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Foreword

Organic wastes and activated moderator graphite can be processed by means of combustion, but
the incineration of organic waste poses emission problems. In the case of radioactive wastes, the
offgas from the incinerator have to be filtered to a very high standard ensuring no radioactive
particulate material is released into the environment. In the case of organic wastes, the emission
may contain very toxic materials if the combustion conditions are not carefully controlled. In
case of the moderator graphite, it is essential to trap the carbon dioxide to limit the release of 14C
into the environment. The SCK'CEN faces already the problems related to the treatment of
organic wastes (special waste like resins, oils, etc.) and will face the problem of the treatment of
radioactive graphite in the future since the BR1 reactor is moderated with 492 tons of graphite
consisting of 14 500 blocks for a total volume of 311 m3. The strong oxidising properties of Ag2+

are already used in the chemical and nuclear industry to destroy organic waste. We aim to apply
the process on radioactive graphite, organic resins and effluents. The reaction mechanisms will
be studied, taking into account the thermodynamic and kinetic properties of the different
reactions involved. As a first step, this document gives a literature study of the electrochemical
oxidation using silver (II).

Summary

This document presents a thorough literature study and shows that the oxidative properties of the
Ag++ ion, which can easily be formed in nitric acid by means of electrolysis, make it an ideal
candidate to oxidize organic molecules into carbon dioxide and water on a perfectly well
controlled manner. The process has already been used to destroy explosives and toxic organic
waste in the nuclear and chemical industry. Some chemical, thermodynamic and kinetic aspects
of some of the reactions involved are already known and described, other reaction mechanisms
are still unravelled. On the basis of the information collected so far, the R&D group of the
Radioactive Waste & Cleanup unit has proposed to start a research programme to define, test,
demonstrate and finally apply a safe process for the treatment of radioactive organic
material and graphite by electrochemical oxidation using Ag2+. Available data confirm that
the oxidation of organic material can be carried out safely, leading to the formation of water and
carbon dioxide. The study of the oxidation of organic waste and graphite copes fully with the
waste volume minimization strategy coupled to a scientific approach of the technological
problems prevailing at SCK'CEN.
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INTRODUCTION

Organic wastes and activated moderator graphite can be processed by means of combustion, but
the incineration of organic waste poses emission problems. In the case of radioactive wastes, the
offgas from the incinerator have to be filtered to a very high standard ensuring no radioactive
particulate material is released into the environment. In the case of organic wastes, the emission
may contain very toxic materials if the combustion conditions are not carefully controlled. In
case of the moderator graphite, it is essential to trap the carbon dioxide to limit the release of 14C
into the environment. The SCK'CEN faces already the problems related to the treatment of
organic wastes (special waste like resins, oils, etc.) and will face the problem of the treatment of
radioactive graphite in the future since the BR1 reactor is moderated with 492 tons of graphite
consisting of 14 500 blocks for a total volume of 311 m3.

The oxidative properties of the Ag++ ion, which can easily be formed in nitric acid by means of
electrolysis [1], make it an ideal candidate to oxidize organic molecules [2] into carbon dioxide
and water on a perfectly well controlled manner [1]. The process has already been used to
destroy explosives [3] and toxic organic waste in the nuclear and chemical industry [3], [4], [5],
[6], [7], [8], [9]. The first chapter of this document gives an overview of the use of
electrochemical oxidation in waste treatment methods.

Since we intend to unravel the reaction mechanisms of both the selective electrolytic generation
of Ag2+ and the subsequent reaction with organic molecules, through an analysis of the
thermodynamic and kinetic characteristics of the reactions and incorporate them into an adequate
model, the second chapter gives the state of the art of the chemical, thermodynamic and kinetic
aspects of the reactions involved. The third chapter describes the cells used for the laboratory
scale tests and the integrated systems that exist for the treatment of organic material. The fourth
chapter gives a summary of the analytical aspects of the concentration determination of Ag2+.
On the basis of the information collected so far, the R&D group of the Radioactive Waste &
Cleanup unit has proposed to start a research programme to define, test, demonstrate and
finally apply a safe process for the treatment of radioactive organic material and graphite
by electrochemical oxidation using Ag2+. Available data confirm that the oxidation of organic
material can be carried out safely, leading to the formation of water and carbon dioxide. The
study of the oxidation of organic waste and graphite copes fully with the waste volume
minimization strategy coupled to a scientific approach of the technological problems prevailing
at SCK»CEN.

1 ELECTROCHEMICAL OXIDATION

The safe disposal of organic material is a matter that concerns all sectors of the chemical
industry. Since the public perception of the problem is increasing and regulations on the
discharge of pollutants into the environment are becoming stricter all the time, alternate methods
to incinerations have been investigated. The interest in the electrochemical oxidations of organic
waste is illustrated by the large number of applications described during the last decade. Molton
et al. [10] describe an electrochemical process for the destruction of organic waste, which utilised
a nitric or sulphuric acid electrolyte with a Co, Ni or Mn salt. Steele [3], [4], [5], [6], [7], [8] and
Saulze [11] describes a method using Ag in nitric acid that destroys organic and radioactive
waste.
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1.1 Electrochemical oxidation of solid, refractory PuOj to the soluble PuO3
2+ ion

Interest in electrochemically generated oxidising agents such as Ce(IV) and in particular Ag(II)
had been stimulated by the publication of reports [12] [13] concerning the use of anodically
generated Ce(VI) or Ag(II) in nitric acid in a divided cell to oxidise solid, refractory PuO2 to the
soluble PuO2

2+ ion:

2 Ag' - 2 Ag2' * 2 e (anode)

PuO2 (s) * Ag2' - PuO2 + Ag'

PuO2 + Ag2- - PuO2 * Ag-

PuO, (s) - PuO\' • 2e

The process based on Ag(II) was particularly interesting as the dissolution could be carried out
at room temperature, on account of this ions extremely fast kinetics [8]. Ag(II) is a sufficiently
powerful oxidant to react with water (to form oxygen) but the reaction is slow enough at room
temperature so that good electrochemical efficiency is obtained. As the Ag(II) is regenerated at
the anode, only modest concentrations of Ag are required and there is no overall Ag
consumption.

