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ORIGINAL ARTICLE

Cellulose as a membrane material for optical resolution

Yoshitaro Nakai and Masakazu Yoshikawa

In the present study, cellulose, one of the most abundant natural polymers, was adopted as a membrane material for optical
resolution. The membrane was prepared from cellulose, and it selectively transported L-glutamic acid (L-Glu) from racemic
mixtures of Glu with a concentration gradient as the driving force. A molecularly imprinted cellulose membrane, which was
constructed from cellulose and L-Glu, showed p-glutamic acid (p-Glu) permselectivity, which is thought to be due to a strong
interaction between L-Glu and the molecularly imprinted cellulose membrane. The performance of both membranes was
significantly dependent on LiCl, which was used to dissolve cellulose into an N,N-dimethylactamide (DMAc) solvent. The
permselectivity increased with the LiCl concentration and asymptotically reached a maximum value at higher LiCl concentrations.
The affinity constant of LiCl for the LiCl recognition sites in both membranes was 65 mol~1 dm3.
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INTRODUCTION
Our daily life is heavily dependent on oil. Such a dependence on oil
should be reduced so that we can develop a sustainable environment
and society. To this end, naturally occurring or ‘green’ polymers, their
derivatives, and wastes from food and other industries should be
utilized as raw materials for polymeric derivatives. For these
reasons, the authors’ research group has developed membranes from
various raw materials, such as agarose for pervaporation,' egg
separation,* gelatin for vapor
permeation,® proteins from Geobacillus thermodenitrificans DSM465
for vapor permeation® and molecular recognition,”® DNA for gas’ and
chiral separations,!®'! soybean polysaccharides for pervaporation,?
chitosan for chiral separation!® and vapor permeation,'* chicken
feathers for optical resolution'® and chitin nanofibers for chiral
separation.!®17

Cellulose is one of the most abundant natural polymers. Cellulose
consists of a single constitutional repeating unit, p-glucose, linked
through carbons 1 and 4 by f linkages. Cellulose is found widely
in nature and is the major constituent of the cell wall of plants. It is
one of the most abundant polymeric materials in nature. It
shows good stability in water, common solvents, acids and bases.
Because of these properties, cellulose is a promising candidate material
for separation membranes.
such as acetyl cellulose!®20
investigated as membrane materials for chiral separation, cellulose
itself has not yet been studied. In the present study, cellulose was
adopted as a membrane material for the optical resolution and the
chiral separation of racemic mixtures of glutamic acid as a model
racemate. Through the present study, cellulose was also revealed to be
a promising raw material for the recognition of metal ions, such as
lithium ions.

shell membranes for chiral

Although derivatives of cellulose,

and cellulose triacetate,?! have been

EXPERIMENTAL PROCEDURE

Materials

Hardwood-based cellulose was purchased from Nacalai Tesque Inc. (Kyoto,
Japan) and used as received. As provided by the supplier, the degree of
polymerization of the cellulose sample was ca. 630 and the crystallinity was
85-90%. N,N-Dimethylacetamide (DMAc), LiCl, p-glutamic acid (p-Glu),
L-glutamic acid (1-Glu) and NaNj were obtained from Nacalai Tesque, Inc.
and used without further purification. Water purified with an ultrapure water
system (Simpli Lab, Millipores S. A., Molsheim, France) was used.

Preparation of membranes

A control cellulose membrane was prepared as follows: DMAc was used as the
solvent for the dissolution of cellulose. Following the previously published
procedures,”??4 0.603 g of cellulose (mole number of anhydroglucose unit,
3.72x 1073 mol) was suspended in 20.0 cm® of DMAc at 100 °C for 30 min.
Then, 1.60 g of LiCl (3.78 X 102 mol) was added, and the solution was stirred
at 100°C. After the cellulose had completely dissolved in the LiCl/DMAc
solution, the cellulose solution was stirred for an additional 2 h and then slowly
cooled to ambient temperature.

An 1-Glu molecularly imprinted cellulose membrane was prepared following
the protocol for the preparation of the control cellulose membrane. In all,
0.269g (1.83x 1072 mol) of the print molecule, 1-Glu, was simultaneously
added when LiCl was added to the cellulose/DMAc suspension. In the present
study, the imprinting ratio, which was defined to be the mole ratio of the molar
amount of the print molecule to that of cellulose (anhydroglucose unit),
(L-Glu)/(cellulose), was fixed at 0.49. The mole ratio of the amount of LiCl to
that of cellulose (anhydroglucose unit), (LiCl)/(cellulose), was determined to
be 10.2.

