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Models and equations describing aspects of  diaphragm performance are discussed in view of  recent 
experiences with non-asbestos diaphragms. Excellent control of  wettability and, therefore, of  the 
amount  of  gases inside the diaphragm, together with chemical resistance to the environment during 
electrolysis, was found to be an essential prerequisite to performances of  non-asbestos diaphragms 
that are comparable to those of  asbestos diaphragms. Equations, derived and supported by exper- 
imental evidence from previous work, are shown to describe and predict hydrodynamic  permeability 
and ohmic voltage drop of  diaphragms, even in cases where the amount  of  gases inside the diaphragm 
slowly increases during electrolysis. Current  efficiency is observed to be only dependent  to a slight 
extent on the effective electrolyte void fraction inside the diaphragm. Major  effects that determine 
current efficiency at 2 k A m  -2 and 120g1-1 caustic are shown to be diaphragm thickness, pore 
diameter distribution and the number  of  interconnections between pores inside the diaphragm. A 
discussion on design of  the structure of  non-asbestos diaphragms is presented. 

N o m e n c l a t u r e  

B permeability coefficient (m 2) 
Ci,x concentration of ionic species i at position x 

(molm -3) 
Ck concentration of hydroxyl ions in catholyte 

(mol m -3) 
CE current efficiency 
d thickness of diaphragm (m) 
/~ thickness of layer (m) 
Di ionic diffusion coefficient of species i (m 2 s t) 
De dispersion coefficient (m 2 s-l) 

electrolyte void fraction 
E potential inside diaphragm (V) 
F Faraday constant, 96 487 (C mol- ~ of electrons) 
Fj,i flux of ionic species i in the stagnant electrolyte 

inside small pores of layer j 
H hydrostatic head (N m-2) 
i flux of current = j /F (mol m 2 s- 1) 
j current density (A m -2) 
ki,~ constant representing diffusion in diaphragm 

(m 2 s - l )  
k2 constant representing migration in diaphragm 

(m-') 

Vp hydraulic pore radius according to [15] (m) 
N number of layers 
Nj, i flux of ionic species i in layer j (molm-Zs -1) 
P hydrodynamic permeability (m 3 N-  1 s- 1 ) 
R gas constant, 8.3143 (Jmo1-1K -1) 
Q density of liquid (kgm -3) 
R0 electric resistivity of electrolyte (ohm m) 
Rd electric resistivity of porous structure filled with 

electrolyte (ohmm) 
Rm resistance of the diaphragm (ohm m 2) 
R. resistance of anolyte layer (ohm m 2) 
R. resistance of electrodes (ohm m 2) 
s specific surface of porous structure (m -~) 
So standard specific surface of solids in porous 

structure (m- 1 ) 
z tortuosity defined according to Rd/Ro = "r/e 
T absolute temperature (K) 
u superficial liquid velocity (ms i) 
U cell voltage (V) 
~/ dynamic viscosity (N s m- 2) 
v kinematic viscosity (m 2 s- 1 ) 
x diaphragm dimensional coordinate (m) 
y radial coordinate inside pores (m) 

1. Introduction and problems caused by the poor wettability of PTFE, 
which is a polymer with excellent chemical resistance, 

Chemical resistance to attack by chlorine or caustic have been major problems for 20 years in the develop- 
soda in the environment for chloralkali production ment of non-asbestos diaphragms. This hurdle on the 
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road to long-lasting steady performance, at perform- 
ances comparable to those of the asbestos diaphragm, 
is now reported to be overcome [1, 2]. Both Leysen 
and Vermeiren [1] and Curlin [2] report such results 
for 100 days and more on diaphragms consisting of 
zirconia and PTFE. 

The purpose of this paper is to offer a description of 
the major performance criteria, current efficiency, cell 
voltage and hydrodynamic permeability, of this non- 
asbestos diaphragm technology for chlorine caustic 
production. 

Their predecessor, the asbestos diaphragm, which is 
expected to eventually be replaced, has been in oper- 
ation in numerous plants since 1924 and until today 
wRh reasonably good performance. However, asbestos 
is an environmental and health hazard and, moreover, 
it is not perfect in its chemical stability. 