Bourges et al. [13] studied the oxidative dissolution of plutonium with electrogenerated silver(II),
in a thermostated glass electrolyser with separated anodic and cathodic compartments, on an
analytical scale in order to discover the parameters controlling this dissolution process and to
prove the feasibility of the technique for 300 grams of material. The influence on the rate of
PuO2 dissolution of the following parameters was studied: the mass of plutonium, the current
density, the total concentration of the silver ion, the nitric acid concentration, the temperature and
agitation efficiency. The results demonstrate that:

the limiting step of the dissolution process is the electrogeneration of silver(II);
the dissolution of PuO2 can be achieved with a good current efficiency;
the best temperature range is 30 ± 10 °C;
the optimum [HNO3] is 4 to 6 mol dm"3;
a plutonium (VI) solution up to 500 gl~' can be prepared.

Bray et al. [12] propose a dissolving concept for plutonium oxide using a two-compartment
electrolytical cell with PuO2 in the anode compartment. This process uses a kinetically rapid
redox couple such as Ag2+ + e -> Ag+ or Ce4+ + e" -»• Ce3+, as a catalytic agent in the anode
compartment to rapidly transfer electrons from the PuO2 surface to the anode surface thereby
producing PuO2

2+. The overall cell reactions are:

23 PuO2 * 2 NO} * 8 H- - 3 PuO2
2 • 2 NO • 4 Hfi

PuO2 • 2 NO, • 4 H' + PuO\ * 2 NO2 * 2 H2O
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Their conclusions can be summarized as:

the electrochemical dissolution rate with a silver catalyst is essentially independent of the
surface area of the PuO2, indicating that the rate limiting step in this process is not the
rate of reaction of Ag2+ with the PuO2 surface;

the dissolution rate limiting step is the rate of Ag2+ generation, and the Ag2+ generation
rate is not simply current limited, but rather diffusion limited. The diffusion of the Ag+

ion to the anode surface for re-oxidation to Ag2+ is the rate determining step. Improved
stirring efficiency (ultrasonic stirring) and improved electrode design are two ways of
increasing the rate of diffusion limited electrode processes.

Saulze [11] demonstrated, using a pilot installation, that the recuperation of plutonium from
highly radioactive contaminated ashes (mineral material) and mud (organic material) is feasible
using the electrochemical oxidation with Ag(II). Plutonium and americium were dissolved for
97% in the case of the ashes and for 95% in the case of the mud.

1.2 Electrochemical oxidation of chemical, nuclear or organic waste

Due to the relatively slow kinetics of the reaction of Ag2+ with water, the dissolution of PuO2 can
be carried out without too great a loss of oxidant by that reaction with water. On the other hand,
it is this side reaction with water that provides the key to the use of Ag2+ as a coupling oxidant
in the electrochemical destruction of organic wastes [8]. The reaction of AgNO3

+, the dark brown
complex in which form Ag2+ exists in nitric acid solution, with water proceeds through the
formation of a number of highly reactive intermediates (§ 2.1). Ag2+ also reacts directly with
many organic molecules, again often forming radical species as intermediates [14] (§ 2.3).
Carbon dioxide and carbon monoxide are both formed during the oxidation.

The Ag(II) colour fades rapidly when organic compounds are fed into the system and under
steady state, there is virtually no brown colour visible, indicating that the bulk concentration of
AgNO3

+ is very low. If the temperature was increased towards the range where conventional
wisdom suggests that the reaction of the Ag(II) with water would cause depletion of the oxidant,
even chemically resistant organic substrates were rapidly and efficiently attacked [3].

Once it was discovered that the Ag(II), at temperatures that had previously been assumed to
result in side reaction with water rather than any useful oxidation reaction, could destroy even
unreactive organic species such as kerosene, the real power of the process for the destruction of
organic material was realised [4]. The following products have been shown to be oxidized by
electrochemical oxidation with Ag2+ [3], [4], [7], [8]:

rubber gloves;
polyurethane manipulator gaiters;
epoxy resins;
hydraulic fluid;
lubricating oil;
ion exchange resins of a variety of types:

• styrene / divinylbenzene (Amberlite IR400 anion and IR120 cation resins);
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• phenol / formaldehyde (Duolite ARC93 cation resins);
• acrylic (Duolite C433 anion resins);
• vinyl pyridine / divinylbenzene (Reillex HQP anion resins),

tributylphosphate in kerosene;
aliphatic and aromatic hydrocarbons;
phenols;
organophosphorus compounds;
organosulphur compounds;
chlorinated aliphatic and aromatic hydrocarbons (including polychlorinated biphenyls
(PCBs)).

Table 1 gives a list of the representative substances that have been shown to be oxidized by
electrochemical oxidation with Ag2+ ([3], [7], [8]).

Table 1: representative substances that have been shown to be oxidized by electrochemical
oxidation with Ag>+ ([3] = [*], [7]= [**], [8]= [**]).

