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Sodium Salt-Splitting Performance of a Novel
Ceramic-Polymer Composite Cation-Selective Membrane
L. M. Cormier, a,c,z F. Ma,a,* ,d S. T. Bah,a S. Guétré,a,e M. Meunier,a
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The salt splitting performance of an electrolysis cell incorporating a novel composite membrane consisting of a thin film of an
amorphous ceramic with NASICON composition (Na11xZr2SixP32xO12, 0 < x < 3) deposited on commercial cation-selective
polymeric membranes was evaluated. We have investigated how the ceramic film thickness and the technique of deposition
affected the base current efficiency~BCE! for the production of sodium hydroxide from sodium sulfate. It was found that when full
coverage of the polymeric substrate was achieved, the ceramic film improved the salt-splitting performance of the polymeric
membrane, even when localized surface defects were present. The study showed that the BCE of the electrolysis cell was the same
whether the cation-selective composite membrane used was formed by pulsed laser deposition or by sputtering. Operating the cell
above room temperature, and at a high anolyte concentration increased the base current efficiency for sodium hydroxide
production.
© 2001 The Electrochemical Society.@DOI: 10.1149/1.1427078# All rights reserved.
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A novel cation-selective ceramic-polymer composite membr
was recently proposed for electromembrane systems used in
separation and regeneration of chemicals.1 For example, processe
such as electrolysis and bipolar membrane electrodialysis emplo
composite cation-selective membranes could be used to recove
dium hydroxide and sulfuric acid from the sodium sulfate b
product generated by chlorine dioxide generators in kraft p
mills.2 To be economically attractive, an electromembrane sys
must display high energy efficiency and require minimal main
nance during an extended, useful lifetime. The selectivity of a m
brane is a key property for achieving these goals because it ac
two levels:~i! the selectivity of the membrane for Na1 ions over H1

ions directly affects the current efficiency, and~ii ! the selectivity for
Na1 over multivalent ions delays fouling and increases the lifeti
of the membrane. Fouling occurs through the formation of insolu
hydroxide salts inside the membrane thereby increasing the ele
cal resistance of the membrane, and requiring its premature rep
ment.

At present, electromembrane systems primarily use ion-selec
membranes which are entirely polymeric. Two desirable feature
polymer membranes are their low electrical resistance and their
chanical flexibility. Their drawbacks are that their selectivity to
kali metal ions declines with increasing acid concentration in
feed compartment2,3 and that they degrade at high temperatur
Sodium-selective ceramic membranes provide enhanced curren
ficiencies and can operate at high temperatures without b
damaged.4 However, the thickness required for self-supporting c
ramic membranes leads to high resistance and increases the e
consumption to unacceptable levels.

The proposed composite membrane consists of a thin film
a ceramic of NASICON composition (Na11xZr2SixP32xO12, 0 < x
< 3) deposited on a cation-selective polymeric membrane.
have previously shown5 that the presence of this ceramic thin fil
on a polymer membrane increases current efficiency and prev
fouling. The composite membrane combines the advantages of
polymer ~mechanical flexibility and low electrical resistance! and
ceramic~Na1/H1 selectivity and low multivalent ion fouling rates!5

membranes. In the initial phase of the study, the composite m

* Electrochemical Society Active Member.
c Present address: Pulp and Paper Research Institute of Canada, Pointe-

Quebec, Canada H9R 3J9.
d Present address: Reveo Inc., Hawthorne, New York 10532, USA.
e Present address: Iridian Spectral Technologies, Ottawa, Ontario, Canada K1A
z E-mail: lcormier@paprican.ca
e
he

g
o-

-
-
on

ri-
e-

e
f

e-

.
ef-
g

rgy

f

e

ts
th

-

branes were produced by pulsed laser deposition~PLD!6 and their
performance showed an improvement over that of unmodified p
mer membranes.5 Composite membranes can also be obtained us
the more conventional rf magnetron sputtering technique. Build
on the initial results, the objectives of the present study were to~i!
determine if there are changes in the performance of the memb
when a different deposition technique is used,~ii ! determine the
optimal film thickness for the intended applications,~iii ! evaluate
the membrane at a higher temperature of operation~55°C! and so-
dium sulfate concentration~1.5 M!, and ~iv! compare the perfor-
mance of R-4010® as the polymeric component of the compo
membrane to other ion-exchange polymeric membranes of sim
composition.

