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The reverse osmotic rejection of scale forming (SF) ions, CaH, Mg"+, Fel+, AIH, SrH and MoH from
binary salt mixtures with Na+ in chloride solutions has been investigated on cellulose acetate membranes. The rejection of gel forming cations decreases in the order FeH > A1H > MnH; this order runs parallel to the solubility products of the corresponding oxides. The resulting membrane fouling leads to a decrease in water permeability and ionic rejection. The rejection percentage (RP) of Na+ decre~ses appreciably in the presence of various ions.
The effect of scale precipitating anions such as SO!- and HC03 on the rejection of SF cations has also been
studied for the mixtures Na+, Mg"+, SO!-, a- and Na+, Ca'+, HCO;, a-. TheSO!-ionis
almost completely
rejected; and the increase in its concentration is accompanied by an increase in the RP of Na+ and Mg"+ in order
to keep electroneutrality.
Preferential rejection is more important in the case of anions as compared to that of
cations.

HE scale forming (SF) bicarbonates,
sulphates,
and nitrates of Ca and Mg, and to a lesser
extent
those of Fe, Mn, Sr and Al are
commonly present in underground
and sea waters,
as well as in some industrial
waste waters! and
are responsible for a number of undesirable effects.
Removal of SF cations is usually carried out
either by chemical precipitation
as carbonates
and
hydroxides by the addition of lime or of lime and
soda ash, or by ion exchange with Na + ions on an
ion
exchange
resin.
Both these
methods
are
complex and time consuming".
The purpose of the present work is to establish
the feasibility of removing of SF cations by reverse
osmosis using selective cellulose acetate membranes.
The technique would ensure, at the same time, the
reduction of the total salt content of the water.
So
far only limited work has been carried out on the
rejection
of individual
ions from mixtures.
The
results thus far available indicate that membrane
impermeable ions, e.g. polyvalent ions tend to lower
the rejection
of membrane-permeable
ones and
enhance the product
flUX3,4. This behaviour has
been explained by Lonsdale, et al.s on the basis of
the Donnan equilibrium.
The simple case of solutions of two cations with one common anion was
studied by Yamabe",
Hauck and Sourirajan considered the rejection of Ca2+ and Mg2+ from Clcontaining
solutions and reported good hardness
removal.
In the present work, the rejection behaviour of
SF ions is studied in binary mixtures with a common
solute.
The influence of the counter anions respon-
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sible for scale deposition
cations is also determined.
Materials

on the rejection

of SF

and Methods

The cellulose acetate membranes employed were
prepared according to the procedure of Manjikian".
Collodions consisting of cellulose diacetate, formamide as additive, and acetone as solvent were prepared, aged for two weeks, and filtered under a pressure of 10 bars before casting in water at O°C. These
all-organic collodions proved to be much less sensitive
to variations in temperature and humidity of casting
than those containing inorganic additives'.
A schematic representation of the membrane testing
system utilized in this study is shown in Fig. 1. It
included six stainless steel test cells (a), previously
described by Boddeker and Kaschemekat",
which
enabled mean values of salt rejection and product
flux to be obtained over six independent measurements. In a typical experiment of a duration of
7 hr the well thermostated
(25 ± 0.1 "C) feed
solution (22 litres) was circulated through the system by means of a reciprocating pump (d), at a pressure of 60 bars and a flow rate of 250 litres/hr,
0

bl

Fig. 1 product

Flow sheet of the testing system [Ia) test cell; (b)
outlet; (c) pressure gauge; (h) pressure regulator;
(d) pump; (f) thermostat; and (g) filter]
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to eliminate

the effect of concentration

where Co and C are the ionic concentrations

polarization

in ppm

on membrane permeability to salt and water". The

of the feed and product streams respectively.

