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Bulk-Phase 'Criteria for Negative lon Rejection in
Nanofiltration of Multicomponent Salt Solutions

DENNIS W. NIELSEN* and GUNNAR JONSSONt
DEPARTMENT OF CHEMICAL ENGINEERING

TECHNICAL UNIVERSITY OF DENMARK

DK-2800 LYNGBY, DENMARK

ABSTRACT

An expression for calculating the change in the rejection of a given ion under
nanofiltration conditions when adding other salts to the bulk solution has been
derived using the extended Nernst—Planck equations. This expression gives a
simple means for calculating in which direction the change of the rejection will
go from knowledge of the equivalent conductance and the concentration changes
of the ions added to the bulk solution. Using the multisalt system
NaNQO;-Na;S04-HCI as an example, the nitrate rejection plane was calculated
from the derived model. The experimental nitrate rejection data fit very nicely
into this plane, showing increasing negative rejections by increasing the Na>SO,
concentration which can be reversed by the addition of HCI to the bulk solution.

INTRODUCTION

A problem of considerable importance in reverse osmosis desalination
is the prediction of rejection of ionic solutes in mixed systems from experi-

mental data obtained in simplified single-salt solutions.

Many results on single-salt solutions have been published. See, for ex-
ample, Reference 1. Normally, the salt has been considered as neutral
salt molecules per se. By using a mean distribution coefficient, K, and
a mean diffusion coefficient, Ds, the electrical potential term is neglected.
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Thus, reasonable agreement with theories for uncharged solutes has been
found.

Fewer papers have dealt with solute rejection involving mixed solutes
in aqueous solutions. These concern the performance of mixed nonelectro-
lytes (2-5) and of mixed electrolytes (6-15), and they show a variety of
theoretical approaches. An important feature of mixed-solute rejection is
the solute-solute interaction which may be observed as a change of the
single-solute rejection induced by the addition of a second solute.

Only weak interactions have been reported in the case of nonelectro-
lytes (5). However, due to primary charge effects and to differences in
the mobilities of cations and anions, electrolytic interactions can be rather
strong. The general trend found is that in a mixture of more and less
permeable ions, rejection of the more permeable ions decreases and that
of less permeable ions increases (6, 7). A similar situation is seen in the
diffusion behavior of ternary systems without a membrane where sol-
ute—solute flow interactions are rather large and give rise to particularly
large values of the cross-term diffusion coefficients (16).

Heyde and Andersen (17) studied the influence of added electrolytes
upon ion sorption by membranes. They found that membrane sorption of
permeable ions is substantially increased by the addition of membrane
impermeable salts to the bulk solution and vice versa. This change in
sorption was explained in terms of constrained phase equilibria, using the
ideas developed by Donnan (18).

Lonsdale et al. (8) were able to pass from positive to negative rejection
of C1~ upon addition of membrane-impermeable sodium citrate. The ex-
perimental results were explained by a solution-diffusion model coupled
to the Donnan equilibrium theory.

Jonsson (10) demonstrated both experimentally and theoretically how
the rejection of the separate ions in two-salt solutions was influenced by
the induced boundary, diffusion, and streaming potentials under reverse
osmosis conditions. The experimental results were explained from a the-
ory developed by using a combined frictional and exclusion model to-
gether with the extended Nernst—Planck equations. However, the set of
equations had to be solved numerically.

Vonk and Smit (11) presented a thermodynamic description of reverse
osmosis applied to two interacting solutes. It provided a generalization
of the classical formula of solute rejection as a function of volume flux
put forward by Spiegler and Kedem (19). However, coupling between
the two solute flows required the introduction of an additional transport
parameter.

In another paper (12) the same authors applied the extended Nernst—
Planck equation to the separate ions and derived analytically expressions
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describing the rejection curves in ternary systems valid under the limiting
cases of either high volume fluxes or low volume fluxes.

In the present study the extended Nernst—Planck equations have also
been used as the starting equations. However, to obtain an analytical
solution the integration is restricted to loose RO membranes (nanofiltra-
tion) where the rejections of the different ions are not too high. This ena-
bles us to derive a ‘‘titrator function’’ from which the change in rejection
of a given ion by adding other salts to the solution can be calculated from
the change in the bulk solution composition and knowledge of the self-
diffusion coefficient of the individual ions in that solution.

