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Application of volumetric electrodes to the recovery of
silver in sulphuric acid solutions.
I. Mass transfer and electrochemical rate
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A fixed bed reactor working under diffusion control has been used to deposit silver from acidified
aqueous solutions containing silver jons, The theoretical description of the cell leads to three equations
for concentration, potential and current density, which are solved by a numerical method. Agreement
between the theoretical model and the experimental data is obtained for a limited range of flow vel-
ocities and heights of the porous bed. Simple expressions for the electrochemical rate and distribution
of potential in the porous electrode as a function of the flow velocity direction have been derived.

Nomenclature R universal gas constant = 8.31 J mol™?
K'l
a b, c constants Ry cell yield for one passage
a; activity of the i species Tag electrochemical rate of silver (mol
C molecular concentration of electro- m~s7h)
active species (molm™) Sy specific surface area of the particle
Ca wall concentration (mol m™) (m™)
() inlet concentration (molm™) T temperature (K)
C(H) outlet concentration (mol m™3) t time (s)
D diffusion coefficient (m* s™) u; mobility of the i species (m? V!
E local metal solution potential difference st Ch
W) v inlet flow velocity (ms™)
Ey standard potential (V) Ve flow velocity in the porous bed
Eo* normal modified potential (V) (ms™)
Faraday’s constant (1F = 96487 C x distance through the porous electrode
mol™) (m)
H thickness of porous bed (m) YAg activity coefficient of silver ion in
i current denisty at the electrode surface solution
(Am™) € porosity or void volume
T, () current density in the solid matrix (in Om particle phase conductivity (27 m™)
the solution) (Am™2) 0o true conductivity (27 m™)
k average mass transfer coefficient g apparent conductivity of solution
between flowing solution and electrode Q@ *tTm™)
surface (ms™) Dm metallic phase potential (V)
N; mass flux vector of species i (mol m™ b5 solution phase potential (V)
sh) Y gradient operator (or Nabla operator)
n number of electrons transferred during V- divergence operator
the electrochemical reaction v? Laplacian operator
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1. Introduction

Planar electrodes are often used in the treatment
of concentrated metal containing solutions.
Industrial effluents, however, are dilute solutions
of precious, rare or polluting metallic ions, there-
fore, small current densities are obtained and it is
necessary to increase the electrode surface. The
use of porous electrodes is one method of achiev-
ing this. The flow through porous electrode (fpe)
seems to be well adapted for thisapplication [1-6],
giving a wide exchange surface area with a reduced
volume and offering the advantages of a dynamic
system. However, this type of reactor is not easy
to design [6, 7] since it is limited by the overall
potential drop (opd) which occurs in the solution
and sometimes in the solid phase. In an analysis
of such a system it is very important to know the
local metal-solution potential difference (lpd)
within the reactor to: ensure the specificity of
the electrochemical reaction; and fix the electro-
chemical reaction rate. In electroreduction
processes the latter condition ensures the quality
of the metallic coating [8]. Various authors have
considered several types of kinetics such as limit-
ing diffusion [5-7, 9, 10], diffusion [11] and pure
activation [12].

In the case of silver recovery from sulphuric
acid solution ([Ag] < 100 ppm, 1 N H,S0,) the
interest in diffusion control has been clearly
shown [13].

The work presented in this paper deals with:
(2) the determination of the electrochemical rate
within the reactor; and (b) the calculation of
mass conversion in relation to electric (opd),
geometric (particle diameters, height of the
bed) and hydrodynamic parameters (flow
velocity).

2. Experimental procedures
2.1. Experimental design

Figure 1 represents the schematic flow-sheet of
the apparatus used including a cell, a rotameter
and a pump. The cathode fixed bed consists of
silver-coated glass. The anode, where oxgyen
evolution occurs, is a platinum grid placed: (a)
above the porous bed for a cathode — anode flow;
and (b) under the porous bed for an anode -
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Fig. 1. Flow sheet of the apparatus.

cathode flow. The cross-sectional area of the bed
is 13.9 cm?. Other parameters considered are the
height of the porous bed, H, and the particle
diameter, dp. The flow studied crosses the bed
with a velocity v, . The physical and electro-
chemical properties may be found in Table 1.
With a probe, P, , in contact with a mercury/
saturated potassium sulphate electrode (SSE),
the Ipd can be fixed for any chosen point in

the porous bed. The mobility of P, , a probe of

Table 1. Solution characteristics

physical characteristics at 20° C
Fluid density

Kinematic viscosity

Diffusion coefficient

True conductivity

Apparent conductivity

Silver concentration

p=1030kgm™
»=105X 107" m*s™*
D=12x10""m?s!
g, =200 ' m™*
gg=6X 150" m™?
< 120 ppm

Electrochemical characteristics
—0.120 V/SSE < 1 ppd < —0.075 V/SSE
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Fig. 2. Distribution of lpd in the porous bed for several
flow velocities.

the same type as P, , allows the lpd distribution
within the cathodic bed to be measured.