The prepared cast solutions were poured into flat laboratory dishes with
diameters of 853 mm and dried at 70°C for 7 days. After drying, the
membranes were immersed in water to extract LiCl or LiCl and the print
molecule (1-Glu) until those could be hardly detected in water by a
conductometric analysis for LiCl and liquid chromatography for -Glu.
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The average thickness of the control membrane and the 1-Glu molecularly
imprinted membrane was ca. 27.5 and 32.1 pm, respectively.

Adsorption of racemic mixture of Glu to the membranes

The membranes were immersed in aqueous solutions of a racemic mixture of
Glu at a concentration of 1.0 X 10 ~# mol dm ~3. The membranes were allowed
to equilibrate at 40°C. Sodium azide (0.02 wt.%) was added as a fungicide.
The adsorption study was carried out with and without LiCl (0.10 mol dm~3).
In the present study, the amounts of racemic Glu adsorbed in the membranes
were too low to be precisely determined by sampling the solution after
equilibrium had been reached. Therefore, the amounts of adsorbed Glu
were determined as follows: the equilibrated membranes were removed
from the immersing solutions, blotted free of residual solution adhering
on the surface, and then transferred to aqueous NaNj solutions to desorb
the racemic Glu from the membranes. In the case where the adsorption
study was conducted without LiCl, the desorption was done without LiCl and
vice versa.

Solution aliquots were collected after equilibrium had been reached and
those for desorption were used for quantitative estimations by liquid
chromatography (Jasco PU-2080, equipped with a UV detector (Jasco UV-
-2075, Hachioji, Japan)), using a CHIRALPAK MA(+) column (5.0 X 4.6 mm
(i.d.)) and aqueous copper sulfate as the eluent.

The amounts of Glu measured in the desorption solutions determined the
amounts of Glu adsorbed in the membranes. The adsorption selectivity Sy /p)
is defined as

Say) = ((L-Glu)/(D-Glu))/([L-Glu] /[D-Glu]) (1)
where (1-Glu) and (p-Glu) are the amounts of L-Glu and p-Glu adsorbed in the
membranes, respectively, and [1-Glu] and [p-Glu] are the concentrations of 1-
Glu and p-Glu in the solution after equilibrium had been reached.

Chiral separation of racemic mixture of Glu

A 3.0 cm?> membrane was tightly fixed with Parafilm between two chambers of
a permeation cell. The volume of each chamber was 40.0 cm’. An aqueous
solution of racemic Glu was placed in the left chamber (L side), and deionized
water or aqueous LiCl solution (0-0.50 moldm~3) was placed in the right
chamber (R side). The concentration of racemic Glu was fixed at 1.0x 10~4
mol dm~3, NaNj (0.02 wt.%) was added to both chambers as a fungicide.
All experiments were carried out at 40°C. The aqueous solutions in both
chambers were stirred with a magnetic stirrer. The revolution rate of the
magnetic stirrer was maintained as constant as possible, although the rate
could not be determined. An aliquot was drawn from the permeate side
(R side) at each sampling time. The amounts of the p-Glu and 1-Glu
transported through the membrane were determined using liquid chromatog-
raphy as described earlier.

The flux, J (mol cm cm ™2 h™1), is defined as

J; = {(dl-Gluly /d) (Vie/1000)6} /A @
where [i-Glu]y is the concentration of i-Glu (i=D or L) in the right-hand side
chamber (permeate side), ¢ is time (h), Vg (cm?) is the volume of the right-
hand side chamber, § (cm) is the membrane thickness and A (cm?) represents
the membrane area.
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The permselectivity for i-Glu, ajpy 1 defined as the flux ratio, J/ Ti» divided by
the concentration ratio in the left-hand side chamber (feed side), [i-Glu];/
[-Glu]y:

ay; = (1/7;) /([-Glu]r/ [j-Glu] ) (3)

Adsorption of LiCl by membranes

The amounts of LiCl adsorbed by the membranes were obtained as follows: the
membranes, which had reached equilibrium in aqueous LiCl solutions, were
removed from the immersing solutions, blotted free of solution adhering on the
surface, and then transferred to aqueous NaNj solutions to desorb LiCl from
the membranes.

Aliquots of the LiCl solutions of adsorption after equilibrium had been
reached and those for desorption were sampled for quantitative estimations
using an AA-6500 Shimadzu Atomic Absorption Spectrophotometer
(Shimadzu, Kyoto, Japan).

