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Abstract

A supported liquid membrane (SLM) containing a resorcinarene carrier has been used for the selective transport
of erythritol, threitol, ribitol and xylitol from concentrated (1.0–0.01 M) aqueous solutions. The membrane is made
of a microporous polytetrafluoroethylene film impregnated with a 0.01 M solution of the carrier in CCl4. The
permeabilities of the SLM for all alditols were calculated. On the basis of the flux dependence on the initial
concentrations of carrier and alditol, the rate-determining step in the transport mechanism is shown to be the
migration of the 1:1 carrier–carbohydrate complex in the immobilized organic phase. The flux of sugar is related to
the initial concentration of alditol in the feed phase by a saturation law, which allowed the determination of the
apparent diffusion coefficients and the stability constants of the resorcinarene complexes of alditols formed in the
liquid membrane. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The separation of a mixture of carbohy-
drates is not an easy target. Since most sugars
are isomers which only differ in the configura-
tion of specific CHOH groups, methods based
on differences of chemical reactivities are gen-
erally unsuitable [1]. On the contrary, separa-
tive methods based on molecular recognition
appear as promising tools. The principle relies

on the use of a selective reagent (the host) that
can form host–guest complexes with carbohy-
drates (the guests). When the stability of the
complex varies with the structure of the sugar,
the components of the mixture are complexed
in different proportions, and various tech-
niques such as extraction may be used for the
isolation of the resulting complexes.

In the case of carbohydrates, a possible
process is extraction into organic solvents,
which is made possible by forming complexes
with lipophilic guests. Such complexes, con-
trary to uncomplexed sugars, can be extracted
from aqueous solutions. However, for use on
the industrial scale, extraction methods should
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be preferably adapted to liquid membrane pro-
cesses, which currently offer the best strategy
for environmental-friendly separations [2].
Most liquid membranes consist in an organic
phase that separates two aqueous (feed and
receiving) phases [2]. In this case, a double
extraction process allows the overall transport
of water-soluble species across the membrane.
Selective transport occurs when the liquid
membrane contains a carrier agent which
forms complexes of different stabilities with
the various sugars present in the feed phase.
The main advantage of liquid membranes over
classical extraction is that a very small volume
of organic solvent is necessary, and since this
solvent is trapped in the membrane, the quan-
tity of harmful volatile chemicals released in
the atmosphere is reduced. Moreover, opera-
tions take place at ambient temperature, with
considerable reduction of the energy cost.

Supported liquid membranes (SLMs) are
the preferred class of liquid membranes for
practical applications, although other types of
membranes are sometimes used, such as bulk
liquid membranes or emulsion liquid mem-
branes [2]. In SLMs, the organic phase is
immobilized in a thin, microporous polymer
film (the support) that gives mechanical
toughness to the device. SLMs have been rec-
ognized as useful tools for the recuperation of
valuable compounds or the elimination of pol-
lutants, mainly metal ions from aqueous solu-
tions [2]. The first commercial use of SLMs
was for chromium removal from waste water,
under the trademark SLiM of Commodore
Separation Technologies, Inc. [3].

Our long-term project is aiming at the sepa-
ration of carbohydrates by means of SLM
processes. For this purpose, the membrane
should contain a lipophilic carrier that can
specifically recognize sugars by forming host–
guest complexes. The chosen host belongs to

the family of resorcinarenes, that are ana-
logues of calix[4]arenes in which the four phe-
nol units are replaced by resorcinol units [4,5].
Calixarene derivatives have been increasingly
used as carriers in liquid membranes, essen-
tially for the extraction of metal ions [6,7].
More generally, the use of various types of
macrocyclic carriers in SLMs is well docu-
mented [8].

Our initial guideline was the discovery, by
Aoyama et al. [9–11], that resorcinarene 1
(Fig. 1) selectively extracts several sugars from
concentrated aqueous solutions into an anhy-
drous CCl4 layer. The selectivity of the extrac-
tion is due to the differences in the stabilities
of the host–guest complexes formed between
1 and the sugars in the organic solvent. Our
subsequent studies have shown that extraction
also takes place, with a different selectivity
pattern, when the organic solvent is not dried
before re-extraction of the sugar into water
[12]. It may indicate that the species present in
the organic layer are indeed resorcinarene–
sugar–water ternary complexes. This finding
opened the way for the first preparation of
SLMs containing the resorcinarene carrier 1,
which selectively effect the transport of sugars
between two aqueous solutions [13]. We also
noticed that whereas alditols are not extracted
into a dried organic layer [10], they are ex-
tracted into an organic solvent saturated with
water [12]. This suggested that SLMs contain-
ing 1 could be used for the transport of
alditols.

