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3.2.2 - Influence of pH on Fractional Current Efficiency

FPigure 15 Shows the effect of changing the catholyte pH

on fractional current efficiency.As expacted, the current
efficiency increases with pH up to a point where manganese
hydroxide Mn(OH)2 precipitates.When this condition occours
it is not practical to increase the pH any further as the
overall plant performance will decrease drastically.

Pigure 16 shows the results as published by MINTEK (6) .
The lower experimental current efficiencies were previously
explained as being due to the way in which the MINTEK
operations were performed.Higher current ¢ "ficiencies
are in fact found on industrial plants with a similar

trend to trat predicted.

Fractional Current Efficiency catholyte pH
0,617 7,2
0,666 7,4
0,685 7,5
0,702 7,6
0,718 7,7
0,731 7,8
0,752 8,0
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FIGURE 16 -~ Influence of pH on Current Fificiency as
published by MINTEK (6)
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3.2.3 - The Influence of Ammonium Sulphate

Ammonium sulphate is added to the electrolyte to increase
the conductivity and also to buffer the solution,as men-

tioned in section 1.3.2

Figure 17 shows this influence,where a minimum amount of
ammonium sulphate is required before the buffering action
of this compound is felt , at a given catholyte pH.The

53.

fractional current efficiency decreases with increasing

concentration of ammonium sulphate.Therefore the optimum

lies in the interrelated effect of these two variables,

as shown in section 3.2.7.

TABLE 9 - Ammonium Sulphate Concentration versus Fractional

Current Efficiency

Concentration of Ammonium
Sulphate (as NH, - kg/m?)
10

15

17

20

26
28,57
30

35

40

0,747
0,735
0,730
0,723
0,709
0,702
0,699
0,687
0,674

fractional Current
Efficiency
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3.2.4

The Effeqt of Total Impurity Level on the Frac-

tional Current Efficiency

Figure 18 reveals that ultrapure electrolytes may not
substantially increase the current efficiency.BAccording
to the model,by extrapolating the curve to 0 ppm of total
impurity level,the maximum efficiency obtainable is 0,74
compared to 0,716 for a total impurity level of 1ppm,as
shown in Table 10.To reduce the impurity level £f£rom 3 ppm
to 1 ppm can be achieved with relative ease in practice,
but purification below a ppm would probably increase the
cost of this operation to a level far beyond the possible
benefits that could be achieved through marginally highex

current efficiencies .

Tt should be noted that it was only possible to consider
the effect of total impurity level,and not the effect of
the individual impurities.

TABLE 10 - Fractional Current Efficiency versus Total

Impurity Concentration

Practional Current Total Impurity Level

Efficilency (ppm)
0,741 0,06
0,728 0,50
0,716 1,00
0.702 1,56
0,693 2,00
0,660 4,00

0,631 . 6,00
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. é 3.2.5 - The,Effect of Feed Temperature on Fractional
“@ Current Efficiency
N
- ;; Temperature is known to be a very Ilmportant parameter in
i the electrolytic deposition of manganase.Table 11 and

Figure 19 show that,for every feed condition,there is an
optimum temperature at which the curre.t efficiency will
be maximized.However,that optimm lies very near the point
of manganese hydroxide Mn(OH)2 deposition,as shown by tha
dotted line.The model,as it can be seen by Figure 19,shows
a steeper loss of fractional current efficilency at highex
seratures due to the lowering of the lowest pH at which
precipitation of Mn(OH)z will occur.The MINTEXK (6) results
are also plotted on the same graph,and again,the current

tem

efficiencies are always lower than the ones obtained at
Delta, and predicted by the model.However the trend is
the same as well as the optimum temperature reported.

TABLE 11 - Fractional Current Efficiency versus Temperature

Feed Teamperature Practional Current Catholyte

(°c) Efficiency pH
0,679 7,6
0,688 7,6
0,695 76
0,700 7,6
0,706 7,63
0,685 7,58
0,670 7,48
0,659 7,4
0,640 7,3
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3.2.6 - The Effect of Cithodic Current Density on Fractional

Current Efficiency

Figure 20 shows that there is an optimum current density

at which the fractional current efficiency will be maximized.
Both model prediction and the MINTEK (6) results agr~e on
the figure of 550 A/m?.When plotting the nodel prediction
results ,the catholyte pH was always chosen as the maximum
value that could be used without precipitating manganese
hydroxide.

