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The electrogenerated mediator oxidation process is capable of oxidizing organic compounds to the
final step, producing CO,. It requires the use of separate compartments for the anode and cathode. A
considerable electric charge is necessary to decompose long carbon chains and high-intensity elec-
trochemical reactors are needed for use at industrial scale. A variety of porous and microporous
ceramic separators (frits) have been used in industrial-scale electrochemical cells, for example, hollow
cylinders made of various porous ceramics have been used to build annular cells. However, these
separators exhibit a high electric resistance and one alternative is to use a perfluorosulfonic ion-
exchange membrane. It is, therefore, essential to determine the flows through this membrane in order
to optimize process operation. The authors describe the ion and water flows through the membrane,

and their influence on the process.
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1. Introduction

The electrogenerated mediator oxidation process
(Fig. 1) uses a mediator to transport electrons from
an anode to a substrate intended for oxidation. The
mediator is a multivalent metallic ion that is reoxi-
dized at the anode. This technology has the advan-
tage of compatibility with low temperature
(30-70 °C) operation without pressurization.

The process was originally designed to dissolve
plutonium oxides, and has subsequently been devel-
oped for use with organic compounds [1-3]. It offers
a promising solution for the destruction of such
wastes in that it can completely oxidize most organic
compounds into CO,. The Ag(11)/Ag(1) redox pair is
widely used for its strong oxidizing capacity
(E° =198V vs SHE). To obtain satisfactory oxida-
tion performance, it is important to ensure optimum
conditions for electrogeneration of the oxidizing
mediator and for reaction with the substrate. This
requires the use of separate compartments for the
anode and cathode to prevent reducing species pro-
duced at the cathode from reacting with oxidizing
species produced at the anode, diminishing the
overall process yield.

A considerable electric charge is required to de-
compose long carbon chains such as tributylphos-
phate (TBP); 72 faradays are necessary to mineralize
one mole of TBP. For use at industrial scale, this
process therefore requires high-current electrochemi-
cal reactors. Where high currents are involved, the

choice of a separator is critical. Thermal losses by the
Joule effect increase with the square of the current;
the very high resistance of separators such as silicon
nitride implies that the power dissipation at such
currents may exceed the reactor cooling capacity,
resulting in unfavourable thermal conditions.

One alternative is to use an organic separator,
such as an ion exchange membrane, which combines
low electrical resistance with satisfactory chemical
and mechanical durability. The possibility of using
organic membranes with the electrogenerated medi-
ator oxidation process was raised in the 1980s. It
was shown to be a viable solution for oxidizing or-
ganic compounds although the operation of the
membrane in the process has not been studied to
date. Various membranes have been investigated,
both ceramic and polymeric, anion or cation-ex-
change membranes [3-9]. In our process, a cation-
exchange membrane was used. Its proton conduction
property allows the protons to be transferred from
the anode compartment to the cathode but not the
other cations and among those, the oxidizing species
Ag(1).

The membrane used in this study has, therefore,
negatively charged ion sites that are equilibrated by
cations. When the membrane is at equilibrium with a
solution, it exhibits partial exclusion of negative
charges which diminishes as the ionic strength in-
creases.

The mediated electrolysis process operates with a
nitric acid concentration exceeding 4 M. Under these
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Fig. 1. Process schematic of the electrogenerated mediator oxidation.

conditions the membrane is no longer in the Donnan
exclusion domain, and the electrolyte penetrates into
the membrane. Free anions and cations thus exist in
the interstitial solution, verifying its electroneutrality.
The membrane is no longer only cation selective, the
anions being involved in the transport.

The aim of this work is to understand the mech-
anism of ion and water transport when the membrane
is at equilibrium with a concentrated electrolyte, and
to study the influence of the membrane on the process
performance.

2. Experimental details
2.1. Nafion® membrane

Measurements were made using the Nafion® 117
membrane (from Dupont de Nemours). This cation-
exchange membrane was designed to be a proton
conductor and its fluorinated matrix is particularly
chemical resistant to oxidizing media. Its molar mass
(univalent ion 1100 gequiv™') and its dry thickness
(0.178 mm) were measured according to a normalized
experimental protocol [10]. Its chemical resistance to
oxidizing media was tested by immersing the mem-
brane in 14M HNOj3, 0.1 m Ag(i) or 0.1 M Ce(1v) for
two months. Moreover, the Nafion® membrane im-
mersed in 14m HNO; was irradiated by a cobalt
source (10* to 107 rad. integrated dose). No signifi-
cant variation of exchange capacity, electrical resis-
tance or water content was observed after these
treatments.

