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ABSTRACT

Experiments were performed on a small scale diaphragm-type chlor-atkali cell. The
experimentation consisted of running the cetl under conditions similar to those found
in industrial ceils. Steady-state flow runs were pecformed at various current densities
and inlet flow rates. Concentrations . * the various jons in the catholyte and arolyte

were measured and mass and energy balances were performed.

A mode! of the chlor-alkali ceil, based on the theory of the flux of an ton under potential,
concentration and flow gradients as well as the kinetics of the electrode and bulk
reactions, was developed. This model was tested aguinst data found by experiments

performed on the small-scale chlor-atkali cell.

Experiments for the characertisation of different diaphragms were also performed. Thsse
were: (i) pressure drop as a function of flaw rate, {ii) diffusion of the sodium ion across a
disphragm, and (iif} physical geometry of a diaphragm. Four different woven diaphragms
were investigated. The following trends were found: {i) 2t a given fiow rate, the pressure
drop across a diaphragm increased with decreasing void fraction, and {ii) the diffusion

coefficient of the sodium ion increased with ingreasing void fraction.
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1. INTRODUCTION

The demand for chlorine and caustic soda has been growing over the past thirty years,
conseguently plant capacity has had to be scaled up and new designs developed. The
average annual growth rate for the United Stales of America as far back as the decade
1958 - 1969 way 8%.' The Jargest produners of chlorine and caustic soda in 1972 were:
U.S.A. with an annual caustic soda tonnage of 9,4 million, Japan with 3,6 million, West
Germany with 2,2 million and Canada, Italy and France with about 1,0 mitlion tons.

The two major processes used in chiorine-caustic production are the mreroury procesy
and the diaphragm process. The mercury process is favoured in most of the countries
mentioned above, with the U.S.A, and Canada being two where the diaphragm process
is predominantly used. The reasons for this are the supply situation of the raw material
salt and the market structure concerning the products. in the U.S.A. and Canada, natural
brine s used as the raw material and 2 high purity caustic soda is not required so the
diaphragm process suffices. In Japan especially, and same of the other chlorine producing
countries, the raw materiaf is rock salt so the mercury pre 255 is more economical. Added
1o this is the fact that the caustic soda consumers demand a high purity product for use
in the chemical fibre industry. About 807, of the chiorine produced inn 1971 was used in
the plastics industry, chiefly for P,V.C. production.’

The mercury process has some advantages over the diaphragm process, these are: (i) the
product ceustic soda is concentrated and hence meets any consumer feguirsments, and
(ii} a smalier capital investment is required to produce the same quantity of ehlorine and
caustic sada because of the higher current densities used,

On the other hand the mercury process not only uses farge guantities of mercury but also
has a major problem in the form of enviconmental poffution. One example of such
pollution is the high concentration of mercury found in fish caught in the Japan Sea. As
a direct result of this there has been over the last fow years a swing towards the
diaphragm process. With improved technology and the increasing awareness of the worid
towards environmental pallution, the diaphragm process should soon become the major
protess used ir chlorine aad caustic sode manufaciure.

1.1 Diaphragm-type Chlor-alkali cells
In Table 1 typical ogerating conditions and dimensions o1 a cell are given 2

fo-diaph hotle-anode-etc. and

The typical cell consists of an arrangement of
the typical chior-alkali ptant consists of 100 to 150 of these cells connected electrically in

series,?

The brine, at an inlet concentration of around 300,/ NaCl and a temperature of 50 -
80°C, is fed into the anode compartments. Here « undergoes etectrolysis and flows
through the diaphrogen inte the cathade compariments. The chlorine is collected over the
anode compartments and the hydrogen over the cathode compartments. The spent

brine/caustic sulution flows oul of the cathode compartments and the caustic is con-

f
i




TABLE T
Lurrent capacity 75kA
Mean cell voltage 3,63v
Current efficiency 96,5%
Anode material DS.ES
Cel! dimensions 1,7x7.84x1.88m
D.C. power consumption 2,521kWhr/ton NaOH
Catholyte concent: Ytion 130--140g/t NaOH
Life of diaphragm 180 - 360 days

° Dimensionally Stable Electrode

cantrated by means of » double- or triple-cffect vacuum evaporator.

he basic reactions that taky place are : (i) ot the snode CU is discharged and chlorine gas
is evolved, and (i} at the cathode H' is discharged and caustic soda as well as hydrogen
gas are formed, The following side reactions also take place : chlorine gas and caustic soda
react to form sodium hypochiorite and chiorate, amil oxygen is liberated by the ¢lectro-
fytic decomposition of water,

In order to minimise these unwanted sile reactions, the porous diaphragm is used to
separate anolyte from catholyte. The diaphragm must at the same time silow transmission
of electric current, t siould be ion permeable, The diaphragm restricts the transpart
of the OR’ ion from catholy to anolyte as well as pre-enting the mixing of the chlcrine

and hydrogen gases.

1.1.1. The Giaphragm

Conditions in chior-alkali cells are such that diaphregms must be resistant to chlorine
attack in acid and afkali canditions at temperaturss up to 100°C. The only material used
in commarcial diaphragms is asbestos. Depending on the type of coll, electrode, and raw
material the diaphragms can be made from asbestos fabric, paper or fibre, the fatter being
the most common. The life of the disphragm can vary fram 80 - 400 days.®

A brief iption of the of a di from asbestos fibres is as follows:®
£3sbestos fibres are dispersed in an aqueous sofution using a pulper. The concentration of
the asbestos is 1 - 10% by weight and the agueous solution contains @ water soluble
thickening agent of surface active characler (s non-hiodegradable synthetic resin). The
diaphragm support takes the form of a perforat -d plate which afso acts as the catirade.
The aqueous asbestos sturry is sucked throvgh the disphragm support depositing the
ashestos fibres. When the asbesios has been deposiled to the desired thickness the
draphragm plus support are baked to set and harden the fibres,



1.1.2. The Electrodes '+ *:°

Quer the last few years the material of construction of the anode has been undergoing
great changes. Although graphite anodes sre still being used commercially to some extent,
metal anodes are now starting to capiure the market. The cathode is made from steef
mesh and has none of the problems associated with the anode because of the alkalinity of
the solution and the absence of chlorine.

If graphite electrodes are used they are consumed during electrolysis snd have lives of
180 - 200 days. Research by Nippon Carbon® has developed graphite anodes with 2
greater corrosion resistance and li'e expectancies of 6 - 15 months. ln order to optimise
the operation of the cell the anode to cathode gap has to be adjusted and this together
with the blocking of the diaphragm with graphite particles are the main disadvantages of
these anodes.

The new metal anodes are calied “ or 'di i stable ’ because
they are Research and work has on twe main
types: (i} titanlum electrodas coated with noble meials of the platinum group {especially
Pt, Pd, tr, RB}, and (ii} titanium elecirodes coated with oxides of noble metsls {especially
Ru, Ir). These new anodes have the advantage that they can be obtained in the expanded
metal form, which facilitates the brine flow and tae chiorine liberation in the celis.

1.2, Reactions taking place in the chior-atkali celi
The reactions can be classified into anodic, cathodic and bulk reactions.

The main ancdic reaction on a ‘Dimensionally Stable Electrode’ is the oxidation of
chioride ions:

2Cr ~= 2Cilads) + 2¢’ 1A
2CHads) -~ Ci, 1€

The above two equations are the scheme by which chiorine is evolved® with equation
1A being the rate determining step.®

The main anodic side reaction is the evolution of oxygen:
2H,0 =0, + 4H' + de° 1©c

Simultaneous oxygen evolulion and chiorate formation may aiso take place by an
electrode reaction:® 7 &

610"+ BH,0 —= BH' + 2C10; ¢ 4CI + 3/20; - B¢ D

The oxidation of chlorate to perchlorate is possible on electrodes which have a high
oxygen overveltane but is negligible on granhile and metal electrode:




Ci03 + Hp0 == CID; + 2H" + 2¢7

“The main cathodic reaction is the reduction of water to evolve hydrogen;

2H0 + 2e7 ~w Hy + 2004 tF

Side reactions that also occur on the cathode are the reduction of chlorate and hypo-
chlorite:

16

CI0; + 3H,0 + B’ —= Ct' + 60H
1

CI0"+ Ha0 ¢ 2"~ CI"+ 20H"

The reduction of hypochlorite is we!l documented,® and equation 1H goes almost to
completion, while equation 1G is much stawer.® Hine and Yasuda” concluded that the
charge transfer of CHO" is fast and that ihe cathodic reduction of C10; {reaction 1G) may
not take place under the operating i found in ial chior-alkali cells.