Experimental

Production of composite membranes.—Cation-selective fluoro-
carbon polymeric membranes~Pall Corporation, NY! were used as
substrates for the ceramic deposition~Table I!. A small piece of
silicon wafer covered by a silicon nitride film was coated alongs
the polymeric substrate to serve as a reference for ceramic
thickness measurements. The ceramic thin films were depos
by PLD or by rf magnetron sputtering from bulk NASICON
(Na3Zr2Si2PO12) targets. To prevent severe degradation of the po
meric membrane, the ceramic films were deposited at room temp
ture with no subsequent annealing. The resulting thin films w
amorphous with NASICON-like composition.6 The NASICON tar-
get fabrication method and the experimental setup for PLD w
described elsewhere.6,7 The beam of an excimer laser~KrF, 248 nm!
was focused on the rotating NASICON target to an elliptic spot s
of 2.2 mm2. The energy density was adjusted to 0.6 J/cm2 at a laser
repetition rate of 30 Hz. RF magnetron sputtering was performe
75 W under 0.67 Pa~5 mTorr! argon pressure. For the thicknes
study, two series of ceramic films ranging from 40 to 450 nm
thickness were deposited on R-4010 membranes using the two d
sition techniques. For other experiments, the ceramic film thickn
was in the range determined to be optimal from the results of
thickness study, 70-100 nm.

X-ray photoelectron spectroscopy~XPS! was performed on a VG
Escalab MKII, calibrated with the Ag 3d5/2 line at2368.3 eV. Non-
monochromatized Mg Ka ~1256.3 eV! radiation from a dual anode
was used as the X-ray source. The source was generally opera
15 kV, 20 mA, and was sometimes used at 12 kV, 10 mA to prev
radiation damage to the polymeric membrane. Relative atomic c
positions were calculated from low resolution survey scans using

ire,

6.
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empirical sensitivity factors published by Briggs et Seah.8 Scanning
electron microscopy~SEM! images were taken of the composi
membranes before and after electrochemical evaluation. Im
analysis of SEM micrographs was performed using ImageTool
sion 2.00 shareware from the University of Texas. The microrou
ness of the R-4010 membrane was measured using a Talyscan
profilometer ~Taylor-Hobson, U.K.! on two 1 mm2 areas at a 2
mm lateral resolution. The rms roughness was calculated after fi
ing the surface topography with a Gaussian filter at an 80mm cutoff
wavelength.

Thickness study.—The performance of the composite membra
in the electrolytic splitting of sodium sulfate into sodium hydroxi
and sulfuric acid was assessed using a hexagonal stack cell~HSC!
~Graver-Aqualytics, NJ!. This cell allows operation under industr
ally representative hydrodynamic conditions. A simplified schem
of an electrolysis cell is presented in Fig. 1 to illustrate the proc
In the actual HSC, the distance between the electrodes is sma~4
mm!. The membrane is sandwiched between two mesh-like spa
designed to maximize contact of the solutions with the membra
The width of the two compartments was 1 mm and the membr
area was 27 cm2. The platinum electrodes were 5.3 cm2 area disks.
A peristaltic pump provided circulation of the solutions inside t
cell at a flow rate of about 100 mL/min, which corresponded t
linear velocity inside the cell of around 4 cm/s. The current den
was maintained at 150 mA/cm2. The anolyte was a solution 1 M in
Na2SO4 and 0.7 N in H2SO4 and the catholyte was a 1 M NaOH
solution. The HSC was run in a simulated feed-and-bleed mod
room temperature~22°C!, that is, the volume of the electrolyte com
partments was sufficiently large to avoid significant changes in c
centrations over time. The acid and base concentrations were d
mined using titration. Current efficiency is defined as the fraction
the current consumed for the generation of useful chemicals, Na
in this case. The base current efficiency~BCE! is the ratio of the
number of equivalents of Na1 ions transferred across the membra
and converted to NaOH, divided by the theoretical~Faraday’s law!

Table I. Properties of the cation-selective polymeric membranes
used in this study.

Polymer
Glass fiber

reinforcement
Thickness

~mm!

Resistance in
0.6 N KCl
~V/cm2!

