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Diffusion of ions under inhomogeneous conditions in the two-phase system
“initial electrolyte solution-membrane” is investigated. Expressions for the
friction constant, self- and interdiffusion coefficients are derived by means
of a nonequilibrium statistical operator for an inhomogeneous case. They
are applied to the system, thus the behaviour of the position-dependent
selfdiffusion coefficient for NaCl near a reverse osmosis membrane is eval-
uated.
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1. Introduction

Reverse osmosis occupies a significant place among membrane processes for a
mixture or electrolyte solution separation into components [1-11]. In contrast to
other separation methods, reverse osmosis across a membrane occurs at a molec-
ular level. In this process a membrane plays the role of a specific selective barrier
and puts through itself primarily certain components from the solution to be sep-
arated. The selectivity of reverse osmosis considerably depends on an interaction
of ions and solution molecules with the molecules and components (as membranes
are composite materials) of the membrane on its surface and inside. In this connec-
tion, in order to describe, forecast and improve the separation in modern devices
it is important to work out a nonequilibrium statistical theory for reverse osmosis
coupled with computer simulation on the basis of an equivalent account of both
solution particles and membrane structure. Spatial inhomogeneity of the system
should be considered too. In [12], an analytical calculation of generalized diffusion
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coefficients was performed for ions and molecules in the three-phase system “initial
electrolyte solution-membrane” filtrate. It turned out that all diffusion coefficients
could be expressed through equilibrium singlet and pair distribution functions.
Their evaluation is a complex problem of statistical mechanics. So [13] was aimed
at obtaining qualitative distribution functions for the beginning of the separation
process when the dissolved ions are located on one side of the reverse osmosis
membrane only. Then, it suffices to consider the two-phase system “initial elec-
trolyte solution-membrane”. In addition, the description is simplified by assuming
the solvent and the membrane to be continuous diffusive media with appropriate
dielectric constants €1 > €5, whereas ions are represented by charged hard spheres.

Here we are based on the same model. First, we complete the mathematics on
inhomogeneous self- and interdiffusion coefficients and arrive at the expression for a
friction constant. In the next chapter we apply the result to the model of the reverse
osmosis membrane and, using the known distribution functions, evaluate position-
dependent self-diffusion coefficients for the two-phase system “initial electrolyte
solution-membrane”.

2. Inhomogeneous diffusion coefficients for ions in a two-ph a-
se system “initial electrolyte solution-membrane”

In papers [11,12], generalized diffusion equations were obtained for the solution
transport through reverse osmosis membranes by means of the Zubarev nonequilib-
rium statistical operator. We will consider Markovian processes for ionic diffusion
when the flux of k-species particles in phase [ is described by the equation:

-~ / / 8 /
3o (rit) = — ZZ/ dry D™ (v, 7y) o1 on (ry;t), (1)

Kooy
where
Dkk’(rl’ 'rl’) = (2)
= Z Z/ dry /dt<(1 —Po) 35 () To () (1 = Po) 3% (r1))o
k.// l// ‘/l// 0

F—1
cfastienal,

are normalized inhomogeneous diffusion coefficients for the particles of species k,
k' in phases [, I'. n¥ (ry;t) = (A (rp))t — (¥ (ry))o is a deviation of the density
N¥
‘/{l/
of diffusion. The indices [, I’ stand for the phases: 1-initial electrolyte solution, 2—
membrane, 3-filtrate. It is naturally to assume that ), concerns the neighbouring
phases only, as the correlation between the initial solution and filtrate is negligible.
In equation (2), Py is a Mori projection operator and Ty(t) is an evolution operator
defined in [13], which takes into account the projection.

profile from its equilibrium value (A (r;)) = <& f¥ (r;), which is a moving force
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_To make_use of these formulas we focus our attention on the inverse functions
S L(r,ry) to be determined by the relations:
kk!
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are connected with the total correlation function h&* (r;, 7). To find an explicit
form for [@;&(rl, rl/)] it is necessary to consider the details of the model for the

membrane, solution and initial diffusion conditions.

The initial solution is supposed to be a two-species system of charged hard
spheres of equal valency Z, = |Z_| = Z and size ¢ in a continuous medium with
dielectric constant ;. The membrane is modelled by a hard wall with dielectric
constant 5. Here €1 > 5. Then ions located in the vicinity of the membrane suffer
intensive repulsion caused by electrostatic images, i.e. negative adsorption, which
is confirmed by equilibrium density profiles of the system (see the next chapter).
The phenomenon produces a potential barrier which does not allow the salt ions
to penetrate the membrane phase. Consequently, initial conditions for equilibrium
concentrations of ions in various phases are to be the following;:

(A*(r1))o #0,  (A*(re))o =0, (A*(rs))o = 0.

