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CHAPTER I

Introduction

1.1 ELECTROCATALYSIS

The catalytic action of electrode materials on electrochemical reactions was already known at the beginning
of this century. It was found for instance that, depending on the type of electrode material (e.g. Pb, Cu), a
selectivity shift for the nitric acid reduction towards
1
hydroxylamine or ammonia could be achieved • The term

eZeotroaataZysis was coined by Kobosev, et. az.

2

in 1936,

to describe the influence of organic compounds on the rate of an electrochemical reaction. Due to the adsorption
of the organic molecules on the electrode surface, the
charge transfer reaction was hindered. In this case, however, it is not a catalytic action of the electrode material as such that determines the reaction rate, but a modification of the electrode surface due to the adsorption
3
of organic molecules. In 1963, Grubb used the concept of
electrocatalysis for the second time, and now in a right
sense, to describe the influence of an electric current
on the selectivity of the anodic oxidation of propane at
a platinum electrode in a fuel cell. In this case the catalytic cracking of propane to methane could be suppressed
if a current passed through the cell. Since that time, the
term electrocatalysis has been used more and more to describe both the catalytic and the electrochemical aspects
of a reaction.
Some of the most important types of electrocatalysis
are shown in Fig. 1.1.1. A distinction is made between
the electrochemical aspects of catalysis and the catalytic
aspects of electrochemistry. The latter can be divided in
effects of homogeneous and of heterogeneous character.

1

ELECTROCATALYSIS

CATALYTIC ELECTROCHEMISTRY

~

HOMOGENEOUS

Fig u re 1.1.1

HETEROGENEOUS

ELECTROCHEMICAL CATALYSIS

~

POTENTIAL CONTROL

POTENTIAL FIELD
CONTROL

Processes in electrocatalysis.

As an example of homogeneous catalytic electrochemistry
we mention the so-called "catalytic wave" in polarography
A
A
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( l.l)
(l. 2)

In this case the substrate A serves as a catalyst for the
reduction of compound B+. For instance, the reduction of
2
H o by means of electrochemically generated Fe +.
2 2
Heterogeneous catalytic aspects in electrochemistry are
of even greater importance and comprise all the catalytic
effects of electrode materials as such. As an example, the
differences in standard exchange current density (the electrochemical equivalent of the rate constant) for the hydrogen evolution reaction at different electrode materials
(Table 1.1) may be mentioned. Not only reactivity aspects
but also selectivity aspects belong to this category,
In the field of catalysis, electrocatalysis becomes manifest if the potential of the catalyst (potential control)
is

varied 5 ~ also the activity of a catalyst can be influen-

6 7
ced by an externally applied electric field '
Of these four mentioned different types of electrocatalysis, the most important are the heterogeneous catalytic
electrochemistry and the potential controlled catalysis.
These are the most promising types of electrocatalysis
to increase the rate and/or the selectivity of a reaction.

2

- log i~ values f or the hydr ogen evo -

TABLE 1.1

lution reaction
Metal

II

-

1 og

'0
~o

-

Metal

log

Pt

3.0

Cu

7.8

Re

3.0

Sn

7.8

Pd

3.1

Ag

7.9

Rh

3.5

Al

8.0

Ir

3.6

Ti

8.3

Os

4.1

Ga

8.4

Ru

4.2

Nb

8.4

Sb

5.1

Ta

8.5

Ni

5.25

In

9.5

Co

5.3

n

Fe

5.6

Zn

10.5

,0

~

0

9. 6

w

6.4

Mn

10.9

Au

6.5

Pb

11.4

Cr

7.0

Cd

11.6

Mo

7.3

Hg

12.3

Bi

7.8

1.2 ELECTROCATALYTIC ACTIVITY AND PROPERTIES OF ELECTRODE
MATERIALS
A study has been carried out by Trasatti

8

to find a

correlation between the work function of a metal (energy
necessary for the emission of electrons) and the standard
exchange current density, i

0
0

(the electrochemical reaction

rate), for the hydrogen evolution reaction. By critically
examining the published values of i~, he was able to find
a linear relationship b e tween the two quantities. However,
Kuhn e t. al .
i

0
0

9 , also found linear relationships b e tween the

values and other physical quantities like the heat of

sublimation and of melting.

Because the mentioned physical

quantities all show a same type of relationship with the
atomic number of the me t al, it is likely that the e lectro-

3

catalytic activity is also closely connected to the atomic
number.
The catalytic activity of an electrode material depends
10 12
on its surface structure . So, it is found that a pretreatment (etching, heating, platinizing) of a platinum
electrode alters the hydrogen adsorption properties of the
11 13
.
electrode '
. Th1s change in adsorption properties can
change the reaction rate of the reaction investigated if
the adsorption step is rate determining. For instance, the
rate of hydrogenation reactions and of the hydrogen evolution reaction may depend on the rate of the hydrogen adsorption and desorption. Therefore, a good catalyst for this
type of processes adsorbs just enough hydrogen to complete a monolayer coverage. A very strong adsorption of hydrogen leads to a multiple layer coverage and a very weak
adsorption to an incomplete monolayer coverage.
Etching of the surface of a platinum electrode also
changes the adsorption properties of the hydroxyl radical
11
(OH•)
. This adsorption reaction is one of the reaction
steps in the oxidation of methanol. However, it was found
that the pretreatment of the platinum electrode did not
influence the reaction ra te of the metha nol oxidation.
Therefore, it could be concluded that the adsorption of
OH" at the electrode surface was not the rate determining
step in the methanol oxidation reaction. Thus the study of
the influence of electrode surface properties on the various reaction steps can hel p to reveal the mechanism of
a reaction.

1.3 THE REA CTI VIT Y AND SELE CTIVIT Y AS A FUNCTION OF THE
CATALYST POTENTIAL
Information on the electrochemical aspects of catalytic reactions can be obtained by measuring the catalyst
potential and by correlating this value with the reaction
rate. Sokolskii 14 has done this t ype of experiments for

4

hydrogenation reactions of organic compounds with double
and triple bonds, like 3-butyn-1-ol:

+
+

( 1. 3)

HO-CH -CH -CH=CH -•
2
2
2

H C-~H

3

OH

-CH -cH
2
3

(1.4)

The potential of the catalyst became 50 - 100 mV more positive when the hydrogenation of the triple bond was completed and the hydrogenation Qf the double bond started.
At the same time, the hydrogenation rate increased by 50 15
100% of the original value
. Thus a change in reaction
rate can influence the potential of the catalyst, and vice versa.
A similar observation has been reported for the oxida5
tion of propene , where also changes in selectivity of the
reaction were found. So, the selectivity of the reaction
towards acrylic acid could be suppressed by a positive
shift of the catalyst potential of 0.3V whereby mainly
malonic acid was formed. The potential shift was accomplished by changing the ratio of the partial pressures of
propene and oxygen.
The potential of the catalyst seems therefore no t only
a quantity which can give information of the reactivity
of the reaction, but reversely, if control of this potential should be possible, it may afford a means to improve
the reactivity and/or selectivity of a catalytic reaction.
Therefore, t he aim of our study was to explore these possibilities by controlling the catalyst potential.
As a model reaction, we chose the catalytic hydrogenation of nitric acid because:
• It is a r eaction which can be carried out at room t empera t ure and in a liquid state (ess e ntial t o per f orm el e ctrochemistry.
The catalyst (platinum on an active carbon support) is
electron conducting.

5

Electrochemically and catalytically, much is known of
this type of reaction.
The products, hydroxylamine (wanted) and ammonia (unwanted), afford a selectivity aspect.
Knowledge about the methods to control the catalyst potential is very limited. Therefore, the main aim of this
study is to define methods to perform this pote n tial control and to determine the factors that make it possible.
In the second chapter of this thesis, pertinent aspects
of the electrochemical reduction of nitri c acid at different electrode materials are studied. Both the mechanism
and the influence of the electrode material on this reduction will be discussed. This chapter gives some fundamental mechanistic and electrocatalytic indications to understand the reactions taking place during the catalytic hydrogenation reaction with controlled potential.
In the third chapter the mass and charge transfer processes are evaluated theoretically to determine the methods to influence and to control the catalyst potential.
Furthermore, the practical aspects of potential control
will be discussed.
The fourth chapter deals with the catalytic hydrogenation of nitric acid at controlled potential. The different
methods to vary the catalyst potential are compared. In
this chapter, the factors that influence the catalyst potential are studied and the question is answered which type of potential control is feasable for this reaction.
The fifth chapter describes how the potential of a catalyst can be measured. The factors that make it possible
to measure correctly the catalyst potential are deduced
theoretically; practical consequences are discussed, As a
result, a choice is made f or the best electrode material
to measur e the catalyst pote ntial. Furthe r, the theoretical considerations are tested experimentally.
In the last chapter a final discussion is given on the
results of the foregoing chapters. Also, an attempt is made to systematize electrocatalytic r e actions and to indi-

6

cate the conditions to be fulfilled for electrocatalytic
processing with controlled potential.
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CHAPTER 2

The Electrochemical Reduction of Nitrocompounds

2.1 INTRODUCTION
The mechanism of the electrochemical reduction of
nitrogen compounds - especially of nitro compounds 1
has been investigated over more than hundred years •
The first investigations dealt with the inorganic nitrogen compounds like nitric and nitrous acid. In 1923
1
Foerster published already a survey of the products
formed in the electrochemical reduction of nitric acid
at electrodes of different materials. The investigation
of the reduction mechanism of organic nitrogen compounds
2 3
has been promoted greatly by polarography • • So it becarne possible to study the reduction process in more detail and to determine the nature of the intermediates of
4 5
the electrochemical reduction process ' . The voltarnrnetric technique using rotating electrodes (disc and ringdisc electrodes made it possible to study the reduction
process at electrodes of other materials than mercury.
In this chapter the possible electrochemical reduction reactions of nitric acid and its reduction products
will be studied. Special attention will be paid to the
reduction potentials of the substrate, intermediates and
products because of their influence on the catalytic hydrogenation process of nitric acid. Also the influence
of the electrode material on the type of products formed
will be discussed. For comparison the electrochemical behaviour of some aliphatic ni t ·rocompounds are studied as
well.

8

2.2 EXPERIMENTAL
2.2.1 INSTRUMENTATION
The experiments were carried out in a glass cell with
a cathode compartment (150 ml) , separated from the anode
compartment by means of a glass frit. The cell was thero
mostatted at 25 C. The reference electrode, a Hg;Hg so ;
2 4
sat. K so 4 -half cell (+ 0.70 V vs. SHE), was brought ho2
rizontally into the cathode compartment by means of a
Luggin capillary.
The disc and ring-disc electrodes used were mounted in
a stainless steel electrode holder, shaped to fit exactly
in a NS 29/32 standard ground joint. In the ring-disc
electrode the disc and ring were separated by Kel-F as
insulating material and embedded in a cylindrical jacket
of the same material. The whole electrode system was held
in place by a stainless steel mantle (see Fig. 2.2.1).
Disc electrodes were used as such or ring-disc electrodes
with the ring electrode electrically disconnected. The
electric contact with the electrode was made by means of
a brush consisting of six gold threads, pressed against
a rhodium plated ferrule mounted on the shaft of the electrode holder in direct contact with the electrodes. The
counter electrode was a platinum wire, area about 6.3 cm

2

I-E and I-w relations were obtained with a Tacussel
bipotentiostat, type BI-PAD, in combination with a Wenking linear voltage scangenerator, type VSG 72; the curves were recorded with a Hewlett Packard X(t)-Y-Y'-recorder, type 7046, and the electrode potentials were measured with Philips DC-microvoltmeters, PM 2435. The rotation speed of the electrode could be varied between 100
and 5000 rpm and was kept constant at a desired value by
means of a tachogenerator, type Motomatic (see Fig. 2.2.2).
The base electrolyte was a 7.5 M sulphuric acid solution, for reasons mentioned later on, unless stated otherwise. For dilution distilled water was used throughout.
It was made oxygen-free by bubbling nitrogen through it

9

PLATINUM

Figure 2.2.1

Side- and bottom-view of the
ring-disc etectrode. The values
for r , r
and r
are 4.0525 mm,
2
1
3
4.1875 mmJ 4.3350 mmJ respectively.

0[, DISC ELECTRODE
RE ' RING ELEtTRODE
([,COUNTER ELECTRODE
Rr[, REF'ERENCE ELEtTROOE

Figure 2.2.2
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Scheme of the instrumentation.

for 30 minutes. The nitrogen was made oxygen-free by passing it over a copper catalyst (BASF R3-ll). The nitrous
acid was introduced into the solution as potassium nitrite
3
to a concentration of 5.10- M just before starting the
experiments, by injecting a small and known amount of
oxygen-free, concentrated potassium nitrite solution into
the base electrolyte. All the potentials mentioned are
referred to the standard hydrogen electrode (SHE), unless
stated otherwise.
2. 2. 2 PROCEDURES

The investigations as described in this chapter have
been carried out using the voltammetric technique with
(rotating) disc and rotating ring-disc electrodes. This
method consists of varying the electrode potential linearly in time between two fixed potentials, and recording the current response of the electrochemical system.
Al

E

B> E

· Cl

Figure 2.2.3
Potential-time relationship as
~pplied on the electrode system.
A) linear scan; Bf cyclic scan;
Cf multiple cyclic scan.

