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Porous silica-zirconia membranes with pore diameters from 0.8 to 2 nm were prepared
by a sol-gel process, and applied to the separation of alcohols (hexanol, octanol, decanol)
and alkanes (hexane, decane, tetradecane) in ethanol solutions by reverse osmosis over
the temperature range from 25 to 60° C. A silica-zirconia membrane with a pore diameter
of 1 nm showed a molecular weight-cut-off (MWCO) of 200 in ethanol solutions. Rejection
increased with the applied pressure, for both alcohol and alkane solutes. However, the
rejection of alcohols was found to decrease with temperature, while that for alkanes
remained nearly constant. The separation characteristics were examined for the following
membrane parameters: solvent permeability, L, reflection coefficient, o, and solute
permeability, P, based on the Spiegler-Kedem equation. The viscosity of solutions and the
diffusivity of alkanes and alcohol solutes in nano-sized pores were found to show a larger
temperature dependency than in bulk. The diffusivity of alkane solutes showed the same
temperature dependency as the viscosity of ethanol in nano-sized pores, while the
diffusivity of alcohol solutes showed a larger temperature dependency than the viscosity
of ethanol, probably because of a larger interaction between alcohol solutes and the
hydrophilic surface of silica-zirconia membranes. Diffusion experiments were carried out
to confirm the temperature dependency of the diffusivities in nano-sized pores. A bilayer
model verified that solute permeabilities by reverse osmosis and diffusion experiments
were consistent with each other. © 2005 American Institute of Chemical Engineers AIChE J, 52:
522-531, 2006
Keywords: reverse osmosis, nanofiltration, inorganic membranes, silica-zirconia, diffu-
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Introduction

Reverse osmosis and nanofiltration membranes have been
developed for applications that involve the processing of aque-
ous solutions, such as the purification of drinking water and
wastewater treatment. One of the potential applications is sep-
aration in nonaqueous solutions, including the separation of
mixed solvents and the concentration of macromolecules in
organic solvents. Extensive investigations in pressure-driven
membrane separation, such as reverse osmosis and nanofiltra-
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tion, have been reported in attempts to utilize polymeric mem-
branes for nonaqueous solutions.'* Whu et al.2 reported on the
nanofiltration of methanol solutions using solvent resistant-
polymeric membranes. Bhanushali et al.? investigated the use
of nanofiltration rejection in the rejection of organic dyes and
triglycerides in polar (methanol, ethanol) and nonpolar (hex-
ane) solvents. The interaction among membrane materials,
solvents, and solutes were emphasized. Peeva et al.* reported
on permeate volumetric fluxes and the rejection of docosane
and tetraoctylammonium as a model solute in toluene solu-
tions, and successfully analyzed the performance of the mem-
branes based on the solution-diffusion model combined with
concentration polarization, which are typically applied to aque-
ous systems. However, the instability of membranes in non-
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aqueous solutions represents a major drawback to the use of
polymeric membranes, although solvent-resistant polymeric
membranes have been reported.’

Inorganic membranes, which have an inherently excellent
resistance to a wide variety of solvents, have attracted a great
deal of interest.>® At present, the available experimental data
on reverse osmosis and nanofiltration performance is very
limited since inorganic porous membranes having pore diam-
eters less than several nm have been developed only recently.
Buekenhoudt et al.'® compared the performance between ce-
ramic and solvent-resistant-polymeric membranes, and found
that ceramic membranes could be successfully used in the
separation of pharmaceutical components in methylene chlo-
ride as well as the recovery of homogeneous catalysts in
isopropanol. We also reported on the application of inorganic
porous membranes to the permeation of pure solvents®!'!' and
the nanofiltration of polyethylene glycols in alcohol solu-
tions.'>13 A wide variety of solvents and solutes can be sepa-
rated in pressure-driven membrane separation systems, such as
reverse osmosis, nanofiltration, ultrafiltration, and microfiltra-
tion. In the present study, our focus was on the separation of
low molecular weight organic solvents (less than 200) in eth-
anol, which can be categorized into the reverse osmosis range.