Ion exchange
capacity

~meq/g dry!

R-4010 No 0.10-0.13 0.2-1.0 1.5
Ionclad 4010 No 0.07 0.6 1.2
RF-4010 Yes 0.02 1.9 0.1
BCM 4010 No 0.17 2.2 0.9

Figure 1. Simplified schematic illustrating the principle of salt splitting u
ing electrolysis.
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number of equivalents of Na1 transferred and converted to NaO
for a known charge passed between the two electrodes.

Durability study.—The long-term performance of the composi
membrane was evaluated using a two-compartment Plexiglas
with a working membrane area of 1 cm2. The electrolytes and the
applied current density were the same as described above. In
cell, the exposed area of the membrane was not compressed be
spacers and the linear velocity of solutions in the cell was only 0
cm/s. The membrane was positioned with the ceramic film fac
the catholyte. Sampling and concentration adjustments were
formed weekly for a period of 284 days.

Operation under increased temperature and anolyte c
centration.—In order to simulate industrially realistic condition
some electrolysis experiments were performed using the HSC
an anolyte concentration of 1.5 M Na2SO4, maintained at 55°C. The
feed compartment was run in the batch mode while the base c
partment was in a simulated feed and bleed mode.

Evaluation of alternative membrane substrates.—As the mem-
brane supplier discontinued production of R-4010 during our stu
other cation-selective membranes from the same supplier w
evaluated as substitutes for R-4010. The membranes had the
ion-exchange groups but differed in thickness and roughness. T
I outlines the principal characteristics of these membranes. A p
tetrafluoethylene~PTFE! membrane~no ion exchange groups! from
Electrosynthesis Inc., was also evaluated to ascertain that the
ramic thin film does confer selectivity to such a membrane. T
thickness of the ceramic layer on the PTFE membrane was 80
For this set of experiments, the HSC was run at 55°C with an ini
anolyte concentration of 1.5 M Na2SO4 and the concentration of H1

ions was allowed to increase freely during operation~batch mode!.
The starting concentration of the catholyte was 1 M NaOH. The
of the operating parameters remained the same as for the thick
study.

Results and Discussion

Characterization of as-deposited ceramic films.—The as-
deposited ceramic films and the R-4010 polymeric substrate mat
were examined by SEM and XPS. SEM micrographs showed
the polymeric substrate had pores which averaged 0.01mm2 in area
and were randomly distributed~Fig. 2a!. The polymer also displayed
some smooth texturing on a larger scale. The as-deposited fi
showed good overall coverage of the substrate, masking the p
completely, but followed the texture of the polymer deposition
PLD ~Fig. 2b! and deposition by sputtering~Fig. 2c!. The measured
rms microroughness of the polymer was;83 nm, setting a threshold
thickness at which thin films could fill the local topography. Th
impact of this is discussed in the Electrochemical evaluation sect
Very few film surface defects were present, and these were in
form of pinholes. The samples deposited by PLD appeared rou

Figure 2. SEM micrographs:~a! uncoated R-4010,~b! PLD-deposited ce-
ramic film on R-4010,~c! ceramic on R-4010 deposited by rf magnetro
sputtering.
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than the sputtered samples and had particles on their surface. T
particles are inherent to the PLD process and increase in size
number with increasing thickness.6,7,9

The ceramic films deposited were amorphous, as was expe
from their deposition energy density,1 J/cm2 and the low sub-
strate temperature.6 Evaluation of the chemical composition of th
films by XPS showed good transfer of stoichiometry from the tar
to the sample by either PLD or sputtering. Table II presents
relative atomic compositions of typical ceramic films deposited
polymeric membranes by both techniques as well as the meas
surface composition of the target. The ceramic thin films depos
on the cation-selective membranes were depleted in sodium a
surface and enriched in Na at the film/substrate interface. The o
of this effect is discussed in an earlier publication.6 Aside from this,
the ceramic composition did not vary significantly with the thic
ness of the deposited films.