2. Economics of non-asbestos diaphragm development 

Cells with asbestos or non-asbestos diaphragms have 
to compete with mercury or membrane cells in chlor- 
ine caustic production. The economy of a technically 
successful development may thus be questionable. 

New capacities installed in Western Europe, the 
USA and Japan since 1984 are without exception 
based on membrane cell technology. Membrane cell 
technology is economically and technically superior to 
the two older technologies. However, differences in 
totals of production costs between the three processes 
are less than 10% of the total of chlorine production 
costs [3, 4] and thus the process of conversion will still 
go on slowly for a long time. From Fig. 1 it is esti- 
mated that this process could take 30 years until all 
diaphragm cells are replaced by membrane cells. 

3. Description of chlorine caustic diaphragm cell 
technology 

Cells with asbestos diaphragms have been in operation 
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Fig. I. Chlorine production capacities in diaphragm and membrane 
cells of Western Europe and the United States versus time. 

since 1924 and several excellent surveys on their per- 
forrnance and operation exist [5-7]. 

Asbestos diaphragms are deposited from a slurry of 
asbestos fibres in diaphragm liquor (12% caustic and 
14% sodium chloride dissolved in water) on an iron 
cathode screen. Under the electron microscope they 
are found to consist of a chaos of fibres with diameters 
in the order of 1 #m. 

Curlin [2] reported on diaphragms deposited in a 
highly similar manner from a slurry of pretreated 
PTFE fibres. Before deposition on the cathode screen 
these fibres are pretreated with zirconia powder, in 
order to obtain the wettability needed for proper cell 
performance. SEM photographs show PTFE fibres 
carrying a surface cover of zirconia particles [2]. 

Leysen and Vermeiren [1] reported on a porous 
PTFE sheet diaphragm which contains a considerable 
amount of zirconia. These porous sheets are manufac- 
tured by mixing PTFE particles, zirconia powder and 
a powder of a soluble component. Mixing of com- 
ponents is followed by rolling, pressing and curing of 
the mixture. After leaching the soluble component, a 
porous PTFE sheet, which is wettable due to the 
zirconia, is obtained. 

Applicability of non-asbestos diaphragms in existing 
cells is a further point of economic interest. In case of 
non-fulfilment of this criterion, new investments in 
cathode and anode structure become necessary, and 
investment in new membrane cells would be more 
likely. 

Fulfilling this applicability criterion thus required 
further research and development. As both sheet-type 
non-asbestos diaphragms and fibrous non-asbestos 
diaphragms are proposed, typical solutions to both 
types are reported. One solution for the mounting of 
a sheet diaphragm into an existing cell is described by 
Kadija [8], Byrd [9] and Krause [10]. Additional equip- 
ment and auxiliaries are necessary. 

At first glance at the second type, it appears that 
fibre diaphragms may be deposited in a similar manner 
to asbestos diaphragms onto the cathode screen. 
However, the density of the PTFE/zirconia mixture is 
reported to be twice the density of asbestos and, more- 
over, fibre length and diameter of the Polyramix fibre 
is reported [2] to be much larger than the corresponding 
dimensions of asbestos. These PTFE/zirconia fibres 
will thus sediment in diaphragm liquor at a much 
higher rate than asbestos fibres. And, thus, in the case 
of Polyramix, additional equipment and auxiliaries 
are needed to maintain stability of the slurry during 
deposition of the diaphragm. 

In diaphragm cells brine (305 g 1-1 , 60-80 ~ C, pH 
4-7) is fed into the anode compartment of the cell. At 
the anode chlorine is evolved according to 

2C1- > C12 + 2e- 

The diaphragm separates the anode compartment 
from the cathode compartment. At the cathode hydro- 
gen is produced according to 

2H20 + 2e- , ~ H 2 + 2OH- 
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Fig. 2. Schematic view of the diaphragm and the concentration 
profiles across the diaphragm in a chloralkali electrolysis cell. 

