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ABSTRACT: Methyl methacrylate—methacrylic acid copolymer (MMA-MAA) mem-
branes ionically crosslinked with Fe®* and Co®* ions (MMA-MAA-Fe®" and —Co?")
were prepared, and characteristics of permeation and separation for a benzene/cyclo-
hexane mixture of 50 wt % benzene through these membranes in pervaporation (PV)
were studied. Although the introduction of the metal ions to the MMA-MAA membrane
enhanced both benzene permselectivity and permeability for a benzene/cyclohexane
mixture, the PV characteristics between the MMA-MAA-Fe®" and —Co®* membranes
were significantly different. The difference in the PV characteristics between these
membranes was strongly governed by the difference of these membrane structures
based on the glass transition temperature, contact angle to methylene iodide, degree of
swelling, and mixture composition absorbed in the membrane, and so on. © 1999 John
Wiley & Sons, Inc. J Appl Polym Sci 71: 233-241, 1999
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INTRODUCTION

Recently, much attention has been paid to pervapo-
ration (PV), one of membrane separation technique,
in the separation and concentration of organic lig-
uid mixtures. Since the separation mechanism in
PV is based on the difference in the solubility of
permeants into polymer membranes and in the dif-
fusivity of permeants in polymer membranes,
namely, the solution—diffusion model,® PV is ad-
vantageous for the separation of the close boiling
point and azeotropic mixtures which cannot be
directly separated by distillation. When organic
liquid mixtures containing one component that
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has a high solubility for the membrane material
are permeated through the polymer membrane by
PV, however, the swelling of the polymer mem-
brane by the component lowers the permselectiv-
ity. Accordingly, in order to enhance permselec-
tivity of the polymer membranes for organic lig-
uid mixtures, it is very important to control the
swelling of the membrane.

It is well known that polymers having amino,
carboxyl, hydroxyl groups, and so on, form poly-
mer—metal complexes with metal ions.?~® Partic-
ularly, when the intermolecular polymer—metal
complexes between the polymer chains and the
metal ions are formed, the polymers are ionically
crosslinked with the metal ions. The crosslinked
polymers are insoluble in solvents. Therefore, it is
expected that polymer—metal complex mem-
branes crosslinked with the metal ions are very
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effective to control the swelling of polymer mem-
branes for organic liquid mixtures in PV.

Many polymer-metal complex membranes
were applied to separations of gas and liquid mix-
tures.~* For example, in the separation of olefin/
paraffin gas mixtures, the polymer—metal com-
plex membranes with Ag” ion exhibited a high
olefin permselectivity based on the formation of
an Ag " ion—olefin complex.®® Furthermore, since
Schiff-base complexes of the Co®" ion play as ox-
ygen carriers, various polymer—metal complex
membranes based on Schiff-base complexes of
Co?" ion were prepared and their oxygen perm-
selectivity were studied in the separation of oxy-
gen/nitrogen gas mixtures.'®'? Furthermore, it
was reported that poly(vinyl alcohol)/poly(allyl
amine)-Co®" chelate-complex membranes had a
high benzene permselectivity for the benzene/cy-
clohexane mixtures in PV. An enhancement of the
benzene permselectivity of these polymer-metal
complex membranes was dependent on coordinat-
ing interactions between the 7 orbital in the ben-
zene molecule and the third orbital of cobalt.’
From these facts, it is expected that the introduc-
tion of metal ions to the polymer membranes en-
hances the permselectivity for the organic liquid
mixtures in PV.

In this study, the methyl methacrylate (MMA)—
methacrylic acid (MAA) copolymer membranes
ionically crosslinked with Fe®?" and Co®" ions
(MMA-MAA-Fe®* and —Co?") are prepared and
the effect of the metal ions on the PV character-
istics of these membranes for a benzene/cyclohex-
ane mixture is discussed from the viewpoints of
physical and chemical structure of the polymer—
metal complex membrane.

EXPERIMENTAL

Copolymerization of MMA and MAA

MMA and MAA were purified by distillation un-
der a reduced pressure. 2,2'-Azobisisobutyronito-
rile (AIBN) recrystallized from benzene solution
was used as an initiator.