THEORY

The theoretical treatment of multicomponent salt solutions outlined
below is based on a combined viscous-flow and frictional model with the
extension that the individual ion fluxes are coupled with each other by an
induced membrane potential. Here the extended Nernst-Planck equation
with a convection term included is used to describe the flux of the separate
ions ‘‘i’’ per unit pore area:

aC; F 3D

J,' = —D,-F,W - DipZiC,‘p ﬁg; + C,',,V (1)
It is supposed that all solute and solvent transport is taking place in the
water-filled pore phase of the membrane, and that friction between the
ions and the pore surface of the membrane is negligible. Thus, all concen-
trations and fluxes in Eq. (1) refer to unit pore volume and pore area,
respectively. The measured volume flux per unit membrane area is related

to the linear velocity in the pore solution by
J. = €V (2)

where e is the fractional pore area.
In addition to Eq. (1), we have the condition of electroneutrality in the
pore solution:

2 ZiCip =0 3)
together with the restraint of zero electrical current:
2 Z,'ij =0 (4)

By combining Eqgs. (3) and (4) with Eq. (1) a set of coupled differential
equations can be derived which might be solved numerically (10). How-
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ever, to derive an analytical solution, we now introduce the function a;,,
defined as

Jip = a,v,,C,-pV:> Qip = v,-,,/V (5)
Inserting Eq. (5) in Eq. (1) gives
Cp _ 3Cyp F d
(1= ei)V5 "= S5 T %0 jT 55 ©)

XTI R}

By multiplying Eq. (6) by z; and summarizing over all the ions ‘i, it
follows that
a - ap) _ 3C, F ad _
vy D, 2Cp = D % Ix + RT ox > z:Cyp (7

Here the first term on the right-hand side must be zero according to Eq.
(3), so the potential gradient in the pore solution is given as

(1 - aip)
] —
o RTZ D, 4Cr
w - VF (8)
2 Z%Cip

Inserting Eq. (8) in Eq. (6) and rearranging gives the following relation
for the concentration gradient of the individual ion “‘j** as a function of

IYEILIN

all ions **i*":

(l - aip)
3C; (1 — o) 25, uCw
—— = V(, - 9
Ox Jp D J N
J 2 Z?Cip

Equation (9) is now integrated over the total pore length with the bound-
ary conditions as shown, with the assumption that the rejection should
be very close to zero. Although this is not normally the case in reverse
osmosis, the relations which will be derived can nevertheless be used to
deduce some general conclusions about ionic interactions under nanofil-
tration conditions, as will be demonstrated.

(] - aip)
. E Dy, ZiCiP

C}p dC 1 — . . I
L=y 4 = o) = %e) _ f dx  (10)
C;’ﬁ Jp i E Z%Cip 0
Introducing the solute rejection for the ion “%j” as
R=1-%-_ S (11)
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where the second equality comes from the reasonable assumption that
the pore distribution coefficient, K}, is constant:

C! c!
K, =-2=22 12
Jjp Cj Cj ( )
Combining Eq. (11) with the integrated Eq. (10) gives
Qip)
A el
afo-w Ziorruch
=1-exp|J,— ( D,"‘JP) — P (13)
» >z2Cly
with the limit for the boundary conditions
lim (CJ,, ofp, Dip) = (CF, of, DY)
and
lin}) (Cl{p5 a;p’ Dl’p) = (CIB, ale D}B)
Equation (13) can be rewritten as
af) .
af(-—opy = pF UG
Rp=1—exp|J,— DE T~ % (14)
I > ZCP

From Eq. (14) it can be seen that the criteria for having either positive or
negative rejection of the ion ‘‘j*’ depends on the sign of the function II;,
defined as

)
(l _ (! ) 2 DB ICIB

DF 7 sz

I, = (15)

since the term J,(tNe) is always positive. It is also seen that, when the
rejection of the ion ‘j°” is close to zero, the sign is determined to the
composition of the bulk solution.

If further examination is restricted to the special case where the velocity

of the ion ‘" is only slightly smaller than the water velocity through the
membrane, then

1 -0>0 (16)
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From Eqs. (14)—-(16) it clearly follows that

1 — P B
1 - aj 2 —pr uCi
> 7CP
(17
1
1 2 F ZiCP oB 2 DB Z, P
:>B§_Zj—_l <D—J|_3—ZJ“—‘
! >zCP / > ZiC?
Assuming the validity of Eqs. (3) and (4), then
2 Jizi = 2 o, VCiz; = E viCiz; = 0 (18)

One solution to this equation is to consider the velocity of the different
ions, v;, as approximately the same constant v, so that

>SJzi=v> Czi =0 (19)

With the assumption of the existence of such a constant mean ion veloc-
ity, v, it clearly follows that