The reactions taking place in the bulk electralyte are:™ 3

Cly{g} == Clplaa} 1

Clylag) + Ho0 =% HCID - C1' + HF u
HCI0 2= K« Clo 1
L

2HCI0 + CI0" — (10 + 2HY + 2CI

The reactions 11 to 1L take place i the anode compartment of the cell. Reactions 1! to
1K are considered to be at equilibifum and reaction 1L, the chemical chlorate formation,
is too stow to reach equilibrium.

The chemical reduction of hypochiorite occurs in 1l catholyte:®

CI0 s Hy —= Ci'+ H,0 ™

Very littie experimental work has been done on the kinetics of the efectrochemical
reactions under conditions experienced in chior-alkli cells. Faita and Fiori,® Cerquetti,
Longhi, Mussini and Natta,!® as well s Bianchi’ have done some work on the electro-
ly Stable Electrodes’. Nagy? has surcmiarised mast of

chemical reactions on “Di
the known kinetic data and he gives the following expressions:

[HOCI] = exp(- 13,8385 - 2,30259x 10 x1 + 5.92106
x 10°2 5 [NaCH) + 2,30259 x pH)

The dissociation constant for reaction TK can be expressed as:
k = 3,7508 x 10°% exp{- 1450,6/T)

The chlorate production rate can be found from:




T

NaCil] = 5,555 x 10°° exp(0,6 + 0,056 x t)
N X {HOC!) 2 x {OCr} 1.3
2 transport of jons in solution !
1.3.1. Dilute solution theory

The flux of each ionic species may be expressed as:

1.4

Ny ZWFGTE 0P + Gy

ta this equation N; is the fiux of a species i and indicates the direction and rate of
movement of the species. The three terms on the right represent the three mechanisras of
rmass transfer: {i) motion of a charged species in an electric field, (if] molecular diffusion
due to a concentration gradient and {iii} convection due to the bulk mation of the

solution.

The current density in the sofution can be expressed in terms of the fluxes of all the

species:

i=FIZN 1.5
The material balance for each species is:

ac,

37 - VN R 16

Where R, is the production rate of the ith species,

All electrotytic selutions are electrically neutral except in a thin layer near the electrodes,

hence in the bulk solution:

PR 17
Equations 1.5 snd 1.6 are basic physical laws and equation 1.7 is an ‘accurate
assumption’.!? The only doubtful equation is equation 1.4, the flux equation. The driving
foree for diffusion should be an activity gradient and activities are equivalent to con-
centrations only for extremely dilute solutions. The bulk fiow of a species, v, is only
equal to the bulk solution velocity for ditite sofutions.

Hence it can be seen that although equation 1.4 is used extensively in electrochemistry
it must be used cautiously and can only be appiicd in certain cases.

Combining equations 1.4 and 1.5:

F2V S Z2ug - F X ZD,Ve 1 Fy S 2o, 1.8

from equation 1.7 the last term is zero and for the case of no concentration variations:




o
i

i=Kv@ 1.9
where K = F2 2 Z2uc, and is the conductivity of the solution.
T

The fraction of the current carried by species j, t;xi, can be written for the case of no
concentration variations:

4Py

fxi==~FeZ2ue Ve = -ty 1.10
EI Z2ucy
Zug, )
Hence t; = 55— and is called the transference or transport number.
i $Z2u
v

The Nernst-Einstein equation provides a relationship between D;, the diffusion co-
efficient, and u,, the mobility, of a species it! *

D, = RTy, 111
1.3.2. Concentrated Solution Theory
Equation 1.4, section 1.3.1., should for concentrated solutions be replaced by:*!

GVR, = -?K-)(VJAV.? =

112

Where u, is the electrochemical potential of specics i, K, is the friction or interaction
coefficient.

0, is a ‘diffusion coefficient’ allowing for interaction between species i and j, and v,, v,
are the average velacities of species i and |

The Jevefepment of the concentrated solution theory for use in this thesis will be deait
‘with in section 2.2.

Modeliing of diaphragm-type « elts

The modeling of electrochemical systems, as with many other systems, can be carried
out in two ways. The statistical approach which is based on data obtained from operating
plants, this data is fitted to equations with adjustabie parameters — hence the modai is
forced to fit the experimental data. The mechanistic approach, on the other hand, Is
based on the understanding of the physical, chemical and electrical processes taking
place.

Both have their ges and di The statistical approach,
becsuse of the data used, is limited to 2 narrow range in the operating variables and hence
extrapolation could lead to errors. The mechanistic approach usually necessitates over-




simplification so that the model can be solved mathematically. Due 1o the fack of
physical and chemical data further i and the incorporation of adj
parameters may have to be resorted to,

1.4.1. Statisticat Approach

MacMullin® has developed & model of a graphite anode diaphragm cefl using the statistical
approach. Varisbles considered by MacMullin were: anode wear, gas hold-up, velocity of
soludon in anode-disphragm gap, and the changing cenductivity of the asbestos
diaphragm.

The basic fogic diagram of the model toak the following form: {i} the cell temperature and
the anolyte salt concentration were assumed, {ii} the mass balance ove: the anolyte
compartment was performed, {ili} an ierative seheme was performed around the salt
concentration in the anolyte, {iv} the energy, and the overall mass balance were then
performed, (v} the finaf foop was ierated around the essumed and calculated

temperatures.

This model was fitted to data taken from an industrial chlor-alkali plant. The mode! can
be used to predict current efficiency, anolyte concentrations, catholyte concentrations,
amounts of chiorine, oxygen and hydrogen production, cell voitage, days remaining 1o
anode and diaphragm changes, and the power used per ton of chiorinz produced.

1.4.2. Mechapistic Approach

Nagy® has recently published a paper on a mechanistic type model for 2 diaphragm chior-
alkali cell. The reaction scheme used by Nagy was very sintilar to the reactions given in
section 1.2, Nagy used the flux equation for dilute solutions leaving out the diffusion
term, He showed that this term was only a few percent of the total mass flux. This is valid
for most practical situations, but the diffusion and electrical migration terms have
approximately equal magnitudes — hence there is no reason, other than simplifying the
mathematical solution, for retaining one of the terms and leaving out the other.

The input into Nagy’s model included the OH™ back migration rate and the cell
temperature as well as inlet flow rates, concentrations and cell dimensions. Tne cell
temperature and the OH' back migration rate wit generally not be known when one
wishes to predict the behaviour of o ehforalkali cell under differing inlet conditions. The
calculation procedure for the model took the following form: {i} the oxygen production
rate and the anolyte salt coneentralion were assumed, (i} the program iterated around
the salt concentration, (iiil the pH of the anolyle was assumed, (iv} the program then
iterated around the plf value, {v} an iterative pracedure was then performed about the
assumed oxygen production rate, (vi} the catholyle concentrations of saft and caustic
were assumed and an iterative procedure was prrformed about these,

A more general type of istic model should incorporste mears to calculate the

e e




en

cell temperature and the ON" back migration rate. The latter being of great importance
as it gives a direct estimate of the anedic current efficiency.




2. MATHEMATICAL MODEL OF A DIAPHRAGM-TYPE
CHLOR-ALIKAL{ CELL

The mode! derived in this thesis follows cuite clasely the one proposed by Nagy.® The
areas where it deviates will be pointed out.

The overall assumption made in the model is ane of steadystate ceil operation. A {urther
assumption is that the anolyte and catholyte are both well mixed due to gas evolution.
Under these conditions, concentration gradients in the bulk solution will be sroafl, and so
one can assume that the cell outlet will have the same concentration as the catholyte.

2.1, Reaction Scheme

Al the reactions taking place in a chlor-alkali cell have aiready been discussed in section
1.2, and are reactions 1A through M. Their rates depend on the concentrations of the
various chemical species, the electrode material, and the temperature. The squilibrium
constants and expressions used in the model are given in section 1.2,

In order to simplify the reaction scheme and hence the determination of the mass balance,
it is assumed that a relatively small amount of chlorate is formed. The reaction scheme
that will be considered consisis of the following electrode reactions:

207 — Cl, + 2 2A
2H,0 — 0, + 4H' + e’ 28
2H,0+ 2¢° —= M, + 20H" 2c

The liberation of chiorine, equation 2A, takes place with an anodic efficiency of {',.
Oxygen liberation is the only competing process considered at the anode and will result
ina {, < I Hydragen is liberated at the cathode with an efficiency of {o . Forall
calcutations in this thesis the only cathode reaction considered is 2C and hence it is
assumed that {¢ =1

The assumption of negligible chlorate production was shown to be ressonable once
analysis of the anolyte and catholyte had been perfermed. The chlorate and hyps ite
concentrations were found to be typically twa hundred times less than the sodium,
chioride and hydroxy! concentrations in snolyte and catholyte.

