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Abstract 

Three commercial membranes (NF70, NF90 and TFC-SR) were firstly characterized in terms of pure water flux 
and the: rejection of uncharged (alcohols and sugars) compounds. Subsequently, the rejection of monovalent (sodium 
and chloride) and divalent (calcium and sulphate) ions in single (NaC1, CaC12 and Na2SO4) and binary (NaC1/Na2SO4, 
CaClJCaSO4, NaC1/CaC12 and Na2SO4/CaSO4) salt mixtures was studied. According to the pure water permeability 
the TFC-SR membrane is a loosely packed NF membrane (12.3 L.m- 2.h- 1.bar- 1 ), while both NF70 and NF90 are tightly 
packed (2.6 and 3.6 L.m-2.h" 1.bar- I). According to the uncharged solute rejection, the MWCO~70 = 60, MWCO~9o = 
200 and MWCOrFc.sR > 500. NF70 and NF90 were equally efficient in rejecting 1-2, 1-1 and 2-1 salts (>90%), while 
TFC-SR showed typical negatively charged surface behaviour, i.e., R (1-2) salt > R (1-1) salt > R (2-1). Sulphate 
rejectkm decreased in the presence of sodium chloride more significantly than in the presence of calcium chloride due 
to the more efficient retention of the bivalent calcium. 
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1. Introduction 

While nanofiltration (NF) is a relatively new 
membrane process, it is already widely used for 
water treatment in different parts of  Europe, 
Israel and the US [1-4]. Striving towards im- 
proved membrane quality, efficiency and appli- 

*Corresponding author. 

cability, research is continuing in an attempt to 
understand and model the varying parameters 
involved during NF [5-7]. However, while NF 
rejection behaviour for single components (salts, 
pesticides, microorganisms, etc.) is largely under- 
stood, the behaviour in multi-component systems 
becomes complex and less predictable [8]; if  an 
NF membrane is sought for a specific application, 
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say for the removal of  sulphates from mine waste 
streams (acid mine drainage), many membranes 
have to be screened in order to find a suitable 
membrane. A technique that is often used for the 
evaluation of  membranes is the flux and rejection 
behaviour of  uncharged and charged solutes 
[9,10]. 

The rejection of  uncharged solutes seems to be 
a function of  both solute (size and polarity), as 
well as membrane properties (pore size, mem- 
brane material and membrane charge) [11,12]. 
Although the mechanism of  uncharged solute 
rejection is not yet clearly understood, it has, for 
example, been shown that rejection usually 
remains constant and/or drops slightly with 
increasing feed concentration [ 13,14]. 

Similarly, the rejection of  charged solutes is 
also determined by both the solute and the mem- 
brane properties. Additionally, however, there is 
the added effect of  the charged solute and its 
interaction with the charged surface of  the mem- 
brane, since it is well known that the surface 
charge of  NF membranes is also influenced by 
the solution (solutes) in contact with the mem- 
brane [10,15]. 

It is the aim of  this study to evaluate and 
explain the rejection behaviour o f  three com- 
mercial NF membranes in the presence of  various 
single - -  but especially binary - -  salt mixtures 
containing sulphates. The membranes are charac- 
terized in terms of  pure water permeability and 
uncharged solute rejection to give a more com- 
prehensive insight into the membrane properties. 

Table 1 
Membrane specifications according to suppliers 

TFC-SR NF-70 NF-90 

Supplier 

Membrane type 
Max. temp., °C 
Design or pres- 

sure range, bar 
MW cut-off, Da 
pH range 

Koch Filmtec Filmtec 
Membrane (Dow) (Dow) 
Systems 
Flat sheet Flat sheet Flat sheet 
45 35 35 
17 17 41 

----" 200 200 
- -  3-9 3-9 

aNot provided. 

Feed inlet 

Pressure inlet 

Feed solution 

Magnetic bar - -  

Membrane 
on support 

~ - -  Safety valve 

n 

~T_~ Permeate 
- outlet 

Fig. 1. Dead-end filtration unit. 

