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A new experimental method to measure the diffusion coefficients of interacting particles in porous silica is described.
The diffusion behavior of NaNOs from a porous silica sphere into a solution of NaCl was found to be very sensitive to the
cross diffusion term when the concentration ratio of NaCl to NaNOs was high. The diffusion behavior of NaCl, KNOs,
and KI from the inside to the outside of the sphere was also examined. Theoretical equations to analyze the cross diffusion
flows of interacting particles were derived. The cross diffusion coefficient of NaNOs and NaCl as well as the diffusion
coefficients NaNOs, NaCl, KNO;, and KI in porous silica were evaluated from the present experimental results. The
obtained diffusion coefficients were found to be about one third of those in solution. The diffusion behavior of NaNOs,
NaCl, KNOs3, and KI from spherical polyacrylamide gel was also examined for comparison.

Cross diffusion coefficients of interacting molecules are
a good measure of interaction. However, due to a lack of
handy methods to measure these coefficients, progress in
understanding the cross diffusion coefficients has not been
rapid. Only several molecular pairs such as KCI-NaCl,"
raffinose—urea,” and dextran—albumin® have been measured.

The following points should be obtained when measuring
diffusion coefficients. A geometrically well-defined inter-
face should be made between solutions of different compo-
sitions. No turbulence in the solutions during the measure-
ments should occur. To attain these requirements, the Guoy
diffusiometer® has been invented. However, this apparatus
cannot avoid the effect of gravity on the diffusion flow be-
cause the diffusion is designed to occur in the direction of

gravity. If density inversion occurs once due to the diffusion,

structured flow will also occur and the transportation of the
molecules in this case cannot be diffusion.”

In this respect, a porous material has some advantages.
The interface between the material and the solution can
be well-defined and turbulence is highly suppressed inside
the material. The effect of gravity on the transportation of
molecules is greatly reduced. These advantages for measur-
ing diffusion coefficients have been demonstrated by Wall
et al.5” with using porcelain plates. In their experiments,
the diffusion flow behavior of salt® and polymer molecules”
from the inside to the outside has been monitored by weigh-
ing the plates. To accurately monitor the change of weight,
the initial solute concentrations should be as high as 0.1
moldm~* for the salt solution® and 3% for the polymer
solution.” We have developed their method to be applicable
to low concentration solutions and multi-component systems
in order to measure cross diffusion coefficients. In the present
experiments, the optical absorbance of the outer solution was
monitored to observe the concentration of the solution out-
side the sphere. A theoretical equation for diffusion in a

ternary system was derived and used to determine the cross
diffusion coefficients. From the leakage behavior of NaNO;
from porous silica spheres under conditions which NaCl pen-
etrates into them, their cross diffusion coefficients were eval-
uated. The diffusion coefficients of NaNOj, NaCl, KNOs,
and KI were also evaluated in the present experiments. The
leakage behaviors of NaNOj, NaCl, KNOs, and KI from the
spherical gel were also examined for comparison.

Theory

A formulation of single-component diffusion in a spher-
ically symmetrical system is briefly described. Diffusion
flow occurs in the sphere and the concentration of the solute
outside the sphere, C°"(¢), is assumed to always be homoge-
neous. At the initial time, the concentration inside the sphere
is homogeneous. The concentration as a function of time and
space can be derived from the following diffusion equation.

%C(r, H=DVC(r,p). (<a) (D

The radial distance r from the center of the sphere is the only
space variable in Eq. 1, since the present system is spheri-
cally symmetric. The solution of Eq. 1 under the following
boundary conditions

Cr<at=0=C; ; Cr<at=c0)=C' (=C™(1=00) (2)
is easily obtained as follows
o  Sin ( ?r) 2
C(r,p) = ;Rnfe_D(T) ‘+C’
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Here a, C})“, and C' are the radius of the sphere, the concentra-
tion inside the sphere at the initial time, and the concentration
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at infinity time, respectively, when the concentration is uni-
form both inside and outside the sphere. According to the
mass conservation rule, C’ can be related to C3"* (the initial
concentration outside the sphere) as follows.

