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We have investigated the transport properties of nanopore alumina membranes that were rendered hydrophobic
by functionalization with octadecyltrimethoxysilane (ODS). The pores in these ODS-modified membranes
are so hydrophobic that they are not wetted by water. Nevertheless, nonionic molecules can be transported
from an aqueous feed solution on one side of the membrane, through the dry nanopores, and into an aqueous
receiver solution on the other side. The transport mechanism involves Langmuir-type adsorption of the
permeating molecule onto the ODS layers lining the pore walls, followed by solid-state diffusion along these
ODS layers; we have measured the diffusion coefficients associated with this transport process. We have
also investigated the transport properties of membranes prepared by filling the ODS-modified pores with the
water-immiscible (hydrophobic) liquid mineral oil. In this case the transport mechanism involves solvent
extraction of the permeating molecule into the mineral oil subphase confined with the pores, followed by
solution-based diffusion through this liquid subphase. Because of this different transport mechanism, the
supported-liquid membranes show substantially better transport selectivity than the ODS-modified membranes
that contain no liquid subphase.

Introduction aqueous feed solution onto the hydrophobic thiol layers lining
the nanotube wallls, followed by solid-state diffusion along these

Synthetic nanopore membranes have been used for applicayyjq layers?” However, in that preliminary report, there were

tions as diverse as ultrafiltratidr?, industrial gas separatiofis, no data to confirm this proposed transport model
filtrations > and templates for the synthesis of nanomatefids. We h . ¢ q ttention t ' lumi
Our group has had a long-standing interest in such nanopore € have since turned our attention 1o nanopore alumina
membranes, more specifically, polymeric membranes prepareo|membrane's rendergd hydrophobic by functionalization Wlt.h
via the track-etch methdt11 and alumina nanopore membranes octadecyltrimethoxysilane (ODS). In anglogy to the hydro_p_hoblc
made through the anodization of alumind®#?® We have Au nanotube membranés,the pores in the ODS-modified
developed a general method to synthesize nanomaterials withir@luminas are no longer wetted by water. Nevertheless, again,
the pores of such membrarfésl417 Because these membranes nonionic molecules could be transported from an agueous feed
contain cylindrical pores, this method yields correspondingly solut!on on one side of the membrane into an aqueous receiver
cylindrical nanowires or nanotubes prepared by any of a variety solution or.1.the other side. We have found, howevgr, that these
of synthetic methods within the porés. ODS-modified membranes take up the permeating molecule
We are especially interested in nanotube-containing mem- ffom the aqueous feed solution via a Langmuir-adsorption
branes prepared by the template method. For example, we havd0Cess an_d not via solvent_ extractlon,_as suggested previdusly.
shown that gold nanotubes can be deposited within the poresHowever, in agreement with our earlier work, we have found
of polymeric templates and that the inside diameters of thesethat transport occurs through the membrane via solid-state
nanotubes can be of molecular dimensiong im)2° Further- diffusion along the ODS layers lining the pore walls, and we
more, the inside walls of the Au nanotubes can be chemically have measured the diffusion coefficients associated with this

or biochemically functionalized, and this dramatically changes transport process.

the transport properties of the nanotube memb?&rt&.For In solution, diffusion coefficients scale inversely with the
example, Au nanotube membranes functionalized with hydro- radius of the diffusing molecuk.In contrast, we have found
phobic thiols selectively transport hydrophobic molecifes. that the solid-state diffusion coefficients in the ODS-modified

The hydrophobic-thiol-functionalized Au nanotube mem- membranes scale inversely with the surface area of the molecule.
branes proved especially interesting because we found that afteiThis functional dependence seriously impairs the transport
functionalization the Au nanotubes would no long fill with  selectivity that can be obtained from these membranes. For this
water. Nevertheless, nonionic molecules could be transportedreason, we have also investigated supported-liquid mem-
from an aqueous feed solution on one side of the membrane,braned®3tin which the ODS-modified nanopores are filled with
through the dry nanotubes, and into an aqueous receiver solutiorthe hydrophobic liquid mineral oil. In this case, the membrane
on the other sidé”28We suggested that the transport mechanism takes up the permeating molecule via solvent extraction, and
entailed solvent extraction of the permeating molecule from the transport occurs by solution-based diffusion in the mineral oil
subphase confined within the pores. These supported-liquid
* Corresponding Author. E-mail: crmartin@chem.ufl.edu. membranes show substantially better transport selectivity than
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the ODS-modified membranes that contain no liquid subphase.sample was carefully potted in the epoxy such that the

The results of these investigations are reported here. membrane completely covered the hole. The membrane pores
were then loaded with mineral oil by simply pipetting the oil
Experimental Section onto the membrane surface. The membranes were then mounted

in the U-tube cell, and the cell was thermostated and stirred
during the transport experiments.

