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Summary 

Bromme transport through a range of acetone-extracted, microporous 
plastic matemls has been studied with reference to their use as separators 
m zmc/bromme cells. Each separator type was characterized m terms of an 
equivalent thickness, and values of the latter were determined by a variety of 
methods 

Samples that were acetone-extracted and then either air-dned or 
hot-water-quenched exhibited equivalent thicknesses that were far less than 
would be expected from the porosity and tortuoslty of the respectwe 
materials this was especially true m the presence of a polybromlde phase 
The equivalent thickness could be increased to a value consistent with the 
physical properties by pretreatment with a surfactant solution, or by m- 
corporatmg surfactant m the electrolyte 

It 1s shown that the measured faradalc efflclencles of cells are m good 
agreement with those calculated from the bromine transport properties of 
the chosen separators 

Introduction 

When a zmc/bromme cell 1s charged, the bromme formed at the posltlve 
electrode dissolves to some extent m the electrolyte Should this bromme- 
contammg solution be freely transported to the zinc deposit formed on the 
negative electrode, then the direct chemical reaction between the two species 
would cause the cell to exhibit a very high rate of self-discharge. For a cell 
to be practical, it 1s therefore essential to include some type of separator to 
restnct access of bromine to the zinc deposit 

Appropnate separator materials range from lonexchange membranes 
to mlcroporous plastics In systems where a zmc bromide electrolyte 1s used, 
without any complexmg agent for the bromine being added, bromine con- 
centrations of up to 2 M can occur, and an ion-exchange membrane 1s 
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required to reduce the bromine diffusion to an acceptable level Separators 
of this type have been studied extensively [I], but are too expensive for use 
m practical battery systems 

Another approach is to add a quaternary ammonium bromide to the 
electrolyte [ 2 - 41 This forms a liquid polybromlde addition compound with 
the bromine generated durmg chargmg, and reduces the concentration of 
aqueous bromine to a sufflclently low level [5, 61 to allow the use of mex- 
pensive mlcroporous plastic separator material 

Although both the above methods reduce the bromine flux to the 
negative electrode, a small amount of bromine 1s still able to reach and react 
with the zmc deposit, thus reducing the faradalc efficiency of the cell This 
will occur even if the zmc 1s cathodlcally protected during chargmg, as 
suggested by Mader and White [ 71, since m such a sltuatlon any transported 
bromine will be available for reaction lmmedlately the charging process is 
terminated Thus, the rate at which bromine passes through the separator 
must be determmed if faradalc and energy efficiencies are to be estimated 
with any certainty 

A model for the rate of transport of bromine to the negative electrode 
m a cell using a porous separator has been developed by Lee and Selman [8]. 
These authors have shown that diffusion of bromine through the separator 
1s the rate-controllmg factor, and that the transport rate (Nsep) of bromine 
across the separator 1s @ven by 

N 
Dse,(cB - CZ) 

Sf?P = (1) 
X 

where D,,, is the effective dlffuslvlty of bromine in the separator, CB and 
Cz are the bulk bromine concentrations m the posltlve and negative com- 
partments, respectively, and x 1s the separator thickness Studies have shown 
that Cz 1s small relative to CB because the rate of reaction of zinc and bro- 
mme 1s rapid compared with the rate of transport of bromine through the 
separator Van Zee et al [9] have presented a slmphfled model of a zinc/ 
bromine battery, and represent the passage of bromine to the negative by an 
expression similar to _eqn (1) 

Thus, the common assumption 1s that the rate of bromine transport 1s 
proportional to the difference m bromme concentrations between the posl- 
tlve and negative compartments Neither of the above mathematical models 
has considered the effect of a second phase, such as polybromlde, on sep- 
parator performance, it has been assumed that the bromine transport 1s 
controlled by the concentration of bromine m the aqueous phase. Never- 
theless, polybromlde 1s generated at the posltlve electrode throughout the 
charging process, and m at least one battery design [lo], it 1s deliberately 
dispersed through the aqueous phase of the posltlve-side electrolyte during 
discharge m order to enhance the performance of the bromine electrode 

[=I 
Prehmmary work m these laboratories showed that, under some cv- 

cumstances, the rate of bromine transport did not follow the relationship 
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given by eqn (l), but was nearly independent of aqueous-phase bromine 
concentration Further, the value of the bromine flux under these condltlons 
was much higher than would be expected from separator properties, and 
was sometimes accompanied by anomalous ohmic losses m the separator 
Visual exammatlon of separators removed from such cells showed them to 
be coated with a polybromlde phase, suggesting that the abnormal behavlour 
might arise from preferential wetting of the separator by this phase Tests 
showed that cells exhlblted a much Improved performance when employmg 
a separator that had been pretreated with a surfactant. It was therefore 
decided to investigate the addition of surfactants to the system m more 
detail The results of these studies are presented below 

Investlgatlons have demonstrated [12, 131 that the residual processmg 
011 usually present m commercially-available separator material causes 
degradation m battery performance and eventual failure Stable cell opera- 
tion thus requires extraction of any such 011 Consequently, all the work 
presented m this paper 1s concerned with the performance of solvent- 
extracted separators 

The effectiveness of the various separator materials m controllmg the 
rate of transport of bromine 1s expressed m terms of an equivalent thickness, 
which can be regarded as the thickness of a stagnant layer of electrolyte 
allowing the same rate of transport of bromine as the separator A large value 
of the equivalent thickness ~111 reduce the bromine transport but will 
increase the cell ohmic resistance, thus mcreasmg faradalc efficiency and 
decreasing voltac efficiency, respectively Clearly, there 1s an optimum value 
of equivalent thickness that gives the highest energy efficiency, this value 
might be expected to be a function of such factors as temperature, elec- 
trolyte composltlon, and load current 

Expernnental 

Separator characterls tics and pretreatment 
SIX separator mater& were tested, all bemg mlcroporous plastlc/sllica 

composites Three consisted of flat Daramlc @ sheet of different thicknesses 
(W R. Grace) one was a pillared Daramlc of the type described by Exxon 
mvestlgators [lo], one was comprised of Evans Submlcro@ (Evamte Corp.), 
while the final example was an experimental proprietary material which we 
have designated Type C The pillared Daram~c IS fabncated with an array of 
short posts formed on the separator to act as an integral spacer The various 
flat Daramlc samples are designated throughout by their nominal thickness 
Samples of each separator type were analysed by extracting the sample with 
acetone to constant weight, and then calcmmg the extracted residue at 
600 “C m a platinum dish Mica was determined m the residue from calcma- 
tlon by the loss m we&t followmg evaporation with hydrofluorlc and sul- 
phunc acids 

Porosity and tortuoslty were determmed by the water uptake and the 
diffusion Ingress methods, respectively, these are described m detail by Tye 
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and Vasanthakumar [14] The mdu-ect method of thickness measurement 
described by these mvestlgators was employed to estimate the average 
physical thickness, for comparison, thicknesses were also determined with a 
micrometer These methods are applicable only to flat materials; conse- 
quently the pillared material could not be tested for the above properties 
The surface structure of all the flat mater& was exammed under an optical 
microscope 

All separators were extracted pnor to testing by refluxmg acetone over 
the sample for approximately 15 mm. The extracted sample, lmmedlately 
on removal from the refluxmg equipment, was dried m a current of warm 
auT, or plunged mto warm (-70 “C) water, or nnmersed m 10 g I-’ surfactant 
solution (- 70 “C) for at least 15 mm Samples gwen these pretreatments are 
hereafter referred to as au-dried, water-quenched, and surfactant-treated, 
respectively 