Aliphatic

Kerosene

Tributyl phosphate

Dodecane

Octanoic acid

Tri-ethanol-amine

Butanol

Mixed aliphatic amines

2-clorethyl ethyl sulphide

Nitrocellulose

Nitroguanidine

RDX

2-methoxyethanol

dimethylformaide

nitroglycerin

DEMEX

Carbon tetra chloride

Chlorofrom

[*]

[*]

[*]

[*]

[*]

[*]

[*]

[*]

[*]

[*]

[*]

[•]

[*]

[*]

[*]

[••]

[**]

Aromatic

Phenol

Toluene

Xylene

Tritolyl phosphate

Dinitrophenol

Chlorobenzene

Trichlorobenzene

Trinitrotoluene

Nitrosobenzene

Chlorofluorobenzoic acid

p-toluenesulphonic acid

m-nitro-p-toluidine

PCB

Aniline

Cresol

Nitrobenzene

Penta chloro biphenyl

Penta chloro phenol

[*]

[*]

[*]

[*]

[*]

[*]

[*]

[*]

[*]

[*]

[*]

[•]

[***]

[**]

[**]

[**]

[•*]

[•*]
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Chemically, materials like polyethylene, which also contain aliphatic carbon (such as kerosene
which reacts rapidly) should show reactivity towards Ag(II). However, comparative trials with
flaked polyethylene showed almost zero reaction because of the hydrophobic nature of the
material and the restricted surface area available for reaction.

All the products listed above can be oxidized to leave a small inorganic residue and a solution
containing the activity in a form suitable for treatment and eventual immobilisation. The
inorganic residue is typically only a few per cent by weight of the original waste. In one
experiment, 100 g of plutonium-contaminated tissues arising from glovebox operations at
Dounreay yielded only 0.7 g of residue consisting mainly of kaolin [4]. The process efficiency,
as determined by measuring the CO2 and CO produced against theoretical arisings calculated
from the current passing though the cell, is usually very high and under optimum conditions
approaches 100%. A small amount of NOX is nearly always produced in the anolyte, suggestive
of direct involvement of the nitric acid in the oxidation. Analysis of the remaining organic
carbon content after destruction of explosives [3] gave maximum 200 ug/g TOC (Total Organic
Carbon) indicating that essentially all the organic content of the solution had been destroyed.

The relationship between electrochemical efficiency and temperature has been studied for the
case of kerosene, using a small laboratory version of a commercial membrane electrolyser [6].
Figure 1 (after [6]) shows the aggregated results from a number of runs and the strong
dependence on temperature is clearly visible.

Above 80 °C, the efficiency becomes more than 100% and it is at this temperature that NOX

begins to appear above the anolyte. The mechanism and the relative roles of Ag2+, NO3" and
HNO3 in this high efficiency regime have not yet been fully unravelled. Actually, the
electrochemical efficiency achieved has been up to about 95%. Interestingly, the amount of CO2

being produced as derived from the anolyte offgas flowrate and the composition of the offgas
was frequently greater than could be accounted for by the amount of current flowing and the
reaction stoichiometry [8], [15]. Although this situation suggests an electrochemical efficiency
of greater than 100%, a careful material balance has shown that the efficiency is always less than
100%, as expected. Figure 2 shows that there is an analogous relationship between efficiency
and anolyte acidity.
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Figure 1: (after [6]) the electrochemical efficiency is strongly dependent on temperature.

Figure 2: (after [6]) the electrochemical efficiency is strongly dependent on anolyte acidity.
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The considerable reduction in the waste volume is of particular significance in the case of a
contaminated wastes, which are expensive to store otherwise. Electrochemical oxidation could
be applied to low and intermediate level (Jy -contaminated combustible radioactive wastes also,
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but the economics of the process compared to the cost of storage or ultimate disposal would
require assessment. Because the electrochemical oxidation process consumes electric power, it
will nearly always be more expensive in terms of consumables than straight forward incineration
when applied to waste which is itself flammable and does not require the addition of any fuel to
effect complete destruction, such as eg hydrocarbon solvents, oil, non-chlorinated solvents,...
As the waste to be destroyed becomes more toxic and/or less flammable, and usually more
troublesome because of halogen or phosphorus content, or is contaminated with radioactivity,
then the economics of electrochemical oxidation compared to incineration becomes more
favourable. The major cost is related more to the capital cost of the plant rather than the cost of
the electricity.

Summary

As an alternative to incineration, the silver(II) process has the following attractive features [3] -
[8]:

the destruction process operates at a relatively low temperature, thereby greatly reducing
the possibility of any malfunction resulting in the volatilisation and discharge of
unreacted wastes;

the destruction process operates at or below atmospheric pressure, also reducing the
possibility of inadvertent discharges;

the chemistry has an "Off switch and the process can be shut down within seconds as
the power to the cells is being cut off. There is only a small amount of organic matter
present in the system at any time which limits the stored energy available for any
excursions (which are very unlikely due to the dilute reagents and low temperatures
employed);

essentially, the same operation conditions can be used for a variety of waste types. This
removes most of the possible problems associated with the often poor characterization,
documentation and labelling of industrial wastes which could result in an incinerator
being set up for one type of waste and accidentally being fed with something entirely
different, with possibly dire consequences;

there appears to be no volatilisation of the low molecular weight species which are
undoubtedly formed as intermediates during the destruction process. This means that it
should be easy for any plant using the electrochemical destruction process to meet current
and future emission standards;

the process appears to run at a very high electrochemical efficiency.