RESULTS AND DISCUSSION

Adsorption selectivity

The chiral recognition abilities of both membranes were investigated
using racemic Glu as a model racemate. In the present study, a large
amount of LiCl was used to dissolve cellulose in DMAc in the
membrane preparation process. The mole ratio of LiCl to the
anhydroglucose unit of cellulose in the cast solution was determined
to be 10.2. LiCl was expected to function as a print molecule to form
LiCl or Li-recognition sites in both the control and the r-Glu
molecularly imprinted membranes. In other words, cellulose was
converted into a LiCl recognition material by alternative molecular
imprinting.>>~28 To this end, the adsorption of the racemic mixture of
Glu was carried out with and without LiCl (0.10moldm~3) in a
racemic mixture. The adsorption selectivities are summarized in
Table 1. The results revealed that there were recognition sites for
L-Glu in both the 1-Glu molecularly imprinted cellulose membrane
and the control membrane. For racemic mixtures of Glu with or
without LiCl, the adsorption selectivity for 1-Glu in the 1-Glu
molecularly imprinted membrane was higher than that for the control
membrane. This finding led to the conclusion that the presence of 1-
Glu during the membrane preparation process was important for the
adaptation of the membrane to the molecular shape of .-Glu and the
alignment of functional groups to facilitate L-Glu interactions with
cellulose. In other words, 1-Glu was used as a print molecule to
construct L-Glu molecular recognition sites.

The fact that the control membrane also showed adsorption
selectivity for 1-Glu was likely due to the chiral nature of cellulose.
Cellulose consists of B(1—4) linked p-Glucose. Presumably, if
cellulose that was formed from r-glucose units was adopted as the
raw material, then that cellulose would show p-isomer adsorption
selectivity.

Table 1 Adsorption selectivity of racemic Glu for two types of cellulose membrane
In the absence of LiCl In the presence of LiCP
(0-Glu)/(cellulose) (L-Glu)/(cellulose) (p-Glu)/(cellulose) (t-Glu)/(cellulose)
Membrane mol/g-mem. mol/mol mol/g-mem. mol/mol Sawn) mol/g-mem. mol/mol mol/g-mem. mol/mol Sawn)
Control mem. 1.08x10°8  1.76x10°6  1.76x10"8 2.87x10°° 1.63 2.08x10"7 3.37x10°® 251x10°7 4.07x10°° 1.21
Imprinted mem.?  3.14x10-8  506x10¢® 8.71x10°8 1.40x10-° 2.77 3.13x10"7 5.07x10"® 7.60x10-7 1.23x10°4 2.43

2[LiCl] = 0.10 moldm~3,
PImprinting ratio, 0.49.
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From Table 1, the amounts of adsorbed p-Glu and 1-Glu in the
absence of LiCl in the racemic solution were lower than those in the
presence of LiCl in the racemic mixture. This observation can be
explained as follows: (1) in the construction of the 1-Glu molecularly
imprinted cellulose membrane, the adduct of .-Glu and LiCl was an
effective print molecule (that is, a complex); and (2) the candidate
material to be converted into the molecular recognition membrane
was a cellulose/LiCl complex (that is, not only cellulose). The selective
ability of the 1-Glu-constructed molecular recognition site had the
highest efficiency under the same conditions as those of other
membranes. As a result, the amounts of Glu in the membrane
adsorbed from aqueous racemic mixture solutions of Glu and LiCl
were higher than those from solutions without LiCl. From the
proposed mechanism for the dissolution of cellulose in the DMAc/
LiCl solvent system?? and the summarized results in Table 1, the
second explanation (2) is believed to be more rational than the first
explanation (1).

A tentative adsorption scheme of a racemic mixture of Glu and LiCl
in membranes with or without LiCl is shown in Figure 1. The presence
of LiCl in the solvent patterned its recognition site during the
membrane preparation process. As a result, there were LiCl recogni-
tion sites in both membranes. When the racemic mixture of Glu (in
the absence of LiCl) was contacted with the membrane, Glu, which
has dimensions larger than that of LiCl, was not incorporated onto the
LiCl recognition site. (The molar volume of LiCl was roughly
estimated to be 20.5cm® mol~! from its molecular weight (42.39)
and density (2.07 gcm ™2 from ref. 29). That of Glu was estimated to
be 100.8 cm® mol~! from its molecular weight (147.15) and density
(1.46 gcm 2 from ref. 30).) However, when racemic mixtures with
LiCl were contacted with the membrane, LiCl was adsorbed on the
LiCl recognition site.

with L|C| LiCl recognition sites

From the adsorption selectivities of these two types of membranes,
as summarized in Table 1, they were also expected to show optical
resolution capabilities. The membrane transport phenomena were
anticipated to be dependent on the presence of LiCl. To this end, the
membrane transport phenomena of the control and the 1-Glu
molecularly imprinted cellulose membranes were studied with and
without LiCl.