C, . %t_afifd)n_'_ V()C‘gu‘
= @
?a f+ Vo

where Vj is the solution volume outside the gel. Here the
volume fraction of the pores in the sphere is denoted by f,
which is assumed to be a constant throughout the sphere. The
mass conservation rule also gives the concentration outside
the sphere at any time, C°"'(¢), as follows.

c’ (4—“a3f+ v0> - / “Clr, OfAmrtdr
ut 3 0
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n=1
A more simplified and useful expression is obtained by in-
troducing the quantity F.

CM(t=00)—C™"(t) _ 6 &1 _p(my
C(t=o00) — C(t=0) =2 ; n® - ©

F\(n)=

For the case of cross diffusion of two solute species, the
concentration of each solute can be described by the follow-
ing diffusion equations.

ga(r, B =D VACi(r, 0+ DuV2Calrt), (r <a)  (Ta)

%Cz(r, 0= DuV2Ci(r, )+ D V2 Cars). (r < @) (Th)

In the case of an aqueous solution composed of two salts,
a component of the salts is regarded as the solute species,
since electrical neutrality holds in the space. The solution of
Eq. 7 for spherical symmetry was newly obtained as follows.
Equation 7 can be transformed to two linearly independent
diffusion equations.

%bl (r,0) = i V2bi(r,0), (8a)
%bz(r, 1) =L V2by(r,1), (8b)
where
4= Dy +Dn+ \/(Dzzz— D11)? +4D 2Dy 9a)
sy o D+ Da— \/(1)222 — D)2 +4D,Dy; b
and

bl (r7 t) _
bz(r, I) -
1 (a—=Dy) —Dn Ci(r,0 (10)
Diy(Ai —A) \ (w41 +Dn) Di G, )
Accordingto linear algebra, b (rf) and b,(rt) can be inversely

transformed and C (#¢) and C,(7?) are given by the following
relation.
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Cirt) |\ _ Dy Dy bi(r,1) an
Cy(r,D) M—Din A —Dy bar,t) |-
The functions of b;(rf) and b,(r;¢) derived from Eq. 8 under

the following boundary condition are solved in a manner
very similar to Eq. 3.

Ci(r<a,t=0)=C5; Cr<a, t=00)=C/
(=ct=00)) (=1,2)

It is straightforward but tedious to derive the same type of
expression as Eq. 5. The following equation for the con-
centration of component-1 outside the sphere, C3"'(#), is ob-
tained.

u 8 ’ in I = A (EE)%
C(])t(t) =C'l _z”:#avo I:(CIIO_C])C ﬂ-l(u)
+ (e_iz(?)z’ - CJI(E})Z[)
(=4 +Dn)(Cly — C) — Dia(Cy — C3)
A=A

] . (12)

The following relation, corresponding to Eq. 6, can be de-
rived from Eq. 12.

__OM=00) - "

Gi(t) _C‘]"“(t= ) — C(1=0)
_ 6
T w2k —A)
1 ClZ?) - CIZ NCHY
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+ ﬂ.]-D]]—Duﬁ € a . (13)
( Cio—Ci
It should be mentioned that large values of g?:"—:gé enhance
10 1

the effect of the D, term on G, (¢)-values.

Experimental

Spherical porous silica particles were purchased from Nacalai
Tesque Inc., Kyoto, Japan. According to the supplier, their pore
sizes are about 10—>50 um. The radius of the silica spheres used, a,
was measured with vernier calipers and was found to be 1.76 mm. "
The silica spheres were rinsed thoroughly with distilled water before
use. Spherical poly(acrylamide)-gels were prepared according to
the procedure described in the literature.®’ A small volume (ca. 100
mm?®) of an aqueous solution of acrylamide (2 moldm~*), N,N'-
methylenediacrylamide (0.01 mol dm ~?) and ammonium persulfate
(0.005 mol dm ™) was added drop-wise into paraffin oil at 60 °C in
a petri dish. The solution formed a spherical droplet on the Teflon®
sheet lying at the bottom of the dish and turned into a spherical gel.
The synthesized gels were rinsed thoroughly with 10~ mol dm—>
sodium dodecyl sulfate aqueous solution and distilled water before
use. The radius of the gels was estimated from the weight, W,
on the basis of the relation 4"3“3 =Y where p is the density of the
solution. No volume change of the gel was confirmed by the fact
that the weight of gel after the measurement was the same as the
initial value. The values of f for the silica and the gel were found
to be 0.53 and 0.99, respectively, by using the relation of Eq. 4 for
the measured values of a, Ciy, C3", C’, and Vp. All chemicals used
were of reagent grade.
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The diffusion measurements were carried out as follows. The
. sphere was immersed into a solution of NaNQ3, KNOs, K1, or NaCl
of a given concentration (1 x 10~2 mol dm ™ for NaNO3 and KNOs,
2x 1073 mol dm ™3 for KI or 1x10~! mol dm~? for NaCl) for more
than 1 d. The sphere was then put into the optical cell shown in
Fig. 1, after carefully removing the solution attached to the surface
with filter paper. The sphere was suspended in the plastic net above
the optical path and the solution in the cell was thoroughly stirred
(about 100 rpm) to keep solute concentrations outside the sphere
homogeneous. Measurement of the optical absorbance was carried
out using a spectrophotometer (Ubest-50 Japan Spectroscopic Co.,
Ltd.) at 25.0+0.5 °C. The relative absorbance (Ab(z)—Ab(0),
where Ab(7) is the absorbance at time ¢) was proportional to the
concentration of the solute, since the observed absorbance values
were within a range where a linear relation between the absorbance
and the concentration held. The absorbance at 230 nm to monitor
the NaNO3, KNOs, or KI concentration was recorded as a function
of time. For monitoring NaCl concentrations, the absorbance at
195 nm was recorded.