They show an absence of ions in the membrane and filtrate phases at the beginning
of a diffusion process. It means that

’ EO, l l,
ot ={ 200 0L,

So, having in mind that all nonzero quantities concern the initial electrolyte solu-
tion only, we omit the both phase indices [, I’ and the sum over them in (1)—(3).
It should be noted that in doing so the important membrane influence (negative
adsorption) is not excluded, namely, it affects h5¥ (r;, 7)) and, according to (3),
LR (. 1') as well. To determine the latter we make use of the relationship:

a*(r))o
B (rr') = S (1

where 2 (r') is an inhomogeneous activity of a k’-species particle. Then, equation
(3) I =10'"=1" =1 can be represented as

7 S(nk(r 0 5ln 2% (v /
> [ S s, ~ =) o)

55



R.l.Zhelem et al.

this is a trivial Ornstein-Zernike equation, while the unknown function

[(I);ﬁ('rl, 'rl/)} is expressed in terms of direct correlations c§*' (v, ') [14,15]:
kk!
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The solution obtained is exact, however, c5° (r, ') serves as a basic function in the
equilibrium theory for calculating structural distribution functions. It is usually
approximated (PY, HNC approximations, their modifications [14,15]) to have the
total correlation function h5* (7, ') with the help of the Ornstein-Zernike equation.

We are going to perform a calculation of inhomogeneous diffusion coefficients
for ions (2) in the Gaussian approximation for the time correlation function ((1 —
Po) 7% (r)To(t) (1 — Po) 7% (71))o, then, in accordance with [12] one arrives at
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where \¥ (v, ') and A5*'(r,7') are obtained in [13] and have the form:
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Inserting (7) and (8) in (1), we get the flux
7%(r;t) = DM (r ) 8 (r;t) +Z/er r,r') aiénk/(r t), (11)
where
kgT T

D (r) = D¥(r) = . (12)
20, (7)
is an inhomogeneous self-diffusion coefficient for a k-species particle with respect
to the membrane surface in the initial electrolyte solution phase, while

D™ (r, /):—f1<) ') N () (13)
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is that of interdiffusion for k, k' -species particles.
At last, on the basis of the explicit form for inverse functions (6) and definition

(10), X’;k(r) has the following form:
Ay (1) = (14)
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where g§¥ (r,7') are pair correlation functions, fF(r) — density profiles, Uy(r) and
Uk (r,7') are interaction potentials defined in the next chapter. The quantity

X, () is an analogue of the friction constant 42 for particle diffusion in a medium.
One can be convinced of the fact that considering a bulk case, when U (r) = 0,
) =1, g8 (r,7") = g8 (|r — 7'|), namely, the classical result of S.Rice is
recovered [16]. An advantage of expression (14) is in the appearance of a position
dependent friction constant for an inhomogeneous system. It should also be noted
that X’;k(r) describes self-diffusion between k-species particles but equally treats
other species which form a combined medium for the given particles. It is clear that
equation (14) may be applied to any inhomogeneous system with its microscopic
characteristics.

3. Numerical results and conclusions

As mentioned above, equilibrium theories do not provide an exact behaviour
of the direct correlation function ckk (r,7'), especially at small distances. So we
restrict ourselves to the estimate of self-diffusion coefficients for the salt NaCl in
the vicinity of the reverse osmosis membrane within the described model. To do it
on the basis of equations (12), (14) one needs the density profiles, pair correlation
functions and interaction potentials. The problem was solved in [13]. Here we only
remind the necessary results.

The singlet potential Ug(7) consists of a trivial Gibbs part

W 0, |ZZ| < 0/2

) — 1
@ (21) { 0, |z|>0/2" (15)

and an electrostatic interaction with its own image:

g1 — &y Z2€?

€1+ &2 22;@' ’

Um(zi) = (16)

where z; and Z; are the distances from the membrane and the ionic charge, respec-
tively. In the case of pair interaction there are three different potentials, namely,
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the hard-sphere one f, (z)
N o0, |rij| <o B
gO(TZJ) o { 0, |rij| >0 <17) 1.6
the Coulomb potential for charges 14 ;
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with the j-th ion’s image 08 L
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where rgj is a distance between them. (4

The inhomogeneous distribution 0.0
near the planar wall can be de-
scribed by the singlet fF(z;) and pair  Figure 1. Density profiles for Nat and C1~

kk,(zl, 29,712) densities which are to ions in water near the reverse osmosis mem-
be found. In our case of a symmetric brane at various mass concentrations
1:1 electrolyte the following relations
are valid:

fi(z) = fi (=) = f(=) (20)
JS (2, 20, m10) = fo (21, 20,m12) 0 ) (21,20, m10) = S T (21, 2, 10)
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where “+” denotes positive particles, while — negative ones. The functions are
coupled by the first equation of the BBGKY chain [13]:
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It is closed by the superposition approximation
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D(2)/Diuik wherein  F.(rj2) is a pair distri-
bution function for hard spheres,
G(z1, 22, T12) is responsible for the in-
- homogeneous electrostatic contribu-
tion. The latter, along with U;(z,), is
discussed in detail in [13]. Equation
(21) was solved for an aqueous NaCl
solution (¢; = 81) near a frequently
used polymeric membrane with 5 =
4 at temperature 25°C. The diame-
ters o for both Na and Cl ions were
assumed to be 3.9A. Numerical cal-
culations for three mass concentra-
tions (4%-sea water, 27%-the high-
est concentration at 25°C) are de-
picted in figure 1. In all the cases
negative adsorption is observed. The
contact value increases with the rise
of concentration, while the density