Hydroxyl ions tend to move down the concentration 
gradient from catholyte to anolyte and, moreover, 
migration due to electric current forces them in the 
same direction. This movement of the hydroxyl ions is 
countered by the flow of electrolyte directed from 
anolyte towards catholyte. 

Concentration profiles of ions, together with basic 
reactions, are shown in Fig. 2. It should be noted that 
the x axis of the diaphragm is defined as the direction 
of the electrolyte flow from anolyte to catholyte. At 
the anodic face of the diaphragm x is zero. 

From all further details, as described by Hine [5], 
Caldwell [6] and Kirchner [7], it should be stressed 
that electrolyte flow counters the effect of migration 
and diffusion of hydroxyl ions. Thus brine flow rate is, 
together with other parameters, current efficiency de- 
termining. 

Table 1 presents typical operating and performance 
data of asbestos diaphragms. In order to be economic- 
ally successful non-asbestos diaphragms should beat 
these performance data. 

4. Basic equations describing diaphragm performance 

4~ I. Cell voltage and  hydrodynamic  permeabi l i ty  

A diaphragm is a porous system filled with electrolyte 
and, thus, formulae describing conductivity of porous 
systems are applicable to diaphragms. Meredith and 
Tobias [14] presented a review of such equations. 

Table 1. Typical operating and performance data o f  asbestos 
diaphragms 

Current density 2 kA m -2 
Conversion 0.5-0.55 mol NaOH/mol NaC1 in feed 
Current efficiency 95-97% 
Cell voltage 2.9 V (anode-cathode) 
Permeability range 1-2 x 10 9m3N- l s  1 

Hydrogen in chlorine < 0.2% 
Life time 10-14 months 
Caustic strength 120-140 g 1- l 

From this review the Bruggeman [13] equation is 
chosen to describe diaphragm resistance 

R d / R  0 _- ~ 1.5 (1) 

MacMullin and Muccini [15] tested this equation at 
void fractions from 20-40% and reported an error of 
+ 10%. 

Diaphragm resistance is described by 

R m = Rd d  = Rode 1.5 (2) 

According to MacMullin and Muccini [15] the per- 
meability coefficient, B, and the electric resistance of 
porous systems are related by the equation 

2 = kBRd / Ro  = kB~-l"5 (3) (~ls )  2 = vp 

According to this equation diaphragm resistance, and 
thus cell voltage, will increase, all other parameters 
being constant, for a decrease of the permeability 
coefficient. Equation 3 leaves only one parameter to 
influence the product of diaphragm resistance and 
permeability coefficient, i.e. the hydraulic pore radius. 

The constant k is equal to 3.666 _+ 0.098. By defi- 
nition the permeability coefficient, B, is related to 
hydrodynami c permeability according to 

B = P{dtl}  

Substituting the permeability coefficient by the hydro- 
dynamic permeability gives 

P = B{d t l } - '  = v 2 R o / R a k - ' { d q }  -~ (4) 

4.2. Current  efficiency 

As any loss of hydroxyl ions by movement from 
catholyte to anolyte is loss of product, current effi- 
ciency based on sodium hydroxide is given by 

CE = (1 -FN3 ,xJ  -~) x 100 (5) 

The flux of hydroxyl ions at any position inside the 
diaphragm is given [5, 16] by 

~c3, x F 0E 
N3'x = UxC3'x - D3 -~x D3c3'x R T  ~x (6) 

N3,x represents the flux of hydroxyl ions at position x 
whereas C3,x represents concentration of hydroxyl ions 
at position x. Subscript 1 stands for sodium ions, 2 for 
chloride and 3 for hydroxyl ions. 

Mukaibo [12] derived a solution to Equation 6 and 
Hine [5] presented experimental data to support this 
solution. According to Mukaibo, current efficiency is 
given by 

100u 
CE = {u + (noi - u) /al}  (7) 

[ -  (noi - u)d] 
1 - exp k0 

1.62 x 10-9m2s -] 

a 1 

k 0 = 

n O = 200-250 

This equation was tested against results on asbestos 
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Fig. 3. Velocity profile inside pores at laminar flow. 

diaphragms ranging in thickness from 2.1 to 8.5mm 
and Hine [5] reported agreement. 