Results

Typical time courses of the absorbance changes due to
leakage of a single component (NaNOs3) from gel spheres
of various radii are shown in Fig. 2. The condition of the
experiment were as follows: Ci=10"2 moldm~3, C3"'=0
moldm™3, and Vp=2.5 cm®. Values of F;(f) or G,(f) are
given as  Ab(#)/d Ab(0) where 8 Ab(f)=Ab(co)—Ab(z). The
values of Fy(¢) lie on a single curve against ta~? -values as
shown in Fig. 3. This indicates that Eq. 6 with D=1.15x10~"°
m?s~! adequately describes the leakage behavior from the
gel sphere in the present study. This means that Eq. 6 can be
applicable to the determination of the diffusion coefficient.
The obtained D-value was found to be smaller than that in
aqueous solution (D*'=1.5x107° m?s~!?). Small values
of D were also obtained for the leakage behaviors of KNOj,
KI, and NaCl. The applicability of Eq. 6 to these leakage
behaviors from porous silica spheres was examined as shown
in Fig. 4. The obtained D-values are much smaller than the

solution

optical |path
Magnetic

optical cell

Fig. 1. Optical cell for the diffusion measurement. The cell
is made of quartz. The spherical porous silica or the gel
sphere is supported by the net. The magnetic tip was stirred
at about 100 rpm during the measurement.
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Fig. 2. Time course of the measured absorbance at A =230 nm
due to the leakage of NaNOs from the gel sphere. The con-
centrations of the solute at initial were Co™=10"2 mol dm >,
Co®"=0 mol dm~* and the volume outside the sphere was

Vo=2.5 cm®. a in the figure denotes the radius of the gel.
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Fig. 3. Time course of the F;(¢)-values (=8 Ab(r)/ S Ab(0))
calculated from the data shown in Fig. 2. The F(#)-values
are plotted as the solid circles against za~2-values. A solid

lilne is theoretically fitted to the data with using the diffusion
coefficient, D=1.15x10"° m*s~".