Membrane transport
Figure 2 shows the time-transport curves of p-Glu and 1-Glu through
the control cellulose membrane without LiCl (1) and with 5.0 x 102
mol dm~3 LiCl (2) or 3.0x 10! mol dm~3 LiCl (3) on both the L
and R sides. The control cellulose membrane preferentially trans-
ported 1-Glu over the antipode. The permselectivity toward r-Glu
increased with an increasing LiCl concentration in the solution. The
value increased from 1.11 to 1.38 via 1.27. The results for the 1-Glu
molecularly imprinted cellulose membrane are shown in Figure 3. The
permselectivity was increased from 1.09 to 1.27 via 1.18 with an
increasing LiCl concentration in both chambers as observed in the
enantioselective transport of the racemic mixture of Glu in Figure 2.
Unlike the control cellulose membrane, p-Glu was preferentially
transported through the 1-Glu molecularly imprinted cellulose mem-
brane. In the membrane transport of the .-Glu imprinted membrane,
the observed permselectivity was opposite to that of its adsorption
selectivity, which has been reported in the previous optical resolution
studies.>!>* A relatively strong interaction between L-Glu and the
membrane retarded the diffusion of L-Glu within the membrane. As a
result, the antipode, p-Glu, was selectively transported through the 1-
Glu imprinted membrane as shown in Figure 3.

The dependence of permselectivity on the LiCl concentration for
these two types of membrane is shown in Figure 4. In both profiles,
the permselectivity is approximately linearly proportional to the LiCl

simple adsorption

LiCl recognition site

simple adsorption J [ LiCl recognition sites I

| L-Glu recognition site l

without LiCl

Figure 1 A tentative scheme for the adsorption of a racemic mixture of Glu and LiCl by the membranes in the absence or presence of LiCl. A full color

version of this figure is available at Polymer Journal online.
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Figure 2 Time-transport curves of a racemic mixture of Glu through the control cellulose membranes without LiCl (a), with 5.0 x 10=2 mol dm~3 LiCl in both
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Figure 3 Time-transport curves of a racemic mixture of Glu through the L-Glu molecularly imprinted cellulose membranes without LiCl (a), with 5.0x 10~2
mol dm~3 LiCl in both chambers (b), and with 3.0x 10~ mol dm~3 LiCl in both chambers (c).

a b a b

15 15

[=] o
14} 14} T £
w (2]

e 1.3 A 2 13 ¢ — =
o s A . f’._g_.__n; f___) 5

' A 3 3

11 114 2 & &

1.0 ‘ - 1.0 ! ! 0 : : 0 ‘ :

0 02 04 06 0 02 04 06 0 02 04 06 0 02 04 06
[LiCl / mol dm”® [LiC] / mol dm™ [LiC1) / mol dm® [LiCI] / mol dm™®

Figure 4 The dependence of permselectivity on LiCl concentration for the
control cellulose membrane (a) and the L-Glu molecularly imprinted cellulose
membrane (b).

concentration for low LiCl concentrations. The permselectivity
asymptotically increased with the LiCl concentration; at higher
LiCl concentrations, the permselectivity was not dependent on
the LiCl concentration. These profiles are shown in Figure 4 and
reflect the adsorption isotherms of LiCl in the LiCl-specific recognition
sites. Using the data presented in Figure 4, the affinity constant
between LiCl and the LiCl recognition sites, which were formed
during the membrane preparation process, was determined. The ratio
of the concentration of LiCl recognition sites that specifically
incorporated LiCl to the total concentration of LiCl recognition sites
in the membrane is represented by equation (4):

[Site-LiCl] /[Site], = K[LiCl]/(1 + K[LiCl]) (4)
where [Site-LiCl] is the concentration of LiCl recognition sites
specifically incorporating LiCl, [Site], is the total concentration of

Figure 5 Adsorption isotherms of LiCl for the control cellulose membrane
(a) and the L-Glu molecularly imprinted cellulose membrane (b).