E

Examples of used potential-time relationships are given
in Fig. 2.2.3. The time scale for this method can be va-
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ried over an extremely wide range if a stationary disc
electrode is used, so that both relatively slow and fairly rapid reactions can be studied 6 . Moreover the use of
the cyclic potential scan makes it possible to investigate the products of the electrode reaction and to detect
electroactive intermediates.
The investigation of electroactive intermediates can
7
also be accomplished by using a ring-disc electrode .
The products formed at the disc electrode are swept outwards, due to the rotation of the electrode, and can be
detected at the ring electrode.
Due to the relaxation time necessary to establish a
steady-state situation at the surface of the electrode,
the time scale for this method can only be varied within
a limited range. A characteristic feature of this technique is, that if the potentials of disc and ring are
chosen so that products formed at the disc electrode are
reversibly converted to the original substrate at the
ring electrode, the ring current divided by the disc
current gives a constant, called the collection efficiency, N

0

,

dependent only on the electrode geometry and not

on the speed of rotation. Because experime ntally measured currents can be compared with theoretically calculated currents, information can so be obtained about the
reversibility of the electrode reactions and the stability of intermediates formed (possible chemical reactions of such an intermediate) .

2.3 THE ELE CTROCHEMI CAL REDUCTION OF NITRIC AND
NITROUS ACID
2 . 3.1 INTRODUCTION
The electrochemical reduction o f nitric acid takes
place with high overpotentials. However, in the presence of nitrous acid the reduction takes place very smoothly, as was reported already by Abel & Schmid 8 in 1928.
This is due to an autocatalytic reaction of nitric acid

12

with nitrogen oxide, formed by the reduction of nitrous
acid (see Fig. 2.3.1}. This reaction has been studied

ELECTROLYTIC:
AUTOCATALYTIC:

NO++ e-~ NO
H+ +NO) + HN02 2N0 2 + 2NO -

2N02 + H20
2N203

2N 203 + 2H 20 -4HN02

Figure 2.3.1

Mechanism of the autocatalytic
reduction of nitric acid.

.

extens~vely

9-11

the rate-determining reaction step is

the dissociation of nitrous acid:
( 2. 1}

This reaction step can be accelerated by adding chloride-ions, whereby nitrosonium chloride (NOCl} is formed,
shifting the dissociation equilibrium to the right 12
A study of the reduction of nitric acid at 33 electrodes
13
of different materials revealed , that there was aperiodic dependence of the half wave potentials on the atomic number of the electrode material. A volcano-type correlation could be found between the M-H or M-0 interaction energy and the nitric acid reduction rate at these
14
metals
• It was found that the affinity of a metal in
the electrochemical process of reducing nitric acid
agreed with the exchange current density for the hydrogen evolution on the metal. So, in the absence of nitrous
acid, the rate-determining step is the hydrogenation of
nitric acid:

M

M

(2. 2)

( 2. 3)

13

Due to this (rate-determining} step the reduction of nitric acid proceeds very slowly and a study of the mechanism is hardly possible. Therefore, the reduction of nitric acid has been studied in the presence of nitrous
acid. Because the autocatalytic reduction of nitric acid
has been studied already extensively, we investigated the
further reduction of nitrous acid to hydroxylamine. This
part of the

reduct~on

been studied in detail

mechanism of nitric acid has not
15 16
'
. Also the influence of the

electrode material on the mechanism is studied.

2.3.2 THE MECHANISM OF THE ELECTROCHEMICAL REDUCTION OF
NITROUS ACID
In strong acidic media nitrous acid is completely dissociated into water and the electroactive nitrosonium
ion, NO+ (see Eq. 2.1). So, when is spoken of the reduction of nitrous acid the electroactive species is NO + ,
9
reduced according to :
NO+ + e- ~

NO

(2 .4)

The reduction of nitrous acid at a platinum electrode
(rotating ring-disc electrode) is found to occur in three
steps (see Fig. 2.3.2, curve A). These steps correspond
to the reduction of nitrous acid to nitrogen oxide (Eq.
2.4), of nitrogen oxide to dinitrogen oxide (Eq. 2.5) and
of the further reduction of dinitrogen oxide to hydroxylamine9 (Eq. 2.6):
2NO + 2H+ + 2e

-

-

(2 .5)

(2. 6)

The current response of the platinum ring electrode
to the reduction process at the disc electrode with the
ring electrode potential fixed at+ 1.05 Vis shown in
Fig. 2.3.2, curve B. From this curve it is possible to

14

determine the experimental collection efficiency, N , of
0

the ring-disc electrode for the three plateaus in curve
A of Fig. 2.3.2 - respectively 0.140, 0.0 and 0.0 - and
to compare these N -values with the collection efficien0

cy calculated from the electrode geometry, viz. 0.136.

r 0 ,rnA
-1.0

'·

-.9

\

\

-.8
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·'·-...-..
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Figure 2.3.2 Current-potential curve for a potential scan with a Pt disc electrode of 5 mM KN0

2
in ?.5 M H so ; curve A (--); w
2000 rpm,
2 4
v
10 mV/s. The current response of the Pt ring

=

=

electrode is recorded for the following constant
potentials of the ring electrode:

curve B

(,,,)~

ER

curve C (---). ER
curve D (-.-).

=+
=+

1.05 V;
0.82 V;

ER = + 0.45 V.

It must be remarked that for a reversible reaction the
experimental N -value must be equal to the theoretical
0

value, provided the ring potential is set at a value such
that all the intermediate molecules that reach the ring
are destroyed and no chemical reactions with the intermediate molecules take place. The measured N -values con-

a
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firm, that the first reduction step (Eq. 2.4), because of
the chosen potentials, is a reversible one, corresponding
to the reduction of nitrite to nitrogen oxide. Almost no
ring current can be measured when the disc potential becomes less than+ 0.45 V, indicating that the products
formed at the disc electrode at these potentials cannot,
or almost not, be oxidized at the ring electrode.
These conclusions can be further secured by recording
the ring current when the potential of the disc electrode is scanned and while the ring potential is fixed at
respectively + 0.82 V (Fig. 2.3.2, curve C) and + 0.45 V
(Fig. 2.3.2, curve D). From these curves it can be seen
that at disc potentials less than respectively+ 0.82 V
and+ 0.45 V, the ring current no longer changes. In other
words, when the ring potential is fixed at such a value
that no oxidation of nitrogen oxide can occur, no other products are oxidized at the ring electrode. The decrease of
the cathodic ring current in curves C and D of Fig. 2.3.2,
when the disc potential is scanned in cathodic direction
up to the corresponding fixed ring potential, is a result
of the increase of the so-called shielding ef.fect on the
ring electrode. This shielding effect is due to the increasing reduction rate of nitrite at the disc electrode.
Hence, the concentration of reducible species in the liquid passing the ring electrode is lowered. The ring cur7
rent is then given by
(see list of symbols):
( 2. 7)

At ring potentials more anodic than+ 1.05 V, another
reduction product of nitrite is oxidized. It is found
when the disc potential is scanned between + 0.40 V and
+ 0.10 V. The only possible conclusion is that the hydroxylamine formed is partly reoxidized at the. ring electrode.
The collection efficiency of this process is, however,
less than 0.01, and independent of the speed of rotation
of the electrode, indicating that the oxidation process
is very slow. Sweeping the disc potential between + 0.82 V

16

and+ 0.40 V did not give any reoxidation process at the
ring electrode, not even when the ring potential was kept
near the potential where oxygen must be formed at the
electrode. Apparently no reoxidation of dinitrogen oxide
formed at the disc electrode at these potentials takes
part, indicating that the reduction from nitrogen oxide to
dinitrogen oxide is irreversible.
Conversely we also investigated the reduction process
with the disc electrode kept at a constant potential, while scanning the ring electrode in order to study the coupling between the reduction processes at the ring and disc
electrode, Fig. 2.3.3 gives the result of linear potential
scans at the ring electrode, keeping the disc potential at
respectively+ 1.05 V (curve A),+ 0.82 V (curve B),
+ 0.45 V (curve C) and+ 0.15 V (curve D). The curves C
and D are exactly the same, although the disc potentials
are different. These curves can be calculated theoretical17
ly from the electrode geometry and the disc current
The current measured in curve A (Fig. 2.3.3) coincides
with the current calculated according to Eq. 2.8:
I0

R

(E) =

S2 / 3 I

D

(E)

( 2. 8)

For a reversible electrode reaction at a fixed disc potential, ED' Albery

~t.at.

7

derived the expression:
( 2. 9)

Substituting Eq. 2.8 into Eq. 2.9:
I

0

R

(E) -

N

o

S- 2 / 3 • I 0 (E )
R

D

( 2 .10)

The curve B, found experimentally, agrees with Eq. 2.10,
an extra proof for the statement that the first reduction step is a reversible one. Curves C and D do not
obey Eq. 2.10, because dinitrogen oxide and hydroxylamine,
generated at the disc electrode, cannot be oxidized reversibly at the ring electrode.
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Figure 2.3.3 Current density-potential aurves for
a potential soan at th e Pt ring eleatrode with th e
following fixed Pt disa eleatrode potentials
curv e A ( -- ), ED=+ 1.05 V, i .D = 0 ;

aurve B ( ... ), ED=+ 0.82 V, iD = 0.36 mA/am2 ;
aurve C (---), ED=+ 0.45 V, iD = 0.72 mA / am 2 ;
aurve D ( ---), ED=+ 0.15 V, iD = 1.74 mA/am 2 .
Experimenta l aondition a:
w = 2000 rpm , v = 10 mV/ a,
aona . 5 mM KN0 in 7 . 5 M H so .
2
2 4
When no oxidation takes place at the ring electrode,
the ring current is determined by the flux of reducible
species at the ring electrode and by its potential. As
long as the fixed disc potential is more cathodic than
the ring potential, the disc electrode intercepts reducible species and so reduces the ring current. The decrease of the ring current due to this already mentioned
shielding effect can be described, for an irreversible
7
reaction, by
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Io (E)
R

IR (E)
where:

(1

-

(1

-

N

0

s-2/3l

N

s-2/3l, i f ER > ED

s =

0

(2.11)

shielding factor (always po-

sitive). Curve C fits to Eq. 2.11 for ER = + 0.45 v, indicating that dinitrogen oxide formed at the disc elec-

v

is not oxidizable at the ring electro(E) is Io (+ 0.82 V) I which
de. When E = + 0.82 v, Io
R
R
R
implies that, according to Eq. 2.8, Eq. 2.10 and Eq. 2.11:
trade at + 0.45

IR (+ 0.82)

Io (+ 0. 82) - Io (+ 0. 82)
R
R
N s- 213

(curve C)

.

0

Io (+ 0.82) - N
(+ 0. 82)
R
0 ID
IR (+ 0.82) (curve B)
The experimental results confirm this, as shown in Fig.
2. 3. 3.

When the ring potential is more cathodic than the
disc potential shielding no longer takes place. The ring
electrode is now able to reduce the species coming from
the more anodic disc electrode. Indeed IR (E) will increase in the same manner as I 0

R

IR (E)

Io
R

l

(ED)

(E) :

1 - No (:l-2/3 ] + Io
R

(E)

-

Io
R

(ED)

I

for ER < ED;
Io
R

(E)

-

Io
R

(ED) N0

s-2/3

(2. 9)

an equation already derived.
It is possible that the products formed at the disc
electrode are too stable to be reduced at the ring electrode. The concentration of reducible species arriving
at the ring electrode then is still influenced by the
reduction process at the disc electrode. In this case
Eq. 2.11 remains still valid, even for ER < ED; see curves C and D (Fig. 2.3.3). Curve C is identical to curve
D, described by Eq. 2.11, for ER > + 0.15 V. It can be
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concluded by comparing these curves, that the intermediate product formed at the disc electrode at a potential
of + 0.45 V is neither oxidizable nor reduc1ble. Because
curveD is described too by Eq. 2.11, this confirms our
earlier conclusion that the oxidation of hydroxylamine
is not a reversible process.
In Fig. 2 . 3. 4 ,

IR/1~ 1.0
.9

.8
.7

.6
.5
.I.
.)

.1

·1.1

.1.0

.0.9

+0.8

+0.7

+0.6

.o.s .o.t.

.UJ

.o.2

ER, V vs SHE

Figure 2.3.4 Theoretical IR/I 0 R- E ourves for
the ring eleatrode, aaaording to Eq. 2.12:
aurve A {---}, ED = 0.82 V;
aurve B ( ... }, ED= 0.45 V;
and aaaording to Eq. 2.13:
aurve C (---}. x experimental points derived from
Fig. 2.3.3_, aurve B.
0 experimental points derived from Fig. 2.3.3,
aurve C.

IR (E)/I~ (E)
is plotted as a function of ER for E 0
A) and=+ 0.45 v (curve B).
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( 2 .12)

+ 0.82 V (curv e

Also
(2.13)
is plotted as a function of ER (curve C).
From Fig. 2.3.3, the experimental values of IR (E)/

I~ (E) are calculated at different potentials, ER' both
for curves Band C (Dis identical with C). These values
are also plotted in Fig. 2.3.4, and confirm the above
mentioned conclusions.
From the stability of the product formed from the reduction of nitrogen oxide (dinitrogen oxide ; second step
of Fig. 2.3.2, curve A), it can be concluded that the further reduction to hydroxylamine does not involve the N o
2
species as a reaction intermediate, Apparently an unstable
reaction intermediate exists, from which dinitrogen oxiae is formed. HNO has been proposed as the intermediate
16 18
product '
and is also found in the catalytic hydroge19 20
nation of nitrogen oxide •
• This intermediate is probably only stable as a surface complex on the electrode
and can be reduced further to hydroxylamine (see Eq. 2.14,
Eq . 2.15); or dinitrogen oxide can be formed by dimerisation, dehydration and desorption Eq. 2.15:

+

+

e

HNO + 2 H+

+

2 e

NO

2 HNO

~

HNO

(2.14)
(2. 15)

(2.16)

It might be possible to interpret the above results by
assuming that dinitrogen oxide is formed directly from
nitrogen oxide :
2 NO + 2 H+ + 2 e

(2.17)

by a reaction parallel to Eq. 2.14, but, because the formation of N2 o involves a dimerisation step of two nitrogen
21

species, this, with reason, takes place only by dimerisa
tion of HNO to the (especially in basic media

moderate-

ly stable)intermediate H N o . The formation of a dimer
2 2 2
of nitrogen oxide is highly improbable, because the dimerisation reaction has a negative enthalphy value 21 ' 22 . We
therefore believe that the reduction of nitrogen oxide occurs
solely through the HNO surface complex and, moreover, that
dinitrogen oxide is formed as a side reaction product of the
HNO surface complex.
Knowledge about the occurrence and manner of adsorption of such an electrode surface complex (as is deduced
from the work presented in this section) is important
for understanding the influence of electrode materials
on the reduction of nitrite.