2.  E x p e r i m e n t a l  

From the membranes recommended by sup- 
pliers for the removal of  sulphates, the following 
three were chosen: TFC-SR from Koch Mem- 
brane Systems and NF70 and NF90 from Filmtec 
(Dow). The specifications of  the membranes are 
given in Table 1. 

A bench-scale dead-end module with a 
capacity of  ~1 L was used with a fiat-sheet 

membrane (effective membrane area is 0.0044 m 2, 
see Fig. 1). The unit was operated at pressure 
differences up to 20 bar, using pressurized nitro- 
gen gas as a driving force. A magnetic stirrer was 
used to homogenize the feed solution. All 
experiments were performed at room temperature 
and the membranes were immersed in water for 
1 h before each experiment. The solutions were 
prepared using deionized water. All experiments 
were conducted at neutral pH (+7). 
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Table 2 
Properties of the uncharged solutes used in the retention 
measurements 

Molar mass, Diffusion Stokes 
g.mol-~ coefficient, radius, nm 

10 -91112.8 -1 

Ethanol 46.1 1.24 0.20 

Isopropanol 60.1 1.02 0.24 

t-Butanol 74.1 0.88 0.28 

Galactose 180.2 0.67 0.32 

Maltose 342.3 0.52 0.42 

Raffinose 504.5 0.43 0.57 

2.1. Water' permeability and uncharged solute 
rejection 

The membranes were characterized in terms of 
pure water permeability, porosity as well as 
rejection (R) of uncharged solutes. The permea- 
bility studies were performed at transmembrane 
pressure differences ranging from 5 to 20 bar. 
The permeate flow (g.s -1) was measured using a 
Sartorius BP2100 balance. 

For the uncharged solute rejection, 0.1 vol% 
of the alcohols ethanol; t-butanol and isopro- 
panol; and 0.1 wt% of the sugars galactose, 
maltose and raffinose were filtered through the 
membranes at 10 and 20 bar transmembrane 
pressure differences. An overview of the solutes 
(alcohol and sugar) used is given in Table 2. 

The diflhsion coefficients in water (Di) were 
used to calculate the Stokes radius (r,) with the 
Stokes-Einstein equation: 

2.2. Charged solute rejection 

The salts used in this study (NaC1, Na2SO4, 
CaC12 and CaSO4) were  purchased from Merck 
(South Africa). The concentrations of the anions 
in the feed and permeate was measured using a 
colorimeter for the single salts (HACH DR/890), 
and an ion chromatograph for the binary salts 
(Waters Model 510 with Waters column IC-Pak 
anion HC). The concentrations of the cations 
were determined using an atomic absorption 
analyser (AA Varian 250+). 

The single-salt experiments (NaCI, CaC12 and 
Na2SO4) were done at 5-20 bar and concentra- 
tions ranging from 20 to 200 ppm (total anion 
concentration). The binary salt mixture experi- 
ments were done at 10 bar using mixtures of 
NaC1/N~hSO a, CaC12/CaSO 4, NaC1/CaC12 and 
Na2SO4/CaSO 4. The ion ratios used were 1:9, 3:7, 
5:5, 7:3 and 9:1. The total concentration of the 
common ion was set to 200 ppm. 

3. Results and discussion 

3.1. Water permeability and uncharged solute 
rejection 

Water flux through a membrane can be 
described by Darcy's law [ 13]: 

sw (2) 

If the feed and the retentate contain pure water, 
i.e., the osmotic pressure difference across the 
membrane becomes zero, then Eq. (2) reduces to: 

k ' T  
r s -  6"~x'rl'D~ (1) 

The concentrations (feed, permeate and retentate) 
of sugars and alcohol were determined using high 
performance liquid chromatography (HPLC) and 
gas chromatography (GC), respectively. 

J ,  = A W • AP (3) 

For the three membranes the pure water permea- 
bility was determined from the plot of(L.m-2.h - 1) 
vs. bar. 

