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Synopsis

A microporous membrane is prepared by treating the cation exchange membrane (Fe** ™ form)
with an H,0, aqueous solution. The cation exchange membrane is prepared by the paste method:
the base membrane is prepared beforehand and then sulfonated. The preparative conditions of
the base membrane were studied in connection with the characteristics of the resultant microp-
orous membrane. Furthermore, the availability of the microporous membrane for ultrafiltration
was studied by using an aqueous solution of a bovine hemoglobin.

INTRODUCTION

We have already reported the preparation of the ion exchange membranes
by the paste method.? A paste, mainly consisting of poly(vinyl chloride)
(PVC) powder, styrene (St), divinylbenzene (DVB), and a polymerization
initiator, is coated onto a reinforcing material, and the monomers are copoly-
merized to prepare the base membrane. Then an ion exchange membrane is
prepared by introducing an ion exchange group onto the base membrane.

The treatment of the cation exchange membrane (Fe*** form) with an
H,0, aqueous solution results in a microporous membrane,** applicable for
ultrafiltration.? However, no details of the preparation of the microporous
membrane has been reported yet. Accordingly, we studied some detailed
relation between the preparative conditions of the base membrane and the
properties of the resultant microporous membrane and also the applicability
of the microporous membrane for ultrafiltration.

3,4

EXPERIMENTAL

Materials

All the materials used were of commercial grade. The content of the pure
DVB isomers in the commercial DVB was 53% and the DVB quantity in this
paper was shown as that of the commercial DVB. The polymerization initia-
tors used were benzyolperoxide (BPO), ¢-butylperoxylaurate (PBL), and ¢t
butylperoxybenzoate (PBZ).
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Preparation of Microporous Membrane

The preparative procedure is shown as follows. The cation exchange mem-
brane was prepared by the paste method."? The paste was prepared by
mixing PVC powder,St, DVB, dioctylphthalate (DOP), and a polymerization
initiator.

Paste

Coated onto a PVC cloth

wrapped both surfaces with a

poly(ethyleneglycol terephthalate) film

Heated to copolymerize St and DVB and to gel the
PVC powder at a definite temperature for 6 h

Base membrane

Sulfonated

Rinsed with water

Cation exchange membrane

Dipped in a 0.5N FeClj, solution at room
temperature for 2 h

Rinsed with water

Dipped in a 3% H,0, aqueous solution at 25°C for 2 h
to decompose the cation exchange resin component

Rinsed successively with a 1N HCI aqueous solution
and water

Microporous membrane

The standard composition of the paste was as follows by weight if otherwise
not noted: DOP/(St + DVB) = 0.2, DVB/(St + DVB) = 0.1, polymerization
initiator /(St + DVB) = 0.01, and (St + DVB)/PVC = 6. The DVB/(St +
DVB) and (St + DVB)/PVC ratios were varied in the range of 0-0.3 and 2-6,
respectively.
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Water Permeability Measurement

The measurement was carried out at room temperature by the method
shown in the previous paper.” The apparatus was similar to that used by
Kopedek et al.® It was confirmed beforehand that the water permeation rate
linearly increased with the increase in the applied pressure in the range of 0-8
kg/cm?, as reported in the previous paper.” The water permeability was
determined from the slope of the linear relation.

Determination of Apparent Pore Size, Pore Number, and
Tortuosity Factor

The pore radius r (cm) and the pore number n (cm™2) can be calculated by
using Poiseuille’s law, as described in the previous studies, assuming that the
pore is cylindrical and perpendicular to the membrane surface®*7:

nLQ
P~ AAP (1)
= [GIK, ®
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n=— (3)
877Kp
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€= prﬁ = 7rr2n (4)

where @ is the water permeation rate (cm?/s), K »» the specific permeability
(cm?), AP, the pressure difference across the membrane (dyn/cm?), W,, the
wet weight of the membrane (g), W, the dry weight of the membrane (g), A4,
the effective membrane area (cm?), L, membrane thickness (cm), p,, density
of water (g/cm?®), ¢, porosity, and 7, viscosity of water (poise).