2.2. Electrolyte sorption

Transport phenomena depend to a considerable ex-
tent on the membrane composition; it is therefore
important to study electrolyte sorption according to
the external solution concentration. The membrane is
first equilibrated with a nitric acid solution, then al-
lowed to desorb in a large quantity of water. Acid—
base titration indicates the quantity of sorbed elec-

trolyte which is then calculated per gram of dried
membrane. The dried state was obtained when a
constant weight of the membrane in the H* form was
reached after it had been maintained at 60 °C under
vacuum during 24 h.

2.3. Raman spectroscopic analysis of adsorbed
electrolyte

Raman spectroscopy has already been implemented
to study the membrane composition, notably to in-
vestigate the equilibrium between the two cations [11]
and to identify the ionic species with sulfuric acid as
the sorbed electrolyte in an anion exchange resin [12].

Raman spectra were excited with 514.5nm radia-
tion from an argon ion laser (Spectra Physics 2020-03)
operated at about 100 mW. The spectra were recorded
with an Omars 89 multichannel spectrometer (Dilor,
France). The detector of our Raman spectrometer is
equipped with an intensified 1024-diode array. The
membrane sample was placed between two optical
glasses plates that could be pressed together. Two
face-to-face slots in the plates allowed Raman spectra
of the membrane to be recorded without the plate
material. This apparatus can be immersed in various
solutions contained in an optical glass cell (Hellma).
The laser beam is focused onto the edge of the sample
an, at right angle to this beam, the scattered light is
collected in the spectrometer. The approximate size of
the probe volume is a cylinder of 50 um of rayon and
5mm of height. The Nafion® is a translucent sample
immersed in aqueous solution, the power beam at the
focal point is weak (100 mW), for these reasons, lo-
calized heating is unlikely. Pieces of Nafion® mem-
branes were immersed in HNOj3; aqueous solutions of
given composition for several days. Raman spectra of
these samples were recorded between 800 and
1200 cm ™!, were specific bands due to nitric acid, ni-
trate ion and Nafion® membranes were detected. All
spectra were recorded at 25 °C.

Nitric acid is characterized by two main Raman
bands at 960 cm™! and 1300 cm~! [13]. The nitrate
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Fig. 2. Experimental setup used to measure transport numbers.

ion exhibits several Raman bands of variable inten-
sity, with the most intense situated at 1048 cm™!.
Unfortunately, the Nafion® membrane possesses a
band at 971 cm~! corresponding to the symmetric
vs(C-O-C) vibration, and another at 1059 cm™!
corresponding to SO3 [11]. We therefore used dif-
ferential spectroscopy to monitor the HNOs3;/NO3
ratio [14].

2.4. Transport numbers

Before assessing transport through the membrane, it
is important to determine the composition of the
sorbed electrolyte. After equilibration, the membrane
was placed in a 1.5 m solution of NaNOj to desorb all
the ions from the membrane. The ions were then
determined by ICP-AES. Transport behaviour was
then studied using a four-compartment Hittorf cell
(Fig. 2) to dissociate the electrode reactions from the
transport phenomena. The experiments were con-
ducted at a current density of 100 mA cm~2.

2.5. Water transport

Water flow conditions through the membrane con-
stitute an important process control parameter. The
flow is governed by three phenomena:

(i) Osmosis. This occurs in the absence of an electric
field, corresponds to the passage of water mole-
cules through the membrane when a difference in
the chemical potential of the water (due to a
difference in the salt concentrations) exists on
either side of the membrane.

Electroosmosis. This corresponds to the dragging
of water molecules under the effect of an electric
field.

Porosity. This membrane may also have some
small degree of porosity allowing simple Fickian
diffusion.

(ii)

(iif)

These phenomena have been extensively investigated,
but only at low concentrations (<1 m) [15] and at low
current densities (0.7 A cm~2) [16]. Water transport
through the Nafion® 117 membrane was studied
using the volume difference method with concen-
trated (>4 M) nitric acid to assess the effect of the
current density (0.1, 0.2 and 0.3 Acm~?) and the
concentration (4, 6 and 12M) on the electroosmosis
flow. The cell used was already described [17]. The
Nafion® 117 membrane (working area 27 cm?) was

placed between two nitric acid solutions of given
composition. Calibrated glass columns were used for
the variations in volume. Peristaltic pumps allowed
the renewal of the solution in the two compartments
with a flow rate of 6 cm s~! at the solution-membrane
interface.