Reagents 
Zmc bromide was prepared by reacting reagent-grade hydrobromlc acid 

with zmc oxide, and evaporating the resulting solution to form a concen- 
trated zmc bromide stock-solution of approxnnately 8.5 M The latter was 
analysed for both bromide and zinc to ensure that the Br Zn stolchlometry 
was 2 00 f 0 01 Working electrolytes prepared from this stock solution 
normally had a pH of 3 to 4, when necessary, the pH was adjusted by small 
additions of concentrated hydrobromlc acid or sodium hydroxide The 
two quaternary ammonium bromide (QBr) compounds, N-methyl-N- 
ethylmorpholmmm bromide (EMMB) and N-methyl-N-ethylpyrrohdmlum 
bromide (MEPB), were prepared as described m previous papers [ 6,151 

Surfactants used mcluded Fluka “purum” grade sodium dodecyl 
sulphate (SDS), the sodium salts of pentane, octane, and decane sulphomc 
acids, and techmcal grade dodecylbenzene sulphonlc acid, sodium salt 
(SDBS) Other surfactants were commercially-avallable proprietary materials 

Equwalent thzckness from faradalc effwency 
Small zmc/bromme cells (16 cm* electrode area) were charge/discharge 

cycled, and the bromine transport across the separator estimated from the 
measured values of the charge and the discharge capacity. The cell design has 
been described previously [6], and, m brief, consisted of a two-section 
polypropylene unit that allowed a porous plastic separator to be located 
between the electrodes, such that a nominal gap of 0 7 mm was mamtamed 
between each electrode and the face of the separator Electrolyte was cv- 
culated from external reservovs by means of small nutatmg-disc pumps; a 
flow rate of about 2 cm3 s-l was sufficient to disperse any polybromlde 
throughout the aqueous phase. If a polybromlde phase was present, both 
reservoirs were of 35 cm3 working volume, but when zmc bromide alone was 
used, the volume of the posltlve-side reservov was mcreased to 325 cm3 This 
increase m volume allowed the use of low bromine concentrations while 
mamtammg an acceptably small varlatlon m bromme concentration through- 
out the cycle 
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Zmc/bromme systems often employ an electrolyte m which the zmc 
bromide concentration vanes between 3 M and 1 M as the system 1s taken 
from the discharged state to full charge Consequently, the mid-range zinc 
bromide concentration of 2 M was chosen for this study 

For some tests, a QBr compound was incorporated into the electrolyte 
m order to form a polybromlde phase, and one of the two compounds 
mentioned above (EMMB and MEPB) was employed when such an addltlon 
was required When either of these compounds was added, the pontlve-side 
electrolyte was prepared by reacting 35 cm3 of a 2 M zmc bromide, 1 M QBr 
solution with 0 035 mole of bromine, this simulated the composltlon that 
would be obtamed m a cell with an electrolyte mltlally 3 M m zinc bromide 
and 1 M m QBr when half-charged. The negative electrolyte consisted of 
35 cm3 of 2 M zmc bromide with sufflclent QBr added to simulate that 
present m the aqueous phase of the posltlve-nde electrolyte, the values used 
were 0 33 M for EMMB [15] and 0 15 M for MEPB 

For solutions without any QBr, the pontlve-side electrolyte was made 
0 05 - 0.08 M m bromme, while the negative electrolyte was a simple 2 M 
zmc bromide solution For all electrolytes used m cycle tests, 7 X low5 M 
lead was added, m the form of chloride, to improve the quality of the zinc 
deposit [ 161 

Studies were carned out using a tltamum sheet negative and a plastlc- 
bonded-carbon posltlve electrode [ll] For tests using flat separator mate- 
rial, plastic spacer gnds were mcorporated m the cell to mamtam the desired 
separation between the electrodes and the separator 

The test program was- charge at 25 mA cmp2 for 2 5 h, discharge at the 
same current density to a 1.0 V cut-off The cell was then shorted through a 
1 ohm resistor for 15 mm with the electrolyte clrculatmg (m order to 
remove any residual zinc), followed by a further 15 mm on open circuit 
without electrolyte clrculatlon When startmg with a freshly-prepared 
electrolyte, it took some time for the bromine concentration m the negative 
compartment to reach an eqmhbnum value, so the results of the first cycle 
were discarded and those of the next three were used to calculate the bro- 
mine transport 

If it is assumed that (1) the only slgmflcant side reactlon 1s the direct 
reaction of the deposlted zmc with bromme that has passed through the 
separator; (11) the zinc deposit is completely stripped at the end of each 
cycle so that there 1s no accumulation of zmc m the system, and (m) the zmc 
deposit is sufflclently smooth not to enter the separator, then it can be 
shown [17] that 

Id = (Qc - QD) 

tc+J 
(2) 

where Id 1s the rate of bromine transport through the separator (expressed 
as a current density); Qc and Qo are the ampere-hours of charge and dls- 
charge, respectively, tc 1s the total cycle time, and A 1s the separator area 
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The equivalent thickness (defined more fully below) can then be calculated 
from * 

d = nwG3 - Cz) 

Id 
(3) 

where n 1s the number of equivalents/mole for the reactlon concerned, F IS 
the Faraday constant, D 1s the diffusion coefflclent of bromine m the 
electrolyte, and the other terms are as defined previously. The necessary D 
values have been measured by the rotatmg disc method and have been 
reported elsewhere [15], namely, 1 06 X lop9 m* s-l for 2 M zmc bromide, 
0 98 X 10e9 m* s-l for the zmc bromlde/MEPB electrolyte, and 0 79 X 10e9 
m* s-l for zmc bromlde/EMMB 

The CB values were the mean of the aqueous-phase bromme concentra- 
tions at the begmnmg and end of charge For the QBr-contammg systems, 
the CB values were estimated from measured equlllbnum data. For the zinc 
bromide solutions, the C, value for the discharged condltlon was deter- 
mined by analysis of the electrolyte, while that for the charged state was 
estimated from the known amount of charge passed and the solution vol- 
ume Since Cz was small m comparison with CB (typically 1% - 3%), It was 
usually set equal to zero for these calculations 

All tests were made with the electrolyte temperature controlled to 
25 f 0.3 “C. 

Equwalent thickness from zmc corrosion 
If a sheet of zmc foil 1s substituted for the negative electrode and 

electrolyte circulated with the cell on open circuit, then the amount of 
bromine transported to the negative can be estimated by the loss m weight 
of the zinc. This procedure avoids those uncertamtles (inherent m cycle 
testmg) associated with complete stnppmg of the zinc, and separator pene- 
tration by the zmc deposit. 

A replica of a negative electrode was prepared from 0.4 mm zmc foil 
This was weighed, assembled mto a cell, and electrolyte circulated under 
open-clrcult condltlons for a measured time On completion of the run, 
the clrculatlon was stopped, the electrolyte dramed, and the cell dismantled 
as quickly as possible, allowmg the zmc sheet to be removed, washed m 
water and acetone, dned, and weighed. Reservoir volumes, electrolyte 
preparation and spacers were the same as for the cycle test procedures 
described above 

Bromine concentration m the negative reservoir was determined at the 
end of each test by volumetnc analysis The concentration m the positive- 
side solution was determined m a similar manner at both the begmnmg and 
end of each run when zmc bromide solution was used, but this was not 
possible m the presence of polybromlde phase When polybromlde was 
present, the electrolyte was drained mto a stoppered cylinder, kept at 25 “C 
until the polybromlde phase had settled out, and a sample of the aqueous 
phase was taken for analysis 
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The equivalent thickness can be calculated from the relation 

d= 
JNCa - Cz)to Mz 

(4) 
W 

where to 1s the test penod, MZ 1s the molecular weight of zinc; w 1s the 
weight of zmc dissolved, and the other symbols have their previously as- 
signed meanings Note that w must be corrected for any change m the 
bromine concentration m the negative-ade reservoir durmg the test 

In order to test reproduclblhty, five replicate expenments were made 
on nominally 0 64 mm thick, flat Daramlc that had been surfactant-treated 
m SDBS solution. The average equivalent thickness was 2 06 + 0 094 mm, a 
relative standard devlatlon of 4.6% 