Another approach for expressing water flux 
through a membrane is by using the Hagen- 
Poiseuille equation [13]: 
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8 . r  2 ~kP 

Jw- 8.a].x Ax (4) 

The tortuosity of the membrane can be approxi- 
mated (for porosities between 30 and 70%) by 

1 
-- - ( 5 )  

8 

By combining the Darcy and Hagen- 
PoisseuiUe equations [Eqs. (3) and (4)], an equa- 
tion for quantifying the water permeability is 
obtained: 

Aw - 8 r 2 
z 8.rl'Atr (6) 

By combining Eqs. (5) and (6), it follows that: 

(e.r) a = A~" 8"11"ttx (7) 

Hence, if the permeability and the thickness of 
a membrane is known, the e.r (a porosity factor) 
of the membrane can be calculated. The thickness 
of the active layer of the membranes was deter- 
mined by scanning electron microscopy and was 
on the order of 1/.tm [16]. Eq. (7) was used to 
calculate the porosity factor (e.r) from the pure 
water flux data for the three membranes 
(Table 3). 

According to Mulder [13], the typical water 
permeability range for NF membranes is between 
1.4 and 12 L.m-2.h-l.bar -~. This implies that the 
TFC-SR membrane is on the border between UF 
and NF membranes. On the other hand, both 
NF70 and NF90 membranes have typical NF 
flux, however close to the border between NF and 
RO membranes, with the NF90 membrane dis- 
playing the slightly higher flux of the two. 

It has been shown previously that the rejection 
of uncharged solutes (for example, sugar and 
alcohol) is usually based on their molecular size 
[ 17]. According to Table 2, the uncharged solutes 
used in this study have a decreasing diffusion 

Table 3 
Pure water permeability and porosity factor of NF 
membranes 

Membrane Aw, e.r, 
type L.m-2.h l.bar-l nm 

TFC-SR 19.7 0.6 

NF70 2.6 0.24 

NF90 3.6 0.28 

coefficient (Di) and increasing Stokes radius with 
increasing molar mass. It is therefore expected 
that the rejection of solutes will increase with 
increasing molar mass and Stokes radius (0.2- 
0.57 nm). This correlation is confirmed in Fig. 2 
where the rejection of the solutes is presented as 
a function of the Stokes radius. The rejection R 
(as % or fraction) was calculated using equation 
8 [ 1 8 ] :  

R = l _ C p  
- -  ( 8 )  cl 

While there are more accurate methods than 
the Stokes radius to determine diameters of mole- 
cules (for example, molar diameters or diameters 
obtained from energy minimisation calculations 
[19]), the Stokes radius gives a rough estimate, 
which is adequate for the purpose of this study. 
According to Fig. 2, NF70 has the lowest MWCO 
at around 60, followed by the NF90 membrane 
with a MWCO of around 200. This means both 
membranes fall in the range as specified by the 
suppliers. However, according to van der 
Bruggen and Vandecasteele [20], the typical 
MWCO for NF membranes is in the range 100 to 
2000 Da, confirming that both NF70 and NF90 
are closer to RO than NF membranes. Of the 
MWCOrFc.sR it can only be deduced that it is 
>500. When comparing the results of Fig. 2 
and Table 3, the typical inverse proportionality 
between flux and rejection (selectivity) is 
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Fig. 2. Rejection of uncharged solutes as a function of solute size (P = 20 bar). 

0.50 0.55 0.60 

apparent, i.e., the membrane with the lowest 
permeability (NF70) also has the lowest MWCO. 
For NF70 and NF90 the measured solute size (r,) 
for 90% rejection is quite close to the porosity 
factor as calculated in Table 3. This suggests that 
rejection behaviour of  molecules and ions for 
these menabranes is more a matter of  void (pore) 
size than of  charge of  the membrane. That is not 
the case tbr the TFC-SR membrane. Therefore, it 
is interesting to note that while NF70 and NF90 
have a sharp MWCO of  around 60 and 200, 
respectively, the TFC-SR membrane displays a 
gradual (nearly linear) decrease in rejection with 
decreasing Stokes radius. This means that void 
size distribution of  NF70 and NF90 is narrow and 
that of  TFC-SR is relatively broad. This in 
agreement with a looser packing of  the polymer 
chains of  TFC-SR in comparison with NF70 and 
NF90 artd suggests that rejection of  ions in 
TFC-SR is based more on charge of  the mem- 
brane than on void size during filtration (swollen 
situation). This phenomenon is treated in the next 
paragraphs. 