The tortuosity factor (o) of the pore is defined as follows:

c=R,/R,; (5)
R,=R,L/e (6)

where R,, is the electric resistance of the microporpous membrane in a 0.5N
NaCl aqueous solution (€ cm?) and R, the specific electric resistance of the
0.5N NaCl aqueous solution (£ c¢m), measured at 25°C under an alternating
current (1 kHz).®

Ultrafiltration of Hemoglobin Solution

A bovine hemoglobin solution (1000 ppm and MW 6600-6800) was used for
the test. The rejection of hemoglobin was defined as follows:

R, (%) = (1 - C/C,) X 100 (7)
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where C; is the hemoglobin concentration of the filtrate and C, is the
concentration of the bulk solution. The hemoglobin concentration was deter-
mined by absorbance analysis at 410 nm.

The permeating cell, the reservoir of the hemoglobin solution (3 L), and the
pipe line were made of stainless steel. The solution was circulated between the
permeating cell and the reservoir with the aid of a pump. The circular
membrane (effective area, 6.15 cm?) was placed on a porous support of the cell.
The width of the solution path above the membrane was 5 mm. The solution
inlet (inner diameter, 4 mm) was attached, vertically to the membrane surface,
at the place near the periphery of the space above the membrane and the
outlet (inner diameter, 4 mm) was similarly attached on the opposite place.
The pressure of the solution was controlled by a pressure-controlling bulb,
using a high-pressure nitrogen bomb. The time-dependent changes in the
permeating rate and the rejection were measured.

RESULTS AND DISCUSSION

In process of preparing the base membrane, the following reactions proceed
simultaneously: the formation of the PVC gel phase from the PVC particles
swollen with the monomer mixture and the phase-separating copolymerization
of St-DVB in the PVC gel phase, engendered by the decomposition of the
polymerization initiator. St and DVB are soluble in PVC but poly-St is not
compatible with PVC, so that the resultant copolymer necessarily separates
out of the PVC gel phase; furthermore, DVB promotes the phase separation.
Accordingly, the resultant St-DVB copolymer is finely dispersed in the PVC
gel phase, grafting onto PVC and intertwining with PVC. The St-DVB
copolymer is sulfonated and then the resultant cation exchange resin compo-
nent (Fe*™™ form) is selectively decomposed by treating with an H,0,
aqueous solution to obtain the microporous membrane.>* Therefore, the
structure of the microporous membrane is dependent mainly on the morphol-
ogy of the base membrane. Here, the swelling of the St-DVB resin component
by sulfonation and the presence of DOP could not be taken into consideration
owing to the insolvable complexity.

The water permeability of the microporous membrane is one of the most
fundamental properties and then the effects of some conditions to prepare
the base membrane on the water permeability were studied at first. Figure 1
shows the effect of the DVB/(St + DVB) ratio of the paste on the water
permeability. When the DVB/(St + DVB) ratios were 0.2 and 0.3, the cation
exchange resin component could not easily be decomposed under the standard
condition (at 25°C for 2 h): the cation exchange membrane was treated with
the H,0, aqueous solution at 25°C for 16 h. When the DVB /(St + DVB)
ratio was 0.1, the water permeability was largest. The reason is obscure, but
this result is consistent with that in the case of the preparation of the
microporous membrane by copolymerizing St—-DVB in a PVC film and decom-
posing the cation exchange resin component resulted by sulfonation of the
copolymer.® So, the DVB/(St + DVB) ratio was fixed to be 0.1 in the
subsequent study. Also, it was observed that the base membrane became more
transparent with increasing the DVB /(St + DVB) ratio. The much more
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Fig. 1. The effect of the DVB/(St + DVB) ratio of the paste onto the water permeability of

the microporous membrane. The composition of the paste except the DVB/(St + DVB) ratio was
the standard one, using BPO. Copolymerization temperature 105°C.
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Fig. 2. The effect of the polymerization initiator onto the water permeability of the micro-
porous membrane. The composition of the paste was the standard one. Copolymerization
temperature 105°C.
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DVB is used, the earlier the propagating St-DVB copolymer separates out
and the more finely the resuitant copolymer is dispersed in the PVC gel phase.