Transport Experiments. The transport data for all membrane
samples were processed via “flux” plots, moles of permeating
species transported across the membrane vs time. The quantity

f permeating species transported was determined by periodi-

Materials. Alumina Anodisc 47 filter membranes (6om
thick, 47 mm diameter, and50% porosity) were obtained from
Whatman. Two different versions of these membranes were
used. The first contained nominally cylindrical pores with a pore
diameter, as specified by the supplier, of 200 nm; these are

designated here as the CP200 membranes. The second type ally measuring the UV absorbance of the receiver solution.
membrane contained cylindrical pores through most of the The following wavelengths were used: 24j 385 nm; phenol
membrarje’s thickness, but these pores branched into nominally268 nm: p-cresol, 276 nm: 2,4-dimethlylp,henol, 27,6 nm: e{nd
20-nm-diameter pores at one face of the membrane. The2,4,6—trimethylpheno|, 277 nm. An Agilent 8453 instrument,
branched-pore region of the membrane accounts-um of with Agilent ChemStation software, was used for these mea-
the total membrane thicknesThese branched pore membranes surements. Calibration curves were used to convert the measured

are _deS|gnated here as BP20 membranes. . absorbance into the concentration of permeating species in the
NiSO,, phenol,p-cresol, 2,4-dimethylphenol, 2,4,6-trimeth- o aiver half-cell. All flux plots presented here represent

ylphenol, tetrahydrofur.an, hexane, light mineral oil, kerosene, averages of three replicate experiments on the same membrane
absolute alcohol, sodium acetate, NREy, and hexagonal sample

polystyrene weighing boats were used as received from Fisher \oa5rement of Partition Coefficients.As we will see, the
Scientific. Octadecyltrlmethoxysnane was obtained from Gelest 46 and selectivity of transport obtained for the supported-liquid
and used as received. Extra-fast-setting epoxy was obtained fromy o nhranes is related to the partition coefficiek)(for the

Cole Parmer and used as instructed. Purified water was preparethemeating species between the aqueous feed solution and the
by circulating house-distilled water through a Millipore Milli-Q mineral oil confined within the pores. For this reason, mineral-

water purification system. _ _ oil/waterKg values were obtained for the permeating molecules
Preparation of the Octadecyltrimethoxysilane (ODS)  phenolp-cresol, 2,4-dimethylphenol, and 2,4,6-trimethylphenol.

Modified Membranes. We have previously shown that silanes  Thjs was accomplished via solvent-extraction by using aqueous
can be covalently attached to the pore walls and membrane facegqytions that were initially 2 mM in the desired permeating

of the alumina membranes studied h&#& Before modification molecule. A known volume of this aqueous solutiaf)(was
with ODS, the alumina membranes were cleaned by sequentially ;qded to a 20 mL vial, a volumd, of mineral oil was then
rinsing with water, tetrahydrofuran, and acetone. ODS modifica- added, and the vial was sealed with a screw-on lid. The vial
tion was accomplished by immersing the membrane into a yas5 shaken manually for1 h, and the phases were allowed to
solution prepared by mixing 2 mL of the ODS with 15 mL of = ganarate. The equilibrium concentration of the molecule in the
absolute alcohol and 1 mL of a 50 mM, pH5.1 sodium acetate  aqueous phasef, ) was then determined by UV absorbance.
buffer. Membranes were treated in this solution foh with The equilibrium concentration in the organic phaGg,() was
agitation, rinsed with absolute alcohol, and placed in an oven obtained by difference. '

overnight at 80°C. If the initial 2 mM concentration of the molecule in the

Preparation of the Membrane Samples.Transport data  aqueous phase is defined &), then conservation of matter
were obtained on three different classes of membrane: 1. ODS-rgquires that

modified CP200 and BP20 membranes. 2. As-received CP200

and BP20 membranes. We use the term untreated to describe VaCina= VaCeqat VoCeqo (1)
these membranes. 3. Supported-liquid memb@di&shere the

pores in an ODS-modified BP20 membrane were filled with  Dividing both sides of eq 1 by/, and Ceq,aand noting that

light mineral oil. Kp = Ceq,dCeq,aYyields®*35

For the untreated and ODS-modified membranes (no mineral
oil), the membrane samples were assembled as described &1 1=K lo @)
previously, and then clamped between the two halves of a Ceq, PV