As liquid velocity (u) and current density ( j )  are 
chosen on economic considerations, this Equation 7 
leaves only one parameter to influence current effic- 
iency, i.e. diaphragm thickness (d). 

Recently, .in their simple model of diaphragms, 
another solution of Equation 6 was derived by White 
et al. [17]. Current efficiency was shown to depend 
on the product of diaphragm thickness and the tortu- 
osity of the pores inside the diaphragm. Only in the 
case that a value of Rd/Ro -- 1.52 was entered into 
their solution could these authors obtain agreement 
between experimental results on the asbestos dia- 
phragms of Hine [5] and their predictions. 

Lazarz [18] studied non-asbestos diaphragms of 
different thicknesses. She reported, for example on 
1.4 mm diaphragms, results on current efficiency rang- 
ing from 75 to 98%. Thus Lazarz judged Equation 7 
unable to explain all observations on non-asbestos 
diaphragms. Pore diameter distribution was introduced 
to explain these new phenomena. 

In order to further stress this point Fig. 3 presents 
the welt-known parabolic liquid velocity distribution 
inside pores of different diameters. At the wall the 
velocity is zero: in the centre of the pore velocity is 
high. Velocity increases with diameter of the pore. 
Thus, according to Equation 6, at those positions 
where the velocity is low diffusion and migration 
govern the movement of hydroxyl ions. At those pos- 
itions hydroxyl ions move towards the anolyte, whereas 
at those positions where the velocity is high hydroxyl 
ions are flushed backwards to the cathotyte. 

Lazarz [18] was the first to discuss pore diameter 
distribution. Her considerations are important because 
they question the use of the superficial liquid velocity 
as a unique parameter in Equation 6 as done by 
Mukaibo [5] and by White et al. [17]. Attempts to 
solve Equation 6, keeping in mind the liquid velocity 
distribution at any position inside the diaphragm, 
should be made. 

5. Observations on asbestos and non-asbestos 
diaphragms 

Hine [5] reported numerous data on the performance 
of asbestos diaphragms. Based on the observed rapid 

changes of electric resistance and of the liquid per- 
meability Hine suggested the existence of hydrogen 
bubbles inside the diaphragm. In his opinion a modified 
asbestos diaphragm is to be treated as a four-phase 
system, consisting of asbestos, modifier (PTFE or 
Halar), electrolyte and hydrogen bubbles. 

If suggestions by Hine are accepted, then electric 
resistance and permeability of asbestos diaphragms 
are to be described with the aid of an effective elec- 
trolyte void fraction. This effective electrolyte void 
fraction is equal to the volume fraction not occupied 
by solids minus the gas void fraction and minus the 
volume of electrolyte in dead end pores. Fortunately, 
as shown by electron microscope, asbestos dia- 
phragms and most non-asbestos diaphragms do not 
contain such dead end pores. As the content of hydro- 
gen bubbles increases then electrolyte void fraction 
decreases and, thus, according to Equation 2 dia- 
phragm electrical resistance then increases and, 
according to Equation 4, hydrodynamic permeability 
then decreases. 

In well-performing non-asbestos diaphragms, such 
as those described by Leysen and Vermeiren [1] and 
Curlin [2], the gas void is relatively low and constant 
with time. Only in poor diaphragms does the gas void 
fraction change with time. Although they are, from an 
industrial viewpoint, unimportant, such poor dia- 
phragms offer a unique possibility of investigating the 
influence of the effective electrolyte void fraction, all 
other parameters being constant, on current efficiency. 

Figure 4 presents results on such a poor diaphragm, 
which was a commercially available porous PTFE 
sheet with an average pore diameter of 5 #m. This 
sheet was, due to its poor wettability with the elec- 
trolyte, impermeable to the electrolyte. Pretreatment 
with a surfactant is a well-known procedure to over- 
come this problem. Thus, treatment with Zonyl FSN 
solution was employed to obtain the desired filling 
with electrolyte. Electrolysis at 2 kA m -2 with a brine 
flow rate producing 120 g 1- ] caustic was started. 