TABLE 12 - Cathodic Current Density versus Fractional

Current Efficiency

Catholyte
Density (A/m?) Efficiency pH

Ccathodic Current Practional Current

400 0,688
450 0,695
500 0,703
555 6,706
600 0,685
650 0,656
700 0,624
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3.2.7 - The Limiting Catholyte pH versus the Ammonium

Sulphate Concentration

The limiting catholyte pH,i.e. the highest pH at which

no manganese hydroxide precipitation will occur,is plotted
against the concentration of ammonium sulphate, in Figure
21,showing the lines of fractional current efficiency.If

no conductivity improvements were present by the addition
of (NH4)2804 ,the lower the concentration of this compound
and the lower the pH would produce the highes current
efficiencies.However it was found that the energy requi~
rements outweigh this increase in cathodic current efficiency,
and a minimum amount of ammonium sulphate is required.

practice shows that an amount of 25 - .5 kg/m® (given as
Nﬁg) is required for the increas: of e.ectrical conduc=
tivity of the solution.

TABLE 13 - Limiting Catholyte pH versus Ammonium Sulphate
Concentration

monium Sulphate Limiting Fractional C
Concentration(kg/m?) Catholyte pH Efficiency

10 (as WH,) 7,58 0,745
15 7,60 0,730
20 7,613 0,723
28 7,625 0,714
30 7,635 0,704
38 7,646 0,694
40 7,657 0,683
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APPENDIX A

Computer Model
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APPENDIX B

Typical Mass Balance Calculations

Given : Tf =39°C =312 K
pH, = 6,88
XM =32,16 kg/m’ 0,5854 kmole/m’
X, =28,57 kgem’ = 1,6806 kmole/m?
QF =20,000552 m®/s = 1,9872 m® /h
Eg = 0,99
E, = 0,702

fl

it

Basis - 1 hour

Total Mass input = 1185 x 1,9872 = 2354,8320 kg?hr

TABLE 14 - Feed Input - Mass Balance

Component Concentration kmoles/hr Kg/hr

. _ kmole/m’ R
Mn® " (aq) 0,5399 1,0610 58,2895
gt (aq) 1,3182 x 1077 0,0000 0,0000
NE," (aq) 1,6114 3,2022 57,6396
unnE, %t (aq) 0,05147 0,1023 7,3581
NH, (aq) 0,01772 0,0352 0,5986
80, (aq) 1,39106 2,7643 265 ,5445

B8O, (aq) - ~ -

Impurities - - -
H,0 (aq) 54,9509 109,0963 1965,4017

*

: | TOTAL 16,2613 2354, 8320

* The ion concentrations were calculated as inwappgnd}ngij




TABLE 15 - Products - Mass Balance

Components kmoles/hr kg/hr

Mn (s) 0,7333 40,2864
Hz(g) 0,3113 0,6275
Oz(g) 0,5171 16,5452
Mnoz(s) 0,0145 1,2608

1,5762 58,8200

These figures are calculated using the equations below

E. I _
p, =G . 54,94x107°

2 F

(kg/s) (2.58)

(1 -E.) I -
- © . 2,0139%10"> (kg/s) (2.59)

2 2 F

. ) |
p. o= .31,9988x107°> (kg/s) i (2.60)

(1 - E,) I 3
P = —— . 86,9388x10 ~(kg/s) (2.61)

2 2 F

In this typical set of results,using I = 56000 A
0,0112 kg/s = 40,2864 kg/hx

L]
i

]

1,7431%10"% kg/s = 0,6275 kg/hr
0,0046 kg/s = 16,5452 kg/hr

Lo s B v
4

. 3,5026%10" %4 kg/s = 1,2609 kg/hr




TARLE 16 - Logsses - Mass Balance

kmoleg/hr kg/hr

Components

Hzo(catholyte) 0,03276 0,59026
Hzo(anolyte) 0,04051 0,7297
NHB(catholyte) 0,10699 1,8188
TOTAL 0,18026 3,13876

These losses are calculated using the equations in section
(2.6} ,i.e. equations(2.50)to(2.55).Thas@ yield the follow-
ing figures for the typical values:

1,09817x107>
g = 2,3720x107°

40°C = 313K

= 0,07264

2]
u

s+
(8] w
I ¥

20

Thus

kmoles Hzo lost from catholyte = 0,03276 kmoles/hr
0,59026 kg/hr
0,10699 kmoles/hr
1,81883 kg/hr
0,04051 kmoles/hr
0,7279 kg/hr

]

]

kmoles NHB lost from catholyte

u

l!l

kmoles H,0 lost from anolyte

i




Anolyte Discharge

Section 2.7 explains how the mass balance is performed
in order to calculate the anolyte discharge.Equation(2.57)
is the overall mass balance equation,and yields,with an
anolyte density of 1160 kg/m® ,and the values from Tables

15 and 1F

paQa = 2293,1732 kg/hr

Qa = 1,9769 m®/hr

For each component,namely manganese ., ammonia and sulphate,
a mass balance is also parformed to determine the total
amounts of the above species present in the anolyte.These

are:

2

= WEELLTE e % oy

(Bg + Tq) X Qg = Xg Qg

Tn this typical example,these aquations yield
Zy = 0,2089 kmole/m’
Ty = 1,6356 kmole/m?

* By = 1,3983 kmole/m’

g

4
i
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Using the method explained in Appendix B.2 the various
anolyte species concentrations are determined,and then,
their individual discharge rates calculated,as shown in

Table 17 below

TABLE 17 - Anolyte Discharge - Mass Balance

Component 7 Concentration kmoles/hr kg/hr
- (kmole/m') T T |
un?* (aq) 0,20887 0,4129 22,6856
5" (ag) 0,22841 0,4515 0,4551
e, " (aq) 1,63560 3,2334 58,2015
NH, (aq) - - - ‘ |
MnNH32* (ag) - - - g
50,% (aq) 0,88344 1,7465 167,7689 |
HSO, (aq) 0,51488 1,0179 98,8029 4
Impurities - - - ;
H,0 (aq) 54,67238 107,9782 1945,2591
Total 114,8404 2293,1732
z 8
The following Table can be constructed using all the previous #

rasults, from Tables 14 to 17 .
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TABLE 18 - Summary of the Overall Mass Balance

Description IN 0ouT b
Kmoles/hr kg/hr kmoles/hr kg/hr ;
Feed Input ﬁ
Mn?" (aq) 1,0610 58,2895 ¥
u* (aq) 0,0000 0,0000 &
NH, " (aq) 3,2022 57,6396 :
unNE,* ¥ (aq) 0,1023 7,3581 :
NH, (aq) 0,0352 0,5986 8
50,°" (aq) 2,7643  265,5445 £
© H,0(ag) 109,0963 1965,4017 .
| 116,2613 2354,8320 ;
? Products 3
¥ Mn (s) 0,7333 10,2864 ;
H, (g) 0,3113 0,6275 !

0, (g) 0,5171 16,5452 :
v MnO, (s) 0,0145 1,2609 7
3 i 1,5762 58,8200 ¢
Losses g
H,0 (catholyte) 0,03276 0,59026 g
H,0 (anolyte) 0,04051 0,72970 :
NHB(catholyta) 9,10699 1,81880 i
0,18026 3,13876 2
o “ Anolyte Discharge %
N Mn?" (ag) 0,4129 22,6356 £
| #* (aq) 0,4515 0,4551 ]
¢ wH, " (aq) . 13,2334 58,2015 :
- 2 50,%" (aq) 1,7465  167,7689 !
& % 80,  (aq) 1,0179 98,8029 £
. H,0 (aq) 107,9782  1945,2591 3
: o 114,8404  2293,1732 %
5 3 TOTAL (ko the o - 2
' g nearest integer) 116 2355 116 %
E £ i
r v &
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Calculating the Catholyte Conditions

The catholyte temperature 18 estimated using the approxi-

mations

Tc = 0,7 Tf + 0,3 TA (2.69)
Once the temperature is known,then the catholyte conditions
are determined using the diaphragm model «nd the equilibrium
ratio equations (2.2),(2.4) and (2.6).The method is the same
ag for the feed condtions,as explained in Appendix B.1.