Agam, all tests were conducted at a solution temperature of 25 + 
0 3 “c 

Equwalent thickness from dlffuslon cell tests 
In the above methods for the direct measurement of equivalent thlck- 

ness, the bromine transport through the separator was estimated Indirectly, 
either from its effect on faradalc efflclency, or by reactlon with zmc foil 
A more direct approach was to allow the bromine to accumulate m an ml- 
tlally bromme-free compartment and then to calculate the separator equlva- 
lent thickness from a knowledge both of the mltlal and the fmal bromine 
concentrations on each side of the separator and of the test period Such 
tests were carried out using a dlffuslon cell (Fig 1). This cell took the form 
of two, flanged, glass half-cells, of 47 mm 1 d , so that separators from the 
16 cm2 test cells could be tested intact The volume of each half-cell was 
approximately 63 cm3 Each of the cell sections was fitted with a B19 cone 
for filling and samplmg, while a PVC flange was cemented onto the glass to 
allow the two sectlons to be bolted together The flange was mounted 

Fig 1 SchematIc of dlffuslon cell 
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slightly beyond the edge of the glass m order to provide a well for a 0.8 mm 
flat gasket The solution m each compartment was agrtated by a small 
PTFEcoated magnetic stirrer bar 

The test procedure was to assemble the cell with the separator m place 
Each half-cell was then filled to a calibration mark with 1 M zmc bromide 
solution which had been equilibrated at the operating temperature The 
calibration mark on each neck was so located that there was no nett liquid 
head between the two sides The cell was then placed m the holder m a 
controlled-temperature cabmet held at 30 + 0.2 “C, 3 cm3 of 1 M zinc 
bromide was added to the low bromme concentration (receiving) side, and 
3 cm3 of approximately 1 M bromine m 1 M zmc bromide to the high 
bromine concentration (source) side, and the timer started. The cell was then 
stoppered, a very small gap being left to ensure each side was at atmospheric 
pressure, and the stirrers started. The test was then contmued for the desired 
time, usually about 3 h On completion of each test, the solutions were 
transferred simultaneously to 250 cm3 flasks, the elapsed time noted, the 
flasks stoppered, and the solutions analysed for bromine content 

The equivalent thickness of the separator can be calculated from the 
relation 

d= $ ($+$j (5) 

ln- 
AC: 

which is derived from the equations given by Tuwiner [ 181. In eqn. (5). 
AC, and A& are the mitral and final bromme-concentratlon differences 
between the two compartments, respectively; V, and V, are the two half- 
cell volumes; tn is the test period; and the other symbols are as defined 
above 

To calculate AC1 , the mitral bromme concentration m the source 
compartment must be known. This was estimated from a bromine balance 
using the fmal measured bromine concentrations and the known compart- 
ment volumes, a small correction being apphed to allow for bromine losses 
durmg the test This correction was determined from the results of a series 
of blank runs performed with a titamum disc replacmg the porous separator. 
To get some indication of reproducibility, four replicate tests were made 
usmg the nommally 0.64 mm Daramic material. These showed an equivalent 
thickness of 1 68 f 0 031 mm, a relative standard deviation of 1.8% 

The diffusion cell method offers the advantages of a self-contained 
piece of equipment. none of the pumps, fittmgs, or controls used with the 
earlier methods, IS required However, the method is not well suited for use 
with solutions having a separate polybromide phase 

Equwalent thickness from resistance measurement 
All the direct methods of measurmg equivalent thickness described 

above require a knowledge of the diffusion coefficient of bromme m the 
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solution concerned Although some values for such diffusion coefficients 
are available [ 151, there is some uncertainty m the data There is also un- 
certainty m the value of the aqueous bromine concentration, especially m 
the presence of a polybromide phase. The combined effects of these two 
uncertamties is to reduce the accuracy of the derived equivalent thickness. 
Resistance measurement provides a method for determmmg the equivalent 
thickness that does not require a knowledge of either the diffusion coef- 
ficient or the aqueous bromine concentration 

Smce only a fraction of the volume of the separator material is oc- 
cupied by pores, both the conductivity of the separator and the diffusivity 
through it will be less than the correspondmg values for the same thickness 
of electrolyte. It is convenient to designate the conductivity and diffusivity 
of an electrolyte-filled separator by the terms “apparent conductivity” and 
“apparent dlffusivlty”. Tye [19] has shown that the apparent conductivity 
(ksep) is related to the solut:on conductivity (k) by a relationship similar to 
that which holds between the apparent diffusivity (D,,,) and the diffusivity 
(D) m the bulk solution, namely. 

k SSP D sep -=- 

k D 
(‘3) 

It will be shown later that equivalent thickness is equal to (D/D,,,)x 
which is, expressing the result m terms of resistivity, (rsep/r)x, where r,,, 
and r are the apparent and the solution resistivities, respectively Mader and 
White [7] report Van Zee as having developed a similar relation, the rsep/r 
ratio is designated the MacMullm number. 

The experimental procedure employed the same type of cell design as 
was used for the cycle and zmc-solution-rate tests The electrodes were made 
from platinum gauze spot-welded on to titamum backing sheets. The elec- 
trolyte was 0.1 M potassium chloride and was circulated through the cell by 
a twm-head per&altic pump. CelI resistances were measured with a General 
Radio 1650A impedance bridge operated at 1 kHz A dilute electrolyte was 
chosen partly to brmg cell resistance values mto a convenient range for 
bridge measurements, and partly to avoid errors that arise when audio 
frequency measurements are made with concentrated electrolytes and plain 
(as opposed to platmized) platinum electrodes [ 201 

The resistance was first measured for a cell without a separator present, 
and then a second measurement was taken with a separator m place, the 
mterelectrode distance bemg held constant - that is, the electrolyte path is 
shorter m the second instance by the physical thickness of the separator 
Several readings were taken for each mdividual sample using the parallel 
impedance (C,) bridge range, and the equivalent cell series resistance ex- 
tracted from these data by means of the equations given m the manufac- 
turer’s handbook The equivalent thickness was then calculated using the 
relation 

AAR 
d= - +x 

P 
(7) 
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where AR is the difference m the res&ance of a cell with and without a 
separator, p is the resistivity of the electrolyte, and the other symbols have 
their previously assigned meanings Measurements were taken at room 
temperature, the electrolyte temperature being recorded m order that the 
appropriate value of p was put m eqn (7) To test reproducibility, five 
determmations were made of the equivalent thickness of the nommally 
0 64 mm flat Daramlc over a five-month period. The average value was 
1 70 f 0.047 mm, a relative standard deviation of 2 8% 

This method has the advantage of not requlrmg any analyses, or any 
knowledge of diffusion coefficients. It is not appropriate, however, for 
systems containing a separate polybromide phase 

Results 

Defmtlon of equwalent thzckness 
The transport of a species is reduced through a separator because 

diffusion can proceed only through the pores that constitute a fraction 
of the total volume of the separator. The reduced transport rate will be 
determined both by the total porosity and by the average tortuoslty of 
the separator mater-ml. The effect can be accommodated by using an ap- 
parent diffuslvity which is less than that m the bulk solution, or by taking 
the separator material to have an effective (or equivalent) thickness greater 
than its physical thickness We have chosen to characterize separators m 
terms of such an equivalent thickness, which may be regarded as the thick- 
ness of stagnant electrolyte that will allow the same rate of bromine trans- 
port as does the separator Such an equivalent thickness can be defined by 
the relation 

Dx = D,,,d (8) 

Note that eqn (8) is based on the assumption that there are no concen- 
tration gradients for the species of interest at the interfaces between the 
separator and either electrolyte. This is postulated since transport through 
the separator is by molecular diffusion, which is a much slower transport 
mechanism than the convective transport that prevails throughout the bulk 
electrolyte m all the cells used m this study [8] 

Tye [19] has developed equations relatmg the apparent diffusivity 
D,,, to the porosity (P) and tortuosity (0) of the separator material, z e , 

D 
+&L+ (9) 

n 

where 8, is the tortuosity factor of an mdlvldual pore, and P,, 1s the volume 
fraction of pores of tortuosity 8, More conveniently 

D SeP 
P 

-=_ 
D 02 

(10) 
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where 6,~ an average porosity defined by 

For the special case where all pores have the same tortuoslty, 8 

D .WP P 

-= 82 D 

(11) 

(12) 

The equations relating apparent conductlvlty to separator characterlstlcs are 
of the same form as eqns (9) - (12) 

Combmmg eqns. (8) and (10) one obtains 

0, 
d= PX (13) 

so that if P, 8,, and x can be measured (as, for example, m ref 14) then d 
can be calculated. 

