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The effect of silicate in the electrolyte solution in a chlor-alkali cell on a fluorocarbon ionomer,
Nafion® 901, was studied. Calcium silicate precipitated and damaged the membrane during electroly-
sis when the anolyte and/or the catholyte was contaminated with Ca®* and Mg?*. The service lifetime

of the membrane was thus shortened greatly.

1. Introduction

Membrane cell technology in the chlor-alkali industry
has been recognized as an energy saving means for
producing high quality caustic with minimum labour
costs. However, the membrane cell requires extra pure
brine and water as the feeds to the anode and cathode
compartments, respectively, otherwise the membranes
are seriously affected by impurities in the electrolytic
solutions. The effect of the hardness ions in the brine,
especially Ca’*, has been investigated extensively
[1--5]. These cations penetrate the membrane, precipi-
tate as hydroxide, and the polymer structure of the
membrane is destroyed. It is said that the hardness in
the feed brine must be kept as low as 20 p.p.b. Other
impurities such as mercury have also been studied.
The effect of mercury was investigated when the
Japanese chlor-alkali industry converted amalgam cell
rooms to membrane cells because the brine treatment
yard and the flowsheet for the amalgam cell plant were
utilized with minimum modification. This problem
has been solved by use of ion-exchange resin columns
[6].

Another concern is the effect of anions other than
Cl~, such as Br, I, and SO}~ , commonly existing in
crude salt. The Du Pont research group has pointed
out the damage to membranes caused by silicate [3, 7].
The purpose of this work is to investigate the effect of
silicate in both the anolyte and the catholyte on the
high performance membrane Nafion® 901.

2. Experimental details

Tests were performed in the manner previously reported
[8, 9], that is, electrolysis was conducted at a current
density of 50 Adm ™ and the iR drop through the
membrane was recorded until the membrane was
damaged by impurities in the electrolyte.

The voltage drop through the membrane is rela-
tively small and almost unchanged for many hours
when the pure brine is electrolysed. On the other

hand, the voltage drop increases gradually with time,
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and finally rises steeply when the brine is contaminated.
Therefore, the two branches of the iR drop against
time curve are extrapolated, and the time to conver-
gence is defined as the time-to-degradation (TTD).
The caustic current efficiency decreases when the
membrane is damaged by the brine impurities. Since
these phenomena depend on the membrane and the
operating conditions, it is desirable to measure both
the voltage drop and the current efficiency. However,
the membrane iR drop was mainly measured to obtain
the TTD for simplicity [9]. These experiments were
repeated three to five times to obtain reproducible
results.

The anolyte and the catholyte were 5M NaCl and
4M NaOH, respectively, and these solutions were
circulated between the respective compartment and
the reservoir at a flow rate of 0.8 dm*day~'. Alkaline
sodium silicate (Na,Si0,) solution was added to the
anolyte or the catholyte. The anolyte pH was adjusted
by adding HCI solution.

The membranes were inspected after electrolysis by
X-ray diffraction analysis (XDA), scanning electron
microscopy (SEM), and electron probe microanalysis
(EPMA) to investigate the silica deposits.

3. Results and discussion

Figure 1 shows the TTD as a function of the SiO,
concentration in the electrolyte. The anolyte con-
tained Ca’* of 30mgdm~> in concentration in all
cases. With the anolyte free of silica, the TTD of the
membranes affected by Ca** was about 300h, and
agreed with previously reported values [8]. The TTD
was greatly reduced by addition of small amounts of
silicate (open points) up to some I mgdm~? as SiO,,
but was almost unchanged thereafter. Above 2mgdm™3
SiO, or ~0.03 mM, silica has no effect on the TTD,
even though the Ca’* is at 30mgdm ™ (~0.75mM).
It is hard to see any reasonable stoichiometry for the
interaction. Perhaps the calcium silicate crystals are
“seeding” the precipitation of the calcium hydroxide
[10]. It is interesting that the TTD against silica con-
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Fig. 1. Time-to-degradation as a function of the SiO, content in
the electrolytic solution. (O) Anolyte = 5M NaCl + 0.03 gdm ™
Ca®*. (@) Catholyte = 4M NaOH.