3.2. Charged solute rejection." single salts 

From the original flux vs. pressure data 
2 1 1 (Fig. 3), the solventpermeability (L.m- .h- .bar- ) 
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NFTO (20 ppm) 
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- ~ ,  TFC-SR (200 ppm) 
..... ~ ,  NF70 (200 ppm) 
.... ,~,,,v NFgO (200 ppm) , 

5 10 15 20 
Pressure d~erence (bar) 

Fig. 3. Influence of varying NaCI concentrations on flux 
as a function of pressure difference• 

for the three membranes at 20 and 200 ppm NaC1 
was calculated (TFC-SR = 12.5 and 12.9, NF70 = 
2.7 and 2.7 and NF90 = 3.6 and 2.5). When com- 
paring these results to the clean water perme- 
abilities (Table 3) of  TFC-SR (12.3), NF70 (2.6) 
and NF90 (3.6), it is clear that the salt concen- 
tration has little influence on the flux in the range 
of  0 to 200 ppm, while it has been shown that 
flux in NF membranes decreases at high (20- 
80 g/L) NaC1 concentrations [21]. In the case of  
TFC-SR the permeability even increased slightly 
for this concentration range. The linearity of  the 
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Fig. 4. Flux as a function of anion rejection for varying 
NaC1 concentrations. 

flux vs. pressure plot confirms that all three 
membranes obey Darcy's law [Eq. (2)] as was 
assumed for calculating A w and e.r. 

To illustrate the interrelationship of flux and 
rejection as a function of salt concentration, the 
flux vs. anion rejection plot for the permeation of 
NaC1 at two concentrations (20 and 200 ppm) is 
shown in Fig. 4. The four data points for each 
membrane at each concentration were obtained at 
5, 10, 15 and 20 bar. 

As was observed for the uncharged solute 
rejection, TFC-SR not only had the highest flux, 
but also the lowest rejection irrespective of the 
pressure (5-20 bar) or concentration (20 and 
200 ppm). Except for the 200 ppm TFC-SR 
rejection, all other results showed an increase in 
rejection with increasing flux sloping of towards 
a plateau giving an indication of the reflection 
coefficients (o) of the membranes. While the 
rejection of chloride by TFC-SR in general was 
higher at lower concentrations, as is typical of NF 
membrane behaviour [8], both NF70 and NF90 
displayed high rejection (>90%), especially at 
high concentrations and fluxes. At higher pres- 
sures, the flux of water increases, but the trans- 
port of salt does not increase since the driving 
force is not pressure but concentration dependent. 
This means that the actual salt concentration in 
the permeate is lower and therefore the rejection 
higher. The higher rejection at higher salt concen- 

trations for NF70 and NF90 again suggests that 
the void size of the polymer when swollen is 
more important than the charge of the membrane. 
The high rejection o fmonovalent anions by NF70 
has been shown for various monovalent anions 
and cations, for example: NO3, CI and Na ÷ 
[22,23]. 

At low salt concentrations the flux has a larger 
influence on rejection than at high concentrations. 
This could be since the liquid flux is linear to the 
pressure difference (driving force), but the salt 
permeability is not linear to the concentration, but 
to the chemical potential difference that can be 
logarithmic related. 

In Table 4 the rejection and solvent permea- 
bility of the two other single salts tested (CaC12 
and Na2SO4) at 20 ppm and 20 bar is presented. 
The three salts used in this single salt permeation 
study represent the three salt types 2-1 (CaCl:), 
1-1 (NaC1) and 1-2 (Na2SO4). 

The equally high rejection for all three salts by 
the NF70 and NF90 membranes could again be 
indicative of the RO character (voidsize) of these 
membranes as was mentioned earlier (pure water 
flux). While there is no significant difference in 
the rejection of the different salts for the NF70 
and NF90 membranes, TFC-SR clearly shows the 
rejection sequence R (1-2) salt > R (1-1) salt > 
R (2-1) salt, which is typical for negatively 
charged membranes, suggesting that in spite of its 
UF characteristics (high water permeability), the 
Donnan exclusion (charge effect) plays an 
important role during the separation on the 
TFC-SR membrane [24]. The high rejection of 
the divalent sulphate for all three membranes is 
very typical for NF membranes in general 
[25,26]. NF70 and NF90 showed high rejection 
(R ~ 90%) for both monovalent and divalent 
anions. 

