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

DENNIS W. NIELSEN* and GUNNAR JONSSON'r 
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 
NaNO3-Na2SOd-HCI as an example, the nitrate rejection plane was calculated 
from the derived model. The experimental nitrate rejection data fit very nicely 
into this pIane, showing increasing negative rejections by increasing the NazS04 
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, D,, the electrical potential term is neglected. 

* Present address: BIOSOFT, Copenhagen, Denmark. 
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1166 NIELSEN AND JONSSON 

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 (1 8). 

Lonsdale et al. (8) were able to pass from positive to negative rejection 
of CI- 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 ( I  1) 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 ( 1  2) the same authors applied the extended Nernst- 
Planck equation to the separate ions and derived analytically expressions 
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NEGATIVE ION REJECTION IN NANOFILTRATION 1167 

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: 

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 

JT, = EV (2) 

In addition to Eq. ( I ) ,  we have the condition of electroneutrality in the 
where E is the fractional pore area. 

pore solution: 

C ZiCip = 0 (3) 
together with the restraint of zero electrical current: 

C z;J;, = 0 (4) 
By combining Eqs. (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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1168 NIELSEN AND JONSSON 

ever, to derive an analytical solution, we now introduce the function ajp, 
defined as 

J -  1, = a;,CiPV a;, = ZJ~,/V ( 5 )  
Inserting Eq. ( 5 )  in Eq. (1) gives 

By multiplying Eq. (6) by zi and summarizing over all the ions “i,” it 
follows that 

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 

Inserting Eq. (8) in Eq. (6) and rearranging gives the following relation 
for the concentration gradient of the individual ion ‘2” as a function of 
all ions “i”: 

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. 

Introducing the solute rejection for the ion ‘7’’ as 
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NEGATIVE ION REJECTION IN NANOFILTRATION 1169 

where the second equality comes from the reasonable assumption that 
the pore distribution coefficient, Kjp,  is constant: 

Combining Eq. (1 I) with the integrated Eq. (10) gives 

with the limit for the boundary conditions 

Equation (13) can be rewritten as 

- Zj zit')] (14) c ZTCS 

From Eq. (14) it can be seen that the criteria for having either positive or 
negative rejection of the ion ‘7” depends on the sign of the function I I j ,  
defined as 

since the term J , ( f X k )  is always positive. It is also seen that, when the 
rejection of the ion ‘2’’ 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 ‘7’’ is only slightly smaller than the water velocity through the 
membrane, then 

1 - ajLj)o (16) 
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1170 NIELSEN AND JONSSON 

From Eqs. (14)-(16) it clearly follows that 

Assuming the validity of Eqs. (3) and (4), then 

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

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

where Vly > 1 if R, > 0. Then 

If we define the positive number I, as 
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NEGATIVE ION REJECTION IN NANOFILTRATION 1171 

it is seen, according to Eq. (20), that 

1 sj > I= ($ zjz; - zf ci" > 0 
DS 

where ej is a limited and positive number. 
Normally it is observed that 

R j -  O +  for V +  0 

or 

R j +  O +  for C j +  0 

from which it follows that 

where kJobs clearly is a positive number. 
If an extra salt compound is added to  the bulk solution of the nanofiitra- 

tion system, it is seen that the rejection of ion '7" is positive if the follow- 
ing criterion is met: 

(24) & + k p  > qJj 

where the right-hand side is defined as 

for all the added ions only. 

then 
According to Eq. (24), it clearly follows that if the volume flux is fixed, 
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1172 NIELSEN AND JONSSON 

t 
0 

+ 4  

FIG. I Outline showing the rejection of the ion ‘y” with respect to the donated “n”-ion 
as indicated from Eq. (25 ) .  

and 

If Eq. (25) has a positive slope with respect to the “n”-ion addition, 
then qj will have the possibility of passing the number kybs + tj, 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 qj can never pass the number kjobs + sj, and therefore Eq. (24) will 
be confirmed and a greater ‘>”-ion rejection will occur. These tendencies 
are outlined in Fig. 1. 

EXPERIMENTAL 

The experiments were performed in the reverse osmosis loop using test 
cell I without sectioning as described elsewhere (20). The membrane was 
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NEGATIVE ION REJECTION IN NANOFILTRATION 1173 

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: 

NaN03 + Na2S04 + HCl 

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 
cc, = CY 

cso, = cx 
C” = 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 

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

AONo, G O ,  
= (- A& - *) YC(- 1)’ + (- G O o ,  - 1 )  XC(-2)’ (28) 

+ (- ARo, - I )  YC( + + (- AONO, - I )  2XC(+ 112 GI AONa 
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1174 NIELSEN AND JONSSON 

Using the values for the equivalent conductance, hP, for the individual 
ions taken from the literature (21): 

h”,,, = 7.144 x l op3  m2/ohm/eq. 

A& = 7.64 x m2/ohm/eq. 

A&,,, = 8.00 x l op3  m2/ohm/eq. 