From Fig. 4, an increase of cell voltage, a decrease 
of hydrodynamic permeability and a slight decrease of 
current efficiency with time and increasing cell voltage 
are observed. As all other parameters are constant, the 
only remaining explanation of the increasing cell volt- 
age is the increase in diaphragm electric resistance, 
and thus an increase of the ratio Rd/Ro. Increase of the 
ratio Rd/Ro is explained according to Equation 1 by 
decrease of the effective electrolyte void fraction. This 
observation and its explanation is important because 
of the paper on the simple model of the diaphragm in 
which Van Zee and White [16] have shown that 
current efficiency increases with increase of the 
product of the ratio Rd/Ro and diaphragm thick- 
ness. Thus current efficiency, in the experiment of 
Fig. 4, is expected, according to their model, to 
increase during this experiment. The observations, as 
shown in Fig. 4, and the simple model [16, 17] are thus 
in contradiction. 

Cell voltage, as shown, was found to increase slowly 
with time whereas hydrodynamic permeability slowly 
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permeability and current efficiency ot a 

, porous PTFE diaphragm after pretreat- 
1.z ment with Zonyl FSN versus time of  

electrolysis. 

decreased. These observations are explained in a 
physicochemical manner by a slow dissolution of the 
surfactant. As the amount of surfactant decreases, the 
non-wetting properties of PTFE become more appa- 

rent. Thus the volume fraction of hydrogen gas inside 
the diaphragm starts to increase. Similar observations 
on porous PTFE are described by Lazarz [19] and 
Bachot [11]. In fact, by weighing asbestos or non- 
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asbestos diaphragms in a specially designed electro- 
lysis cell, the author was able to gain additional evi- 
dence on accumulation of hydrogen gas within the 
diaphragm. 

Thus asbestos and non-asbestos diaphragms may 
be described with the aid of an effective electrolyte 
void fraction. This effective electrolyte void fraction is 
equal to the volume fraction not occupied by solids 
minus the gas void fraction. 

6. Changing the effective electrolyte void fraction. A 
more detailed mathematical description of diaphragm 
performance 

6.1. Cell voltage and hydrodynamic permeability 

One purpose of this paper is to compare observations 
on diaphragms, as shown in Fig. 4, with expectations 
based on the basic equations which describe dia- 
phragm performance. Firstly, the (time-dependent) 
value of the diaphragm resistance is obtained from the 
observed cell voltage according to 

U = U0 "[- (Ra + Rm --t- Re)j (8) 

U0 represents the sum of the reversible electrode 
potentials plus overvoltages. R,, R m and Re represent 
the ohmic resistances of anolyte, diaphragm and elec- 
trodes and j represents current density. U, U0, Ra, Re 

and j are constants during the experiment. These par- 
ameters are either known or are measured or derived 
from the set of experimental data. Then, according to 
Equation 2 the (time-dependent) effective electrolyte 
void fraction can be calculated. In order to calculate 
the (time-dependent) hydrodynamic permeability 
according to Equation 4, another parameter, the 
(time-dependent) hydraulic pore radius, has to be 
known. 

The hydraulic radius Vp is defined by MacMullin 
and Muccini [15] as 

Vp = ~/s (9) 
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As hydrogen gas slowly replaces electrolyte with time, 
not only the electrolyte void fraction (Q, but also the 
specific surface (s) is time dependent. Thus it is 
important to introduce a specific surface area of the 
electrolyte that depends on effective electrolyte void 
fraction. 

s = s0~(1 - e) (10) 

So is the standard specific surface of the porous struc- 
ture, which is a constant of the structure under inves- 
tigation. Its value can be obtained by introducing the 
result of BET measurements as s and the volume 
fraction of non-solids of the dry sample as e into 
Equation 10. 

To obtain Equation l0 a volume filled with spheres 
with equal diameters was considered. The number of 
spheres representing electrolyte decreases proportion- 
ally with the effective electrolyte void fraction. Thus s 
is proportional to e. 