Figure 2 shows the water permeability when the various polymerization
initiators were used. The order of their decomposability at 105°C is as follows:
BPO > PBL > PBZ.'® The morphology of the base membrane is determined
by the competitive balance between the gellation rate of the PVC particles
swollen with the monomer mixture and the copolymerization rate of St-DVB,
engendered by the decomposition of the polymerization initiator. The more
rapidly the initiator decomposes, the more rapidly the copolymerization
proceeds. Therefore, the decomposability affects the balance between the
competitive reaction rates described above. In the case of BPO, the water
permeability was largest. Namely, it is reasonable that since the decomposi-
tion of BPO is more rapid, the copolymerization of St-DVB is more rapid.
Accordingly, the copolymerization should proceed in the less gelled PVC
phase in comparison with the other cases and the distribution of the resultant
St-DVB copolymer in the base membrane should become rather coarse. This
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Fig. 3. The effect of the polymerization initiator onto the properties of the microporous

membrane. The composition of the paste was the standard one. Copolymerization temperature
105°C.
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Fig. 4. The effect of the copolymerization temperature onto the water permeability of the
microporous membrane. The composition of the paste was the standard one, using BPO.
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should be the reason why the water permeability was largest in the case of
BPO. The foregoing explanation is supported by the results shown in Figure 3.
The pore radius, the porosity, and the K, value in the case of BPO are larger
than those in the other cases. it is interesting that the tortuosity factor in the
case of PBL is smallest, although the porosity is between those in the case of
BPO and PBZ, but its reason is inexplicable.

Figure 4 shows the relation between the water permeability and the copoly-
merization temperature. The higher the temperature, the smaller the water
permeability. At the higher temperature, the gellation of the PVC particles
more rapidly proceeds to result in the more gelled PVC phase and also BPO
more rapidly decomposes. This means that more radicals generate in the more
gelled PVC phase. Therefore, more copolymer radicals propagate and separate
earlier out of the PVC gel phase. Then the resultant St-DVB copolymer is
more finely dispersed in the PVC gel phase and therefore the water permeabil-
ity of the microporous membrane becomes smaller. These explanation is
supported by the results shown in Figure 5, which clearly shows the effect of
the copolymerization temperature onto the characteristics of the microporous
membrane. With increasing the temperature, the porosity, the pore radius,
and the K, value decrease and, contrarily, the pore number and tortuosity
factor increase.

Figure 6 shows the effect of the (St + DVB)/PVC ratio of the paste onto
the properties of the microporous membrane. It is necessary to note that the
(St + DVB)/PVC ratio is the value of the paste, but not of the base mem-
brane, because the paste is coated onto the PVC cloth and the mon-
omers inevitably migrate into the PVC cloth.!! For reference, when the
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Fig. 5. The effect of the copolymerization temperature onto the properties of the microporous
membrane. The composition of the paste was the standard one, using BPO.
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(St + DVB)/PVC ratios are 6 and 2, the cation exchange capacities are
2.3-2.4 and 1.9-2.0 meq/g dry membrane, respectively. It is reasonable that
the larger the (St + DVB)/PVC ratio, the larger the K, value, the porosity,
and the pore radius and, contrarily, the less the pore number and the
tortuosity factor.

The effects of the preparative conditions of the base membrane shown in
Figures 3, 5, and 6 are summarized in Table I. Regarding the polymerization
initiator, the copolymerization temperature, and the (St + DVB)/PVC ratio,
the orders of the K ,, r, and ¢ values are the same and those of the n and ¢
values are reversed except that of the o value regarding the polymerization
initiator.

Figure 7 shows the scanning electron microphotographs of the microporous
membrane surfaces, relating to the effect of the DVB /(St + DVB) ratio of the
paste. The relatively larger and smaller pores coexist in the rather continuous
PVC phase, showing that the PVC particles gelled enough. Furthermore, the
pores show the delicate distribution which should affect the membrane prop-
erties. When the DVB/(St + DVB) ratio is 0 and 0.02, the pore is larger.
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Fig. 6. The effect of the (St + DVB)/PVC ratio of the paste onto the properties of the
microporous membrane. The composition of the paste except the (St + DVB)/PVC was the
standard one, using BPO. Copolymerization temperature 105°C.

TABLE I
Tendencies in the Effects of the Preparative Conditions onto
the Characteristics of the Microporous Membranes

Copolymerization
Polymerization temperature (St + DVB)/PVC
initiator °C) (wt ratio)
K, BPO > PBL > PBZ 80 > 105 > 120 6>2
r BPO > PBL > PBZ 80 > 105 > 120 6> 2
n PBZ > PBL > BPO 120 > 105 > 80 2>6
¢« BPO > PBL > PBZ 80 > 105 > 120 6> 2

¢ PBZ > BPO > PBL 120 > 105 > 80 2>6
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Fig. 8. The scanning electron microphotograph of the surface of the microporous membrane,
prepared from the base membrane copolymerized at 80°C.