U-tube permeation celf-?’ The feed and receiver half-cells both
contained 15 mL of solution, and the membrane assembly According to eq 2, a plot of {fin,dCeq,d —1] VS Vo/Va should
exposed 0.71 cfof membrane area to these solutions. The be linear with slope= K,.2:3In our experiments, the sum of
feed solution contained a known concentration of the desired V, andV, was always 20 mL, ant, was varied from 5 to 19
permeating molecule or ion (dissolved in 50 mM, gH¥ NaH,- mL.
PO, buffer); buffer was placed in the receiver half-cell. The Contact Angle Measurements. A Tantec CAM-Micro
U-tube cell was placed into a constant-temperature bath at 25contact meter was used to determine surface contact angles for
+ 1 °C, and both half-cell solutions were vigorously stirred the untreated and ODS-modified membranes by using the half-
during the transport experiments. angle technique, as described in the user's manual. Water
The membrane assembly discussed above could not be usedroplets 10uL in size were used, and each reported contact
for the supported-liquid membranes. This is because this angle represents the average of four measurements.
assembly uses Parafilm to secure the membrane s&fahel Molecular Models. Models for the permeating molecules
Parafilm is not chemically compatible with mineral oil. A phenol,p-cresol, 2,4-dimethylphenol, and 2,4,6-trimethylphenol
polystyrene-based membrane assembly was used instead. A 0.9Were calculated from energy-minimized structures using Hy-
cn? hole was punched into a section of polystyrene that was perChem (HyperCube) molecular-modeling software. The van
cut from the bottom of a weighing boat280um thick). Epoxy der Waals surface area of each molecule was then calculated
glue was applied around the hole, and the alumina membraneusing QSAR protocols. The radius of each molecule was
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o
§ 1 aqueous-phase diffusion coefficients for these two species do
not differ significantly.
The key difference between the®Niand DMP transport data
o 1 2 3 a 5 is that, while Nf* is not transported across the ODS-modified
membrane (Figure 1A), DMP is transported across this mem-
Time (Hours) brane (Figure 1B). Indeed, the DMP flux across the ODS-
Figure 1. Flux plots. (A) N?* transport in an untreateéj and ODS- modified membrane is only 28% lower than flux of DMP across
modified (0) CP200 membrane. The concentration of'Ni the feed the untreated membrane. The contact angle and transport data
solution was 100 mM. (B) DMP transport in an untreatédl énd ODS- have shown that water and 100 mM aqueou’"Nblution do

modified (7) CP200 membrane. The concentration of the DMP in the not wet the pores of the ODS-modified membrane. One possible
feed solution was 10 mM. explanation for the observed DMP flux across the ODS-modified

) . membrane is that 10 mM DMP alters the properties of this
calculated from the surface area assuming that the molecule is, 645 solution such that this solution is able to wet the pores
disk shaped. This calculation requires values for the thicknessesy¢ the membrane.
of these dlsk-shapeql molecules. On the basis of the molecular 4 investigate this possibility, transport experiments were
models, we used thicknesses of 0.34 nm for phenol and 0.42 4,4 \ith an ODS-modified CP200 membrane by using a feed
nm for the methylated phenals. solution that was 10 mM in DMP and 100 mM in¥i If DMP
promoted pore flooding, then a measurable flux of"Niould
be observed. However, the flux of Ni across the ODS-

Transport of Ni2" and 2,4-Dimethylphenol Through modified membrane using this feed solution was again zero.
Untreated and ODS-Modified Membranes.Figure 1A shows Furthermore, the DMP flux from this feed solution was identical
flux plots for Ni2*™ transport across untreated and ODS-modified to that obtained from the feed solution that contained only 10
CP200 membranes. For the untreated membrane, the plot ismM DMP. These results show that DMP is being transported
linear (upper curve in Figure 1A), and the flux of&Niacross across the ODS-modified membrane even though the pores are
the membrane (5& 3 umol cn2 h~1) was obtained from the  not wetted by the aqueous feed solution. These data clearly show
slope. In contrast, no evidence for?Nitransport through the  that the transport mechanism for DMP in the ODS-modified
ODS-treatment was observed (lower plot in Figure 1A), even membrane is different than the solution-diffusion mechanism
after permeation times as long as 24 h (data not shown). Contact-operative in the water-filled pores of the untreated membrane.
angle measurements were used to explain this difference Transport of a Homologous Series of Permeating Mol-
between the transport properties of the untreated and ODS-ecules.At least two possible models can be proposed for DMP
modified membranes. transport across the ODS-modified membrane. The first entails

