JOURNAL OF APPLIED ELECTROCHEMISTRY 26 (1996) - SHORT COMMUNICATION

SHORT COMMUNICATION

A model for the determination of chloride and chlorate levels in the caustic product
of ion-exchange membrane chlor-alkali cells

C.-P. CHEN, B. V. TILAK

Occidental Chemical Corporation, Technology Center, 2801 Long Road, Grand Island, New York 14072, USA

Received 24 April 1995; revised 26 July 1995

1. Introduction

The technology of choice in 90% of the planned
expansions in the chlor-alkali industry is the ion-
exchange membrane cell process because of the asso-
ciated ecological and economic advantages [I, 2].
However, the membrane cell process requires ultra
pure feed brine to the electrolysers to avoid damage
to the membranes and the anodes, with consequent
lowering of current efficiency and escalation of cell
voltages. High purity feed brine with less than
10p.p.b. of Ca + Mg is generally produced by chemi-
cally precipitating the Ca+ Mg as CaCO;+
Mg(OH),, respectively, from the raw brine, followed
by secondary treatment using cation ion-exchange
resins of the amino phosphonic or imino diacetic
acid type [1, 2].

The caustic produced from the ion-exchange mem-
brane cells is generally pure, although not as pure as
the mercury grade caustic. High quality caustic with
low CI” and ClO3 levels can not be easily achieved
by simple chemical treatment of the caustic from the
membrane cells. Therefore, it is essential to under-
stand the factors affecting the caustic quality so that
caustic with a level of impurities acceptable to the
customer can be produced directly from the cells.
The purpose of this communication is to present a
simple model that can be used as a predictive tool to
decipher the effect of the cell operating conditions
on the caustic quality produced from a chlor-alkali
membrane cell.

2. Theory

Acknowledging the complex structural features of the
cation-exchange membranes and the associated tran-
sport mechanisms [3-6], a classical approach is
followed to describe the transport of anions across a
cation exchange membrane. The mass transport of
an ionic species, j, across a membrane, governed by
the diffusion, migration and electroosmotic water
convection, can be described [7] using the Nernst—
Planck equation:
dC;, zF d

N=-0F-TpcPrey ()
where N; is the flux of species j (mol st cm ), D; is
the diffusion coefficient (cm*s™?), dC;/dx is the con-
centration gradient at distance x, d¢/dx is the
potential gradient, z; and C; are the charge and
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concentration of species j, respectively and v is the
electroosmotic water velocity (cms ') across the
membrane [7]. Since the electric potential gradient,
d¢/dx, is related to the current density, i (A cm‘z),

and membrane conductivity, K,(Q_l cm 1), as
do i
o )
dx K )
Equation 1 can be simplified to the form:
dC
N:—Da—(u—v)c (3)

where u = —z;DFi/RT x. For simplicity, subscript j is
omitted hereafter. The steady-state flux of the ionic
species across the membrane can be obtained by
solving Equation 3 using the boundary conditions:
x=0,C=Cyand x =46, C = (. Thus,

V= (=) 22| @

where 6 is the thickness of the membrane (cm), Cy and
C, are the concentration of the impurity species
(molcm ) in the cathode and anode compartments,
respectively, and + = exp(—(u — v)§/D). From the
material balance of the species around the cathode
compartment: ¢C, = pC; + NS (Fig. 1), the concen-
tration of the species of interest in the caustic product,
Cy, can now be expressed as

(1 =)pCi + (1 — v)SCy,
(I1=Yg+u-v)S
where p and ¢ are feed and exit flow rates of the caustic
(cm3 s‘l), S is the total surface area of the membrane

in an electrolyser (cm?) and C; is the concentration of
the anionic impurity in the feed caustic.

Co =

)

3. Results and discussion

It follows from Equation 3 that anions such as C1~
and ClOj, present at high concentrations in the ano-
lyte, are transported to the cathode compartment by
diffusion and electroosmotic flow and negated by
migration. In this Section, the effect of current den-
sity, anolyte chloride and chlorate concentration,
and the anolyte temperature on the extent of transport
of these anions into the cathode chamber is examined.