permeate
solution was collected from the
low
pressure outlet of the testing cell and the rate of
permeation noted. Both brine and permeate streams
were recirculated back to the feed which was provided with efficient stirring.
Samples of both the
streams were periodically analyzed The composition
of the feed solution was verified from time to time
and corrected whenever necessary.
Differential rejection of one solution component
over the other might lead to a rapid build-up of its
concentration,
and/or the development of scales if
agitation was inefficient.
No scales were, however,
observed in the present study except in the case of
mixture containing Call+ and HCo-; ions at concentrations exceeding the solubility limit of CaCOa•
In mixtures
containing
FeH,
membranes
were
covered with a brownish viscous layer, apparently
of iron hydroxide.
In the present work, the reverse osmotic rejection
of AP+, Fe3+, Mn2+, Sr2+, Ca2+ or Mg2+ in binary
mixtures with Na+ was studied as a function of their
corresponding
concentrations.
All the salts were
added in the chloride form and the concentrations
of SF ions chosen in solutions of total cation concentration 2400 ppm were (in ppm) : Fe3+ (88-287),
AlH (75-270), Mn2+
(107-565),
Srllt- (106-350),
Ca2+ (58-562), and Mg2+ (70-632). These concentrations cover those normally found in underground
waters'.
Both the percentage rejection (RP) of the
SF ions, and their influence on the rejection
of
Na+ were determined, RP is defined by Eq. (1)

The effect of replacing part of the Cl- by Heo-;
and SO!- on the rejection of SF cations was similarly studied.
The concentration
of Cl- was determined by
conductometric titration against standardized AgNOs'
Na'", Fe3+, Al3+ and Mn2+ were determined
by
atomic absorption
spectroscopy.
Ca2+ was determined by titration with EDTA, SrH and Mg2+ by
EDTA and SO:- by difference.
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=
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Results and Discussion
Differential rejection of SF cations from solutions
of binary salt mixtures - A number of experiments
were carried out on binary salt mixtures of Na+
and SF ions having Cl- as a common anion. The
effect of progressive
replacement
of Na+ by SF
cations on RP of both the ions was determined.
In Fig. 2a the RP values for the SF cations are given
. as a function of the composition
of the mixture
solution.
The results presented
in Fig. 2a allow
two interesting conclusions to be drawn :
(a) The rejection of gel forming cations Fe3+,
AJ3+ and Mn2+ in an experiment
of 7hr duration
decreases in the order given. This is accompanied
by a noticeable decrease of water permeability
in
the same order (Fes+, 14%; AlH, 9%; and Mn2+,
8 %) through membrane with respect to that measured in the case of pure NaCI solution of the same
total concentration
(1300 litres/m". d at a pressure
of 60 bars).
The fact that mechanical cleaning of the membrane
surface and/or flushing with dil. citric acid restores
to an appreciable extent the initial water permeabi-
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Iity and ameliorates the rejection performance indicate the formation of a fouling layer on the membrane
surface.
In the case of mixtures containing Fe3+,
the surface of the membrane was invariably covered
with a brownish precipitate mainly iron hydroxide.
No film, however, could be detected in the case of
mixtures
containing
AP+ and MnH.
However,
since a decrease in permeability
of the membrane
was also noted with these ions and the permeability
could be restored by mechanical cleaning strongly
suggests that such films are present.
The decrease
of the product flux in case of Fe3+, Al3+, and Mns+
runs parallel to the solubility
products'? of the
corresponding
oxides, viz. 6 X 10-38, 5 X 10-33
and 2 x 10-13, respectively.
The presence of these
salts thus would cause fouling due to their hydrolysis to the corresponding
hydroxides or the basic
oxides", when their solubility limits are exceeded.
However, the initial solution concentration,
as revealed by the periodical analysis of the feed stream
could be considered as practically unmodified.
In
case where slight decrease of concentration of some
component
was detected correction was made by
salt addition to the feed tank.
(b) The RP of the two alkaline earth cations
Ca!!+, SrH and of Mg-+ decreases in the order Srll+
> CaH > Mg2+. In fact, this order runs parallel
to the magnitude of ion-water interaction
of these
cations expressed by functions such as the partial
molal free energy of hydration and the individual
ionic entropies.
The higher the affinity of an ion to
interact with water, the lower will be its rejection by
the cellulose acetate membranes.
Similar rejection
succession for these cations was established by reverse
osmosis of single salt solutions'>.
It is of interest to note that in the binary solutions
under investigation there occurs a mutual interaction
between the various cations, which affects their
relative rejection coefficients,
A reference
to the
curves Fig. 2b reveals that RP of Na+ decreases
appreciably
in the presence of the various ions.
For pure NaCI solutions of concentration
varying
between 1750 and 2400 ppm Na+, RP of Na+ is
concentration-independent
and amounts to 97.5 ±
0.1 %. In the presence of increasing amounts
of
the foreign cation, however, this value decreases to
extents depending
upon
both the
nature
and
concentration
of the foreign cation. This is in accordance with the results of Hodgson'.
At one and the
same foreign ion content (250 ppm) the RP of Na+
decreases in the order F e3+ > > Al3+, Srll+ > Mgt+,
Mnt+,
Call~. This order is practically the same as
that noted for the RP of the corresponding
ions
themselves.
In the case of binary mixtures containing gel forming cations the formation of hydroxide
films at the membrane-solution
interface may also
contribute to the observed decrease in Na+ rejection.
The results presented in Fig. 2 clearly demonstrate that, together with the general desalting of
water, reverse osmosis is also quite effective in
removing, preferentially,
the SF cations
to satisfactory extents.