For all three membranes, the highest solvent 
permeability was observed for the 1-1 salt NaCI, 
decreasing in the presence of divalent ions 
irrespective of whether the divalent ion was 
anionic or cationic. 
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Table 4 
Anion rejection and solvent permeability for CaC12, NaCI and Na2SO4 

211 

CaCt 2 NaC1 Na2S04 

R, % Aw" R, % Aw R, % ,4,~ 
TFC-SR 29 17 44 17 96 16 

NF70 92 2.4 89 2.7 99 2.4 

NF90 93 2.4 92 3.6 93 2.8 

"Water permeability in L.m-2.h-~.bar -1. 

3.3. Charged solute rejection: Binary mixtures 

In Fig. 5 the rejection of the two anions, 
sulphate and chloride, for the NaC1/Na2SO 4 mix- 
ture is presented. Except for the sulphate rejection 
by TFC..SR, it can be said that as the concen- 
trations of an anion decreased (both sulphate and 
chloride), the rejection of that anion decreased, 
which correlates to the anion rejection of the 
single salt experiments and further confirming the 
negative nature of the membrane (see Fig. 4). 

In general, the retention of the monovalent 
chloride was lower for the salt mixtures than for 
the single-salt experiments. It seems that the 
presence of the high valence anion (SO42-) drives 
more chloride into the membrane, thus decreasing 
its retention. This behaviour was previously 
observed for nitrate rejection in the presence of 
sulphates [26]. This is further confirmed by the 
reasonable high chloride rejection at low sulphate 
concentrations (-80% for NF70 and NF90 and 
~30% for TFC-SR) compared to the chloride 
rejection at high sulphate concentrations (-50% 
for NF70, -30% for NF90 and ~-10% for 
TFC-SR). 

In terms of sulphate rejection, the NF90 and 
NF70 membranes display comparable rejection 
patterns, i.e., decreasing rejection with decreasing 
sulphate concentration, the only difference being 
that while the rejection for NF70 decreases 
linearly with decreasing sulphate concentration, 
the rejection by NF90 decreases linearly only up 

1 

0.8 

0.6 

0.4 

0.2 

0 

-0,2 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

ratio (C1"/SO42") 
TFC-SR (SO4) ~ NFg0 (SO,0 ........... NF70 (Cf) 

~ . -  NF70 (SO4) o-~--- TFC-SR (CI) - ~ N F g 0  (el) 

Fig. 5. SO 2- and CI- rejection ofa NaCI/Na2SO4 mixture 
(pressure = 10 bar, total Na ÷ concentration = 200ppm). 

to a C1-/SO42- ratio of 0.7, after which there is a 
sharp decline in rejection. Similarly to the rejec- 
tion of chloride, the rejection of sulphate de- 
creases with increasing chloride concentration. 
For TFC-SR the sulphate rejection remains 
approximately constant irrespective of its concen- 
tration, which is understandable when con- 
sidering its partial UF properties (pure water 
permeability), i.e., the rejection of sulphate by 
TFC-SR seems to be also based on size exclusion 
and is therefore less influenced by the presence of 
chloride. 

While the volume flux of the mixtures was 
lower than observed for the single salts, it 
remained constant for the various ratios. For 
TFC-SR, for example, the volume flux was 
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Fig. 6. SO~- and CI rejection ofa CaC12 / CaSO 4 mixture 
(pressure = 10 bar, total Ca 2+ concentration = 200 pprn). 

79 L.m-2.h -l at 10 bar and 147 L.m-2.h -I at 
20 bar. 

The results of the second binary mixture 
(CaC12/CaSO4), presented in Fig. 6, differ from 
the previous system since the cation (Ca 2+) is 
divalent and larger in size than the monovalent 
sodium ion. However, the two anions, chloride 
and sulphate, are the same. 