From the viewpoint of the transport mechanism through
porous membranes, the solution-diffusion model and the non-
equilibrium model have been successfully applied to a wide
variety of aqueous systems. The solution-diffusion model,
which considers the contribution of diffusion to solute transport
and neglects the contribution of convection, has been widely
applied to nonporous membranes, such as polymeric reverse
osmosis membranes.'* On the other hand, non-equilibrium
thermodynamic models, such as the Spiegler-Kedem model,'s
can be applied, in principle, to any type of membrane system,
including nonporous and porous membranes. Bhanushali et al.3
evaluated the permeation characteristics in nonaqueous solu-
tions based on the solution-diffusion model and the Spiegler-
Kedem model, and concluded that the solution-diffusion model
is not applicable because of the coupling between solute and
solvent fluxes. However, at present no universally accepted
model for nonaqueous solutions is available, and the non-
equilibrium thermodynamic model needs to be examined for its
possible application.

It is also noteworthy that the advantage of using membranes
to discuss the transport mechanism through porous materials,
which has been extensively investigated using powdered po-
rous materials, might be a useful approach. Restricted diffusion
of a variety of solutes and solvents through porous materials is
an important issue, not only in membrane separation but also in
catalysts, adsorption, and related processes, and has been in-
vestigated in terms of temperature and concentration depen-
dency.'® The diffusivity has been determined based on mea-
surements of concentration change as a function of time and
curve-fitting with mathematical diffusion models,'” while
steady-state data can be used to obtain diffusivity in the case of
membrane separation. Another advantage would be the possi-
bility to evaluate the effect of viscosity on the diffusivity in
nano-sized pores. Diffusivity is affected by the viscosity of
solutions, as is well understood from correlation equations such
as the Wilke-Chang equation, where diffusivity is formulated
using the inverse of viscosity.!® However, the dependency of
diffusivity on viscosity in pores, especially nano-sized pores,
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which may not be the same as in bulk solutions, is difficult to
measure for the case of powered materials. On the other hand,
in the case of membrane separation, the effect of viscosity can
be evaluated based on the measurements of permeability mea-
surement, as will be discussed below in the Theory section.

In the present study, silica-zirconia porous membranes hav-
ing approximate pore diameters of 0.8 to 2 nm were fabricated
by a sol-gel process, and were employed for the reverse osmo-
sis of nonaqueous solutions containing organic solutes, such as
alcohols and alkanes in ethanol solutions, at different applied
pressures and temperatures. Membrane parameters: solute per-
meability, reflection coefficient, and solvent permeability,
which were obtained using the Spiegler-Kedem equation, were
investigated in terms of temperature dependency. Moreover,
diffusion experiments were carried out and the results were
compared with those obtained by reverse osmosis.

Theory

Reverse osmosis based on non-equilibrium
thermodynamics

Pressure-driven separation performance, including reverse
osmosis as well as ultrafiltration, has been successfully ana-
lyzed based on the non-equilibrium thermodynamic model.!-2!
Volume flux (J,) and solute flux (J,) through a membrane,
which was originally derived by Kedem-Katchalsky, based on
non-equilibrium thermodynamics, was formulated for reverse
osmosis by Spiegler and Kedem,'> as follows:

J,=L,(AP — gAm) (1
d
Jx = _Deﬁca C+ (1 - O')C‘Iv (2)

where L, and o represent the solvent permeability and reflec-
tion coefficient, respectively; AP and A are the differences in
applied pressure and osmotic pressure, respectively. Eq. 1
indicates that J, is the product of pure solvent permeability, L,
and the effective transmembrane pressure, AP — oAmr. If the
mechanism of transport through porous membranes obeys the
viscous flow mechanism, the volumetric permeability, L, can
be interpreted with the following equation, based on the Ha-
gen-Poiseuille flow:

L _Wr;ﬁN
P 8Ax

3

where r,, is the effective pore radius, Ax the effective thickness
of a membrane, N the number of pores, and w the viscosity of
solution in the pores.

In Eq. 2, the first and second term show the contribution of
diffusion and convection, respectively, to solute flux. The ef-
fective diffusivity, D,z through membrane pores having sep-
aration ability is reported to be different from diffusivity in a
bulk solution, D,,,, because of restricted diffusion. Solute
transport by convection is also restricted, and o can be inter-
preted as the fraction of solute transported by convective flow.
By integrating Eq. 2 from the feed to the permeate stream
(membrane thickness, Ax), with the aid of the reverse osmosis
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condition (J; = C,J,), rejection, which is defined as R = [ —
C,/C, can be expressed with the following equations:

(1-F)o
“T-oF @
where
P = D,/Ax 5)
1 —o)J
F= exp( - 7( PU) “) (6)

o, P, and L, are referred to membrane parameters, which
determine the separation performances in reverse osmosis and
ultrafiltration.'*2! It should be noted that the transport equa-
tions derived by Deen?® are expressed in a manner similar to
the Spiegler-Kedem equation.