A& = 34.98 x l op3  mVohm/eq. 

hONa = 5.011 x lo-’ m2/ohm/eq. 

the “titrator” function can be reduced to 

+NO, = (0.42X - 0.86Y)C 

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

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 k&%, are positive, the line 1, in Fig. 2 will 
displace parallel to lower Y-values with increasing permeate flux. This 
behavior is determined by the parameter &o, which is an increasing func- 

Y 

FIG. 2 Outline showing that negative nitrate rejections can be inverted to positive rejec- 
tions with increasing volume flux as indicated from Eq. (30). 
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NEGATIVE ION REJECTION IN NANOFILTRATION 1175 

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 R N O ~  

- - 1 0 0 
2 1 0 False Negative 
3 5 0 False Negative 
4 10 0 False Negative 
5 1 1 True Positive 
6 5 3 True Positive 
I 10 5 True Positive 

tion of JU[(a/aJu)&o, > 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 [(k%%, + cNO,)/C] is unknown, it is not possible 
to calculate a given bulk composition which makes RNo3 = 0. However, 
if Eq. (31) is fulfilled, then Eq. (30) will also be true: 

Y > 0.49X (3 1) 
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). 

Y 

1 7 
5 -  

1 2  
10 

FIG. 3 Nitrate rejection areas for the seven bulk solutions consisting of NaN03 + Na2S04 
+ HCI in the molar ratio 1 :X:Y. 
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1176 NIELSEN AND JONSSON 

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 NaN03, Na2S04, and HCl. As expected, there 
are positive rejections for the single-salt solutions with HCl showing the 
lowest rejection, NaNO3 an intermediate rejection, whereas Na2S04 

1 .o 

0.5 

ci- 

= o  0 
I- B 

3 
2 

7 
W cc 

-0.5 

-1 .c 

-1.5 

-2.c 

0.01M Na,SO, 

0.01M NaNO, 

I 
I 

NaNO,:Na,SO, r /  1:l 

1.0 2.0 3.0 4.0 

PERMEATE .FLUX , J, (1 0-5 m/s) 

FIG. 4 Salt rejection versus permeate flux for the three single-salt solutions and for the 
nitrate rejection with increasing Na2S04 in the two-salt solutions. 
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NEGATIVE ION REJECTION IN NANOFILTRATION 1177 

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 NaN03 + Na2S04. 
As indicated in Fig. 3, increasing the concentration of Na2S04 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, l x ,  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 NaZS04 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 NaN03 : Na2S04: 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 

0 

2 5 0.5 
z 
0 
I- E a o  

2 
u 
W 
I- NaNO,:Na,SO,:HCI 

k -0.5 z 

1.0 2.0 3.0 4.0 

PERMEATE FLUX , J, (la5 mls) 

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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1178 NIELSEN AND JONSSON 

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 HCl 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 .o 

0 < 0.5 
z 
t- 
s! 
7 0  
2 

2 

u 
CT 
w 
t- 

k -0.5 z 

-1 .o 

-1.5 

-2.0 

+ ;  1 :5:3 

NaNO,:Na,SO,:HCI 

1.0 2.0 3.0 4.0 

PERMEATE FLUX, J, mls) 

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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NEGATIVE ION REJECTION IN NANOFILTRATION 1179 

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 NaN03 : Na2SO4: HCl 
equal to 1:5:3 and 1: I0:5, respectively, and again compared with the 
two-salt solutions without HCI addition, 1 :5:0 and 1 : 1O:O.  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 NaN03: - 

1 .o 

m 0 < 0.5 
z 
E 
4 0  UI 

cc 
UI 
I- 

t -0.5 z 
t2 

-1 .o 

-1.5 

-2.0 

: 1:10:5 

NaNO,: Na,SO,: HCI 

1.0 2.0 3.0 4.0 

PERMEATE FLUX, Jy (10’ mls) 

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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1180 NIELSEN AND JONSSON 

Na2S04 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 all 
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 NaN03-Na2S04-HC1 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 
Na2S04: HCl, 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 
Na2S04 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- 

SYMBOLS 

ion concentration (mo1.m - 3, 

ion diffusion coefficient (m2.s- ') 
Faraday constant (9.64846 x lo4 C.mol-') 
ion flux (mol.m-2.s-') 
volume flux (m.s-') 
a small positive number which is independent ofJ, (m~lmm-~) 
membrane distribution coefficient (-) 
gas constant (8.31441 J-K- '-mol-') 
ion rejection (-) 
time (s) 
tortuosity factor for the membrane (-) 
absolute temperature (K) 
volume velocity in the pore phase (mas-') 
ion velocity (m-s-I) 
argument for the position in the pore phase (m) 
ion valence (--) 
normalized ion velocity with respect to V (--) 
fractional pore area (-) 
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NEGATIVE ION REJECTION IN NANOFILTRATION 1181 

Si 
@ membrane potential (V) 
A membrane thickness (m) 
A&, A? 
Y average ion velocity (m.s-’) 

a small positive number which depends on J ,  ( m ~ l e m - ~ )  

limiting ion conductance (m**ohm-’.eqv-’) 

Subscripts 

i, j ith orjth ion 
P pore phase 
U volume 

Superscripts 

P permeate phase 
B bulk phase 
I 

I I  

pore phase close to the high pressure side 
pore phase close to the low pressure side 
label for a positive number based on the rejection of the ion obs 

0 limiting value 
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