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The minimum concentration attainable in a porous flow-through reactor is estimated by applying the
thermodynamics of electrochemical cells with a knowledge of the maximum reactor operating potential.
This predicted concentration is the equilibrium wall concentration at the back of the reactor and is
qualitatively compared to the experimentally measured minimum average bulk values observed by
various authors for the deposition of copper, silver, lead, and mercury, and for the oxidation of ferrous
ions. It is suggested that a knowledge of the current versus reactor operating potential will elucidate the
lower limits observed for any metal system. In particular, the case of antimony removal is discussed.
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moi 17}

concentration of chloride ion in a
saturated calomel reference elec-
trode compartment

feed concentration to porous electrode,
mol cm ™3

molar activity coefficient of species i

= f,/f7i/*n molar activity coefficient
of species i referred to the ionic
species n

Faraday’s constant, 96 487 C equiv™".

superficial current density to porous
electrode, A cm™?

coefficient of mass transfer between
flowing solution and electrode
surface, cms™!

number of electrons involved in elec-
trode reaction

universal gas constant, 8-3143 J (mol-
deg™!)

absolute temperature, deg K
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(VOP)max

AWy

open-circuit cell potential, V
standard electrode potential for elec-
trode reaction k, V
superficial velocity, cms™

potential of the cathode current
collector relative to a given refer-
ence electrode placed in the dilute
product stream, V

maximum value of VOP at which
appreciable side reaction does not
occur, V

voP— UL + U%,

1

Greek letters

Be

overall stability constant, where ¢
denotes the number of ligands in
the complex, (1mol~1)¢ or
(kgmol™1)¢

effective conductivity of solution,
mho cm ™!

absolute activity of species i

property expressing secondary refer-
ence state, kg mol ™!

= x?/)\f;z“z“ property expressing
secondary reference state of species
ireferred to ionic species n
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o effective conductivity of matrix,
mho cm™!

W electrochemical potential of species i,
Jmol™*

Po density of pure solvent, gcm™3

d quasi-electrostatic potential, V

P, matrix potential, V

b, solution potential, V

Ad, estimate of allowable ohmic drop

across a porous flow-through elec-
trode reactor operating at the limit-
ing current, V

Superscripts

o] pure state

0 secondary reference state at infinite
dilution

* ideal-gas secondary reference state

Subscripts

f feed

sat saturated

cal calomel

1. Introduction

The removal of heavy metals from industrial
wastes by porous flow-through electrode reactors
is promising, although not yet proved to be tech-
nologically and economically feasible. Encouraging
results have been obtained in studies [1-3] on the
removal of various metals and in comparisons

[4, 5] to other electrochemical reactors.

On the other hand, there are results which are
less encouraging. In the removal of lead ions the
authors [6] have had difficulty in reducing the
effluent concentration below 0-5mg 171 . In the
work of Kuhn and Houghton {7}, the concen-
tration of antimony was reduced from 100 mg 1™
in the feed to a dilute product concentration not
lower than 5mg1~!. This apparent limit was
explained as being the equilibrium concentration
at which deposition and dissolution of antimony
occurs at the same rate.

The purpose of this paper is to suggest a
criterion by which one may estimate the minimum
attainable dilute product concentration given the
maximum operating potential, or given a desired

dilute product concentration the minimum value
of the operating potential at which this dilute
product concentration can be achieved, thus
providing a basis for design and operation.

In the design of electrochemical reactors, it is
desirable to avoid side reactions. Such reactions
occur if the potential variation in the solution
exceeds a certain limit. Since a characteristic of
porous flow-through electrode reactors is the non-
uniform ohmic potential drop, the operating
potential may not be set arbitrarily high. The
maximum operating potential is that potential
which may be maintained in the reactor at which
an appreciable side reaction does not occur. This
can be determined experimentally by measuring
the current versus the potential of the working
electrode current collector relative to a given ref-
erence electrode placed in the effluent stream
(VOP, shown schematically in Fig. 1). VOP as
shown in Fig. 1 is the potential difference
Dot — Poorn» Where @, is the electrostatic
potential of the constant potential current collec-
tor and @y, is the quasi-electrostatic potential
[8a] of the solution leaving the reactor.