3. Results and discussion
3.1. Electrolyte sorption

3.1.1. Total amount of HNOj; sorbed. The experi-
mental curve in Fig. 3 will subsequently be used to
assess the membrane composition. The amount of
sorbed electrolyte is expressed in mol of HNOj3 per
gram of dried membrane nno, /mq.

3.1.2. Raman spectroscopic study of adsorbed electro-
Iyte. The Nafion® 117 spectra are shown in Figs 4-7,
which show the evolution of the bands according to
the nitric acid concentration. The band located at
971 cm~! is due to the symmetric v{(C-O—C) vibra-
tion, that at 1059 cm™! is due to SO;.

Figure 5 shows that even in dilute medium the
Donnan exclusion is not complete (note the appear-
ance of a shoulder attributable to the 1048 cm™! ni-
trate band) but the presence of nitrates in the
membrane is negligible.

The differential spectroscopy allows calculation of
the ratio nuNo,/nNo; (Q) within the membrane. The
results are depicted in Fig. 8. From the ratio
NHNO, /nNo; within the membrane, the degree of

Nevoymy/10* mol g™

o
L 3

T T

0 1 2 3 4 5 6
[H NOB]solution / M

Fig. 3. Amount of sorbed HNO; (mol g! of dried membrane)
against nitric acid concentration in solution.
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Fig. 4. Raman spectrum of Nafion® membrane equilibrated in
water.
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Fig. 5. Raman spectrum of Nafion® membrane equilibrated in
HNO; (0.1 m).
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Fig. 6. Raman spectrum of Nafion® membrane equilibrated in
HNO; (1 m).

dissociation, «, of nitric acid can be calculated from
the relation o = 1/(1 + Q).

Two conclusions may be drawn from an exami-
nation of the nature of the species sorbed according
to the external concentration: (i) that molecular nitric
acid is found inside the membrane at external con-
centrations of 7M or higher; due to porosity; and (ii)
that the ratio of molecular nitric acid to dissociated
acid increases rapidly with the external concentra-
tion.
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Fig. 7. Raman spectrum of Nafion® membrane equilibrated in
HNO; (12 m).
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Fig. 8. Ratio of molecular nitric acid and nitrates against HNO;
concentration in the external solution.

3.2. Proton/cation competition in concentrated media

3.2.1. Exchange equilibrium. To simplify the problem
we had to consider two simultaneous mechanisms of
transport involving the species in largest amount in-
side the membrane, protons, Ag®™ and nitrates. On
the one hand, a hopping mechanism in the active re-
gion including the exchange fixed sites and the
counter-ions (H" and Ag") and, on the other hand,
a dragging mechanism in the interstitial region. The
structure of the membrane is therefore accounted for
according a three-phase model described in previous
work [18, 19]. The hydrophobic polymer phase, the
functionalized site phase (the active region) and the
interstitial phase (the interstitial region). So, sulfonic
exchange sites are balanced with H™ and Ag® ions
(amount: 7y siies and 7iagsites); but, the interstitial re-
gion contains the sorbed species: (71 sorbed, 7Ag sorbed s
ﬁNO3,SOYde)'

The ion concentrations in the membrane are de-
termined by assuming that the solution/membrane
exchange equilibrium occurs as in dilute media, and
that the sorbed electrolyte behaviour is the same as
that of the external solution. The ion distribution on
the membrane SO5 sites is calculated from the ex-
perimental curves relating the equivalent fraction in
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Table 1. Ion concentrations in membrane for H' |Ag™ system

Aqueous solution Membrane

HN 03 AgN 03 ny , sorbed Ny sites ny , total ﬁA_L/. sorbed ny g, sites ny g, total ﬁNOx‘ sorbed

/M /M /mol g~ /mol g~! /mol g~! /mol g~! /mol g~! /mol g~! /mol g~

4 0.05 686 x 107 899x 10™* 1.58x107° 857x10° 1.12x107° 198x107°  6.94x 107
0.1 6.77x107* 888 x10™* 1.56x107° 1.69x10° 222x107° 391x107° 6.94x107™*
0.5 6.17x107*  8.09x 107 143x107° 771x10° 1.01x10™* 1.78x10™*  6.94 x 107

6 0.05 8.69x107*  9.02x10™* 1.77x107  724x10° 752x107° 1.48x107° 8.76x 107
0.1 8.62x 107  895x10™* 1.76x107° 144x107° 149x107° 293x10° 8.76x 107
0.5 8.09x107* 840x10™* 1.65x107° 674x10°  7.00x107° 137x10* 876 x 107

the membrane and in solution. The concentrations
are expressed in mol g~! of dry membrane.
Therefore, we have:

ﬁAg,total = ﬁAg,sorbed + ﬁAg,siles (1)
ﬁAg,sorbed == (1 - xH.,sorbed) X ﬁNO3,sorbed (2)
ﬁH,tolal = NH sorbed T+ ﬁH,sites (3)

ﬁNOg.total = ﬁNO;,sorbed = ’TlH?sorbed + ﬁAg,sorbed (4)

where XH sorbed 15 the molar fraction of protons in the
interstitial region.