Such SLMs offer an alternative to various
membranes proposed in the literature for the
separation of mixtures of sugars. Ion-
exchange membranes have been suggested for
the separation of aqueous solutions of sugars
as borate complexes [14–16]. Following the
pioneering work of Shinbo et al. [17], liquid
membranes containing arylboronic acids as
carriers were also designed for transport of
carbohydrates [18–21]. Finally, plasticized cel-
lulose triacetate (PCTA) membranes contain-
ing a quaternary ammonium salt as the active
carrier have been patented for the separation
of mixtures of carbohydrates (sucrose, fruc-
tose and glucose) by facilitated transport
[22,23].Fig. 1. Structure of resorcinarene 1 (R=CH3(CH2)10).
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Fig. 2. Scheme of the transport cell. M is the SLM. F is the
feed phase. R is the receiving phase. TB is the thermostated
bath. MS is the multiple magnetic stirrer. Phases F and R are
stirred using magnetic bars.

arated by the SLM prepared by soaking a
square portion of the polymer film (8×8 cm),
into a 0.01 M solution of resorcinarene 1 in
pure carbon tetrachloride, during 15 h. The
cell is immersed into a thermostated bath (T,
298 K). The solutions in both compartments
are stirred with magnetic bars, using a Vari-
omag apparatus.

Two different techniques were used. In the
first one (mode a), a new support, taken from
two different batches, was used for each ex-
periment. Initially, the feed compartment con-
tained the alditol solution (c0=0.01–1.0 M)
and the receiving compartment contained pure
water. In the second one (mode b), the same
support was used for all runs. At equilibrium
after each run, the contents of both compart-
ments were withdrawn and mixed together,
then 100 mL of the resulting solution were
introduced in the feed compartment and 100
mL of water in the receiving compartment and
the following run was started. This procedure
was typically repeated four times. In such
cases, the same membrane was used during 5
days without showing any sign of failure.

In both modes, small aliquots (V=1.0 mL)
of the receiving phase were withdrawn at
known intervals. Some experiments were con-
tinued for 24 h, when samples of both
aqueous phases were withdrawn and analyzed
to ensure that equal concentrations were
present, indicating that equilibrium was
reached.

The samples were analyzed using a HPLC
apparatus equipped with a 30-cm Phenomenex
Rezex column in calcium form, maintained in
an oven at 85 °C. The eluent was pure water,
degassed and filtrated with a cellulose ester
membrane (Millipore, pore size 0.45 mm). The
flow rate was 0.6 mL/min. The pump was a
Shimadzu LC-9A model. Detection was
achieved with a Varian RI-4 refractometer.
Typical retention times (in min) for the aldi-
tols were 19.0 (erythritol), 20.6 (threitol), 17.4
(ribitol) and 24.0 (xylitol). The alditol concen-
trations were determined by analyzing chro-
matographic data with the Varian Star
software. All experiments were duplicated and
were reproducible within 3% accuracy. Calcu-
lations were made with the Sigmaplot 4
software.

A drawback of the systems involving borate
or boronate complexes is that the aqueous
phases must be buffered, because the carbohy-
drate complexes are formed only in strongly
alkaline media. Moreover, contrary to the
newer PCTA membranes [22,23], most SLMs
described in the literature for the transport of
sugars suffer from insufficient stability and/or
small fluxes.

In this study, we examined SLMs contain-
ing carrier 1 for the transport of small alditols
(C4 and C5) that have the opposite all-erythro
or all-threo configurations. Using a model
previously designed for the transport of sugars
[13], the stability constants of the migrating
complexes were determined, in order to relate
the macroscopic permeability of the mem-
brane to the microscopic characteristics of the
complex.

2. Experimental

The alditols and other chemicals were com-
mercial products (Aldrich or Fluka) of the
purest available grade, used as received. Re-
sorcinarene 1 was synthesized according to a
published procedure [10,12,13,24]. Its 1H and
13C NMR spectra, measured with a Bruker
ARX-400 spectrometer, were identical with
those of a commercial sample (purchased
from Fluka).

The SLM support was a microporous
PTFE film (Goodfellow) of thickness 63 mm.
Characteristic values are porosity 84% and
pore size 0.45 mm. The membrane area avail-
able for diffusion was 19.6 cm2 (diameter, 5.0
cm).

The transport cell (Fig. 2) is made of two
compartments of equal volumes (100 mL) sep-
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3. Results

Transport experiments.—Beside their nu-
merous advantages, the main drawback of
most SLMs is instability, as the organic solu-
tion is eventually displaced from the support
by the aqueous feed and receiving phases.
Various causes for membrane instability have
been discussed elsewhere [25]. However, the
SLMs studied in this work seem to represent
an ideal case, since the transported carbohy-
drates are almost insoluble in the organic
phase, whereas the carrier is insoluble in
aqueous medium, avoiding thus its washing-
out from the organic layer.

The high stability of our membranes was
previously demonstrated [13]. In the case of
the transport of sugars, the SLMs could be
used for 10 days. In the present study with
alditols, most experiments were carried out
during 5 days with the same membrane (mode
b), without any observation of leaking. An-
other advantage of our system is that only
facilitated transport of the sugars takes place,
as passive diffusion of the sugars across the
SLM cannot be detected in the absence of
carrier. This result is consistent with the hy-
drophobic nature of the PTFE film, and with
the fact that uncomplexed alditols are not
soluble in carbon tetrachloride.

