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Effect of Quaternary Ammonium Salts on Carrier-
Mediated Transport of Lanthanide lons through
Cellulose Triacetate Membranes

MASAAKI SUGIURA

NATIONAL CHEMICAL LABORATORY FOR INDUSTRY
HIGASHI, TSUKUBA, IBARAKI 305. JAPAN

ABSTRACT

Fluxes of all lanthanides, except promethium, across cellulose triacetate mem-
branes were determined by using mixtures of o-nitrophenyl n-octyl ether and qua-
ternary ammonium salts as plasticizers, and 4-benzoyl-3-methyi-1-phenyl-5-pyra-
zolone (BMPP) and 4-trifluoroacetyl-3-methyl-1-phenyl-5-pyrazolone (TMPP) as
carriers. The quaternary ammonium salts used were didodecyldimethyl-, distear-
yldimethyl-, tetrahexyl-, tetraoctyl-, and tetradecylammonium bromides [referred
to as (C,2).NBr, (Cix).NBr, (C,).NBr, (C).NBr, and (C,));NBr, respectively]. The
effect of these ammonium bromides on the flux was demonstrated. For membranes
containing 0.1 M (C,,);NBr and (C),NBr, BMPP exhibited considerably high
fluxes. The fluxes of lanthanum and cerium using BMPP for (C,,),NBr were higher
than those of the other lanthanides. For the membranes containing 0.5 M (C,;),NBr
and 0.1 M (Cys),NBr, however, no difference in flux among the lanthanides was
observed. The fluxes using TMPP for (C,,).NBr and (C,,).NBr were very small,
with the exception of some lanthanides. Appreciably high fluxes were observed
for membranes containing 0.1 M (C),NBr using BMPP. For (C;),NBr and
(Cy),NBr, BMPP exhibited low fluxes. For thesc membranes using TMPP, the
lanthanides were scarcely transported.

INTRODUCTION

In previous work (1) the author studied the effect of polyoxyethylene
n-alkyl ethers (POE ethers) on the transport of trivalent lanthanide ions
through cellulose triacetate (CTA) membranes containing hinokitiol (B-
isopropyltropolone; HIPT) as carrier. POE ethers with different alkyl and
potyoxyethylene chain lengths were incorporated in the CTA membrane
as plasticizers, together with o-nitrophenyl n-octyl ether (ONPOE). The
lanthanide flux was markedly affected by these chain lengths. The highest
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flux was observed for the incorporation of trioxyethylene n-dodecyl ether
[C:Hos(OCH,CH,);0H, referred to as C,E;]. However, the order of the
lanthanides in the flux was not altered by the type of POE ether.

For the present work, the effect of quaternary ammonium salts having
two or four long alkyl chains on the transport of trivalent lanthanide ions
through the CTA membranes was demonstrated by using two pyrazolone
derivatives, 4-benzoyl-3-methyl-1-phenyl-5-pyrazolone (BMPP) and 4-tri-
fluoroacetyl-3-methyl-1-phenyl-5-pyrazolone (TMPP), as carriers. It has
been known that quaternary ammonium salts having two long alkyl chains
form stable bilayer membranes similar to phospholipids (2, 3). In addition,
they have been used as stabilizers for emulsion-type liquid membranes (4).

In the present work the fluxes of 14 kinds of lanthanides are first de-
termined by using a mixture of C,E; and ONPOE as the plasticizer. From
this result, the lanthanide-binding and transport functions of the pyrazolone
carriers are compared with those of the HIPT carrier used in previous work
(1). Subsequently, the lanthanide fluxes are determined by using mixtures
of di-n-alkyldimethyl- or tetra-n-alkylammonium bromides and ONPOE
as the plasticizers. From the experimental results, the effect of these am-
monium bromides on the transport of the lanthanides is discussed.