Figure 2. Self-diffusion coefficients for Na* maximum shifts closer to the mem-

1.0 ~

0.8

0.0

and Cl~ ions in water near the reverse os- brane. It can be explained by the
mosis membrane at various mass concen- fact that structural ordering is more
trations intensive for larger concentrations in

comparison with the Coulomb inter-
action. However, all the solutions achieve the bulk properties almost simultane-
ously, namely, at z ~ 40 — 50.
Now let us focus on the diffusion coefficients in accordance with equation (12).
It is easy to see that electrolyte symmetry due to Coulomb interactions makes
some quantities entering (14) equivalent. Thus, the set of equalities (20) may be
extended by those for a single particle interaction

Uy (21) = Uy (21) = Ui(=1), (23)
which is used in (21) and for a pair potential
Uri(r,r0) = U__(r, 7o), (24)
Ui_(r,7r9) =U_(r,70).

Instead of the inhomogeneous pair correlation function g, the same bulk one is
accepted to simplify the calculations. For qualitative estimates the masses of Na
and Cl ions are assumed to be equal. Then their diffusion coefficients coincide, too:

D**(r) =D " (r) = D(r). (25)

In contrast to the evaluation of distribution functions, Coulomb interaction is
: : _ ~Fkk
excluded from pair potentials for the friction constant A, (r) (14), because the
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effect of particle dimensions is dominant especially at high densities typical of a
liquid. However, electrostatics has an effect through the distribution function (21)
which is calculated with the total potential (hard spheres plus Coulomb). With all
the assumptions we arrive at the following:

bz) = \/A(z) + B(2) + C(2) ’ (26)
where
A(z) = 3/4%, (27)

B(z) = 1/2 / filz+2")de, (28)

Max(—z,—1)

C(z) = 5/4(— / fl(z—l—z’)dz’-l—fl(z-i—l)+H(z—1)f1(z—1)), (29)

Max(—z,—1)

g2(0) is a contact value for the bulk hard sphere pair correlation function, H(z) is
the Heaviside unit function, Dy, is a bulk diffusion coefficient attained at high z,
when A(z) — 0, B(z) — 1, C(z) — 0. It exceeds the experimental value. This is
not surprising, as the Markovian approximation was used to obtain (26), as well
as other simplifications were made to treat the problem analytically. Thus, we put
Dy = 1 and focus our attention on the relative behaviour of D(z).

In figure 2, qualitative self-diffusion coefficients for Na and Cl ions in the system
“initial solution—-membrane” are represented, as computed from (26). Intensive
repulsion near the membrane (negative adsorption) brings about an overall rise
of the coefficient at small distances where the effect of the term A(z) is the most
significant. Far from the membrane it monotonically tends to zero, while all the
typical behaviour of the self-diffusion coefficient is determined by B(z) and C(z).
B(z) is responsible for the bulk value Dy, at z — oo. Refraction of the plot for
the largest concentration at z ~ 1.50 is caused by the hard sphere potential which
has a step-like form and abruptly decreases the singlet density from a contact value
to zero. So, expression (26) adequately describes the position dependent diffusion
coefficient for ions near the dielectric membrane surface that operates on the basis
of a negative adsorption phenomenon.
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Po3paxyHoK pyHKLUin po3noainy Ta koedilieHTiB
andy3ii ioHiB y cuctemi “BuxigHnin po34uvH
eneKkTponity - membpaHa”

P.1.Kenem, M.B.Tokapuyk, I.IN.OmensaH, €.M.CoB’ sk

IHCTUTYT ®i3ukn koHaeHcoBaHux cuctem HAH Ykpainu,
290011 JibBiB, ByNn. CBEHLjLBKOrO, 1

OTtpumaHo 14 nunHsa 1998 p.

Posrnapaetbca audysis ioHiB y HEOAHOPIAHWX yMOBax ABOda3Hoi cucTe-
MW BUXIOHWIA PO34YUH enekTponiTy — MmemOpaHa. 3 JoNoMOrol MeToay
HEepPIBHOBAXXHOIO CTaTUCTUYHOIO onepaTopa OTPMMaHO BMpa3un sl KOH-
CTaHTW TepTs, KoediuieHTiB camoandysii Ta B3aeMHOI andyasii B Heoa-
HOPIZHOMY BMMaAKy. IX 3aCTOCOBAHO 40 OAHOi CUCTEMU, | pO3PAax0BaHO
noseaiHky koediuieHTa camoandysii ana NaCl, 3anexHoro Big Bigaani oo
3BOPOTHOOCMOTUYHOI MeMBpaHH.

KniouoBi cnoBa: guoysis B pianHax, npouecu nepeHocy, GyHKuUis
po3noainy, ocMoc, MmembpaHa

PACS: 05.60.+w, 73.40, 66.10.Cb, 82.65.Fr
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