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The equilibrium relation between mixed cation and anion exchange resins and a dilute salt in water are
investigated. Considering the equilibrim characteristic values of each ion exchange and also the mixed-volume
fraction of both resins, equilibrium equations are derived on the basis of both cation and anion exchange
reactions and the neutralization reaction between H* and OH™ eluted from the resins. When both resins are
mixed in equal equivalence for ion exchange, the equilibrium relation becomes a rectangular isotherm and is
not affected by a concentration of a salt, ionic valence of species composing the salt, or the equilibrium
constants of both ion exchanges. When mixed in unequal equivalence, the deionization equilibrium is
influenced by the above factors. Especially, the effect of the mixed volume fraction on the equilibrim

relationships depends greatly on the valence of ions composing the salt.

The experimental results using aqueous NaCl solution showed good agreement with the calculated ones.

Introduction

Deionized water, which is produced by high
removal of ions from aqueous phase, is widely used in
many industries, such as microelectronics and pharma-
ceuticals. In the deionization process, removal of a dilute
salt by mixed cation and anion exchange resins is an
important selective operation.

Cation and anion exchange equilibria have been
investigated for various ion exchange systems*®. How-
ever, few theoretical or experimental studies of the
deionization equilibrium by mixed resins have been
reported. Heretofore, deionization by mixed resins has
been treated as adsorption of a salt". There are only a
few studies on the rate on the basis of cation or anion
exchange properties® 3.

It is important for effective operation to clarify the
details of the deionization equilibrium relationships
between mixed resins and dilute solution.

The aim of this paper is to elucidate the equilib-
rium relationship of desalination by mixed resins. This
relation, which is applicable to deionization of a salt
consisting of multivalent ions, is investigated by consid-
ering both cation and anion exchange reactions, and a
neutralization. reaction. The calculated results by these
relationships are compared with experimental results for
NaCl as a salt removed from water.

1. Ton Exchange Relationships

1.1 Equilibrium expresions
Desalination proceeds by the following cation and
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anion exchange reaction (Eqgs. (1) and (2)), and the neu-
tralization reaction between H* and OH~ eluted from
each resin (Eq. (3)).

M?M* 4 Z R-H*=ZH*+R-M?*M* (1)
A“A"4+7Z,R-OH =Z, OH +R-A%A" 2
H*+O0H =H,0 (3

Here, M and A respectively represent cation and anion of
a removed salt. Z;, and Z, show the ionic valence of M
and A.

Applying the mass action law to Egs. (1)-(3), the
following equilibrium relationships are established.

z

ZW M
KM=CIMCH Y dmCu (4
T gytey (Qn—Z1yau)"" cu )
ZA ZA
KA —9aCon " _ 94 Con 5
7 Gon® ca (Qor=2Z4a4)"" con ©)
Kw=Cy Coy (6)

Here, K}, K 4, and Ky show the equilibrium constant
of a cation and an anion exchange, and an association
constant of water, respectively. C, g and Q denote the
concentration in liquid phase and resin phase, and the
ion exchange capacity of a resin, respectively. From the
mass balance relation at equilibrium, Egs. (7) and (8) are
given as follows.

< Z v
Cy=Cipo- L‘{};—” )
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Here, Cy ¢ and C, , are the initial concentrations of M
and A respectively. V- shows the volume of a solution,
and vy and vy denote the H*- , and OH -type resin vol-
umes, respectively.

Equation (9) is established from the condition of
electroneutrality,

Iy Cy+Cy=24Cs+Coy )

Total concentration of ions at equilibrium is expressed
by Eq. (10).

Cr=Cy+Cat+Cy+cCon (10)

Initial concentration of the salt is as Cy (= Cyy ¢ +
Ca 0)-

Equations (4)-(8) can be rearranged to Egs. (11)-
(17), using the following dimensionless values: x; = ¢/
Co(i=M, A H, OH, 1), yy =Zyqy IQx, ya= Zaqa/Qon

Zy-1 e In
K'=KM[&) —_IM XH 11
« T emo (1= )™ xpg (n
K/ =K4 (QOH)ZA—lz Ya Xou™ (12)
b o\ a0 (I—YA)ZAXA
Ky =Xy X0 Co* (13)
_Crmo_Quvu 14
METC, TV Cy M (14
_CA,O Qon Vor
R A )
I Xy +Xg =24 X4+ X0y (16)
Xr=Xy+Xa+Xxg+Xoy 17

Combining Egs. (13) and (16), the following relations
are given:

K
xH=(%]{_[ZMxM—ZAxA)+\/(ZMXM_ZAXA)Z"""E% }

0

(18)

K
xOH=(%){"(ZAxA—ZMxM)+\/(ZAxA—ZMxM)2+4E:_Ii }

(19)

Using Eqgs. (14), (15), (18) and (19), dimensionless

total concentration of ions at equilibrium is expressed as
follows:

xT=1+\/(zMxM—zAxA)2+4~Ié—“; +p (20)
0
where
_ OunvuYnat+QonVorYa
p=- VTCO (21)

