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A generalized current efficiency equation was derived from material balance considerations to esti-
mate the caustic current efficiency in ion exchange chlor-alkali membrane cells taking into account the
presence of NaHCQ,, Na,CO,, and NaOH in the feed brine. The validity and the accuracy of this
equation was established by comparing the ‘gas analysis’ results with the data obtained from caustic
collection measurements. It is also shown that this general expression can be easily extended to deduce
the current efficiency applicable for diaphragm cell operations.

Nomenclature
Cey,(s) soluble chlorine from chlorine hydrol-
ysis, in g1, following Cl, + H,0 —
HCl + HOCI

concentration of the species noted in
the subscript in g™ in the anolyte
concentration of the species noted in
the subscript in gl™' in the catholyte
concentration of the species noted in
the subscript in gl~! in the depleted
brine

concentration of the species noted in
the subscript in gl~! in the feed brine

C species (a)
C species (¢)

C species (d)

C specices (f)

Con catholyte caustic concentration in g1~

F Faraday Number (96,487 Cmol™!)

1 Load expressed in amps

k rate constant of Reaction 28

k! factor which includes the exchange
current density of the chlorate reduc-
tion reaction

p feed brine flow rate in 1s™'

g depleted brine flow rate in 15~

R gas constant

T temperature in K

X 1.338Ca,c0,(F) + 0.844Cy,1c0,(f) +
1.773Cp o (F)

Y moles of NaOH consumeds™' with
acid feed brine addition

Z ratio of Cnacio,(8): Cracio, (€)

p transfer coefficient

] overpotential for the chlorate reduc-
tion reaction

Hei, chlorine current efficiency

Hnaou caustic current efficiency

Hraom caustic current efficiency with acid feed

brine
1. Introduction

One of the most energy consuming electrolytic indus-
tries is the chlor-alkali industry which consumes about
2100-2500kWhton ' of caustic via diaphragm or
ion-exchange membrane cell operations, the latter
being the emerging technology. Evaluation of the per-
formance characteristics of membrane cells is best
done by comparing the energy consumption infor-
mation which is calculated from the cell voltage and
the caustic current efficiency data.

Current efficiency for caustic production can
be estimated from caustic collection which involves
collecting a known weight of caustic over a period of
time and a knowledge of the number of coulombs of
electricity passed during that period of time. While
this procedure is accurate, it is a time-consuming and
cumbersome measurement. An alternate way of esti-
mating caustic current efficiency is from an analysis of
the gases evolved during electrolysis and the anolyte
composition as discussed previously for determining
the chlorine current efficiency of graphite cells [1-3].

The purpose of this communication is to provide
the details related to the calculation of caustic current
efficiency (#n,0n ) from the data normally collected for

* This paper was presented at the October, 1987 Honolulu meeting of the Electrochemical Society.
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estimating current efficiency from ‘gas analysis’ data.
The formalism described here will permit paper eval-
uation of the performance characteristics of membrane
cells under varied operating conditions.

2. Theoretical details

The principal component electrochemical reactions in
chlor-alkali cells are:

2NaCl — 2Na* + Cl, + 2e (at the anode) (1)
and
2H,0 + 2¢ — H, + 20H™ (at the cathode) (2)

At the anode, chloride ions are discharged to form
chlorine and the sodium ions from the anode compart-
ment are exchanged by the cation exchange membrane

Theoretical
amount -

Cl, lost due} B {

40H — 0, + 2H,0 + 4e (10)
2H,0 — O, + 4H* + 4e (11)
2HOCl — O, + 2HCI (12)

It follows from the above reaction schemes that:

(i) formation of one mole of NaClQ, via Reaction 5
corresponds to a loss of 3 moles of chlorine;

(i1) one mole of Na,CO, in the feed brine will lead to
the formation of 2 moles of HOCI (Reaction 8);

(iii) 1 mole of O, formation from Reactions 10, 11
and 12 corresponds to a loss of 2 moles of
chlorine.

Assuming the absence of blind current losses arising
from the discharge of OCl~, HOC], and CIO; at the
cathode, the chlorine current efficiency (71¢,,) may be
deduced from the following general expression

Chlorine lost as

Ha, =

to form NaOH with the hydroxyl ions produced at the
cathode.