2.2, Transport of jons through the diaphragm

The concentrations found in a chlor-alkali cell are typically in the order of 4 - § molar
for sodium chloride, and 2 - 3 molar for sodium hydroxide. These are far from dilute
solutions and hence one must consider the concentrated solution theory for deriving
the flux equation.

perpendicular to the plane of the
diaphragm, and calls that the x-direction, one can write:®

if one considers the flux in only one direction,




du €L
o % = RTEgoh, vl 2.1

If the solvent, water, s assigned the subscript O and Na*, CI” and OH” are represented by

subscripts 1, 2 and 3 respectively, then one can remove j = O from the summation in
squation 2.1 s follows:

d o c,

o 2B LTSS gy —v) ¢ RIZED.

r v} 22
dx ceDio ey 0y

Now since the concentration of the salvent, water, is approximately 85 molar and the
concentrations of the other iens are in the range 2 - 6 molar, one can make the following
assumplions. (i} ¢,/c, is smatl, for i > 0;{ii} C, = Cy. Therefore in equation 2.2 the first
term on the right hand side is approximately an order of magnitude larger than the
second term pravided the D,, values for j > 1 are of similsr magnitude to D, hence:

dp, RS,

c.d—x—- = N g} 23

The next assumption made is that «,, the electrochemical potential, can be expressed
s the sum of the electrical and chemical potentials:

4, = # o+ ZFE-E) ¢ RTing 2.4

This also satisfies the Nernst-Einstein relation. Using equations 2.3 and 2.4 as wel! as the
Nernst-Einstein relation one can write:

dE de,
Ne = ey =g Z o F gy - Dugd e 25
We see therefore that even for solutions ining up to 8 molar fons of salt,
the form of the flux equation can be approximated to that for dilute solutions.

2.2.1 Modified fiux equation

. " s . . dE .
in the flux equation one wants to eliminate the potential gradient Ji , as it is difficult
to measure and does not have any real meaning when a concentration gradient exists.
Multiplying equation 2.5 by Z, and summing:

EZN = \"u,c‘z,’FSEW YZD, %ﬁ: 2 Zev, 26

The last term is zero from electroncutrality. Eliminating S between the equations

152nd 26
it

4 o
N = TE 7,340

dey
ik ~ Die

by 2.7



1,

“The form of equation 2.7 is similar to that of the original flux equation. The first term
describes the motjon of species i due to the electric field, while the second term accounts
for the motion of species i due to a polential caused by the concentration yradients.

2.2.2. Calsulation of OH' back migration

The calcufation procedure used in section 2.6 requires that the OH™ batk migration rate
be calculated. The OH" flux, Nj, can be calculated from equation 2.7 provided the value
of 1y, the hydroxyl transport number, is knowr. As experimental values of this quantity
could not be found in the literature, it was decided to measure the flux on the
experimental ceil under a variely of operating conditions and to attermpt to correlaie it
with catholyts composition. From equation 2.7, t; can be expressed as:

doy ¢ iy oyt
) 320,190 28

where ¢, " s the arithmetic average concentration beiween anolyte and catholyte and

° (g%l‘is taken o5 the difference in coneentration between catholyte and anclyte divided
by the diaphragm thickness. The values of t; thus obtained are plotted as & function
of ¢, in fig. 1. The experimental points all very nearly on a straight line and the
foliowing expression is obtained using the method of least squares:

ty = ~25826c; « 0,59 29

This expression shows that 1. decreases with increasing ¢ and that negative transport
> 2.5 motar. This is possibly ue to interaction between
fons where the assumption. made in section 2.2 are not entirely justified for the
OH fon. Equation 2.9 is thurefore an enerical relationship, where the numerical
coefficients have to be fitted exparimestly.

rumbers can e ohtained far -,

2.3 Mass and component balances

Ma Me
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Subscripts 1, 2, 3 refer to Na®, CI" and OH'; f, @, and c refer to the feed, anolyte and
catholyte concentrations.

Anode compartment component balances:

af = NA 2.10
Qf, = NA- 2.1
Qfs = NjA+ 212
Cathode compartment cormponent balances:
NA = Q6 2.13
No= Qe 2.14
{
Npe Qo - g 215
Overall component balances:
of, = Q 2.16
|
Qfz = Qoo - 5’,2‘ 217
i
Ofy = Qucy — = 2.18
F
Mass balances:
Ancde: Py =m0y ¢+ Mo 219
Cathode: Qe = PO, + M 2.20
Overali: 2O = pQ, + Ma+ Mc 221

Where Ma and Mc are the total masses lost over anclyte and catholyte.
2.4 Calgulations of the density and vapor pressure of the soutions,
and the transport number of the sodium ion.
In order to perform the mass balance one needs estimates of: {i) densities of the feed,
anolyte and catholyte as funclions of concentration and temperature, {ii) the water lost

with the gases over the anolyte and catholyte, and {iii} the sodium fon transport number,

Nagy? gives algorithms for calculating the densities of the different solutions.



NaCl solution: pi= 1,0004075 — 7,1687895x10xt
— 5,1792075x10°% xt? + 1,054032
%108 x% + (7,4569085%10° — 2,960572
X103 xtr 3,0564225x10°7 %°
—8,3493315x10°°xt? Jxw, + (1,8372606
x10°%44,2360185x 1077 xt ~ 5,1483125
X109t + 1,794537x10° 1 x8 Jxw, ? 222

NaCl/NaOH solution: py= 100686 + 1,147527x10°? xw, — 1,722033
X105 xwy? — 3,586138x10*xt ~ 2,143812
X106 xt? + 7,560802x30" xw, 223

Where w, and w, are the weight percent concentrations of NaCl and NuOH respectively.

MacMullin'? gives algorithms for the vapor pressure of water over aqueous solutions of
salt and caustic soda. The gas mixtures above anolyte and cetholyte are assumed to be

ideal. The deviation from ide.lity of the major components is less than 1% at
atmosphere and 90°C.%

Anode compartment:

[{}} WaCl concentration >3 molar:

0y = {1-{{M=3){1,3772x107-1,193x10 * xt)» 0,035)\p, 2.24
{ii} NaCl concentration <3 molar:

9, = {1-0,035Mip, 2.25

Cathode compartment:
NaCi concentration > 3 molar and NaOH concentration < 12,5 molar,

g = (1-({M=3)(1,9772x10°~1,193% 10 xt) 1 0,036'M
—((174~t}hy + han o haN? o DA )10,0817)N0p, 2.26
Where h, = -B8,6715x10°
ha = 3,388x10°%
ha = ~1,354x10°¢
he = 7,88x10°

1

The vatue of pa, the vapor pressure of pure water, is also caleulated by an algorithm

given by MacMullin. 2

ot s 1 Dy,
[5,219503 bt heerd 1,.._)]
o= 10 Th 14 hee .
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Where e = 374,11t

he= 3,2437814
he= 6,86826x10°%

hy= 1,1762379x10°
he= 2,1878462x10°2

The amount of water lost with the gases over the anolyte and catholyte can be calculated
from:

moles Hz0 Jost = {moles of gas evolved) hﬂ_'; 2.28

Where 11 is the atmospheric pressure ana is taken to be 830mm Hg for afl calcutations in
the thesis.

Mussini and Pagells'® have measured transport numbers of NaCl gt various temperatures
and concentrations and their results can be expressed as foliows:

twaor= 0,3754377 + 4864677x10 xt + {--0,03161785
+ 1,465249x 10" xtbxmy + (0,011552 — 3,588446
X103 xt)xm,? « {~1,207191x10°? + 3,044052
X108 xtjxm,® 2.29

Where m; s the concentration of NaCl in moles/kgHa0.