A special attention was given to the synthe-
sis of carrier 1, because this macrocycle is
known to possess several diastereoisomeric
forms [26,27]. We ensured the exclusive for-
mation of the thermodynamically more stable
crown form by heating the crude condensation
mixture at reflux for at least 4 h [26]. The
stereochemical implications of the complexa-
tion of chiral guests with the achiral host 1
have been discussed elsewhere [28].

Measurements of permeabilities.—The prin-
ciple of the calculation of permeabilities and
fluxes has been developed elsewhere [13]. The
transport rate is measured by determining the
increase of the alditol concentration cR in the
receiving phase versus time t. This rate is
related to the flux J of alditol by Eq. (1),

dcR/dt=JS/V (1)

where S is the membrane area and V is the
volume of the receiving phase.

When the system reaches a quasi-steady
state, the flux J is related to Dc, the difference
between the concentrations of alditol in the
feed (cF) and the receiving phases (cR), and the
membrane thickness l by Eq. (2) derived from
Fick’s First Law,

J=PDc/l (2)

where P is the permeability of the membrane.
Since the flux of alditol is very large, the

concentration (cR) of the receiving phase is
not negligible versus the concentration (cF) of
the feed phase. Thus, Dc is calculated using
Eq. (3) where c0 is the initial concentration of
alditol in the feed phase:

cF=c0−cR and Dc=c0−2cR (3)

Combining Eqs. (1)–(3) yields differential Eq.
(4):

P dt= (lV/S)dcR/(c0−2cR) (4)

Integration of both terms of Eq. (4) yields Eq.
(5):

P(t− tL)= (lV/S)(1/2)ln c0/(c0−2cR) (5)

which shows that, after an induction period
(tL) that may last up to several hours, the term
− ln(c0−2cR) is a linear function of t. The
plots drawn (Fig. 3) for the transport of the
four alditols were indeed straight lines for
t\ tL. The permeability P values for the vari-
ous alditols were calculated (Tables 1 and 2),
using Eq. (6), from the slopes a of the plots.

P=alV/2S (6)

The intersection of the linear section with
the time axis defines the ‘true initial time’ tL at
which the alditol concentrations in the
aqueous phases are cF:c0 and cR:0. At this
instant, the initial value of the flux, Ji, can be
calculated by Eq. (7) derived from Eq. (2).

Ji=Pc0/l (7)

Modeling and parameters of the complex-
forming reaction.—The mechanism (scheme in
Fig. 4) for the overall transport of an alditol S
by the carrier C across the liquid membrane is
known to involve five consecutive steps [13]:
1. diffusion of the alditol through the diffu-

sion layer, from the bulk of feed phase to
the interface,
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2. reaction between the alditol and the carrier
at the feed phase–SLM interface, to form
a complex soluble in the membrane or-
ganic phase,

3. diffusion into the SLM, where the complex
migrates towards the SLM-receiving inter-
face and the carrier migrates back towards
the feed–SLM interface,

4. dissociation of the complex at the SLM-
receiving phase interface, to release the
alditol into the receiving phase and the
carrier into the membrane,

5. diffusion of the liberated alditol through
the diffusion layer to the bulk of receiving

phase.
Steps (1) and (5) are presumably fast, be-

cause both aqueous phases are stirred. Steps
(2) and (4) correspond to the fast formation
and dissociation of the complex at the inter-
faces. Hence, as in most studies with SLMs,
the rate-determining step is expected to be
step (3), i.e., the diffusion of the complex into
the organic solvent that fills the pores of the
polymeric support.

The complex was assumed to be a 1:1 aldi-
tol–resorcinarene species. The stoichiometry
of such complexes could not be found in the
literature. However, in the case of ribose, the

Fig. 3. Plots of − ln(c0−2cR) vs. time t for the transport of threitol and ribitol.

Table 1
Transport of tetritols across a SLM. Influence of the alditol concentration a

c0 (feed phase) (mmol cm−3) a×105 (s−1) P×107 (cm2 s−1)Alditol Ji×105 (mmol cm−2 s−1)

9.926.25Erythritol 3.891.00
4.42 7.10Erythritol 8.450.75

0.50Erythritol 5.64 9.06 7.19
7.42 11.92Erythritol 3.780.20

Erythritol 2.1813.758.560.10
11.477.14 18.211.00Threitol

8.89Threitol 14.280.50 11.34
0.25 10.74Threitol 17.26 6.85

3.000.10 18.89Threitol 11.75
19.1911.940.10 3.05Threitol b

a Conditions: t, 25 °C, [C]0=0.010 mol L−1, C is the carrier, uncertainties 95%. a is the slope of a linear plot of Eq. (5).
Permeability P is calculated from Eq. (6). Ji, flux at the end of the induction period, is calculated using Eq. (7). For the PTFE
film, the area S is 19.6 cm2 and the thickness l is 0.0063 cm. Porosity 84%, pore size 0.45 mm. All experiments were carried out
following mode (a).