When the DVB/(St + DVB) ratio is 0.1, 0.2, and 0.3, the difference in the
distribution of the pore size and number is slight, although the size of the
larger pore seems to decrease with increasing DVB/(St + DVB). Figure 8
shows the surface of the microporous membrane, prepared from the base
membrane copolymerized at 80°C. The membrane surface is rather coarse,
showing that the copolymerization proceeds in the PVC phase not gelled
enough. When the copolymerization temperature is > 105°C, the membrane
surface is continuous as shown in Figure 7. The difference in the continuity of
the PVC phase supports the results shown in Figure 5. Figure 9 shows the
surface of the microporous membrane, prepared from the base membrane
copolymerized by using PBZ. The pore is evidently smaller than that in the
case of BPO as shown in Figure 7 [DVB /(St + DVB) = 0.1]. Since PBZ is less
decomposable than BPO, the copolymerization proceeds more slowly in the
more gelled PVC phase and the resultant St-DVB copolymer is finely dis-
persed. Accordingly, the pore size reasonably becomes smaller. This supports
the results shown in Figure 3.

Figures 10 and 11 show the effects of the applying pressure and the flow
rate of the hemoglobin solution onto the rejection of hemoglobin and the
water permeating rate, respectively, relating to the volume of the permeated
water. The permeating rate gradually decreased at first and then leveled off.
On the other hand, when the applying pressure was 5 kg/cm?, the rejection of
hemoglobin decreased at first and then gradually increased. When the apply-
ing pressure was 3 and 8 kg/cm?, the rejection of hemoglobin decreased at
first and then leveled off. The orders of the flow rates of the hemoglo-
bin solution to enhance the rejection and the permeating rate were 0.4 L/
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Fig. 9. The scanning electron microphotograph of the surface of the microporous membrane,
prepared from the base membrane copolymerized at 105°C by using PBZ.
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Fig. 10. The change in the rejection of hemoglobin and the permeating rate with increasing
the permeated water volume, relating to the effect of the flow rate of the hemoglobin solution.
The base membrane was prepared at 120°C by using BPO. Flow rate (L/min): (0) 0.4; (®) 1.0;
(@) 1.6. Applying pressure 5 kg/cm?.



PREPARATION OF MICROPOROUS MEMBRANES 1099

100 .
2 :
- 0.09 g
z i ) E
@ T
S | loor
S i
5 o
T <
L 50t 1005
S 2
Z - —
9 @~ () T T . S L -O- '.<—
s 2 {003 &
m I N I 1 1 I i 5
® 0 20 40 60 80 &

PERMEATED WATER ml

Fig. 11. The change in the rejection of hemoglobin and the permeating rate with increasing
the permeated water volume, relating to the effect of the applying pressure. The membrane was
the same as that shown in Figure 9. Applying pressure (kg/cm?): (©) 3; (®) 5; (O) 8. Flow rate 1.6
L/min.

min > 1.0 L/min > 1.6 L/min and 1.0 L/min > 1.6 L/min > 0.4 L/min,
respectively. On the other hand, the orders of the applying pressure to
enhance the rejection and the permeating rates were 5 kg/cm? > 8 kg/cm? > 3
kg /cm? and 8 kg/cm? > 5 kg/cm? > 3 kg/cm?, respectively. These results do
not show any definite tendencies between the orders regarding the permeating
rate and the rejection, suggesting that there should be a delicate optimum
condition to ultrafiltrate the hemoglobin solution. Absence of the definite
tendencies as described above and the gradual increase in the rejection after
the decrease at the earlier stage should be ascribed to the deposition of
hemoglobin onto the membrane surface and the membrane compaction.

As described above, the mechanism of the morphology formation in the
base membrane and the formation of the micropore by the decomposition of
the sulfonated resin component are still too complex to elucidate explicitly.
Here, it is noteworthy that both the use of DOP and the formation of the
graft copolymer of St-DVB onto PVC'!>!2 should participate complicatedly
in the pore formation, but these were not taken into consideration. Also,
the results in this study are meaningful in understanding morphology of the
polymer composite, resulted from the copolymerization of St—-DVB in the
PVC gel phase, as an example of a crosslinking phase-separation copolymer-
ization in a polymer gel phase.
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