(2.13) , with Y, ~ 0 the following values for

Using equation
Yy and W, are found

¥, = 1,9723 knole/m’
W, = ~1,779453x10 *kmole/s

= 10"7’6 ,as this is the figure that balances W,

Now Y2
and to react

with the amount of B required to produce H2
in the equations below

(2.3)

NH + H+m NH;4~

3
g, 2t ¢ B = un?* + nm,” (2.1)
Now Y, ® 7, and having this,the pH and Y, it is poasible

to find the individual concentrations of the species using
the same method as in Appendix B.1.

The typlcal catholyte concentrations than become:

Y, = (,13138 kmole/m? Yy = 0,10982 kmole/m?

v, = 1077+ xmole/m’ Y, = 1,10136 kmole/w

¥, = 1,784995 kmole/m’ Y, = 2,6x10"2 kmolae/m?
: Y, = 0,0775 kmola/m?

< S T ¢ VRO 1,

w11 41 i i o e ] s i
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" NPPENDIX B.1

Solving for the Feed Ion Concentration

The following equations apply to the feaed conditions,as
they relate the individual ion concentrations to the total

amounts of manganese and ammonia.

Manganese
Xy = Xq * ¥y (B.1)

Ammonia
(B.2)

The electrical neutrality equation,as previously explained
holds for the faed solution as well,and it is

1

Bs X, = 10"PE & 9 when compared o the other concentra-
tions,the above equation simplifies to

2x1 * Xy ¥ 2x4 - 2x6 = 0 (B.3)

golution Equilibria

At the feed, the equilibrium conditions as gtated below
apply
a2+ NE, e 2t e W

t
KC’

H

T i ke g B

R LT
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where
Xy Xy
Ké = = exp ( —-34,57 + 0,051 T) (B.4)
X, X
1 73
+ o+
NH3 + H EET_ NH4
a
and
%3
Ké = = exp(40,32 + 0,064 T) (B.5)
X2 XB

The precipitation of manganese hydroxide Mn(OH)2 iz detri-
mental to the electrodeposition process

un®* + 2 H,0===Mn(OH), + 2 m*
R
g
where
2
%2
Ké = = exp(~65,17 + 0.1025) (B.6)
Xy g
Defining
AR, === - X,
!
:

Then the precipitation of manganese hydroxide will occux 1£
Given equations(B.1) to (B.5) then it ie needed to soive

for Xy Ky Xy Xg and Xg.X, ie known from the pH of the
golution.
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Method
= 19~ PH
X2 10
Write X3eXy and Xg as functions of Xy .From equation (B.5)
put X = f(x3)
X
Xy = (B.8)
Ka X

Subtracting equation (B.2) from (B.1)

X, - X

a M X3 + XS - X1

Substituting (B.8) in the above equation we obtain

X3
X = X, = X, # e, = X
a M 3 - 1
Ké X2
i.e.
. v 11 1 - %
e T2
Now let
1
U =~ —
1 4 1 .
—
Ka XZ
then
X, = [(xa - xM) 4 xd U (B.9)

From equation (B.1)

Ky = X

- (B.10)

substituting in equation (B.4) we can solve for Xy as
follows:
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Let

the obtainlng the following equation in x1

2 0w L

which can be solved for X

1

Xy B (B.11)

Then equations (B.8),(B.9), (B.10) and (B.3) give X4, Xqv
XS and Xe respectively.

Typical set of results

Using the following feed gonditions

= 39°C = 312 K
= 32,16 kg/m® = 0,5854 kmole/m’
= 28,57 kg/m® = 1,6806 kmole/m?

»3
h

Be ol

The lon concentrations of the feed will be

%,%0,8333 kmole/m’  Xg=1,772 x 10" %knole/m
Kyw1,6115 kmole/m? Xg=1,3905 kmole/m®
x,=0,0814 knole/m’  X,=1,3183 X 10°7 xmole/m?
Ax1ﬁ2,7833:>0 i.e. Mn(OH), will not precipltate




APPENDIX B.Z2

for the Anolyte Concentrations

place in

The following are the chemical reactions takin

the anolyte,as previously cited.

—© - exp(8,339 - G,0294 T)

-
4]

2% 4o not

All the other species NHB and MnNH,
anolyte ,due to the pH.However, the component

electrical neutrality eguation still apply.
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The above equation (B.17) is solved for Z,,using equation
(B.16) as an intermediate, il.e.

then,using equation (B.16) again and solving for 2,

funotion of 3%, Jives

Substituting equations (B.18) and (B.19) in equation (B.12)
a guadratic in %, is obtained as follows

v o= (28 - 28, - 3y ) K (B.22)

Oonoe @2 ig obtained from aquation (B.20)then it is esasy

2o es&loulate the other ion concentrations using equations
(B.98) and (B.19),8ince %, and &, are obtained from eguations
(B.13) and (b.14) directly.