2.2, Presentation of the problem

the top (x = H) (where it is fixed at —120 mV
vs SSE) to the bottom (x = 0). The opd between
the top and the bottom of the bed depends on,
in particular, the flow velocity, the specific surface
area (or particle diameter), the height of the bed
and the inlet concentration of silver ions.
This is well known and has been checked with
other systems [6] and other electrochemical
reactions [12]. In particular, for low x values
and for high values of the flow velocity, the
Ipd is equal to the equilibrium value and, therefore,
the electrochemical reaction is not possible. The
variation of the yield R, defined by the relation
Coy—C

© - 65§ 0

©)

depends on the flow velocity and is plotted in
Fig. 3. The yield decreases as the velocity increases,
but when the height of the bed reaches a critical
value, the bottom of the bed stays at the equilib-
rium potential and the yield stops increasing
because the working volume of the bed no longer
varies with height.

Ry

3. Mathematical development
3.1. Transport laws
A material balance for each component, i, under

steady-state conditions can be written per unit
volume of the solution as

The variation of £ with the height of the bed is ﬁi_C_z = —VUN.+7 =0 )
plotted in Fig. 2, The Ipd value increases from dt P ’
Co = wimol.m’
dp = 27 e m
015} E(H) - a22 % v
¥H=7229m
o H : 1aa
a H: 216
o Hz 288
010} revation (D)
Q.
o
005}
Fig. 3. Variation of reactor yield
L . . s versus velocity at different
o 1.%° 3.8 4.16°

heights of the bed.
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The flux N; of each chemical species is a vector
quantity which depends on migration, diffusion.
and convection phenomena

Ni = _niFUiCiV¢S—DiVCi+CiVe (3)

with the following hypotheses.

For the Ag* species, the convective term is
much more important than those for diffusion
and migration, so the equation of continuity
in the liquid phase is:

ev NAgI- =V (CVe) = Tag (4)

but in this case v, = v/e = constant, and since the
concentration is only a function of the distance

x through the porous electrode, Equation 4
becomes:

dCAg"‘
Y

The current in the electrolyte solution is, of
course, due to the motion of charged particles
(ionic current). The current density vector in the
solution phase, J,, can be expressed by the relation

®)

= rAg+.

Js =2Ji =ZniFNi (6)
i i

with Equation 3, and the hypotheses can be
simplified if: for all species, 7, diffusion due to the
concentration gradient is neglected when compared
with migration; the solution present in the cathode
pores is electrically neutral (Z n;C; = 0); and the
charge transport in solution is assumed to be essen-

tially due to the H;0" ions (indifferent electrolyte).

Application of Equation 2 allows one to write,
for the vector current density in the whole cathode
volume,

V), = Vg = —0,V? ¢
where oy is the effective conductivity of the
solution within the pores, related to the bulk
conductivity, o, , as follows [14]:

_ 2€
Oy = Og 3—¢ .

M

Application of Equation 4 yields
VI = _os'vzd)s = Frag:. (3

The current variation in the solution is only a

function of the variation in concentration of the
electroactive species.

In the metallic matrix, the vector current
density (electronic current) J,,, follows the global
relation

VI A4AVI, =0

and so, since J,, follows Ohm’s law,

Vil = =0 Vi = Frags. )
The Ipd value E defined by
E = Om — 0
follows the relation
1 1
VE = +|— +—|F .
o e

In the present case, the metallic matrix is infinitely
conductive (1/o,, —0), and the previous relation-
ship gives the general equation of the Ipd
1
VE = +—-J.

s

(10)

Also in this work dealing with the recovery of
silver from sulphuric acid solutions using the
hypotheses of diffusion control, the electro-
chemical rate r .+ can be expressed by

F
Fage = —kSp|C—10% x exp E—E¢) 77| -

The derivation of this expression is explained in
the Appendix.

3.2. Solution of the equations

Equations 5, 8 and 10 form a system of differential
equations, With their solution, one can obtain the
distribution of concentration, C, current density
vector, J,, and lpd within the volumetric electrode.

The analytical solution of such a system is
difficult to obtain because of the coupling of
concentration and potential.

In this work we have developed a numerical
method for solving these equations (Runge-Kutta
of fourth-order). The results are plotted in Fig. 4
[£(x) = f(x)], Fig. 5 [C(x) = f(x)] and Fig. 6
[7(x) = f(x)] for the two possible directions of
flow (cathode towards anode and the reverse).

The bondary conditions for Equations 5, 8
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Fig. 4. Variation of E(x) = f(x), for two types of
percolation.

and 10 are:

For cathode = anode flow

C=0C at x =20

Jg=20 at x =0

E(H) = constant  at x =H
For anode — cathode flow

C =G at x =20

;=0 at x =H

E(0) = constant at x = 0.