Separator charac terls tm 
The results of the measurements of separator characterlstlcs are pre- 

sented m Table 1 It can be seen that most of the samples contain approxl- 
mately 15 wt.% of 011 prior to extraction, even the pillared Daramlc, which 
has already been extracted [12, 131, still contains 1 - 2% Exammatlon by 
proton-NMR showed the extracted materials to be of the paraffin type, 
except for that from the Type C sample, which was an ahphatlc phthalate, 
probably dloctyl phthalate In all the materials, the slhca support is relatively 
pure; the residue after hydrofluonc acid volatlhzatlon being only about 
1 4 wt % of the mltlal sample We were not able to characterize the plastic 
component 

The values measured for porosity were, m general, somewhat above the 
50% given m the mdlvldual manufacturer’s data This may be a consequence 
of the extraction The thickness when measured by a micrometer was 
greater than that determined by the water absorption method This obser- 
vation 1s m agreement with the fmdmgs of Tye and Vasanthakumar [14], 
and is expected for rough surfaces because the micrometer method yields 
the maximum value of thickness, that is, the thickness as measured across 
the roughness peaks Smce transport rate through the separator 1s most 
likely a function of the average thickness, the water absorption method 
should give a more relevant value Optical exammatlon confirmed that the 
separator surfaces were relatively rough 

Equwalent thickness effect of surfactants 
The equivalent thicknesses of separator samples that had been acetone- 

extracted and then either air-dned or water-quenched are given m Table 2 
for electrolytes havmg a separate polybromlde phase The data were ob- 
tamed using the zinc-solution-rate procedure. It can be seen that there are 
considerable differences m the equivalent thickness values obtamed for 
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TABLE 2 

Effect of pretreatment on separator equivalent thickness 

Separator Physical Equivalent thickness (mm) 
thickness* 
(mm) 

EMMB 
electrolyte 

MEPB 
electrolyte 

Dried Water Dried Water 
quenched quenched 

0 25 mm Daramlc 0 15 0 21 0 32 0 11 0 18 
0 35 mm Daramlc 0 27 0 35 0 47 0 21 0 21 
0 64 mm Daramlc 0 54 0 76 0 95 0 45 0 63 
Pillared Daramlc t 0 83 0 96 0 41 0 49 
Submlcro 0 66 1 14 1 49 0 86 0 91 
Type C 0 52 195 1 80 1 33 1 30 

*Water absorption data from Table 1 
‘See note, Table 1 

EMMB- and MEPB-contammg electrolytes From substltutlon of the mea- 
sured porosity and tortuoslty (Table 1) m eqn (13) the ratio of equivalent 
to physical thickness should be approximately 4 Only the Type C material 
approaches this ratio, and then only for the EMMB-contammg electrolyte. 
In most cases, the water-quenched matenal shows a greater equivalent 
thickness than the au--dned counterpart 

The calculated rate of bromme transport through each type of sepa- 
rator m either an EMMB or MEPB system 1s presented m Table 3. The 
data show that the rate 1s generally about the same m both electrolytes 
This fmdmg is unexpected since the aqueous-phase bromine concentrations 
were 0 080 M (EMMB) and 0.036 M (MEPB), and after correction for the 
difference m dlffuslon coefflclent between the two systems, the bromine 

TABLE 3 

Effect of separator pretreatment on bromme transport rate results for systems having a 
polybromide phase 

Separator Bromine transport (lo-* mole cm-’ s-l) 

0 25 mm Daramlc 
0 35 mm Daramlc 
0 64 mm Daramx 
Pdlared Daramlc 
Submlcro 
Type C 

An-dried 

EMMB 
system 

2 91 
169 
0 86 
0 85 
0 63 
0 38 

MEPB 
system 

2 50 
1 50 
0 74 
0 80 
0 41 
0 28 

Water-quenched 

EMMB MEPB 
system system 

173 170 
1 18 140 
0 64 0 52 
0 59 0 66 
0 44 0 34 
0 36 0 24 
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transport rate should be 1 8 times greater m the EMMB-contammg electro- 
lyte It was observed that these separators, after use m the cell, were coated 
with a near-contmuous film of polybromlde phase on the poatlve-facing 
side, and were impregnated with a yellow material, presumably adsorbed 
polybromlde The bromine concentration m the polybromlde phase was 
slmllar for both electrolytes, bemg 5 25 M and 5.5 M for the MEPB- and 
EMMB-contammg electrolytes, respectively 

The apparent independence of the rate of bromine transport on the 
difference m aqueous bromine concentration across the separator was 
further tested usmg a 2 M zmc bromide solution (z e , no polybromlde 
phase) with 0 64 mm Daramlc separator material, m both the air-dried and 
water-quenched states, the bromine concentration m the posltlve compart- 
ment was varied between 0 02 and 0 1 M Bromme transport rates (measured 
by the zinc-solution-rate method) are presented m Fig 2 as a function of 
bromme concentration The results show that for these polybromlde-free 
solutions the transport rate 1s directly proportional to bromine concentra- 
tion, and also that the water-quenched material exhibits a slgmflcantly lower 
transport rate (z.e , has a greater equivalent thickness) than the air-dned 
material The values for equivalent thickness, which are independent of the 
bromme concentration, are 0 77 mm for the am-dried and 1.45 mm for the 
water-quenched samples 

0 0 04 0 06 

Bromme concentration/M 

0 12 

Fig 2 Rate of bromme transport through 0 64 mm Daramx m 2 M zmc bromide solu- 

tion A, ax-dried separator, B, water-quenched separator, C, surfactant-treated separator 

The presence of the film of polybromlde on the separator surface, and 
the apparent adsorption of polybromlde wlthm the separator, suggested 
that the low equivalent thicknesses might be due to preferential wetting of 
the separator matenal by the polybromlde phase To test this hypothens, 
samples of the 0 35 mm Daramlc were acetone-extracted, immersed for 
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about 15 mm m a 10 g 1-l solution of a @ven surfactant held at 70 “C, rinsed, 
and cycle-tested using an EMMB-contammg electrolyte. The equivalent 
thickness values estimated from the charge/discharge data are hsted m 
Table 4 The results clearly show that treatment with the long-chain sul- 
phonate and orgamc sulphate compounds (I e , SDBS and SDS) causes a 
considerable increase m equivalent thickness, as does the use of phosphate 
ester and Trlton X-100@ (octyl phenoxy polyethoxy ethanol) Pretreatment 
with SDBS was selected for more detailed study 