A sphere filled with electrolyte offers no surface to 
its adjacent sphere, also filled with electrolyte, since 
for each sphere a part, e, of its surface is occupied by 
spheres filled with electrolyte; the remaining part of 
surface area, occupied by gas or solid, will be (1 - e). 
Thus the total surface of gas and solid, in contact with 
electrolyte, is proportional to the product of first the 
number (proportional to e) of electrolyte spheres and 
second the specific surface of gas and solid per sphere 
(proportional to (1 - e)). 

Substituting 10 into 9 gives Equation 11 whereas 
substitution of 11 into 4 leads to Equation 12 

Vp = {So(1 - e)}-i (11) 

8 &/Rd 
P 

{dr}  - vPk{d } - 

(12) 

Thus hydrodynamic permeability can be predicted, 
provided ohmic voltage drop over the diaphragm, 
thickness and standard specific surface of the dia- 
phragm are known. 

I 1 

4.2 4 .4 .  Fig. 5. Observed cell voltage versus the 
logarithm of observed hydrodynamic 
permeability. 
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Figure 5 presents the observed cell voltages versus 
the logarithm of the observed hydrodynamic per- 
meabilities for two non-asbestos diaphragms. Both 
diaphragms were 1 mm in thickness and were operated 
at 2kAm -2. For both diaphragms time-dependent 
properties were observed. Figure 5 presents the 
predicted interrelation between observed cell voltage 
and hydrodynamic permeability. Typical data on the 
pore radius obtained by mercury porosimetry are: 
example A, average radius 1 #m; example B, average 
radius 5 ~ml Observations thus show the interrelation, 
at a given average pore radius, of ceil voltage and 
hydrodynamic permeability. The lines in Fig. 5 rep- 
resent the calculated interrelation between cell voltage 
and hydrodynamic permeability (according to Equa- 
tion 12 and Equations 8, 1 and 2). There is a good 
agreement between calculated and observed results: 

This graph clearly supports Equation 4 that predicts 
only one parameter capable of adjusting hydrodynamic 
permeability to its target range of 1 to 2 x 10-9m 3 
N-~s ~ (at a given diaphragm thickness and cell volt- 
age). This unique parameter is the pore radius. 

6.2. Current efficiency and pore diameter distribution 

As discussed in previous sections, current efficiency 
depends, at a given current density, on: (i) brine flow 
rate; (ii) diaphragm thickness; (iii) pore diameter dis- 
tribution. The effects of the pore diameter distribution 
on current efficiency are, at present, not well under- 
stood. A highly similar problem on heat and mass 
transfer at low Peclet numbers in porous media was 
treated by Schlunder [21]. As the Peclet number (vs 
D; -1) of flow in diaphragms is 4 x 10 -4, which is also 
extremely low, his concept of porous structures, con- 
sisting of bundles of capillaries of different radii, was 
chosen to describe the phenomena studied. 

The diaphragm (Fig. 6) is assumed to be composed 
of bundles of capillaries of two different diameters. 
In the small pores liquid velocity is low and, thus, 
there is an almost unhindered transport of hydroxyl 
ions, due to concentration gradient and electric 
field, from catholyte to anolyte. The large pores 
permit electrolyte to flow from anolyte to catholyte. 
Due to the electrolyte movement hydroxyl ions are 
flushed quantitatively backwards to the catholyte. 
Such a diaphragm would not be expected to have 
current efficiencies close to 100%. Therefore it was 
assumed that the diaphragm (Fig. 7) consists of a 
series of layers each composed of the same type of 
randomly mixed bundles of pores with the additional 
assumption of a fully established equilibration of 
concentrations by mixing in between each pair of 
layers. The effective length of pores between two 
points of interconnection with other pores is a new 
parameter which is introduced by this additional 
assumption. 

6.2.1. Mathematics of  the one-layer model. Inside the 
small pores liquid velocity is assumed to be zero. 
Inside the large pores liquid velocity is assumed to be 

00000 
00000 
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JO OOOo O00c 

Fig. 6. The concept of a porous structure consisting of bundles of 
capillaries. 

high. Equation 6 can thus be separated into two 
equations. 