b The membrane was equilibrated with water for 12 h before starting the experiment.
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Table 2
Transport of pentitols across a SLM. Influence of the alditol concentration

c0 (feed phase) (mmol cm−3) a×105 (s−1) P×107 (cm2 s−1)Mode a Ji×105 (mmol cm−2 s−1)Alditol

aXylitol 1.00 3.64 5.85 9.28
0.80 3.91a 6.28Xylitol 7.98

aXylitol 0.40 4.56 7.32 4.65
0.25 4.75 7.63Xylitol 3.03a
0.40 4.68b 7.53Xylitol 4.78
0.20 5.14Xylitol 8.26b 2.62
0.10 5.21b 8.38Xylitol 1.33

bXylitol 0.05 5.31 8.53 0.677
1.00 2.78a 4.47Ribitol 7.09

aRibitol 0.50 3.53 5.67 4.50
0.25 4.04 6.50 2.58Ribitol a
0.10 4.41a 7.09Ribitol 1.12
0.10 4.41Ribitol 7.09b 1.12
0.05 4.53b 7.28Ribitol 0.577

bRibitol 0.025 4.61 7.41 0.294
0.0125 4.64 7.46b 0.148Ribitol

a Mode a: as in Table 1. Mode b: same conditions as in Table 1, except that the whole series of runs was performed with a single
membrane, by stepwise dilution of the feed phase.

existence of a 1:1 complex with 1 in CCl4 was
reported by Aoyama et al. [9]. Our own results
on the extraction of sugars and alditols by 1
also supported the formation of a 1:1 complex
[12].

In the transport experiments, the initial
alditol concentration c0 in the feed phase is
much larger (50–100 fold) than the initial
carrier concentration ([C]0=1×10−2 M) in
the organic phase. Therefore, the concentra-
tion [CS] of the 1:1 carrier–alditol complex in
the membrane will be limited by the initial
concentration of the carrier.

The relationship between the flux J and the
alditol concentration [S]t in the feed phase, at
any time, was established using a kinetic
model in which the diffusion step (3) is as-
sumed to be rate-determining [13]. The reac-
tion between the alditol and the carrier at
both interfaces, may be considered as a fast
heterogeneous equilibrium:

C (org)+S (aq) X CS (org)

where (org) and (aq) refer to the organic
phase and feed phase, respectively.

The concentration [CS]i of complex at the
interface obeys the mass action law, Eq. (8),

[CS]i=K [C]i[S]i (8)

where K is the formation constant of the
complex, [C]i is the concentration of the car-
rier in the membrane, near the interface, and
[S]i is the concentration of alditol in the feed
phase, near the interface.

In the rate-determining step (3), the flux J is
determined by Eq. (9), derived from Fick’s
First Law by assuming that the concentration
of complex is practically nil at the receiving
phase–membrane interface.

J= (D*/l)[CS]i (9)

D* is the apparent diffusion coefficient and l
is the membrane thickness.

Because the alditol S is in excess in the feed
phase, [CS]i� [S]i and [S]i=c0, the initial con-
centration of alditol. The small concentration
[C]0 of carrier immobilized in the SLM is
constant, but the free carrier is in equilibrium

Fig. 4. Scheme of the facilitated transport of a carbohydrate
(S) by resorcinarene 1 (C) through the SLM.
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Fig. 5. Plots of 1/Ji vs. 1/c0 for the transport of four alditols across the SLM.

Table 3
Apparent diffusion coefficients and stability constants for the alditol complexes of 1 a

K (mol−1 L)Alditol 103×slope104×D* (cm2 s−1) 103×intercept r

Erythritol 1.581.00 3.97 6.27 0.999
0.81 3.082.53 2.49DL-Threitol 0.997
0.68 8.33Ribitol b 5.681.11 0.9999
0.46 7.211.92 3.28Xylitol b 0.9998

5.95L-Arabinose [13] 0.18 5.88 1.06 0.999

a Slope and intercept were obtained from a plot of 1/Ji vs. 1/c0, Eq. (11). r is the correlation coefficient. Accuracy: K90.1;
D*90.1×10−4. K is the equilibrium constant for the heterogeneous reaction: C (org)+S (aq) X CS (org).

b All data in Table 2 were used to draw a single plot for xylitol or ribitol.

with the complex. The flux under the initial
conditions Ji is given by Eq. (10):

Ji= (D*/l)[C]0Kc0/(1+Kc0) (10)

The postulated mechanism requires that Ji

is proportional to the initial concentration of
carrier [C]0 and obeys a saturation law with
respect to c0. In order to test the proposed
relationship, Eq. (10) was linearized as a
Lineweaver–Burk plot, Eq. (11):

1/Ji= (l/D* [C]0K)(1/c0)+ l/D* [C]0 (11)

Transport experiments with the four alditols
were carried out in which c0 varied in the
ranges 0.1–1.0 M for the tetritols and 0.0125–
1.0 M for the pentitols. Eq. (11) was checked
by plotting the values of 1/Ji versus 1/c0,
which yielded very good linear relationships in
every case (Fig. 5). From the slopes and inter-
cepts of the above plots, the apparent diffu-
sion coefficients and stability constants of the

complexes were calculated through linear re-
gressions (Table 3):

K= intercept/slope and

D*= l/[C]0 intercept.

To our knowledge, this is the first report on
the determination of stability constant of the
complexes formed between alditols and resor-
cinarene 1. A value was reported for a sugar–
resorcinarene complex in the case of arabinose
[13].

