kg/m?hbar versus 69.9 kg/m?hbar) but
has five times higher tensile strength (9.1 MPa versus 1.9 MPa). In other words, the PA12
membranes are more porous, which allows for faster filtration but at the cost of reduced
mechanical strength.
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4. Conclusions

The novelty of this work consists of obtaining membranes from polylaurolactam using
its solutions in benzyl alcohol, which is a green alternative to the expensive fluorinated or
toxic phenolic solvents of this polymer. For the first time, the non-solvent- and temperature-
induced methods allowed for parallel-making microfiltration membranes from this polymer
for a direct comparison of the effectiveness of these methods and the performance of the
resultant membranes. Hot solutions of polylaurolactam in benzyl alcohol are suitable for
obtaining porous films. These solutions have low viscosity and undergo phase separation
due to the crystallization of polylaurolactam when cooling below 120-140 °C. However, this
temperature-induced phase separation does not allow for obtaining nonbrittle films suitable
as membranes, since the resulting polymer-enriched phase forms dispersed particles rather
than a continuous medium. This situation can be fundamentally reversed if the phase
separation is initiated by the action of a non-solvent, such as isopropanol. If the polymer
concentration in the phase-separating solution does not exceed 30%, polylaurolactam forms
a continuous phase that contains sinuous micron-sized pores. The resulting material can
be shaped in the form of thin films that can be considered chemical-resistant membranes
for microfiltration. A study of the transport properties of the non-solvent-induced phase-
separated film from a 30% solution revealed its ability to reject 99.6% of the 240 nm particles
at a filtration rate of 1.5 kg/ mZhbar.
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