2.3 . 3 TH E INFLUENC E OF THE ELECTRO DE MATERIAL
It seemed of interest to study the reduction of nitrous
acid at electrode materials other than platinum in order
to explore electrocatalytic effects. To avoid kinetic control by the dissociation reaction, Eq. 2.1, it was necessary to work in strong acidic media. In such media, however, metals may form oxide layers or other passivating
layers and are only stable at high cathodic potentials.
Therefore we confined our choice to the metals platinum,
iridium, rhodium (noble metals), lead (protected by a
sulphate layer), niobium and tantalum (valve me tals).
The influence of the acidity on the dissoci a tion rate
of nitrous acid follows from Fig. 2.3.5, where the i-w 1 1 2
relationships are shown for the electrochemical reduction
23
of nitrous acid . According to the Levich equation
I

(2.18)

A straight line should be obtained if the process is
controlled only by diffusion of the reacting species. A
decrease of the dissociation rate during the el e ctrochemical r eduction process lowers the corresponding current
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and thus the

i-w~

relationship will deviate from a straight
24
line, according to the Jahn-Vielstich equation

(2.19)

From Fig. 2.3.5 it can be seen that this deviation occurs
when the acid concentration is lower than 7.5 M.
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Figure 2.3.5 I - w~ relationship of nitrite at a
rotating niobium disc electrode of 4 mM nitrite
in sulphuric acid solutions of different molarity
and thus of different acidity: v = 10 mV/s.

To compare the experiments performed in different acid
concentrations, the experimental points were recalculated
from the original ones in order to eliminate the effects
of changing viscosity of the solution and changing diffusion coefficient of the substrate.
Platinum

From the cyclovoltammogram recorded with a non-rotating platinum electrode, it was found that, in the con-
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centration range used, the current due to the oxy gen adsorption and desorption process were negligable ( < 1%)
v s. the current due to the reduction of nitrous acid.
Furthermore, the potential at which the oxygen desorption occurs (+ 0.85 V) is equal to the redox poten tial
of nitrous acid to nitrogen oxi de. So, the reducing steps
of nitrogen oxide to hydroxylamine occur on an oxy gen free,
i.e.a. reduced platinum surface. Fig. 2.3.6 shows the cha-

racteristic voltammograms as recorded with a platinum
- 09
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Current-p otentiaZ reZationships
of the reduc t i o n of 10 mM nitri te at a st ationar y (A} and a r o tating (B } Pt di s c eZec tr ode .
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e lectrode f or a non-rotating (A) or a r ota ting d i sc e l e c trode (B) . The different reducti on steps can be more clearly observed with the rotating electrode (B1 since the irreversibility of the last two reduction steps gives rise to
broad partl y overlapping r e duction peaks in t he cyclovoltammogram (A) .
I ridium an d Rhodi um

The cha racte ristic voltammog rams of the reduction of
ni t rous a c i d at an i r idium ele ctrode s how a few differen-
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ces with regard to the platinum electrode (Fig. 2.3.7).
First of all, strong oxygen adsorption and desorption
peaks are found of which the oxygen desorption (surface
reduction) peak is now at a more cathodic potential
(+ 0.5 V) than for the process at the platinum electrode.
Furthermore, the corresponding current value in this case
equals that of the current value for the reduction of nitrous acid. From the cyclic voltammogram (Fig. 2 . 3.7 A)
it can be seen that only two reduction steps are present
of which the first also has a corresponding oxidation
step. These two reduction steps are also shown in the
J, mA
-1.0

-0.5

A

0
0.3

0.1

E, Vvs SHE

0.5

o f th e r e duation of 5 mM nitri t e
a t a s tationar y (A } and a ro t a ting ( B) Ir disa e Z. eatrode.

1.0

-1.5

Fi g ure 2.3.7
Curren t - potential. ro e Z. a ti on shi pa

I,mA

( ~-~ t

without nitrite ;
(-- ) with nitr ite .

-lD

Ex pe rimental. co ndi t i on s:
-0.5

B

0
0.3

0.1

aur v e

A~

u = 100 mV/s;
u = 10 m V/ s~

aurv e B ~
= 2000 rpm .

w

E. Vvs SHE

0.5

voltammogram recorded with the rotating electrode (Fig.
2.3.7 B). The peak potential (+ 0.9 Vl of the first reduction step corresponds wi t h the potential at which nitrous ac i d is reduced to n itrogen ox i d e at a plati num elect rode (Eq. 2.4). From the anodic scan a t t he rotati ng
electrode, it can be seen that the limiting current of
the first reduction step does not change over several hundreds of mV, while the elect rode surface i s changing f rom
an oxidized form to a reduced form. So, it is cle ar t hat
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the overall kinetics of the reduction of nitrous acid to
nitrogen oxide at an iridium electrode is not influen ced by
the surface state of the electrode. Further reduction of
nitrogen oxide begins as soon as the electrode surface is
oxygen-free and occurs therefore at more cathodic potentials than at platinum .
Investigation of the reduction process at a r hodium
electrode showed that the characteristi c voltammograms
were similar to those recorded at the i ridium electrod e
(Fig. 2.3.8). Therefore the same conclusions can be drawn
for rhodium as for iridium with res pect to the i n flue n ce
of the surface state of the electrode on the reduction of
nitrous acid.

-21.

l , mA

Figure 2 . 3 . 8
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Cu rre nt- potential re lation sh ip of
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the r eduction of 5 mM nitrite at
a rotating Rh disc electrode .
( ---) without nit r ite;

-0.6

(---) with nitrite .
0.3
0.1
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0.6

Niobium and Tantalum

It was of interest to study the reduction of nitrite at
an electrode covered with a thick oxide layer to determine
whether the electrode re action will be h indered on such
a surf a c e . We therefore used a niobium electrode (Fig.
2 .3.9). Th e cyclic volta mmogram showed one irreve rsi bl e
reduction reaction. From the rotating disc curves it could
be determined, as s h own previously, that the reduction
process was still completely diffusion controlled and
that only the reduction o f nitrite to ni trogen o xide t ook
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place. Further reduction of the nitrogen oxide occurred in
the hydrogen evolution potential range. The half wave potential (- 0.05 V) of the reduction of nitrite to nitrogen
oxide at the rotating niobium electrode was about 1 volt
more cathodic than that at the iridium or platinum electrode (+ 0.92 Vl. This can be ascribed to the oxide layer
-240
-160

A

II A

/J

80

_,/ I

--/

_,/

--:.::......
0.3

-0.2

0.2

/

-0.3

E,VvsSHE
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Figure 2. 3 . 9
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for the reduction of 7 mM nitri-
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curve A, v = 100 mV/s;
curve B, v = 10 mV/s,
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o is formed on the sur2 5
25
face of niobium in acidic solutions
• This oxide is a

on niobium. It is known that Nb

poor electron conductor. When this layer is partly reduced
to Nb0 , a much better electron conducting oxide layer is
2
formed which facilitates the nitrite reduction. In this
case the overpotential of the nitrite reduction is dependent on the potential of the reduction of the Nb Q sur2 5
face layer. At a tantalum electrode the oxidized surface
remains non-conducting, so that there no reduction wave of
nitrite could be found.

Lead
Surface effects somewhat similar to those for the niobium electrode are found when a l e ad electrode is used.
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In this case, the surface layer that influences the reducing potential of the nitrite consists of lead sulphate.
From Fig . 2.3.10 it can be seen that, without nitrite in
the solution, a strong cathodic peak is obtained at -0.4SV,
corresponding to the reduction of the lead sulphate layer.
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Fig.

2 . 3 .10 Current-potential relationships of

the reduction of 5 mM nitrite at a rotating Pb
electrode.
(---) without nitrite;
(---) with nitr i te.
v

= 10

mV/s, w

= 2000

rpm.

In the presence of nitrite, a second reduction wave after
the reduction of the surface layer occurs. This wave corresponds to a 4-electron reaction which means that as soon
as the lead surface is free of lead sulphate 1 nitrite is
reduced in one step to hydroxylamine. The half-wave potential of the wave corresponding to the nitrite reduction is
therefore- 0.50 V.
General remarks

All electrodes mentioned showed strongly decreasing re-
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duction currents at prolonged measurements. Fig. 2.3.11
shows this in the case of the nitrite reduction at a stationary niobium electrode. The peak current is lowered by
70% and becomes constant after more than 20 cycles.
I,mA
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Figure 2.3.11 Current-potential. rel-ationships
of the reduction of 7 mM nitrite
at a stationary Nb e'leotrode in
a mu'lt.i p'le soan experiment.
v = J.oo mV/s.
\

Measuring the decrease in concentration of the nitrite,
due to its instability, by means of spectrocopic methods
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,

made clear that the decrease in current was only partly
due to its instability.
It is known that oxygen poisons the adsorption sites
20
of nitrogen oxide
• So, the decrease in the current may be
attributed partly to the poisoning of adsorption sites by
traces of oxygen, diffusing from the anode compartment
(where they are formed) to the cathode compartment, but
also to nitrogen dioxide originating from the reaction of
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nitrogen oxide with the adsorbed oxygen on the electrode
surface, according to:
NO + M - 0

-

M -

ONO

( 2. 20}

where M = metal.
When the adsorption of oxygen does not occur, reaction
2.20 cannot take place and further reduction of nitrogen
oxide is possible. Because the platinum electrode (compared with the other investigated metals} is still oxidefree at a more anodic potential, only at this electrode
a separate reduction step of nitrogen oxide to nitroxyl
was found.

2.3.4 CONCLUSIONS
The mechanistic study made clear that the presence of
adsorbed intermediate products is important for the electrochemical reduction of nitrous acid at a platinum electrode. The possibility for the formation of the nitroxyl
(HNO) surface complex, which is only stable as adsorbed
intermediate, from nitrogen oxide (Eq. 2.14} is therefore
dependent on the occurrence of adsorption sites at the
electrode surface. Therefore the poisoning of the electrode surface by oxygen and the reaction of nitrogen oxide
with the adsorbed oxygen inhibits the electrochemical
reduction of nitrogen oxide. Further reduction of nitrogen
oxide is then only possible, if the electrode is free
of adsorbed oxygen. Therefore this reduction step occurs
at more negative potentials, whereby also the reduction
of nitroxyl (Eq. 2.15} can take place. In that case the
two reduction steps merge and form a three electron transfer step. Also the formation of only slightly conducting
electrode surface layers (oxide layers, sulphate layers}
lead to a negative shift of the reducing potential. In
this respect it can be stated that the mechanism of the
reduction of nitrite to hydroxylamine is influenced by
the electrode materials used. This catalytic effect of
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the electrode materials is due to the surface ·state of
the electrode and not due to the bulk metal properties.

2.4 THE ELECTROCHEMICAL REDUCTION OF ALIPHATIC NITROCOMPOUNDS
2.4.1 INTRODUCTION
The electrochemical reduction of nitroalkanes takes
.
27
p 1 ace b y two avera 11 react~onsteps
(2. 21) R
2 H+ + RNHOH + 2 e

-

alkyl

(2.22)

These steps are similar to the reduction of nitrous acid
to hydroxylamine and ammonia (see section 2.3). The formation of a nitroso-intermediate during the reduction has
been postulated by many workers. Because its reducing potential is more anodic than that of the corresponding nitrocompound, it was difficult to detect this intermediate.
However, during the reduction of t-nitrobutane a polaror
graphic wave was found which could be attributed to the
28
reduction of the dimer of t-nitrosobutane . This could
be confirmed by spectroscopic analysis of the electrolyte
solution which turned blueish-green during the reduction
and had a strong adsorption maximum at A = 280 nm (t-nitrosobutane dimer: A
= 288 nm). During the electrolymax
sis also carbonyl compounds were detected which could be
explained only by assuming the presence of the nitroso
compound during the reduction:
2H+ + 2eR
CH
N0
H+
- - - - - [ R CH - NO ] H+
]
[ 2
2
2
[ R CH -

NO

2

H+

1

+
[ R 2C

=

NOH ] H+

2H+ + 2e

4H+ + 4e

(2.23)

+

R CO + H;NOH

2
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A further polarographic study of the reduction of nitrocompounds made clear that the mechanism of the reduction process was dependent on the nature of the solvent
3
and concentration of the solute . In aprotic and slightly
protic solvents the first reduction step is an electron
transfer step while in protic solvents the protonation of
the nitrocompounds occurs before the electron transfer
can take place.
The study of other electrode materials than mercury
for the reduction of nitroalkanes showed a strong dependence of the mechanism on the nature of the electrodes
used. At an osmium electrode the reduction of nitromethane should take place by an electrontransfer step followed
by a protonationstep:
R -

N0

2

+ e

( 2. 24)
( 2. 25)

because the adsorption of the nitromethane and its reduc29
tion products is very weak
. On the other hand, the reduction of nitromethane at a platinum electrode (nitromethane adsorbs strongly on Pt) is more complex and it is
not clear if electron transfer takes place before proto27 30
nation or vice versa
•
. It seems probable that at
first protonation takes place because, due to the electric field, there is a distinct difference in protonation activity between the bulk solution and the solution
3
near the electrode , which leads to a protonation of the
nitrocompound at the electrode even in solutions in which
it is not probable because of the value of the basic constant of the nitroalkane. Also the occurrence of a first
reduction step by means of a catalytic process has been
postulated. This process should take place by generating
adsorbed hydrogen on the electrode surface which in turn
31
reduces the adsorbed nitroalkane
:
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( 2. 26)
( 2. 27)

The reduction of the nitroalkane at the electrode surface could also take place by means of hydrogen which is
led through the solution. The potential of the electrode
determines if adsorbed hydrogen is formed at the electrode according to Eq. 2.26, or to adsorption of dissolved
hydrogen. In the first case the reduction of the nitroalkane takes place with electro-generated hydrogen and in
the other case with dissolved and subsequently adsorbed
hydrogen. This means that in the absence of dissolved hydrogen the reduction of the nitroalkane at a platinum
electrode can only take place in the potential region
where hydrogen is formed at the electrode. However, in
this potential region the hydrogenation of the alkylhydroxylamine to the corresponding amine also partly occurs.
It was therefore of interest to study the reduction
process in order to determine what is crucial in reducing
a nitroalkane selectively to its hydroxylamine by means
of controlling the catalyst potential during the catalytic hydrogenation process.