Examination of Fig. 5 shows that the pair
of threo alditols yields plots with nearly the
same intercept. The same phenomenon is ob-
served with the pair of erythro alditols. This
should be related to the close values of the
corresponding apparent diffusion coefficients
D*, since intercept= l/D*[C]0.

Hence, the experimental results support a
mechanism in which diffusion of the CS com-
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plex is the rate-determining step. However, the
values of D* seem very high, compared to
usual diffusion coefficients for carbohydrates.
It suggests that the migration of the complex
is not a pure diffusion process. This point is
discussed hereafter.

Induction period and mechanism of trans-
port.—In our first experiments, transport of
the alditol began only after a lengthy induc-
tion period which lasted 4–7 h and did not
depend on the nature of the alditol and its
concentration. The hypothesis that transport
would occur as a consequence of membrane
breakdown, and thus correspond to passive
transport, can be rejected on the following
grounds:
1. the transport of different alditols takes

place at different rates. This may obviously
be attributed to differences in the values of
the diffusion coefficients of alditols, but in
this case, both tetritols, which have the
same size and likely possess similar diffu-
sion coefficients, would be expected to mi-
grate at similar rates, which is not true, as
threitol migrates faster than erythritol,

2. one may expect that, for passive transport
of alditols, the initial flux Ji is proportional
to the initial alditol concentration c0. On
the contrary, our results clearly establish
that a saturation law is obeyed, since 1/Ji is
proportional to 1/c0. Such a law can only
be explained if the reversible formation of
a carrier–alditol complex occurs before the
transport step.

Nevertheless, since the proposed mechanism
does not account for the existence of the
induction period, another slow event or reac-
tion must precede the transport step. We rea-
soned that such a reaction could be the
formation of a water–resorcinarene complex,
since a proton NMR spectroscopic study by
Aoyama et al. [9] showed that 1 forms in CCl4

a complex with water formulated C(H2O)4.
The kinetics were not studied, but it was
reported that the mixing of both phases was
maintained for 24 h. Accordingly, under our
standard conditions, the membrane contains
the anhydrous solution of 1 when the experi-
ment starts, and since the concentration of
water in the feed phase is much larger than
that of carbohydrate, a likely preliminary step

would be the uptake of water by the
membrane.

In order to test this hypothesis, an experi-
ment (A) was performed in which both com-
partments of the cell were filled with water,
and equilibration of the SLM (prepared as
usual) was allowed overnight (12 h). Then,
water in the feed compartment was replaced
by an aqueous 0.1 M solution of threitol and
transport was monitored. Under these condi-
tions, the induction period was found to be
short (0.8 h) and afterwards, the permeability
and flux were almost similar to those found
for a 0.1 M threitol solution studied under our
standard conditions (Table 1). This result
demonstrates that the induction period is due
to uptake of water by the membrane.

The small induction period observed when
the membrane is initially equilibrated with
water was assumed to represent the time nec-
essary for exchanging water for the alditol in
the C(H2O)4 complex. In order to test this
idea, experiment (B) was carried out. A classi-
cal transport experiment was performed with
a ribitol solution (c0=0.25 M) in the feed
compartment. When equilibrium was reached
(after 24 h), the concentrations of both
aqueous phases were determined to be 0.125
M, as expected. Then, the receiving phase was
replaced by pure water and the transport was
monitored. The results were very close to
those calculated for c0=0.125 M, using the
plots drawn with Eq. (11), but with the impor-
tant difference that the induction period com-
pletely disappeared:

Calcd: P=6.98×10−7 cm2 s−1 and Ji

=1.38×10−5 mmol cm−2 s−1

Obsd: P=6.71×10−7 cm2 s−1 and Ji

=1.33×10−5 mmol cm−2 s−1

The difference between experiments (A) and
(B) is that in (B), when the transport of 0.125
M alditol begins, the membrane is equili-
brated with the aqueous solution of alditol,
and not with pure water as in (A). Thus, the
small induction period observed for (A) in-
deed corresponds to the time necessary for
saturating the membrane with the alditol.

In consequence, we repeated the complete
sets of experiments with xylitol and ribitol
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under the same conditions as in (B). In the first
run, the membrane was equilibrated overnight
with water before introducing the alditol solu-
tion in the feed compartment. The transport
was monitored until completion of equilibrium,
where both compartments contained identical
solutions of the alditol. Then, the solution in the
receiving compartment was discarded and re-
placed by pure water, and the transport was
monitored. This procedure was repeated for 4
days, allowing the study of transport of one
alditol at four decreasing concentrations with a
single membrane. The results presented in
Table 2 show that data obtained with both
techniques are in good agreement. Moreover,
the suppression of the induction period greatly
facilitates the determination of the slopes of
plots of the function − ln(c0−2cR) versus t.

Finally, these series of experiments are valu-
able tools for checking that (i) the membrane
transport of alditols is a reproducible process
and (ii) no breakdown of the membrane takes
place during 4 days.