2 REACTION MECHANISMS AND KINETIC ASPECTS OF THE AG2+CHEMISTRY

Silver in the +2 oxidation state is a very strong oxidizing agent (Eo = 1.98 V) and is only
exceeded in its oxidising power by species like ozone, persulphate and fluorine. At room
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temperature, solutions of Ag2+ are reasonably stable in acid, although they decompose slowly,
with the liberation of oxygen, as water oxidizes. The reaction with water and with organics
proceeds by a number of highly reactive intermediates such as radical species. This chapter
summarizes the known reaction mechanisms and the related kinetics aspects of the reaction of
Ag2+ with water, organics and the anode.

2.1 The Ag2VH,O reaction

At room temperature, solutions of Ag2+ are reasonably stable in acid, although they decompose
slowly, with the liberation of oxygen, as water oxidizes:

4 Ag2' • 2 H2O ~ 4 Ag- • O2 * 4 H'

The kinetics of the Ag27H2O reaction was studied by [16]. They studied the kinetics and
mechanism of the oxidation of water by silver (II) in 2.00 - 6.18 mol dm"3 HNO3 between 298.15
and 308.15 K. Studies at [Ag(II)] > 1 10~4 mol dm"3 show that the reaction is second order in
[Ag(II)] and the observed law is:

- *„ [Ag(II)f
K

At 6.13 - 6.17 mol dm'3 HNO3 and 104 [AgO]0 = 8.33 to 8.50 mol dm"3, kn = 1.78 mol1 dm3 sec1

at 298.15 K. The enthalpy of activation for kH under these conditions is 23.0 ± 0.4 kcal/mole.
The proposed mechanism

2

AgiJII)

AgO

AgilT)

Ag(JI) <

Ag{ir)^

• H2O <-

• H2O -

. H2O2 -

• OJT -

\ A8°'
^ Ag(I)
kt Ag(I)

^Agil)

* Ag{IIT)

+ L £1

• op- *

>H' + O2

is conform to the observed rate law. The notation [Ag(II)] has been used in place of [AgNO3
+]

for simplicity. Studies at [Ag(II)] < 1 10'4 mol dm"3 show that the reaction is a first-order
reaction with the rate law:

( * - * / 4 g c i ) ] ] _

At the same temperature and concentration conditions k,, was reported, k, was (2.38 ± 0.10) 10"4

s1. The enthalpy of activation, AH,*, for k, is 22.3 ± 0.9 kcal/mole. The mechanism proposed
involves free-radical reactions:
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AgNO; * H20 «*£ AgONO3 * 2 H'

AgONO} • H20 •* Ag(I) • OH • OH' • NO3

H' + OH ^' H2O

AgNo; J^ Agii) * NO;

NO; * H20 -*• H- * N03 + OH'

AgNO; * H20 -ti0 Ag{I) * OH- * H

2 OH' -*11 H2O2

; * H2O2 -k" Agtf) * OJT * H- • NO32O2 - Agtf) * Ofi + H + NO3

AgNO; * Op" -k" Ag(I) * 02 + H- * NO,

As shown by the reaction above, at low concentration, the reaction of AgNO3
+ with water

proceeds via a number of highly reactive intermediates including OH and NO3 radicals. It is
likely that another source of NO3 radicals arises from the direct discharge of NO3' ions at the
anode and oxidation of Ag+ by NO3 radicals has been postulated as the primary reaction
occurring during the anodic oxidation of AgNO3 solutions [17] [18] (see § 2.2).

2.2 The anodic oxidation of Ag*

2.2.1 The anodic oxidation of Ag+ in non-aqueous solvents

The nitrate oxidation at platinum electrodes from AgNO3 in acetonitrile solution was studied by
Mishima et al. [17]. Coulometry, steady state polarization curves in unstirred solutions, rotating
disk electrode and chronopotentiometry were employed as electrochemical techniques to analyse
the electrode reaction. During the electrolysis Ag2+ ions were detected. Ag2+ is obtained through
a nitrate catalytic reaction pathway according to

NO; * M - MNO; * e
Ag- - M-NO; - AgNO; • M

in these equations, mol dm"3 is the anode surface. The heterogenous catalytic behaviour of the
electrode reaction was confirmed by chronopotentiometry and rotating disk electrode results.
The diffusion coefficients of the reaction species and the heterogeneous catalytic constant were
calculated. Both techniques give coherent results. Previously proposed mechanisms [19], [20]
involve the oxidation of NO3" to NO2 and N2O5,

2NO3 <- 2NO2 * O2 * e

2NO3 ** N2O5 * - O2 * 2e

were not maintained because no gas evolution was measured.
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2.2.2 The anodic oxidation of Ag+ in HNO3

During anodic oxidation of AgNO3 solutions in non-aqueous solvents, the oxidation of Ag+ by
NO3 has been postulated as the primary reaction [17], [18]:

NO, • M - M-NO; + e

Ag' • MNOj - AgNO; • M

In these equations, mol dm"3 is the anode surface. AgNO3 is freely soluble in HNO3, which
results in a high concentration of Ag+ being available in the electrolyte adjacent to the anode.
This removes much of the restriction on the transport of the electro-active species to the electrode
surface for oxidation and the process can thus be run efficiently at high anode current density
which results in high electrode surface reaction rate. The kinetics of the electrode reaction,
which are very fast in the case of the Ag(I)/Ag(II) conversion, is the only limiting factor. The
exact mechanism(s) of the oxidation process(es) occurring in the anolyte is (are) still being
unravelled. In the absence of any organic feed, the anolyte gets rapidly a very dark brown colour
because of the AgNO3

+ ion. It is not possible to convert all the Ag+ in the anolyte into AgNO3
+

because the reaction with water to form oxygen follows second order kinetics and rapidly equals
the rate of formation [16], [1]. The rate of oxidation of Ag+ at the anode has been found to be
mass transfer limited only [1] and this fact, coupled with the good solubility of AgNO3 in nitric
acid, permits very efficient generation of Ag2+ at high current density.