2.4.2 NITROMETHANE
The reduction of nitromethane has been studied by us
using three different electrode materials.A platinum electrode was used to study to what extent adsorbed hydrogen
is responsible for the reduction process. These results
are compared with the reduction reaction at a gold electrode, which does not adsorb hydrogen at all. A gla ssy
aarbon electrode was used to study the process at more

cathodic potentials in the absence of adsorbed hydrogen.
From the cyclic voltammogram at the platinum electrode it is apparent that a cathodic electrode reaction
takes place in the potential region of the hydrogen adsorption when nitromethane is introduced into the solu-
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tion (Fig. 2.4.1). Also, the anodic hydrogen desorption
peaks become much smaller. When a rotating electrode is
used, no difference can be found in reducing behaviour
with regard to the non-rotating electrode, so that it
can be concluded that diffusion does not limit the rate
of this reduction process.
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Figure 2.4.1 Cyclic scan for the reduction of
12 mM MeN0

at a stationary Pt electrode.
2
(---) without MeN0 ;
2

(--) with MeN0 •

v

= 200

2

mV/s;
electrolyte: 0.5 M H2 so 4 .

The cyclic voltammogram of the nitromethane at a gold
electrode showed no difference with the cyclic voltammogram of the blank. Thus no reduction of nitromethane
could be discovered at this electrode up to the potential where hydrogen is formed at the electrode. Because
the essential difference between platinum and gold as
electrode material is the presence e.g. absence of adsorbed hydrogen, it was concluded that Eq. 2.28 is
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the rate determining step of the surface reaction of nitromethane with hydrogen:

+
H + e

(2.28)
( 2. 29)

This reaction also accounts for the decrease of the anodic hydrogen, desorption current because the reaction of
nitromethane with adsorbed hydrogen lowers the hydrogen
surface coverage of the platinum ele·ctrode.
The reduction process of nitromethane at a glassy carb o n electrode was quite different. An irreversible diffu-

sion controlled reduction process was found by using the
cyclovoltammetric technique. When the current at the peak
potential was plotted against the square root of the scanrate (v) , a straight line was found (Fig. 2 . 4.2), which
indicated that the electron transfer reaction, controlled
by diffusion of the species to the electrode surface, determined the electrode process 6 . This could be confirmed
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Figure 2.4. 2 The current at t he p ea k p ote n t i a l
for t h e r e du ction o f 1 2 mM MeN0 at a stationary
2
gl a ssy c a rbon elec tr ode , vs. th e square -root of
the scan rate . El ect r ol y te: 0 . 5 M H so .
2 4
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with experiments at a rotating glassy carbon electrode.
From the potential-current curves, recorded at this electrode, a Tafel-slape was calculated by plotting the potential against the current function 1jJ (Fig. 2.4.3), where
log
The Tafel-slape (~:} found, 117.6 mV, indicated that the
first electron transfer step is rate determining. An adsorption mechanism in which the adsorption of nitromethane
is the rate-determining step could be discarded because
in that case the peakcurrent would increase linearly with
the scanrate.
E.VvsSHE

-0.8

-0.7

-0.6

6

2

'~''~
l

4

6

Figure 2.4.3 Tafel-slope for the reduction of
12 mM MeN0 2 at a rotating glassy carbon electrode.
v = 10 mV/e, w = 2000 rpm;
electrolyte: 0.5 M H so .
2 4

The difference in mechanism for the reduction of nitromethane at platinum, gold or glassy carbon as electrode
material is mainly due to the high overpotential needed
for the first electron transfer step. At a glassy carbon
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electrode, where high cathodic potentials (E < - 1.5 V)
can be obtained in protic solvents due to the high overpotential for the hydrogen evolution reaction, the cathodic potential needed for the first electron transfer step
(E < - 1 V) can be reached. Therefore at this electrode
the electron transfer step, in casu the electrochemical
reduction, can be studied. At the platinum electrode the
hydrogen evolution takes place at a potential more anodic than thq.t of the nitromethane e,lectroreduction. Therefore, the reduction of nitromethane at the platinum electrode takes place already during the hydrogen formation
via a catalytic hydrogenation reaction with electrogenerated hydrogen. Gold does not adsorb hydrogen, so that
the hydrogen formed instantly leaves the electrode. So,
the reduction of nitromethane cannot be followed on the
gold material.

2.4.3

NITROETHANE~

1-NITROPROPANE~

2-NITROPROPANE

Since other alkyl nitrocompounds might exhibit a behaviour different from that of nitromethane during the electrochemical reduction, the reduction of nitroethane and
nitropropane was studied at the stationary glassy carbon
electrode. At this electrode the influence of the properties of the adsorbed nitroalkanes at the electrode
could be studied by plotting the peakcurrent as function of the scanrate. The above mentioned nitroalkanes
are all electrochemically reducible in the same potential range as ni tromethane (- 1. 3 V < E < - 1. 0 V) • The
dependence of the peakcurrent on the scanrate did however vary for the different nitroalkanes and moreover was
also dependent on the surface state of the electrode.
For instance in the case of the reduction of nitroethane at the glassy carbon electrode linear relationships
were found between

Ip/v~

and

v~

(Fig. 2.4.4). The

slope, however, depended on the surface conditions of
the electrode and appeared to be ,irreproducible. Generally, adsorption rates are mixed controlled by both dif-
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fusion and kinetic processes, like electrochemical
charge-transfer reactions. At very active surfaces the
diffusion process is rate determining and a flat curve
is obtained (slope = 0°). When the electrode surface
becomes inactive the kinetic process can also control
the reaction rate and a rising curve is found (slope> 0°).
lp . mA mv-'hs'h
0:7 v~'~
Q6

05
Q.4

0.3
Ql
Q.l

Figure 2.4.4 Dependence of the peak current of the
reduction of 12.7 mM EthN0
sy carbon

e~ectrode,

2

at a stationary

g~as

divided by the square-root of

the scanrate, on the square - root of the scan-rate.
E~ectro~yte:

0.5 M H

2

so 4 .

The reduction of the nitropropanes showed a similar electrode surface state dependence as with nitroethane. It
can therefore be concluded that, although the electrochemical reduction of these nitroalkanes can be determined solely by a diffusion process, the rate of adsorption can also be partly rate determining.
2.4.4 CONCLUSIONS

The reduction of nitroalkanes is strongly dependent
on the electrode material used. When a

p~atinum

electro-

de is used the reduction of nitromethane takes place via
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a catalytic mechanism and not via an electrochemical one.
Furthermore, the instability of the reduction products
(nitrosocompounds) make a partly electrochemical reaction
of reduction intermediates also improbable. So, the influence of the potential on the reduction of nitromethane
at a platinum electrode is restricted to making possible
the formation of adsorbed hydrogen. When a glassy carb on
electrode is used the mechanism becomes of electrochemical nature although adsorption of, especially higher, nitro alkanes can influence the reaction. The high cathodic
overpotentials needed at this electrode make it, however,
an expensive method to reduce the nitroalkanes. Therefore
a catalytic process with a platinum catalyst and hydrogen
as reactant seems a better way to reduce nitroalkanes.
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CHAPTER 3

Mass and Charge Transfer Processes at a Slurry Electrode

3.1 INTRODUCTION
The use of electrodes with large surface areas but
with limited geometrical area, like the poreus electro2
de1, the packed bed electrode ' 3 and the fluidized bed electrode4-8, have been studied extensively after the fifties.
Less attention has been paid to the development of slurry
electrodes which consist of a suspension of electrically
.
9-12
conducting particles in an electrolyte solution
• In
·contrast to the inhomogeneous distribution of particles
in the solution in a fluidized bed electrode, the particles in a slurry electrode are mixed thoroughly through
the solution to form a homogeneous suspension. Also the
particle size in a slurry electrode can be much smal>ler
than in a fluidized bed, where they may move only slightly with the fluid motion. The charge transfer contact is
made through collision of the particles with an electrode,
the feeder electrode. The complexity of the current and
potential control in such a system retarded fundamental
research of this system.
In the mean time research in catalysis led to the conclusion that a relation e.xists between the potential of
a catalyst particle during a heterogeneous catalytic process in solution and the catalyst activity, c.q. selectivity, provided the catalyst particle is electron conducting. For, during e.g. a catalytic hydrogenation reaction
with a Pt/C catalyst, it turned out that the hydrogena13 14
tion rate and the catalyst potenti'al were coupled •
Combination of the electrochemical and catalytic viewpoints led to the idea that it might be possible to influence the catalytic activity by controlling the poten-
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tial of the catalyst. The high surface area of catalysts
could not only be used to accelerate the reaction but
could also function as a very large electrode surface for
reaction steps, sensitive to potential variations.
In this chapter we will discuss in detail the manner
in which the catalyst potential can be influenced and
what type of reactor is needed to perform the process under consideration. Some experimental results will be given to illustrate the theoretical considerations.

3.2 THE FEEDER ELECTRODE
3.2.1 INTRODUCTION
The feeder electrode is an intermediate whose only purpose is to transfer charge between suspended or fluidized
particles and a potential or current source. Its function

is not to contribute to an electrochemical reaction but
to transfer charge to the particles in order to give them
a desired potential. The actual electrochemical reaction
takes place at the particle-solution interface and its
rate is completely determined by the electrochemical (potential) and catalytic - or in short the electrocatalytic properties of the particles. Important for the optimal
functioning of the feeder electrode is, however, the electrical contact that has to be ascertained between feeder
electrode and particle. In the fluidized bed ele·ctrode
the feeder electrode is situated somewhere in the fluidized bed (see Fig. 3.2.1 for two possible configurations)
and the fluidized particles collide with it due to the
circulating motion of the particles. Also, the limited expansion of the fluidized bed (max. ca. 30%) promotes the
collisions between particles and in this way too charge

is transferred through the fluidized bed. In the slurry
electrode concept the free space between the particles
can be much larger, as is the case in classic catalytic
processes where the volume of the catalyst is even less
than 1% of the fluid. Now, the charge transfer by means
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of collisions between the particles is small and nearly
the only means to transfer charge to the particles is
via the feeder electrode.

COUNTER ELECTRODE - - - - -

Figure 3.2.1

Two possible configurations of
the fluidized bed el~atrode.

The feeder electrode does not only function as charge
donor or acceptor for the particles but is also in itself
electrochemical active. Although its surface area is much
smaller than the total surface area of the catalyst, it
contributes to the electrochemical process. In case the
material of the feeder electrode is different from that
of the catalyst material the reaction at the feeder electrode may be different in

char~cter

from that at the

catalyst surface and may lead to unwanted products.
The choice of the material of the feeder electrode must
therefore be made very carefully. Also attention must be
paid to the possibility that at the surface of the feeder
electrode non-conducting layers (for example oxide layers)
can be formed which inhibit the charge transfer.
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3. 2.2 THE CHARGE TRANSFER CHARACTERISTICS
Essential in the slurry electrode is the transfer of
electric charge between feeder electrode, particles and
reactants. Combination of the three different charge carriers lead to the following charge transfer possibilities
(Fig. 3. 2. 2).
a. feeder electrode ~ reactants
b. feeder electrode e_. particles
c. particles e
reactants

-

d. particles~ particles
The homogeneous charge transfer possibility between the
reactants will not be taken into account, because there
is no participation in the charge transfer process to the
feeder electrode or the particles.

a) FEEDER-REACTANTS

bl FEEDER-PARTICLE
c) PARTICLE-REACTANTS

dl PARTICLE- PARTICLE

PARTICLE

Fig ure 3 . 2 . 2

Scheme of the po ssibZe charge
transfer proce sse s.