TABLE 4 

Separator equivalent thickness followmg pretreatment with various surfactants 

Surfactant 

Type Chemical identity Class 

Equivalent 
thickness (mm)* 

No surfactant* - 
- Pentane sulphomc acid, sodium 

salt 
- Octane sulphomc acid, sodmm 

salt 
- Decane sulphomc acid, sodmm 

salt 
- Dodecylbenzene sulphomc acid, 

sodium salt (SDBS) 
- Sodium dodecylsulphate (SDS) 
Gafac@ RA-600 Phosphate ester 
Mlranol@ C2M Fatty lmldazolme derivative 
Trtton@ X-100 Octyl phenoxy polyethoxy 

ethanol 

- 0 28 
Amomc 0 33 

Amomc 

Amomc 

Amomc 

Amomc 0 15 
Amomc 0 95 
Amphoterlc 0 64 
Nomomc 0 85 

0 33 

0 49 

0 88 

*Water-quenched separator 
TFor 2 M ZnBr*/EMMB electrolyte 

Table 5 presents the results of equivalent thickness determmatlons 
using the zinc-solution-rate procedure on a range of separator mater& 
that had been pretreated by acetone extractlon and treatment with SDBS 
The data cover systems with and without a separate polybromlde phase 
present Aqueous-phase, posltlve-side bromine concentrations were 0 057 
M, 0 080 M and 0 036 M for the 2 M zmc bromide, the EMMB-contammg, 
and the MEPB-contammg electrolyte, respectively By comparlsdn with data 
presented m Table 2, it IS confirmed that pretreatment with surfactant 
causes a considerable increase m separator equivalent thickness Further, 
the equivalent thickness is now independent of the bromine concentration 
difference across the separator, u-respective of whether a separate poly- 
bromide phase is present, or a simple zinc bromide solution is used (see curve 
C, Fig 2) It was noticeable also that the separators were quite clean when 
the test cell was disassembled, with only a few Isolated drops of adhering 
polybromlde that dramed from the surface quite readily. There was no 
sign of the absorbed yellow compound seen with the au-dried or the water- 
quenched pretreatments 
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TABLE 5 

Effect of pretreatment with SDBS on separator equwalent thickness 

Separator 

0 25 mm Daramlc 
0 35 mm Daramlc 

0 64 mm Daramlc 
Pdlared Daramlc 

Submxro 
Type C 

Equivalent thickness (mm) 

2 M ZnBrz Polybromlde Polybromlde 

(no polybromlde) (EMMB) (MEPB) 

0 73 0 69 0 75 
1 04 0 97 1 01 
2 06 2 02 192 
198 2 10 2 22 
2 14 2 36 2 40 
2 54 2 67 2 89 

Addztzon of surfactant to electrolyte 
In the work described above, the separator was modified by pretreat- 

ment with a surfactant An alternatlve and possibly effective procedure 
would be to add surfactant to the electrolyte For example, Bellows et al 
[21] m then descrlptlon of a 30 kW h electnc-vehicle battery mention the 
use of an unstated additive which Improved faradalc efficiency from 60% to 
90% It was therefore decided to examme the posslblhty of direct addltlon 
of surfactant to the electrolyte 

Prehmmary tests were made using 0 35 mm Daramlc with a 2 M zinc 
bromlde/EMMB electrolyte mcorporatmg 1 g 1-l of the desired surfactant 
The equivalent thickness was estnnated from cycling tests Since many 
surfactants preclpltate when added to this electrolyte, testmg was confined 
to three compounds The results are shown m Table 6 As SDS proved to be 
the most effective additive, this surfactant was studied m more deli 

The equivalent thickness of a range of separator mater& was evalu- 
ated, using the zinc-solution-rate method, for the same range of electrolytes 
as was employed with the surfactant-pretreated samples. In the present 
mstance, however, all separator samples were water-quenched before testmg, 

TABLE 6 

Separator equivalent thickness with various surfactants as electrolyte addltlves 

Name Surfactant 

Chemical identity 

No surfactant* - 
- Decane sulphomc acid, sodmm 

salt 
- Sodium dodecylsulphate (SDS) 
Mlranol@ C2M Fatty lmldazolme derlvatlve 

*Water-quenched separator 
+2 M ZnBr*/EMMB electrolyte 

Class 

- 

Amomc 

Anionic 

Amphoterlc 

Equivalent 
thickness (mm)+ 

0 28 
0 42 

0 99 
0 38 
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TABLE 7 

Separator equivalent thickness with surfactant m electrolyte 

Separator 

0 25 mm Daramlc 
0 35 mm Daramlc 
0 64 mm Daramlc 
Pillared Daramlc 
Submlcro 
Type C 

Equivalent thickness (mm) 

2 M ZnBrz Polybromlde Polybromlde 
(no polybromlde) (EMMB) (MEPB) 

0 69 0 72 0 72 
0 99 1 01 1 00 
185 1 84 1 95 
1 92 181 1 83 
2 32 2 20 2 20 
2 64 2 25 2 52 

and the electrolyte contained 1 g 1-l of SDS The resultmg equivalent thlck- 
ness values are presented m Table 7 As found for the surfactant-pretreated 
separators (Table 5), the equivalent thickness data for the various electro- 
lytes are mdependent of bromine concentration (0.068 M for 2 M zmc 
bromide, 0 087 M and 0 036 M for EMMB- and MEPB-contaxnng electro- 
lytes, respectively), and are much greater than the values for correspondmg 
air-dned and water-quenched samples (see Table 2) The absolute thlck- 
nesses are quite close to those measured with separator material pretreated 
with surfactant (Table 5) 

Compound separators 
A possible approach to preventing the formation of a film of polybro- 

mlde phase over the bromme-side surface of the separator 1s to cover it with a 
thm layer of some other porous substance that 1s not wetted by poly- 
bromide. Quahtatme contact-angle tests on readily available materials re- 
vealed that ftiter paper, pre-wetted with water or electrolyte, fulflls this 
requirement Consequently, a compound separator was prepared by mter- 
leaving water-quenched 0 64 mm Daramlc between two Whatman No 50 
papers, each cut to the same diameter as the Daramlc and each pre-wetted 
with water 

When the Daramlc alone was tested for equivalent thickness by the 
zinc-solution-rate procedure, values of 0.61 mm (MEPB-contammg electro- 
lyte) and 1 08 mm (EMMB-contammg electrolyte) were obtained, m four 
agreement with those measured previously (Table 2) As before, the sepa- 
rator was coated with a film of polybromlde on the posltlve-facing side, and 
stained yellow with adsorbed material If a compound separator was sub- 
stituted for the Daramlc, the equivalent thickness increased to 1 4 mm 
(MEPB) and 1 5 mm (EMMB), that is, the equivalent thickness 1s now 
essentially mdependent of bromine concentration. Exammatlon of the 
compound separator on disassembly of the cell confirmed that there was no 
film of polybromide coating the poatlve-facmg side, although the Daramlc 
section was still noticeably stained with adsorbed polybromlde 
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These results support the explanation that a layer of polybromlde phase 
covering the posltlve-facing side of au-dned and water-quenched separators 
1s the cause of the equivalent thickness appeanng to be a function of electro- 
lyte composition 

Estlmatlon of equwalent thickness by dlfferentprocedures 
Most of the values of equivalent thickness quoted m Tables 2 - 7 were 

measured by the zinc-solution-rate method It 1s desn-able that these results 
be confirmed by usmg alternative methods of thickness measurement, It 1s 
especially relevant to compare them with correspondmg values from charge/ 
discharge cycle testing, as this procedure corresponds most closely to actual 
battery operation 

The values obtamed from three of the procedures described earlier, 
together with the value calculated usmg eqn (13) and the data of Table 1, 
are shown m Table 8 for each of the six types of separator material tested 
Samples used for the zinc-solution-rate and the dlffunon-cell methods, and 
to obtain the data required for the calculated results, were treated m a warm 
10 g 1-l solution of surfactant Trlton X-100 prior to testmg The resistance 
measurement samples were plunged mto 70 “C water immediately after 
acetone extraction, surplus water was removed with tissue, and then the 
samples were alternately evacuated and repressurized while immersed m a 
0 1 M potassmm chloride solution containing approximately 1 g 1-l of Trlton 
X-100, prior to being tested Agreement between the four sets of equivalent 
thicknesses is satisfactory, considering the very different experimental 
procedures used 