EXPERIMENTAL
Preparation of CTA Membranes

Five milliliters of a dichloromethane solution containing 12.5 g/L CTA,
0.2 mL of a ONPOE solution containing 0.1 or 0.5 M of the quaternary
ammonium salt, or 0.5 M C,,E;, and 0.2 mL of a dichloromethane solution
containing 100 mM of BMPP or TMPP were mixed in a glass culture dish
(flat bottom, 6 cm diameter). The mixed solution was slowly air-dried at
room temperature, as described previously (5, 6). The thickness of the
resulting membrane was about 0.06 mm. The concentrations of the plas-
ticizer and carrier in the membrane were the same as those for the mem-
branes used in previous work (1). In the present paper the concentrations
of the quaternary ammonium salts and C,,E; in the membrane are ex-
pressed as their concentrations in the plasticizer. The CTA was obtained
from Eastman Kodak Co., ONPOE from Dojindo Lab., and C,E; from
Sigma Chemical Co. The quaternary ammonium salts used were didode-
cyldimethyl-, distearyldimethyl-, tetrahexyl-, tetraoctyl-, and tetradecylam-
monium bromides. For brevity, these will be referred to as (Cj,),NBr,
(C5):NBr, (Co)NBr, (Cg)sNBr, and (C,)sNBr, respectively. (C,;),NBr,
(C).NBr, and (C,();NBr were obtained from Tokyo Kasei Kogyo Co.,
(C¢).NBr from Eastman Kodak Co., and (C;),NBr from Lancaster Syn-
thesis Ltd. The carriers, BMPP and TMPP, were obtained from Tokyo
Kasei Kogyo Co.
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Permeability Measurements

The apparatus was the same as that used in previous work (1): the half
volume of the permeability cell was 32 mL, and the effective membrane
area was 7.07 cm?. The CTA membrane was fixed between two compart-
ments of the cell. Two aqueous solutions were added to the compartments:
one (source phase; Compartment I) initially contained 1.0 mM lanthanide
nitrate and 0.1 M sodium acetate buffer of pH 6.1, and the other (receiving
phase; Compartment II) contained 1.0 mM lanthanide nitrate and 0.05 M
sulfuric acid. The permeation experiments were performed at 25°C. The
lanthanide concentrations in the two compartments after a definite time
were determined by the xylenol orange method (6, 7).

Membrane Potential Measurements

The membrane potentials were measured by using a Keithley Model
610C electrometer as described elsewhere (8, 9).

Viscosity Measurements

The relative viscosities of the plasticizers used were measured at 25°C
by the method described in a previous paper (1).

RESULTS AND DISCUSSION
Lanthanide Fluxes for C,,E;

The shapes of the curves of lanthanide concentrations in the two com-
partments against time obtained from the permeation experiments were
similar to those shown in previous papers (1, 7); some of these curves will
be shown later. The lanthanide fluxes across the CTA membranes in the
presence and absence of C,E; are shown in Fig. 1. In the present paper
the flux obtained from the permeation experiment is expressed as the mean
value in the transport process for 6.5 hours. Further, it is plotted against
an ionic radius (10) of the trivalent lanthanide in six-coordination for the
reason given in a previous paper (7).

The pyrazolone derivatives, BMPP and TMPP, behaved as carriers of
the lanthanides in the present membrane systems. The fluxes using BMPP
were higher than those using TMPP. In addition, these values for BMPP
were higher than those obtained for HIPT under the same experimental
condition in a previous work (1). However, no difference in the flux among
the lanthanides was observed. On the other hand, the flux using TMPP
increased rapidly with an increase in the ionic radius in the range of neo-
dymium to lanthanum. For the membranes containing no C,,E,, BMPP
exhibited relatively low fluxes, while the fluxes using TMPP were very
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FIG. 1 Lanthanide fluxes using BMPP and TMPP for the membranes containing 0.5 M
C,E;: (O) BMPP, (A) TMPP. C,;E; absent: (@) BMPP, (A) TMPP.

small. In these cases no difference in the flux among the lanthanides was
observed. For the extractions of uranium and beryllium by BMPP and
TMPP in chloroform, it has been known that the values of Bypn (Bn:
stability constant, py: partition coefficient) for the BMPP-metal complexes
are higher than those for the TMPP-metal complexes (11, 12); i.e., the
quantities of the metals extracted by BMPP are larger than those extracted
by TMPP. Therefore, the higher fluxes of the lanthanides using BMPP are
likely due to the extraction of larger quantities of the lanthanides in the
membrane phase.