Ideally, it is possible to realize a caustic current
efficiency of 100%. However, because of caustic back
migration, #y,oy Will be < 100%, the back migrating
caustic revealing itself in terms of chlorate, hypo-
chlorite and hypochlorous acid in the anode compart-
ment because of the following reactions:

NaOH + Cl, = NaCl + HOCl ~ (3)
NaOH + HOCl = NaOCl + H,0  (4)
2HOCI + NaOCl —s NaClO, + 2HCl  (5)
NaOH + HCl — NaCl + H,0 (6)

The total amount of HOC! + OCI1~ formed in the
anolyte is not only due to the above reactions but also
because of the presence of NaOH, NaHCO;, and
Na,CO, in the feed brine, as described by the Reac-
tions 7 to 9, and due to the inherent solubility of
chlorine in brine solutions. The latter may be esti-
mated from the chlorine solubility data of Yokota [4]
determined in concentrated NaCl solutions at various
temperatures, pH values and partial pressures.

NaOH + Cl, —> NaCl + HOCl  (7)
Na,CO, + 2Cl, + H,0 — 2HOCI
+ 2NaCl + CO, (8)

NaHCO; + Cl, — HOC! + NaCl + CO,
©)

1t is pertinent to note, in the context of our objective,
that oxygen discharge is a parasitic reaction and is a
consequence of anodic processes noted in Equations
10 and 11 and/or due to the decomposition of hypo
(i.e., HOCI + OCI™) as described by Reaction 12.

to O, chlorate + OC!™ + HOCl} 13)
Theoretical Amount

The theoretically expected amount of chlorine
produced is equal to J/2F where Iis the load expressed
in amps and F is the Faraday number (96487 Cmol ™).
‘Losses” shown in Equation 13 can now be estimated
as:

(1) Cl, lost due to O, formation
Since the mole fraction equals the volume frac-
tion, it follows that:
moles of O,
moles of Cl,

% O,*
- % Cl, (14

The amount of Cl, produced (in mols™') is
Ing,/2F and hence the moles of Cl, lost due to
0, formation will be (Ing,/F) (%0,/%Cl),
since the number of moles of Cl, lost due to O,
is equal to 2 x moles of O,.

(ii) Cl, consumed as NaClO,
The amount of sodium chlorate formed in the
anolyte can be expressed as

qCNaCIO3(a)

Mol B
oles of chlorate formed 106.45

(15)

where ¢ is the depleted brine flow rate (1s™')
and Cy,cio,(a) refers to the anolyte chlorate
concentration (in gl='). Hence,

Cl, lost as NaClO,

3 x moles of sodium chlorate formed

il

_ 39Cracio,(3)

16
106.45 (16)

(iii) Chlorine lost as dissolved chlorine Cg,(a), i.c.
HOCI + OCI-

% This is nitrogen free O, and is computed from the measured value
of % O, using the relationship: Nitrogen free O, = Measured value
of % O, — 0.2658 % N,.
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The amount of chlorine lost as dissolved
chlorine may be expressed as:

Cl, lost as dissolved chlorine in the anolyte

_ ch12(a)
7091

(17)

where Cg, (2) is the amount of dissolved Cl, in
the anolyte in gl

Formation of dissolved chlorine, HOC! + OCI, is
not only due to the back migrating caustic but also
due to the presence of Na,CQO,, NaHCO, and NaOH
in the feed brine as described in Reactions 7, 8 and 9.
Since Cg,(a) comprises contributions from Reactions
3,4 and 7 to 9, and also from the hydrolysis of chlor-
ine as, Cl, + H,0 — HCI + HOCI, it is necessary to
correct for it for purposes of calculating caustic cur-

g of Cq,(a) due to NaOH

70.91
= TO“ CNaOH (f)

1.773Ch0u () (20)
Chanco, (f) and Cy,ox(f) in Equations 19 and 20 refer
to the concentration of NaHCO, and NaOH in the
feed brine in g1,

Material balance considerations show that chlorine
current efficiency must be equal to caustic current
efficiency when the feed brine is neutral. In the
presence of Na,CO,, NaHCO, and NaOH in the feed
brine the caustic efficiency, (fy.0n), values can be
calculated by taking into account the contribution of
these species to Cg,(a). Thus, Equation 13 may be
recast as:

NaOH =

rent efficiency by subtracting Cq, (s) from Ce,(a),
where C, (s), the solubility of chlorine from chlorine
hydrolysis, may be estimated from the data in [4].