The equilibrium relations of desalination by the
mixed cation and anion exchange resins are obtained by
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the above equations (Eqs. (11)-(21)). In particular, when
the salt is NaCl (M = Na*,A=Cl", Zy, =1, Z, = 1), the
following expressions are applicable:

K= (—l_y—l;NilH;N- 22)
K= s 23)
e 4)
xg=}-Lopton,, 25)

0

xu=(1) {— (xva= /(o= xcl +4 &% } 26)

xoy=(%) {— (xCI_xNa)+\/(xCl_xNa)2+4§“_; } @7

0

X =Xn,+ X+ Xy +Xoy

=1+\/(xNa—xC,]2+4—KW2 +p (28)
G

where
—_OuvVuYva+QonVouYa

The mixed volume ratio of cation and anion
exchange resin, my (on the volume basis of H*-type
resin), is defined as follows (Eq. (30)):

Y : 1

= Vi +von)  (1+m'y) (30)

Here, m’y (= vpy / vy) means the mixed volume ratio of
both resins.

According to the above equations (Egs. (22)-

(30)), the equilibrium relations of ion exchange for Na*

and CI, are obtained as Eqgs. (31) and (32) respectively.

Na
K" xna

) Ky xy, + (% —xNa] Ky" Xy, + [% _xNa] )

YNa

(AK 3 K&~ Kit® = AK G) xwa X+ % KiY* o+ 3 AK Gy xc

2
(Kga Kgll-l Ky~ Kg}q) Xna Xcr t % K){IVH Xna t+ % Koy Xt
3D
1_
Yo Kii X [2 xa)

Kglli Xat+ [% - xcz] nglf Xat [% "xCl)
(VA) K K& — K5 — (VA) K ')
(K5 Kou— K&~ Ki')-

Xna Xcrt % (I/A) Ky xp, + % Kg;i Xci (32)
XNa Xci +% Kga XNa +% Kg)’q Xci
Here,
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Table 1. Capacity and equilibrium constants of each cation
and anion exchange

a) typical values used in the theoretical calculation
capacity [kmol-m~]

Oy = 3.00
Qon = 2.00
equilibrium constant [-]
K =15
Kdy = 1.0
b) measured values by experiment
capacity [kmol-m]
Oy = 286
Qon = 168
equilibrium constant [-]
K = 156
KS, = 129
1 Ee—r——r—r—7—r—r—r—7—r
. MZvt.A 5 +[R-H¥+R-OH"]
o My =0.4 (=Myeq) |
S T(= $ZC) i=MAHOH
N
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S
N 2y M3+ M3*A
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Fig.1 Relationships between 6 and concentration of ions at
equilibrium solution

S

Oy my

In both equations, the first term on the right side shows
the ion exchange relation of a single resin, and the
second one expresses the contribution to the equilibria by
mixing resins.

When both resins are mixed at equal normality
(Opvy = Qouvon), the following relation is obtained.

mH,eq=QOH/(QH+QOH] (33)

Therefore, A =1, and yy, =y = 1.
1.2 Simulation results and discussion

To clarify the effects of some factors on the deion-
ization equilibrium behavior, the equilibrium relations
were calculated by the equations described in the above
section. The characteristic values used in the calculation
are listed in Table 1 a).

1) The case in which both ion exchange resins are mixed

at equal normality: my = my ,,
For both cation M“*" and anion A%, the equilib-

rium relations become a rectangular isotherm, and the
result is independent of ionic valence.

The relations between the concentrations of each
and/or total ions and an amount of the mixed resin are
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Fig. 2 Equilibrium relations of cation between liquid and
resin phase. Cy = 1 mol-m™
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Fig. 3 Equilibrium Relations of anion between liquid and
resin phase. Cy = 1.0 mol-m™

shown in Fig. 1.

From this figure, it is found that the total concen-
tration of ions, Cy, straightly decreases with increasing
amount of the resins. The minimum amount of the resins
for complete deionization increases with ionic valence of
aremoved salt. The relations Z,Cy, = Z,Cy, Cy= Copy =
0 (= 107, pH = 7) are kept at equilibrium solution
values, even when the salt is not completely removed
from the water.

2) The case in which the two ion exchange resins are not

mixed at equal normality: my # my; ,,
The effect of the mixed volume ratio of the two

resins on the deionization equilibrium is shown in Figs.
2 (for cation M) and 3 (for anion A).

The line in the figures presents the calculated
results for the cases of Zy; = 1~3 and Z, = 1.

As shown in Fig. 2, in spite of ionic valence, addi-
tion of the anion exchange resin increases the adsorbed
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M2A",+[R-H+ +R-OH" ]
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Fig. 4 Effect of m;, on relationships between 6 and
concentration of ions at equilibrium solution

fraction of M to the cation exchange resin. When my; <
0.4, the equilibrium relations showed rectangular iso-
therms. The effect of the mixed volume ratio my on the
deionization isotherms is more remarkable when Z,, = 1
than when Z,, is multi valent. This result suggests that
the mixed volume ratio is an important factor in
removing a salt that includes a mono valent ion.