Effect of Quaternary Ammonium Salts

Plots of lanthanum concentrations in the two compartments and mem-
brane potential against time for the membranes containing (C,,),NBr,
(Cis):NBr, (C¢),NBr, and (C,,),NBr are shown in Figs. 2 and 3. The tend-
encies of the curves of membrane potential against time for the other
lanthanides are similar to those shown in Figs. 2 and 3. The lanthanide
fluxes using BMPP and TMPP for the membranes containing (C,,),NBr
and (C4),NBr are shown in Fig. 4. Those using BMPP for (C,),NBr,
(C4)iNBr, and (C,,),NBr are shown in Fig. 5. The fluxes of lanthanum,
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FIG. 2 Plots of lanthanum concentrations in the two compartments (a) and membrane

potential (b) against time for the membranes containing 0.1 M (C,,),NBr and (C3),NBr using

BMPP and TMPP: (O) (C,,);NBr-BMPP, (A) (C.,),NBr-TMPP, (@) (C,,),NBr-BMPP, (A)

(C.x):NBr-TMPP. The dashed and solid lines (a) represent the concentration against time

curves in Compartments I and II, respectively. The polarity of the membrane potential (b)
was positive in Compartment I with respect to Compartment II.

praseodymium, samarium, terbium, erbium, and lutetium using TMPP for
the membranes containing 0.5 M (C,;),NBr and 0.1 M (C;),NBr, (C),NBr,
and (C,;);NBr are listed in Table 1.

In the presence of the quaternary ammonium salts, the lanthanides were
transported more effectively by BMPP than by TMPP. The fluxes using
TMPP were very small, with the exception of lanthanum, cerium, praseo-
dymium, and neodymium for the membranes containing 0.1 M (C,,),NBr
and (C,),NBr.

As described in a previous paper (7), the flux of a metal ion, Jy, across
a membrane depends on the concentration of the carrier-metal complex
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FIG. 3 Plots of lanthanum concentrations in the two compartments (a) and membrane

potential (b) against time for the membranes containing 0.1 M (C,),NBr and (C,):NBr using

BMPP and TMPP: (Q) (C,),NBr-BMPP, (A) (C.),NBr-TMPP, (@) (C,)).NBr-BMPP, (A)
(Cy):NBr-TMPP. The curves have the same meanings as in Fig. 2.

at the membrane surface on the side of the source phase (Compartment
), [MA],, and the viscosity of the membrane phase, n, as follows:

Ju = Dua[MA]/L 1)
Dya = kT/6wrn (2

where Dy, is the diffusion coefficient of the complex in the membrane, L
is the membrane thickness, & is the Boltzmann constant, T is the absolute
temperature, and r is the molecular radius of the complex. The value of
[MA], also depends on the stability constant of the complex and on its
partition coefficient between the membrane and aqueous phases (12).
The addition of the quaternary ammonium salts to the plasticizer in the
membrane brings about the changes in both the viscosity of the membrane
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FIG. 4 Lanthanide fluxes using BMPP and TMPP for the membranes containing (C,).NBr
and (Cy)NBr: (O) 0.1 M (C,;);NBr-BMPP, (A) 0.1 M (C,),NBr-TMPP, ((J) 0.5 M
(C1;):NBr-BMPP, (@) 0.1 M (C,),NBr-BMPP, (A) 0.1 M (C,4),NBr-TMPP.

phase and the partition coefficient of the complex at the interface. Con-
sequently, these changes affect the lanthanide flux. In fact, for membranes
containing (C5),NBr using BMPP, the highest flux of samarium was ob-
served at a concentration of 0.1 M (Cg),NBr. In addition, as seen in Fig.
4, the fluxes using BMPP decreased as the concentration of (C,;),NBr
varied from 0.1 to 0.5 M.

The relative viscosity values of the plasticizers used are listed in Table
2. The viscosities of the plasticizers containing 0.5 M (C,,),NBr and 0.1 M
(C.5).NBr and (Cyy),NBr could not be measured. In these ONPOE solu-
tions, (C,,),NBr and (C,5),NBr formed suspended aggregates or gels, and
a part of (C,;),NBr precipitated.