MMA and MAA (molar ratio: 95 : 5) with AIBN
(0.5 wt % relative to the monomers) were dis-
solved in benzene to make 50 wt % solution. The
mixture was then transferred into a glass tube.
The copolymerization was carried out at 60°C for
6 h under nitrogen atmosphere. The resulting
MMA-MAA copolymers were purified by repre-
cipitation from copolymer solution that was di-

luted with tetrahydrofuran into n-hexane and
dried at room temperature in vacuo.

Composition of MMA-MAA

The MMA~-MAA copolymers were dissolved in ac-
etone and these solutions were diluted with dis-
tilled water. The aqueous acetone solution of the
MMA-MAA-added phenolphthalein as an indica-
tor was titrated with an aqueous solution of
0.01M NaOH and the compositions of the MMA—
MAA copolymers were determined by

x =W X 10%a (1)

where x is the molar fraction of MAA in the
MMA-MAA copolymer, W is the weight of the
copolymer, and a is the titer of 0.01M NaOH. The
compositions of the MMA-MAA copolymer were
the same as those in the feed.

Preparation of MMA-MAA Membranes lonically
Crosslinked with Metal lons

The MMA-MAA-Fe3" and —Co?" membranes
were prepared by casting a dimethyl formamide
solution of 3 wt % MMA-MAA, adding a desired
amount of FeCl;6H,0 or CoCl,6H,0O on a
rimmed glass plate, and evaporating the solvent
completely at 50°C. The MMA-MAA-Fe®* and
—Co?* membranes were immersed in distilled wa-
ter at 25°C for 48 h to remove excess metal ions
and dried at room temperature in vacuo. The
thicknesses of the MMA-MAA-Fe3" and —Co?*
membranes were 30—60 um. The metal ion con-
tents in the MMA-MAA-Fe®" and —Co®>" mem-
branes were determined by the atomic absorption
analysis (Nippon Jarrell Ash, AA-855). The com-
plex formation in the MMA-MAA-Fe3* mem-
branes was identified by UV-VIS spectra (Shi-
madzu, UV-2500PC).

Glass Transition Temperature of Membrane

Determinations of glass transition temperature
(T,) of the membranes were carried out with a
differential scanning calorimetry (Rigaku, TAS-
200) at 20°C/min.

Contact Angle on Surface of Membrane

The contact angles to methylene iodide on the
surface of the MMA-MAA-Fe®" and —Co?" mem-
branes were measured by means of a contact an-
gle meter (Erma, Optics Model G-1) at 25°C.



Degree of Membrane Swelling

The dried membranes were immersed in a ben-
zene/cyclohexane mixture of 50 wt % benzene at
40°C. After the weight of the membranes became
constant, a sample membrane was taken out of
the vessel, wiped quickly with filter paper, and
weighed. The degree of swelling (DS) of the mem-
brane for a benzene/cyclohexane mixture was de-
termined by

DS = W,/W, (2)

where W, and W, are the weights of the mem-
brane swollen in a benzene/cyclohexane mixture
and the dried membrane, respectively.

Sorption Selectivity of Membrane for a Benzene/
Cyclohexane Mixture

A sample membrane prepared in a similar man-
ner as the measurement of the degree of swelling
of the membrane was put on a boat of pyrolyzer.
The composition of benzene/cyclohexane sorbed in
the membrane was determined by measuring the
vaporized mixtures on a boat of pyrolyzer with
gas chromatography.'® The sorption selectivity
(QgorpB/c) Was calculated from

Usorp,B/IC = (MB/MC)/(FB/FC) (3)

where F'gz and F are the weight fractions of ben-
zene and cyclohexane in the feed solution and My
and M are those in the membrane, respectively.

PV Measurements

The PV experiments were carried out using the
cell and apparatus described in a previous pa-
per.1® The effective membrane area was about
13.8 cm?. The PV experiments were carried out at
40°C. The pressure at the downstream side was
maintained at 0.01 Torr. The permeate was col-
lected in a U-tube at liquid nitrogen temperature.
After the permeation reached the steady state,
the weight and composition of the permeate were
measured. The permeation rate in the steady
state was determined from the weight of the per-
meate (w), permeation time (¢), and effective
membrane area (A). In this study, in order to
compare the permeation rates of membranes with
different thicknesses, a normalized permeation
rate (NPR) (kgm/m? h), which is the product of the
permeation rate and the membrane thickness (7 ),
was used. The NPR was calculated by
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Table I Metal Ion Molar Ratio in the Feed
and Membrane to MAA in the MMA-MAA
Membranes