D*!-values. However, the obtained D-values for both the
porous silica and the gel were found to be proportional to
those in aqueous solution as shown in Fig. 5. The propor-
tional constants for the silica and the gel were 0.35+0.03
and 0.79+0.05, respectively. To examine the possible solute
adsorption to the silica, measurements in 1 mol dm—3 NaCl
solution were also made and the D-value of KNOj in the
sphere was found to be 0.60x10~° m?s~!. It should be
mentioned that the ratio of this value to the D-value obtained
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Fig. 4. Time corse of Fi(#) for the diffusion of NaNOs,
KNO;3, K1, and NaCl in porous sphere. The concentrations
of Cy™ are 1072 mol dm ™~ for NaNOj3 and KNO3, 2x 1073
mol dm ™ for KI and 10™! mol dm™* for NaCl and C,*"'=0
moldm™>. The F,()-values are plotted as the solid circles
against ta ~2-values. The solid lines: (1) NaNOj; (2) KNO;;
(3) KI; (4) NaCl are theoretically fitted data with using
the diffusion coefficients (10™° m?s™!): (1) D=0.59; (2)
D=0.66; (3) D=0.70; (4) D=0.49.
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Fig. 5. Comparison of the measured diffusion coefficients of
NaNOs, KNO3, K1, and NaCl in the porous sphere and the
gel with their diffusion coefficients in the aqueous solution.
PS and Gel, respectively, denote the porous silica and the
gel. The solid and broken lines, respectively, show the
relations of D°*=0.35xD*" for the porous silica, D°®=
0.79xD* for the gel and D**=D*',
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for the NaCl free solution (D=0.66x10~° m?s~!) was very
close to the reciprocal of the viscosity ratio (1.1) of the 1
mol dm—> NaCl solution to water. This indicates the small
D-values observed are not due to the effects of binding. It
can be concluded that the diffusion coefficients in the porous
silica or the gel are scaled down by a certain factor. When the
factor is known, the porous silica or the gel can be very useful
as a medium for the measurement of diffusion coefficients.
The cross diffusion experiments (measurement of G () of
NaNOj; (component-1) and NaCl (component-2) were carried
out under the following conditions: C%=10"2 moldm~3;
C38=0 mol dm~3;Cil =0 mol dm—3; C33'=10"" mol dm~3;
Vo=2.5 cm’. The D-values were obtained so as to minimize
the difference between the experimental and the theoretical
values as shown in Fig. 6. The Dj,-values shown in Ta-
ble 1 were obtained by fitting them to the data for the fixed
Dy - and Dy,-values (=D-values obtained in the single dif-

fusion experiments) and the fixed value of g%—:gé:— 10. It
should be noted that the theoretical G, (t)-vai(l)xeslwere very
insensitive to variation of the D,;-value. Accordingly, the
obtained D,;-value was not accurate as shown by a large
error value in Table 1. It should be mentioned that the ob-

tained ratio of Dy, to D;; (—0.019) is close to that (—0.021

o
)
[=)

F1(t) or G1(1)

1071

] . ] A ] . . ] L
0 20000 40000

ta? /s cm™2

Fig. 6. Time courese of F(¢) for the diffusion of NaNO3 and
NaCl, and G(¢) for the diffusion of NaNO;3; (component
1) crossing with the counter diffusion flow of NaCl
(component 2). The measured F(f)- and G;(#)-values are
plotted as the solid circles against ta—>-values. Curves 1
and 2, respectively, are same as the curves 1 and 4 in Fig. 4,
that is, the one-component diffusion F(f) of NaNO3z and
NaCl. A curve 3 of the two-component diffusion G(?) is
theoretically fitted to the data with using the following dif-
fusion coefficients (10~° m*s™"): D1;=0.59, D1=—0.012,
D»=0.49, D;;=0.0. The concentrations of NaNOs inside
the sphere and NaCl outside the sphere at the initial, respec-
tively, are 107> mol dm™> and 10~! moldm ™2 in the case
of the cross diffusion.
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Table 1. Diffusion Coefficients in the Porous Silica

Di® 0.59 £0.03 x107° m?s™!
D1, ~0.011£0.003x10~° 2 —‘
D2? 0.49 +0.07 x10~° 2 —1
R 0.0 +0.02 x107° 2 —1

The component-1 and -2, respectively, are NaNO3 and NaCl.
a) The value was obtained from the parameter fitting to the data
of the one-component diffusion, shown in Fig. 4. b) The values
were obtained from the parameter fitting to the data of the cross
diffusion shown in Fig. 6.

for DNH=—0.04% 10" m? s~! and DYH=1.87x10~" m?s~ 1)
12 11
predicted by the following Nernst-Hartley equation."'®
RT
pha_ R
T AL~ A
DM = = X0, A 2
12 I3 NO3 /1NO3 XNOgAI\([)OB +(1 —XN03)A81+AI\?37

Ao, [1= Xno, (Ao, — 48],

where R, T, F, A}, and Xno, are the gas constant, tempera-
ture, Faraday constant, equivalent conductance of M-ion at
infinite dilution, and concentration ratio of NO3™ ion to the
total anions (Xno, is assumed to be 0.1 in the present esti-
mation), respectively. Considering that the Nernst-Hartley
equation is valid for infinitely dilute solutions, the agreement
between them can be said to be fairly good.