It is well known that amorphous NASICON materials are not
good ionic conductors as their crystalline counterparts,10,11 but for
this application the ceramic could not be made crystalline with
annealing cycle because the polymer membrane would severel
grade above 70°C. Since the ceramic films used were very thin
total resistance of the membrane and hence the energy requirem
of the cell remained largely unchanged. The key property is
selectivity of the membrane for Na1 over H1, which is one of the
main determinants of current efficiency. Selectivity measu
ments performed in a chloride environment12,13have shown that the
selectivity of crystalline NASICON for Na1 over H1 is not as good
as compared to its selectivity over K1, Li1, or Ca21, but that the
Na1/H1 selectivity is better than other cation-selective materials
the selectivity of the composite membrane is higher than that of
polymer alone, there will be an improvement in current efficien
In a previous publication,5 we have demonstrated that the sodiu
ion conductivity and the Na1/H1 selectivity of NASICON-like
amorphous thin films are sufficient to improve current efficien
The conduction mechanism of sodium ions in this material rema
to be fully explained and is beyond the objectives of the pres
study.

Electrochemical evaluation.—The effect of the ceramic thick
ness and deposition technique on the base current efficienc
shown in Fig. 3. Membranes deposited by sputtering and PLD
not show a significant difference in BCE for a given thickness. B
curves showed a maximum BCE around 70-100 nm and then
BCE steadily declined until it reached a plateau at about 44%. T
result indicates that the slight enrichment in phosphorous of
sputtered ceramic as compared to the PLD film did not produc
significant difference in the selectivity of the ceramic. Thus,
ceramic films produced by both techniques can be consid
equivalent in terms of sodium selectivity. The optimal range of
ramic film thickness is of the same order as the microroughnes
the polymer membrane. Outside the optimal range, the BCE d
either due to lack of coverage of the substrate or because of
chanical failure of the ceramic, as is detailed below. When there
insufficient coverage of the substrate by the ceramic, as for the fi
thinner than 70 nm, the BCE was characteristic of the uncoa

Table II. Comparison of the relative atomic compositions of
sodium-selective ceramic thin films deposited on R-4010 mem-
branes and the surface composition of the NASICON target mea-
sured by XPS.

Element
Target

~atom %!
PLD

~atom %!
RF magnetron sputtering

~atom %!

Na 10 ,1 ,1
O 65 65 67
Zr 10 15 11
P 5 5 11
Si 10 15 11
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membrane and not of the ceramic. Figure 4a gives an exampl
insufficient coverage of the polymeric membrane by the cera
film where some pores from the substrate were left exposed a
deposition allowing ions to go through the membrane without int
acting with the ceramic during electrolysis. Deficient coverage
the substrate was also confirmed by the detection of fluorinated
bon groups by XPS.

For films thicker than the optimal range, the drop in BCE cou
be attributed to a decrease of ceramic selectivity beyond a thres
thickness, to localized surface defects, or to localized failure of
ceramic causing exposition of the underlying polymer. The last
pothesis was confirmed after microscopic observation of the c
posite membranes after electrolysis. Portions of the membr
where the ceramic coating was absent represented areas whe1

ions could cross to the catholyte compartment at higher fluxes
cause the polymer was not as Na1/H1 selective as the ceramic. Thi
decreased the total Na1 ions transferred and thus the BCE, but d
not completely eliminate the beneficial effect of the sodiu
selective ceramic film. Figures 4 and 5 display selected SEM mic
graphs obtained after electrolysis of PLD-deposited and spu
deposited ceramic films, respectively. SEM observation a
electrolysis experiments revealed that cracks had formed in the c
ing and that new pinholes with smooth edges had been create
illustrated in Fig. 4. Quantification of the micrographs using ima
analysis was attempted, but was difficult due to the minimal cont
between the coating and the substrate of some samples. It was
mated that the average pinhole size was sufficiently large to a
transfer. The high BCE values were observed for the films wh
had defects occupying less than 1% of the surface area exam
and the maximum BCE was obtained for the sample for which
defects could be seen by scanning electron microscopy~Fig. 5a!. If
the surface defects occupied more than 1% of the total area, th
drop in BCE from the maximum was observed, although the B

Figure 3. Effect of ceramic thickness and deposition technique on base
rent efficiency.

Figure 4. SEM micrographs of PLD-deposited composite membranes a
electrolysis. Ceramic film thickness:~a! 60, ~b! 240, and~c! 450 nm.
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was still 4% higher than for the polymeric membrane alone. T
drop in BCE for the composite membrane indicates that its enhan
Na1/H1 selectivity, provided by the ceramic film, decreased tow
that of the polymeric substrate.