Metal Ion Metal Ion

Molar Ratio Molar Ratio

Membrane in Feed in Membrane
MMA-MAA-Fe2* 0.33 0.32
0.67 0.60
1.67 1.23
2.50 1.59
3.33 1.85
5.00 1.90
MMA-MAA—-Co?* 0.50 0.48
1.00 0.81
2.50 1.33
5.00 2.01

NPR = wl/At 4)

The compositions of the feed solution and perme-
ate were determined by gas chromatography. The
separation factor (o, p/c) was calculated from

Ugep, B/C = (PB/PC)/(FB/FC) (5)

where Fz and F are the weight fractions of ben-
zene and cyclohexane in the feed solution and Py
and P are those in the permeate, respectively.

Generally, the separation mechanism in PV is
based on the solution—diffusion model.! Since the
permeability coefficient corresponds to the prod-
uct of the solubility and diffusion coefficients in
the solution—diffusion model, the diffusion selec-
tivity (g 5/c) can be determined as shown in eq.
(6)'>'7 using the separation factor (@gep,p/c) and
sorption selectivity (@gorp B/c)-

Qgiff, B/IC — asep,B/C/asorp,B/C (6)

RESULTS AND DISCUSSION

Characterization of MMA-MAA Membranes
lonically Crosslinked with Metal lons

The metal ion contents in the MMA-MAA-Fe3*
and —Co?" membranes are summarized in Table
I. The metal ion contents in the membrane in-
creased with increasing metal ions in the feed,
but were lower than those in the feed. The differ-
ence between the metal ion contents in the feed
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Figure 1 UV-VIS spectra of the MMA-MAA and
MMA-MAA-Fe®* (the molar ratio, Fe3"/COOH
= 0.32) membranes.

and membrane increased with increasing metal
ions in the feed.

The UV-VIS spectra of the MMA-MAA and
MMA-MAA-Fe?" (molar ratio: Fe*"/COOH
= 0.32) membranes are shown in Figure 1. The
peak assigned to the complex between the carbox-
ylate ions and the Fe?" ions in the MMA-MAA—
Fe®* membrane was observed around 360 nm. On
the other hand, the peak of free Fe®* ions (310
nm), which did not form the complex, was also
observed in the MMA-MAA-Fe®* membrane.
The results for the MMA-MAA-Fe®" membranes
in Table I and Figure 1 suggest that these mem-
branes were crosslinked with Fe?" ions and also
contained unreacted FeCls.

Generally, it is known that the crosslinked
polymers have the higher T, than the non-
crosslinked polymers.’®'° In order to clarify the
crosslinked structure of the MMA-MAA-Fe3"
and —Co?" membranes, the T,’s of these mem-
branes were measured. In Figure 2, the relation-
ship between the metal ion content and the T';’s in
the MMA-MAA-Fe®" and —Co?" membranes is
shown. The T,’s of the MMA-MAA-Fe’" and
—Co?" membranes were higher than that of the
MMA-MAA membrane. These results support
the fact that these membranes have the
crosslinked structures. Consequently, it was re-
vealed that the crosslinked structures by the com-
plex formation between the carboxylate ions and
the metal ions existed in the MMA-MAA-Fe®*
and —Co?" membranes.

Effect of Metal lons on PV Characteristics of the
MMA-MAA-Fe3* and -Co** Membranes

Figure 3 shows the effect of the metal ion content

Glass transition
temperature (°C)

0 0.5 1.0 1.5 2.0
Ion molar ratio to MAA in membrane

Figure 2 Glass transition temperature (7,) of the
MMA-MAA-Fe®* (@) and MMA-MAA—Co?" (O) mem-
branes as a function of the metal ion molar ratio to
MAA in the membrane.

on the normalized permeation rate for a benzene/
cyclohexane mixture of 50 wt % benzene through
the MMA-MAA-Fe®* and —Co?" membranes by
PV. The normalized permeation rate for a ben-
zene/cyclohexane mixture through the MMA-
MAA-Fe®" membranes with a low Fe®" ion con-
tent slightly decreased with increasing Fe®" ion
content but those with a high Fe3" ion content
drastically increased. On the other hand, the nor-
malized permeation rate through the MMA-
MAA-Fe®* membrane increased remarkably
with increasing Co®* ion content. Furthermore,
the normalized permeation rates through the
MMA-MAA-Co?" membranes were higher than
those through the MMA-MAA-Fe®" membranes.
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Figure 3 Effect of the metal ion content on the nor-
malized permeation rate for a benzene/cyclohexane
mixture of 50 wt % benzene through the MMA-MAA—
Fe" (@) and MMA-MAA—Co?* (O) membranes by PV.