Various authors [1, 2, 6, 9] have used the
configuration shown in Fig. 1 to obtain the
current—potential behaviour of these reactors.
Inspection of the resulting current—potential curve
yields a value of the maximum operating potential
VOP,, .. If it is assumed that the reactant species
leaving the reactor is in equilibrium with the work-
ing electrode current collector at the potential
VOP,, ., a value of the lower limit of removal of
the reactant species may be calculated.

In order to attain a low effluent concentration,
we envisage placement of the counter-electrode
upstream of the working electrode in Fig. 1. This

 results in the potential distribution showrr in

Fig. 2 (see [10] for details). The current flowing
in the solution drops to zero at the back of the
electrode and, because the reaction rate is also low
in this region, the potential variation in the sol-
ution may also be small over a considerable
portion of the thickness of the electrode. In this
region, the potential difference between the matrix
and the solution will be approximately equal to
VOP (— ®,;, in Fig. 2), and thus there may be
some substantial distance over which the bulk
concentration can be approaching the wall
concentration.
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Fig. 1. Measurement of VOP in a flow-through porous e
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An alternative electrode configuration [11, 12] D 77
involves placement of the counter-electrode & 0 Matrix Potential, &,
adjacent to the working electrode, so that the '
fluid flow is parallel to the separation between
.. . l ] ! l
the electrodes. (A similar configuration has been 0 05 54 06 08 oo

used where the electrodes are fluidized beds [13]
rather than packed beds.) In order to attain a low
effluent concentration, the electrodes are then
made long in the direction of flow. Since the
reaction rate decreases in the downstream region,
there will again be a substantial distance where
the potential difference between the matrix and
the solution will be approximately equal to VOP.
An undesirable configuration, from the point
of view of attaining a low effluent concentration,
is where the counter-electrode is placed down-
stream and the current collector upstream in
Fig. 1. The corresponding potential distribution
in the solution is also shown in Fig. 2 (see [10]
for details) as a dashed curve and is drawn for the
same total current as the curve for the upstream
counter-electrode (for these calculated potential
distributions the effluent concentration is less by
a factor of 61 for the upstream placement of the
counter-electrode than for the downstream place-
ment of the counter-electrode). In contrast to the
two configurations discussed above, the solution
potential varies substantially in the downstream
region, because the current here is the total cur-

rent flowing to the counter-electrode, and an

Cathode Position, X/
XBL 7612-11330

Fig. 2. Calculated [10] solution-phase and solid-matrix-
phase potential distributions for the deposition of copper
and simuitaneous formation of dissolved hydrogen for the
following cases: (1) downstream placement of the counter-
electrode with a downstream current collector, where the
matrix conductivity o is considerably greater than the
solution conductivity x. ®, is the potential measured with
a copper reference electrode with ¢gy,2+ = ¢ in the refer-
ence electrode compartment. The calculations in both
cases were done forv = 3-328 X 107 cms™!, ¢; =

1-:05 X 107 molem™ 3,4 =25cm~!,i=— 0-007 Acm™2,
and L = 6 cm.

increase of the electrode dimension in the direc-
tion of fluid flow will not necessarily have a
beneficial effect on the removal or recovery of
the solute. The maximum electric driving force
(P, — ®,) occurs at the downstream end of the
electrode, but this does not prevail over a sub-
stantial distance. If this maximum electric driving
force is restricted so that undesirable side reactions
are maintained at a tolerable level, then only a
greatly diminished electric driving force will be
available over much of the electrode thickness,
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and the effluent concentration cannot be expected
to drop to the thermodynamic value correspond-
ing to the measured value of VOP (— @,z in

Fig. 2).

In the applications of this work, we think in
terms of the first two configurations, where the
potential difference between the matrix and the
solution can be made approximately equal to VOP

2.1. Copper deposition from sulphate solutions

Bennion and Newman [1] have obtained the
current—potential behaviour of a porous carbon
reactor used in the removal of copper from
sulphate solutions. From their data, a value of
VOP,; .. equal to —0-25 V may be chosen. A
schematic representation of this cell is as follows:

o B ) €
Pi(s) | Hg(?) | Hg.Cly(s) KCl

saturated in

H,0

5 ¢ Ol’
transition CuS0, Cu(s) Pt(s)
region in H, SO,
and H,O

over a considerable distance. Also in a recycle
system [7] or a system with several reactors in
series, it is possible to allow adequate opportunity
for the effluent concentration to approach the
thermodynamic value corresponding to a given
value of VOP.