In conclusion, step (2) of the transport mech-
anism is indeed the combination of three suc-
cessive steps occurring at the feed
phase–membrane interface. In the first step
(5–7 h), the free carrier C present in the organic
phase reacts with water of the feed phase to
form the C(H2O)4 complex reported by
Aoyama et al. [9]. This slow step is followed by
a faster exchange step in which the alditol of the
feed phase competes with water for the carrier
in the organic phase, to form the carrier–sugar
complex CS that is the migrating species. How-
ever, if the alditol does not replace all four
water molecules in C(H2O)4, the transported
species may be a ternary carbohydrate–water–
resorcinarene species. Finally, in the third step,
transport of the carbohydrate occurs as the CS
complex migrates towards the receiving phase,
while uncomplexed carrier molecules liberated
in the SLM migrate back towards the feed
phase.

Transport of mixtures of alditols.—In order
to explore the possible application of mem-
brane transport to the separation of carbohy-
drates, we studied the transport of mixtures of
alditols through our SLM. Two cases were
selected. The first example, a mixture of the
isomeric xylitol and ribitol, is useful as a model

for a separation based on different configura-
tions. The second example, a mixture of ery-
thritol and xylitol, was considered because the
permeabilities of these alditols are very different
and suggested that separation was possible. In
both cases, the feed phase was an aqueous
solution of both 0.10 M alditols. The concentra-
tions of the alditols in the receiving phase were
monitored as usual. The retention times are
sufficiently different for a good separation of
the chromatographic peaks of each alditol. In
both experiments (carried out in mode a) trans-
port occurred after a long induction period. The
suppression of this induction period (by using
mode b) was not attempted, because the exis-
tence of different induction periods might be
favorable for the expected separations.

The results (Fig. 6) show that migration of
the alditols occurs at different rates. The rates
vary in the order: erythritol\xylitol\ribitol,
in agreement with the results found for alditols
alone. The permeabilities for alditols in mix-
tures are a little smaller than those calculated
for the single alditols (Table 4). In the case of
xylitol, which was present in both mixtures, the
fluxes are of the same magnitude, either alone
or in mixture with erythritol or ribitol. Whereas
xylitol competes either with a faster alditol
(erythritol) or a slower alditol (ribitol), the
fluxes of xylitol are always smaller than for
xylitol alone.

This decrease of the flux may be due to (i) the
presence of the second alditol that increases the
overall concentration of alditols to 0.2 M (this
is known to decrease P) and (ii) the fact that
the unchanged amount of carrier is now shared
between both alditols. Since the transported
species is a 1:1 alditol–carrier complex, compe-
tition between both alditols may take place at
the interface, making a smaller effective con-
centration of the carrier available for each
alditol.

For the xylitol–ribitol mixture, the ratio of
permeabilities is 1.15. For the single alditols, it
is 1.18 and therefore, both permeabilities de-
crease by the same factor (0.89) in the mixture.
The conditions of the xylitol–ribitol experi-
ment were very unfavorable, because both
alditols have quite similar permeabilities, and in
this case, an efficient separation could not be
expected in a single-step process. However, a
significant enrichment of the receiving phase in
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Fig. 6. Transport of mixtures of alditols across the SLM. (a) Mixture of ribitol and xylitol (both 0.1 M). (b) Mixture of erythritol
and xylitol (both 0.1 M).

Table 4
Transport of equimolar mixtures of two alditols a

P×107 (cm2 s−1)c0 (feed phase) (mmol cm−3) Ji×105 (mmol cm−2 s−1)a×105 (s−1)Alditols b

1.013.97Ribitol (m) 6.380.10
0.10 7.36 1.17Xylitol (m) 4.58

12.900.10 2.058.03Erythritol (m)
1.217.630.10Xylitol (m) 4.75

7.090.10 1.124.41Ribitol (s)
8.56 13.75 2.18Erythritol (s) 0.10
5.21 8.38 1.330.10Xylitol (s)

a Conditions: t, 25 °C, [C]0=0.010 mol L−1, C is the carrier, uncertainties95%. The cell and membrane are the same as in
Tables 1–3.

b (m) mixture of two alditols; (s) single alditols.
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Fig. 7. Compared permeabilities of the SLM for the alditols.
From left to right: c0=1.0, 0.5, and 0.1 M, respectively.

4. Discussion

Comparison with extraction data.—In their
pioneering studies, Aoyama et al. reported
that ribitol was not extracted by an anhy-
drous solution of 1 in carbon tetrachloride
[9,10]. Instead, Verchère et al. demonstrated
that by using a solution of 1 in CCl4 satu-
rated with water [12], several alditols were
extracted as well as sugars, although the ex-
traction selectivity was not so good as in
anhydrous conditions. Comparison of these
results indicates that the extraction of carbo-
hydrates by 1 is considerably modified in the
presence of water, probably because the car-
rier can complex water as well as carbohy-
drates [10]. This effect of water is obviously
present in our SLM transport process.
Whether it implies the formation of true
ternary complexes, or the formation of water
pockets that dissolve the sugar in the organic
solvent, cannot be ascertained at this stage of
the program. However, the selectivity ob-
served in the transport process suggests that
ternary complexes with quite different stabil-
ity constants may be involved.