As shown in Table 1, the silver ions are distributed
in roughly the same manner between the sorbed
electrolyte and the sites (maximum difference 15%).
It is thus reasonable to assume that transport occurs
both via the ion sites and by the sorbed electrolyte;
the difference in ion mobility between the solution
and the membrane will determine which transport
mechanism predominates.

The results of this model are compared with the
measured values in Table 2. The precision of the ex-
perimental data is difficult to evaluate because it is
not easy to know whether all the ions have been de-
sorbed, and because the determination concerns a
solution containing a few milligram per litre while the
matrix contains several grams of sodium per litre.
The estimated error is £(5 x 10~7) mol g~ !.

A satisfactory representation of the membrane
composition under the process conditions can there-
fore be obtained by extrapolating the relative mem-
brane/solution equilibria from the dilute medium to
the concentrated and considering that the sorbed

Table 2. Experimental against theoretical results for H'/Ag™"
system

Aqueous solution Membrane
HNO3 A9N03 ﬁAg/. experimental ﬁAg. calculated
/M /M /mol g~! /mol g~!
(£5%x1077)
4 0.05 1.04 x 107° 1.98 x 107°
0.1 293 x 107° 3.91 x 1073
0.5 1.62 x 107* 1.78 x 107*
6 0.05 1.24 x 107° 1.48 x 107°
0.1 2.03 %1073 293 % 107°
0.5 8.52 x 107° 1.37 x 107*

electrolyte behaves as in the external solution. This
model is used for the remainder of the study.

3.2.2. Proton/cation transport competition. As for the
variations of the amount of sorbed species against the
external concentration, the variation of the ionic
mobilities can be accounted for by the partition of the
conductive part of the membrane in two regions. The
transport number must be calculated strictly using
the ion mobility values at the working concentration.
We therefore calculated the equivalent ion conduc-
tivity of silver from the diffusion coefficient in solu-
tion reported by Farmer [20] (D =7.5 X
10~ cm? s7!) and using the following relation devel-
oped by Nernst—Einstein (assuming this relation is
still valid at these concentrations):
2

/1,‘ = %ZDi (5)
Values of equivalent ion conductivity of protons and
nitrate ions (Ag and Ano,) can be derived from the
data of transport numbers of protons, dissociation
coefficient o of nitric acids and conductivities k of
HNO; solutions [21], using the following relation:

o OCCHXH

1 (6)
Values of equivalent ion conductivity of protons and
Ag" ions balancing the exchange sites of the mem-
brane can be obtained from the values of electrical
conductivities of the Nafion® membrane equilibrated
with either protons or Ag* ions in the Donnan ex-
clusion domain (when the membrane is equilibrated
in 0.1Mm HNOj or 0.1 AgNO; solutions).

The values of equivalent ion conductivities of all
the ionic species within the membrane are reported in
Table 3. (4;sorbed refers to the *i” species in the sorbed
solution, /; s refers to the ‘i’ species balancing the
exchange sites).

The general expression for the transport number
of a ‘I’ species in the membrane is:

K

_ |Zi |l7l,‘)ui

=7 (7)
> |zl
J

For the membrane in contact with HNO; + AgNO,
solutions, the transport numbers for H*, Ag" and
NOj ions are, respectively:
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Table 3. Equivalent ion conductivity in 6 M nitric acid solution at
infinite dilution and in membrane

lon /li‘.mrhed AO ;-i..vite.v
/Q ' em?eq!  /Q7!em?eq! /Q 7 em? eq!
Ag” 28.17 61.90 13.07
H* 147.32 349.65 47.70
NOy 44.25 71.42 —
ﬁH,sorbed)“H,sorbed + ﬁH.sites;“H,sites
tH = (8)
w
- ﬁAg,sorbediAg,sorbed + ﬁAg‘Sites/lAg,sites 9
IAg = W ( )
- 1INO; sorbed ANOj sorbed
fNO, = 3,s0rbe 3,s0rbe (10)
w
with
W= (ﬁH.sites)bH,sites + ﬁH,sorbed/lH,sorbed)
+ (ﬁAg,siles;bAg,sites + ﬁAg,sorbediAg‘sorbed)
+ (ﬁNO‘;‘sorbeleO;ﬁsorbed) (1 1)

The ion concentrations in the membrane are deter-
mined by assuming that the solution/membrane ex-
change equilibrium occurs as in dilute media, and
that the sorbed electrolyte behaviour is the same as
that of the external solution. The values of transport
numbers for symmetric solutions {(—)[HNO; 4 or
6 ; M[membraneHNO3 4 or 6 M + AgNO;](+)} are
collected in Table 4.