The diffusional and migrational flux F3 in small 
pores is presented by 

~C 3 
F3 = -k3,~ 8~x - k3"k2c3 (13) 

The total flux N 3 is composed of this diffusional and 
migrational flux counteracted by the convective flow 
inside the large pores 

- j ( 1 0 0  - CE) 
N3 = F3 + uc~ = 100F (14) 

F3 is the flux of hydroxyl ions inside the small pores 
assuming liquid velocity inside these small pores to be 
zero. N3 represents the total flux of hydroxyl ions 
inside the porous structure, neglecting migration and 

diffusion in the large pores, k~ and k2 are constants 
which are introduced for ease of notation. They rep- 
resent, essentially, the diffusion constant and the 
potential gradient. 

k3~ - g D 3  and k 2 _  ~ F 3 E _  FjRo (15) 
' z RT~x 

Fig. 7. The one-, two- and three-layer models. 
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Boundary conditions to Equation 13 are 

x = 0; c3 = 0 

x = d; C 3 = C k 

and solving Equation 13 leads to 

k3 ,1k2{ -Ck}  
F3 = {1 - exp(-k2d)} 

with 

(16) 

N3 = F3 + UCo = F3 

Thus, according to Equation 14, when a diaphragm 
can be represented by the one-layer model, current 
efficiency is given by 

{1 - Fk3,1k2(-Ck)} (17) 
CE = 100j~ i L - ~ k - ~  

6.2.2. Mathematics of  the two- and multilayer models. 
Mass transfer in the first layer of the two-layer model 
is described by 

k3 ,1kz{ -Cm}  
F~,3 = {1 - exp(-k2d/2)}  (18) 

- j (100  - CE) 
N1.3 = Fi,3 + UCo = Fi,3 = 

100F 

Solving Equation 15 over the second layer of two 
leads to 

F23 = k3' lk2{%exp(-k2fl)  - ck} (19) 
' {1 - exp(-k2fl)} 

--j(100 -- CE) 
N~,3 = F2, 3 + u% = 100F 

where c o = hydroxyl ion concentration in anolyte; 
Ca = hydroxyl ion concentration in mixing layer; 
Ck = concentration in catholyte. As N~,3 has to be 
equal to N2,3 these equations can be solved resulting in 
a calculated value of Cm and Nl, 3 . Similar equations 
describe the three-layer and the multilayer model. 

In the case of the multilayer model the subscript m 
in Equation 19 should be replaced by j, which indicates 
layer j of N layers. Subscript k should be replaced by 
j + 1. Layer thickness fl will be diN instead of d/2. 
The calculation involves a step-by-step solving of 
modified Equation 19, starting from the anolyte sur- 
face in the direction of the catholyte surface of the 
diaphragm. 

Table 2. Calculated current efficiency of a diaphragm of increasing 
thickness 

Thickness One layer Two layers Three layers 
(mm) (%) (%) (%) 

1 26 47 54 
2 56 75 82 
3 66 84 89 
4 69 90 93 

Current density, 2 kA m-2; effective electrolyte void fraction, 50%; 
ek = 3moll -~. 

Table 3. Some results of calculated current efficiency versus effective 
electrolyte void fraction 

Current density (A m -2) 2000 2000 2000 2000 
Thickness (ram) 1 1.5 2 2 
Caustic conc. (tool 1-~ ) 2.8 3.1 3.1 3.4 
Effective electrolyte void fraction (%) 

15 88 86 91 92 
25 87 95 97 96 
35 90 95 97 96 
45 87 93 96 95 
55 84 91 95 92 

As can be seen from Table 2, increasing the thick- 
ness of the diaphragm and especially increasing the 
number of layers reduces the mass transfer of hydroxyl 
ions. This model thus stresses the importance of inter- 
connections between pores in order to overcome the 
negative effects of liquid velocity distribution. 