centration curve obained with the catholyte contami-
nated with silicate (closed points) was almost the same
as with the contaminated anolyte. This is attributed to
the same mechanism of degradation in both cases.
Figure 2 shows some examples of the SEM photo-
graphs of the cross-section of a degraded membrane.
In Fig. 2a, heavy deposits can be seen close to the
anode side. The deposit consists of Ca,SiO, H,O, with
a small amount of Ca(OH), according to the results of
XDA and EPMA. In Fig. 2b, the anolyte contained
Ca’" but was free of SiO3~ whereas the catholyte was

contaminated with SiO?~. The heavy deposit at the
anode side was mainly Ca(OH),. It is evident that
silicate in the catholyte (also in the anolyte) is not
destructive to the membrane if the electrolyte solution,
either the anolyte or the catholyte, is free of Ca®*
(Fig. 2c). The experimental conditions of Fig. 2d are
the same as those for Fig. 2b except that the anolyte
contained both Ca’* and Mg?*. With the XDA and
the EPMA results, the deposit in the sulphonate
polymer layer of the anode side consisted of Ca(OH),
with some calcium silicate while the SEM photograph
(d) was dissimilar to (b). Fig. 2c and d, no magnesium
compound was found in the deposit.

The X-ray diffraction patterns of the anode side and
the cathode side of a degraded membrane is shown in
Fig. 3. The cathode side pattern of a virgin specimen
is also illustrated as reference. The cathode side
pattern is almost the same as that of a virgin mem-
brane. On the other hand, sharp diffractions corre-
sponding to Ca,SiO, H,0 and Ca(OH),, (Labels 1
and 2 respectively), were obtained on the anode side.
It is clear that the deposit on the anode side consists
of a mixture of these compounds. The results for a
degraded membrane examined in the anolyte contami-
nated with Ca>* and SiO%~ were almost the same as
those for Fig. 3.

In parallel with this experiment, a degraded speci-
men of Nafion® 901 after the life test was examined
by XRD. The specimen was electrolysed at 50 A dm >
at ~ 50°C for 965 h. The anolyte was 5M NaCl con-
taining 30mgdm~* Ca’* and 10mgdm~’ SiO,, and
the catholyte was 4M NaOH free of impurity. The
X-ray diffraction pattern of the cathode side was
similar to that for the anode side, and showed peaks
for Ca(OH),, Ca,SiO, H,0, and NayCa,Si;O,.

Cathode Side

33) Anode Side

.8

Anode Side &

Fig. 2. SEM photographs of degraded specimen. Concentrations (mg dm~?): (a) anolyte: Ca>* (0.03), catholyte: SiO, (none present)
(b) anolyte: Ca’* (0.03), catholyte: SiO, (0.01), (c) anolyte: Mg?* (0.1), catholyte: SiO, (0.1), and (d) anolyte: Ca?* (0.03), Mg?* (0.005),

catholyte: SiO, (0.01).
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Fig. 3. X-ray diffraction chart of the cross-section of a degraded
specimen and the cathode side of a virgin specimen. Anolyte
impurity = 30mgdm™ Ca’*. Catholyte impurity = 2mgdm™
Si0,.
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Fig. 4. EPMA results of the cross-section of a degraded specimen.
Anolyte impurities = 30mgdm~* Ca?* + 10mgdm~? SiO,.

Fig. 5. EPMA results of the cross-section of a degraded specimen.
Anolyte impurity = 30mgdm~3 Ca?*. Catholyte impurity =
10mgdm~? SiO,.

Figures 4 and 5 are the EPMA results of the cross-
section of degraded membranes. The anolyte con-
tained both Ca’* and SiO?~ and the catholyte was
pure caustic solution in the case of Fig. 4. On the other
hand, the anolyte contained Ca** but the catholyte
was contaminated with silicate in another case
(Fig. 5). It is obvious that the impurities (Ca and Si)
accumulate on the anode side in both cases while the
peak heights differ.