100

NaOH =

It should be pointed out that this correction to
C¢,(a) 1s not required for estimating chlorine current
efficiency.

The contribution from Na,CO,, NaHCO,, and
NaOH in the feed brine to Cg,(a) can now be
expressed as:

| — q 3 CNaC103 (@) N
I2F 106.45

I In % 0, 3¢Criacio, (@) \ B q[Cq,(a) — X]
B 100{ k) \F % CL) \ 10645 70.91 } @

I2F

where X = 1.338Cy,,c0,(f) + 0.844Capico, () +
L.773Cy,0n (f). Rearranging the terms in Equation 21
results in:

[Cc12(a) - X]
70.91

2
2% O, @2)

% Cl,

When the feed brine contains finite amounts of
chlorate, Equation 22 should be appropriately modi-
fied by taking into consideration the feed brine flow
rate and the depleted brine flow rate, which differs
as a consequence of water transport across the
ion-exchange membrane. Under these conditions,
Equation 22 may be recast as:

| _ (E ((3chaCIO3(d) _ 3pCracio, () qCq,(a) §2.4
oo 7 \\ " 106.45 0645 ) T\ 7001 ) 7001 ))l
fnaoH = J (23)

{1 + 2% 0,/%CL)}

g of dissolved Cl, due to Na,CO,
141.82Cy,,co, ()

106
= 1.388Cyy,c0,(f) (18)

where Cy,, o, (f) refers to the concentration of sodium
carbonate in the feed brine in gl

g of dissolved Cl, due to NaHCO,

70.91
= 84 CNaHC03 ()

= 0.844(:1\53141(303 (f)

(19)

where ¢ refers to the depleted brine flow rate
(in Is™") and p refers to the feed brine flow rate
in 1s71, Criacio, (f) and Cyyaio,(d) represent the con-
centration of NaClO, in the feed and depleted brine,
respectively. Equation 23 will provide a proper
estimate of the caustic current efficiency values
taking into account the presence of NaClO,,
NaHCO;, NaOH, and Na,CO, in the feed brine.
However, when the feed brine is acidic, an additional
correction has to be made to Equation 23, as shown in
the Appendix.
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2.1. Derivation of current efficiency expression for
diaphragm cells

The main difference between the membrane and
diaphragm cell operations is the flow direction of the
various components in the anolyte. While water and
Na* ion transport across the membrane are the main
events in a membrane cell, anolyte flows through a
porous separator into the catholyte in a diaphragm
cell. When the caustic current efficiency is equal to
chlorine current efficiency, material balance con-
siderations show [5]:

— 40 yaon

ConF 24)

where Coy refers to the catholyte caustic strength in

gl™'. Substitution of Equation 24 in Equation 22
results in:

100

In principle, Z can assume 3 values:

(i) Z > 1. This implies that the amount of
chlorate in the anolyte is greater than in the
catholyte since chlorate is electrochemically
reduced at the cathode.

(i) Z = 1. This would occur if the anolyte chlorate
is equal to the catholyte chlorate and suggests
that there is no change in the concentration of
chlorate as it is going from the anode to the
cathode compartment; in other words, there is
neither electrochemical reduction nor evap-

oration taking place in the catholyte. Z = 1is
also possible if the amount of reduction at the
cathode is equal to the amount of evaporation.
(i) Z < 1. This would occur if the anolyte chlorate
is less than the catholyte chlorate level as the
chlorate is becoming concentrated in the cathode

NINaOH 1 {2% 0, { 20 3Crucio, ()
P %L { PG (110645 T
Since the primary interest in diaphragm cell oper-
ations is the chlorine efficiency and the presence of
Na,CO,, NaHCO, and NaOH in the feed brine contri-
bute to Cl, losses, the term X in the denominator of
Equation 25 must be dropped for calculating the Cl,
efficiency of diaphragm cells. In the presence of

NaClO, in the feed brine and expressing all the
oxidants as NaClO,, Equation 25 can be written as:

100

(Ch®)—-X)} @)

70.91

compartment because of higher operating tem-
perature (of ~ 5-10°C) of the catholyte against
the anolyte. Assuming that no reduction of
chlorate occurs, values of Z as low as 0.85 can
be accounted for in terms of evaporation in the
cathode compartment. However, values of Z
less than 0.85 cannot be explained since it
would violate the material balance with the

(26)

o, =
20/002
— 254
TR

Con
where Cy,cio, (f) refers to the NaClO; concentration in
the feed brine, appropriately corrected for the tem-
perature variations of the anolyte and the feed brine
and Cy,cio,(a) to the anolyte chlorate concentration.