The defects appear to be caused by mechanical as well a
chemical action. PLD films thicker than 100 nm showed a m
disrupted surface than the thinner ones, with ruptured film ed
overlapping in certain areas, as can be seen in Fig. 4b and c. S
ing of the polymeric membrane upon contact with the electrol
solution combined with the mechanical stresses linked to the in
lation of the membrane in the cell, and operation under high fl
flow are factors that could cause the separation of the coating f
the polymer. To minimize leakage in the cell, the flexible membra
is highly compressed against the spacer mesh, which acts as
local stress concentrators. As the ceramic film gets thicker, it app
not to be able to withstand these stresses. The imprint of the m
on the membrane was often observed after removal from the
For sputtered samples, mechanical removal of significant portion
the film had occurred such as shown in Fig. 5b, indicating decrea
adherence as compared to the PLD samples. From this poin
view, sputtered films may not be as suitable for the application
the PLD films.

The smooth-edged pinholes are attributed to some local
chemical dissolution of the ceramic film. XPS analysis of the
ramic films after salt-splitting experiments indicated that the co
position of the sputtered films underwent more change than tha
the PLD films~Table III!. There was a major increase in the surfa
oxide concentration of the sputtered films and the relative conc
trations of P and Zr decreased relative to Si. The mechanica
moval of areas of the film discussed in the preceding paragraph
contributed to the decrease in the detected concentrations o
various elements in the ceramic. For the PLD films, the concen
tion changes were small and consistent with the hypothesis of lo
ized dissolution.

The observed localized dissolution of the film does not spr
rapidly, as very good BCE results~;54%! were obtained for over
200 days of operation with a 25 nm PLD-deposited ceramic fi

Figure 5. SEM micrographs of sputter-deposited composite membra
after electrolysis. Ceramic film thickness:~a! 70 and~b! 250 nm.

Table III. Typical relative atomic compositions of sodium-
selective ceramic thin films deposited on R-4010 membranes after
electrolysis.

Element
PLD

~atom %!
RF magnetron sputtering

~atom %!

Na 3 3
O 67 89
Zr 13 ,1
P 4 2
Si 13 6
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facing the catholyte~Fig. 6!. SEM and XPS analysis of the samp
after the end of the durability test showed that some of the cera
film remained on the surface, although it was thinned and cracke
many areas~Fig. 7!. In this cell, the membrane was under very lo
mechanical stresses as compared to the HSC, so the degradat
performance is mostly related to chemical action. The drop in B
starting around 210 days of exposure cannot be entirely attribute
membrane failure because an independent problem occurred
the cell that prompted its disassembly and has probably distu
the experimental conditions when the cell was put back in opera
for the remainder of the test.

Performance of membrane under high operating temperat
and Na2SO4 concentration.—Figure 8 shows how the base curre
efficiency for a system incorporating a ceramic PLD-coated or
coated R-4010 membrane varies with increasing H1 concentration
in the anolyte. At low H1 concentrations, the cation-selective mem
branes are in the alkaline state,3 and as a result, the BCE is inde
pendent of the H1 concentration. This explains why the improve
Na1/H1 selectivity conferred by the ceramic film only begins to
reflected in the BCE when the membranes reach the acidic stat
the acidic state, the BCE declines due to an increased flux of1

ions competing with the Na1 ions in crossing the membrane to th

s
Figure 6. Durability study for the composite membrane with the ceram
facing the catholyte.

Figure 7. SEM micrograph of the ceramic side of the membrane after 2
days of electrolysis.
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catholyte compartment. The improved performance of the m
branes for 1.5 M Na2SO4 anolyte concentration can be explained
the increased buffering capacity of the solution, which reduces
transport of H1 ions through the membrane. This is further indicat
by the membrane shifting to the acidic state at a higher titratable1

concentration. The presence of the ceramic thin film increased
BCE of the uncoated membrane proportionally more at 1.5 M t
at 1 M, with the anolyte compartment run in the batch mode. Thi
an advantage for industrial applications.