1 B 1 B
1 EDEEY (4 Zpred
DF ~ ¥ s 2V DF ~ ¥ S acp

(20)

174 DB DB
t[ 2B o)o]<[- e <)o

where V/y > 1if R; > 0. Then
DB
> (D_jB 2% — z?) CP>0

If we define the positive number &; as

Vv DB

g = 3 S <DB 2% — z%) Cck Q1)
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it is seen, according to Eq. (20), that

D? 2\ n
&> DE W% ~ & CBE>0

DJB 2 B
>E> D pe vz~ @i | Ci

>0 (22)

DB
>6>2 (D—JIB lzllzd ~ lzflz) CP — ¢

DB 2.
56> 3 (05 - 1)lrer -

where ¢; is a limited and positive number.
Normally it is observed that
Ri— 0+ for V-0
or
R,— 0+ for &—0
from which it follows that

DB |z
k= (D—jBIIz_:: - 1) |zA*CE — ¢ 23)

where k¢° clearly is a positive number,
If an extra salt compound is added to the bulk solution of the nanofiltra-

tion system, it is seen that the rejection of ion /" is positive if the follow-
ing criterion is met:

&+ kK> (24)
where the right-hand side is defined as

QE!ZH
DP‘Z,'|

¥, = U(ACP) = 2( - 1) | z PACP (25)
for all the added ions only.

According to Eq. (24), it clearly follows that if the volume flux is fixed,
then

o, oR,
saC, V> 3AC,

<0 (26a)
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4]
a y,
7ac, > ©
K+ U —— o
R‘ > 0 Rj < 0
AC,
Ay
—— K
3 AC, 0

FIG. 1 Outline showing the rejection of the ion “*j”” with respect to the donated ‘‘s’"-ion
as indicated from Eq. (25).

and

v, aR;
aac, ~ 92340,

>0 (26b)

If Eq. (25) has a positive slope with respect to the ‘‘n”’-ion addition,
then ¥; will have the possibility of passing the number £ + &, and in
this case negative *‘j ’-ion rejection will occur because of the falsification
of Eq. (24).

If Eq. (25) has a negative slope with respect to the ‘*n”’-ion addition,
then ¥, can never pass the number &§°>* + §;, and therefore Eq. (24) will
be confirmed and a greater **j*’-ion rejection will occur. These tendencies

are outlined in Fig. 1.

EXPERIMENTAL

The experiments were performed in the reverse osmosis loop using test
cell 1 without sectioning as described elsewhere (20). The membrane was
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a commercial nanofiltration membrane from Dow Denmark Separation
Systems, HC50. Before use it was pressurized at the maximal pressure
{40 bar) for 8 hours to ensure stability during the experiments. The nitrate
concentrations of the feed and product were determined by potential mea-
surements with a Radiometer nitrate ion selective electrode, using a stan-
dard curve for the potential value and the nitrate concentration.

Rejection of the nitrate ion was investigated for a bulk solution consist-
ing of the following salts:

N3N03 + Na,SO, + HCI

at a molar ratio of 1:X:Y under nanofiltration conditions, with water as
the solvent.

The nitrate concentration in the bulk solution was kept constant (C =
0.01 M) during all the experiments. Hence, the individual ion concentra-
tions in the bulk phase can be represented as:

Cno, = C
Ca = CY
Cso, = CX
Cu=CY

Cna = C(1 + 2X)

since all the salts will be completely dissociated.

If it is assumed that the diffusion coefficients can be represented by the
self-diffusion coefficients at low total ionic strength, the Nernst relation
gives

RT X\;

BxpD° = — —2
Dn Dn F2IZn|

27)

Thus the “‘titrator’”’ function according to Eq. (25) is expressed as

Q
ANo,

o, = 3 (S5 - 1) ackad

)\?qo! 7\10‘103
- ( - 1) YC(-1)? + ( - 1) XC(-2) (28)

A1 ASo,

A AMia

Ao, Mo,
+ —11YC(+1)? + ( - 1) 2XC(+1)?
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Using the values for the equivalent conductance, A7, for the individual
ions taken from the literature (21):
Ao, = 7.144 x 1073 m*/ohm/eq.
&L = 7.64 x 1073 m*ohm/eq.
Ao, = 8.00 x 1073 m*/ohm/eq.
A = 34.98 x 10~3 m?*/ohm/eq.
%a = 5.011 x 1073 m?/ohm/eq.
the “‘titrator’” function can be reduced to

Uno, = (0.42X - 0.86Y)C (29)

According to Eq. (24), the criteria for positive nitrate rejection is given
by

b
kRS, + Eno,

KRES, + Evo, > Yo, > Y > 0.49X — 116 (——C—) (30)

A qualitative graphical representation of Eq. (30) is shown as ‘‘rejection
areas’’ for the nitrate ion in Fig. 2.