In the slurry e lectrode a ll four types of c h arge
transfer processes mentioned can occur simultaneous ly. In
order to simplify the discussion of the charge transfer
processes in the slurry electrode at first they will be
treated seperate ly and then the mutual relationships will
be discussed.
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3.2 . 2.1 CHARGE TRANSFER BETWEEN THE FEEDER ELECTRODE AND
THE REACTANTS
This charge transfer process is an essential part of
an electrochemical reaction and can be defined with the
Butler-Volmer equation. For an oxidation/reduction reaction of the following type:

-----

( 3 .1al
( 3 .1b)

---

-------------------- +

( 3. 1)

the equation for the forward reaction is, with f

F/RT

(see also the list of symbols):
i

(io)A exp [(1-a.A) nA f

nA]- (io)B exp [- aB nB f

n

s]

( 3. 2)

The standard exchange current density io is related to the
0

experimental exchange current density io according to:

and
1

nf ln

(3. 4)

Introducing Eq. 3.3 and Eq. 3.4 into Eq. 3.2, gives

From Eq. 3.5 it can be seen that the charge transfer be-
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tween the feeder electrode and the reactants is a function
of the electrode material (i~, a), of the concentration of
the reactants (aR, a ) and of the potential (E) of the
0

0

feeder electrode. If the potential is kept between (E )A
and (E 0

)

B

,

the reverse reactions will not influence the total

current I. This situations corresponds to the actual
process at the particle-solution interface as will
be shown later. The charge transfer between the feeder
electrode and the reactants must be small, and according
to Eq. 3.5 this is the case if the reactants have a low
standard exchange current density (i

0

0

).

This can be accom-

plished by using a suitable feeder electrode material.

3.2.2.2 CHARGE TRANSFER BETWEEN THE FEEDER ELECTRODE AND
A PARTICLE
Charge transfer between the feeder electrode and a particle can only take place during a collision. The particle
can be compared with a capacitor of capacity C , at a pop

tential Ep' with a total charge of Qp. Although the value
of the capacity usually is a function of the potential, it
will be regarded to be

con~tant

to simplify the following

derivations. The relation between Qp' Cp and Ep is given
by:
E

p

= Q /C

p

( 3. 6)

p

The feeder electrode serves as a charge source with a constant potential of Ef. The process can be described as
the transfer of charge between a cource (feeder) and a
capacitor (particle), see Fig. 3.2.3. The total charge
that can be transferred during a collision with a contact,
time of

T

sec. is:
T

1 i(t)dt
0

with R
c
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T

-J
0

mean contact resistance.

( 3. 7)

l

E 1 : FEEDER ELECTRODE POTENTIAL

l

Ep= PARTICLE POTENTIAL

'·--c_~"·'•

Cp= PARTICLE CAPACITANCE
R,= MEAN CONTACT RESISTANCE

'

SWITCH , SYMBOUZING
THE COUISION

Figure 3.2.3

Equivalent airauit for the aharge

transf~r

between a feeder

eZeatrode and a partiaZe.
From Eq. 3.6 can be seen that with Ep(t) - Ef

~ =
dt

1/C

dQP

p dt

=

i(t)

cp

E(t)
C R.
p c

d

E

(t)

dt

E(t)

( 3. 8)

With the boundary condition;:
t

=

0

the solution of the differential Eq. 3.8 is:
E(t}

=

E(O} exp - t/R C

c p

(3.9)

Further, introducing Eq. 3.9 into Eq. 3.7 followed by integration, gives:

(3.10)
The efficiency of the charge transfer during a collision
can be defined as the amount of charge transferred during
a collision divided by the charge needed to equalize the
potential difference between feeder electrode and particle
and is given by:

1 - exp (-</R C l
c p

(3 .11)

So, the efficiency is determined, for a given particle
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feeder collision by the contact time
an efficiency of 99%, i.e. e:(t)

=

1:.

In order to have

0.01 e:(O)' the contact

time must be:
1:

=

4.6 R C
c p

(3.12)

The optimalisation of the contact time can be accomplished
by means of cell design and its operating conditions, which
is beyond our scope.
An important parameter in Eq. 3.11 is -the contact resistance, Rc. A high contact resistance can give a low
charge transfer efficiency which means that the particles
used must be sufficient electron conducting in order to
establish a charge transfer process between the feeder
electrode and the particle. Also the feeder electrode must
be electron conducting for the reasons mentioned above.
Apart from charge transfer via the contact resistance Rc
between a particle and the feeder electrode during a collision, charge can also be transferred through the electrolyte. This additional charge transfer can be represented by the (ionic) electrolyte resistance, R • The moste
ly high value of this resistance makes that this effect
can be neglected compared with the charge transfer by. contact.

3,2.2.3 CHARGE TRANSFER BETWEEN THE PARTICLE AND THE
REACTANTS
Due to the electrochemical processes at the surface of
the particle, charge is transferred between the particle
and the reactants. In the solution, a steady-state at the
particle surface will be established so that the total
amount of charge transferred to and fro the particle and
the reactants becomes zero. Using the same type of oxidation/reduction reaction as in section 3.2.2.1, it can
be stated that, using Eq. 3.2:
(iK)A
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0
(i~)A (aR)A exp [ ( 1-a.Al nA f (Ess- (Eo) All

(3 .13)

In the steady-state, the particle only serves as an electron conducting donor or acceptor for the oxidation and
reduction reaction. When the steady-state is disturbed, a
relaxation process starts, striving for a new steadystate. This relaxation process will be discussed later,
when the effect of combined charge transfer processes will
be discussed.

3.2.2.4 CHARGE TRANSFER BETWEEN THE PARTICLES
When a charge transfer process takes place at the surcase of the particles due to mutual collisions, the particles in the solution will all have the same potential
after some time. This collision situation can be described
as the charge transfer between two capacitors of different
charge and capacity. Following the same arguments as mentioned in section 3.2.2.2, the charge Q transferred between a particle with a potential of (Ess)l and a capacity of c

and a particle with a potential of (E s)
and a
1
5
2
capacity of c for a collision during 1 sec. is described
2
by:
Q

[(Essl 1 -

(Essl2 ]c1c2

cl + c2

[ 1 - exp -

(C1 + C2)'1
C C R
(3.14}
1 2 c

Due to this charge transfer the potential differences between the particles will disappear and in due time all the
particles will have the same potential.

Having discussed briefly the separate charge transfer
processes, we will now evaluate the situation at both the
surfaces of the feeder and the particle, when all possible
charge transfer processes are taken into account.
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3.2.2.5 CHARGE TRANSFER PROCESSES AT THE FEEDER ELECTRODE
Two charge transfer processes occur simultaneously at
the feeder electrode. First, the charge transfer between
the feeder electrode and the reactants and secondly, between the feeder electrode and the particles. The net
charge exchanged between the feeder electrode and the
reactants can be used for an electrochemical reaction.
Suppose a reaction takes place of the type:

When AR is the product wanted and BR is a co-reactant, the
charge transferred may be used to reduce B or to oxidize
0
BR. In the last case, however, the charge is lost for the
the process aimed at.
The charge transfer between the feeder electrode and
the particle is supposed not to be influenced by the simultaneously occurring charge transfer between the feeder
electrode and the reactants. It is however influenced by
the charge transfer between the particles, and between the
particle and the reactants in such a way, that not all the
charge transferred is used to alter the potential of the
particle. So, the time

T

needed to have a charge transfer

efficiency of 99% (Eq. 3.12) is increased. Nevertheless,
the charge transfer from the feeder electrode to the particle is in anyway used for the reaction aimed at.

3.2.2.6 CHARGE TRANSFER PROCESSES AT THE PARTICLE
To influence the reaction rate of the oxidation-reduction reaction, the most important charge transfer process
at the particle is that with the reactants. However, when
the selectivity of the reaction must be improved, the potential of the catalyst must be fixed at a value different
from its steady-state value, which causes also an impor-
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tant change in charge transfer between the feeder electrode and the particle. The steady-state potential (SSP)
of the particle, due to the electrochemical reactions at
its surface, is now influenced by the feeder electrode.
When the potential changes from this SSP, Eq. ?·5 becomes
applicable and the charge exchanged via the feeder electrode is partly consumed by electrochemical processes.
The amount of charge exchanged, used to change the particle potential, is dependent on the charge transfer processes at the surface of the particle, which can be described
by an equivalent circuit (Fig. 3.2.4), using the following
16
parameters
a. The contact resistance R between the feeder electrode
c
and the particle
b. The electrochemical reaction resistance RE
c.
d.
e.
f.

The adsorption reaction resistance Ra
The double layer capacity of the particle Cdl
The a~sorption capacity of the particle C
a
The electrolyte resistance R
e

~
Ef

T

I. . .·. .-Cai.........____,T

NI/VINoC-dl
R~

Ca

ADSORPTION CAPACITY

Cdl 00U Blt lAYER CAPACITY
Ef

FEEDER ELECTRODE POTENTIAl

Ep PARTICLE POTENTIAL
Ra

ADSORPTION REACTION RESISTANCE

Rc

MEAN CONTACT RESISTANCE

R~

ElECTROLYTE RESISTANCE

RE

ELECTROCHEMICAl REACTION RESISTANCE

S

SWITCH, SYMBOLYZING THE COLLISION

Figure 3.2.4

Equivalent circuit for possible
charge transfer processes at the
.surface of a particle.
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The amount of charge transferred between the particle and
the reactants or the particle and the feeder electrode is
dependent on the values of these resistances and capacities. From Eq. 3.11 it can be seen that a small value of
R C leads to a fast charge transfer process. Now, the
c p
hydrodynamic properties of the slurry cell are assumed to
be such, that:
R C < T
c p

(3 .15)

with cp
cdl + ca
This means that, during a collision with the feeder electrode, the particle potential may be equalized with the
feeder electrode potential. Under these conditions, the following situations can arise at the particle-solution interface:

R

c

>> R

E

In this case the charge transfer between the feeder electrode and the particle is much slower than the charge transfer
between the particle and the reactants. Now, all the charge
transferred between the feeder electrode and the particle
is directly exchanged with the reactants so that the potential of the particle does not change. In this case no control of the particle potential is possible with the feeder
electrode. The feeder electrode is only used as a source
of charge with which the electrochemical reactions can be
accelerated.

R

c

«

R

E

The charge transfer between the feeder electrode and the
particle is much faster than the charge transfer between
the particle and the reactants. This means that initially,
all the charge transferred between the feeder electrode
and the particle is used to equal the particle potential
to the feeder potential. Part of the charge on the parti-
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cle is slowly transferred to the reactants while the particle potential relaxes to its steady-state ! value. If the
time, needed for the particle potential to relax to its
steady-state value, is much greater than the time between
two successive collisions with the feeder electrode, then
the particle potential will almost equal the feeder potential. In this case the particle potential is controlled by
the feeder potential. However, if the time between the successive collisions of the particle with the feeder electrode is so large that the particle potential can relax substantially to its steady-state value, a situation occurs
comparable with the condition:

This condition describes the situation in which the charge
transferred between the feeder electrode and the particle
is at least partly exchanged with the reactants. The particle potential is changed but cannot obtain the feeder
electrode potential. For the time between two successive
·collisions of the particle with the feeder electrode is
now within the time scale of the charge transfer processes, influencing the particle potential. Otherwise, the
particle will relax to its steady-state value. So, the potential of the particles will be between the feeder electrode potential and the steady-state potential of the particle. In this case, the mutual collisions of the particles can contribute to the charge transfer processes if
they take place frequently, i.e. when a high catalyst concentration is used.

3.2.3 SOME PRACTICAL APPLICATIONS
Application of the slurry electrode as a means to control the particle

potentia~

is subject to certain condi-

tions, which cannot always be fulfilled. The main condition, that

~c

<< RE' means in practice that the method is

only applicable with slow electrochemical reactions (high
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RE) at metallic catalysts (small Rc). Another condition is,
that high catalyst concentrations are needed to provide a
high collision frequency between the feeder electrode and
the particles. Only then the feeder electrode can be used
as a particle potential controlling device. When these conditions, comparable with those for the fluidized bed electrode, are not fulfilled, the feeder electrode does only
function as a charge source which accelerates electrochemical reactions at the particle surface but does not
influence the particle potential in the sense aimed at.
Thus far, no examples of the use of the feeder electrode
as a means to control the catalyst potential are known. Research has been done on a comparable system in which the
contact time between feeder electrode and particle had been
made infinite by immobilizing the catalyst on the feeder
15
electrode • With this system the hydrogenation of 3-butyn1-ol was studied and the selectivity of the reaction to
3-butene-1-ol or to 2-butanol appeared to be dependent on
the catalyst potential. However, this reaction has not been
studied with a slurry electrode.
Published results indicated, that the use of the feeder electrode as a source of charge to process an electro10
chemical reaction at higher reaction rate
, has more
perspectives.For this situation, the potential of the
particle is of minor importance, but its ability to transfer charge between the feeder electrode and the reactants
is more important. According to Eq. 3.10, the charge transferred between the feeder electrode and the particle is a
function of:
the initial potential difference, £(0), between the
feeder electrode and the particle;
the contact time between them;
the contact frequency;
the contact resistance.
The total amount of particles in the slurry (the catalyst concentration) determines of course the total amount
of charge transferred. For the oxidation of hydrogen at a
raney-nickel catalyst the dependence on the potential dif-
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ference and the catalyst concentration are given in Fig.
3.2.5 and the dependence on the contact frequency in Fig.
3.2.6 (both figures according to Ref. 10). The dependence
of the charge transfer on the contact resistance is related to the value of the current pulse which originates
from a collision of the particle with the feeder electrode
when £(0) = 660 mV; see Table 3.1.