A contact angle could not be measured for the untreated evaporation of the DMP from the feed solution at the membrane
membrane because the water droplet rapidly spread across theolution interface, vapor-phase transport of the DMP through
membrane surface and filled the pores. In contrast, the contactthe dry pores, and redissolution of the DMP into the receiver
angle of water on the surface of an ODS-modified membrane solution. We call this the vapor-phase transport model. The
was 120, with no evidence of pore filling. This lack of pore  second model entails hydrophobic-effect-driven partitioning of
wetting explains why the ODS-modified membrane is imperme- the hydrophobic DMP from the feed solution into the hydro-
able to N?*; i.e., because the aqueous feed solution is denied phobic ODS-modified membrane, transport of DMP via diffu-
access to the pores in the membrane, and the feed and receivesion in (or on) the ODS films lining the pore walls, and back
solutions are isolated from each other by this very hydrophobic partitioning of the DMP into the receiver solution. We call this
membrane. Analogous results were obtained for gold nanotubethe hydrophobic-partitioning/diffusion model. For both of these
membranes that had been modified with hydrophobic hexadecylmodels, the driving force for transport is the difference in
thiol.2” chemical potential of DMP between the feed solution, where it

Figure 1B shows the analogous flux plots for 2,4-dimeth- has a finite (and for these experiments constant) concentration,
ylphenol (DMP) across the untreated and ODS-modified CP200 and the receiver solution where, for these experiments, its
membranes. Because of its lower extinction coefficient, the feed concentration is always effectively zero.
concentration used in the Ni experiments (Figure 1A) was Transport experiments on a homologous series of permeating
an order of magnitude higher than those in the DMP experiments molecules can be used to distinguish between these two models.
(Figure 1B). This concentration difference accounts for the lower The homologous series used consisted of phenol (Rtresol
flux of DMP in the untreated membrane (5.940.07 umol (PC), DMP, and 2,4,6-trimethylphenol (TMP) (Figure 2). If the
cm~2h~1). However, when the fluxes are corrected for this feed- vapor-phase transport model is operative, flux will decrease with
concentration difference, the Ni and DMP fluxes in the the increasing molecular weight of the molecules in this
untreated CP200 membranes are identical. This indicates thehomologous series because vapor pressure deceases with

Results and Discussion
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TABLE 1: Fluxes of the Various Permeating Molecules in TABLE 2: Fluxes and Transport Selectivity Coefficients (o)
the Untreated BP20 and CP200 Membranes; Feed for the Various Permeating Molecules in the ODS-modified
Concentration Was 2 mM. BP20 and CP200 Membranes; Feed Concentration Was 2
- fl lem2ht mM.
permeating ux (#mol cm>h™%) — —
molecule BP20 CP200 ODS-modified BP20 ODS-modified CP200
Ph 0.283+ 0.005 1.45£ 0.07 permeating flux flux
PC 0.26+ 0.02 1.38+ 0.08 molecule (umol cnr? hfl) O (umol cnr? hfl) Ot
DMP 0.2564+ 0.004 1.38+ 0.08 Ph 0.176+ 0.009 1 0.5 0.01 1
TMP 0.228+ 0.004 1.27+0.07 PC 0.25+ 0.01 1.4 0.52+ 0.02 1
DMP 0.480+ 0.002 273 0.720.01 1.4
increasing molecular weigRt.In contrast, if the hydrophobic- T™P 0.838+ 0.009 476 1.130.05 22