The experimental results for silver transport at 100
and 300 mA cm~ indicate that the mechanism is in-
dependent on the current density; the transport from
a diffusion process is negligible at such high current
densities.

(a) Asymmetric system
The effect of implementing the process with asym-
metric nitric acid concentrations was studied (with a

Nafion 117 AEM
HNO; 12 M HNO; M HNO; 6 M
- 50 em® AgNO, 0.1 M 50 cm® +
200 cm®
T XD [ — -

Fig. 9. Schematic of the cell for the determination of transport
numbers in asymmetric systems.

the asymmetric system. This is probably attributable
to the membrane/solution equilibrium. An additional
experiment (Table 6) was therefore performed in a
symmetric medium at 12 M to verify this hypothesis.

The higher transport number at a concentration of
12m can be explained by the Raman spectroscopy
observations, that is, the appearance of molecular
nitric acid from 7M. Molecular nitric acid does not
take part in the transport. The proton/silver ratio is
thus lower than at 6M, and the silver transport
number increases.

Table 5. Transport numbers in symmetric and asymmetric systems

Aqueous solution Membrane

HNO? AgN03 iAg. asymmetric EAg. symmetric

/M /M

4 0.05 6.00 x 1073 244 x 1073
0.1 8.32x 1073 4.80 x 1073
0.5 3.46 x 1072 2.11 x 1072

6 0.05 231 %1073 1.11 x 1073
0.1 437 %1073 2.70 x 1073
0.5 1.85 % 1072 1.28 x 1072

Table 6. Effect of nitric acid concentration on silver transport through
the membrane

current density of 100 mA cm~2) to validate the ex-  Aqueous solution Membrane

perlmente.ll fesul.ts obtained with a symmetric system AGNO: HNOs f

(Schematic in Fig. .9). . . . ™ ™

The results obtained in symmetric and asymmetric ;

systems are compared in Table 5. The cathodic com- g‘} 2 ‘2“27‘8 X }8_;

partment contains a 12M HNO; solution for all the . 12 4.68§ 10-3

experiments. The values were significantly higher in ' '

Table 4. Calculated and experimental transport numbers for H * /Ag+ system

Aqueous solution Membrane

HN03 Al/NOS ZAg, experim EAgA experim EAy, cale

/M /M /100 mA cm™2 /300 mA cm™2

4 0.05 2.44 x 1073 2.48 x 1073 1.90 x 1073
0.1 4.80 x 1072 4.53x 1073 3.79 x 1073
0.5 2.11x 1072 2.03 x 1072 1.84 x 1072

6 0.05 111 x 107? 1.47 x 107° 1.44 x 1072
0.1 2.70 x 1073 2.99 x 1073 2.87x 1073
0.5 1.28 x 1072 1.37 x 1072 1.40 x 1072
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(b) Effect of silver concentration

The silver(1) concentration diminishes when silver(ir)
is generated. The relation of the transport number 7o,
to the silver(r) concentration must be determined to
predict the silver flow through the mem-
brane (Fig. 10).

In the symmetric system, the transport number
appears to be proportional to the silver concentra-
tion, in full agreement with the hypothesis that the
silver concentration in the membrane is proportional
to the concentration in solution.

In the asymmetric system, the transport number
does not appear to be proportional to the silver
concentration. Transport appears to be enhanced at
low silver nitrate concentrations. The difficulty in this
case is to understand how the membrane reaches
equilibrium under dynamic conditions.

(c) Effect of oxidant generation

The following experiments were conducted to assess
the transport of oxidized species. The experimental
conditions were adjusted to ensure steady-state
conditions in which electrochemical generation of
the mediator was equal to its destruction by the
solvent in order to ensure a constant oxidized com-
position.