2.5 Energy Balance

An energy bafance is performed over the cell for alt the experimenta! runs. This yields
values of the heat lost through the walls of tne cell, and hence values of U, the overall
heat transfer coefficient. Using this value of U, and knowing the inlet feed flow rate and
temperature, ty, the operating temperature, tz, o the cell is calculated iteratively from:

12 = Heatlost/UA + 20 2.30

Where A is the total surface area of the celt and the ambient air temperature is taken t¢
be 20°C,
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of the model. This second section or main loop calculates ali the desired values of the
concentration, flow rates and efficiency.

ln the first loop the anode and cathode efficiencies are assumed to De 100%. A ceil
temperature is assumed and Lhe program then calculates the anode compartment gas ot~
the chiloring produced and the waler vapor lost with it

Moles chiorine produced = I—E‘l‘ 234
The moles of water lost are calcutated according to equation 2.28. The gathode compart-
ment gas output is then found. The water lost « .er the cathode compartment is assumed
to be equal to that last aver the anode compariment. The mass and volume flow rates
through the diaphragm and at the outlet are then computed. The salt and caustic concen-
trations in the catholyte are calculated from overall sodium and chioride bafances. Using
the modified flux equation {equation 2.7}, the anolyte concentrations are found {the
Na' concentradon is assumed to be equal to the CI” cancentration]. In the modified fiux
equation a value of the transport number of sedium is needed, this is calculated from the
algorithm given as equation 2.29, The OH’ back migration rate is then calculated fror: the
flux equation using experimentally fitted values of t3, the OH 7 7sport number (see
section 2.2,2). The anode efficiency is computed from equation 2,11, i.e.:

N AF
Lo =14 -\ 235
At this stage the cell operating temperaturc is calculated using equaticn 2.30. This
calculated vaiue is compared to the initial assured value and the initialising loop ends
when the difference is less than 1,5°C.

The model now moves into its main loop. This loop is essentially very similar to the
initialising (oop, and starts with the cell temperature and an estimate of the anode current
efficiency. Allowance is made for oxygen evolution which also alters the amount of water
lost over the anode compartment. Since estimates of the catholyte concentrations are
known from the initialising foop, the cathnde gas composition can be caleulated rather
than assumed. The density of the catholyte can also bie calculated ~ this improves the
values obtained for the flow rates. The anclyte pH is then estimated from an expression
derived by Nagy® for an experimental cell:

iy = (63115x10° + 1,48201x10 xt 1 61334x10" xp]
X192 xexp(1,15120xpH) 2.36

where 1, is the current density producing oxygen and is given by:

U—y&\—)—‘» 237

A
Next, the concentration and production rate of tha minor components, Ci0° and C105°,
are calculated using equations given in section 1.2.4. The OH back migration and anode
efficiency are colcwlated as in the first loop, The new calculated value of the anodic
10 the old vatue and the main loop is terminated wnen

yis
the diiference iy less than 2.

Bp—



3. PRELIMINARY EXPERIMENTATION
3.1 lantraduction

The preliminary experimentation tules the form of two sections. In the first an attenpt is
made to characterise different diaphragms, and in the second diffusion cocfficients of
Na*, CI and OH’ are obtained as functions of temperature.

A diaphragm can be characterised by: {i} the pressire drop variation when a fluid flows
through it at different rates, (i) the transport, by molecular diffusion, of a soluble
species due to concentration gradients, and {iii) the geometry of the physical components
of a diaphragm as observed under the microscope,

Four different types of diaphragm are investigated in this thesis and their manufacturers’
specifications are given in Appendix 7.1. All four diaplragms are woven filter-cloth type
diaphragms.

Fluid flow through woven scroens has been fnvestigated by Armour and Cannan®® and
they treated this as being similar to flow through a thin packed bed. The pressure drop
through the bed was considercd to he the sum of viscous and inertial effects. The
following relationship between pressure drop and fluid velocity was derived:

Zoefp LY afa?D) + B 3.1
Lou? pu .

where 1 and f3 are the viscous and inertial resistance coefficients, Ap is the pressure drop,
€ is the void fraction, D is U 2 pore diamater, L is the fluid path length, p is the fluid
density, u is the fluid velocity, uis the fuid viscosity, and A is the surface area 10 unit
volume ratio of the diapbramm. Further detils of the theory for the pressurz drop
experimentation is given in Appendix 7.2,

The diffusion of an fon scross a diaph is in general on: {i}

gradient, {ii} tempcrature, and (i} the physical characteristics of the diaphragm. If one
keeps the first two constant, then by changing the diaphragm one can observe the changes
in the diffusion coefficient. The theory for the diffusion experimentation is given in
Appendix 73. Only the transport of the sadium ion is investigated in this sct of
experiments,

Only wne type of diaphragm s studied concerning the geometry of its physical com-
ponents. This is type no. 4 which is the diaphram used in the experimental chlor-alkali
celt. Equations expressing sutface area (o unit volume ratio, A, diaphragm thickness, B,
and void fraction, e, in ternis of measurable variables are given in Appendix 74,

3.2 Characterisation of Diaphragm

3.2.1. Prossure drop acrass diaphragm

The apparatus consists of two pipe sections as showa in figure 3. The material of con-
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FIGURE 3

Apparatus for measuring pressure drop across diaphragm

{All dimensions in mm}
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struction is p.v.c. and the diaphragm is bolted between two flanges with a rubber gasket
on either side of it. Tension is applied to the diaphragm when the bolts, holding the two
sections together, are tightened. The pipe sections are connected to the remainder of the
apparatus as shown in figure 4. Water is delivered from a constant level head tank and
fiows viz a valve through the disphragm, causing a pressure difference which is measured
with an air-water manometer.

The experimental procedure is as follows. The disphragm is bolted inta position and the
apparatus is comsected as shown in figure 4. The system is filled with water and the
alr—water manometer is altowed to stabilise. The valve is opened and a series of readings
are taken as the flow rate iricreases. Readings are also taken as the valve is closed in stages,
At each reading sufficient time is allowed for the system to reach steady-state. The flow
rate is measured using a stop watch and a measuring cylinder. Experiments were per-
formed on the four types of diaphragm and the readings are reported in Appendix 7.5.

3.2.2. Diffusion of an fon through a diaphragm

The apparatus consists of two identical sections bolted together with the diaphragm and
rubber gaskets inbetween as shown in figure 5. The boits used are 3x30 mm brass holts,
and the material of construction is perspex.

The experimental procedure is as follows. The apparatus is boited together with the
diaphragm and gaskets in position. A measured volume of distilled water is poured into
the cell and the levels on esther side of the diaphragm are alowed to equilibrate. At 2
noted time, equal measirred volumes of a concentrated salt solution and distilled water are
injected on either side of the diaphragm. The solution in the two compariments, which is
well stirred using glass stirrers, i§ samgpled at predetermined time intervals. An Atomic
Absorption Spectrophotometer is used for the analysis and withdraws small samples
directly from esch compartm-nt. The temperature is also recorded during each
experimental run. Results are reported in Appendix 7.6,

3.2.3. Geometry of the physical components of a diaphragm

The only type of diaphragm considered in this section Is type 4. The thickness, B, of the
diaphragm is determined by averaging a number of micrometer readings taken at various
points along its surface. The vaid fraction is experimentally obtained by knowing the
weight per unit area of the diaphragm and the density of the diaphragm material. Photo-
micrographs of a plan and sectional view of the diaphragm are taken and the mag-
nification is calculated. Thread diameters, spacings and the number of warp and shute
counts per unit length are measured, The phatomicrographs are shown in Appendix 7.7
and the readings are recorded in Appendix 7.8.

3.3 Diffusion coefficients of Na*, CI” and OH" at elevated temperatures

The diffusion cell for this set of experiments is identical to the one described in
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FIGURE 4

Apparatus for measuring pressure drop across Diaphragm
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FIGURE 5

Apparatus far measuring the diffusion of an fon through & diaphragm
(Al dimensi.«0s in mmJ
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Section 3.1.2, the only difference being its material of concentration, which is mild steel.
The steel is used so that temperatures of up to 86°C can be achieved. The inside of the
cell is painted with polyurethane 1o prevent corrosion of the steel at the high tem-
peratures. The apparatus is sel up as shown in figure 6. The whale cell is immersed in a
constant temperature water-balh and preheated. The solutions to be used in the
experiment are also preheated in the bath,

The solutions are made up to have approximately the same concentrations as those found
in the anode and cathode compartments of the chlor-alkali cell. The concentrations used
are: (i} Side 1: 4 motar NaCi and {ii} Side 2: 2,5 molar NaCl and 2,5 molar NaOH.