Fleischmann [1] studied the kinetics of the silver(I)/silver(II) couple in 3 mol dm'3 nitric acid at
a platinum electrode. Silver (II) can be produced in high current yields in a fast electron reaction
although the conversion of silver(I) to silver(II) is limited by the chemical reaction of silver(II)
with water. In the concentration range 10'2 - 1 mol dm'3, the current is first order with respect
to the silver(I) concentration. Above 1 mol dm3, the current shows a tendency to deviate from
this simple first order behaviour, possibly due to a double layer effect or adsorption of silver(I)
on the electrode at these very high concentrations. At high potentials, growth of a solid phase,
probably silver (II) oxide, occurs on the electrode surface. This process is characterised by
oxygen evolution and once initiated, only a minimal quantity of solution free silver(II) is
produced. However, below the potential where initiation of the crystal growth process occurs,
solution free silver (II) is the only silver containing product produced by the electrode reaction
and oxygen evolution, although occurring, is a relative slow and unimportant process. The actual
potential where growth of the surface oxide begins, is dependent on the silver(I) concentration
and of the solution pH. In a solution of 10'2 silver(I) in 3 mol dm"3 nitric acid, it does not start
below + 1.4 V.

Morin [21] studied the electrochemical kinetics of the oxidation of Ag(I) to Ag(II) using a gold
stationary plane electrode by cyclic voltammetry and chronopotentiometry. This work led to the
conclusion that the rate constant of oxidation of Ag(I) in concentrated acid solutions (HNO3 65%
or H3SO4 96%) is greater than 10'3 cm s1. The diffusion constant of Ag(I)ion is found equal to
12.4 10'6 cm2 s"1 in nitric acid. The oxidation rate of Ag(I) is apparently insensitive to the
presence of Ag(II) in the solution.
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2.3 Reaction with organics

The reaction of AgNO3
+, the dark brown complex in which form Ag2+ exists in nitric acid

solution, with water proceeds by a number of highly reactive intermediates (§ 2.1). This reaction
with water provides the key to the use of Ag2+ as a coupling oxidant in the electrochemical
destruction of organic wastes [8], but Ag2+ reacts also directly with many organic molecules,
again often forming radical species as intermediates [14].

2.3.1 Direct oxidation of organic molecules with Ag2+

Mehrotra [14] studied the kinetics and mechanism of the redox reactions involved in the
decarboxylation of aliphatic acids by aquasilver(II) ions in 1 - 4 mol dm'3 HC1O4. The proposed
sequence of reaction mechanisms

Ag1' {aq) ** ' [Ag{OH)]' (aq) • H'

RCOfl (aq) * H' *-*• RCO^ (aq)

RCOfl (aq) • Ag2' (aq) -k Ag(aq) • H' (aq) • RCO2

RCOJI (aq) • [Ag(OH)]' (aq) -*' Ag'(aq) + H20 + i?CO;

i?CO2" - > ' / ? ' + CO2

Ag2' + /? ' -/at' Ag'(aq) * H' * products

is consistent with the observed kinetics. The rate of disappearance of Ag" is expressed by:

- d[Ag(IT)}0 2(k

dt (1 • Kh[H]l)(\ • Kc[H])

The rate limiting reactions are the electron transfer from the carboxylic acids to Ag2+(aq) and
[Ag(OH)]+(aq).

2.3.2 Anodic oxidation of organic molecules using Ag2+ as an electrochemical coupler

Carbon dioxide and carbon monoxide are both formed from the oxidation (the ratio depending
upon the substrate being destroyed) along with inorganic products from any heteroatoms present.
Overall, the anolyte process is the same as if the organic species were being oxidised directly at
the anode (which may happen to some extent anyway) with the Ag(II) acting as a fast
electrochemical 'coupler1. The oxygen atoms in the carbon dioxide and monoxide obviously arise
from water molecules in the anolyte and the overall process becomes, with benzene oxidation
as an example:

12 H2O - 6 CO2 * 30 H- * 30 e

+ 6 H,O - 6 CO * 18 H' * 18 e
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Species like benzene can, of course, be oxidised directly at an anode but the process is diffusion
limited in an aqueous medium and can only run efficiently at a very low current density. When
Ag(II) is used as a coupling oxidant, however, current densities higher than many industrial
electrochemical processes can be used. Ag(II) oxidation of saturated hydrocarbons (kerosene)
has been done efficiently (80-90%) at an anode current density of 1 A cm"2, but typically, the
current density is held at 0.5 A cm'2 to remain below the limiting current density of the Nafion
membrane (0.6 A cm'2). The reaction of Ag(II) with water involves a number of radical
intermediates such as OH' and NO3' (§ 2.1). It is the involvement of radicals that gives the
process its wide scope for organic destruction. Laboratory studies that use model substrates have
shown that when toluene (methyl benzene C6H5CH3), for example, is being destroyed, coupling
products such as C6H5CH2 C6H4CH3 and C6H5(CH2)2 C6H5 are present in the organic phase
within the anolyte. These products almost certainly arise from benzyl radicals (formed by H
abstraction by OH' or NO3' from toluene) attacking the toluene substrate. The reaction can be
described by

4 Ag2- • 2

Organics + [0]' -

Ag2-
[oy
co2

* e
- 4 A
* CO

g- * 4 h
* HO *

T'.O2

inorganic products

where [O]' is a representation for all the radicals involved (OH", NO3", O2H'). OH' and NO3*
radicals in particular are very reactive and tend to attack a wide variety of organic molecules in
an indiscriminate fashion.