Typical Set of Results

In our example,the anolyte conditions become




.
=
Lt

= 0,8834 kmole/m®
= 0,57487 kmole/w®
= 54,6724 kmole/m*

S
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Table 5 in section 2. 8 gives Molar Enthalpies of F
L §

and Molar Specific Heaﬁé fior the neocessary species.
A

ey - Lot

*

&

& energy removed by the cooling coils is giv
by the oo

= 4184 Qc

The plant data from Deléa éllow d the caloculatiofi

relationship betweem the £ and anolyt
imate the catholyte te ature




3

moles/he_| /i x 107

1,0610 233,950
0,0000 0,0000
3,2022 424,6117
0,1023 30,7718
0,0352 2,8266
2,7642  2513,211% 1,6483 25248

109,0963 31179,7225 -114,55112 31065 1710
116,2613

ture taken ag 39?@(1695 312R)

Thus the total energy input term is

35 588446 x 10° kJ/hr (9,8886794 X 102 &kw)

!




O+ %3 j & Hey Qazjcpj(T 238)
Rmoles/hr | kJ/mr % 10 7| k3/bx x 10

0,4129 91,0444 ~1,3295 89,7149
0,4515 0,0000 0,0000 0,0000

1587,9178

904 ,6077

30860,170  =141,7214

114,8404

Once the discharge stream enthalpy is estimated, there
other outlet enthalpies ; namely the produced products
the ammonia and ammonia 1ogses.0nce again,using Table
and Tables 15 and 16,the energy rerm for these compounds
is estimated and tabulated below (Table 21).

a

an
[}




0,3113 ~-0,1538 -0,1588
0,517 -0,3077 ~0,3077

0,0145 -0,0127 7,5288

H-0lg) catholyte 0,03276 v -0,0167 7,9047
H,0(g) anolyte 0,04051 -0,0241 9,7712
NH, (g) catholyte 0,10699 -0,0546

Total 29,2312
(8,1422 1)

energy removed by the cooling

'S

= 4184 Qe (Ty = T1)

30,05 m® /hr

306 K

292 K

489,08 kW = 1760,688 kJ/hr




Thus the Enerxgy Balance will be

TABLE 22 - Querall En

Energy IN Buergy OfTW
(kJ/s) (kd/s)

Inlet Stream 9520,5
Power Input 365,1
Discharge Stream 9370,4
Products and Losses 8,1
Energy Removed from

¢cooling coils
Energy lost to

surroundings

Total
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. | APPENDIX D.1
* Modelling the Ammonia-Manganese Complex Reaction Eguilibri

Ratio

The following are a Table of results obtained by directly
measuring the concentration ratio for the reaction below

at various temperatures

un?* + N, " e mnne, 2 4 B
W
(o]

where

Yy Yy

e P

and has been modelled as

Ké = exp(~34,57 + 0,051 T) for 295 <T <330

4o 305 5,181 x107 -19.08 5,519 x10  ~19,02
308 6.8 x 1070 18,80 6,769 x1070  ~18,81
o 313 8,19 x 1070 -18,62 8,300 X107 18,61
i 317 10,0 x 1070 18,41 10,18 % 107 =18,40
se 321 12,61 x 1070 -18,19 12,48 x 1070 18,20
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APPENDIX D.2

0

sum Ratio

Modelling the Ammon ium—inuaonia Equilibr

The reaction between the ammonium jon and ammonia in the
liquid soiution has significance in the catholyte.The egui-
librium ratio between the two gpecles was modelled from
the data supplied by Weast (16) .