TABLE 8 

Separator equwalent thicknesses comparison of four procedures 

Separator Equwalent thickness (mm) 

Zinc Dlffuslon Separator 
corrosiont cell resistance 

Calculated* 

0 25 mm Daramlc 0 71 0 73 0 66 

0 35 mm Daramw 1 00 1 02 1 00 

0 64 mm Daramlc 1 84 1 68 1 70 
Pillared Daramlc 1 87 1 65 1 68 

Submwro 2 23 1 88 1 87 

Type C 2 57 2 43 2 21 

‘Electrolyte 2 M ZnBrz , neither QBr nor polybromlde present 
*Using eqn (13) -see text 

0 74 

1 07 
1 83 
- 

2 18 
2 43 

A second set of comparisons was made, all tests being performed 
sequentially on the same set of test pieces For this series, equivalent thlck- 
ness was evaluated, usmg cycle-test data, by the zinc-solution-rate method, 
and from dlffuslon cell results. The samples for this set were surfactant- 
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TABLE 9 

Separator equivalent thickness comparison of three procedures 

Separator Equivalent thickness (mm) 

Zmc solution rate* Cycle testmg* Dlffuslon cell 

0 25 mm Daramlc 0 73 0 73 0 99 

0 35 mm Daramlc 1 04 0 96 1 33 

0 64 mm Daramlc 2 06 1 86 2 17 

Pillared Daramlc 1 98 1 88 2 30 

Submlcro 2 14 2 07 2 59 

Type C 2 54 2 10 2 69 

*Electrolyte 2 M ZnBrz, neither QBr nor polybromlde present Zmc-solution-rate data 
from Table 5 

treated m 10 g 1-l SDBS at 70 “C The results are presented m Table 9 It 
can be seen that the values obtained from cycle testing and by the zmc- 
solution-rate method are m good agreement, and are quite comparable with 
the correspondmg results of Table 8 However, the values from the dlffuslon- 
cell tests were greater than those of either of the other methods, the dlffer- 
ence ranges from 12 to 39% as based on the correspondmg zinc-solution-rate 
values, and averages 25% Repeating both the zinc-solution-rate and the 
dlffuslon-cell tests confirmed the ongmal values for both procedures. 

A further comparison of equivalent thickness evaluations from zmc- 
solution-rate and cycle-testmg procedures was made for electrolytes con- 
taming 1 g 1-l SDS. These are shown m Table 10, and again there IS far 
agreement between the two procedures. Overall, for the results presented m 
Tables 9 and 10, the average ratio of values measured by the cycle test to 
the correspondmg values measured by zmc solution rate IS 0 99 with a 

TABLE 10 

Separator equivalent thickness comparison of zinc-solution-rate and cycle-test proce- 
dures 

Separator Equivalent thickness (mm) 

0 25 mm Daramx 
0 35 mm Daramlc 
0 64 mm Daramlc 
Pillared Daramlc 
Submlcro 
Type C 

EMMB electrolyte MEPB electrolyte 

Zmc Cycle Zinc Cycle 
solution rate* test solution rate* test 

0 72 0 74 0 72 0 79 

101 1 09 100 1 09 

1 84 1 90 195 1 98 

1 81 1 80 1 83 2 11 

2 20 2 02 2 20 2 02 

2 25 2 25 2 52 2 12 

*Values from Table 7 



48 

standard deviation of 0 088, that is, there is no slgmficant difference m the 
equivalent thicknesses obtained by the two methods 

All the above comparisons were made using material that was either 
pretreated with surfactant or tested using electrolyte which contamed 
surfactant. Since the behavlour of ax-dned and water-quenched samples 
1s quite different from that observed m the presence of surfactants, a com- 
parison was made of the results for equivalent thicknesses derived from zmc- 
solution-rate (Table 2) and cycle-test (Table 11) data It can be seen that, 
unlike the results for surfactant-treated matenal, the cycle-test thickness 
values are much less than (m many cases only about 50%) those estimated 
by the zinc-solution-rate method If the equivalent thickness of au-dried 
separator 1s determined for a 2 M zmc bromide electrolyte (1 e , no poly- 
bromide phase) by both the zinc-solution-rate and cycle-test procedures, the 
results are as shown m Table 12 It can be seen that the two sets of values 
are quite slmllar, which suggests that the difference m equivalent thickness 
described above 1s due to the presence of the polybromlde phase, presum- 
ably through its tendency to wet the separator m the absence of surfactant 

TABLE 11 

Separator equivalent thicknesses from cycle test data polybromlde-contammg electro- 

lytes 

Separator Equivalent thickness (mm) 

MEPB system 

Ax-dried Water-quenched 

EMMB system 

aw-dried 

0 25 mm Daramx 0 092 0 099 - 
0 35 mm Daramlc 0 12 0 13 - 

0 64 mm Daramlc 0 32 0 40 0 50 
Pillared Daramlc 0 33 0 27 - 

Submlcro 0 38 0 58 0 64 
Type C 0 86 0 84 0 95 

TABLE 12 

Equwalent thickness of air-dried separator 2 M zmc bromide electrolyte 

Separator Eqmvalent thickness (mm) 

Zmc solution rate Cycle test* 

0 25 mm Daramlc 0 29 0 28 
0 35 mm Daramlc 0 41 0 45 

0 64 mm Daramlc 0 76 0 72 
Pillared Daramlc 0 93 0 93 
Submlcro 1 11 1 00 
Type C 2 22 184 

*Corrected for C, 
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In more detIu1, if the equivalent thickness of a separator 1s assessed by 
the zinc-solution-rate method, the sample cycle tested (4 cycles), and the 
equivalent thickness again evaluated from the zmc solution rate, the second 
value 1s very much lower than the first. For example, for 0.64 mm Daramlc 
water-quenched and used with MEPB-contammg electrolyte, the mltlal 
equivalent thickness was 0 63 mm while the value denved from cycle test 
data was 0 40 mm, and the subsequent zmc-solution-rate test (carried out 
unmedlately on completion of the cycle test) gave a value of 0.29 mm If 
the separator was then acetone-extracted, water-quenched, and again tested 
by the zinc-solution-rate procedure, the equivalent thickness was 0.71 mm, 
m fair agreement with the mltlal value The marked decrease of equivalent 
thickness seen after cyclmg, and its restoration to the mlt1a.l value following 
extraction of adsorbed polybromlde, suggest that Increased penetration of 
the separator material by the polybromlde phase durmg charge/discharge 
operation 1s the cause of the changes seen m equivalent thickness 

Effect of separator pretreatment on faradalc efficiency 
All the estimates of separator performance have been given m the form 

of equivalent thicknesses As this may not convey an immediate impression 
of the consequent faradalc efficiency, Fig 3 shows the calculated faradac 
efficiency as a function of equivalent thickness, while Table 13 presents 
empu-lcal results for one separator matenal (0.64 mm Daramlc) after a range 
of pretreatment& Results m both cases are for polybromlde-containing 
electrolytes usmg the test profile and electrolyte composltlons described m 
the experimental section It can be seen, especially from the data of Table 
13, that practically useful increases m faradalc efficiency follow both from 

100 

01 02 04 I 2 4 

Equlvalrnt thxknrss/mm 

Fig 3 Faradax efficiency as a function of equivalent thickness Calculated for 2 5 h, 
25 mA crnmL charge, discharge at same current den&y to 1 0 V, 0 5 h between cycles, 

25 “C A, MEPB-contammg electrolyte, B, EMMB-contammg electrolyte 
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TABLE 13 

Effect of separator pretreatment on faradalc efflclency 0 64 mm Daramlc 

Separator pretreatment 

Air-dried 
Water-quenched 
SDBS-pretreated 
Water-quenched, SDS m electrolyte 

Faradalc efflclency (%) 

MEPB EMMB 

795fO5 793+04 
833503 837+03 
961f02 945+02 
964fOl 934+08 

pretreatment with surfactant, and from mcluslon of surfactant m the elec- 
trolyte. 