Diffusivity measurement

Diffusivity though a porous membrane (membrane area: A)
can be determined based on the results of diffusion experiments
using two compartment cells, where a solute at a concentration
of C, in a feed-side compartment (volume: V) diffuses to the
permeate-side compartment (concentration of C,, volume V).
Transport in a dilute concentration can be expressed with the
following quasi-steady-state diffusion in a membrane and the
material balance in cell 2, using permeability, P, determined
by diffusion experiment.

Js:PD(Cl_CZ):XW (7N
With the aid of the following boundary conditions,
t=0:C,=C),C,=0 ®)

t=0:C,=C,=C"=(CW, + CW)(V,+ V) (9

integration of Eq. 7 gives the concentration of the permeate
stream, C,, as a function of ¢ as follows:

c
zn{l—ci}:

If V, = V,, then Eq. 10 can be simplified to the last expres-
sions.

REAA)

1
Vv, APo == AP (10)

Experimental Procedures
Preparation of silica-zirconia membranes

Silica-Zirconia colloidal sols, the molar ratio of Si/Zr of
which was adjusted to 0.9/0.1, were prepared by hydrolysis and
the condensation of tetraethoxysilane (TEOS) and zirconium
tetra-n-butoxide using an acid catalyst (HCI). The colloidal sols
were coated on the outer surface of substrates (cylindrical
a-alumina microfiltration membranes with an average pore
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diameter of 1 wm; outer and inner diameter of 10 and 8§ mm,
respectively; a length of 9 cm; porosity 0.5), and fired at 500°C.
Both ends of the substrates were connected to glass tubes; one
end of which was sealed, while the other end was used for the
permeate stream. The average pore sizes of silica-zirconia
membranes were controlled by the appropriate choice of col-
loidal diameters used for the coating. The procedure for the
preparation of porous membranes has been described in detail
in our previous article.!>22

The pore size distribution of the porous membranes was
estimated by nanopermporometry.>* In the case of nanoperm-
porometry where a mixture of a noncondensable gas, such as
N,, and a condensable gas (vapor), such as H,O, is fed to the
porous membranes and the permeability of the non-condens-
able gas is measured, the vapor is assumed to be capillary-
condensed in membrane pores that are smaller than the follow-
ing Kelvin diameter, dj, thus blocking the permeation of the
non-condensable gas.

dy = —4vo cos O/(RT In(P/P,)) (11)

with 0: contact angle, o: surface tension, v: molar volume, P:
vapor pressure, and P,: saturation vapor pressure. The Kelvin
diameters increase with the vapor pressure of a condensable
gas in the feed. By measuring the permeability of the non-
condensable gas as a function of relative pressure, P/P,, it is
possible to estimate the pore size distribution. Details of the
experimental apparatus have been described in our previous
article.?>23 Several types of membranes having different aver-
age pore sizes in a range of 0.8 to 2.5 nm, as determined by
nanopermporometry, were used in the present study.

Reverse osmosis experiments

The solutes used were alkanes (hexane (molecular weight
86), cyclohexane (84), decane (142), tetradecane (198)), alco-
hols (hexanol (102), octanol (130), decanol (158)), and hex-
anediol (118) and dissolved in ethanol as a model nonaqueous
system. The reverse osmosis of each solute in ethanol solutions
was carried out using the experimental apparatus shown in
Figure 1 under a total recycle system where the retentate and
the permeate were recycled to the feed tank, thus maintaining
the feed concentration constant at 1 mol %. A silica-zirconia
membrane was installed vertically inside a reverse osmosis cell
with an inner diameter of 4 cm. The feed solution, pressurized
with a plunger pump in the range of 0.5-3.0 MPa, was vigor-
ously agitated using a magnetic stirrer at 600 rpm to minimize
the effect of concentration polarization. The reverse osmosis
experiments were carried out from higher to lower pressure
after confirming the steady state (constant flux and permeate
concentration). The retentate stream was recycled at an approx-
imate flow rate of 20 mL/min to the feed tank. The permeate
stream was maintained at atmospheric pressure, and collected
using a sample tube immersed in an ice bath. The temperature
of the feed solution was controlled at 25-60°C using a tape
heater. Pure ethanol was permeated for more than one day after
the reverse osmosis experiment of each solute. Solute concen-
trations were determined by a gas chromatograph equipped
with a packed column of Gaschropack 54 at an operating
temperature of 180°C and a thermal conductivity detector
(TCD). The ethanol and other chemicals were purchased from
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Figure 1. Experimental apparatus used for the reverse
osmosis of nonaqueous solutions.