LiCl recognition sites in the membrane, K is the affinity constant
between LiCl and a LiCl recognition site and [LiCl] is the LiCl
concentration in aqueous solution, in which the membrane was
equilibrated. The ratio, [Site-LiCl]/[Site],, can also be represented by
equation (5):

[Site—LiCl]/[Site]O = (ai/jALiCl — ai/j,())/(ai/jtoc — ai/j’()) (5)
where a0, @jLict and @y are the permselectivities observed
without LiCl, at a given LiCl concentration [LiCl], and at infinite
LiCl concentrations, respectively. The relationships obtained using
equation (5) for these two types of membrane are shown in Figure 5.
The affinity constant for these membranes was determined to be
65mol~! dm>. In the present study, the molecular imprinting ratio,
that is, the amount of LiCl to that of the repeating unit of cellulose,
was determined to be 10.2. The decrease in the imprinting ratio may
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Table 2 Results of LiCl adsorption study

Membrane 10Pweight/g 10%volume/dm? 10%(cellulosef/mol [LiCI]°/mol dm=3 (Li*)¢/mol [LiCl],8/mol dm~3

Control mem. 3.29 1.10 2.03 5.00%x10-2 5.40%10-° 0.49
5.00x10-! 2.74%x107° 2.49

Imprinted mem.® 3.61 1.29 2.23 5.00x10-2 7.93x10-° 0.61
5.00x10-! 4.09%10°5 3.17

aMol number of constitutional repeating unity of cellulose.

bLiCl concentration of the aqueous solution equilibrated with the membrane.
€The amount of Li* adsorbed in the membrane.

9LiCl concentration in the membrane.

©.-Glu imprinted membrane.
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Figure 6 Calculated adsorption isotherms of LiCl for the control membrane
(a) and the L-Glu molecularly imprinted membrane (b). (The closed points in
the figures show the LiCl concentrations in the membrane as determined
using atomic absorption spectroscopy.)

theoretically lead to an increase in the affinity constant.>> Both the
control and the -Glu imprinted membranes had the same affinity
constants because they were prepared from the same LiClI/DMAc
solution. As expected, LiCl worked well as a dissolving agent of
cellulose and as a print molecule. 1-Glu also functioned well as a print
molecule to construct 1-Glu recognition sites in the L-Glu molecularly
imprinted cellulose membrane. In the molecularly imprinted cellulose
membranes, there were two types of molecular recognition sites: one
for 1-Glu (or an r-Glu/LiCl adduct) and the other for LiCl, as
schematically shown in Figure 1.

It is interesting to quantitatively measure the adsorption isotherms
of LiCl for both the control and 1-Glu molecularly imprinted
membranes. To this end, the amounts of LiCl adsorbed in the
membrane were studied for two conditions: at LiCl concentrations
of 5.0 x 10~2 mol dm~? and at LiCl concentrations of 5.0 x 10~ ! mol
dm 3. The results for the adsorption of LiCl are summarized in
Table 2. The concentrations of LiCl adsorbed in both membranes and
the calculated adsorption isotherms of LiCl are shown in Figure 6. An
extrapolation of the observed data reveals positive intercepts. There-
fore, the adsorption isotherm of LiCl is thought to consist of non-
specific adsorptions and adsorption on the LiCl recognition site. In
other words, LiCl was incorporated into the membranes by a dual
adsorption mechanism. As a result, the adsorption isotherm of LiCl
can be represented by equation (6):

[LiCl],, = ka[LiCl] + Ks][Site],[LiCI] /(1 + Ks[LiCI)) (6)

where [LiCl],, is the concentration of LiCl in the membrane and kj is
the adsorption constant for non-specific adsorption. Taking values of
[LiCl],, from Table 2 and a Ky value of 65mol~! dm? as determined
by Figure 5, the k, and [Site], values for both membranes were
determined using equation (6). Their values and the Kg value are

Polymer Journal

Table 3 Parameters for adsorption isotherm of LiCl

Membrane ka Ks/mol=1 dm?3 [Site]y/mol dm=3
Control mem. 4.3 65 0.36
Imprinted mem. 5.5 65 0.44

summarized in Table 3. Figure 6 shows the calculated adsorption
isotherms for both membranes using the parameters in Table 3.

The results observed in the present study suggest that other
commodity polymeric materials, such as nylon 6, nylon 66, have the
potential to incorporate LiCl recognition sites because they were
prepared in LiCl/DMAc solutions. Investigations in this direction are
currently being pursued.

CONCLUSIONS

The membranes prepared from cellulose selectively transported L-Glu
from a racemic mixture of Glu by using a concentration gradient as
the driving force for membrane transport. The molecularly imprinted
cellulose membrane that was fabricated from cellulose and 1-Glu
showed p-Glu permselectivity. This is believed to be due to a relatively
strong interaction between L-Glu and the molecularly imprinted
cellulose membrane. The membrane performance also depended on
the LiCl concentration in the cellulose solvent. The permselectivity
increased with increasing LiCl concentration up to a maximum value.
The affinity constant of LiCl for the LiCl recognition sites in both
membranes was 65 mol ~! dm?.
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