As Fig. 3 shows, the equilibrium relation of the
anion is not affected by Z,,, that is, by the ionic valence
of the non-counter ion for the anion. This implies that
the deionization isotherm is not influenced by the ionic
valence of the non-counter ion. The tendency of my to
increase with the amount of adsorbed anion is also seen
in this figure.

Figure 4 shows the effect of my on the relation
between the equilibrium liquid-phase concentration and
the amount of the mixed resins. The lines in the figure
express the calculated results for deionization of a salt
consisting of a divalent ion (such as M**-A-,). As for the
minimum amount of the resins required to remove the
salt, a mixture of the two resins at equal normality (my =
0.4) needs the least amount.

~ The relation between pH of the equilibrium solu-
tion and my, is shown in Fig. 5. The calculation condition
is the same as in Fig. 4. When my = 0.4 (equal normality
mixing), the equilibrium solution is held to be neutral
(Cy=Coy=10"=0) at a given . When my; = 0.2, the
equilibrium solution includes MZM*, A~ and OH", so the
solution becomes alkaline, because the amount of OH~
eluted from the anion exchange resin is more than that of
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Fig. 5 pH values of equilibrium solution at various my,.
Cy =1 mol-m™

H* moved from the cation exchange resin and OH-
exists in the solution after the neutralization reaction.

2. Experimental

2.1 Experimental procedure

Both an H*-type strong cation exchange resin,
SKI1B, and an OH™-type strong anion exchange resin,
SA10A, were used. They were prepared by the usual
conditioning method. Especially, conditioning of the
OH™-type resin was done immediately before the experi-
ments in order to prevent CO, in the air from being
adsorbed onto the resin.

An amount of the OH™-type resin was rapidly
weighed after removing surface water by a centrifuge
(300 rpm, 30s). Both the weighed H*-type and OH -type
resins were immediately contacted in a flask at various
volume ratios of the resins and NaCl solution. The equi-
librium relationships were obtained by measuring Na*
and CI” concentration in aqueous solutions at equilib-
rium. Temperature was regulated at 298 K, and all the
chemicals used were of special reagent grade. All solu-
tions were prepared by using ultrapure water which was
deaerated at 2-7 mmHg. The Na* and CI~ concentrations
in the solution were determined by emission spectros-
copy and ion chromatography, respectively.

2.2 Experimental results and discussion

The equilibrium constants and capacities for both
ion exchanges (R —H*+ Na*=R - Na*+H*,R-OH +
ClI” =R - CI" + OH") were measured by batch experi-
ment. The experimental values of ion exchange proper-
ties for each resin are shown in Table 1. b).

A comparison of the calculated results using the
values in Table 1. b) and the experimental ones at var-
ious my values is shown in Fig. 6. At equal-normality
mixing (my = my ,, = 0.370), the experimental equilib-
rium isotherms of both Na* and Cl~ became rectangular,
as predicted by the described calculation results. In the
figure, both the computed and experimental results are
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Fig. 6 Comparison of calculated and experimental results of
equilibrium relations of NaCl at various m,.
Cp = 1.71 mol-m™ (100 ppm as NaCl)

—

presented not only at various mixed volume ratios my (=
0.227~0.540) but also at single ion exchange (my =0, 1).
The plots obtained by experiment are in agreement with
the calculated lines for each my. This shows that the pre-
sented expressions can predict the deionization equilib-
rium relationships well.

The relation between total ion concentration Crand
the amount of the mixed resins is illustrated in Fig. 7.
When both resins are mixed at equal normality (my = my
g = 0.370), total concentration is always the lowest at
any 6. Agreement of experimental and calculated results
was also good at various my. These results suggest that
the mixed volume ratio my, is an important element in
effective desalination by the mixed resins.

Conclusions

Deionization equilibrium relations were derived,
considering not only both cation and anion exchange
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Fig. 7 Comparison of calculated and experimental values of

equilibrium concentrations of ions at various my.
C, = 1.71 mol-m™ (100 ppm as NaCl)

reactions but also the neutralization of H* and OH-
eluted from the resins. The experimental results obtained
by using NaCl as a dilute salt are in good agreement with
the calculated ones. It is found that the deionization
equilibrium could be presented by the expressions
described here.

Nomenclature

c = concentration in liquid phase [mol-m™3]
Cy = initial concentration in liquid phase [mol-m™3]
K = equilibrium constant of ion exchange [-]
Kw = dissocition constant of water [molz-m‘6]
my = mixed volume ratio [-1
my o = mixed volume ratio at equal-normality mixing [-]
Q = ion exchange capacity of a resin [mol-m™]
q concentration in resin phase [mol-m~3)

T total concentration of ions

in liquid phase (= X Z,C) [equivalent-m™~3]
Vr = volume of solution in a tank [m3]
v; = volume of i-type resin [m?)
x; = C;/Cy(i=M, A H, OH) [-]
Vi = g;/0 [-]
Z; = ionic valence of i [-]

= vQutvol _

4] = H. HCOV: OH [ ]
<Subscripts>
A = anion
M = cation
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