2. Analysis

In order to calculate the minimum attainable
concentration in a porous flow-through electrode
reactor, using the values of VOP,,,,' one can
mentally construct an electrochemical cell which
consists of the working electrode and the given
reference electrode. An expression for the open-
circuit cell potential U may then be derived using
thermodynamics if the following assumptions are
made:

(1) The reactor has been run sufficiently long
that metal deposition of the reactant has occurred.

(2) Equilibrium exists between the reacting
species and the deposited metal.

(3) The molecular and ionic forms of the react-
ing species are known.
The value of VOP,,,y is then substituted for U,
and the equilibrium wall concentration for a
particular reacting species is obtained. The total
equilibrium wall concentration is simply the sum
of all the reacting species which are in equilibrium
with the deposited metal. This calculated value
will be lower than the actual effluent concen-
tration because of a lack of equilibrium at the
downstream end of the reactor due to a non-zero
reaction rate and electrode kinetic and mass-
transfer limitations.

The following examples will help to clarify the
method.

where the reaction at the left electrode is

2Hg +2C1- 2 He,Cl, +2e, 0

and one possible reaction at the right electrode is
Cu* +2e” 2 Cu. )

An expression for the open-circuit cell potential
U may be derived using the thermodynamics of
electrochemical cells, for example, see Newman
[8a] . For this cell, the open-circuit cell potential
was found to be

+ 2.~
FU = FU® +} RT In S92 0t

o

+3 RTIn four o +F(@ — 3,
where

3)

FU® = Mglg _’,}f“%u ’_%Hg{gzmz

“)
+3RTIn 2y2v -

Thus, the value of the standard cell potential for
this cell at 25° C is

U® = 0337 —0-2676 = 00694 V.

Omission of the activity coefficient and liquid
junction potential terms (the fourth and fifth
terms) in Equation 3 will result in a satisfactory
estimate of the equilibrium copper concentration.
With these considerations Equation 3 may be
rearranged to yield an expression for the equi-
librium cupric concentration as follows:

3
Lo 2F
Coy?t = exp| —— AV,
Cu? cé]“,sat P (RT k)

5)
= 907 x 107** mol 17 (

where U has been set equal to VOP, ' AV, =
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VOPmax - Ue , and CCl,sat = 4-17 mol 1‘1 . 6 _ ng(szos)g- cAg(Szos)i' pf,

As was mentioneq previqusly, the depositio‘n 2 Fag* cag (fs,0r Cszog')z
of copper from cupric ions is not the only equi- (11)

librium electrode process. Cuprous jons are also in
equilibrium with both the deposited copper and
the cupric ions. The equilibrium cuprous concen-
tration can be calculated as was done earlier for
the cupric ions. However, cuprous ions dispro-
portionate according to
2Cu* 2 Cu + Cu®. (6)
The equilibrium constant for this reaction is [8b]
c%)u“f(%u+ -
cour*fourrPo 1671

G molkg™!. (7)

With neglect of activity coefficients the equilibrium
cuprous concentration is found to be:

Cout = (Cou?* Po/1°67 % 10° kg mol~1)'72 @
= 7359 x 107 mol 1.

Therefore the total equilibrium copper concen-
tration is

(ceuliotas = Cou t Cour = 737X 1071 mol 171

or 468 x 107> mg17*.

2.2. Silver deposition from photographic fixing
solutions

Van Zee and Newman [2] have obtained the
current—potential behaviour of a porous carbon
reactor used for removing silver from photographic
fixing solutions. From their data, a value of
VOP,, .. =— 046V was chosen due to appreciable
side reaction, thought to be

S,03~ +8e~ 4+ 8H*»2HS™ + 3H,0, (9)

which occurs at a significant rate for more extreme
values of VOP. Silver ions in solutions containing
thiosulphate form a very stable complex [14] :

Mg (18,027
= 28 507 o 17 x 10" (kgmol 1.
7\Ag(5203)2_
Therefore, it will be necessary to consider the
deposition of silver from the silver-thiosulphate
complex:

Ag + 28203—‘ 2 Ag(8203)2 -+ B_, (12)

which has an expression for the standard electrode
potential

FUSgiat(s,0,3 = 3ui, —4ig— 2RT In \§ o2-
13
+RTIn 7\0Ag(3203)§—/7\% +.( )

The value for Ugg /Ag(s,0,)3- May be calculated
from the value of the stability constant of the
species Ag(S,03)3” and the standard electrode
potential of the non-complexed silver deposition
reaction:

Ag Z Ag'+e”. (14)

The expression for the standard electrode potential
is

FUgg/Ag+ = %#;12 —'/l%g +RTIn A?&g“‘n\g{* (15)
where Ugg,Af = (0-7991 V. Equations 13 and 15
lead to

RT
9
U?\g/Ag(szoz)z_ = UAg/Ag+ _—?ln 62

= 00164V, (16)
which indicates that silver will be much more
difficult to plate in the presence of thiosulphate
ions due to hydrogen evolution.