(Diffusion experiments were carried out using a permeate
stream shown with broken lines.)

Katayama Chemical (Osaka, Japan) and were used without
further purification.

Diffusion experiments

Diffusion experiments involving ethanol solutions of hexane
and decane were carried out using the same apparatus as was
used for the reverse osmosis. The volume of the feed side
stream, including the volume of the reservoir, was 1500 mL,
while that of the permeate stream was approximately 20 mL,
which was precisely determined by collecting all liquid in the
permeate stream using a diaphragm pump. The permeate
stream was recycled from the bottom of the inside of a tubular
membrane using a diaphragm pump at an approximate flow
rate of 5 mL/min, which permits complete mixing in the
permeate stream, while the feed stream was agitated by means
of a magnetic stirrer. The initial concentration of the feed-side
stream was 1 mol %, while that of the permeate stream was
zero. Since the feed side volume was sufficiently large, no
change in the feed side concentration was detected.

Results and Discussion
Reverse osmosis performance in ethanol solutions

Figure 2 shows the pore size distributions where the dimen-
sionless permeability of nitrogen (DPN), normalized with the
permeability of pure nitrogen, is plotted as a function of Kelvin
diameters. The DPN decreased with increasing Kelvin diame-
ter, which corresponds to an increase in the vapor pressure of
H,O in the feed, because the permeation of nitrogen was
blocked by the capillary-condensed H,O. The DPN finally
reached zero for the three membranes; no permeation of nitro-
gen was detected through pores with a Kelvin diameter larger
than several nm, suggesting that no pinholes larger than several
nm were present. The average pore sizes, determined at 50%
DPN, were 0.8, 1.0, and 1.7 nm, for membranes M-0.8, M-1.0,
and M-1.7, respectively. Figure 3 shows the permeate weight-
based flux, J,, and rejection, R, as a function of molecular
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Figure 2. Dimensionless permeability of nitrogen as a
function of Kelvin diameter for three silica-
zirconia membranes with average pore sizes
of 0.8, 1.0, and 1.7 nm.

(H,O vapor was used for capillary-condensed vapor.)

weights of the alkane and alcohol solutes in ethanol for M-0.8,
M-1.0, and M-1.7. It is evident that the permeate flux increased
with an increase in pore size, while the rejection of solutes
increased with a decrease in pore size. The molecular weight-
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Figure 3. Permeate volume flux and rejection as a func-
tion of the molecular weights of alkane and
alcohol solutes in ethanol solutions for M-0.8,
M-1.0, and M-1.7 (permeation temperature: 60°
C; applied pressure: 3 MPa (M-0.8, M-1.0) and
2 MPa (M-1.7); solutes: hexane (MW 86.2), de-
cane (142.3), tetradecane (198.4), hexanol
(102), octanol (130.2), decanol (158.3)).
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Figure 4. Permeate volume flux and rejection as a func-
tion of applied pressure for decane (black
symbols) and decanol (white symbols) in eth-
anol solutions (M1.0; permeation temperature:
25, 40, and 60° C).

cut-off (MWCO), determined at 90% of rejection, for M-1.0
can be estimated to be several hundreds, while M-1.7 showed
approximately no rejection for the solutes used. Therefore, it
can be concluded that pore sizes smaller than 1.5 nm would be
required for the separation of organic molecules with molecular
weights of several hundreds in ethanol solutions. Considering
the molecular size, based on the Lennard-Jones potential pa-
rameter, of ethanol is reported as 0.45 nm and that of hexane
0.59 nm,'® it was suggested that the rejection of solutes oc-
curred mainly based on the molecular sieving effect. J,, appears
to decrease with the molecular weight of the solute; however,
the decreased flux was found to recover with time by perme-
ating pure ethanol to approximately the same level as the initial

0.9
QZ_Q_TE teradecane
decanol
=% B E B decane
< O oetanol
05¢
O | e—— hexane
(a) M-1.0, AP=3.0 MPa hexanol
0.3 .
=0 s 60 80

Temperature [°C]

flux of ethanol. Since the solutes used for the separation ex-
periments appeared to plug the membrane pores, pure ethanol
was permeated for more than one day to remove any plugged
solute.