partitioning/diffusion model is operative, flux will increase with
increasing molecular weight of the molecules in this homologous Partitioning/diffusion model and inconsistent with the vapor-
series. This is because the partition coefficients for these phase transport model. The fluxes obtained from the slopes of
molecules from the aqueous feed solution and into the hydro- the flux plots are shown in Table 2.
phobic ODS-modified membrane will increase with increasing  The transport selectivity of each membrane was quantified
molecular weight of the permeating molecéfe. by taking a ratio of the fluxes of the various permeating
Permeation experiments with this homologous series were molecules in the membrane to the phenol flux in that membrane.
first performed on untreated CP200 and BP20 membranes usingThese ratios provide a family of selectivity coefficients, (
2 mM aqueous feed solutions of the permeating molecules. Forwhere the subscript t denotes transport selectivity) (Table 2).
both membranes, the resulting flux plots were linear, and the Phenol was chosen as the reference flux for these selectivity
fluxes of the various permeating molecules were calculated from coefficients because it showed the lowest flux in each mem-
the slopes (Table 1). The fluxes across the untreated CP200brane, making they values greater than or equal to unity. The
membrane were higher than the fluxes across the untreated BP2Belectivity data for the ODS-modified membranes are also
membrane, indicating, as expected, that the smaller poreconsistent with the hydrophobic-partitioning/diffusion model
diameter in the branched-pore layer restricts transport acrossbecause the; values, in general, increase with the molecular
the BP20 membrane. For each membrane, there was little toweight of the permeating molecule as would be predicted by
no difference in the Ph, PC, and DMP fluxes (Table 1). This is this model. It is of interest to note that the fluxes are higher,
because the pores in these untreated membranes are floodednd theao; values smaller, for the CP200 membrane than for
with the aqueous feed solution, and the differences in the the BP20 membrane. This trend is consistent with the nearly
diffusion coefficients for these molecules are too small to be universal observation that membranes that show higher fluxes
detected via these transport experiments. show lower selectivitied?*° One possible explanation for this
Figure 3 shows flux plots for the homologous series across result is that the ODS completely fills portions of the nominally
the ODS-modified BP20 and CP200 membranes. In contrast to20-nm-diameter pores in the BP20 membrane, creating a highly
the untreated membranes, the fluxes for the various permeatinghydrophobic region within the mouth of the pore. This would
molecules are not the same, and in general, flux increases withnot be possible in the much larger diameter pores of the CP200
increasing molecular weight of the permeating molecule. As membrane.
noted above, this trend is consistent with the hydrophobic-  Ejycidating the Transport Mechanism. The experiments
discussed above demonstrate that the transport mechanism for
a homologous series of nonionic permeating molecules in the
ODS-modified membranes involves hydrophobic-effect-based
partitioning of the molecule into the membrane. However, at
least two different mechanisms involving hydrophobic-effect-
based partitioning can be proposed. The first assumes that the
partition process is akin to the solvent extraction of a hydro-
phobic molecule from water into an immiscible nonpolar
solvent?! The second assumes that the partition process is
analogous to Langmuir adsorption of a hydrophobic molecule
from water onto a hydrophobic surfat&*3 We develop here
equations that describe each of these mechanisms and present
results of experiments that have allowed us to determine which
of these mechanism is operative in the ODS-modified mem-
branes.

Both mechanisms entail Fick’s first law of diffusion, which

for a linear concentration gradient across the membrane can be
written as

Micromoles transported

J, =D~ ©)

Time (Hours)

Figure 3. Flux plots for the homologous series of permeating whereJ, is th_e flux qf a permeatl_n_g molecu_le (X) through the
molecules, ©) TMP, (a) DMP, (@) PC, () Ph. Concentration in the ~ MmembraneD is the diffusion coefficient for X in the membrane,

feed solution was 2 mM. (A) ODS-modified BP20 membrane. (B) ODS- AC is the concentration gradient of X across the membrane,
modified CP200 membrane. and L is the membrane thickness. In the solvent-extraction
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mechanism, the partitioning of X into the membrane is described 80
by*? e - f
= 60+
Xaq — Xmemb (4) E 4
3 40-
And the partition coefficientKp, is given by g l
=
Koo x
Kp - [X cﬂ ) i .
a 0 T T T T T
0 100 200 300 400 500

In our experiments, [¥] is the concentration of X in the feed

solution,Creeq Substituting this into eq 5 and rearranging yields Phenol feed concentration (mM)

Figure 4. Plot of flux vs feed concentration for phenol transport in an
ODS-modified BP20 membrane.

[X memk] = Kpcfeed (6)
T 06 o .
The concentration of X in the membrane on the feed-solution t o5 4
side is this [Xmemd, @and the concentration of X in the membrane 2 ’
on the receiver-solution side is always effectively zero. This 3 04 1
makes the concentration gradient to be used in e§C3= g o034 o
EX
[Xmemd = KpCreeq @and eq 3 becomes g 02 A .
= [
— .'
1 = DK Ceed 7 S 04 -_'o""
x p L ( ) §- 0 T T T T T
& 0 0.0 0.0 0.0 0.0 0.1
According to eq 7, the flux for this solvent-extraction-based ) . B
transport mechanism is linearly relateddgeq the concentration Reciprocal phenol feed concentration (mM™)
of the permeating molecule X in the feed solution. Figure 5. Plot as per eq 10 for phenol transport in an ODS-modified

The alternative transport mechanism assumes that partitioningBPZO membrane.

into the membrane is described by the Langmuir-adsorption Ceqvalues (Figure 4). This plot can be linearized by rearranging

isotherm, which can be written 4373 eq 9 to yield
CinaxK Creed le( L 1 _ L 10
Xoewd =15 K G, 8) X 7 |DCraxKi JCroos | DConax (10)