A schematic diagram of the electrochemical cell
which consists of a silver—silver thiosulphate elec-
trode and the calomel reference electrode is as
follows:

o B8 ) € 5 ¢ o
Pi(s) | Hg() | Hg, Cly(s) KCi transition Ag(5,03)3 in Ag(s) Pt(s)
saturated region Na, S,0;* 5H,0,
in H,0 NaHSOj, NaBr

Ag*t + 25,03 2 Ag(S,03);, (10)

which has a value of the stability constant 8, of
approximately [14]:

An expression for the equilibrium Ag(S,;03)5~

concentration as a function of VOP may be
derived as was done previously for the copper

system. This expression with neglect of activity
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coefficients and the liquid junction potential is

¢ oz- F

592" exp| —AW|, (17)
car, sat RT
where AV, = VOP — Ul g/agss, 0,)2- + Usa. For
¢s,02- = 1737 mol 1"! and VOP,,,, =— 046V,
the value of the equilibrium silver concentration is
2:14 x 107* mol 17! or 23 mg 17! of silver.

CAg,04);" =

2.3. Mercury removal from brine solutions

This example combines aspects of the previous
two examples, i.e., multiple electrode reaction
equilibria and complexing. Mercuric ions Hg?*
form very stable chloride complexes with stability
constants of the form

frgai2-€cugei2-©

9 9
8. = _ angr+(agr)°
e )
fug+cng (for car ) AngCr2-€

which have values: In 8; =12-2,In 8, =294,

In B3 = 320, and In 84 = 34-3 [15]. The mer-
curous dimer Hg3* does not complex appreciably
in chloride solutions [16].

Table 1 lists the expressions and values for the -
standard electrode potentials of mercury. The
standard electrode potentials involving the com-
plexed species were calculated using the above
stability constant data. For example, entries 6 and
8 were calculated from entries 2 and 1, respec-
tively, using the value of 8, as follows:

(18)

RT
Ubmgon; = Ubigmigs — 5 Infa- (19)

RT
Ubgztmgor = Ultsg*mg>* — 55 In Ba- (20)

Expressions for the equilibrium mercuric chloride
complex concentrations as a function of VOP may
be derived as in previous examples:

2
CarPo 2F
¢ = ——exp|(— AV,], 21
Hecl, = o p (RT k) (1)
S e 22)
CHgCl; — En teXP k] > (
sal
CHgo12~ = e exp EAVk , (23)
Y poCirmt  \RT

where AV, refers to the electrode reaction involv-
ing the appropriate mercuric complex (activity
coefficient corrections and the liquid junction
potential were neglected).

The expressions for the species HgCl* and Hg
are not given since their contribution to the
equilibrium mercury concentration is negligible in
comparison with the highly complexed species.
The equilibrium concentration of the mercurous
dimer may be related to the mercuric chloride
complex concentrations by the appropriate dis-
proportionation reaction. For example, consider
the reaction

Hg?* + 3C1- 2 Hg+ HeCl3, (24)

with the result

2+

3
_ Po CHgal;

CHg* T 3 X
Car

Table 1. Standard electrode potentials of mercury referred to the hydrogen electrode. Aqueous solutions at 25° C