Figure 4 shows values for the permeate weight flux, J,,, and
rejection, R, for decanol and decane in ethanol solutions using
membrane M-1.0 as a function of applied pressure. The per-
meate flux, J,,, increased proportionately with applied pressure,
the driving force for the separation by reverse osmosis, and
increased with temperature because of the lower viscosity.
Decanol appears to show a lower J,, than decane. This can be
explained as follows. Most inorganic materials have a hydro-
philic tendency because their surfaces are hydrolyzed to form
hydroxyl groups, such as silanol groups (-SiOH). Therefore,
decanol would adsorb more strongly to membrane pores than
decane, and consequently block the permeation of solutions. In
terms of rejection of solutes, both solutes show an increased
rejection with an increase in applied pressure, which is a
typical tendency of reverse osmosis membranes.?! On the other
hand, the rejection of decanol decreased with temperature,
showing a consistent tendency observed for aqueous solu-
tions,?! while that of decane was nearly constant. Figures 5a
and b show the rejection for alkanes and alcohols at an applied
pressure of 3.0 MPa as a function of temperature for M-1.0 and
M-0.8 (average pore size: 0.8 nm), respectively. The rejection
of alkanes (tetradecane, decane, hexane) was nearly constant,
irrespective of temperature, while that for alcohols (decanol,
octanol, hexanol) and hexanediol decreased with temperature.
The rejection dependency on temperature was confirmed using
two different membranes, M-1.0 and M-0.8. The interaction
between solutes and the membrane obviously plays an impor-
tant role in determining the temperature dependency of rejec-
tion, and will be further discussed below.

Membrane parameters based on the transport model

As shown in Figure 4, rejection is dependent upon applied
pressure, and this tendency can be analyzed based on the
Spiegler-Kedem equations.'> Figure 6a shows the rejection of
decane and decanol as a function of the inverse of the permeate
volumetric flux, J,, obtained after converting from weight-
based flux, J,,, at the permeation temperatures, while Figure 6b

0.9
hexanediol
07 | & hexane
o hexanol

05 t

(b) M-0.8, AP=3.0 MPa
0.3 *

20 40 60 80

Temperature [°C]

Figure 5. Temperature dependency of rejections of alcohols (white symbols) and alkanes (black symbols) using M-1.0

(a) and M-0.8 (b) (applied pressure: 3.0 MPa).
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(a) (b) Rejection as a function of 1/J, for decane (closed keys) and decanol (white symbols) (a), and for

teradecane (black symbols) and octanol (white symbols) (b) in ethanol solutions (M-1.0): points are exper-
imental, and curves are calculated with fitted o and P.

shows similar data for octanol and teradecane. The dependency
of rejection, R, on permeate flux, J,, was curve-fitted to Egs.
4-6 with a sufficient accuracy, as shown in Figures 6a and b, to
permit membrane parameters, reflection coefficient o, and sol-
ute permeability P to be obtained. It should be noted that
concentration polarization always occurs as a result of the
selective permeation of a solvent and a solute; however, in the
present experimental conditions, no consideration of the
boundary layer was required because the permeate volumetric
flux, J,, was in the range of 1077-107° m s~ ', which is
sufficiently small to permit the effect of concentration polar-
ization to be neglected, since the boundary-layer mass-transfer
coefficient was estimated to be in the order of 10 >m s 'ina
previous article.?!

o can be interpreted as rejection at an infinitely high flux,
that is, graphically the intercepts at the ordinate of the fitted
curves. Curve-Fitting was successfully carried out on the as-
sumption of constant o, irrespective of the permeation temper-
atures, which was found to be consistent with the case of
aqueous systems using porous inorganic membranes.?! This is
probably because the reflection coefficient of porous mem-
branes is dominantly determined by geometric conditions, that
is, the ratio of the molecular seize of a solute to the pore size
of a membrane, for the case of a molecular sieving mechanism.