Chloride rejection in the presence of calcium 
is similar to the rejection in the presence of 
sodium, i.e., as the chloride concentration de- 
creases (i.e., sulphate increases), its rejection 
decreases. However, while the relationship 
between chloride concentration and rejection was 
nearly linear in the presence of sodium for NF90 
and TFC-SR, the relationship is more exponential 
in the presence of calcium, i.e., as the chloride 
concentration increases, its rejection increases 
exponentially, reaching a plateau at CI-/SO 2- 
ratios of 0.3 and 0.7 for NF90 and TFC-SR, 
respectively. For TFC-SR, the chloride rejection 
decreased drastically in the presence of calcium 
at very low chloride concentrations (-10% and 
-50% in the presence of sodium and calcium, 
respectively). However, for all membranes, the 
chloride rejection was greatly improved at lower 
sulphate concentrations. 

While rejection trends remained similar for 
chloride in the presence of calcium, the sulphate 
rejections improved drastically (-100% for NF70 

and NF90), especially at low sulphate concen- 
trations, compared to the decrease observed in the 
presence of sodium, phenomena also found by 
Wang et al. [25]. For the TFC-SR membrane, the 
rejection of sulphate remained approximately 
constant (-90%), decreasing slightly at very low 
sulphate concentrations. 

The general improved rejection for both 
mono- and divalent anions can be explained by 
the presence of the divalent calcium anion. The 
divalent charge, the larger size and the strong 
hydration of calcium reduce its permeability com- 
pared to sodium's permeability. (The hydration 
energy of Ca 2+ = 1584 kJ.mol-~ compared to the 
407 kJ.mol -~ for Na + [8].) As a result, more 
anions have to be retained on the feed side to 
maintain electron neutrality. Thus, for every 
calcium ion retained, two chlorides have to be 
retained as well. However, at high sulphate con- 
centrations, sulphate effectively balances the 
charge of the calcium, and thus chloride is no 
longer required for electron neutrality, causing its 
retention to decrease. 

When studying the cation rejection for the 
NaC1/CaC12 binary mixture, only TFC-SR dis- 
played similar tendencies as was observed for the 
anionic co-ion rejections (C1-/SO2-), i.e., both 
calcium and sodium rejections increased with 
increasing calcium and sodium concentrations 
respectively (Fig. 7). For all membranes, the 
calcium rejection was higher than the sodium 
rejection irrespective of their ratio. This confirms 
the conclusion derived for the CaC12/CaSO 4 sys- 
tem where an increase in both sulphate and 
chloride rejection was observed in comparison to 
the sulphate and chloride rejection for the NaC1/ 
Na2SO 4 system. 

The calcium rejection by NF70 and NF90 is 
-90%, remaining approximately constant with 
increasing calcium concentrations, i.e., retention 
does not increase with increasing high valence 
concentration. The retention of calcium by 
TFC-SR is ~75%, decreasing slightly at low 
calcium concentrations. The high retention of 
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Fig. 7. Na + and Ca ~-+ rejection o f  a NaCI/CaCI 2 mixture 
(pressure = 10 bar, total C1- concentration = 200 ppm). 

calcium, in spite of its divalent opposite charge to 
the membrane charge, is likely due to the bulki- 
ness of'the atom. 

The: high retention of both cations (Na + and 
Ca 2+) by the NF90 and NF70 membranes results 
in the improved rejections of the monovalent 
anion, which is a co-ion in this case. The reten- 
tion of sodium decreases with increasing con- 
centration at low divalent cation concentrations. 
This is an opposite effect to a decrease in 
retention in chlorides at high divalent cation 
concentrations. Also, there would be reduced 
retention of cationic divalents as compared to the 
anionic divalents if the NaC1/Na2SO4 or CaCI:/ 
CaSO4 mixture were to be used. 