+

NHB + H WKé NH4

The model found to best fit the data in the range
295 LT <330 18

R} = exp (40,32 - 0,064 T)

B, T . S

30 303 (239 x 100 20,04 1,227 % 107 20,93
9 0,60 0,891 x 107 20,61

* 38 308 0,885 x 10
40 313 0,637 x 10° 20,27 0,647 x 10° 20,29 .
45 318 0,467 x 10° 19,96 0,470 x 109 19,97
50 323 0,345 x 10° 19,66 0,341 x 10 19,65
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APPENDIX D.3

Modelling the Solubility Product of Manganese Hydroxide

Manganese ion when reacting with the hydroxide ion produ-
cing manganese hydroxide,which precipitates if saturation
is reached, does so acccrding to the following reaction:

un2* + 2087 === Mn (OH),

The solubility product Kép is defined as

k= fou | [ ]

However,in this study the hydrogen ict is required TO qex
related to all other variables and {ﬂﬁf]-ThiS is done byne
the solubility product in terms of Lﬁf].This is done by
defining the following equilibrium ratio

]2 _ &y

K! == 2. =
s EM'n2+J X'

sp

where K% = [OH;l[Hﬂ ig the ecuilibrium concentration
product for the dissociation of water.Thus in terms of our

nomericlature
v,
K 2 e
] .
¥,

Phe model used for this newly defined equilibrium ratio

is
] Yzz o
Ké = véW~ = exp(-65,17 + 0,1023 T)
! Y22 \
and by letting AY1 g*j;Ti - Xy precipitation of manganesg :
]
hydroxide will occur if  AY, <0 i

] SR R e ”

\
]
i
ol
g
g

TR LRI

Pt
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TABLE 25 - Experimental and Predicted Values for the

Manganese Hydroxide Formation Reaction

Equilibrium Ratio &
Temperature Experimental Model ;
°C R ' -

In K ln Ki‘ 4

32 305 -37,07 ~34,11
36 309 -36,75 ~33,50
40 313 -~36,33 -33,09
44 317 , -35,92 ~32,68
48 321 ~35,51 -32,27 ﬁ
The experimental values in Table 25 are those determined

by Bryson (unpublished data) .These were evaluated with a
0,91 Molar Mn8O, solution with no (NH4)2SO4 present.The
expression used in the model was adjusted because:

(1) The model results using the above expression fitted
observed behaviour on the plant.

(ii)Jones (31) found that his results could best be

gimulated using

K. = exp (-66,00 + 0,1025 T)

o

(1ii) The high sulphate content of the plant solutiocn,
compared to that used by Bryson,would result in lower man-=

ganese ilon activity,
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APPENDIX D.4

Modelling the Sulphate-Bisulphate Equilibrium Ratio

At the low anolyte pH's ,the ionic species present in the
electrolyte change drasti!~ally from those present in the
feed and catholyte due to the sulphate-bisulphate equilibrium

HSO4-@SO42_ + 1t (2.8)

For the purpose of this dissertation,it was found that the
equilibrium ratio
Z2 Z6 7 7
Kﬁ = —"—— = gxp (8,339 - 0,0294 T) (2.9)
Z
7
describes the situation to an accurate level.Figure 25
below shows this relationship in a graphic way.

e
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APPENDIX E

Theory on Development of the Diephragm Model

Transport of Iong in Solution (28)

Dilute Solution Theory

The flux of each ionic species may be expressed as

Nj = -2g Uy FByYV - D4 By * By v (E.1)
In this equation Nj represents the flux of species j and
indicates the direction and rate of movement of the species.
The three terms on the right side of the equation represent
the three mechanisms of mmss transfer:

(1) motion of a charged species in an electric field

(ii) molecular diffusion due to a concentration gradient

(iii) convection due teo the bulk motion uf the golution.

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

1 =F3% g, N, E.2
7 ey ¥ (B.2)
The meterial balance for each speciss is
AA,;L & __VN. + P, (E-B)
dt J J

whene rj ig the production rate of the jth species.Equetions
(E.2) and (E.3) are basic physical laws.All electrolytic
solutions are electrically neutral in the bulk ,excapt in

a thin layer near the slectrodes.Hence tha following
"goourate assumption" can be macde

e, AR




(E.4)

In equation (E.1) an approximation has already been made
as the driving force for the diffusion should be an activity
gradient .Activities are equivalent to concemtrations under
dilute conditions , and concentrations are the ones con~
gidered in the referred equation.Another simplification
made is that the bulk velocity was taken to be the veloeity
of all the specles.Thus,when using the eguation (E.1),one
must be cautious due to its limitations.