Stabhty of surfactant-treated separators 
All the equivalent thicknesses reported above resulted from short-term 

tests, that is, from the one to three hours of a zmc-solution-rate test to the 
twenty hours required for four charge/discharge cycles. To assess the longer- 
term stability, the faradaic efficiency of typical cells was momtored over a 
much longer period of cyclmg, the constancy of this efficiency being taken 
as a measure of separator stability 

A pillared Darannc separator, pretreated with SDBS, was tested using a 
2 M zmc bromide/3 M potassium chlonde/MEPB electrolyte The faradalc 
efficiency averaged 96.5% over 100 cycles, bemg 96.9% over the first ten and 
95.5% over the last ten cycles For the direct addition of surfactant (SDS) 
to the electrolyte, a sample of water-quenched pillared Daramic was selected 
Unfortunately, this surfactant precipitates m the presence of 3 M potassmm 
chloride, so it was necessary to substitute ammomum chloride for the potas- 
sium salt This reduces precipitation of the surfactant, but the average 
aqueous-phase bromme concentration over the whole cycle is increased to 
about 0 075 M from about 0.04 M, and the faradalc efficiency is, m con- 
sequence, lower than that with the potassium chloride electrolyte. Over a 
50 cycle test, the average efficiency was 93 6%, the first ten cycles averagmg 
93 9% and the last ten 93 3%. 

The above results indicate a promising level of stability for the separa- 
tors In a practical battery, however, it would be necessary to maintain 
performance for at least 500 - 1000 cycles, so that longer-term testing is 
necessary 

Untreated separators 
A short test series was made using separator material m the as-received 

condition The equivalent thickness was measured, for an EMMB-contammg 
electrolyte, by the zmc solution rate method, and also estimated from cycle- 
test data The results are shown m Table 14. It can be seen that the equiva- 
lent thicknesses are much greater than those for air-dried or water-quenched 
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TABLE 14 

Performance of untreated separators 

Separator Equivalent thickness (mm) 

Zmc solution rate 

EMMB system MEPB system 

Cycle testing 

EMMB system 

0 25 mm Daramlc 0 14 0 32 0 70 
0 35 mm Daramlc 115 0 71 1 02 
0 64 mm Daramlc 2 34 1 51 1 66 
Pillared Daramlc 0 99 0 77 0 59 
Submlcro 2 26 1 26 I 69 
Type C 3 03 2 26 1 90 

samples (Table 2), and approximate to the values exhibited by surfactant- 
treated matenal (Table 5) The only exception to this is the pillared Daramlc, 
this fmdmg 1s consistent with previous results since it was m the extracted 
condltlon when received 

Cell resistance was noticeably higher with the as-received samples 
For the s1x separator types examined, the increase m resistance averaged 
1 8 + 0 8 ohm cm2 At a current density of 25 mA cmp2, this would cor- 
respond to an increase m chargmg voltage of 0.045 V, and a correspondmg 
decrease m cell voltage on discharge, z e , a loss of about 5% m voltalc 
efficiency 

A film of polybromlde phase covered the positwe-facing side of the 
untreated separators, similar to that observed with the an-dned and water- 
quenched samples. Consistent with this, equivalent thlckriesses measured 
when using MEPB-contammg electrolytes were much lower than those for 
the correspondmg EMMB-contammg systems (Table 14). 

In view of the tendency of polybromlde phase to wet the untreated 
separator material, the relatively large equivalent thickness values are dlf- 
flcult to explain The presence of residual processmg 011 would reduce 
porosity, but the value quoted for porosity m the manufacturer’s manual, 
namely, 50% - 55%, 1s only slightly less than that measured for most of the 
extracted material, and could not account for the magnitude of the increase 
m equivalent thickness If the suggestlon 1s correct that the additional path 
for bromine transport m air-dried separator IS via bromine adsorbed on the 
separator material, it may be that the processmg 011 1s sufflclently strongly 
held to prevent adsorption of bromine, which would ehmmate this hypoth- 
esized transport mechanism 

Zmc dwsolutlon durmg chargmg 
In the mathematical model for the zmc/bromme cell on charge derived 

by Mader and White [7], it is assumed that the zinc becomes passive when 
the cell 1s chargmg, that is, there is no reaction with any bromine diffusing 
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through the separator from the positive compartment However, m a study 
of zmc corrosion m the zmc/bromme cell, Lee and Selman [8] assume that 
the zmc deposit reacts rapidly with bromine, regardless of the state-of- 
charge. Knowledge of the actual behavlour of the zinc is necessary if the 
equivalent thickness is to be calculated from cycle-test data, as the total 
quantity of bromme which diffuses through the separator will be decreased 
if the zmc becomes passive durmg the chargmg part of the cycle 

Observation of the negative electrolyte reservoir has shown that the 
bromine concentration reaches a low and steady value soon after the com- 
mencement of chargmg. Since a continuous increase m bromine concentra- 
tion would be expected if the zmc were passive, this suggests that the zinc 
deposit does indeed react with the bromine reaching the negative compart- 
ment To test this further, a cell was charged at 25 mA cme2 for 4 h, and at 
the end-of-charge was dramed, drsassembled, and the zmc deposit weighed 
The weight of deposit was compared with that calculated from the amount 
of charge passed less the charge equiJa.lent of the bromine diffusing through 
the separator (as calculated from the measured u-&al and final bromine 
concentrations, the diffusion coefficient of bromine, and the equivalent 
thickness of the separator). The result, expressed as the faradarc efficiency of 
zmc deposition, was 97.9% for the direct determmation from the deposit 
weight, and 97.3% for the calculation from the amount of charge and the 
estimated bromine diffusion, these two values are m fan agreement. 

An alternative procedure is to compare the actual bromme concentra- 
tion m the end-of-charge electrolyte with that which should be present if 
no reaction with zinc took place; this latter value can be estimated from 
the measured positive-side bromine concentrations, the diffusion coefficient, 
and an estnnate of the equivalent thickness ([ 181, eqns (13) and (14)). In 
the above test, the actual end-of-charge negative-side bromine concentration 
was 6.6 X lop4 M, while the expected value for no reaction was 4 25 X low2 
M, a factor of 64 greater than that measured. 

The above results indicate that bromme diffusmg through the separator 
during chargmg reacts relatively rapidly with the zmc deposit. 

Discussion and conclusions 

The faradaic efficiency of a zmc/bromme cell is controlled by the rate 
at which bromine can pass through the separator material. It is therefore 
important to determme the rate, and this has been done for a range of 
commercially-available products. These have been specified m terms of 
equivalent thickness, which may be regarded as the thickness of a layer of 
stationary electrolyte that would have the same bromine transport rate as 
the separator. 