Reaction FU? U e(V)
(1) Hg2* — 2Hg?* + 2e” bufy, — PRTIn Afggze + RT In Afpgas/adys 0920
(2) Hg - Hg™ + 2e” bufr, — buftg + FRT In Afggoe/ 0y 0-8545
(3) 2Hg - Hg?* + 2¢" buft, — ufhg + $RT In g2/ 0 0-789
(4) Hg + 2CI" > HgCl, + 2e bufr, — huftg —RT InAZy- + §RT In Mggcn, /OFr)? 0476 8
(5) Hg + 3CI" > HeCl; + 2¢° bult, — buftg — FRT InAG- + £ RT Inaggent - /0 04434
(6) Hg + 4C1- > HgClZ - + 2¢- $uft, — bufig— 2RTIn Ay~ + LRT In Migorz -/ 04138
(7) Hg3* + 6C1- > 2HgCl; + 2¢- bufr, — $RT InMggze 08 —RT 10 08y oz 009787
©Hei' + SO~ 2MECH™ 42" pudy, —3RTInAigze 0 —RT In 0y-)* g - 0038 52
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2F
X exp [1'27 (fogfmgcg - Ulqlg/HgCg) . (25)

From entries 5 and 7 of Table 1,

3
crgre = L2895 9,08 107 2)mol 1™, (26)
Car

and may therefore be neglected from further
consideration. Preliminary data on this system
have been obtained by the authors [17] in a
porous carbon reactor. For a feed concentration
of 4-12mg 17! of mercury, a value of VOPy.x =
—0-46 V was found, with ¢c;- =4-35mol 17! in
the brine. Substituting these values into Equations
21 to 23 yields a total mercuric concentration of
1:36 x 107" mg 171, the complex HgCl3 ™ pre-
dominating. Under these conditions Equation 25
or 26 yields the estimate of the mercurous dimer
as 1-52 x 107" mg1~1.

2.4. Lead removal from lead—-sulphate solutions

A preliminary study has been made on this system
by the authors [6]. An expression for the equi-
librium lead ion concentration may be obtained

by considering the working electrode reaction to be

Pb?* +2e” - Pb, Uy por+ = —0:126V, (27)
with the result

o3 2F
Cpp2+ c%r,sat exp (RT AVk) . (28)
For a feed concentration of lead of 4:32mgl~! a
maximum operating potential VOPy,,, was found
to be — 0-56 V. Substituting this value into
Equation 28 yields an equilibrium lead ion concen-
tration of cpyz+ = 1-35 x 10”" mol 17! or

0-028 mg 17! of lead.

2.5. Oxidation of ferrous ion

Adams et al. [9] have studied ferrous oxidation on
a porous carbon electrode from a dilute stream
containing 1-43 g 17! of H,S04. On an inert
carbon electrode, only the following redox reac-

tion need be considered:
Fe** > Fe¥* +¢~,U% = 0771V, (29)

where the equilibrium ferrous composition may

be estimated from

Cpe™Car- —F
Fe¥ CCl, st exp AVl (30)
Po RT

cFe2+ =

if the ferric composition is known. If the reactor
is long enough, the reaction (Equation 29) will
have gone to complete conversion except for the
equilibrium composition exiting at a particular
value of the operating potential. Thus, for a feed
composition of 705 mg1~! ferrous ion and a
maximum value of the operating potential of
VOP_,.x = 0-7V, the equilibrium ferrous concen-
tration may be estimated to be ce2+ = 1-4 mgl~!.

2.6. Experimental minimum concentration

The minimum wall concentration calculated in
Sections 2.1-2.5 must be compared with the
minimum bulk average concentration leaving the
reactor because the equilibrium wall concentration
is not easily measured. Table 2 lists the measured
minimum bulk concentration obtained by various
authors in porous flow-through electrode reactors.
Also, shown are the predicted minimum wall
concentrations for these systems which were cal-
culated in Sections 2.1-2.5 for the experimental
values listed in the table.

The experimental bulk concentration will
approach the predicted wall concentration values
if the reaction is carried to a greater degree of
completion. This may be achieved by reducing the
flow rate, while holding VOP constant, making the
electrode thicker (upstream counter-electrode
only), or adding additional reactors operating with
equal values of VOP.

The discrepancies which exist between the
predicted minimum wall concentration and the
experimental bulk values may be explained as
follows. For copper removal, the reactor was
designed to operate with a mass-transfer limitation
to remove copper from 667 to 1 mgl~!, and not
to remove all the copper. For mercury removal,
the experimental minimum bulk concentration of
less than 5 x 1073 mgl~! reported in Table 2 is
due to the limitations of the analytical technique
used for detecting mercury. For the operating
potential reported, samples obtained from the
dilute product stream of the reactor contained no
detectable mercury. For ferrous oxidation only,
the predicted minimum wall concentration is
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Table 2. Experimental minimum bulk concentration and predicted minimum wall concentration

for various systems

System Feed Observed Electrode Calculated wall
concentration effluent potential concentration
(mgl™ ') concentration V) (mgl™')