The fluxes using BMPP and TMPP increased by the addition of C,E;
to the plasticizer (Fig. 1). These results are likely due to increases in the
partition coefficients of BMPP- and TMPP-lanthanide complexes. As de-
scribed in a previous paper (1), the increase in the partition coefficient
may be attributed to the slight decrease in lipophilicity of the membrane
phase. In the case of the quaternary ammonium salts, they combine ex-
treme lipo- and hydrophilicities in the same molecule. Hence, some of their
molecules are apt to be oriented at the membrane surface, and the others
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FIG. 5 Lanthanide fluxes using BMPP for the membranes containing 0.1 M (C,),NBr,
(Cy)iNBr, and (C,;)NBr: (O) (C,):NBr, () (Ci):NBr, (@) (C,,).NBr.

form micelles or aggregates in the inner phase of the membrane; the li-
pophilicity of the membrane surface decreases and that of the inner phase
varies with the form of the aggregated molecules.

On the other hand, it has been known that the lanthanide nitrates can
be extracted by trioctylmethylammonium salt in kerosene, and its extract-

Lanthanide Fluxes Using TMPP for the Membranes Containing (C,;),NBr, (C,),NBr,

TABLE 1

(Cy)sNBr, and (C,,);NBr

Flux x 107 (mol/cm*h)

Ammonium Concentration®

salt (M) La Pr Sm Tb Er Lu
(C12):NBr 0.5 0.3 0.2 0.2 0 0.2 0
(C,):NBr 0.1 0.4 0 0 0.3 0.2 0
(Cy),NBr 0.1 0 0 0 0 0 0.2
(Ci).NBr 0.1 0 0.1 0 0 0 0

“Concentration of the quaternary ammonium salt added to the plasticizer incorporated in

the membrane.
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TABLE 2
Relative Viscosities of Plasticizers Incorporated in the
Membranes
Plasticizer Relative viscosity”
ONPOE 1.00
ONPOE + 0.5M C,;E, 1.05%
ONPOE + 0.1 M (C;),NBr 1.28
ONPOE + 0.1 M (C,),NBr 1.20
ONPOE + 0.1 M (C,),NBr 1.30

“Viscosity ratio of plasticizer to ONPOE.
?Value obtained in the previous work (1).

ability is excellent for lanthanides having large ionic radii, particularly
lanthanum (13). In fact, a low flux of lanthanum was observed in cotrans-
port of lanthanum and thiocyanate or perchlorate ions using the membrane
containing 0.1 M trioctylmethylammonium chloride as carrier. In the sim-
ilar cotransport of lanthanum and thiocyanate ions using the membranes
containing 0.1 M (C,,),NBr, (Cy;),NBr, and (C¢),NBr, no transport of
lanthanum occurred. However, in the countertransport systems used in the
present work, a decrease in the lanthanum concentration in Compartment
I was observed for the membranes containing 0.1 M (C,,),NBr, (C),NBr,
(C¢)aNBr, and (Cy)NBr in the absence of BMPP or TMPP. The or-
der of the decrease in the lanthanum concentration was (C;,),NBr >
(Cis):NBr > (C4),NBr > (C,;)4NBr. These facts show the existence of an
interaction between the quaternary ammonium salt and lanthanide. The
interaction may contribute to the transport of the lanthanides, particularly
those having a large ionic radius.

As seen in Fig. 4, BMPP exhibited considerably high fluxes for mem-
branes containing 0.1 M (C,,),NBr and (C5),NBr. However, as the con-
centration of (C,;;),NBr increased, the fluxes decreased. The fluxes of lan-
thanum and cerium using BMPP for the membranes containing 0.1 M
(C12):NBr were higher than those of the other lanthanides. The higher
fluxes may be attributed to the interaction between (C,,),NBr and lan-
thanum or cerium. For membranes containing 0.5 M (C,),NBr and 0.1 M
(C5):NBr, no difference in the flux among the lanthanides was observed.
In these cases the effect of the interaction between the quaternary am-
monium salt and lanthanide disappeared. This result is likely due to the
formation of micelles or aggregates of the quaternary ammonium salt in
the membrane; the oriented alkyl chains of the quaternary ammonium salt
affect the transport of the BMPP-lanthanide complex in the membrane
more strongly. It is thought that remarkably high membrane potentials for
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the membranes containing 0.1 M (C;5),NBr are developed when large
quantities of the complexes are transported through the lipophilic region
between the micelles or aggregates.