A small amount of NOX is nearly always produced in the anolyte, suggesting the direct
involvement of the nitric acid in the oxidation. Any nitric acid reduction products from direct
reactions are re-oxidised in the highly oxidising anolyte environment and little consumption of
acid occurs other than by a slight loss of NOX.

When chlorinated material is destroyed, some AgCl, which has low solubility in nitric acid, is
inevitably produced in the anolyte. However, all of the chlorine does not end up as AgCl because
chlorine is evolved from the anolyte, from oxidation of chloride by one of the oxidising species
present or at the anode. The presence of AgCl in the anolyte is not detrimental as commercial
membranes can tolerate a considerable burden in the electrolyte. The formation of AgCl reduces
the anolyte Ag concentration considerably but also has the beneficial effect of acting as a
chloride buffer. Solutions of nitric acid with high concentrations of chloride are extremely
corrosive to many plant constructional materials. It is possible to operate the process for the
destruction of chlorinated species without significant precipitation of AgCl but usually at the
expense of efficiency [6].

Organic S and P are oxidised to sulphate and phosphate respectively. These anions do not appear
to interfere with the oxidation process but if the phosphate and the sulphate were allowed to
increase unchecked, the anolyte would become more and more corrosive to the plant. The
presence of sulphate may be beneficial up to a point because oxidation to persulphate, itself a
strong oxidising agent, may occur at the anode, and persulphate oxidation reactions are catalysed
byAg(I)[22],[7].
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Metals in the waste stream may arise in a number of forms (oxides, salts, complexes,
organometallics, etc.) but the combination of hot nitric acid and strongly oxidizing conditions
results mostly in dissolution in the anolyte and oxidation to the highest oxidation state stable in
aqueous solution. The presence of metal ions in the anolyte has not been found to be detrimental
and may again be beneficial in some cases when the metal in a high oxidation state is an
oxidising agent (eg Mn, Cr, etc.). The presence of metals and heteroatoms in the waste will
necessitate a purge of electrolyte to prevent excessive levels building up in the system. This
purge can be worked up to recover any metals of value or of environmental significance and
would also incorporate an Ag recovery step [7].

The catholyte is of similar composition to the anolyte but typically has higher Ag concentrations
[7]. This is because Ag+ ions, as well as hydronium ions, also migrate across the membrane until
the back diffusion arising from the concentration gradient balances the transport arising from the
electrical field. The main cathode reaction is the reduction of nitric acid to nitrous acid:

NO3 • 3 #* • 2 e" - HNO2 • H2O

Further reduction to NOX occurs as the nitrous acid concentration builds up. No deposition of Ag
on the cathode occurs unless the catholyte acidity is allowed to fall below ca 4 mol dm'3 and
hydrogen production has not been observed.

3 CELLS

3.1 Cells used for the oxidation of PuO2 by Ag2+

Bourges et al. [13] used a 6 1 capacity thermostated glass electrolyser that consists of separated
anodic and cathodic compartments (Figure 3.). The anodic compartment was equipped with a
cylindrical platinum grid electrode with an area of 1 000 cm2 and a tantalum propeller. The
cathodic compartment of 0.2 1 capacity consisting of an aluminium silicate diaphragm with a
tantalum rod cathode. Quantitative dissolution of 300 g of PuO2 in 4 mol dm"3 HNO3 was
performed in 2 hours at an applied current of 60 A. Bray et al. [12] propose a dissolving concept
for plutonium oxide using a two-compartment electrolytical cell with PuO2 in the anode
compartment (figure 4).
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Figure 3: 61 capacity thermostated glass electrolyser used by [13] for the oxidation ofPuO2 by
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Figure 4: two compartments electrolytical cell with PuO2 in the anode compartment [12] for
the oxidation ofPuO2
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3.2 Cells used for the oxidation of organic material with Ag2+

The oxidation of organics is carried out in a divided cell to prevent the products of reduction of
HNO3 at the cathode reacting with the oxidising species generated at the anode.

The anode of the electrochemical cell must consist of a material that has a high overvoltage1 for
oxygen evolution because of the high potential required to form Ag(II). Early development work
[7] was done using bulk Pt anodes, but more recently, Pt-coated titanium has been used. The loss
of Pt coating in corrosion has proved to be small over a timescale of thousands of hours. The
overpotential behaviour of platinum with respect to the formation of AgNO3

+ is very favourable
with the anode potential only being polarised to + 2.1 V versus a standard hydrogen electrode
(SHE) at a current density of 0.5 A cm'2 (4 mol dm3 HNO3 / 1 mol dm3 AgNO3 anolyte at 50
°C). The electrode kinetics for the formation of AgNO3

+ on platinum is very fast, resulting in
low activation polarisation (ca 120 mV at 5 kA m"2).

The choice of cathode material is much less restrictive. Nitric acid is reduced at the cathode and
platinum showed the lowest overpotential for this reaction in laboratory scale trials but may be
too costly in a full scale cell, even as an electrode coating. At a penalty of ± 150 mV in the cell
voltage, both stainless steel and titanium perform satisfactorily. Titanium as a cathode material
is particularly attractive in a bipolar cell configuration.