4. Results and discussion

It is not easy to check experimentally the current
distribution J,(x) and concentration distribution
C(x) within the porous bed, but it is not so
difficult to measure the potential in the solution
and, therefore, the 1pd everywhere in the bed by
means of a movable probe. Before giving any
interpretation of these resuits it is convenient to
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Fig. 5. Variation of C(x) = f(x), for two types of
percolation,

look carefully at Fig. 5. For the direction of

flow, cathode — anode, the variation of concen-
tration C(x) is quite linear. Moreover, Fig. 6 shows
that under the same conditions, #(x) is fairly
constant all along the reactor. It could be con-
sidered to be a differential reactor, the mass
balance of which is precisely Equation 5. The
presence of a constant kinetic term for a perco-
lating cathode - anode is the result of two
complementary phenomena: on the one hand,
C(x) decreases from x = 0 to x = H in a mono-
tonic, quasi-linear way; and on the other hand,

the Ipd increases (in absolute value) in the same
direction. Therefore, the kinetic term appears to
be constant for every position, which means that
C(x) (cf. Equation 5) has a quasi-linear distri-
bution and that £(x) has the following expression:

E(x) =ax*+bx+c

The three constants ¢, b and ¢ depend upon the
boundary conditions and finally
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Fig. 6. Variation of #(x) = f(x), for two types of
percolation.

E(x)— E(H)y = —£5P (C(O)——103

20
X exp {[E(O)—Eé‘] RF—T})(XZ —H).

s

(12)

Figures 7 and 8 show the variations of E(x)

with x? for different values of percolation velocity
and electrode height,

As indicated before, checking the variation of
concentration within the porous bed is not easy.
But it is not so difficult to measure the inlet and
outlet concentrations, It has been possible to
calculate the conversion rate, R,,, both exper-
imentally and theoretically using the expression:

_CO)—CH) _kSpH
T (0 T (o)

X (C(O)— 103 x exp [E(0) —E¢] 1%

p

(13)
Figure 9 shows good agreement between these

results. The main conclusion is that the yield is

quite independent of the direction of percolation

(cf. Fig. 5). Moreover, from Fig. 6 one can see

that the yield, which was defined as

H
1
Ry, = E(B-)Gj F(x) dx,

is independent of the direction of flow. (The two
areas A and B are nearly equal in Fig. 6).

It is necessary to add several comments con-
cerning the overall potential drop, specific to this
kind of reactor. The direction of percolation has
only a small influence (mean difference of 8%),
however, a smaller potential drop was observed in
the case of a cathode — anode flow.

5. Conclusions

In this first study, we have considered the design
of a reactor with a volumetric electrode under

T

0120

0110

~-effssg

0100

=3
= g8 Mol m

125,18° v
-3
144,100 M
-3
27,100 M
-5 -1
79,100 MS

15, "

HoWoononon

156, 7

"

238,”

RELATION@
\ Fig. 7. E(x) = f(x?) for several

1.

x* )

flow velocities.



APPLICATION OF VOLUMETRIC ELECTRODES TO THE RECOVERY OF SILVER

273

0130

0120

v
"y o H
& oH
w H
0.110

- osamol.m?
5 zt

= 1us10° M.s
3

- 2716 M
3

: 1216 mMm

. 108

ERR TN .

= 18

oH -

217

RELATION@

0.100 )

Fig. 8. E(x) = f(x?) for several

1
2@t 318

X{md

[+] Tt

diffusion control. We have developed differential
equations for the calculation of the conversion
rate while knowing the opd in relation to the
hydrodynamic and electric parameters.

The specific treatment of industrial effluents
compels one to work quite often in a narrow range
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Fig. 9. Comparison between experimental and theoretical
yield.

heights of the bed.

of metal-solution potential. We have shown here
that although the conversion rate remains low, the
reactor works with a nearly constant reaction

rate throughout the whole volume. This is a
desirable operating feature since the approxi-
mately uniform current density leads to an

evenly distributed silver deposit of uniform
quality.

Appendix
Expression for the electrochemical rate 1 pq+

In an electrochemical reaction two phenomena
occur: electron transfer occurs with a rate related
to the electrode potential; and the electrolysed
species leave by diffusion with a certain rate.

It has been shown that when the chemical
reactions are taken into account as well as the
transfer [15, 16] for a fast system, the electrode
potential is

RT
E = Ey; +‘};1_; In (@})a

with (a})e = activity of the i species at the elec-
trode, E; = standard potential of species i.

In the case of silver present at very low con-
centrations in a sulphuric acid medium (1N), we
are able to write

RT RT
E = EO/Ag+71n YAz +—F“ In [Ag+]el
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where E 5, = 0.800V and [Ag*] ¢ is the concen- F
tration of silver (mol m™). Furthermore, y5,,the ~ 7agr = —kSp [C—10° x exp (E —E§ RT 1
activity coefficient of silver, is independent of the

silver concentration because of the presence of
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