Table 3.1: Mean current due to a collision o f
a raney-niakel parti cle with f e eder electrodes of differ ent materia l
metal

current ()JA)

Pt

380

Au

510

Ni

150

Other reactions that have been studied with this type of
feeder electrode are the oxidation of hydrogen with other
.
10 16 17
types of catalyt~c material
'
'
• Furthermore the re18
fining of Ni-metal
and the reduction of crotonic acid 19 •
From theoretical considerations, affirmed by experimental work published so far, it can be concluded that the
feeder electrode can satisfactorily be applied for the acceleration of electrocatalytic reactions by transferring
charge to the reactants via the particles. The improvement
of the selectivity of electrocatalytic reactions by me ans
of controlling the catalyst potential is restricted due to
the conditions mentioned above. As possible practicle application can be mentioned the removal of heave metals
(e.g.

Cu, Hg, Cd) from waste wate r.

3. 2 .4 REA CTOR DESIGN
Some of the parameters for the charge transfer are
dependent on the design of the slurry electrode reactor.
Of these, the contact frequency and the contact time
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i , mA/cm2
100

SOg/l
80

Sg/l

60

40

2.5gll

20

0.1

02

O.l

o.s

0.6

'L"
Figure 3.2.5 Current-potential cu r ves for the
h y d r ogen oxidation reaction at di ff erent
Raney - nickel concentration . Electrol y te
1 M NaOH (according to Ref . 9).

i,mA/cm2

rpm
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are the most important ones. In order to create a high
contact frequency, the

solutio~

must be agitated by

stirring, for instance. However, a turbulent solution will
not only increase the random velocity of the particles
but will also remove them from the feeder elect.r ode, thus
reducing the contact time. The optimalisation of these two
parameters by properly designing the slurry electrode, so
that they will satisfy the experimental requirements, is
beyond the scope of this thesis. A few remarks, however,
will be made here about possible cell-types.
Given the condition of high particle velocity, frequent
collisions of the particles with the feeder electrode and
a long contact time between the feeder electrode and the
particles, in principle three types of cell design can be
proposed.
1. Continuous Sti~red Slurry Ele~trode Reqctor (CSSER),

see Fig. 3.2.7
The suspension is agitated by means of a mechanical
stirrer. The feeder electrode can be designed in various shapes and implanted into the cell at different positions. For theoretical calculations, this type of reactor is difficult to describe.

2. Pumped System Slurry Electrode Reactor (PSSER),
see Fig. 3 • 2 • 8
The suspension is pumped around through a perforated
feeder electrode. The perforation can be designed in
various ·forms and dimensions for optimalisation purposes. This system can easily be described theoretically
because the movement of the suspension !is less complicated than in the CSSER.

3. Hydro Cyclone Slurry Electrode Reactor (HCSER),
see Fig. 3. 2. 9
During the tangential movement of the suspension, the
particles collide with the wall of the hydrocyclone
which serves at the same time as feeder electrode. The
counter electrode compartment needs not to be separated now, because almost no particles will reach the center of the hydrocyclone where the counter eleptrode is
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situated, provided no reverse electrochemical reaction
can take place there. In the hydrocyclone, the particles tend to stick to the wall, due to the present centrifugal force. This would lead to an infinite contact
time with the wall (the feeder electrode). To prevent
this, the surface of the wall can be equipped with bafles to promote a turbulence, which will decrease the
contact time.
From these three basic forms of the slurry electrode
reactor, other types can be derived like the "Schwingzelle"18, in which the movement of the suspension is not
due to a mechanical stirrer in the solution but due to
the fact that the whole slurry electrode cell is brought
into a swinging motion. The type of reactor to be used
in a slurry electrode experiment will also depend on the
reaction to be studied, for instance, if a _gas phase is
present. So, it will be clear that in the hydrocyclone
slurry electrode reactor no gas phase reactants can be
utilized.

3.3 THE STEADY-STATE POTENTIAL OF A CATALYST SUSPENSION
3.3.1 THE CATALYST POTENTIAL
As already mentioned in section 3.2.2.3, charge transfer processes at the particle surface between the particle
and the reactants in the absence of a feeder electrode,
will create a steady-state situation at the particle surface interface, whereby the net charge transferred to and
fro the particle and the reactants becomes zero. The potential corresponding with this situation is a mixed potential which we call here the steady-state poten t ia l . This
potential is therefore the potential at which the electrochemical reactions take place and which determines the
products formed. Controlling this potential means also controlling the reactions. In section 3.2 we discussed the
feasability of a feeder electrode as a means to control the
particle potential. Here the conditions will be discussed
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which determine the steady-state potential and the means by
which other steady-state situations on the particle can be
created. Using Eq. 3.13, the steady-state potential is given by:
E

ss

=

(Eo}A +

fEo~B

aB nB
( 1-aAl nA + aB nB

1
[(1-aA) nA + aB n 8 Jf

lln

(i~lB
(i~)A

-

(J

+ ln

(aOlB
(J

(aR}A

(Eo} A]+

I

(3 .16)

for the electrochemical reaction:
( 3 .1)

A standard steady-state potential E~s can be defined if

If substituted in Eq. 3.16:

E

1

ss

(3

.17)

From Eq. 3.17 it follows that the steady-state potential
can be varied around the standard steady-state potential
if the concentration of the reactants at the surface of
the particle is varied. The standard steady-state potential is dependent on the standard exchange current densities i

0
0

for the reaction studied and thus on the type of

reactants and on the material of the particle. The variation of the steady-state potential with the reactant concentration is logarithmic so that this variation cannot
be large. However, in the case that the electrode reactions become diffusion controlled, the concentration of
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the reactants can change drastically from that in the
bulk and therefore also the steady-state potential may
change drastically.
If we define the limiting diffusion currents for the reactants as:

A

(3.18)

surface area

(3 .19)

then Eq. 3.13 can be rewritten as:
(id)A- iA

a

iA

(i~)A

iB

(i~) B (aO)B

(aR)A

a

(id)A
(id)B - iB
(id)B

exp[(1-aA) nA f

exp[- aB nB f

(E

(E
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- (Eo) A)

j=

(Eo)B)]
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(3. 20)
Now, introducing (ik)A and (ik)B (Eq. 3.13) and defining
a diffusion controlled steady-state potential,

(E

ss

)d,

then Eq. 3.20 can be rewritten as:
E

ss

+

1

(3. 21)

The situation described above, can be compared wi th that
of a pH buffer solution. The redox potential of a reactant
acts as an electrochemical buffer, repressing possible variations in the potential. When no diffusion control exists, the redox potential changes only slightly with the
concentration of the r edox components and has therefore
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a large potential buffer capacity. With diffusion control,
the potential changes are more drastically and the couple
is no longer effective.

If the diffusion processes are much faster than the
charge transfer reactions i.e. if (id)A, (id)B >> (ik)A,
(ik)B then (E ss )d = Ess 1 which means that the steady-state
potential is solely determined by the rate of the charge
transfer reactions and given by Eq. 3.17. Otherwise, the
steady-state potential is also determined by the limiting
currents for the reactants which can be influenced by
changing the diffusion layer thickness

o of

the reactants,

for example, by stirring.

3.3.2 PRACTICAL APPLICATIONS
The change of the catalyst potential from one steadystate value to another influences the reaction rate and
can also influence the selectivity of an electrocatalytic
reaction. Because no electrode system is used to control
the particle potential, the reactor type ~eeds no special
geometry, but only a stirrer to keep the particles in suspension and a device to control and measure the particle
potential. Controlling the particle potential is only used
to optimize the electrocatalytic reaction. It is an additional parameter for the reaction and gives direct information on the reactivity and the selectivity. When the product formation as a function of the particle potential is
investigated, the potential can also be used to study the
problems of scaling-up and affords a means to restore the
optimal conditions during production. The parameters which
can be used to influence the particle potential are:
- the reactant concentrations
- the tur bulence of the suspension
- adding promoters to the catalyst
So far, only a few reactions are known which are con20 21
trolled by means of the reactant concentrations '
• Of
other reactions it is known only that during the process
the catalyst potential varie s, which could be ascribed to
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a change in reactant concentration at the catalyst surface

14 • No attempt has as yet been made to verify this.
For the oxidation of propene on a Pd catalyst, the in-

fluence of the partial pressures of oxygen and propene on
the catalyst potential and the formed products has been
21
(Fig. 3.3.1). The amount of product formed

investigated
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Figure 3.3.1 Dependence of the catalyst potential
on the ratio of the partial pressures of propene
and oxygen. Catalyst Pd, Au/C;
Temperature 96°C (according to Ref.

21).

was also dependent on the catalyst potential. So, at a potential of + 0.5 volt mainly acrylic acid was formed, according to:

CH - CH

Pd
3
(3. 22)
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and at a potential of+ 0.8 volt mainly malonic acid was
formed, according to:
CH

/.•

Pd

-CH

I
- - CH
II

TH2

CH

2

·~

TH2

7) I I I/ I

--

/

~H2

2

'

fH2--

ff/f/f

2

'\
CH

1\

711/77
(3.23)

The catalyst potential influences the. adsorption of propene in such a way that different products are formed at
different catalyst potentials.
A similar effect has been found during the hydrogena20
tion of nitric acid • By continuously adding nitric acid
to a hydrogen saturated catalyst suspension, a change in
the catalyst potential can be created. An overdose of nitric acid shifts the catalyst potential even up to 1 volt
anodically and so starts the production of nitric oxides.
When the nitric acid is carefully added, the catalyst potential can be shifted up to 0.3 volt anodically where a
stable situation is established. However, the forming of
hydroxylamine and ammonia did not markedly vary with the
catalyst potential except when the overdose situation occurred.
The results published so far on the effect of controlling the catalyst potential by the reactant concentration
justifies further research.
3. 4 CONCLUSIONS

Two essentially different methods have been evaluated
theoretically to determine the feasability in controlling
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the catalyst potential. Of these, the method of influencing the steady-state potential by varying the reactant
concentrations seems least complicated. The method is direct
and leads to the establishment of a new steady-state potential. On the other hand, using the feeder electrode
is more complicated and needs extensive research to establish the conditions (electrochemical and geometrical for
the desired value of the catalyst potential. Even then,
the method does not guarantee success. For, the desired
situation is also dependent on parameters which cannot
be influenced simply (contact resistance, charge transfer between the feeder electrode and reactants). From the
electrochemical point of view, however, due to the charge
transfer between the feeder electrode and the particles
the reactions at the particle surface are influenced in
anyway, and so maybe their selectivity. So, its major application up till now seems to be, making the particles
an extended part of the feeder electrode (using a potential c.q. current source), improving the reaction rate.
The steady-state potential method does change the catalyst potential to a new steady-state value. In this case not only the reaction rate of the electrochemical reactions is changed but also their selectivity may be changed.
Moreover, control of the catalyst potential can be 'used
to choose the optimum conditions for the reaction, at the
same time giving information on the activity of the catalyst.
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CHAPTER 4

The Electrocatalytic Reduction of Nitric acid

4.1 INTRODUCTION

The catalytic hydrogenation of nitric acid became
important for the production of hydroxylamine after the
1
first publication . It afforded a relatively inexpensive means of synthesizing hydroxylamine salts, which are
valuable intermediates in the preparation of a number of
bulk chemical compounds (e.g.

caprolactam). A carbon
2

supported rhodium catalyst was used and in later patents
the use of other metals from the platinum group was described. A similar reaction was carried out with nitric
3
oxide instead of nitric acid · So, the reduction of nitric acid can be performed as a pure catalytic hydrogenation process. The electrochemical reduction of nitric acid and its possible reduction intermediates like
nitrous acid and nitric oxide can also be performed (see

Chapter 2). As a consequence, one may assume that thereduction process can be influenced by changes in the electrochemical parameters of the process (e.g.

the catalyst

potential). Since one of the unwanted endproducts of the
catalytic hydrogenation is ammonia, it is important to
be able to influence the selectivity of the reaction towards hydroxylamine. Furthermore, the process conditions,
like the aqueous phase and the low temperature (O-l00°C)
make this process suitable to be investigated electrochemically without a drastic intervention in the actual
conditions.
This chapter describes the research performed to determine the possibility and the means to influence the
catalytic hydrogenation of nitric acid electrochemically.
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Due to a number of problems encountered, we have o n ly been
able to obtain a qualitative picture of the poss i b i lities
of controlling the catalyst potential. Nevertheless, the
results obtained have led to a better understanding of
the response of the electrocatalytic process to impetures
of electrochemical nature.

4 . 2 EXPERIMENTAL
The heterogeneous catalytic hydrogenation of n i tric
acid is a three phase process. The reaction takes place
between dissolved

hydrog~n,

a buffered nitric acid solu-

tion and a solid suspended catalyst. To dissolve the hydrogen adequately, the reactor geometry must fulfi l l cer4
tain requirements
(Fig. 4.2.1}. The gas phase is led into the reactor through a glass frit in the bottom of the

STIRRER
MOTOR

Fi g ure 4 . 2 . 1

S Lurr y r e a cto r fo r th e e xp e r i men ts with s teady -s t a ti potential con t r ol.
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cell and dissolved only to a small extent in the solution
which was agitated with a turbine stirrer. Part of the experiments were performed in a cell, adapted for use in a
three electrode configuration (Fig. 4.2.2). As electrodes

REFERENCE ELECTRODE
COMPARTMENT
STIRRER
MOTOR

CONNECTION
FOR

COOLitiGWATER
OUTLET
SUSPENSION
INLET

BAfFLES

GLASS FRIT \

Figure 4.2.2

Slurry electrode reactor with
feeder electrode.

we used a platinum gauze (area 46 cm

2

L as

working (feeder}

electrode, a saturated mercury sulphate reference electrode and a platinum counter electrode (area 6.3 cm 2 }, the
latter placed in a compartment separated from the main
cell by a glass frit. Experiments have been carried out
with a continuous hydrogen flow, sometimes diluted by argon, or with a gas burette.
In most cases a sulphuric acid solution was used in the
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concentration range of 0.1- 1.25 M. The nitric acid was
introduced into the solution as potassium nitrate or as
nitric acid. The catalyst used was a carbon supported,
platinum catalyst with 10% Pt by weight (Merck nr. 807339).
The use of a palladium catalyst has been disregarded since, because of its hydrogen uptake (formation of palladium
hydride) , the hydrogen consumption of the reaction and the
influence of partial hydrogen pressures cannot be measured
with this catalyst.
The catalyst potential was measured with a special constructed measuring probe consisting of a small platinum wire electrode combined with a reference electrode as is indicated in Fig. 4.2.3. For the measuring electrode also
other materials (gold, carbon, silver) are applied for
reasons outlined in Chapter 5.