The cell must be divided to prevent the mixing of the very highly oxidizing anolyte with the
reduced species formed at the cathode. A sulphonated fluoropolymer cation exchange
membrane, typically Du Pont Nafion 324, has excellent chemical resistance in high oxidising,
strongly acid environment. The ion exchange properties of the membrane are not essential for
the process to operate and cells have been run with porous glass and ceramic separators. The
membrane is permeable to the ions that carry the current trough the cell, but prevent gross mixing
of the contents of the compartments. This is necessary because the reduced species formed at
the cathode would otherwise react with the Ag2+ formed at the anode.

The cell used for laboratory trial for the destruction of explosives [3], had a flanged 'H'
configuration (figure 5), with the anolyte and catholyte compartments separated by a Nafion 324
ion-exchange membrane. The anode was made out of a Pt foil, with an area of 10 cm2, while
the cathode was a strip of stainless steel. The cell current was held at 3 amps using a regulated
power supply. The anolyte was vigorously stirred to enhance mass transfer of Ag to the anode
and to disperse the organic material. The anolyte was preheated to the operating temperature (80
- 85 °C) and current was passed for a few minutes to generate Ag(II). Five grams samples of
substrate were added.

'the difference between the electrode potential at which a reaction starts to occur and the value at which
from Nernst equation calculations, it should occur
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Figure 5: the cell with the flanged fH' configuration used by [3] for laboratory trial for the
destruction of explosives.
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3.3 Integrated systems

Figure 6 shows a simplified block diagram of the process as currently developed by [3] a pilot
scale rig at Dounreay. The process is supposed to be running continuously, with a constant feed
of organics for the destruction to the anolyte and constant regeneration of the acid destroyed at
the cathode. Batch operation is in no way ruled out, however.

Figure 6: simplified block diagram of the process as currently developed by [3] a pilot scale rig
at Dounreay.
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4 THE ANALYTICAL MEASUREMENT OF AG2+

4.1 Spectrophotometry

4.1.1 General

Different authors describe the spectrophotometric determination of Ag2+ [16] [23], [24]. The
absorption spectrum of Ag(II) in HNO3 has a single absorption peak at 390 -395 run and an
extinction coefficient of 2 500 - 2 900 mol1 dm3 cm'1. The different experimental conditions
given in the literature are summarised in table 1. These authors also found that the Lambert-Beer
law is followed and that the extinction coefficients are thus the same for low and high Ag(I)
concentrations. Figure 7 gives an example of an absorption spectrum of Ag(II) in HNO3[24].

Table I: wavelength and extinction coefficient for Ag (II) in HNO3.

Wavelength
(nm)

390

394

394

Extinction Coefficient

(MW1)
2 860 ± 50

2 530 ±50

3 400

Solution

6.17 mol dm3 HNO3

6.18 and 4.66 mol dm"3 HNO3

8.82 mol dm'3 HNO3

Reference

[16]

[23]

[23]

Figure 1: the absorption spectrum ofAg(II) in
HNO3: A=6.0 mol dm3; B = 3.0 mol dm'3; C=
1.5 mol dm3 at 25 °C. [24].
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4.1.2 The experimental determination of the extinction coefficient of Ag(II)

The extinction coefficient of silver (II) can be calculated if the concentration of silver (H)-nitrate
in the solution can be determined [16]. This may be done by measuring the oxidizing power of
this species with a justifiable assumption that the [Ag(III)] in solution is extremely small
compared to [Ag (II)]. This assumption was justified by Po et al. [16]. The optical density of
a cold silver (II) solution can be measured and the concentration of silver(H) can be determined
by reaction with standard cerium (III) solution. Potentiometric titration of the resulting cerium
(IV) with standard iron(II) sulphate solution (FeSO4) leads to the silver (II) concentration:

Ag2' * Ce3• - Ag- • Ce*'
Ce*' • Fe2' - Ce3> • F e 3 '

The produced cerium (IV) can also be measured by direct spectrophotometry at 375, 400, 425
and 450 nm [24]. For these spectrophotometric measurements, it is advised to measure the
produced cerium (IV) relative to an amount of cobalt (III) - nitrate under identical conditions
because the spectrum of cerium (IV) is very dependent upon the anions present.

4.2 Titration

Several possible titrations for the determination of Ag(II) in HN03 are described in the literature
[16], [23], [24], [25], [26], [27], [28].

4.2.1 Direct titrations

Direct titration of Ag(II) in 2 N HNO3 using the disappearance of the brown-black colour as end-
point, was found to be possible with a great number of reagents. In the absence of other strong
oxidizing agent like ozone, such titrations are quantitative for H2C2O4, H2O2 and VO2+ [25].