In order to investigate the permeability of the
MMA-MAA-Fe?" and —Co?" membranes for a
benzene/cyclohexane mixture closely, the degree
of swelling of these membranes in a benzene/
cyclohexane mixture of 50 wt % benzene was mea-
sured and shown in Figure 4.

The degree of swelling of the MMA-MAA-Fe3*
membrane for a benzene/cyclohexane mixture in-
dicated a minimum at about the Fe?" ion molar
ratio of 0.32. The membrane with the Fe?" ion
content of >0.32 increased but was lower than
that of the MMA-MAA membrane. On the other
hand, the degree of swelling of the MMA-MAA—
Co?" membrane for a benzene/cyclohexane mix-
ture was almost constant regardless of the Co?*
content in these membranes. Furthermore, the
degree of swelling of the MMA-MAA—Co?" mem-
branes was higher than that of the MMA-MAA-
Fe3" membrane. Consequently, it is suggested
that the difference of the permeability between
the MMA-MAA-Fe®* and —Co?" membranes for
a benzene/cyclohexane mixture is attributed to
the difference of the swelling of these membranes.

Figure 5 shows the effect of the metal ion con-
tent on the separation factor, sorption selectivity,
and diffusion selectivity for a benzene/cyclohex-
ane mixture of 50 wt % benzene through the
MMA-MAA-Fe®* and —Co?>" membranes by PV.
The separation factors of the MMA-MAA-Fe3*
and —Co?" membranes were higher than that of
the MMA-MAA membrane. The separation factor
of the MMA-MAA-Fe3®" and —Co?" membranes
indicated a maximum at around the Fe®' and
Co?" ion molar ratio of 1.85 and 0.81, respec-
tively. Furthermore, in a low-metal ion content in
the membrane, the separation factor of the
MMA-MAA-Co?* membrane was higher than
that of the MMA—MAA-Fe3" membrane, but in a
high metal ion content in the membrane, the
former was lower.
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Figure 4 Effect of the metal ion content on the degree
of swelling of the MMA-MAA-Fe®* (m) and MMA—
MAA-Co?* (00) membranes for a benzene/cyclohexane
mixture of 50 wt % benzene.

CROSSLINKED MMA-MAA 237

MMA-MAA-Fe *

10
s 81
g
& 6
=
8
= 41
s
&
“? 20—o0—0—0—0—Q5

0

0 0.5 1.0 1.5 2.0
Fe* molar ratio to MAA in membrane

MMA-MAA-Co*

10
s 8¢
s
Q
S 6
S
[l
.

5 4+

=

53

m2) Q O 40 \
0

0 0.5 1.0 1.5 2.0
Co* molar ratio to MAA in membrane

Figure 5 Effect of the metal ion content on the sep-
aration factor (m), sorption selectivity (@), and diffusion
selectivity (O) for a benzene/cyclohexane mixture of 50
wt % benzene through the MMA-MAA-Fe®* and
MMA-MAA—-Co?" membranes by PV.

The sorption selectivity of the MMA-MAA—
Fe?* and —Co?" membranes indicated a maxi-
mum as well as its separation factor. In a low-
metal ion content in the membrane, the sorption
selectivity of the MMA—MAA—Co?* membrane
was slightly higher than that of the MMA-MAA—
Fe3" membrane. Park et al. reported that there
was an interaction between the benzene molecule
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Figure 6 Contact angle to methylene iodide on the
surface of the MMA-MAA-Fe®* (@) and MMA-MAA—
Co®* (O) membranes.