Discussion

The diffusion coefficients determined in the present study
are given in Table 1. It is of note that the small values
of the cross diffusion coefficient D, were determined with
reasonable accuracy by the present method. In principle, any
small value of D, can be obtained by setting experimental

conditions in which values of the term |g,%g—é| in Eq. 13 are
10 1
large.

When (D>, —D11)*>>D13Dy, Equation 13 can be approx-
imated to
Dy, — Dy
Gi=3 m? Z n2 [( (IDzz — Dy | +l)

D, -G — Duy+Dop+IPyp =Dy | (nm Y2,
"D —Dur | C‘lo G

+{l(_D£_‘BIJ__+1)
2\|Dn—Dn | .

Dy i — G — Db 10 Pyl (2,
| D2 — Dyt | Gy = €
14)
Equation 14 can be rewritten to
61
Gi() = -n—zz; pe3
14s—212 Ch=G o~ Du ()
| D2 — D1 | Cfy — €
Do Ch=C —pu(my
|D22—D11 | C‘m—C’
s=1: Dy >Dyp;s=—1: Dy <Dn (14a)

The terms explicitly containing D, in the right hand side of
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Eq. 14a describe the effect of the flow of component-2 on
that of component-1.

It should be noted that the observed diffusion coefficients
in the porous silica and the gel are 35 and 79%, respectively,
of those in aqueous solution, as shown in Fig. 5. The appar-
ent reduction of the diffusion coefficients can be interpreted
as follows. In the poroils silica or the polymer network
molecules diffuse by passing through maze-like channels
which might be narrow. In the theoretical treatment, on
the other hand, the medium inside the sphere is considered
to be homogeneous. That is, the random movement of the
molecule in the maze is regarded as that in a homogeneous
medium. The mean square displacement of the Brownian
particle in the homogeneous medium, (x(#)) is generally pro-
portional to time ¢. That is,

(x(2)*) = 6Dt (15)

using D in Eq. 1.'"” From the viewpoint of a coarse-grained
scale, the porous material or the gel network can be re-
garded as homogeneous. However, from the viewpoint of a
microscopic scale, the Brownian motion is under the rigid
constraints of the geometrical structures of the pores and
channels or the network chains. These constraints affect the
random force which drives the random motion. The relation
between the random force R and the Brownian motion of a
particle of mass m is generally described by the following
Langiven equation

q R@®)

d
au(l‘)+ ;n—u(t)= 7, (16)

where u(?) and { are the velocity of the particle at ¢ and
the friction coefficient of the particle, respectively, and the
correlation function of the random force is given as Eq. 17.

(R(11)R(12)) = 65ikTS (1 — 12). an

Here £; is a constant. Integration of Eq. 16 gives'?

(w(®?) = 3"“‘; (18)
and kT
(x(®?) = —%t 19)

at >>m/{ . On the other hand, the equipartition law of energy
gives Eq. 20 for a Ky-dimensional system.

(wlP) = Ka'o 20)

Comparing Eq. 18 with Eq. 20, we find

Ks=3 % . 21

The following relation can then be derived from Eqgs. 15 and
19.

Kq sol . pysol _ H

D= 3 —D™" ;D7 = F

The reduction of the dimension in the diffusion space results

in the reduction of the diffusion coefficient. It should be

22
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mentional that the reduction of the apparent dimension of
the diffusion space is directly related to the reduced strength
of the random force as described by Eq. 17. The reduced
random force results in reduced entropy force. The right
hand sides in Egs. 1 and 7 represent the effect of the entropy
force or the osmotic force'® on the diffusion. In a multi-
component system, the diffusion of each component should
be considered to be equally reduced. Therefore, the drag
effect of the diffusion of the other component, the second
term in the right half of Eq. 7, is reduced by the same degree
as the self-diffusion term. This is suggested by the fact that
the experimentally obtained value of Dy,/D; is very close
to that of the theoretical prediction of the values at infinite
dilution.'? For the porous silica in the present study, the
experiment suggests that the apparent dimension is about 1.
This might mean that molecules in the silica move along the
randomly oriented and narrow tubes connecting the pores in
a maze-like way.

It should be mentioned that the sign of the cross diffusion
coefficient of Dy, (1: NaNOs ; 2: NaCl) in the gel was found
to be positive (not shown). This was opposite to the result
found on the porous silica and the Nernst-Hartley prediction.
The reason for this discrepancy is under investigation.
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