While all the parameters in Equation 26 are exper-
imentally accessible, anolyte chlorate measurement is
cumbersome and tedious. Nevertheless, it can be easily
estimated from the catholyte chlorate levels as will be
shown below. The difference in the chlorate level in the
anolyte and the catholyte arises as a consequence of:
(i) electrochemical reduction of chlorate to chloride
and (i) additional evaporation in the cathode cham-
ber because of the higher operating temperature of the
catholyte relative to that of the anolyte.

The relationship between the anolyte (Cyacio,(3))
and catholyte (Cn,cio,(c)) chlorate levels may be
described in general as:

Cracio,(@) = Z Cracio, ()

where Z is a factor which accounts for chlorate reduc-
tion at the cathode (in the low current and/or blind
current zones) and evaporation which is a function
of cell geometry, operating conditions, and caustic
strength.

@7

CNaClO;(a) - CNaClO3(f)}

known chemistry of the system. It is likely that
values of < 0.85 are a consequence of errors
in the analysis of the active anolyte chlorine
species. Z < 1 will occur only if the current
density distribution within the cell is so uniform
that the electrochemical reduction of chlorate is
not taking place. Uniform current density dis-
tribution is a very unlikely situation in the com-
mercial cell geometries and hence, values
of Z < 1 have doubtful significance and are
attributable to analytical errors.

The amount of chlorate formed in the anode com-
partment, Cy,cio,(a), may be expressed as (following
Reaction 28),

3Cl, + 6NaOH — NaClO, + 3H,0 + 5NaCl
(28)
CNaClO3(a) = k(Con) (29)

where k refers to the rate constant of Reaction 28. The
amount of chlorate reduced at the cathode can be
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formally expressed as

Amount of NaClO, reduced
= leNaCIOJ(a) exp (BnF/RT)

where k' refers to a constant which includes the
exchange current density of the chlorate reduction
reaction, § to the transfer coefficient and 5 to the
overpotential. It is assumed here that the initial
chlorate concentration at the cathode is the same as
that in the anolyte. Substitution of Equations 29 and"
30 in Equation 27 results in:

Z = [l — k'exp (ByF/RT)] (3D

Hence, the ratio of Cy,cio,(8)/Cracio, (€) should be
independent of caustic concentration in the catholyte.
Current density is unlikely to have an effect on the
ratio, Z, as it would change the overpotential as well
as the temperature term in Equation 31. However, if
the catholyte temperature varies, Z will vary. Under
these conditions,

") -

oraplotofln ((Z — 1)/Z)as a function of 1/T should
exhibit a linear behaviour.

Thus, from a knowledge of the ratio of Cy,cio,(2)/
Cracio, (©) and the magnitude of Cy,qo,(C), the current
efficiency may be estimated using Equation 33 deduced
from Equations 26 and 27.

fla, = 100/[1 + {%Clz}

ZCracio, (©) —
Con

(30)

In k' + pyF/RT

(32)

+ 2.2546 { Nacio; (1 H (33)

3. Results

3.1. Comparison of current efficiency data from gas
analysis and caustic collection measurements

Plant testing of both modified diaphragm type
chlorine cells and high performance ion-exchange
membrane electrolysers was performed to evaluate
the caustic efficiency via ‘gas analysis’ and ‘caustic-
collection’. ‘Hooker H-4 type diaphragm cells’ with
polymer modified diaphragms were stabilized for 24 h
prior to the test period, stability being defined in terms
of constant operating load and caustic strength.
Chlorine gas, anolyte, and catholyte samples were
collected on 26 selected cells and analysed. The ‘gas
efficiency’ was then calculated using Equation 25.
The average efficiency was found to be 94.97% with
a standard deviation of 1.77. On the same H-4 cells,
the caustic cell liquor was collected over a 30-40 min
period. The total weight collected was determined
by direct weighing or by a combination of volume
measurement and density determination. The caustic
cell liquor was analysed to establish the total weight of
caustic collected. The caustic collection efficiency was
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Fig. 1. Comparison of caustic efficiency with the calculated effic-
iencies from gas-analysis data.