(mg1-1)

Copper 667 0-06 —0-25 47% 10°°%

Silver 1000 42 —0-46 23

Lead 4.32 0-55 —0-56 0-028

Mercury 412 < 0-005 — 046 136 X 107

Antimony 100 5 —0-3828" 162 X 10°13

Fe.rrou‘s 705 1 07 1-4

oxidation

* Potential at which the calculated antimony wall concentration exhibits a minimum (see Fig. 3).

greater than the observed bulk value. Adams et al.
[9] report that the current measured for this
system is greater than that based on the feed com-
position (i = nF v ¢;) at current efficiencies
approaching 100%. One explanation presented by
these authors is the oxidation of ferrous species by
oxygen, a reaction which is catalysed on a graphite
surface. For silver, the agreement is good; it should
be noted that effluent values as low as 0-8 mg1~?
were achieved at VOP values as extreme as
—0:55V, but with a considerable loss of current
efficiency due to side reactions.

3. The removal of antimony

As mentioned earlier, Kuhn and Houghton [7]
have reported an apparent limit in the removal of
antimony from aqueous solutions using a porous
flow-through electrode reactor. Application of

the criterion suggested in previous sections using
the data of Kuhn and Houghton [7] is not poss-
ible since their study was one of transient response
and no steady-state current—potential data were
provided. However, qualitative information about
their experiments allows a thermodynamic analy-

Table 3. Standard electrode potentials of antimony referred to the hydrogen electrode. Aqueous solutions at
25° C. Equilibrium wall concentration of antimony as a function of VOP

Reaction Ue W) Concentration (mol1-')
(CH*C - )3 3F
(1) SbH, - Sb + 3H* + 3¢ —0-5104 cspi, = a2 exp (- =— AW,
Py
+13 1445 o S av;
2) 28b + 3H,0— Sb,0, + 6H* + 3e” 0 c =—————7exp |
(2) 2Sb + 20— 50,0, Sb, 0, (CH”CC]‘ !sat)s RT k
I 3F
(3) Sb + H,0 - SbO* + 2H* + 3e- 0-2075 Cspor = T —exp [ AV
CH*CCL, sat RT
Jy ¥
4 Sb(OH), + 3H* + 3e” 0-2307 [4 = exp | —
@) Sb + 3H,0~ (OH)s ¢ Sb(OH); (ca+cqar- .sa.1;)3 RT k
9 % F
b 3H* + 3e” 0-230 [5 =—¢exp |—
(5)Sb + 2H,0~ HS 02 + e HSbO, (CH+CCI_ ’,sat)3 RT k
33 % 3
b0, + 4H* + 3e” 0-46 [4 - =————¢xXp |~
(6) Sb + 2H,0 — SbO; e $hO; rchr g RT k
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sis to be undertaken which indicates that a mini-
mum exists in the antimony concentration as a
function of VOP.

3.1. Analysis

The chemistry of antimony in aqueous solutions

is quite complex, and many molecular and ionic
species are possible. Kuhn and Houghton [7]
report that in their experiments the oxidation state
of the dissolved antimony species was -+ 3. Table

3 lists the standard electrode potentials of various
antimony species which are known to exist in the
plus three oxidation state (values of which have
been calculated from thermodynamic data [18] or
found tabulated in the literature [19]). Stability
data indicate that Sb(OH)s, and SbO™ are the
most probable species and that Sb®* rarely exists
except under extremely acidic conditions [16].
Expressions for the equilibrium wall concentration
as a function of VOP for each of the antimony
species may be derived as before and are also given
in Table 3.

3.2. Results

Fig. 3 depicts the dependence on VOP of the
equilibrium wall concentration of the various
antimony species found in Table 3, where the
concentration of hydrogen ion has been set to

1 moll~!. The solid line represents the total equi-
librium antimony concentration if all of these
species are present in solution.