When studying the rejection of the cations in 
the presence of a divalent anion for the binary 
system Na2SO4/Ca~SO4, the rejections for both 
calcium and sodium are slightly higher (sub- 
stantially higher for TFC-SR) than those observed 
for the NaCI/CaC12 mixture (Fig. 8). It was shown 
previously that sulphate is retained more effi- 
ciently' than chloride. This implies that not only is 
the amount of cations retained higher, but also 
that this cation is divalent. Therefore, to ensure 
electron neutrality more anions (both calcium and 
sodium) are retained, which explains the im- 
proved retention of both calcium and sodium in 
the presence of sulphate. 

While sodium rejection decreased for NF70 
and NIF90 with increasing sodium concentration 

1 " r -  

..... TFC-SR (Na) 
" - + -  NFT0 (Ca) ............ NFT0 (Na) 

I - NFg0 (N~) ', 

0.8 
e,, 

o.6 
I ~ NF90 (Ca) 

0.4 ,~  ..................................................................................................................................................................... ~ 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

RNo  (Na+/Ca 2÷) 

Fig. 8. Na + and Ca 2÷ rejections of a NhSOJCaSO4 
mixture (pressure = 10 bar, total SO~- concentration = 
200 ppm). 

in the presence of the monvalent chloride (Fig. 7), 
it increased in the presence of  the divalent 
sulphate (Fig. 8). It was shown earlier that 
sodium passes the membrane easier than calcium. 
Similarly, it was shown that sulphate is more 
efficiently rejected than chloride. Therefore, in 
the presence of sulphate ions, more negative 
charged ions are retained. At low sodium content, 
enough divalent calcium is present to ensure 
electron neutrality. However, as the calcium con- 
centration decreases (sodium increases), fewer 
and fewer divalent cations are present to counter- 
balance the sulphate. As a result, more sodium 
has to be retained, resulting in an increase in 
the retention of sodium at high sodium 
concentrations. 

4. Conclusions 

It was shown that, although all three mem- 
branes tested were able to reject sulphate, the 
amount of sulphate rejection is highly dependent 
on the counter ion and other salts in the solution. 
The permeability of the membranes ranged from 
2.6 (NF70) to 16.5 (TFC-SR) L.m-2.h-i.bar-L 
According to the uncharged rejection, NF70 and 
NF90 have MWCO of 60 and 200, respectively, 
while the TFC-SR membrane's MWCO >500. 

For the single-salt experiments all membranes 
effectively rejected sulphate (R>92%). While 
both NF70 and NF90 rejected NaC1 and CaCI 2 
equally well, TFC-SR rejection clearly followed 
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the pattern R (1-2) salt > R (1-1) salt > R (2-1) 
salt, which is indicative o f  a negatively charged 
membrane. The solvent permeability in the pres- 
ence of  charged solutes remained approximately 
the same as the pure water permeability. 

From the binary salt studies it was shown that 
sulphate rejection decreased in the presence o f  
sodium chloride, but not in the presence o f  cal- 
cium chloride. The higher retention of  the di- 
valent calcium thus ensured the higher retention 
of  the sulphate in an attempt to ensure electron 
neutrality. Chloride retention decreased in the 
presence o f  sulphate especially sodium sulphate. 
Since sodium retention is low, the chloride has to 
permeate with the sodium while the sulphate is 
retained. In terms o f  the cations (sodium and 
calcium), it was shown that sulphate improved 
their retention. 

5. Symbols 

Aw - -  Water permeability (m3.m-2.s-l.kPa -1 
or L.m-2.h-kbar -1) 

Cp ~ Solute concentration in permeate, ppm 
cy - -  Solute concentration in feed, ppm 
Di - -  Diffusion coefficient in water, m2.s -~ 
Jw - -  Water flux, m3.m-2.s q or L.m-2.h -~ 
k - -  Boltzmann constant, J.K- 
R ~ Rejection, - or % 
r - -  Pore radius, m 
rs - -  Stokes radius, m 
T - -  Temperature, K 

Greek 

Ap - -  Pressure difference, kPa or bar 
An - -  Osmotic pressure difference, kPa or 

bar 
Ax - -  Membrane thickness, m 
e ~ Porosity 

- -  Viscosity, Pa.s 
o - -  Reflection coefficient 

~ Tortuosity 
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