The transport of xylitol is faster than that
of ribitol (Table 2). On the other hand, the
percentage of extraction of 2.5 M aqueous
solutions of alditols by an organic solution of
1 in CCl4 saturated with water, after 24 h,
was reported to be 53% for ribitol and 25%
for xylitol [12]. Such a lack of correlation
between permeabilities and extraction data
was already mentioned in the case of sugars
[13] and may be related to the absence of the
kinetic factor in the extraction experiments,
in which measurements are only performed at
equilibrium.

Moreover, the stability constant of the
complex is known to influence the transport
phenomenon in a two-fold way, because
transport is hampered when the complex is
very weak and also when it is very strong.
Maximum rates are observed for complexes
of medium stability, because the complex
must form in sufficient amount at the feed
phase–membrane interface, but it must also
readily dissociate at the receiving phase–
membrane interface [29].

xylitol was indeed observed. The practical en-
richment ratio of xylitol into the receiving
phase, defined as:

([xylitol]− [ribitol])/[xylitol]+ [ribitol])

was 5.5–5% when the transport was carried
out during 4–9 h. This enrichment ratio de-
creased with time. For a transport time of 7 h,
the enrichment ratio was 5.1%, corresponding
to extraction yields of 63% (xylitol) and 57%
(ribitol).

For the erythritol–xylitol mixture, the ratio
of permeabilities is 1.69. For the single aldi-
tols, it is 1.64. The permeabilities in the mix-
ture are smaller than the permeabilities for the
single alditols (ratio 0.94). The receiving phase
is enriched in erythritol. When the transport
was carried out during 5–9 h, the practical
enrichment ratio of erythritol was 9–10%.
Contrary to the ribitol–xylitol mixture, the
enrichment ratio increased during 7 h, then
decreased. For a transport time of 7 h, the
larger enrichment ratio was 10.3%, corre-
sponding to extraction yields of 74% (ery-
thritol) and 60% (xylitol). As expected, the
separation is more efficient when the alditols
have very different permeabilities.

Another result was that the induction pe-
riod was different for both alditols. For exam-
ple, the migration of xylitol, which migrates
slower than erythritol, starts before that of
erythritol (Fig. 6). This observation provides
additional evidence that the fast migration of
alditols is not due to membrane breakdown. If
it was the case, both carbohydrates would
begin to migrate at the same time, probably at
similar rate. Further studies on various mix-
tures of carbohydrates are in progress, in or-
der to assess the utility of the method.
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Parameters of the permeabilities.—The per-
meabilities of the SLM for the four alditols at
three initial concentrations are compared in
Fig. 7. Two important parameters are visual-
ized: the size of the molecule and its configu-
ration. The order of permeabilities is:
threitol\erythritol\xylitol\ribitol, indicat-
ing that favorable factors for the transport of
alditols are shortness of chain length (C4\C5)
and threo configuration (threo\erythro), as
tetritols are transported faster than pentitols
and threo compounds migrate faster than ery-
thro compounds. The effect of the molecule
size was already reported in a study of the
transport of aldoses, in which larger perme-
abilities were found for pentoses (xylose, rib-
ose and arabinose) than for hexoses (glucose
and mannose) [13]. In the same study, the
variations of the permeabilities in a series of
pentoses and in a series of hexoses indicated
another specific effect due to the sugar
configuration, but no clear relationship was
found at this time.

The determination of the stability constants
and apparent diffusion coefficients for the
complexes of four alditols (Table 3) offers the
possibility of dissecting the influence of these
parameters on the transport of alditols across
the SLM.

The influence of chain length can be appreci-
ated by comparing tetritol–pentitol couples of
identical configurations. The complex of threi-
tol is stronger than that of xylitol (K, 0.81 vs.
0.46) and the complex of erythritol is stronger
than that of ribitol (K, 1.58 vs. 0.68). Thus,
the stability constant K noticeably depends on
chain length and decreases when chain length
increases. On the other hand, the diffusion
coefficient D* depends little on chain length,
as demonstrated by the comparison of the
threitol–xylitol and erythritol–ribitol couples.
It suggests that variations in the chain length
only influence K.

The influence of the configuration can be
appreciated by comparing alditols with identi-
cal chain lengths. In this case, the complex of
erythritol is stronger than that of threitol, (K,
1.58 vs. 0.81) and the complex of ribitol is
stronger than that of xylitol, (K, 0.68 vs. 0.46).
A rule-of-thumb is that complexes of erythro
alditols are nearly twice as strong as those of

threo alditols. A similar difference is found for
the diffusion coefficient D*, since the values
for threo compounds threitol and xylitol
(which are nearly insensitive to chain length)
are twice as large as those for erythro com-
pounds erythritol and ribitol.

Contrary to chain length, the alditol
configuration influences both K and D* val-
ues. Moreover, the effects of chain length and
configuration appear to be additive for the K
values, i.e., the ratio of stability constants for
the complexes of erythritol and xylitol is close
to 4 (K, 1.58 vs. 0.46).