The experimentat procedure is as follows. The cell and the two votumetric flasks con-
taining the two solutions are heated up in the constant temperature water-bath. Once the
solutions in the flasks are at the desired temperature, a known volume of each is poured
into the cell on either side of the diaphragm, Glass stirrers are placed in each compart-
ment to ensure good mixing. The two flasks are replaced in the water-bath with fresh
solutions in them. After ten minutes the first 10mi samples ace simultaneously withdrawn
from both compartments. Equivalent amounts of the fresh solutions are returned to each
compartment to maintain a constant volume. Using the same procedure, samples are
withdrawn at predetermined time intervals up to 1% hours. At the end of the experiment
the volume of solution in the cell is measured.

The samples are then analysed for Na*, Ci' and OH {methods of analysis given in
Appendix 7.9). The experimental readings are recorded in Appendix 7.10.

3.4 Results anc discussion
3.4.1 Characterisation of diaphragm

The results of the pressure drop experiments can be found in figures 7, 8, 9 and 10. The
graghs are plots of Ap/u vs. v for the four different types of diaphragm, According to
Armour and Cannion®® {see Appendix 7.2) these plots should be straight fines with slope
BL#/ €D and intercent  anL{afe }7. The experimental points fell reasonably well on
straight lines, but for diaphragms 2 and 4 the slopes are negative, This means that the
values of B will be negative. The vatucs of o and § obtained by Armour and Cannon™
were n = B,61and B = 0,52, Measu:es of a, ¢ sndl D are known for diaphragm 4 and the
corresponding valugs for .+ and 8 trned out to be » « 107, § = ~0,52. '

Hence one con see that there does not apregr fo be any agreement between the
experimentally determined behaviour of fluid Mow through woven diaphragms and that
predicted by Armour and Cannon. In the [irst irstance tho slopes of the plots for the two
tighter woven diaphragms, i.e. diaphragms with a larger value for e, are negative, and in
the second the acluat values of « and i obtained for diaphragm 4 are far different from
those found by Armour and Cannon. The reasons for these discrepancios can be
atrributed to, {i) the fact that under incressing pressure difference the diaphragm
stretehes and bows, This causes the wrea as well as the mean pore size to increase, and
{ii} the fact that the equations derived by Armour and Cannon were under the



FIGURE 6

Apparatus to measure Diffusion Coefficients at elevated temperatures

Stirrers,

Preheated Solutions

25,



FIGURE 7
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assurnption that the diaphragm threads were salid cylinders in peint contact. For woven
cloth diaphragms this assumption is likely to introduce error.

The results of the diffusion experiments are presented in figures 11, 12, 13, and 14. They
show plots of In 3¢ vs tiine for the four different diaphragms. The theory, from Appsndix
7.3, predicts that the plots should be straight lines with slope = — 2DA/Vo.l, The
experimental points fafl very ciose fo straight fines for all the runs. The values of the
diffusion coefficient of the sodium jon obiained are listed on Table 2.

TABLE 2
" Diaphragm: 1 Diffusion Coefficient (cm?/s):  7,15x10° l
2 264x10° |
3 84110 |

4 11,43%10°5

[t can be seen that the diffusion coefficient increases with increasing void fraction, which
is to be expected as a high void fraction indicates a less tightly woven diaphragm with a
larger pore diameter,

The physical properties of di 4 are from taken from the
by I{ . The ification of the i is 17.5 times, Table 3

gives a comparison between meastred values and  those caleulated from equations
presented in Appendix 7.4.

TABLE 3
[ VALUE r MEASURED ‘ CALCULATED ERROR ‘]‘
Diaphragm thickness (m) 1,374x10° l 1,420%10° 3
Warp diameter {m) 5,710x10" ‘
Shute diameter (m) 4,200x10°¢

Distance beivieen warp

1
wires, l,, (m) 77910 | {5 = B18x10° 5

Warp counts/m, N,, 1224
Shute counts/m, N, 170

Surface areafunit vol.,a, (m'} 4300
Void fraction, © O,GL_ 3 0& 25

The agreement between calculated and measured values of diaphragm thicr.ness, B, and
distange between warp wires, |, », is good (~4% error). There is however an error of 25%
between the calculated and measured value of the void fraction, ¢ . The reason for this
is that the measured value is calculated using the mass per unit area and the material
density, while the calculated value is found from values measured off the photomicro-
graphs. For the calculated value the foliowing assumptions are made: (i} the threads
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are solid cylinders and {ii} the threads make point contact. These assumptions are
abviously not valid and probably account for the 26% deviation observed. The caloulated
value is lower because it does not take into account the porous nature of the threads in
the diaphragm.

3.4.2, Diffusion coefficients at elevated temperatures

The resufts of this set of experiments can be faund in figuce 15. This is 3 plot of the
diffusion coefficients of the sodium, chloride and hydroxyl ions as a function of
temperature. The basic trend is for the diffusion coefficients to increase with increasing
temperature. The coefficients of Na', CI" and OR" are approximately equal to 1.5x10°5
cm? /s at 25°C, while at 85°C the value is about 10,6x10°® em? /s, The curves for Na*, G
and OH" intersect at a temperature of 82°C, helow this temperature the order of
magnitude of the diffusion coefficients is Na >O0R" > CI', while above it the order is
CI>0H >Na"
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4. EXPERIMENTS ON CHLOR-ALKALL CELL

4.1 Details of apparatus

The chlor-atkali cell consists of three sections: (i} the anode compartment, (i) the
cathode comparument, and (i} the cathode compartment lid. These are all bolted
together as shown in figure 16, The material of construction of the cell is glass-{ibre

reinforced resin.

The brine sofution inkit and chlorine outlet are built into the anode compartment, which
is fitted with a slot in its roof to house the anode. The anode is of the flow-through type
made from titanium with a ruthenium oxide coating. The current is fed o the anode via
& copper busbar bolted to it. The anolyte solution feve! is indicated on 3 glass tube

inserted near the base.

The cathode is 16 mesh expanded mild steel and Is attached to the cathode compartment
fid. Current is fed to it via a copper bustiar, A hole is provided in the lid to aliow for
temperature measurements and for sampling,

The solution flows into the anode compartment, passing through the anode and
into the cathode compartment, Here it passes through the cathode and flows to the outlet
of the cell which is located in the lower half of this compartment. The cathalyte level is
also indicated on a glass wbe inserted in the base of the compartment.

The celt is by ing the between the anode and cathade com-
partments and bolting them together. The call is sealed with rubber gaskets. The cathode
lid and gasket are then bolted into position with the cathade fitting into the slots

provided in the cathade compartrnent,

Figure 17 shows the experimental fayout. The concentrated brine solution is fed from s
feed tank, through a copper coi! immersed in a constant temperature water bath, via a
rotameter, to the anode compartment of the cefl. The watdr bath and crpper coil preheat
the sofut’on to the desired inlet temperatuse, After passing through the cell, the solution
flows into an overflow tank. A power sunply with operating ranqrs 0-100A and
028 volts, is connected as shown. The celt is housed in a fume chamber to extract
the chlorine gas evolved.

4.2 Experimental procedure

The constant temperature bath is switched on and allowed to reach its set temperature
of 80°C. The valves are openad and the system is filled with salt solution. Once the flow
has resched steady state, the mass of the Tord tank and the time are nated and the power
supply is switched on, The power supply has to be regulated during the transient period
until the desired current is obtained, The system Is allowed to run at constant fiow rate
and current density for about 2 to 2v:cell residence Limes,

Afer this time has elapsed the call tlemperatuse is wken and the anolyte and catholyte



FIGURE 16

Chlor-alkali experimental cefl
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FIGURE 17

Experimental layout for the chior-atkati cell
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are sampled. The valves are closed and the mass of the feed tank and the time are noted.
A sample is also withdrawn from the fead tank. The power supply end the water bath
are then switched off.

‘The samples are then analysed for sodium, chioride, hydroxide {or pH), chiorate and
hypochlorite ion concentration. The analyticsl methads used for the first three ions are
presented in Appendix 7.9 and the results are recorded in Appendix 7,12,




5. RESULTS, DISCUSSION AND CONCLUSION

A mass balance is performed over the celi for each run according to the logic diagram
given in Appendix 7.12. The parameters calculated in this mass balance are anodic
efficiency, ion fluxes, water lost over anolyte and cathalyte, flow rate through diaphragm
and outlet flow rate. A check for this mass batance is the value of the outlet How rate.
This flow rate is calculated in two different ways: (i} from an overal! Na* vatance, and
{ii} from the overall mass balance, For each run these two valves agreed to withir 6%

of each other.