25 1
2 M
HNO;, 4M —
= 1.5 4 P
o — 0
‘°_ 7 P
11 /,/// o
0,5 - /y/:/’//// / NOs, 6M
QO ~
/g//
0 — T T T 1
0 0,1 0,2 0,3 0.4 0,5
[AgNO;] /M
4
3,5 - .
3 7
L 25 HNO;, 4M T
& P
‘:o_ 2 /// e
1.5 4 d T ;
// T -
14 //"/ ///'//
051 = /y/// - HNO;, 6M
5 :
0 = T T . . i
0 0,1 0,2 0,3 0.4 0,5
[AgNO;]/ M

Fig. 10. Effect of silver concentration in solution on transport
number in membrane. (a) Symmetric system; (b) asymmetric sys-
tem.

The silver concentration was then determined on
the other side of the membrane at the end of the
experiment.

(i) Ag(1)]/Ag(1) pair: The transport numbers obtain-
ed with and without silver(i1) are compared in Table 7.

The experimental results suggest that silver(i1) does

not pass through the membrane; Ag(i) is found in
AgNO7 complexes, the size of which probably pre-
vents their transport.
(ii) Effect of current density: Although the current
density could be expected to have no effect on the silver
transport number, experiments performed at different
current densities showed significant dependence (Table
8). As the silver(1r) generation curve (Fig. 11) is iden-
tical for all three current density value tested, the Ag(1)/
Ag() ratio was the same for all three experiments.

The variation in the transport number can be ex-
plained by considering the membrane/solution equi-
librium (Fig. 12).

At low current densities, the membrane equilibri-
um takes account of the concentrations on both sides.
The transport number is therefore higher than for a
symmetric system with 6M nitric acid, since the
membrane now contains molecular nitric acid. The
value is also higher than for a symmetric system with
12m nitric acid because the membrane contains
proportionally more silver.

Increasing the current density induces a higher
flow of species from the anolyte to the catholyte,
tending to equilibrate the membrane toward a sym-
metric system in 6 M nitric acid.

The hydrodynamic conditions do not appear to
affect the measurement. The experiment performed in
a Hittorf cell at the same concentrations is fully con-
sistent with the filter press results, as shown in Fig. 13.

3.3. Water flow

3.3.1. Osmosis

(a) Experimental conditions

Osmosis occurs in the process studied, since the nitric
acid concentration varies from 4 to 6 M in the anode
compartment and from 12 to 8w in the cathode
compartment. The water flow was measured over a
24-h period (Table 9); the test parameters were the
nitric acid concentrations in the anolyte and catholyte.

(b) Model
Diffusive water flow Ji,(dm®m~2s~!) through the
membrane was modeled using Fick’s law [21].

_ Dy, C_'wa.“w

Jw = RTOC., grad(Cy)

(12)

where:

D,, water diffusion coefficient in the membrane
(m?s71)

C, mean water concentration in the membrane
(Kgm™)
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Table 7. Transport with and without Ag(1)

HNO; AgNOs Lagr) Ag(1) Eagram) Eag(rrin
M M Ag(1) only /Total Ag Ag(1) + Ag(m) [tag(n)
4 0.05 2.44 x 1073 0.79 1.75 x 1073 0.72
0.1 4.80 x 1072 0.82 3.48 x 1073 0.72
0.5 2.11 x 1072 0.93 1.83 x 1072 0.87
6 0.05 1.11 x 1072 0.77 6.97 x 107* 0.62
0.1 270 x 1073 0.72 1.66 x 1073 0.61
0.5 1.28 x 1072 0.86 1.02 x 1072 0.79
Table 8. Current density against transport number
Current density Transport number
/mA cm™? iy
65 7.0%x 1073
130 44 %1073
260 3.7%x 1073
, s 4
HNO3; H Ag' H HNO;
6 M ' 12M
[Ag(In]/ M AGNO; X X W
3 . . ;
0.025 S|03 SO3 SOs
0.020
0.015
0.010
0.005
Fig. 12. Schematic representation of solution-membrane equi-
0.000 t t + t { librium.
0 10 20 30 40 50 60
t /Imin

Fig. 11. Silver(n) generation at 65, 130 and 260 mA cm~2.

R ideal gas constant (8.314Jmol ' K™!)
T temperature (K)

U, chemical potential of water (J mol ")
Cy, water concentration (kgm~?)