Table 1. Reflection Coefficients, o, Solute Permeability, P, and Pure Solvent Permeability, L

Consequently, the dependency of rejection can be attributed to
that of solute permeabilities, which is the same conclusion
drawn for aqueous solutions using polymeric membranes>* and
inorganic membranes.?! Another membrane parameter is pure
solvent permeabilities, L,. As shown in Figure 4, the permeate
flux, J,,, was approximately linear with the applied pressure,
because the feed concentration of the solutes was sufficiently
small to permit the osmotic pressure to be neglected. The
osmotic pressure differences showing rejection of 0.5 were
calculated as approximately 0.2 MPa on the assumption of an
ideal solution. Volumetric solvent permeabilities, L,, were
obtained as the slopes of the permeate volumetric flux, J,,
against the transmembrane pressure, AP. Table 1 summarizes
the membrane parameters, o, P, and L, for alkanes and alco-
hols for M-1.0.

Temperature dependency of membrane parameters

The temperature dependency of solvent permeabilities is
shown in Figure 7 as L,u,, that is, L, multiplied by the
viscosity in bulk solvents, w,. If the transport mechanism
through nano-sized pores obeys the viscous flow mechanism
with the same viscosity as in a bulk solution, L,u, should be
constant since structured parameters: 7, N, and Ax in Eq. 3, are

y 244

at Different Temperatures (M-1.0)

P X 10° [m-s "]

L, X 10" [ms™'-Pa']

Solutes o[—] 25°C 40°C 60°C 25°C 40°C 60°C
hexane 0.74 0.28 0.52 1.12 0.97 1.93 3.85
decane 0.80 0.06 0.13 0.25 0.86 1.78 3.32
tetradecane 0.87 0.03 0.04 0.06 0.76 1.21 1.97
hexanol 0.78 0.40 — 1.60 1.12 — 3.96
octanol 0.81 0.09 — 0.50 0.95 — 3.90
decanol 0.95 0.05 0.12 0.22 0.83 1.57 3.24
pure

EtOH* — — — — 1.06 1.87 4.11

*Viscosity of EtOH in bulk at 25, 40, and 60°C is 1.071, 0.803, and 0.577 mPa - s, respectively.
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Figure 7. Temperature dependency of L,u, for alcohols
(white symbols) and alkanes (black symbols) in
ethanol solutions.

(M-1.0; w,, in mixtures was assumed to be the same as that of
pure ethanol because of the low solute concentration).

considered to be reasonably constant. As shown in Figure 7,
L,u, was not a constant and was found to increase with
temperature. Therefore, it is obvious that the temperature de-
pendency of solvent viscosities for pore sizes of 1 nm (M-1.0)
is different from that in bulk solutions, that is, larger than that
of a bulk solution. The observed activation energy of pure
ethanol through M-1.0, obtained from an Arrhenius plot of L,,
was calculated to be 32 kJ'mol . For the case of the viscous
flow mechanism, the value is 14.6 kJ'mol~'. This dependency
has been reported for ceramic porous membranes with pore
sizes in the nano-meter level®!''-2! and can be interpreted as the
interaction between permeating molecules and the membrane
pore wall. Ternan?> assumed the field forces (Van der Waals’
forces) from a pore wall caused solvent in its vicinity to be
more viscous than in bulk in order to explain the hindered
diffusion in liquid-filled pores.'® Based on diffusion experi-
mental data using powdered adsorbents, he obtained a viscosity
parameter, P, the ratio of the enhanced viscosity to bulk
viscosity, and showed that P,;; decreased with temperature. In
the present study, in which porous membranes were used, the
measurement of L, has a great advantage in the direct mea-
surement of the temperature dependency of liquids in nano-
sized pores.