6.2.3. The number of  layers. The multilayer model was 
tested against all available data obtained on asbestos 
diaphragms. In those diaphragms the number of 
layers is described by 

de 
N - (20) 

8u 

This equation is certainly not applicable to all non- 
asbestos diaphragms, because of differences in the 
structure of the diaphragms. Therefore, with the help 
of the multilayer model an estimate of the influence 
of the effective electrolyte void fraction on current 
efficiency was made. Results are shown in Table 3. It 
was found that: (i) increasing the effective electrolyte 
void fraction favours diffusion of hydroxyl ions and 
thus decreases current efficiency; (ii) decreasing the 
effective electrolyte void fraction increases the poten- 
tial gradient inside the diaphragm; however, total cur- 
rent remains constant and, if the part of current which 
is transported by hydroxyl ions is constant, then the 
mass transfer by migration will be independent of 
the effective electrolyte void fraction; (iii) increasing 
the effective electrolyte void fraction will increase, 
according to Equation 20, the number of layers; this 
effect favours current efficiency. 

All calculations were based on diffusion coefficients 
by Caldwell et al. [22]. 

Figure 8 presents a comparison of calculated results 
with observed current efficiencies of examples A and B 
of Figs 4 and 5. All data refer to 1-mm diaphragms at 
2 kA m - 2 and 120-124 g 1-1 caustic. The effective elec- 
trolyte void fraction of the experimental values was 
obtained from observed hydrodynamic permeability 
and the known standard specific surface according to 
Equation 12. The shape of the observed and calcu- 
lated curves is very similar. 

The observed and calculated curves share in com- 
mon: a maximum in current efficiency in the range 
from 20 to 40% effective electrolyte void fraction; a 
sharp decline in current efficiency below 20%; a slight 
decline above 40%. 
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Fig. 8. Calculated current efficiency 
versus effective electrolyte void fraction 
at 2kAm -z and 124gl -t caustic. A 
comparison of calculations and exper- 
iment. 

There  are two sets o f  exper imenta l  da t a  showing the 
highest  cur rent  efficiencies on the d i a p h r a g m  with 
1-#m pores.  The  two exper imenta l  curves show, at  the 
same effective electrolyte  void  fract ion,  differences o f  
10% in cur ren t  efficiency. These differences, and  the 
difference towards  the ca lcula ted  curve, are expl icable  
in terms o f  differences in number  o f  layers  between the 
two d i a p h r a g m s  and  the usage (in the calcula t ions)  o f  
the e r roneous  Equa t ion  20. 

7. Conclusion 

F r o m  z i rconia  and  P T F E ,  mixed and  t rea ted  in the 

a p p r o p r i a t e  manner ,  chemical ly  and  mechanica l ly  
s table non-asbes tos  d i aph ragms  for  service in chlor-  
alkal i  cells can be p roduced .  

In  this pape r  it  is shown tha t  such d i aph ra gms  

should:  
- show, in o rde r  to ob ta in  as m a n y  layers  as possible,  

a po rous  s t ructure  with as m a n y  in te rconnec t ions  
between pores  as possible;  a s t ructure  with an effec- 
tive length between two in te rconnee t ions  o f  1-5 # m  
(asbestos  fibre thickness)  is p refer red  

- have a thickness o f  2-3 m m  
- show good  and  stable wet t ing by the electrolyte  
- have an effective electrolyte  void f rac t ion  o f  40% 

or  even slightly more;  as cur ren t  efficiency is shown 
(by exper iment)  to be, to some extent,  uninf luenced 
by the effective e lectrolyte  void  f rac t ion whereas  
cell vol tage  s t rongly  decreases with increas ing 
effective electrolyte  void fract ion,  a decrease o f  
power  c o n s u m p t i o n  with increas ing effective elec- 
t ro lyte  void  f rac t ion is p red ic ted  

As  asbestos  d i aph ragms  show a h y d r o d y n a m i c  per-  
meabi l i ty  o f  1 to 2 x 1 0 - 9 m 3 N  -~ s -1 and  in o rder  to 

ob ta in  the desired s imilar  or  even bet ter  pe r fo rmance  

on h y d r o d y n a m i c  pe rmeab i l i ty  and  cell vol tage  com-  
pa red  to asbes tos  d i aphragms ,  the hydrau l ic  rad ius  
should  be 0.1-0.5 #m. Thus  the s t anda rd  specific sur- 
face o f  the solids in the s t ructure  should  be 107m -~. 
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