On the other hand, TMPP exhibited very low fluxes for membranes
containing (C,,);NBr and (C,y),NBr, with the exception of some lanthan-
ides (Fig. 4 and Tablz 1). These low fluxes are the result of high hydro-
philicity of the membrane surface, which brings about a decrease in the
partition coefficient of the TMPP—lanthanide complex at the interface. The
relatively high fluxes of the lanthanides from lanthanum to neodymium
(Fig. 4) may be attributed to a strong interaction between the TMPP and
lanthanide, as in the case of C,E;. For these membrane systems the effect
of the interaction between the quaternary ammonium salt and lanthanide
is not clear.

Appreciably high fluxes were observed for membranes containing 0.1 M
(C)sNBr using BMPP. For the membrane containing 0.1 M (Cg),NBr and
(C1)sNBr, BMPP exhibited low fluxes (Fig. 5). In these cases the flux
increased in the range of the lanthanides from neodymium to lanthanum.
These higher fluxes are likely due to the interaction between the quaternary
ammonium salt and lanthanide. The orientation of the quaternary am-
monium salts having four long alkyl chains is lower than that of the double-
chain ammonium salts. Therefore, the effect of these alkyl chains on the
transport of the complex must be small. The low fluxes for (C;);NBr and
(Ci0)sNBr may be caused by an increase in lipophilicity of the inner phase
of the membrane with increasing alkyl chain length.

For membranes containing (C;),NBr, (Cg),NBr, and (C,,),NBr using
TMPP, little or no transport of the lanthanides occurred. These results are
mainly due to the high hydrophilicity of the membrane surface. In these
cases, however, the effects of the interaction between the quaternary am-
monium salt and lanthanide, and the lipophilicity of the membrane phase
on the transport, are not clear.

REFERENCES

M. Sugiura, Sep. Sci. Technol., 27, 269 (1992).

T. Kunitake and Y. Okahata, J. Am. Chem. Soc., 97, 3860 (1977).

T. Kunitake, Nippon Kagaku Kaishi (J. Chem. Soc. Ipn.), p. 534 (1987).

F. Nakashio, M. Goto, M. Matsumoto, J. Irie, and K. Kondo, J. Membr. Sci., 38, 249
(1988).

5. M. Sugiura, M. Kikkawa. and S. Urita, Sep. Sci. Technol., 22, 2263 (1987).

6. M. Sugiura, M. Kikkawa, and S. Urita, J. Membr. Sci., 42, 47 (1989).

7. M. Sugiura, Sep. Sci. Technol., 25, 1189 (1990).

8. M. Sugiura and T. Shinbo, Bull. Chem. Soc. Jpn., 52, 684 (1979).

9. H.T. Tien, Bilayer Lipid Membranes, Dckker, New York. 1974, pp. 507-524.



12: 24 25 January 2011

Downl oaded At:

TRANSPORT OF LANTHANIDE IONS 1463

10.

1.
12.

13.

L. C. Thompson, in Handbook on the Physics and Chemistry of Rare Earths, Vol. 3
(K. A. Gschneidner Jr. and L. R. Eyring, Eds.), North-Holland, Amsterdam, 1979,
pp. 209-297.

B. S. Jensen, Acta Chem. Scand., 13, 1890 (1959).

J. Stary, The Solvent Extraction of Metal Chelates, Pergamon, Oxford, 1964, pp. 21-
38.

The Society of Chemical Engineers, Japan (Ed.), Kodo-Bunrigijutsu-no-Atarashii-Ten-
kai (New Aspects of Separaton Technology), San-ei, Kyoto, 1989, pp. 57-83.

Received by editor June 1, 1992