The chemical potential is given by:

Ky = How +RT1n(aW) (13)
where:

Uow chemical potential of water in the dilute so-
lution (Jmol™)

ay, water activity

_ DGy RT dln(ay) ACy

J
RT 0Cy e

(14)

From the schematic in Fig. 14, if it is assumed that

- C C AC
Cw _ W,catholyle;‘ w,anolyte _ 2W + Cw.calholyte (15)

then

Hittorf

6,
55 /
5_

tAg (symmetric)

10,

2 — -

0,05 0,15 0,25

Current density /A.cm™

Fig. 13. Silver transport number versus current density. Symbols:
(A) Hittorf cell; () filter-press cell.

Table 9. Osmotic flow (dm’® m=2day™") across a Nafion®117
membrane

Catholyte Anolyte [HNO;]
[HNO;]
4 M 5M 6 M
8 M 36.9 26.1 16.4
10 M 50.2 39.4 29.8
12™m 60.1 50.3 40.6
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Cw,anolyte

Cw,catholyte

<>
e

Fig. 14. Schematic representation of the water concentration pro-
files in the solution-membrane—solution system.

Dy, 0ln(ay) (AC?
Jy = lM ( L Cy catholyte ACW)

e O0Cy 2
AC?
=K <TW + Cw,calholyteACW) (16)

The volume and concentration variation measure-
ments at the end of the experiment indicate that nitric
acid diffusion is negligible. The volume variation is
calculated for a given A¢; the volume variation in each
compartment causes the concentrations to vary:

AV = Jy(1)SAt

_ (Cw,a(t) - CW,C(t))z
K( -
+ Coe(t)(Cyalt) — Cw,c(t))> x SAt  (17a)
Cuc( )V (1) + S0
Cuc(t+ At) = e AVM 2
Cwﬁc(t) V(t) + %
X Cyc(t+ Af) = Vi =AY : (17b)
Cualt)V (1) — 0
Cwalt+At) = ZOEYNG 2 (17¢)

where dy,o is the density of water (10° kgm™3).

The constant K = —%%(”W) was determined by
plotting the model curve for each experiment and
minimizing the deviation ) (Jexper — Jcalc)z. The value
of % was calculated as described by Davis [22],
yieldinwg a water diffusion coefficient Dy of
(2.2 £ 0.5) x 107°cm?s~!'. This value is consistent
with the published value of 2.5 x 10~°cm?s~! at
30°C [23].

Yeo and Eisenberg [24] investigated the effect of
temperature on the diffusion coefficient, and reported
an activation energy of 20.2kJ mol™', similar to the
value of 23 kJmol~! found by Morris and Sun [25].

Yeo proposes the following expression for Dy,:

-20.2 x 103 .
RT

1’1’172 -1

Dy = 6.0 x 1073 exp< s (18)

3.3.2. Electroosmosis. The water transport number is
a critical process control factor. The concentration in
both compartments must be controlled to maintain
satisfactory mediator generation characteristics and
to avoid conditions resulting in hydrogen production
at the cathode.

(a) Experimental conditions

The water transport number 7 is defined as the
number of moles of water transported per Faraday
across the membrane. It is generally related to
membrane properties such as the exchange capacity,
the water content and structural properties, the na-
ture and concentration of the external electrolytic
solution and the current density.

The experiments were performed with identical
electrolyte concentrations (4, 6, 8 and 12 M) on both
sides of the membrane to avoid osmosis phenomena.
Each test concentrations was studied with current
intensities of 3, 6 and 12A (i.e., current densities
of 50, 100 and 200 mA cm~2). The total duration of
an experiment never exceeded 4h to minimize the
consequences of osmosis due to slight differences in
the change of concentration in the two compart-
ments.

The water transport number is determined exper-
imentally by the relation:

_ AVF
- MHZ()II

(19)

Tw
where AV, is the catholyte volume variation.

(b) Discussion

The possible formation of water by reaction at the
cathode must be taken into account. The following
reaction is widely accepted for the reduction of con-
centrated nitric acid:

HNO; +2 ¢ +2H*" — HNO, + H,0

As a rough approximation, 1/2 mole of water may be
assumed to form per faraday at the cathode.

The measured flows, after correction for the elec-
trochemical production flow, indicate a transport
number of 0.9 mole of water per faraday. Under
symmetric operating conditions, the water transport
number is independent of the concentration of the
medium (4 to 12m) and independent of the current
density (50 to 200 mA cm~2).

In this experiment the membrane hydration was
less than 11 H,O/SO;H. The transport number is
thus consistent with Zawodzinski’s results [23]. Un-
der identical conditions, Suzuki [26] reported a
transport number of 1.1 H,O/H™.