According to eq 10, a plot of 3/ vs 1[Cieeq Will be linear,
whereCnaxis the saturation concentration of X in the membrane, with slope equal toL/(DCmax Ki) and y-intercept equal to
and K. is the Langmuir-adsorption constant. For the ODS- L/(DCnay. Figure 5 shows that this plot is, indeed, linear
modified membranesK, describes the hydrophobic-effect- (correlation coefficient= 0.9995), and dividing thg-intercept
driven adsorption of X from the aqueous feed solution onto the (0.0044 0.002umol cn2 h~1) by the slope (5.7% 0.06umol
hydrophobic ODS layers lining the pore walls in the membrane. cn? h-! mM) givesK_ = 7 x 1074 mM~! for the adsorption

Substituting eq 8 into eq 3, and recalling the€ = [X memd, of phenol on the hydrophobic ODS layers lining the pore walls
gives in the BP20 membrane.
Figure 4 shows that the experimental flux@geqdata follow
D[ CrnaxKi Creed the Langmuir-adsorption mechanism up to a feed concentration
Y=1 T+ K Crg 9) of 500 mM, and that the plateau flux is approximately.860l

cm 2 h™1. We found, however, that the flux increased to 500
+ 100umol cn2 h~1 for a phenol feed concentration of 700
Equation 7 (solvent-extraction mechanism) predicts that a plot mM. This dramatic increase in flux is not predicted by either
of flux vs Cieeq Will be linear, whereas eq 9 (Langmuir- the Langmuir-adsorption or solvent-extraction mechanisms. It
adsorption mechanism) predicts that this plot will have a shape occurred to us that this anomalously high phenol flux might
characteristic of a Langmuir-adsorption isothef? i.e., a reflect a change in the wetting properties of the aqueous feed
linear increase of flux withCreeq at low Creeq Values, followed  solution such that, at this very high concentration of phenol
by a plateau at higheZreeq values. Transport experiments with (700 mM), the feed solution now floods the pores in the ODS-
phenol as the permeating species, and ODS-modified BP20modified membrane. To explore this issue, transport experiments

membranes, were used to explore the fluCygaqrelationship.  were conducted on an ODS-modified BP20 membrane by using
Phenol was chosen for these studies because it has the highesgt feed solution that was 700 mM in phenol and 100 mM in
water solubility (maximum solubility~825 mM*) of the Ni2*. As shown above, if the pores are not wetted by the feed

permeating molecules studied here; this allowed us to explore sojution, N?* cannot be transported across the membrane;
the flux vs Creeq relationship over the largest possible range of however, N+ transport does occur when the feed solution is

Creed Values. 700 mM in phenol. These data show that the anomalously high
In agreement with the Langmuir-adsorption mechanism, the phenol flux at thisCreqVvalue is caused by flooding of the pores.
experimental plot of flux v&reeq for phenol transport shows a Supported-Liquid Membranes. The Langmuir-adsorption-

linear portion at lowCeeqVvalues followed by a plateau at higher induced plateau in permeated flux at high feed concentrations
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Figure 6. Plot of flux vs feed concentration for phenol transport in
the mineral-oil-based supported-liquid membrane. Figure 8. Flux plots for the mineral-oil-based supported-liquid
membrane, @) TMP, (a) DMP, @) PC, €) Ph. The feed concentration
was 2 mM.

Time (Hours)

TABLE 3: Mineral-Oil/Water Partition Coefficients ( Kp)
and Partition Selectivity Coefficients (op)

molecule Kp op
Ph 0.12+ 0.01 1
PC 0.304+ 0.003 2.6
DMP 1.95+ 0.02 17
TMP 20.4+ 0.4 180

TABLE 4: Fluxes and Transport Selectivity Coefficients (o)
for the Various Permeating Species in the Mineral-Oil-Based
Supported-Liquid Membrane; Feed Concentration Was 2

mM
Figure 7. Mineral-oil/water solvent-extraction data plotted as per eq pern?eatilng :‘qu -1
2 for (a) TMP, @) DMP, and ©) PC. molecule (umol crmr*h %) o
Ph 0.032+ 0.003 1
(Figure 4) is undesirable because it limits the range of g%ﬂp 8-;8?006203 12-3
concentrations over which optimal transport selectivity will be T™P 148+ 0.03 16

observed. Because this plateau would not be observed if the
solvent-extraction mechanism were operative (eq 7), it would
advantageous if the membranes could be forced to follow the
solvent-extraction mechanism. This can be accomplished by
creating a subphase of a water-immiscible liquid within the pores
of the ODS-modified BP20 membrane, a supported-liquid