The BCE increased upon heating the anolyte solution to 55
Comparing the BCE values at 0.7 N acid, the BCE was about 2
higher at 55°C than at 22°C for both the composite membrane
the uncoated polymer~Table IV!. The 20% increase in BCE is com
parable to the increase in the ratio of equivalent ionic conducti
of Na1/free H1. For example, at 25°C this ratio is 6.88 and becom
5.67 at 50°C.14 The composite membrane still showed an improv
ment of about 11%~at 0.7 N acid! over the uncoated polymer, whic
is comparable to the improvement at room temperature for the s
anolyte concentration. The increase in temperature brings an
crease in the ratio of equivalent ionic conductivity of Na1/free H1 in
solution, but does not significantly affect the ratio of Na1/H1 selec-
tivity of the ceramic and the polymer membrane.

Other polymeric membrane substrates.—In order to compare the
performance of the different membranes, values of the BCE at 0
H1 concentration interpolated from the regression line of the ac
state region were examined. The importance of full surface cove
by the sodium-selective ceramic film is shown again by these
sults. The performance of the uncoated membranes ranked from
to worst, BCM.RF.R-4010.Ionclad and the coated membran
ranked as R-4010.RF.Ionclad.BCM. The largest improvemen
of BCE provided by the ceramic thin film is on R-4010 followed b
Ionclad. These two membranes are the most similar of the se
terms of electrical properties and surface roughness~Fig. 9!. The
performance of the RF-4010 was only improved by about 4%, ty
cal of an incompletely covered substrate. The macroroughness

Figure 8. Na2SO4 salt-splitting base current efficiency for uncoated a
ceramic-coated R-4010 membranes at room temperature. Initial anolyte
centration: 1 or 1.5 M Na2SO4 ; initial catholyte concentration: 1 M NaOH
The feed compartment was run in the batch mode while the base com
ment was in a simulated feed and bleed mode.

Table IV. Base current efficiency „BCE… at 0.7 N titratable H¿

concentration for uncoated R-4010 and ceramicÕR-4010 compos-
ite membranes for 1.5 M Na2SO4 anolyte concentration.

Temperature~°C! R-4010 Ceramic/R-4010

22 52.5 58.0
55 62.9 70.0
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ated by the glass fiber reinforcement mesh probably explains
difficulty of obtaining complete surface coverage. The poor perf
mance of the coated BCM 4010 membrane is related to deposi
induced degradation of its properties. The surface of the BCM 4
membrane was very rough and porous, requiring a thick cera
film to provide full surface coverage. The extended deposition tim
required to deposit such thick films caused melting of the polym
and degraded the performance of the membrane.

The results of the salt-splitting experiments using a PTFE me
brane substrate are shown in Fig. 10. The relatively large porosit
the membrane~30-60 mm!, allowing osmotic transport across th
membrane, as well as the absence of ion-exchange groups in
membrane made it very difficult to perform the test and explain
the very low BCE obtained. It is clear that the deposition of a
ramic layer increased the BCE significantly, it conferred Na1/H1

selectivity to the PTFE membrane, even though the absolute val
too low to be of practical interest.

Conclusions

The Na1/H1 selectivity of a polymeric cation-exchange mem
brane can be enhanced by the deposition of a NASICON-like
ramic thin film on its surface. Optimal current efficiencies for t
production of sodium hydroxide from sodium sulfate in an electro
sis cell were obtained when the ceramic layer thickness on R-4
polymeric membranes was in the 70-100 nm range, and film def
~i.e., cracks, pinholes! occupied less than 1% of the surface. In term
of current efficiency, the ceramic thin films deposited by pulsed la
deposition and rf magnetron sputtering performed similarly un

n-

rt-

Figure 9. SEM micrographs of other polymeric membranes:~a! Ionclad
4010,~b! BCM 4010 ~c! RF-4010,~d! RF-4010~low magnification!.

Figure 10. Salt-splitting performance of PTFE and ceramic-coated PTF
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the electrolysis conditions investigated, although the PLD-depos
films appeared to degrade less~physically and chemically! during
electrolysis than the sputtered films. An increase in temperatur
anolyte concentration improved the performance of the electrol
cell, but only the increase in Na2SO4 concentration increased th
difference in Na1/H1 selectivity between the composite and t
polymer membrane. Of the four polymeric membranes evalua
R-4010 was the most suitable substrate for this application.
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