4.2.2 Backtitrations

4.2.2.1 Tl - KBrO3 - methyl orange

Noyes and Kossiakoff [27] describe the determination of Ag(II) by backtitration of an excess of
standard T1(I) nitrate with KBrO3 and with methyl orange as indicator. A known amount of the
AgNO3

+ solution is pipetted into a standard thallium nitrate solution that immediately reduces
the Ag(II):

2 Ag2- . 7 7 - 2 Ag- • TP'

Proper amounts of concentrated HC1 and NaCl are added to the solution to obtain about 1 N
HC1, the solution is heated to 50 - 60 °C, and the excess of T1(I) is titrated with a standard
potassium bromate solution using methyl orange as an indicator:

3 TV + BrO3 • 6 H' - 3 773' • Br . 3 H2O
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Since the volume (V) and the concentration in mol 1"'(C) of T1(I) and BrO3~ are known, the
concentration of Ag+ can be calculated using:

v • Cv - 3 V*« • C** )

4.2.2.2 Arsenious acid

Noyes et al. [25] use arsenious acid for the determination of Ag(II). A known amount of AgNO3
+

solution is added to an excess of arsenious acid,

2 Ag2' * HAsO2 • 2 H2O - 2 Ag' * HAsO] • 4 H'

subsequently, the silver is precipitated as AgCl, the solution is neutralised with NaOH, and
slightly acidified with H2SO4 and bicarbonate. The excess of arsenious acid was than titrated
with iodine using a starch solution as indicator:

HAsO2 • I2 * 2H2O - HAsOl * 4 H' • 2/

* I2 * H2O - HAsOl * 4 H' * 2 /

During the titration the pH has to be between 5 and 11 [30]. A solution of 0.25 N arsenious acid
is not appreciably oxidised in one hour by 5 N HNO3 at room temperature but almost completely
oxidised by 7.5 N HNO3 at room temperature within that time. The presence of NO2 in HNO3

causes an oxidation of the arsenious acid at an appreciable rate for acid concentrations less than
5N.

Since the volume (V) and the concentration in mol I"1 (C) of HAsO2 and I2 are known, the
concentration of Ag2+ can be calculated using:

4.2.2.3 Ferro us sulphate

Noyes et al. [25] use Fe(II) sulphate for the determination of Ag(II). Samples of AgNO3
+ solution

were added with stirring to an excess of slightly acid ammonium free ferrous sulphate solution:

Ag2' * Fe2' - Ag' * Fe3>

The excess of Fe(II) sulphate is titrated with standard potassium permanganate within two
minutes:

5 Fe2' * 8 H' * MnO; - 5 Fe3 ' + Mn2' • 4H2O
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Since the volume (V) and the concentration in mol I'1 (C) of Fe2+ and MnO4" are known, the
concentration of Ag2+ can be calculated using:

VAg2- • CAg1- = VFe1' • CFt1' - 5 VMnO '

4.2.2.4 Potentiometric titration with Ce

Po et al. [16] determined the concentration of Ag(II)-nitrate by measuring the reaction with a
standard cerium (III) solution

Ag2- • Ce3- - Ag' • Ce*-

by potentiometric titration of the resulting cerium (IV) with a standard Fe(II)SO4 solution.

Since the volume (V) and the concentration in mol I1 (C) of Fe2+ and Ce4+ are known, the
concentration of Ag2+ can be calculated using:

V • c v • vcs • cc^ - vFe,. cFe,

5 FURTHER RESEARCH

We aim to apply this process to treat organic resins and effluents as well as the moderator
graphite. In the case of graphite, no hydrogen is present in the raw material. Hence, the amount
of residual effluents would even be less than in the case of organic materials. The work involves
experimental investigations to assess the performances at laboratory scale and eventually at pilot
scale if the preliminary results are successful. The reaction mechanisms related to both the
selective electrolytic generation of Ag2+ and the subsequent reaction with organic effluents
(mainly methanol and oils though we may want to apply the process to any practical case), with
resins and with graphite will be studied in detail. An analysis of the thermodynamic and kinetic
characteristics of the reactions will be carried out and incorporated into an adequate model. All
efforts will be made to limit the production of NOX which will be trapped anyway in a gas
purification unit. Next, the gas-liquid reactions between CO2 and adequate alkaline solutions will
be studied to solve the question of 14C. The work will be carried out in the group R&D, in the
framework of the research devoted to waste volume minimization and in close connection with
the R&D related to the minimization of organic waste volumes.

6 CONCLUSION

This document presents a thorough literature study, and shows that the oxidative properties of
the Ag2+ ion, which can easily be formed in nitric acid by means of electrolysis, make it an ideal
candidate to oxidize organic molecules into carbon dioxide and water on a perfectly well
controlled manner. The process has already been used to destroy explosives and toxic organic
waste in the nuclear and chemical industry. Some chemical, thermodynamic and kinetic aspects
of some of the reactions involved are already known and described, other reaction mechanisms
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are still unravelled. On the basis of the information collected so far, the R&D group of the
Radioactive Waste & Cleanup unit has proposed to start a research programme to define, test,
demonstrate and finally apply a safe process for the treatment of radioactive organic
material and graphite by electrochemical oxidation using Ag2+. Available data confirm that
the oxidation of organic material can be carried out safely, leading to the formation of water and
carbon dioxide. The study of the oxidation of organic waste and graphite copes fully with the
waste volume minimization strategy coupled to a scientific approach of the technological
problems prevailing at SCK'CEN. The process promises to allow the controlled oxidation of
wastes avoiding the drawbacks associated with combustion techniques. A large proportion of
SCK*CEN's waste contains organic material. Most of this waste is classified as special waste
by ONDRAF-NIRAS which means that their associated treatment costs are high or even
unknown. In many cases, the treatment of this kind of waste is still undefined. The use of the
silver process would allow to mineralize such waste and the final product could often be
categorized as standard waste. This will undoubtedly lead to the desired volume minimization
and should in turn give rise to serious cost reduction. We emphasize the need to continue the
R&D project up to the point where we will be able to specify a full versatile installation. When
this point has been reached, the BR3 team could incorporate and valorize the process into the
decontamination workshop.
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