Bissot reports the formation of a complex calcium
silicate, Na,Ca,Si,0;, - H,O, when the concentration
ratio of NaOH to Na,SiO, is relatively small: 35/1 at
90° C, whereas a mixture of Ca(OH), and silicate is
obtained at relatively large ratios of NaOH/SiO, [3].
Silicate ions may permeate through the membrane
with water transport from the anode side to the
cathode side. On the other hand, silicate ions in the
catholyte migrate to the anode side during electrolysis.
Although it is difficult to know the NaOH concentra-
tion in the membrane, Ogata et al. estimate the
OH ™ concentration distribution in the membrane [8].
Assuming that the solution pH adjacent to the mem-
brane surface on the anode side is 10-12, the NaOH/
SiO, ratio is of the order of 107! to 102 Therefore, it
is possible to form either the complex silicate or
Ca(OH),, or a mixture, but no formation of SiO,
deposit in the membrane is assured. A significant
difference between our results and Du Pont’s report is
the location of the deposit. We obtained a heavy
deposit composed of Ca,SiQ, H,O and Ca(OH), on
the anode side whereas the Du Pont group reported
the formation of calcium silicate on the cathode side
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Fig. 6. X-ray diffraction chart of the cross-section of a degraded
specimen. Anolyte impurities = 30mgdm ™ Ca’* + Smgdm~’
Si0,. Catholyte impurity = 10mgdm~* SiO,.

instead of the anode side [7]. Although the discrepancy
has not been fully clarified, Keating has suggested the
possible reasons [10]. Our work was conducted with
4M NaOH (~ 15%). Nafion® 901 has its best anion
rejection at +30% NaOH. At 15% NaOH, more
hydroxide ion and presumably silicate can pass
through the membrane. This may account for the
precipitation of the calcium close to the anode side,
and would explain the difference between Bissot’s
report and ours. Another factor may be the higher
concentration of calcium used in these experiments,
which would cause the precipitate to form sooner or
closer to the anode side.

Electrolysis was contained for many hours even
after the membrane was damaged by Ca in the anolyte
and silica in the catholyte. Figure 6 is the XDA chart
of the membrane after the life test. It is clear that the
peaks with respect to both Ca,SiO, H,0 and Ca(OH),
appear on the anode side. The EPMA chart also
showed small Si peaks on the cathode side.

Therefore, we consider that Ca’" in the anolyte
migrates into the membrane, and precipitates as
Ca(OH), since the OH™ concentration in the mem-
brane is sufficiently high. Silicate ions also enter the
membrane with water transport when silicate exists in
the anolyte, and they precipitate together as calcium
silicate.

A major portion of the Ca’*" entering the membrane
is deposited near the anode side, and only a small

amount of Ca’" reaches the cathode side when the
membrane is relatively new. Silicate ions in the
catholyte may pass through the membrane and are
attacked by Ca’** and/or calcium hydroxide near the
anode surface.

These precipitates grow in size and destroy the
polymer structure, resulting in the stimulation of
transport of chemical species through the voids and/or
defects formed in the membrane. Calcium silicate can
deposit on the anode side when the Ca’* concentra-
tion increases.

Nafion® 901 was unaffected by silicate when the
calcium content in the anolyte was less than 0.1 mgdm ™.
No precipitate was deposited in the membrane even if
the silicate concentration was high under such con-
ditions. It is therefore concluded that the presence of
both Ca’" and SiO?~ in the anolyte is harmful to the
ion-exchange membrane at silicate concentrations as
low as 2mgdm ™ as Si0, . The effect of silicate existing
in the catholyte was also detrimental if the anolyte
contains Ca’". Silicate ion migrates through the mem-
brane, combines with Ca?" come from the anode side,
and deposits as calcium silicate.

The mass transfer of chemical species through the
membrane becomes large when the membrane is
damaged by precipitates. Calcium ion pass through
the membrane from the anode side to the cathode side,
meet with silicate, and the formation of unwanted
calcium silicate occurs over the whole membrane.
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