Combining equatins (E.1) and (E.2) the following is the
result

2 2

= -pPov 3 el u, B, - . D,¥By + FvEzB
(E.5)

From equation (E.4) the last term i# zero,and in case of
no eoncentration gradients then

i = X9V (E.6)
where K = ?2 by sz uj Bj is the solution conductivity.

The fraction of current carried by spacies j, tjii , GoEn
be written in the case of nho concentration varistion as

2 2 I (B.7)
& & =H Z . u,. E V
Byl = -F 2470y ByVV S
Hence

2 . . ]
3., 11 B, .8 g
t , & A,fj _ A,Aj y L (E ) ’;
T 182w, B ]
¥ 2 8 %
33 4
3 |

TERBR R e kA
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which is called the transport or transference number.

In a binary el@ctrqute(zg) only two ions are present.
Then

z, u, B
+ T+
2z, u, Byt U B_
and
5_ u, B_
k. =" —3 (E.10)

I T R
1£ these equations are added then the following is een-
eluded

+
The Nernst-Einstein equation provides a relationship
petween D,, the diffusion coefficient, and ay the
Llity of species j (28)

LJ‘

mobi

D, = R T u, (B.12)

Bquation (E.1) ghould, for concentrated golutions,be re<
placed by

- . 2 Ej s

where Wy {g the slectrochemical potential of species i,
kij 4g the friction coefficient £hat accounts for inter=
sotions betwesn the various ions. Dij ig a "diffusion
coefficient" allowing fur intsraction between species

{ and 3, and v4 and v, axe the avarage velocities of
species 1 .nd J(28).

ey A AR R T

it AR v R
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As the ions present in the electrolytes,except for the
hydrogen and hydroxide ions,have concentrations ranging
from 0,2 to 3 Molar,the flux equation for dilute solutions
should not be applied here.Therefore it is necessary to
develop the concentrated solution flux eqguation.

Tf one considers the flux equation in only one direction
perpendicular to the diaphragm plane,calling it the x=direc-

tion,then

(E.14)

As the model isconsidered under steady-state assumption,
the following conditions will hold

N, = B, v, (E.15)
N (E.16)
i, S-S § (E.17)
dx

B, = 0 (E.18)

For convenience the electrochemical potential of an ion i,
By oy is expressed as & sum of & chemical potential and an
elestriocal potential as fcllows (30)
. 5 By ] N .
By o= Uy 4 R T lnsgga* 24 F(E-E") (B.19)
i

Then differsentisting the sbove squation with respect to X
and rearranglng

By g;_% - 4By " By 83 F am (E. 20)

-

RT dx ax RT dx

Assuming our system is a multicomponent one made up of
watar,manganese,ammonium &and sulphate ions,having a total
of n+1 and giving the subscript 0 for water, B.14 will

becone

i i

T i aama A o TR



B.

n By By

5

i dx j=

(E.21)

B

r Pij
Extracting the first term from the summationone would obtain,
after some rearrangement

dui

Bo R T dx 3

T

Dio

A B,
j=1 By Dy

Then equation (E.22) becomes

(v (B.24)

j

i

i Vi)

D‘f
i 4av +

f =4
=

(E.258)

A4 - e Prei

© RrRT ax

Y & Kt
L 1

Using (BE.15), (E.20) and (E.25) on gets
ds

dx

1

By Dy %1 F 4y

RT dx

i (vg g) = Dy

Note that when Kiao ,the equation reduces to the same form

as for the dilute solution flux equation (E.5).Bubstituting
(B.26) into(E.16) and using the electrical neutrality condition
(E.18) one obtains

av

Now it is required to eliminate the term as it is 4if=

dx !

fieult to
potential

ne&sure.That is done by solving for the electrical
gradient term in (E.27) and substituting in equation

(E.26) to obtain:

B R R R e : ‘ ARERE o

T ) i
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Bryson and Lawrence (18) further developed this condition,
by finding that the following assumptions hold

By D 2,0 T2 as,
' 370 ax

™3

(E.29)

2 n
R @. v F : - 2 # ¢
I ‘= = == aSen  B,D.Z. E.30
I % B 3 ]z3 ( )

3=1

*»

Furth@rmora,ﬁj can be replaced in (E.30) by the arithmet
. E 3 . ;
mean concentration Bj without introducing a significant

arror

%) (B.31)

(B.32)

Substituting into equation (E.46) lt leads to

dB, B,D,2,1
e e e ®) = D i 1744

L7
% F 3 By Dyzy
LI

PR

i v s P o
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egquation multiplied by the area
in the molel, (2.10)
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APPENDIX F

Fitting the Kinetic Model

Bquation{2.27) gives the kinetic model in the form

obtain

his equation is of the form used to obtain the fitting of
the Delta Manganese data,as well as the MINTEK's.