Effect of anions on the rejection of SF ions from
binary salt solutions - Only a few studies were
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TABLE 1- COMPOSmONS OF THE MIXIURE (a) UTILIZED TO
STUDY THE EFFECT OF ANIONS .ON PERCENTAGE REJECTION OF
IONS FROM SoLUTIONS

Sample
solo
1
2
3
4

Composition

(ppm)

Mg'+

Na+

CI-

600
600
600
600

1800
1800
1800
1800

SO~-

3792.06
3422.43
3052.80
2683.15

1000
1500
2000
2500

carried out earlier on the effect of anions on the
RP of a common cation.
Sourirajan'P-v!
showed
that in mixed solutes of (NaCI
NaZS04) and
(NaCl
NaNOs)
the RP of NaCI changes with
the change in the nature of the anions present as well
as with the total molality of the feed. Similarly, the
citrate ion was almost completely
rejected from
mixtures of NaCI and Na citrate, whilst the rejection
of the Cl- ion decreased as the citrate concentration
increased-.
In the present study, the behaviour of
the two systems: (a) (Na+, Mg+, SO!-, Cl"); and
(b) (Na+, CaH, RCO;, CI-)
was examined
as
function of the SO~- content in the first and HCO;
content in the second mixture.
The exact composition of mixture (a) is given in Table 1 and the
RP of its various ions is plotted in Fig. 3. The SO:ion is almost completely rejected from solutions
over the entire concentration
range examined while
the RP of the Cl" decreases below that encountered
in pure NaCl solution of the same total salt content.
Similar interaction
between rejection of anions is
given by the HCO; and CI- in solutions
of low
HCn; concentration.
As a result of the high
rejection value of SO~-, the RP of Mg2+ and Na+
also increases with the increase of the SO~- content
of the solution, to keep electroneutrality.
Preferential
rejection is more important
in the
case of anions than for cations throughout
the entire
concentration range examined.
This can be explained to some extent by coulombic repulsion between
the negatively charged anions and the corresponding
negative counter charges existing on the cellulose
acetateI5,18. Induced dipoles and weak permanent
dipoles within the carbonyl groups and the oxygens
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of ether linkages are likely to be operative along the

'cellulose acetate chains.
Another aspect of the effect of present anions is
shown by the solution containing Na+, Ca2+, Cland HCO;. Progressive replacement of Cl- by
HCO-; causes the precipitation of CaCOa when its
practical solubility limit is exceeded according to
the reaction.
Ca(HC03)2

----* CaCOa

+ CO +
2

H20

This reaction is favoured by the continuous removal
of CO2 due to its high membrane permeability'? as
well as by the passage of water across the membrane,
creating the conditions of super-saturation of CaCOa•
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