membrané®3! Supported-liquid membranes based on light

extraction mechanismg; is the product of DK, for the
permeating molecule in the membrane divided DiK, for
phenol in that membrane (eq 7). Hence, the partition coefficient
ratio is an important factor in determining the transport
selectivity. These partition coefficient ratios (defined @gs
. . . ; where the subscript p denotes partition selectivity coefficient)
mineral oil, a mixture of hydrocarbons ranging from 18 to 35 are also shown in Table 3. These partition selectivity coefficients
Cart_’ons’ were investigated here. ] can be quite large, and the key question now is: are the
Figure 6 shows the phenol flux vs feed-concentration plot measured transport selectivity coefficients for the supported-
for a mineral-oil-based supported-liquid membrane. In contrast liquid membranes correspondingly large?
to the membranes that did not contain this water-immiscible rjyx plots for the homologous series of permeating molecules
liquid within the pores (Figure 4), the plot for the supported- through the mineral-oil-based supported-liquid membrane are
liqguid membrane is linear over the entire feed-concentration |inear (Figure 8), and the fluxes and transport selectivity
range investigated. These data clearly show, as expected, thaggefficients obtained from these plots are shown in Table 4.
the supported-liquid membrane follows the solvent-extraction \ye see that the transport selectivity coefficients for PC and
mechanism (eq 7) rather than the Langmuir-adsorption mech-pyp (Table 4) are essentially identical to the corresponding
anism (eq 9). partitioning selectivity coefficients (Table 3). Becausés the
Because of the importance of the partition coefficients in ratio of the producDK, these data show that titevalues for
determining both the rate and selectivity of transport for the ph, PC, and DMP in the mineral oil subphase are, to our ability
supported-liquid membrane (eq 7), we have measured theto make the measurement, identical. Given the small differences
mineral-oil/water partition coefficients for the various permeat- in the sizes of these various molecules (vide infra), this is not
ing molecules studied here. Plots o€{{4/Ceq,9 —1] VS Vo/Va surprising.
(eq 2§43 for partitioning of TMP, DMP, and PC between In contrast to Ph, PC, and DMP, the transport selectivity
mineral oil and water are shown in Figure 7; analogous data coefficient for TMP (Table 4) is a factor of 4 times smaller
were obtained for phenol as well. THg values obtained from  than the partitioning selectivity coefficient (Table 3). Part of
the slopes of these plots are shown in Table 3. As would be the reason for this discrepancy is that the diffusion coefficient
expected, the partition coefficient increases with the hydropho- for the larger TMP molecule in mineral oil is less than that for
bicity of the partitioning molecule. phenol. However, as we will see below, the difference in the
We have defined the transport selectivity coefficiend @s diffusion coefficients for phenol vs TMP is too small to account
the flux of a permeating molecule in a particular membrane for the factor of 4 discrepancy betweew and o,,. While we
divided by the phenol flux in that membrane. For the solvent- cannot at this time account for the discrepancy, it is important
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TABLE 5: Permeation Data for the ODS-Modified BP20 Membrane*

KL D molecular molecular

molecule (mM~Y) (cnm? sec?) op Ose radius (nm) surface area (NP
Ph 7.00E-04 1.22E-06 1.000 1.000 0.293 1.17
PC 0.0018 6.80E07 0.557 0.970 0.301 1.36
DMP 0.0114 2.10E07 0.172 0.890 0.330 1.56
TMP 0.117 4.31E08 0.035 0.820 0.359 1.76

a Langmuir-adsorption constants,(), diffusion coefficients D), diffusion selectivity coefficientso(p), diffusion selectivity coefficients calculated
from the Stokes Einstein equationo(sg), and calculated radii and surface areas for each of the permeating molé&gesExperimental Section
for details.

to note that the transport selectivity coefficients for this K, values in Table 3 to calculate (eq 1) for PC, DMP, and
supported-liquid membrane are much higher than the analogousTMP (Table 5). Thes&, values (and the value f@ay) allow
selectivity coefficients obtained for the other membranes studied us to use eq 9 and the experimental fluxes for the ODS-modified

here. BP20 membrane (Table 2) to calculate diffusion coefficients
Diffusion Coefficients for the Permeating Molecules in the for all of the permeating molecules in this membrane.
ODS-Modified BP20 Membrane.In the ODS-modified mem- These diffusion coefficients, along with the diffusion coef-