As both the constants C and kR, are positive, the line /, in Fig. 2 will
displace parallel to lower Y-values with increasing permeate flux. This
behavior is determined by the parameter £no, which is an increasing func-

Rwo, < 0

Jv

~ ko,
/|,=o.49x—1.16(&%f"°_')

FIG. 2 Outline showing that negative nitrate rejections can be inverted to positive rejec-
tions with increasing volume flux as indicated from Eq. (30).

X
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TABLE 1
Specification of the Seven Experimental Bulk Solution Compositions with Predictions
from Eq. (31) for the Sign of the Nitrate Rejection

Test number X Y Eq. 31) Prediction of the sign of Rno,

1 0 0 — —

2 1 0 False Negative
3 5 0 False Negative
4 10 0 False Negative
5 1 1 True Positive
6 S 3 True Positive
7 10 5 True Positive

tion of J,[(3/8J.)éno, > 01. This dependency of J, might therefore result
in a change from negative to positive rejections by increasing the pressure
of the feed solution.

Since the parameter [(kR5, + &no,)/C] is unknown, it is not possible
to calculate a given bulk composition which makes Rno, = 0. However,
if Eq. (31) is fulfilled, then Eq. (30) will also be true:

Y > 0.49X €2

The reduction of Eq. (30) to Eq. (31) causes a loss of information. It is
now only possible to predict a bulk composition, which gives a positive
nitrate rejection (true), whereas the nitrate rejection might still be positive
if Eq. (31) is false.

Seven different bulk compositions were investigated with respect to
nitrate rejection. The compositions are specified in Table 1 together with
the eventual fulfillment of Eq. (31).

10

F1G. 3 Nitrate rejection areas for the seven bulk solutions consisting of NaNO; + Na, SO,
+ HCI in the molar ratio 1:X:Y.
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In Fig. 3 the seven points (X, Y in the nitrate rejection plane) are plotted
based on Eq. (31).

RESULTS AND DISCUSSION

Figure 4 shows the measured rejections versus the permeate flux for
the single salt solutions NaNQj;, Na,SO,4, and HCl. As expected, there
are positive rejections for the single-salt solutions with HCI showing the
lowest rejection, NaNOs an intermediate rejection, whereas Na, SO,

1.0 ek
0.01M Na,SO,

0.01M NaNO;

0,01M HC!

(=]

SALT REJECTION, R,
o)
&

-1.0

-1.5

1 ] ] 1
1.0 2.0 3.0 4.0

PERMEATE FLUX , J, (10° m/s)

FIG. 4 Salt rejection versus permeate flux for the three single-salt solutions and for the
nitrate rejection with increasing Na; SOy in the two-salt solutions.
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shows the highest rejection by far because of the divalent sulfate ion. For
all three salts there is increased rejection with increasing permeate flux,
which is also as expected and found by other authors (4, 19).

In Fig. 4 also shows data for the two-salt solutions NaNO; + Na,SO,.
As indicated in Fig. 3, increasing the concentration of Na,SO, should
result in a greater distance from the positive nitrate rejection plane and
therefore more negative rejections for the nitrate ions. Further, it can be
seen that data point 2 (1:1:0) is situated so close to the zero rejection
line, I, that it is likely the line will pass this point at higher J,, values, as
indicated in Fig. 2. That this is really true is quite nicely demonstrated in
Fig. 4.

With increasing addition of Na,SO, the positions of the data points in
Fig. 3 move away from the zero rejection line, indicating a more negative
rejection of the nitrate ions. With increasing permeate flux the distance
to the zero rejection line will decrease, but it is not likely that it will pass
the data points. The experimental results shown in Fig. 4 are again in
good agreement with these indications.