Values of paramelers predicted by the madel are compared to those found by experiment
in Appendix 7.13, Table 4 lists these parameiers for a typicaf run,

TABLE4
Run 11¢ current - 55A, voliage ‘aphragm area = 265cm?
H mass fiow rate in - 0,342g/s
- Y —
VARIABLE EXPERIMENTAL j % ERROR
S SR S
Temperature 1 730 72.5 1
¢ 0,800 0,910 2
Ny ~0,124x10° ~0,122x10°¢ 8
pH 5,1 52 2
Ay 439 4,34 1
A 4,30 434 1
A 0,03 0,027 10
[ 524 5,34 2
K 348 3,53 15
s 178 1,82 2
Qg 0,287 0,286 [\
o, 0,265 0,270 2

The agreement between vafues preducted by the mode! and those found by experiment is
good, The ercar is in mast cases Jess than 57 which is well within experimental accuracy.

The remainder of the runs followed a similar pattern with the morel providing a good fit
o experimentally determined values. The one excention to this is Run 1. Here, the inlet
flow rate is very fow and this resuils in g large DH™ back migration value and a low anodic
efficiency. o this case the modal predicts anolyte and catholyte concentrations which
differ by 20uand 50, respectively from the experimental values,

A summary of the variables, the range aver witich they are tested, and the ercor between
predicted and experimental values is given in Table 5.

aaand

R



TA?E&

VARIABLE RANGE % ERRBDR LESS THAN:
Anolyte (Na*) { 36 ~ 51 molar 4
Anolyte (CI) : 3,6 ~ 5.1 molar 4
Anolyte (€107 j 0,002 - 0,07 molar 13
Catholyte [Na") 4,9 - 59 molar 35

i
Catholyte (CI) !‘ 1,05 ~ 3,3 molar 00
Catholyte (OH) | 2,5 ~ 4,0 molar 7
Anolyte pH I a-s3 28
Qutlet flawrate | 0,165 ~ 0,735 cm?/s ! 4
i
Cefl temperature 60 ~ 89°C
Efficiency | 078~ 10 16

The only farge error in a varisble predicted by the model arises in the anolyte pH. This
can be explained by looking ot the equations used to caleuiate it, These are equations
2,36 and 2.57 in section 2.6. The second equation is based on the assumption that all the
anodic inefficiency goes to the evalution of oxygen. This is a reasonable assumption as
shown by the small amounts of chioraie and hypochlorite that are formed. The first
equation is an empirical one given by Nagy® and is hased on data from an experimente]
cell. Nagy admits that this equation is scale dependent and therefore changes with
different zell design. This eq ation is used nevertheless 1o complete the model.

Other assumptions which are used in formulating the model, and which could lead to
errors, are: (i) anolyle and cathalyte are well mixed, (i) transport of ions in the
diaphragm abeys the dilute solution form of the flux equation, {iii) negligible amounts of
chlorate and hypochlorite are prodiiced, and {iv) anolyte and cathelyte temperatures are
approximately equal.

Assumption {i} should not introduce a large ersor s gas bubbling would be expeced to
agitate the sclution sufficiently. The use of the dilute suhuiion flux equation has been
discussed in section 2,2 and it is possible thal it could introduce an error of ap-
proximately 10.in the calculation of the fluxes. Assumption {iii} daes not affect the mass
balance 1o any great exient, but it can affect the predicted anodic efficiency. This is
because the model, as it stands, assumes that the inefficiency s due ta oxygen evoivtion
alone. A more detailed version of the mode! should include electrolytic chlorate
formation as an inelficioncy reaction.

T differance of a few

In fullscale chiorine-cauutn ion cells there is a
degrees centigrade between anolyte and catholyte®, The madel, sccording to assumption
{iv), uses the same value for anolyt: und catholyte temperature, but this intraduces an
error of fess than 5% in the energy halance.

I which are fitted

The proposed made! uses two equati that have
using experimentatly determined data. They are the equations used for calculating the
anolyte pH and the OH" transport numbers. The first has alfready been discussed and the
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latter can be correlated with the catholyte OH™ concentration.

It can be seen from the results in Table 5 that the rechanistic type model proposed,
with its simplifying assumptiots, simulates to a reasonable degree the experiments
performed on a taboratory scale chlor-alkali cell,

“The geomelric properties of the diaphragm such as void fraction and mean pore diameter
do not appear in the model. This is because the diffusion coefficients used in the modat
were found experimentatly with a diaphragm identical to that used in the chlor-alkali cell,

The results presented in this thesis indicate that future work on the modeiling of this type
of celi should be directed to studying: (i} the effect of diophragm material and geometry
on lonic diffusior. coefficients, {ii} the effect of ionic interactions on the transport of
OH’ in the diaphragm, and {ii}} the kinetics of electrode processes at the ancde and howe
they are affected by anolyle composition, temperature and current density.
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7. APPENDIX

7.1 Types of Diaphragms used

PROPERTY TYPET TYPE2 TYPES TYPEG
mass/unit area 1255 1700 2848 415,0
{g/m?)
Air permeability
mair/m? fmin. 25 45~80 50 15-30
@ 13mm W.G.
Weave 1x1plain | 2x1 plain Dutch | 3x1 Crowfoot | 2x2 twilled Dutch
Material Nylon Polypropylene - Terylene Polypropylerie
Thickness, B 3,15x10 7,5%10 2,7x10* 1,374x1072
{m)
void fraction 0,65 0,56 0,58 0,67
o

fmass/ares x 10
- 8

p Polypropylene = 0,81 g/em?
p Nylon = 1,14 grem?®
p Terylene = 1,38 g’em?




7.2 Theory for pressure drop experiments

The equation derived by Armour and Cannon*® is:
fo o yp 7.1
Nag

where { is the seraen friction factor and is given by:

ApiD
e 7.2

and N, is the screen Reynolds number given by:

Nog = Lop 73
Substituting 7.2 and 7.3 in 7.1 and rearranging:

AP 74
Hence a plot of Ap/u vs. u should yield a straight line with slope :?LD_’ and intercept

anlidy
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7.3 Theory for diffusion of an ion across a diaphragm

From section 2.2 the flux equation in one direction can be written as:

dE de,
NosueZF G - DiGE o 7.

@

Equation 7.5 reduces to the following eguation under the conditions of: (i} no flow,
{ii} no potential difference, (iil) the assumption that any potential gradient caused by
coneentration differences is neghyible.

Didey

Me o

In the diaphragm the foltowing assumptions are made: (i} ¢ lincar concentration profile
exists, (ii) pseudo steady-state exists, Le. the flux of an ion is constant throughout the
diaphragm, Hence the concentration gradient dc can be expressed as:

dx

7.7

Where subscrints 1 and 2 denote the compartments on either side of the diaphragm and
| is the diaphragm thickness.

A mass balance over the two compartments of the experimental cell yields:

die, Vi
Compartment 1: die,Vol 78
dr
e, N,AD -
Compartment 2: F(ELJ o E At ,AJ‘,('E;‘? ! 79
B

Assuming that the volume of euch compartment, Vo, remwins constant, ~ambining
equations 7.8 and 7.9, and integrating, the foliowing expression is obtained:

20,A

- 7.10
Vol

Inlledo-le) ) =

—2D,A

Hence a plot of in3c vs. time {71 should vield 2 straight line with slope -~
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for ing di geometic propertie

Shute Wice

Warp wire

N

Diaphragm type no. 4 ~ twilled dutch weave.

Diaphragm thickness, 8,

B = d, + 2d, 211

Surface area to unit volume ratio, a,

unitvolume = 1x1xB
area of warp wires in unit volume = 1 dy.N,,
. . 7t Ned:Ny
area of shule wires in unit volupe = ~— F o (s * iasd
hence: a = (Nwdw + Nyds ¢ NiNwdghiy o) 732
2

Distance between waip wires, lizs,

N,
hys = \ﬂdw LR 7.13



Void fraction, ¢

unitvolume = 1x1xB

e 7 du® N
volume of warp wires in unit volume = ~=4~~—

2
IR 7d?N,
volume of shute wires in unit volume = =4

henge: ¢ q—%mwdwuvm,d,’ by Ny 2l s

d Ny
S e el L]

48,




7.5 Readings from pressure drop experiments

Plots of 4p/u vs. u for these experimental runs are given on figures 7 — 10,

DIAPHRAGM | PRESSURE DROP (emH,0) FLOW RATE {ml/min.}
16,2 625,3
10,4 456,0
Type 1 773 3867
3,63 2187
2,20 147,0
1,30 88,0
84,7
305 209,0
25,1 1445
Type 2 16,8 65,3
108 60,7
56 29,1
42 201
210 650,1
168 622,1
Type 3 129 4959
85 274,3
42 181,7
12 60,1
36,3 404,5
355 400,1
33,0 3903
Typed 329 320,7
297 224,1
21,7 126,3
14 54,7
55 245,0

50.