(¢c) Water flow and H' balance

The water flow across the membrane is due to os-
motic flow and to electroosmotic flow. We integrated
both flows to predict the volume variations in the
anode and cathode compartments. The model is



380

S. LOGETTE ET AL.

based on the diffusion model described in Section
3.3.1.(b), with the addition of the electro-osmotic
flow and the reactions in solution and at the elec-
trodes. For a given At, the compartment volume
variations are as follows:

AVC _ K((Cwﬁa(t) _zcw,c(t))z

+ Cw,c(t)(cw,a(t) - CW:C(t))>

X SAt + (T + 1y o) Mu,0 % At (20a)
2
AV K ( (Cwalt) = Ce(1))
2
+ Coe(0)(Cualt) = Cw,c(f))>
1
X SAt + (tw + nwa)Mn,o FAt (20b)

These volume variations may be used to recalculate
the water concentrations in the compartments:

Similarly, the nitric acid concentration variation in
each compartment may be calculated as follows:

[H],(¢) x Va(t) + FIno,de

[H],(t +df) = Vil + dn (22a)
[H, (1) x Ve(t) — Fino,dt
H] (¢t +dt) = ACERT (22b)

The nitrate transport number is estimated from the
studies described in Section 2. A comparison of the
experimental findings with the model predictions
(Table 10) is conclusive. The error percentages be-
tween the model and the experimental data for the
test parameters are indicated in Table 11.

The error on the nitric acid concentration in the
catholyte at the end of the experiment is attributable
to several sources: the measurement error is estimated
at 2.5%. The difference between the experimental and
the model predictions increases with the current and
can be explained by the formation of NO, from ni-
trous acid, whereas the acid concentration was cal-
culated without allowing for this transformation.

AVed Table 11. Estimated error on parameter values
i Ce0)Vielt) + S o1 "
t+ At) = a
e Ve(t) + AVL Parameter Max. error
Cy a(f) Va(t) _ A;f]“ﬂ Volume variation 10%
CW"d(t + At) = ’ 0 (21b) [HNO3]anolyle 1.3%
' Va(t) — AV, [HNO:atholyte 10%
Table 10. Experimental and model predictions
Experimental Volume variation [HNO3]/, [HNO3]/.
conditions Jem*h™! /M /M
exp. model exp. model exp. model
I=25A
t=1h
[HNOs], = 5.96m 8 8.6 6.0 6.1 10.7 11.6
[HNOs], = 12m
[AgNO;], = 0.096 m
I1=5A
t=1h
[HNOs], = 5.96m 10 11 6.1 6.1 10.3 114
[HNO;]. = 11.94Mm
[AgNO;], = 0.050Mm
I=5A
t=1h
HNO;], = 6™m 10 10.7 6.2 6.1 10.9 11.2
[HNO;], = 11.72™m
[AgNO;], = 0.096Mm
I=5A
t=1h
HNO;), = 6m 10 10.2 6.1 6.1 10.4 11.2
[HNO;]. = 11.72™m
[AgNO;], = 0.495Mm
I=10A
t=1h
HNO;), = 6™ 15 15.6 6.3 6.2 10.2 11.0

[HNOs], = 11.72 M
[AgNOs], = 0.096 M
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4. Conclusion

The optimization of the electrogenerated mediator
oxidation process using a separator requires the
knowledge of ion and water flows though this sepa-
rator. Investigations have concerned a perfloro-
sulfonic membrane in a nitric acid medium containing
silver nitrate. They revealed the following points:

In symmetric HNOj systems:

(1) At the equilibrium state of the membrane sorbed
nitric acid is found in dissociated form below an
external nitric acid concentration of 7M. Above
7™M, the ratio of molecular nitric acid to disso-
ciated nitric acid increases rapidly with the ex-
ternal concentration.

(i) Under electric field ion transport fluxes can be
estimated as long as no molecular nitric acid is
present in the membrane.

The situation is more complicated in a asymmetric
system in nitric acid (4 to 6 M in the anode com-
partment and 12 M in the cathode compartment). Our
studies showed that under these conditions the an-
olyte/membrane/catholyte equilibrium depends to a
considerable extent on the current density, with a
major increase in the silver transport number at low
current densities.

The asymmetric system results in appreciable wa-
ter flow by osmosis; the water diffusion coefficient
determined experimentally was 2.2 x 107%cm? s~
The electroosmotic flow was calculated as equal to
one mole of water per transferred proton. Having
determined these two flows, it will now be possible to
determine changes in concentrations in the anode and
cathode compartments, and thus optimize the elec-
trolyzer operation. Finally, understanding membrane
transport facilitates the design of systems for the re-
moval and recycle of mediator from the catholyte.
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