All the separators examined m this study were composed of micro- 
porous polyolefm having fmelydivided silica mcorporated as a support. 
Six different separators were used: three different thicknesses of flat 
Daramic; a “pillared” Daranuc; and two other flat materials, Submlcro and 
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Type C All except for the pillared Daramic contamed considerable pro- 
cessing oil (Table 1): the pillared Daramic had been solvent extracted to 
remove the bulk of this oil [ 12, 131 All separator materials were charac- 
terized for porosity and tortuosity factor [ 141. Smce it has been shown that 
it is desirable to remove processmg oil to prevent degradation m electrode 
performance [ 12,131, most samples tested m the present work were acetone 
extracted before measurements of equivalent thickness were made 

With a 2 M zmc bromide solution, it was found that the equivalent 
thickness was least for material that had been an-dried after extraction, 
while hot water treatment of the extracted separator (termed water- 
quenchmg) substantially increased the thickness, and treatment with a 
surfactant gave a further mcrease. In all cases, the bromine transport rate 
was proportional to bromme concentration difference across the separator 
(Fig 2), that is, the equivalent thickness was independent of bromine 
concentration If the electrolyte contamed a quaternary ammomum bro- 
mide, so that a separate polybromide phase appeared m the positive-side 
compartment, results were quite different In this situation, the equivalent 
thickness for the air-dried and water-quenched samples was agam relatively 
low, there bemg little difference between the two values, and appeared to 
become dependent upon the aqueous-phase bromme concentration differ- 
ence If the separators were pretreated with surfactant, there was a marked 
increase m equivalent thickness which then became mdependent of bromine 
concentration The absolute values of thickness for the surfactant-treated 
samples were similar for both the zmc bromide solutions and those having 
a polybromide phase present. Further, the thickness values were the same 
for waterquenched samples when 1 g 1-i of surfactant was added to the 
electrolyte An-dried and water-quenched samples tested m the presence of 
polybromide were consistently found to be covered on the positive-facing 
side with an adherent layer of polybromide phase, and appeared also to show 
a considerable adsorption of the polybromide phase throughout the separa- 
tor. These effects were not seen with surfactant-treated separators. The vana- 
tions m equivalent thickness described were obtamed with all the different 
separator samples tested. However, the difference m performance between 
the andned and surfactant-treated cases was most marked for the Daramic 
material and least apparent with the Type C separator. 

Most of the above-described observations were obtained from zmc- 
solution-rate tests. In order to confirm that this procedure gave an accurate 
measure of equivalent thickness, the latter was determmed by two mdepen- 
dent methods, namely, by using a diffusion cell and by resistance measu- 
rement, and these results were further compared with those calculated from 
measured values of porosity and tortuosity (Table 1). Agreement is generally 
satisfactory: compared with zmc-solution-rate results, the diffusion cell, 
the resistance, and the calculated thickness methods show ratios of 1 06 f 
0 16, 0.91 + 0 06, and 1 01 + 0.05, respectively. Further, thickness values 
were compared with those estimated from cycle test data, and it was found 
that for surfactant-treated separators the ratio to zinc-solution-rate results 
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averaged 0.99 * 0.09 However, with the m-dried and water-quenched 
material the thicknesses found m the presence of polybromlde were much 
smaller than those found by the zmc-solutlon-rate procedure (Tables 2 and 
11). This does not appear to be due to errors m the measurement of thlck- 
ness, but to a real difference m separator behavlour under cycle-test condl- 
tlons, since independent measurements of thickness made before and during 
testing show a decrease m the equivalent thickness This change cannot be 
attmbuted to degradation of the matenal because d the separator 1s removed 
from the cell, re-extracted and dned (or water quenched), then the original 
equivalent thickness (as determmed, say, by the zinc-solution-rate proce- 
dure) 1s restored 

These fmdmgs have been unexpected. Models for zmc/bromme per- 
formance denved m the literature [ 7 - 101 assume that the bromine trans- 
port rate through the separator 1s directly proportional to the bromine 
concentration difference across the separator, and ignore any effects of 
pretreatment or of the presence of a polybromlde phase. The results pre- 
sented above show that these factors must be taken into conslderatlon 

There 1s little mdlcatlon as to the mechamsm that causes the increased 
bromine transport shown by the ar-dned or water-quenched material over 
that which has been surfactant-treated As it seems unlikely that the vmous 
pretreatments would change the porosity or tortuoslty of the separators, the 
equivalent thickness should not change with pretreatment. However, quite 
large changes were observed, and thus some additional, parallel path must 
be present for bromine transport across the separator. It is possible that 
some au- could be retained m the rur-dned separators when these were 
exposed to electrolyte, but this would tend to decrease the porosity and, 
hence, increase the equivalent thickness The only other suggestion which 
can, tentatively, be put forward 1s that there is adsorption of bromine wlthm 
the separator, followed by surface migration. It thus appears that the adsorp- 
tion of surfactant blocks that of bromine Whatever the mechanism, an 
addltlonal effect must occur m the presence of polybromlde, since the 
bromine transport rate then becomes independent of the posltlve-side 
aqueous-phase bromine concentration This seems to be related to the 
formation of an adherent film of polybromlde phase on the pontlve-side face 
of the separator The polybromlde has approxnnately the same bromine 
concentration whichever quaternary ammonium bromide is used, and the 
concentration m this adhering film presumably controls the bromine trans- 
port through the separator. We can put forward no hypothesis as to the 
transport mechanism under this condltlon 

Since there 1s a large difference m bromine transport through au-dried 
and surfactant-pretreated separators -a factor of about 7 for the most 
strongly affected material - there 1s a marked mcrease m faradac efficiency 
between cells usmg these materials, typically from 83% for the dried to 96% 
for the surfactant-treated. Thus, the use of surfactants 1s essential if satls- 
factory cell efficiency 1s to be attamed when usmg separator mate& that 
has been extracted to remove processmg OII 



The surfactant effect can be achieved either by pretreatment of the 
separator m surfactant solution, or by addition of the surfactant to the 
electrolyte. Similar values of equivalent thickness and, hence, faradalc 
efficiency, result from each of these procedures, but the direct addition 
method places hmltatlons both on the range of surfactants that can be used, 
and on the electrolyte composltlon, if preclpltatlon of the surfactant 1s to be 
avoided. Therefore, pretreatment is probably the preferred approach, pro- 
vldmg that separators so treated mamtam thev equivalent thickness for an 
acceptable period of service. 

It 1s interesting to note that untreated separator mate4 exhibits 
equivalent thickness values comparable with those dlsplayed by surfactant- 
pretreated samples Cell resistance 1s higher, however, with the untreated 
matenal, and extraction plus surfactant-pretreatment could be desvable 
from the aspect of increased overall efficiency, quite apart from the requlre- 
ment for extraction to prevent detenoratlon m electrode performance 

Finally, only a small range of surfactants has been exammed m this 
study. Of these, four were effective m increasing the equivalent thickness to 
a satisfactory value: three of them aruomc and the other non-lonlc It 1s 
quite possible that other surfactants would be effective also, and work to 
fmd such compounds would seem desirable, e g , to fmd compounds which 
can be added directly to the electrolyte without requnmg any changes m 
its composition 
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List of symbols 

A 

CB 

CZ 

d 
D 
D SeP 

F 

Id 

Separator cross-sectional area 
Bromine concentration m aqueous phase, bromine (posltwe) 
compartment 
Bromine concentration, zinc (negative) compartment 
Equivalent thickness of separator mater& 
Diffusion coefficient for bromine m bulk electrolyte 
Apparent diffusion coefficient for bromine m the electrolyte- 
filled separator material 
Faraday constant 
Bromine transport rate through the separator, expressed as a 
current density 
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k 
k SeP 

MZ 

F 

pi? 

Qc 
QLI 
r 

r SeP 

AR 

P 
X 

tc 

tD 

i 
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Specific conductlvlty of bulk electrolyte 
Apparent specific conductnrlty of electrolyte-filled separator 
material 
Atomic weight of zmc 
Equivalents per mole 
Volume fraction of pores in separator 
Volume fraction of pores of tortuosity 8, 
Charge capacity 
Discharge capacity 
Solution resistivity 
Apparent solution reslstlvlty of electrolyte-filled separator ma- 
terial 
Difference m cell resistance with and without separator present 
Reslstlvlty of 0.1 M potassium chlonde solution 
Physical thickness of separator 
Total cycle time 
Test penod, zmc-solution-rate and dlffunon-cell tests 
Weight of zmc dissolved, zmc-solution-rate procedure 
Average tortuoslty factor for all pores 
Tortuoslty factor for an mdlvldual pore 
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