Another explanation, based on the adsorption of permeating
molecules, is also possible.>2¢ Ethanol, a polar molecule, can
adsorb to a silica-zirconia pore wall that is covered with silanol
groups (-SiOH). The adsorbed molecules might be immobi-
lized or less mobile than the molecules in bulk, resulting in
hydrodynamic resistance to the permeation of solvents. At
higher temperatures, the amount adsorbed would decrease,
resulting in a decreased viscosity. Another point that should be
noted is the difference in solvent permeabilities among the
types of solutes at a concentration of 1 mol %. Solvent perme-
abilities appear to decrease with an increase in solute size for
alkanes as well as alcohols, although pure ethanol was perme-
ated before each reverse osmosis experiment so as to recover
approximately to the same level of permeate flux as the initial
flux of ethanol. This is probably caused by pore-plugging by
large linear molecules that were approximately the same size as
the pore sizes.
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Figure 8. Temperature dependency of solute perme-
abilities, P, normalized at 25°C for alcohols
(white symbols, broken curves) and alkanes
(black symbols, solid curves) in ethanol solu-
tions (M-1.0; temperature dependency of the
diffusivity in bulk estimated by Wilke-Chang is
shown with a dotted curve).

Since solute permeability, P, is expressed by the effective
diffusivity divided by membrane thickness, as shown in Eq. 5,
P is considered to show the same temperature tendency as D,
Figure 8 shows the temperature dependency of P normalized
with that at 25°C as a function of temperature, together with the
case of bulk diffusivity, as estimated by the following Wilke-
Chang equation, which is the most widely used equation for
predicting viscosity:

(pMy)"°T

=74X107"2— 2 —
Dy = 7.4 X 10 LV

(12)

where ¢ is an association factor of solvent B (= 1.5 for
ethanol), M}, is a molecular weight of solvent B in g'mol ', T
is the absolute temperature in K, w, is the solvent viscosity in
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Figure 9. Temperature dependency of P/L, of alcohols
(white symbols , broken curves) and alkanes
(black symbols, solid curves) in ethanol solu-
tions (M-1.0; normalized at 25°C).
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Table 2. Observed Activation Energy for Solution
Permeability, L,, Solute Permeability, P, and

P/L,. (M-1.0)
AE [KJ - mol ']
Solutes L,[m-s"'-Pa'] Pm-s'] PIL, [Pa]
decane 31.7 33.5 1.7
decanol 27.5 34.6 7.1
bulk* 14.6 17.2 2.6

*Activation energies of L, and P in bulk solutions were calculated from the
inverse of viscosity and Wilke-Chang equation from 25-60°C, respectively.

centipoises, and V, is the molar volume of solute A in
cm®mol ! at its normal boiling temperature. As is clear from
the Figure, the temperature dependency for solute diffusion
through nano-sized pores, that is, hindered diffusion, is larger
than the case of bulk diffusion. This tendency is in good
agreement with the case of aqueous solutions obtained for
inorganic membranes?!' as well as powdered adsorbents.2¢-27
Figure 9 shows values of P/L, normalized with that at 25°C.
According to the Wilke-Chang equation, diffusivity is expressed
as the inverse of the solvent viscosity. Since L, includes the
viscosity of the permeating solutions in the denominator of Eq. 3,
the effect of viscosity on permeability can be eliminated by
plotting P/L, as a function of temperature. Normalized P/L, of
alkane solutes are found to be approximately 1, which indicates
that alkane permeabilities in membrane pores increase with tem-
perature in the same manner as the inverse of solvent viscosities in
membrane pores. This is also understandable based on transport
equations. The permeate volumetric flux, J,, can be considered to
be the product of L, and the applied pressure AP (Eq. 1) at dilute
concentrations; therefore, J,/P in Eq. 6 can be expressed as (L,/
P)AP. If o is constant, P/L, needs to be approximately constant,
irrespective of temperatures, so that rejection is dependent on
transmembrane pressures and independent of permeation temper-
atures. This is why the rejection of alkanes was independent of
temperature, as shown in Figures 4 and 5. On the other hand, P/,
for alcohol solutes increased with temperature, indicating that the
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permeability increased with temperature more rapidly than the
inverse of the viscosity in silica-zirconia pores. This explains why
the rejection of alcohols decreased with temperature, as shown in
Figures 4 and 5, and might be caused by a larger interaction with
the pore wall for alcohol solutes than for alkane solutes.

Table 2 summarizes the observed activation energies for
solvent permeability, L,, solute permeability, P, and P/L, for
decane and decanol solutes, together with those in bulk solu-
tions. The activation energies for solvent permeability, which
reflects the temperature dependency of the viscosity inside the
nano-sized pores, were approximately 30 kJ-mol ', larger than
the case for the viscous flow mechanism. Solute permeabilities,
which reflect the diffusivity, also show larger