branes that do not contain the mineral oil subphase, transportficient ratios (up, relative to phenol), are shown in Table 5.
occurs by diffusion of the permeating molecule along the ODS Table 5 also shows diffusion coefficient ratios (again relative
layers coating the walls of the nonwater-wetted pores. We to phenol) calculated from the StokeBinstein equatio?? and
describe here a method for determining the diffusion coefficient the radii and surfaces areas of each molecule. The Stokes
associated with this transport process. To show how this is Einstein ratios are important because they show how the
accomplished, it is important to point out that implicit in the diffusion coefficients would vary with the size of the permeating
Langmuir-adsorption process is the concept that the adsorbingmolecule if the molecule were diffusing in solution. We see
molecule binds to a limited number of sites on the surface. The from Table 5 that the experimental diffusion-coefficient ratios
concentration of these adsorption sites is the parant@igr (op) are less than the StokeEinstein ratios @sg), and that
(egs 8-10), and in order to calculate the diffusion coefficients, the differences between these ratios increase with the size of
we must obtain a value for this parameter in the ODS-modified the permeating molecule. These data unambiguously show that

BP20 membrane. the simple StokesEinstein solution-based diffusion model does
At low feed concentrations, where the prod#gCreeq < 1, not apply to the ODS-modified BP20 membrane. This is not
eq 8 simplifies to surprising because the pores in this membrane are devoid of

water, and transport occurs along the ODS layers coating the
[X memd = Crnak( Creed (11) pore walls.

If the Stokes-Einstein model were applicablb,would scale
By comparing eq 11 (Langmuir mechanism) to eq 6 (solvent- inversely with the molecular radius. In contrast, fhevalues
extraction mechanism), we see that the partition coeffickigt,  for the ODS-modified PB20 membrane scale inversely with
is related toK, via molecular area (slope= 4 x 10720 cn?* s7%, correlation
coefficient= 0.987). We propose that this inverse molecular-
Kp = Crnaf<s (12) area dependence is a signature for a solid-state diffusion
process’ This greater sensitivity to molecular size has dire
Equation 12 allows us to calculafaxfor the ODS-modified  consequence for the selectivity of membranes that use the
membranes, provided we have values for bigthand K. for Langmuir-adsorption transport mechanism. This is because, for
one of the permeating molecules in this membrane. a small molecule;, will be small butD will be large, whereas
While the transport data for phenol in the ODS-modified for a large molecule; might be large bub (as indicated in
BP20 membrane gawé. = 7 x 10 mM~%, we do not have  Taple 5) will be very small. As a result, as clearly shown by
an experimentaK, associated with the partitioning of phenol  the experimental data in Table 2, the transport selectivity of
between water and ODS. We do, however, have an experimentakych membranes will, in general, be worse than for membranes
Kp value for partitioning of phenol between water and mineral where transport occurs in a liquid subphase (Table 4).
oil (Table 3), and while the data are not shown, Kjevalue
for partitioning of phenol between water and kerosene is conclusions
identical to the mineral-oil/water value. Because kerosene
contains hydrocarbons of-96 carbon® and mineral oil We have shown that the transport properties of nanopore
contains hydrocarbons of 385 carbong®there is no question ~ alumina membranes can be tailored by chemically functional-
thatK,, for partitioning of phenol between water and ODS (18 izing the membrane. When functionalized with ODS, the pores
carbons) is identical to th€, = 0.12 obtained for both mineral  in the membrane become so hydrophobic that they are not

oil and kerosene. Using thi§, andK, = 7 x 1004 mM~tin wetted by water. Nonionic molecules can nevertheless be
eq 12 gives &nax value for phenol in the ODS-modified BP20  transported from an aqueous feed solution on one side of the
membrane of 171 mM. membrane to an aqueous receiver solution on the other side.

While CnaxWas experimentally determined for only phenol, The transport mechanism involves Langmuir-type adsorption
it is clear that the other permeating molecules bind to the sameof the permeating molecule onto the ODS layers lining the pore
sites in the membrane as does phenol. This is true because th#valls and solid-state diffusion along these ODS layers.
adsorption mechanism is the same for all of the members of When a homologous series of permeating molecules is used,
this homologous series of molecules. Hence, to a first ap- flux across the membrane increases with the hydrophobicity of
proximation,Cnax Will be the same for all of the molecules in  the molecule. This is because the Langmuir-adsorption constant
this homologous series. This value Gfax was used with the onto the ODS increases with the hydrophobicity of the molecule.
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However, these ODS-modified membranes show poor transport
selectivity for hydrophobic permeating molecules (Table 2). As
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molecule across the membrane. Transport selectivity can be
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Finally, eq 7, which describes how flux varies with the 2004 16, 2762-2771.

partition coefficientKy, and diffusion coefficientD, could prove

useful for predicting the flux of a particular molecule across 5,0,
the supported-liguid membrane. This is because partition

coefficients can be calculated from the molecular struct¥if@,
and the diffusion coefficient can be calculated from the Stekes
Einstein equatiod?
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