and the Co?" ion.® In this system, the interaction
between the benzene molecule and the metal ions
may also exist, and that interaction between the
benzene molecule and the Co®" ion seemed to be
stronger than the interaction between the ben-
zene molecule and the Fe3" ion. Therefore, the
degree of swelling of the MMA-MAA—Co?" mem-
branes was higher than that of the MMA-MAA—
Fe?" membranes, and in a low-ion content in the
membrane, the MMA-MAA—Co?" membrane had
higher sorption selectivity than the MMA-MAA—
Fe?" membrane. On the other hand, the diffusion
selectivity of both the MMA-MAA-Fe3* and
—Co?" membranes was almost constant regard-
less of the metal ion content in the membrane.
The diffusion selectivity of the MMA-MAA-Fe3*
and —Co?" membranes was lower than the sorp-
tion selectivity. Consequently, it was found that
the crosslink of MMA-MAA membrane with the
metal ions mainly influenced the sorption selec-
tivity, and the benzene permselectivity of the
MMA-MAA-Fe?" and —Co?" membranes was
strongly governed by the sorption selectivity. The
changes of the benzene permselectivity and sorp-
tion selectivity are mainly caused by the change
of the affinity of these membranes for a benzene/
cyclohexane mixture depending on the introduc-
tion of the metal ions into the MMA-MAA mem-
brane. In order to discuss the relationship be-
tween the affinity of the MMA-MAA-Fe®* and
—Co?" membranes for organic liquids and the
metal ion content, the contact angles on the sur-
face of these membranes were measured.

Figure 6 shows the contact angles to methylene

iodide on the surface of the MMA-MAA-Fe?" and
—Co?* membranes as a function of the metal ion
molar ratio to MAA in the membrane. In this
figure, the higher contact angle means that the
surface of the membrane is more hydrophilic be-
cause the contact angles in this study were deter-
mined by methylene iodide. The contact angles to
methylene iodide on the surface of the MMA-
MAA-Fe3* and —Co®?" membranes were higher
than that of the MMA-MAA membrane and in-
creased with increasing metal ion content in the
membrane. These results suggest that the MMA—
MAA-Fe3" and —Co?* membranes are more hy-
drophilic than the MMA-MAA membrane and
the hydrophilicity of these membranes was en-
hanced by an increase of the metal ions in the
membrane. As listed in Table II, benzene has a
higher hydrogen bond component §,, the solubil-
ity parameter, than cyclohexane.?° Therefore, it is
expected that benzene is slightly more hydro-
philic than cyclohexane. The increase in the hy-
drophilicity of polymer membranes may enhance
the affinity for benzene in the benzene/cyclohex-
ane mixture. These discussions support the fact
that the MMA-MAA-Fe?* and —Co?" mem-
branes exhibited higher sorption selectivity than
the MMA-MAA membrane. In comparing the
contact angles of the MMA-MAA-Fe®' mem-
branes with that of the MMA-MAA—-Co®* mem-
branes, the former was slightly lower than the
latter in a low-metal ion content but the former
was remarkably higher than the latter in a high-
metal ion content. These changes in the contact
angle were similar to those in the sorption selec-
tivity of both the MMA-MAA-Fe3" and —Co?*
membranes. Therefore, it is concluded that the
increase in the sorption selectivity of the MMA—
MAA-Fe3* and —Co®?" membranes are mainly
caused by the increase in the hydrophilicity of

Table II Molecular Volume and Hansen
Solubility Parameter of Benzene
and Cyclohexane

Solubility Parameter

Molar [(MPa)*?|
Volume
Solvent [em?®/mol] 84 8, 9, 8
Benzene 89.4 18.4 0 2.0 18.6

Cyclohexane 108.7 16.8 0 0.2 16.8

5, Hansen solubility parameter; 6, dispersive forces con-
tribution component; §,, polar component; §,, hydrogen bond-
ing component; 8% = 87 + &2 + &;.
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Figure 7 Complexes of carboxyl groups with Fe3"
and Co®" ions in the MMA-MAA-Fe®* and MMA-
MAA-Co?* membranes.

these membranes depending on the metal ion con-
tent.