7.8 Readings from diffusion experiments

Run 1
Diaphra type 1, = 17,5°C, di area = 167cm?, total voiume of

solution = 1160cm*

‘—;ppm} g lppm) ! TIME {min} Acippm) Inde
92 20 [ 72 4,277 !
87 26 8 61 4,111
735 35 14 385 | 3851
825 455 20 17 2,833
59 50 33 9 2,197
57 53 42 4 1,385
)

Run2
Dizphrogm type 2, temperature = 18°C, diaphragm area = 157¢m?,  total volume of
solution - 1080cm?

" T
TIME tmint | e fppm) | Inde

!
" ,,A,,,,__T

cylpoml | coipom)

220 o 0 220
220 10 ) 210
216 18 13 197
190 33 27 157
183 46 37 137
173 55 62 118
162 65 68 97
154 79 90 75

146 84 10 82




Run 3

Di type 3, - 18°¢, Brea - 1560m?, total volume of
solution - 1080cm?
ey tppr) { solppm) | TIME (min) | dclopm) | inds
I 0 194 5268
;o33 5 157 5,056
85 L 8T ol e | asm
8 L@ | 7 | s 4,007
129 % | 23 | o3 3585
121 00 ! 30 1 2 3045
s L0 ! “ s 1792 |
SR S A |
Run 4
Disphragm type 4, - 175°C erea = 154cm?, total volume of
solution = 1080em?®
ey fpem) e, lppr) T FIME min} Selppm) ndc
186 *, 0 186 5,226
185 7 172 5,147
: 160 19 124 4,820
- 146 | 28 96 4,585
- 126 | 47 56 4,025
e } 62 36 3,584

Plots of InAc¢ vs. time for these experimental runs are given on figures 11 — 14,




7.7 Photomicrographs of diaphragm type 4

MAGNIFICATION 17.5 TIMES

CROSS SECTIONAL VIEW : SHOWING ENDS OF WARP THREADS

I
16 2
o

PLAN VIEW : WARP THREADS RUNNING HORIZONTALLY




78 of the physical of adi

Oiaphragm thickness, B lem) @ 0,1401
0,1351
0,1370

Average 0,1374

Warp wires/unit length, N, (counts/m}:

LENGTH (m} 11 NO. OF COUNTS N
N (
01016 ! 123 12106
00762 | Ex] | 12205
00508 ... 112402

age 1224

Shute wires/unit length, N, {counts/m}:

21555

J_21s.=0

Distance between warp wires {edge to edge} (from photomicrograph):

r
WIRE NOS. DISTANCE tem}
i‘ 788 2,30
13814 2,45
6&7 242

H 9&10 2,30
1&2 2,35
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Diameter of warp wires: tw, {trom photomicrograph)
WIRENO. | DIAMETER lem} | WIRENO. | BIAMETER lom)
1 1,00 1 1,10
2 1.08 12 0,98
3 1,08 13 1,00
4 0,98 14 1,00
5 1,10 15 0,85
6 f 0,90 16 H 0,95
7 E 0,95 17 { 1,00
8 | 0,95 18 i 0498
I AL | e
10 i 1,00 Average 1,00
Diameter of shute wires: ds,  lirom photomicrograph)

DIAMETER {om} | WIRE NO.T DIAMETER {om}
0,88 13 0,78
080 14 0,72
078 15 0,77
0,80 16 6,73
0,86 17 0,70
0,80 18 0,72
0,78 19 0,70
0,73 20 0,80
0,85 21 0,78
0,73 22 0,76
080 23 0,76

L1 2 0,75 24 0,76
Average




=

7.9 Methods of analysis for Na* CI" and OH"

{i} Sodium ion:

“The analysis of the Na* ion is performed using an Atomic Absorption Spectrophotometer.
The wavelength used is 330,1 nm, and the concentration range is 100 to 300 ppm. The
samples taken from the chlor-atkali cell and the elevated temperature diffusion cell are
first diluted down into the above range.

(i} Hydroxyl ion:

The anlysis of the QM jon is performed by titration with sulphuric acid. Phenolphthalein
is used as the indicator.

{iii) Chioride ion:

The CI” ion is analysed by titration with silver chloride. The sample is diiuted with  50ml
distilled water, acidified with a few drops of 6N. HNO, and then neutralised with CaC05.
The indicator is potassium dichromate.




7.10 Readings of diffusion experiments st elevated temperatures

{All concentrations in this sub-section in g/l.)

Run 1:

Temperature 25°C, diaphragm area - 80,5¢cm?, total volume = 625cm’?

TIME {min}
.
0 |
0 | 1360
50 1326
80 11328
125 1280
180 L1287

Run 2:

Temperature 50°C, diaphragn: area - 103cm?, total volume = 740cm?

TIME {min} T soE1
el Sl —
Na OH or

i i
SN Lo A -
0 ; 878 26 |13
B 908 | 100 e
% ] 935 134 1163 !
67 | 953 143 1169
93 | 978 1158 | 1169

Run 3:

Temperature 70°C, diaphragm area = 103cm?, total volume » 740¢cm?

TIME {min)

SIDE 2
oH™ o
Liose | 392 | 881
1068 | 385 | 844 |
w60 | 38 | 885 |
poso oser §o8es !
1044 1 335 | 9038 Z
1035 | 390 | 08 |
SiDT 2
B P
1ooH o
e
: 4 | 8531
1045 | 320 | 939
1030 | 266 | 993
oy

26 | 1301

896 | 100 | 1173
930 138 | 1148

95,1 | 155 | 114,

| 1140

L

0 878 ]
i

|

|

3

108,5
1049
103,
101.7
100,0

[

85,1
95,0
100,7
1014
104,2




4
|

Run é:

Temperature 76°C, diaphragm area = 151¢m?, total volume = 920cm?

TIME {min) SIDE 1 $IDE 2
na* I oH o Na® [ o
10 91,8 10.8 1190 104,85 30,8 97,1
31 93,1 145 1135 100,0 271 98,2
61 952 ¢ 17,7 | 1100 100,5 2338 105,0
95 97,8 [ 19,8 i 109,1 { 98,1 218 | 107.3

Run 8:

‘Temperature B6°C, diaphragm area - 145¢m?, total volume ~ 910cm?

. .
{ TIME (min) SIDE 1 SIDE 2
| Nt oH" { o i N oK’ I o
n 930 | 120 | 1180 | 1080 | 301 | 993
37 962 | 171 | 1124 | 1023 | 250 | 1045 |
65 e71 | 193 [ 1082 | 992 | 227 |‘ 1049
95 973 | 212 11086 | 981 | 220 ! 050 |

Plots of In ¢ vs. time are drawn for each of the three ions for every run, The slopes of
these plots give the values of the diffusion coeiticients. A summary of the diffusion
coefficients as a function of temperature is given beir v :

L‘I’EMPER/\TU RE

[DIFFUSION COEFFICIENTX10® tam?/s)

Na cr
25 148 081
50 5,39 2,33
70 746 5,69
76 8,61 2,79
86 10,50 11,8

A plot of the above table is given on figure 15.
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7.11 Readings from runs performed on the chlor-alkali cell

Sample 1
Sample 2
Sample 3

Run 1:

from head tank
from anode cormpartment
from cathode compartment

Current = B5A, voltage = 4,8v, temperalure = 88,5°C, diaphragm ares = 256cm®, mass

flow rate in = 0,120g/s

SAMPLE

Run2:
Current = 65A, voltage - 48y, t
flow rate in = 0,323g:s

oK cloy” cio”
KR : 003 | 003 |
650 | 238 . 398 | 001 H
680 2y 3B M,

emperature = 84°C, diaphragm area = 260cm?, mass

SAMPLE pH

1 8,0
2 4.9
3 114

Run 3:

Nat e oH [ cie’
'

T

472 47

399 3% 0,05 | 0059

520 . 311 . 208 0,03

Current = B5A, vollage = 4,8v, temperature = 83°C, diaphragm area = 250cm?, mass

flow rate in = 0,322g/s

SAMPLE pH ‘[
1
i

S
Na' oL oH [ clo” 1
S
497 490
364 | 356 P 0,05 | 0002
528 | 243 276 | 003

B LA IOt Bt A

* (Al concentrations in this sub-section in moles/litre)