Because the diffusion coefficients do not
vary with chain length, the permeabilities for
threo alditols are generally twice as large as
those for erythro alditols, at identical number
of carbons. On the other hand, when the
number of carbons increases, the variations of
permeability with chain length are directly
related to the decrease in complex stability.
Accordingly, for the threitol–xylitol and ery-
thritol–ribitol couples, the variations of per-
meabilities are only related to the variations of
the stability constants, i.e., the complexes that
migrate faster are the strongest ones.

The influence of the stability constant K is
more complex, because K depends on both
chain length and configuration, and is related
to P via a saturation law. In fact, threo aldi-
tols migrate faster than erythro alditols,
whereas their K values are smaller.

The origin of the variations of the stability
constants with the alditol configuration can be
inferred from the results obtained with the
tetritols. Erythritol and threitol only differ by
their configuration at C-2,3 and thus, the in-
teraction of 1 with an alditol appears to be
stronger when an erythro diol site is available.
Moreover, the weaker interactions observed
with both pentitols indicate that the presence
of a third vicinal hydroxyl group is not a
favorable factor. Thus, it is unlikely that 1
binds with a triol site, and we believe that the
site of binding is HO-2,3 for erythritol and
threitol, and also for ribitol and xylitol.

Comparison with the transport of ara-
binose.—The values of the apparent diffusion
coefficients D* and stability constants K of
the complexes are displayed in Table 3. A
comparison is possible with arabinose [13]. All
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complexes of alditols are stronger than the
arabinose complex (K, 0.18 mol L−1). On the
other hand, D* is much larger for the ara-
binose complex than for all the alditol com-
plexes. The difference may be due to the larger
stiffness of the pyranose cycle of arabinose. In
this case, the hydroxyl groups of the binding
diol site are probably unable to adopt the
same conformation as in the acyclic alditols.

The problem of the determination of the
stability constants of the complexes formed
between 1 and polyols has been addressed by
Aoyama et al. in two ways [30,31]. In both
cases, only 1:1 complexes were detected.

First, the stability constants of the com-
plexes of 1 with various diols in anhydrous
CDCl3 have been determined by NMR spec-
troscopy [30]. In this case, the reported values
are true equilibrium constants for the forma-
tion of CS species. The drawback is that this
method cannot be applied to sugars that are
not soluble in organic solvents. In a second
approach, the stability constants have been
determined in aqueous medium, also from
NMR spectroscopic studies, using a sul-
fonated resorcinarene that is water soluble
[31].

The reported values cannot be compared
with those found in this work, which refer to
the formation of the carrier–carbohydrate
species at the SLM interface. Thus, the reac-
tion is a heterogeneous equilibrium involving
the aqueous alditol, together with the carrier
and the complex dissolved in the organic
phase. Moreover, the value of K is probably
influenced by the presence of the polymeric
support (PTFE) that surrounds the pores. Fi-
nally, if the ‘CS’ complex is indeed a ternary
species such as CSW3, where W stands for
water, the formation constant is an apparent
constant that includes a constant term for the
activity of water.

Nature of the migration step.—The appar-
ent diffusion coefficients (Table 3) determined
for the complexes seem quite high, in view of
the much smaller diffusion coefficients of the
constituents of the complexes. The diffusion
coefficient of glucose in aqueous solution is
D=6.4×10−6 cm2 s−1 [16], whereas that of a
calix[4]arene in chloroform is D=6.8×10−6

cm2 s−1 [32].

The large values found with our SLM for
alditols and also arabinose [13] probably indi-
cate that the migration of the complex is not
purely diffusion-controlled and may include a
convective contribution due to moves of the
organic solvent in the pores. It would not be
unlikely that the organic solution is not com-
pletely immobilized in our SLM, which pos-
sesses unusually large pores with respect to
membranes commonly used for transport ex-
periments. The fundamental point is that,
even if the mechanism does not consist in a
pure diffusion process, the migration of the
various carbohydrate–carrier complexes oc-
curs at different rates and exhibits a satura-
tion law, demonstrating that the resorcinarene
carrier actually participates in the transport
process.

5. Conclusions

The transport of four alditols was studied
through a SLM made of a porous PTFE film
containing a solution of resorcinarene 1 in
CCl4. The membrane is exceptionally perme-
able, allowing a complete transport of all aldi-
tols within 12–15 h. The dependence of the
flux versus the initial concentrations of alditol
and carrier shows that the rate-determining
step of the transport mechanism is the migra-
tion of 1:1 alditol–carrier complexes within
the membrane, which is not purely diffusion
controlled. The apparent diffusion coefficients
and the stability constants of the complexes
were calculated, affording insight of the na-
ture of the resorcinarene complexes. Although
all carbohydrate–resorcinarene complexes are
very weak (stability constants, K:1 mol−1

L), alditols are more firmly bound to the
carrier than arabinose [13].

The fluxes depend both on the size and
configuration of the alditols: migration is
faster for tetritols than for pentitols, and for
threo than erythro compounds. It suggests
that our SLM may perform the separation of
mixtures of alditols, and accordingly, enrich-
ment of the receiving phase with the ‘fast’
alditol was demonstrated for two mixtures.
Considering the remarkable stability and large
permeability of the SLM for aldoses and aldi-
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tols, these findings open a new perspective on
membrane processes for the separation of
aqueous mixtures of carbohydrates.
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