Relationship Between Structure of MMA-MAA
Membrane lonically Crosslinked with Metal lons
and PV Characteristics

The permeability of the MMA-MAA-Fe®* and
—Co?* membranes increased with an increase of
the metal ion content in the membrane. However,
the sorption selectivity and separation factor of
the MMA-MAA-Fe®* and —Co?" membranes in-
dicated maxima in a different metal ion content
and lowered by the increase of the metal ion con-
tent in a high metal ion content. These phenom-
ena are mainly attributed to the difference of the
membrane structures based on both the kind of
metal ions and the metal ion contents. Because
the Fe®" and Co?" ions are the trivalent and
divalent ions, respectively, the Fe3" and Co?"
ions can form the complexes with the carboxylate
ion in the MMA-MAA membrane as shown in
Figure 7. In a low metal ion content, the Fe?* and
Co?" ions with the carboxylate ion in the MMA—
MAA-Fe®* and —Co?" membranes mainly form
the complexes such as (A) and (D), respectively. In
these membranes with a high metal ion content,
however, the complexes such as (C) and (E) in the
MMA-MAA-Fe?" and -Co?' membranes in-
crease, respectively.?! Namely, the increase of the
metal ion content in the membrane leads to the
decrease of the ionic crosslinking point. Moreover,
the FeCl; and CoCl, in the MMA-MAA-Fe®* and
—Co0?" membranes also increase and those may
play as a plasticizer for the membrane. These
assumptions are supported by the presence of the
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UV-VIS spectrum of FeCl; in the MMA-MAA-
Fe3" membrane and the lower of the T, in a high
metal ion content in the MMA-MAA—Co?" mem-
brane shown in Figures 1 and 2, respectively.
Therefore, it is concluded that an introduction of
many metal ions into the membrane leads to the
formation of more opened-membrane structures.

Consequently, the MMA-MAA-Fe®* and
—Co?* membrane structures are illustrated as dif-
ferent tentative models depending on the metal
ion content in the membrane, as shown in Figure
8. In the MMA-MAA-Fe?* and —Co?" mem-
branes with a low-metal ion content in the mem-
brane, the metal ions mainly act as an ionic
crosslinker. On the other hand, in a high-metal
ion content in the membrane, the ionic crosslink-
ing points of the MMA-MAA-Fe3" and —Co?*
membranes are less than those of these mem-
branes with a low-metal ion content and excess
FeClg, and CoCl, salts play as a plasticizer for the
membrane. These discussions can easily permit
understanding of the PV characteristics of the
MMA-MAA-Fe?" and —Co?" membranes for the
benzene/cyclohexane mixture. Namely, higher
permeability of the MMA-MAA-Fe®* and —Co?"
membranes with a higher metal ion content is
mainly dependent on the plasticization of the
membrane. On the other hand, the benzene perm-
selectivity of the MMA-MAA-Fe?" and —Co®"
membranes is enhanced by the increase in the
hydrophilicity of these membranes, depending on
the metal ions. However, in the MMA-MAA-Fe3*
and —Co?" membranes with a high-metal ion con-
tent, a lower T, was observed, as shown in Figure
2. This low T, is due to high plasticization of the
membrane based on the increase of FeCl; and
CoCl,, salts existing in the membrane. Therefore,
the benzene permselectivity of the MMA-MAA-
Fe3" and —Co?* membranes is lowered in a high-
metal ion content.

CONCLUSIONS

The MMA-MAA membranes ionically crosslinked
with the metal ions that do not dissolve in ben-
zene/cyclohexane mixtures were prepared by
polymer—metal complex formation between the
MMA-MAA copolymer and the metal ions.

Both the permeability and permselectivity of
the MMA~-MAA membrane ionically crosslinked
with the metal ions increased with increasing
metal ion content in the membrane. Furthermore,
the PV characteristics of the MMA-MAA-Fe®*



240 INUI ET AL.
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Figure 8 Structures of the MMA-MAA-Fe®" and MMA-MAA—Co?" membranes
with high and low metal ion contents.

membranes for a benzene/cyclohexane mixture
with an increase of the metal ion content were
remarkably different from those of the MMA-
MAA-Co?" membranes. These differences de-
pended on the difference of membrane structures
(different complex formation) based on the va-
lence of Fe®?* and Co®" ions.

It was found that the use of the metal ions as a
crosslinker to the MMA-MAA copolymer effec-
tively enhanced the PV characteristics for a ben-
zene/cyclohexane mixture.
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