The minimum exhibited by the total antimony
concentration is due to the evolution of stibine
(SbH3) in a minus three valence state at high
cathodic potentials (negative values of VOP). This
supposition is supported qualitatively by the data
of Kuhn and Houghton [7], who report stibine
evolution and low current efficiencies. The low
current efficiencies are due to cell operation at
cathodic potentials which are too high where both
the evolution of stibine and hydrogen are appreci-
able. However, quantitatively the estimated equi-
librium wall concentration (shown in Fig. 3) lies
thirteen orders of magnitude below the reported
bulk value. As discussed earlier, the bulk value will
exceed the equilibrium value somewhat because
of electrode-kinetic and mass-transfer limitations;
however, a large discrepancy does exist. This may
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Fig. 3. Equilibrium antimony concentration as a function
of electrode potential relative to a saturated calomel
electrode.

be explained by considering the range of potential
at which the predicted equilibrium wall concen-
tration is less than or equal to the measured bulk
value (S mg1~!). Calculations (using the
expressions found in Table 3) indicate that this
range of potential is — 0-655 < VOP<—0:130V.
Since Kuhn and Houghton [7] operated their

cell galvanostatically, their cell potential could
vary over a wide range. To resolve the question of
the practical lower limit attainable for antimony
removal, careful, controlled-potential, steady-state
experiments will be required.

4. General considerations

As discussed earlier, the bulk concentration of the
reactant species will approach the equilibrium
wall concentration predicted by thermodynamics
if the reactor is made thicker (upstream counter-
electrode only) or additional reactors are placed in
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series. This may be seen quantitatively by consider-
ing the analysis presented by Bennion and
Newman [1] for a reactor operating at the limiting
current with an upstream counter-electrode (see
[20] for the analysis of a downstream counter-
electrode).

For reactions carried to a high degree of
completion, the allowable potential variation
across a reactor can be estimated approximately as

nFv?e,

AP, ~ .
2 Spakmk

B

This equation shows that the ohmic potential drop
across a reactor is directly proportional to the

feed concentration. In the copper recovery process
of Bennion and Newman [1] a value of the operat-
ing potential ¥OP may be chosen to be — 025V
(the potential at the fluid outlet). If their reactor
were operating at the design specification, A®), =
0-2V, the driving force at the front of the reactor
would be — 0-45 V. The data indicate that the
magnitude of this value does not produce appreci-
able side reactions — thus if this driving force
could be maintained throughout the depth of the
reactor the effluent concentration will ultimately
be reduced. With this in mind, the ultimate value
of VOP is then — 0-45V. Equations 5 and 8 then
yield an estimate of the lowest attainable equi-
librium wall concentration for copper of

194 x 108 mgl'. '

In order to achieve this in practice, consider
reactors placed in series: if for example the
concentration in the first reactor has been reduced
by 99%, then the total current density in the
second reactor (i = nFvcg) will be smaller resulting
in a reduction in the ohmic potential drop (see
Equation 31), and the electrode potential can be
maintained closer to — 0-45V throughout the
second reactor.

This also applies to short reactors where the
reaction rate is non-zero at the back of the reactor
resulting in an appreciable surface overpotential,
thereby producing a wall concentration higher than
the equilibrium value. Increasing the reactor thick-
ness will also decrease the wall concentration
toward the equilibrium value if the counter-
electrode and current collector are placed upstream
(or if the matrix conductivity is high) [20].

5. Conclusions

A criterion has been suggested for determining the
minimum concentration attainable in a porous
flow-through electrode reactor. This may be done
by measuring the cell current as a function of the
potential of the working electrode current collec-
tor relative to a reference electrode of a given
kind placed in the effluent stream (see Fig. 1).
Thermodynamics may then be applied by assuming
that this measured potential can be set equal to
an expression for the open-circuit cell potential
between these electrodes, thereby yielding a value
of the equilibrium wall concentration of the
reactant species. It should be emphasized that the
value of the minimum concentration obtained is

a lower limit.

Comparison of this concentration with the
experimentally observed effluent concentration
suggests that the procedure is essentially correct,
although the effluent concentration will be higher
than that calculated if the reactor thickness is small
and mass-transfer and electrode kinetic limitations
still exist at the fluid outlet. If either mass transfer
limitations or kinetic factors appear to be domi-
nant, the reactor may well have been designed so
that the effluent concentration can be predicted on
the basis of these governing factors and an esti-
mation based on thermodynamic considerations
would not be necessary.

Measurement of the reactor operating potential
as described above should help to clarify lower
limits observed in flow-through electrochemical
reactors. It should also aid in the design of reactor
systems, since information on the allowable ohmic
potential variation within the solution from the
inlet to the outlet of the reactor is provided.
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