REFERENCE
ELECTRODE
COMPARTMENT

;:::::!:l::;=---Q

COPPER WIRE

Figure 4.2.3
Combined electrode system for
the measurement of the catalyst
potential.

GLASS CAPILLARY FILLED WITH
WOODS METAL
.-MEASURING PROBE
GLASS FRIT;
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AnaZytioaZ prooedures
The solutions were analysed direct after completing
the experiments and the conversions calculated. Hydr oxyl-

amin e was analyzed according to a method described by
az 5 • An acidic hydroxylamine solution is boiled

Bray et

with a surplus of Fe (so )
and the Feso formed backti2
4 3
4
trated with KMno
4

( 4. 2)

Ammonia was determined by distilling the ammonia formed
out of an alkaline solution and absorbing it into a known
amount of acid. The acid was then backtitrated with a
base. The hydroxylamine present in the solution was destructed before ammonia was distilled by boiling the solution with Fe (so ) according to Eq. (4.1). The solu4 3
2
tions were analysed for hy drazine by a qualitative me6
thod using a salicylicaldehyde/acetic acid mixture , but
no traces of it have ever been found. The amount of ni -

trate that has not reacted was determined by means of a
nitrate ion selective electrode (Orion, model 92-07).
This electrode could be used in the range 10

-4

-10

-1

M N0

3

(Fig. 4.2.4) but due . to its limited sensitivity of 60 mV/
decade and its easy disturbance by other ions, the sensitivity was only 5%. The possible occurrence of nitrogen oxides during the reduction (hydrogenation) of nitric acid has been investigated. The gas flow through
the reactor was analysed by gaschromatography, using a
7
stationary phase of molecular sieves (SA, 60-80 mesh) ,
and a thermal conductivity detector (Hewlett Packard model 5700A gaschromatograph). However, no nitrogen oxides
were detected in any of the experiments performed.
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Figure 4.2.4 The potential respons e of the ni t r ate
ion seleat{ve eleatrod e.
4.3 THE SYSTEM NITRATE-HYDROGEN-CATALYST Pt/C
4.3. 1 INTRODUCTION
Before the catalytic hydrogenation of nitric acid was
succesfully applied, hydroxylamine was mainly produced
by the reduction of sodiumnitrite with sodium bisulphite
and sulfur dioxide to hydroxylamine-N,N disulphonate,
which in turn was hydrolized to hydroxylamine-sulphate

8

(4. 3)

+ 2NaCl

(4.4)

(4. 5)

The development of the more straightforward catalytic
hydrogenation process opened a new way to the production
of hydroxylamine 1 :
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2 H+ + N0

-

Rh/C

3

( 4. 6)

At first, the process was carried out in a diluted nitric acid solution (0.25 M) to prevent the catalyst from
dissolving. The improved process, however, takes place
in a buffered solution of 0 < pH < 3, which makes it pos9 10
sible to work with more concentrated nitrate solutions •
•
Also other metals from the platinum group (Pt, Pd) are
used as catalysts. In addition, the presence of small
5
amounts of other metals (10- moles per g catalyst), like
cadmium, germanium, indium, were found to promote the
10
• These socalled promo-

catalyst activity substantially

tors, however, inhibit the reaction if their concentration is too high.
The use of a buffered solution is necessary to prevent the hydroxylamine to be reduced further to ammonia,
because in alkaline solutions ammonia is formed preferentially. In most cases a phosphoric acid buffer is em10
ployed , but a bisulphate buffer can also be used.
From electrochemical studies it is known (chapter 2)
that the reduction of nitric acid is very difficult but
that the reduction of nitrous acid at a platinum electrode goes smoothly. The special feature of the catalytic process,. therefore, seems to be the promoting effect
of the catalyst on the reduction of nitric acid to nitrous acid. It is probable that electrochemical reaction
steps are part of the further reduction of nitrous acid.
In that case, the potential of the catalyst determines
the extent of the electrochemical reactions and controls
11
the formation of products. Kinza
investigated the influence of the catalyst potential on the product formation during the catalytic hydrogenation of nitric acid.
By adding slowly nitric acid to a hydrogen saturated,
sulphuric acid solution, the potential of the catalyst,
measured with a platinum electrode, could be followed as
function of the acid added. Dependent on the type of catalyst used a fast or slow positive shift of the catalyst
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potential was found which led to a stable potential value of 0.3V vs RHE. Adding more nitric acid gave rise to
a sudden increase of the potential of about lV and an
even visible production of nitrogen oxides. Other characteristic potential values were not found and the selectivity of the reaction for hydroxylamine seemed to depend
more on the type of catalyst used than on the potential
of the catalyst.
The electrocatalytic behaviour of the system, however,
gave us the possibility to investigate other means to influence the catalyst potential and to study their ultimate
usefulness.

4.3.2 EXPERIMENTS WITH THE FEEDER ELECTRODE
As described in section 3.2, the potential of the catalyst can be influenced by means of a feeder electrode
if certain conditions are fulfilled. In first instance,
experiments have been done to study qualitatively the
capability of the feeder electrode, here a circular shaped platinum gauze. This electrode was placed in the reactor (Fig. 4.2.2) at 2 em from the wall, the most turbu4
lent zone , so that a high collision frequency of the
particles with the feeder electrode could be expected.
Because the oxidation of hydrogen at the platinum catalyst (electrode) is much faster than the reduction of nitric acid, this oxidation process determines the electrochemical reaction resistance RE. The catalyst pote ntial
control with the feeder electrode depends therefore on
the ratio of the charge transfer between the feeder electrode and the catalyst, and between the catalyst and the
reactant hydrogen.
To study the charge transfer, the following experiments
were performed with a hydrogen saturated sulphuric acid
solution. The current potential relationship in this solution was determined with and without the catalyst suspension (Fig. 4.3.1). At the same potential the current
in the presence of the catalyst is higher than in its ab-
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sence. So, charge is transferred between the catalyst and
the feeder electrode as a result of the collisions of the
particles with the electrode.
The dependence of the current on the speed of rotation
of the stirrer is shown in Fig. 4.3.2. With no catalyst
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present, the current increases as the rotation speed increases, but becomes constant when the rotation speed exceeds 2000 rpm. This is due to the limited and slow dissolving of the hydrogen gas which, at a low rotation speed,
is not complete. In the presence of the catalyst, the current does not become constant with increasing speed of rotation. The collision frequency is dependent on the speed
of rotation and determines the total charge transferred
in unit t .ime (i.e. the current} between the feeder electrode and the particles. So, with increasing rotation
speed the total current increases due to a higher collision frequency and does not become constant in the applied
stirrer speed range.
During these experiments the potential of the catalyst
was measured, with the measuring probe, with different
feeder electrode potentials. It was found that the potential of the catalyst was independent of the feeder electrode potential at least up to a distance of 0.2 mm. from
the feeder electrode. At smaller distances, measurements
were impossible due to the geometry of the measuring probe. It can therefore be concluded that with this reactant
system we have the case according to section 3.2.2.6, with
Rc >> RE: i.e. the feeder electrode is not capable to influence the catalyst potential but serves only as a source
or sink of electrons .
The particle potential measurements have also been done
with active carbon particles, i.e. without a nobel metal,
and these experiments also showed no relation between the
feeder electrode potential and the particle potential.
So, even when the electrochemical reaction resistance RE
is much higher, say a 1000 fold, the contact resistance R
c
is still greater than RE. In conclusion, it can be stated
that control of the catalyst potential with a feeder electrode is not possible for the reaction investigated here.
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4.J.J EXPERIMENTS WITH A CONTROLLED STEADY-STATE POTENTIAL

4. J. J. 1 THE STEADY-STATE POTENTIAL OF THE CATALYST
Influencing the steady-state potential means changing
the catalyst potential (section 3.3). The important question is how to influence the steady-state potential. The
steady-state potential (SSP) at the catalyst surface is
determined by the (electrochemical) processes that take
place and by influencing those processes the SSP can be
altered. The reaction rate of electrochemical processes
is dependent on the concentration of the reactants and
for one redox reaction the steady-state or redox potential is a function of these concentrations according to
the Nernst equation
E

=

E

0

+ ..!__
nf

(4.7)

In general, when more redox couples are present, reactions proceed at a mixed potential.
An experiment has been done to see to what extent this
equation is valid for the redox reaction
2H

+

+ 2e

-

-

(4. 8)

at the surface of the catalyst. Fig. 4.3.3 shows the relationship between the catalyst potential and the log PH
2

keeping the aH+ constant. The experimental slope of
29.7 mV/decade at 25°C corresponds with the theoretical
slope according to Nernst (= 29.6 mV/decade). Also the
aH+ can be determined from Fig. 4.3.3.
For:
So, at pH

(4. 9)

=

1 the pH is calculated to be 1.62, corres-

ponding wfth the value measured at a glass electrode, viz.
1.63. The same experiment has been done without catalyst
in the solution (see also Fig. 4.3.3}. In this case, the
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measured potential is the steady-state potential of the
measuring probe in the solution. It can be concluded that
the measuring probe itself does not behave like an ideal
electrode. However, in the presence of the catalyst suspension the potential is influenced in such a way that
the values do coincide with those expected theoretically.
E. v VS SHE
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It can therefore be stated that the measuring probe gives
a correct value of the catalyst potential. At the same
time, it is demonstrated that the reactant concentration
can change the steady-state potential of the catalyst.
Due to the very small exchange current density for nitrate at a platinum electrode, the steady-state potential
of the catalyst in a sulphuric acid solution of nitrate
is not determined by the concentration of nitrate but by
other possible, faster electrochemical processes, such as,
e.g. the oxidation of the platinum surface layer:
(4 .10)
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However, in the presence of hydrogen, nitric acid is reduced and electrochemically highly active species, such
as nitrous acid, are formed, which influence the catalyst
potential.
The following experiments were done with a hydrogen
saturated sulphuric acid solution of nitric acid and in
the presence of the catalyst, Pt/C. Variation of the nitric acid concentration did not influence the catalyst
potential, but variation of the hydrogen partial pressure
did, and in a more drastic way than Fig . 4.3.3 shows; see
Fig. 4.3.4 (the influence of germanium dioxide on the catalytic reactions will be discussed later). To explain
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these results, the following overall oxidation-reduction
reactions on the catalyst surface must be considered:
• oxidation

H

-

-

-

2

. reduction:

2H+ + 2e

-

2H+ + 2e

(4 .11)

( 4. 12)

H2

Pt

HN0
HN0

2

+ H
2
3

+ 3H+ + 3e -

HN0

2

+ H 0
2

H NOH + H 0
2
2

(4 .13)
(4 .14)

As reaction 4.13 is very slow, the SSP of the catalyst
will depend only on the reactions 4.11 and 4.12, the

+

H /H redox reaction. If the pH is lowered, the SSP will
2
become more positive and the rale of the reactions 4.12
and 4.14 will decrease. The concentration of nitrous acid
becomes therefore higher and in its turn accelerates reaction 4.14. Consequently a redox system is formed, prescribed by the species H

and HN0 with a SSP different from
2
2
that of the H /H+ system. According to Eq. 3.16 (with
2
E~ = ·OV and E~NO = 0.93V) the resulting SSP will be
mofe positive thari with the H /H+ system.
2
The same effect is reached by adding a catalyst promotor, like Ge0 , which accelerates reaction 4.13 and so
2
serves to build up the concentration of the electroactive
intermediate product of the nitric acid reduction. Thus,
it can be concluded t hat the catalyst potential during the
reduction of nitric acid in the H -HN0 -Pt/C system is
2
3
influenced by the hydrogen partial pressure and by the
addition of germanium dioxide. However, the SSP of the
catalyst can not be influenced permanently, in most
cases studied it returns to the reversible hydrogen potential after about 18 hours. The actual cause of this
trend is as yet not clear, but since the shift is to
a more negative potential a possible explanation may be
that the reduction of nitric acid (the cathodic process)
is inhibited.
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~f

The influence

the rotation speed of the stirrer on

the catalyst potential, is shown in Fig . 4.3 . 5. At low
speeds of rotation, dissolving of hydrogen is not effective and the reactant diffusion layer at the catalyst sur face is large compared to that at higher rotation speeds.
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Figur e 4 . 3 . 5 Depe ndence of the c ataly s t potential
on the r ota ti on s peed of t he st irrer .
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2 4
-5
HN0 and 1 0 M Ge0 2 .
3
Therefore, at low speeds of rotation the concentration of
hydrogen at the catalyst surface is low compared with high
rotation speeds and so a situation exists comparable with
a low partial hydrogen pressure. However, the major problem now is the act of controlling the potential of the
catalyst at a desired value in order to study its influence on the reactivity and selectivity of the nitric acid
hydrogenation process.
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4.3.3.2 THE REDUCTION OF NITRIC ACID