The electroosmotic water velocity, v, is calculated
employing the following equation:

1.8 x 10*wny
T F10d—C,) ©)
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Fig. 1. Schematic of the ion-exchange membrane-cell describing the
material balance around the electrolyser.

where d is the specific gravity of the anolyte (gem ™)
and 7 is the caustic current efficiency, which can be
determined using expressions published previously
[8]. The water transport number per sodium (W in
moles of H,O per mole of Na™) was estimated from
the empirical Equation 7 developed by DuPont [9],

W =11.612 — 5.886 x 1072C, + 1.14 x 107*C? (7)

where C, is the anolyte salt strength in gdm™.
Equation 7 is based on laboratory data [9] with cells
operating at 3.1kAm 2 and 90°C at a catholyte
strength of 32% NaOH using Nafion® 901 mem-
brane. Water transport was nearly constant in these
studies performed in the current density. range of 1.5
to 4kA m~?. No membrane swelling was observed in
the temperature range 80 to 95°C. The water tran-
sport characteristics of Nafion® 90209 membranes
are very similar to that of Nafion® 901 series mem-
branes [9]. The water transport number is dependent
on the catholyte caustic concentration [10]. However,
this dependency was not incorporated in Equation 7,
since the caustic strength was fixed at a value of 32%.
The values of the other parameters employed in
these calculations are noted in Table 1. The membrane
conductivity data employed in the present calcula-
tions is that for a carboxylic acid membrane [10, 12],
as the overall conductivity of a composite membrane
is dictated by the carboxylic layer. Diffusion coeffi-
cient data for chloride and chlorate ions across the
commercial composite membranes is not available.
Hence, an average of the diffusion coefficient data
for the chloride ion [13, 14] for carboxylic acid mem-
branes was used in this study, assuming the same tem-
perature dependence as that of membrane
conductivity. The diffusion coefficient of the chlorate
ion was assumed to be the same as that of the chloride
ion because of lack of published data. Variation in

Table 1. Values of parameters used in this study™*

Parameter Value
Membrane thickness (6) 1.4x 102 cm
Membrane surface area (S) 2.4 x 10° em?

Membrane conductivity (k) 145.76 exp(—4000/T) 0 cm ™!
Diffusivity of chloride (De-)  4.27 x 107> exp(—4000/T) cm? 57!
Diffusivity of chlorate (Dcio;) 4.27 x 107 exp(—4000/T) cm® s~
Feed caustic flow rate (p) 820cm’ 57!

Exit caustic flow rate (g) 779 cm® 57!

* Note that there has been a need to measure these values for each
membrane as no such information is presently available in the open
literature.

D¢- and k with anolyte concentration, under the
commercial operating conditions, was reported [15]
to be weak and hence these dependencies were not
considered here.

3.1. Effect of current density

3.1.1. i—0 (ie., during circuit shutdown). From
Equation 5, it can be shown that when i — 0

N = D(@) (8)
é
Hence,
__pé(%ﬁ’l)CBS (9)
07 746+ DS

Thus, during cell shutdown, the transport of anion is
solely governed by diffusion, leading to the maximal
influx of anions into the cathode compartment, which
can be minimized by lowering the cell operating
temperature prior to shutdown, as is evident from
Equation 8 via the variations in D with cell tempera-
ture, T. Significant carry over of anions across the
membrane also occurs, during normal operations, in
regions where the membrane is inactive (that is
i — 0). Hence it is important that the cells be designed
in such a way that the ratio of active membrane area
to the peripheral inactive area be high to achieve
low anionic impurity content in the caustic product.