Run 4:
Current = 65A, valtage = 4,8v, tempurature = 87°C, diaphragm area = 250cm?, mass
flow rate in = 0,233/

SAMPLE pH na* o o’ 105" cio
1 75 | 474 | 474
2 48 | 388 | 374 ! 008 | 001
3 17 | 570 [ 2498 | 330 | 003
. s

Run &:
Curcent = 654, voltage = 5.0v, tempersture - 77°C, diaphragm area = 260cm?, mass
flow rate in = 0,543g/'s

SAMPLE g oH } Na* or ][ oH" I clo5” oo’
i
L . |
1 } 84 | 486 i
2 50 i 1399 | | 0,002 00055
3 J 12,0 324 0 1,68 i 0,002
1 S SRR SO RO, R

Run 6:
Current = B5A, voltage = 5,2v, temperature = 75°C, diaphragm area = 240cm?, mass 4
flow rate in = 0,687grs

SAMPLE pH Nn+ c OH" (=] oo
3 723 | a3 | 475
2 50 | 431 |45 | 0002 | 0013
3 12,1 { 374 ! 112 | 0002




63,

Run 7:
Current = 85A, voltage = 5,0v, temperature = 69°C, diaphragm area = 240cm?, mass
flow rate in = 0,882¢/s

SAMPLE pH Na* o [ cloy” cio”
1 6.8 483 4,88
2 3,0 4,48 445 | 0,002 0,006
3 | 119 LUB 395 | 1,05 0,00t

Run 8:
Current = B5A, voltage = 4,8v, temperature = 81°C, diaphragm area = 265cm?, mass
flow rate in = 0,472g's

SAMPLE oH i Cioy” (<8
1
2 0,04 0,002
3 1,78 0,03 1

Run 9:
Current = 40A, voltage = 4,1v, temperature ~ 80°C, diaphragm area = 26Bem?, mass
flow rate in = 0,288/

SAMPLE pH Na* or oK Cloy” ci”
1 69 5,04 5,06
2 50 | 430 | 428 | 0002 | 002
3 119 5,27 344 181 0,002
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Aun 10
Current = 75A, voltage ~ 5,0v, temperature = 88°C, diaphragm area = 265cm?, mass

flow rate in - 0,297g/s

SAMPLE pH nNo® cr [Ty 1 cIo;" cio”
1 74 5,10 512 }
2 49 | 407 | 400 { 002 { o003
3 w2 | osse | 280 | 330 |
| R L ; I
Aun 11

Current = §5A, voltage * 4 5v, temperature = 73 C, diaphragm area = 265cm?, mass
flow rate In = 0,342g's

— T
SAMPLE f pH Na” ( o T O cioy” { o
i
1 71 | 817 | 517 | i
2z 5,1 43¢ . 430 ¢ 0003 | 0,03
3 12,1 ! 524 | 349 . 178 1 0002

Run12:
Current = 70A, voltags - 5,0v, temperalure ~ 83°C, diaphragm erea = 265em?, mass

flow rate in = 0,335g/s

SAMPLE pH oy l’ cio”
1 7.3
z 48 0,02 0,0089
3 118 0,015
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7.12 Chior-alkati cell ~ logic disgram of mass batance

Tha exporimental realings given in Appendix 7.11 are processed using the foilowing
caleulaticn scheme. Input vasiables me: (it mass flow rate in, (i) feed, anclyte and
catholyle concentrations, (i} geometry of cell, fiv) cell current, (v} veltage, and
{vi} cell operating temporature.

input data
Caleutate densities using algorithm
Caleulate volunie flow rat in
Calculate volume flow rate out from overal Na* halance
Caleulate Na' flux
Calevlate anodic efficiency
Caleufate OH andi €} {luxas
Culculate €1, 0, and Hy production rates
Caleulate vapor (essire of waler over anolyie and tatholyte
Caltculate water tust over anoly e and catholyis,
Caloulizte overall miss balances
Caleutate voiume flow rate out from mass | 1 noe
Perform enery balanea to caleulate heat lost from cell
Caleulate overa'! heat transfor coefficient
Write resulis

A check for the mass haliage is the v lumetric outlet flose rate, This value is calct lated
nt ways: (i) from an oweiall Na* bolance, ang {n} from the overali mess

in o difie
batance. For every rum, thes » (wo valuss egreed Lo within 5 of each other.

ine refationship betean the mags flow rate and the temparature of the feed solution at

the fnletis:
t, - 13384 M, 1 33,7
The value of U, the overall heat transter coefficient, obtained from the experiments is:

U = 1270 W/’ C




7.13 Comparison of experimental results and those predicted
by the model for the chlor-alkali cell

—
RUN 1 ] RUN 2 |
; —
EXPERIMENTAL MODEL (EXPERIMENTAL; MODEL (
il S |
Temp. 88,5 ! 884 1 84,0 ’ 841 |
{ 0,464 ‘ 0444 0,786 | 0,790 l
Ny ~0,14x10% | ~0,16x10% | -057x10% ! -054x10° |
pH 50 | a7 | 49 | so3 |
A, 373 | 3,03 ! a0 | a4 |
A 238 303 399 " 417 ;
A 603 ;00026 0,089 0,07
[ 6,50 i 33 | 520 | 538 '
c, 23 130 ! 3n bogas
c 398 | 2m 206 | 220 |
a, ! 0,091 . oosr 0,769 ' 0267
i H i
Q, 0076 | 0303 e
A/un3 [ RUN 4

EXPERIMENTAL MODEL EXPERIMENTAL MODEL

Temp. 330 845 | 87.0 87,8
0989 | 0810 0,795

~03x107 | —051x10® | —056x10°

48 48 47

362 388 389

362 3.74 389

0,0019 001 0,0095

529 5,70 5,62

2,63 249 2,49

2,66 3,10 3,13

0,265 0,187 0,186

0,245 0,167 0,163




RUNS RUNG
EXPERIMENTAL MODEL EXPERIMENTAL MODEL
Temp. 77,0 786 75,0 { 739
{ 1,0 1.0 W0 10
Ny 2,0 01x107 | ~0,14x107 0,23x10°
pH 50 48 50 5.2
A 4,00 -t 431 4,27
I 399 ! 395 425 427
As 0,0085 0006 ! 003 | 0015
c 500 494 | 494 495 |
[8 324 ! 329 ; 374 | 377 |
Cs 168 165 | 112 [ 198 !
Qs | 0,464 0464 | 0,590 0,588
o [ o |
[T T [\ T
RUNT7 RUN B
S I
EXPERIMENTAL ! MODEL ‘ EXPERIMENTAL MODEL
i
Terrp. g0 | 708 81,0 803
4 1.0 | 1.0 1,0 0,999
N ! oo | ozxie ] 028107 -0,3¢10°
pH | 30 | a1 | 50 4.96
A 448 | as | 408 418
A 445 T 401 4,18
P 0,005 ! 00016 0,002 0,0029
c, g 5.05 ; 501 5,19 523
[ 3985 : 398 334 344
Cs I 105 | 103 178 1,79
Qu 0,759 0,759 0,400 0,303
Q. 0,732 | o735 0,375 0,374




RUNS RUN 10
EXPERIMENTAL MODEL, EXPERIMENTAL MODEL
Temp. 60,0 61,5 89,0 20,4
¢ 10 10 0,955 0,939
Na ~0,14x107 03107 | ~0,13x10° | ~0,18x10%
pH 50 53 29 48
Ar 43 | a3 407 397
A 4,26 430 4,00 397
A 0,02 0018 003 0,027
N 5,27 5,35 599 593
Co 346 1 30 2,60 2,62
s 1,81 185 330 3,30
Qs 0,242 0,241 0233 0,230
@ | 023 | 023 0216, 0,198
RUN 11 RUN 12
EXPERIMENTAL MODEL EXPERIMENTAL MODEL
Temp. 73.0 725 830 838
11 0,890 0910 0,892 0,905
N ~024x10° | —021x10% | ~031x10° | ~0,26x10°
oH 5.1 52 49 51
A 439 4,34 391 4,00
Az 4,30 ! 434 387 4,00
As 003 0,027 0,0089 0,01
o 524 5,34 571 577
o 349 353 316 376
Ca 17 1m 2,53 2,62
Q. 0287 | 0286 0,276 0,274
Q 0,265 i 0,270 0,252 0,249
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7.14 Fortran program of model
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