Figure 5 shows the measured nitrate rejections versus the permeate
flux for the system NaNQO;:Na,SO,4: HCl equal to 1:1:1 compared to the
system 1:1:0. Further, data for the single-salt system 1:0:0 are shown

1.0
g
“ osf .
> 1:1:1
o
2 M 1:1:0
2 o r1 1 .
uj I 1 L T
o
w
l;: o NaNO4:Na,SO:HCI
o .
E 05}
=z

1.0 ] ] ] i

1.0 2.0 3.0 4.0
PERMEATE FLUX , J, (10 m/s)

FIG. 5 Comparison of the nitrate rejection versus permeate flux for the single-, two-, and
three-salt solutions in the concentration ratio as indicated.
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as a curve taken from Fig. 4. As can be seen, the titration of the system
by the addition of HCl increases the rejection of the nitrate ion to a positive
value which is close to the average value for the single-salt solution. How-
ever, the curvature is somewhat changed because the rejection is now
much more independent of the permeate flux than for the single-salt solu-
tion. As expected from the derived model, Eq. (31), the titration of the
bulk solution by HCI addition should result in a shift in the nitrate ion
rejection to higher values. As further indicated in Fig. 3, it is likely that

1.0

e
o
)

L] 1:5:3

o
[=]
2
oo
Z
]
-
2
500 : ‘ : '
o
w
o
<
1
E
P4

1 i | |
1.0 2.0 3.0 4.0

PERMEATE FLUX , J, (10®° m/s)

FIG. 6 Comparison of the nitrate rejection versus permeate flux for the single-, two-, and
three-salt solutions in the concentration ratio as indicated.
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rejection of the nitrate ion should shift to positive values after HCI ad-
dition.

Figures 6 and 7 show in a similar way the measured nitrate ion rejections
versus the permeate flux for the two other systems NaNO;:Na,SO,4: HCI
equal to 1:5:3 and 1:10:5, respectively, and again compared with the
two-salt solutions without HCI addition, 1:5:0 and 1:10:0. By comparing
Figs. 6 and 7 with Fig. 5, the same general trend can be observed. Further,
by comparison with the calculated bulk phase compositions shown in Fig.
3, it can be seen that the amount of HCI addition to each ratio of NaNQO;: -

1.0

o
)

1:10:6

I i [ l
1 ]

NaNO,:Na,S0,:HCI

NITRATE REJECTION , Ryos
(=]

1:10:0

i ] J |
1.0 2.0 3.0 4.0
PERMEATE FLUX , J, (10° m/s)

FIG. 7 Comparison of the nitrate rejection versus permeate flux for the single-, two-, and
three-salt solutions in the concentration ratio as indicated.
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Na, SO, has been chosen so that the data points just pass the zero rejection
line, indicating that the rejections of nitrate ion should all be slightly posi-
tive. As the distance to the zero rejection line is almost the same for alil
three ratios, nitrate rejection should be very close for these three sets of
data. By comparing the experimental results given in Figs. 5-7, it can be
seen that this is very nicely the case, thus confirming the correctness of
the derived model, Eq. (31).

CONCLUSION

Using the multisalt system NaNO;-Na>SO,-HCI as an example, the
nitrate rejection plane was calculated from the derived ‘‘titration func-
tion.”” Thus, Fig. 3 shows the line for the concentration ratios of
Na>S0,4:HCI, where the sign of the nitrate rejection changes from positive
to negative values. The experimental nitrate rejection data fit very nicely
into this plane, showing increased negative rejections with increasing
Na»S0, concentration, which can be reversed by the addition of HCI
to the bulk solution. The model further predicts that the three different
concentration ratios chosen for the three-salt solutions should have almost
the same small positive rejection, and this has been experimentally ver-
ified.

SYMBOLS

)
3
Q

ion concentration (mol-m~3)

ion diffusion coefficient (m2-s~!)

Faraday constant (9.64846 x 10* C-mol~—"')

ion flux (mol'-m~2:s~1)

volume flux (m-s~ 1)

a small positive number which is independent of J, (mol-m™3)
membrane distribution coefficient (—)

gas constant (8.31441 J- K~ !-mol 1)

ion rejection (—)

time (s)

tortuosity factor for the membrane (—)
absolute temperature (K)

volume velocity in the pore phase (m:s™?)

Vips Ui ion velocity (m-s™!)

X argument for the position in the pore phase (m)
Zi ion valence (—)

Qip, O normalized ion velocity with respect to V (—)
€ fractional pore area (—)

™
S
S

N~
5%
5~

~p =
I3
&

g

N
=
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& a small positive number which depends on J, (mol'm~?)
() membrane potential (V)
A membrane thickness (m)
Ay NS limiting ion conductance (m?-ohm~'-eqv ")
v average ion velocity (m-s~")
Subscripts
i,J ith or jth ion
p pore phase
v volume
Superscripts
P permeate phase
B bulk phase
' pore phase close to the high pressure side
" pore phase close to the low pressure side
obs label for a positive number based on the rejection of the ion
° limiting value
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