3.1.2. i — very high (high current density operation). At
high current densities, Equation 5 can be reduced to

N=—(u—v)C (10)

_ pC;
i —us (11)

Hence, at high current densities, the effect of diffusion
is maximally negated by the migration and electro-
osmotic water flow, resulting in minimal carry over
of anions to the catholyte, as shown in Figs 2 and 3.
It should be noted that the maximal current density
that can be practically employed depends on the cell
design and the specifications set by the membrane
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Fig. 2. Effect of current density on the NaCl concentration in the
caustic product. Cell operating conditions: 90°C and 200gdm™>
NacCl in anolyte.
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Fig. 3. Effect of current density on the NaClO; level in the caustic
product. Cell operating conditions: 90 °C and 4 gdm ™ NaClO; in
anolyte.
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Fig. 4. Effect of anolyte NaCl strength on the NaCl concentration in
the caustic product. Cell operating conditions: 90°C and
3.5kAm™.
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Fig. 5. Effect of anolyte NaClO; concentration on the NaClO; level
in the caustic product. Cell operating conditions: 90°C and
3.5kAm™.

supplier. The trends depicted in Figs 2 and 3 are in
general agreement with the published data [9, 11].

3.2. Effect of anolyte CI~ and ClO3 concentration

As chlorate concentration in the anolyte increases, the
diffusion of chlorate ions to the cathode compart-
ment is enhanced, resulting in increased chlorate

Temperature/°C

Fig. 6. Effect of temperature on the NaCl concentration in the
caustic product. Cell operating conditions: 3.5kAm™ and
200 gdm~* NaCl in anolyte.
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Fig. 7. Effect of temperature on the NaClO; level in the caustic pro-
duct. Cell operating conditions: 3.5 kA m ™2 and 4 gdm™> NaClOs in
anolyte.

concentration in the caustic product. However, a
similar pattern does not prevail with chloride ions
since the electroosmotic water flow rate decreases as
the anolyte salt strength increases, resulting in
reduced carry-over of chloride ions into the cathode
compartment (Figs 4 and 5). The lack of significant
variation of the catholyte ClO3 level with changes in
the anolyte chlorate level is a result of lower chlorate
ion concentration in the anolyte, in contrast to the
anolyte chloride level which is 70 times higher in
molar concentration.

3.3. Effect of operating temperature

Increase in temperature lowers the electric field-driven
migration rate and increases the diffusion rate. Hence
the chloride and chlorate concentrations in the caustic
product will increase at clevated temperatures as
shown in Figs 6 and 7.

3.4. Caustic quality in NaOH vs KC| systems

Chloride and chlorate levels in the caustic are
expected to be lower during the electrolysis of KCl
as compared to the NaCl system because of the lower
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water transport number of 2 to 3 during the KCl
electrolysis [9] compared to ~4 during NaCl electro-
lysis. Calculations, using the water transport number
only showed the C1™ and ClOj5 levels in the KOH pro-
duct to be about 2 to 3 ppm, still exhibiting a depend-
ency on current density, temperature and anolyte
concentration. This influence should be cautiously
interpreted since the Dgy-, Dcio; and x values used
in the calculations are those for the NaCl/NaOH
system and not for the KCI/KOH system for which
the relevant data are not available.

4, Summary and conclusions

The effect of the cell operating conditions on the ion-
exchange membrane cell caustic quality was modelled
assuming no pinholes in the membrane and control of
the mass transport of ionic species by diffusion,
migration and electroosmotic water convection. The
theoretical results presented here are in general agree-
ment with laboratory data [9, 11] despite the sim-
plifications adopted. This modelling showed that the
caustic product quality from the membrane electro-
lysers can be adeptly manipulated by adjusting the
cell operating conditions. Thus, the chloride content
in the caustic can be reduced by (i) increasing the
current density, (ii) increasing the anolyte salt
strength, and (iil) decreasing the cell operating tem-
perature and the chlorate content in the caustic can
be adjusted by (i) increasing the current density, (ii)
decreasing the chlorate concentration in anolyte,
and (iii) decreasing the cell operating temperature.
In addition, the cell operating temperature must be
lowered prior to the circuit shutdown, to minimize
the diffusion rate of chloride and chlorate ions and
hence their levels in the caustic product. Another
hitherto neglected important outcome of this study
is the influence of the electrolyser design, which

should be configured in such a way that the ratio of
active membrane area to the peripheral inactive area
be high to achieve low anionic impurity content in
the caustic product.
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