then calculated by dividing the actual weight of caustic
collected by the theoretical amount of caustic
produced from Faraday’s Law and the number of
coulombs of electricity obtained using a calibrated
kiloamp-hour (kAh) meter. The caustic collection
efficiency determined in this manner averaged 94.71%
with a standard deviation of 1.92. Thus, the difference
between the two methods of determining caustic
efficiency on diaphragm cells was only 0.26%.

Sixteen separate tests were performed on OxyTech
MGC-16 membrane electrolysers. Prior to each test it
was ensured that the operating current and the other
process parameters remained constant over a 24k
period. During the 1 day test period, chlorine cell gas
and anolyte samples were collected every 4h and
analysed. The ‘gas efficiency’ was then calculated
using Equation 23 and the results were averaged for
the 24 h period. The average efficiency for all the tests
was 95.30% with a standard deviation of 0.54. During
the same test period, the actual amount of caustic
produced was determined using a magnetic flow
totalizer and caustic analysis performed every hour.
The caustic collection efficiency was calculated by
dividing the actual quantity of caustic produced by the
theoretical amount, which was derived using a cali-
brated kAh meter and Faraday’s Law. The average
caustic collection efficiency was 95.51% with a stan-
dard deviation of 0.72. The difference between the ‘gas
efficiency’ and ‘collection efficiency” was only 0.21%
for membrane-type chlor-alkali electrolysers.

From all the 42 data points, the average caustic
current efficiency via ‘gas analysis’ was 95.0% + 1.42
as opposed to 95.02 + 1.61 using caustic collection
data. A comparison of all the data for the membrane
and diaphragm cells is given in Fig. 1. The data for
the membrane electrolysers indicate a better agree-
ment between ‘gas efficiency’ and caustic collection
efficiency which is primarily attributable to the use of
a 24 h test period instead of 30-40 minutes employed
during caustic collection with diaphragm cells. This
longer test period dampens out errors and upsets that
occur in normal plant operations.
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4. Conclusions

A generalized current efficiency expression was
derived from material balance considerations to
permit estimation of caustic current efficiency of
ion-exchange membrane chlor-alkali cells from gas-
analysis data taking into account the presence of
Na,CO,, NaHCO, and NaOH in the feed brine. It was
also shown that this general equation can be easily
extended to allow calculation of the chlorine current
efficiency of diaphragm-type chlor-alkali cells, The
validity of these equations was demonstrated by com-
paring the measured caustic current efficiency data
with the calculated efficiencies.
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Appendix: Caustic current efficiency in membrane
cells with acid feed brine

When the feed brine is acidic, there will be an addi-
tional consumption of back migrating caustic via the
reaction:

NaOH + HC! — NaCl + H,0 (A1)

in addition to the consumption from Reactions 3 to 5
and 7. The number of moles of NaOH consumed from
the above reaction may be calculated in a manner
similar to the ones described earlier. Thus,

Moles of NaOH consumeds™" = Y
PCua(f) _ J4Cua (d)
36.5 36.5

where p refers to the feed brine flow rate in 157/, ¢
refers to the depleted brine flow rate in 157, Cual(f)
refers to the amount of HCl in the feed brine in g1™!
and Cy (d) refers to the amount of HCl in the anolyte
ingl™".
Defining caustic efficiency, #.on, with acid feed brine
as:

(A2)

_ Actual amount of NaOH produced A3
"~ Theoretical amount of NaOH (A3)

a
HNaOH

and the actual amount of NaOH produced equals the
amount of NaOH estimated using Equation 23 less
the amount of NaOH consumed because of Reaction
Al; it can be shown that:

a _ ((I/F)¥naon) — Y
NaOH — IF (A4)
or
aoH NaOH
— F PCua(f) . 4Cua(d)
1 36.5 36.5
(A5)

Thus, Equation A5 will permit calculation of caustic
efficiency in membrane cells with acid feed brine.