Prom the sets of data the constants A and B from the

kinetic model expression (2.:
level were fitted as well as possible.Th
linear form

ity
1ation hag a

(F.1)

the values for the congtants used in the model are

A = 0,72919681 (F.3)
B = 1,3479702 % 10°

=

e ; : N A o e g SR
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Figure 26 shows the plot of n versus Y8/Y1 , from which

the constants resulted.The following are worth noting:
(1) the readings are very spread,giving a large variance
(ii) the impurities were expressed as a total impurity

level,as there was not enough data to study the effects

of the individual impurities
(1i1) as the expected trend was linear it was decided
thus

to fit the best straight line through the points,

explaining the operational data.

Fitting the Current Density Effect

Prom the MINTER data(6) it can be found that the relation-
ship between the cathodic curren: efficiency and current
density is gquadratic,going through a maximum.By plotting
the results tabulated in Table 26 yields Figure 27,in which
£he MINTEK results are compared to the model predictions.
Please note that here no correction factor had been taken
into account due to the fact that the operational data

ta was consistently higher than that of MINTEK,
nal current efficiency.The
NTEK data

from Del
when considering the fractio
way the equation was rearranged to fit the MI

iz shown on Figure 27.

ed that in the area around the optimum , the

It can be observ
i fitted model agrees with the experimental readings within

ery low current densities the error involved

5%.0nly at v
ig in the ordexr of 10%.

fhe model used has the following form,which was obtained

from equation (F.2)
= Ea)l =

o mall= 4
+ 3

9,78009 (1-550)% ~ 472,4760 (1-550) +
,8947157 x 10°

(F.4)

s e L AR
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FIGURE 26 - Fitting the Impurity Model
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et

MINTEK MODEL & Error
7 EGV Yo Ec

9,2393663x106 10,158143

7,2632819%10° 8,516666
5,939526 %108 7,12409032106
5,3627937x10° 5,0804145%10°

4,9356752x106 ,0856391210;

4,4397642x106 4397647%10

4,252856 x10° pa22789x10°

5,8947157x10° 3, 2947157x10°

4,0708548x10° 1,2955421%10°
4, 3452690x10° 4,3452690x10°
. |

4,9438963x106

4,6332906x10

piteing the Temperature BEFSCE

The expected trend £or tha temperature is of the éexpoenen=
gial type.The nodel was found to be

y + € {7.5)

zound by fitting a straight line to the
shown in Figure 78 .The best stralght
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line was fitted to the MINTEK
model has been run at the same conditions and compared

to the results.These are tabulated in Table 27 and plotted
in Figure 28.The results agree within 2,5%.

TABLE 27 - Fitting the Temperature Effect

VA LY P AT

All results at 550A/m?

R R

(6) results and then the

{52 ©

e

.

o

(821
o

15,671057
14,803890
14,088244
13,482339
12,487183
12,193645
11,638676

15,..7732
14,690579
14,036014
13,406624
12,789822
12,198196
11,619157

MINTEX MODEL $Brror
oA - 7 »
(°c) y=1n |( 12Ba X1y-2,6x10 Y
€& ¥, ,
20 16,448937 16,780153 2,01
16,089197 16,024885 0,40

B joining (F.3),(F.4) and (F.5) together,the general
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APPENDIX G

Modelling the Water Losses

Equation(2.53) was derived from the data in the Steam Tables
(23)to estimate the mole fraction of water vapour versus
temperature.The follewing equation was found to give the
best fitting in the range 310 <T <320

Yo = 8, = =1,267 + 0,00428 T —

The comparison between model pradiétionSamd experimental

data are presente both in Table 28 and Figure 29, ‘

-£ing the Mole Fraction Equation from
Steam Tables (2:

Experimental Experimental Model
Partial Pressure Mole Fraction Mole FE
{bax}

0,0628
0,06624

mole fractdion
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