The electrocatalytic hydrogenation of nitric acid has
been studied using the reactor, shown in Fig. 4.2.1. In
the first series of batch experiments, to determine the
rate of the reaction, a gas burette filled with hydrogen
gas was connected to the reactor, containing 200 ml of a
0.1 M sodium bisulphate solution (pH= 1.5), 0.2 g Pt/C
catalyst and 10 ml 2.5 M sodium nitrate. The total process
time was about one week. During the experiment, the hydrogen uptake was measured and the reactivity calculated
as ml hydrogen consumed per minute (Fig. 4.3.6 A). Also,
the pH and the catalyst potential were recorded (Fig.
4.3.6 B,C). Gas samples were taken during the experiment
and analysed by GLC, but no nitrogen oxides were found.
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Figure 4.3.6 Electrocatalytic hydrogenation of
nitric acid. Variations of the reaction rate, pH
and catalyst potential during the experiment.
Composition solution: 0.1 M KBS0 , 1 g cat. / l,
4
0.25 M NaN0 .
3

The reactor contents was analysed after the experiment
was ended and the conversion efficiency of nitrate into
products determined (Table 4.3.1).
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Ta b le 4. 3 .1 Nitrogen compound distrib ut ion after
the e l ect rocataly tic hy d r oge nat i on proce ss i n a
(buff e r ed ) sodi um b i s ul pha te s o l ution .

pH
1.5-13
0.5

N0

3

NH 0H
2

N2H2

NH

3

17%

-

-

89%

86%

-

-

27%

All the nitrate reacted has been converted into ammonia
(the material balance shows a small excess, but this must
be attributed to the inaccuracy of the nitrate measurement). From Fig. 4.3.6 it can be seen that the conversion rate of nitrate increases with increasing pH. This
can be ascribed to the fact that the potential of the catalyst, determined by the hydrogen redox potential, is pH
dependent , according to the Nernst equation 4.7. So, an
increasing pH value leads to a decreasing catalyst potential and an increasing nitrate conversion rate. However,
a negative shift in catalyst potential promotes the production of ammonia and so no hydroxylamine is found. When
the same experiment is performed in a 0.5 M bisulphate
solution, concentrated enough to buffer the ammonia produced, a conversion efficiency of nitrate into ammonia of
only 27% is found, but still no other products (Table
4.3.1). It is concluded that the catalyst potential must
be more positive in order to produce hyd r oxylamine.
The next series of experiments were carried out i n a
closed reactor with a hydrogen atmosphere above the so l ution. During the reaction hydrogen is consumed and the
pressure in the cell decreases, accompanie d by an increase

in catalyst potentia l

(Eq. 4. 7 ). A max imum pressure d e-

creas e o f 13 em water was meas ured (Fig . 4.3.7) t oge ther
with a potential increase of about 20 mV.

Dur~ng

the expe -

riments the pressure in the cell was kept constant at a
pressure of - 6 em water by means of a manostate which
supplie d hydrogen to the cell whe n the pressure d r o p was
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Figure 4 .3.7 The variation of the pressure in the
c lose d slurry reactor during an experim ent .
Co mposition solution: 0.1 M KHS0 , 1 g cat./l ,
4
0.25MNaN0 .
3

to high. The !eactor contents was analysed after about one
week, see Table 4.3.2.
Tabl e 4.3.2 Ni tro gen compound distribution after
the electrocatalytic hydrogenation proce ss at
reduced pressure.

N0

3

1 3%

-

NH 0H
2

I

N2H2

-

38%

NH
56~

Now, hydroxylamine was formed but without a marked change
in catalyst potential.
So, it was not possible to study with these type of experiments the selectivity

o~

the nitrate reduction to hy-

droxylamine as a function of the catalyst potential. Therefore, a catalyst promotor (i.e. germanium dioxide) was
used to accelerate the reaction, because this would influence the catalyst
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pote~tial

(see section 4.3.3.1).

First, the influence of Geo
{added upto an amount of
2
-5
10
moles per gram catalyst) on the reaction has been
studied. The experiments were carried out with a hydrogen flow through the solution. The results are shown in
Table 4.3.3.
T a ble 4.3. 3 Nit r oge n co mpo u n d di s t rib u t io n a ft e r
t h e electr oca t al y tic hy d r oge n a ti o n pr o c e ss at
a Pt/C a n d a C cata lyst,
Ge o 2 . Pr oce s s t im e:

Catalyst

Promotor

Pt/C

Geo

Pt/C

-

wi t h and wit hou t added

4 d ays.

2

N0

3

NH 0H

2

NH

3

1%

41%

65%

14%

3%

80%

c

G~2

55%

26%

14%

c

-

42%

33%

24%

It is evident that the presence of platinum on the
carbon accelerates the reaction. The presence of Geo is
2
more pronounced if a Pt/C catalyst is used and gives rise to an increase in activity and in hydroxylamine production. The catalyst potential increased initially about
0.4 Volt but after 18 hours processtime the original hydrogen redox potential was reached again.
To fix the catalyst potential at a desired value, the
hydrogen pressure in the reactor was lowered by adding
argon to the flow of gas. Stabilisation of the potential
was only possible during a few hours. It wa s found that
after th a t time no more hydrogen was consumed and that
therefore the hydrogen in the cell was used to establish
the hydrogen redox potential at the catalyst, a potential
more negative than the desired value. Thus in most experiments, the reaction stops already after 10-20 hours, while only 20-30 mol % of the nitrate has reacted. Therefore,
the main problem is that the reaction rate varies too much
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during the process making it impossible to control the catalyst potential. So, in order to study the potential influence on this reaction, a more thorough study of the ·
reaction is needed.

4.4 THE CATALYST PROMOTOR: GERMANIUM DIOXI DE
4.4.1 INTRODUCTION
The reactivity of heterogeneous catalytic reactions
in solutions can be improved by adding small amounts
(about 10- 5 moles per gram catalyst) of a "promoting"
metal, mostly as their salts or oxides

10

• However, it

turns out that in most cases higher concentrations of
these metal salts or oxides inhibit the reaction. This
leads to the conclusion that the improvement of the reactivity is due to a synergetic effect of catalyst and
metal and does not result from a catalytic action of the
metal itself. For, then a larger amount of the metal
should improve the reactivity and not inhibit the reaction. An intimate contact of the catalyst and the metal
is obtained by the reduction of the corresponding metal
salt at the catalyst surface by a reducing agent, e.g.
hydrogen, or during the preparation of the catalyst.
Since a .few years it is known that small amounts of metal can be deposited electrochemically at a higher potential than its thermodynamic value (so-called underpotential deposition (upd)) . The effect of an upd metal on
the electrode performance can thus also be studied with
electrochemical techniques. For instance , in the oxidation of formic acid the influence has been

studied~ 2 of

small amounts of upd-lead on the electrode material. It
was found that the presence of lead on the electrode surface inhibited an electrode poisoning reaction :
0

OH

I

II_....,OH

c

dT7
86

c
-

/1\

!177

(4.15)

This reaction can only take place if two or more adsorption sites next to each other are available; this can be
prevented by lead, deposited on the surface. Although the
presence of lead diminished considerably the electrode
surface available for the oxidation process, however, its
inhibiting effect on the electrode poisoning reaction made the resulting activity of the electrode higher than
without lead.
The binary system of platinum and a second metal, especially tin, influences the oxidation of methanol positively13'14

From cyclovoltammetric experiments with a

large number of platinum-metal combinations, it was concluded that the acceleration of the methanol oxidation was
15
A stabilizing

due to an improved adsorption of methanol

effect of the metal on the electrode potential via its redox potential can be excluded. On the other hand, the occur
renee of upd means that small amounts of certain metals can
influence a reaction even at a potential more positive than
its redox potential.
Promoters are also used at the catalytic hydrogenation
of nitric acid. Because promoters influence the reactions
at the catalyst surface and so the catalyst potential, a
study has been made of the effect of such a promotor, viz.
Geo , on the performance of a platinum electrode. Special
2
attention has been paid to the influence of the promotor
on the hydrogen adsorption and desorption on the platinum
surface, and to the electrocatalytic properties of the formed platinum-germanium electrode surface. For comparison,
the same experiments were performed with a gold electrode,
at which hydrogen does not adsorb. So, the influence of
adsorbed hydrogen on the nitric acid reduction could be
studied.

4.4.2 THE GERMANIUM-DOPED ELECTRODE
The experiments were carried out according to the procedures and with the instrumentation, described in chapter 2. All experiments were performed in a 1.25 M sulphu-
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ric acid solution, saturated with nitrogen or hydrogen.
The potential was varied between the potentials where hydrogen, respectively oxygen are formed at the electrode.
Germanium dioxide was added to the solution upto a con-4
centration of 3.10
M.

Platinum disc electrode
After the addition of germanium dioxide to the sulphuric acid solution, a change in the voltammogram, compared
to that of the blank, can be observed (Fig. 4.4.1). The
hydrogen desorption peaks C and D become smaller, just as
the hydrogen adsorption peak B. The second hydrogen adsorption peak, E, however, becomes larger and a new anodic peak, A, appears near the oxygen adsorption peak. It
was found that the height of the peaks A and E is dependent on the concentration of Geo

(Fig. 4.4.2). Also,
2
when the potential scanrate was varied, the peak currents
of the peaks A and E varied proportionally to the square
root of the scanrate, v. The height of the peak current
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of the hydrogen adsorption peak B, however, varied linearly with the scan rate. It could therefore be concluded
that peaks A and E are not due to adsorption processes,
but are due to the oxidation and reduction of the germanium. The decrease of peaks B, C and D on the addition of
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Figu r e 4. 4. 2

Dependence of the anodic p eak A
and t he cat h odic peak on th e
concen tr ation o f Geo 2 .

germanium dioxide is than due to the deposition of germanium on the electrode, whereby hydrogen adsorption sites
are occupied. The increase of peak A is due to redissolving of germanium; the increase of peak E is the result
of the combined effects of decreasing hydrogen adsorption
and increasing germanium reduction. When the anodic scan
reverse potential is chosen more negative, than at the
potential whereby peak A appears, a decreasing peak E is
observed. We conclude therefore that the reduction process
of germanium is not the reduction of the Geo

2

added but

of a germanium entity formed by redissolving of germanium.
For, when this compound is not formed, by decreasing the
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scan reverse potential, peak E behaves the same as peak B.
The germanium entity formed is apparently Ge 2+ :

Ge

--

Ge

2+

+ 2e

-

(4.16)

because of its redox potential (see Table 4.4.1)

16

.

TabZe 4. 4.1: Redox potentials of some germanium compounds

REACTION

REDOX POTENTIAL< VI
0
E = -U246

Ge0 + 4H+ + 4e- ~ Ge. + 2H 0
2
2

0
E =

Ge0 + 2H+ + 2e- ;:= GeO + Hp
2
H Ge0 + 4H+ + 2e- ~ Ge2++ 3H 0
2
3
2
H Geo + GH+ +4e3
2

-n2os

E0 = -0.363 + 0.0295 log [H2GeO)]
[Ge2+J
0
E = - 0.182 + 0.0148 log [H 2 GeO~

:;;:::= Ge~ + 3H20

,--- ------- - -- - - - - - - - - - - - - - - - - - - - - - ,
0
i Ge 2+ + 2e- ~ Ge~
E = o + 0.0295 log [Ge 2•] :
L- - - - - - - - - - - - - - - -

-

_ _ _ _ _ _ _ _ _ _ _ _ _ _ __J

Also, when the start potential was chosen near the potential of the oxygen evolution (anodic start potential),
instead near that of the hydrogen evolution, the changes in the· cyclovol tarnrnogram were markedly less ·in the
nitrogen saturated solution than in the hydrogen saturated solution. The voltarnrnograrn with the hydrogen saturated solution was equal to that recorded with the cathodic start potential. This can be explained by the fact
that the added germanium dioxide is reduced to germanium
at the platinum surface by means of hydrogen

-Pt

Gel

(4 .1 7)

This reaction takes place in a hydrogen saturated solution
and also at the cathodic start potential because of the
adsorbed hydrogen. In a nitrogen saturated solution and
with an anodic start potential, this reduction process
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cannot take place. It can only occur during the short time, that the potential of the platinum electrode, during
the potential scan, is in the hydrogen adsorption region.
So, only after a number of potential scans noticeable
changes in the voltammogram were detected.
The influence of germanium on the surface of the platinum electrode can also be observed at a rotating electrode. When germanium dioxide is added to a hydrogen saturated sulphuric acid solution, the oxidation wave of hydrogen decreases and even disappears completely when the
electrode is treated cathodically in the solution (Fig.
4.4.3). Evidently, the presence of germanium on the elec-
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trode inhibits the formation of adsorbed hydrogen. When
the electrode is scanned continuously after the cathodic
treatment, the hydrogen wave returns and its height increases gradually after a number of scans. The dissolution of germanium in the anodic part of the scan obviously cannot be compensated by the deposition of germanium in
2
the cathodic part, due to the fact that the dissolved Ge +
is swept away from the electrode, so that deposition of
germanium is only possible via reaction 4.17.
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Gold disc electrode
The addition of germanium dioxide to the solution also
changes the cyclovoltammogram recorded with a gold electrode (Fig. 4.4.4). However in this case a cathodic pretreatment of the electrode is necessary to initiate these
changes. This pretreatment consists of evolving hydrogen
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at the electrode for about three minutes. So, also in this
case the presence of hydrogen at the electrode surface is
necessary to reduce the germanium dioxide. Thus, since_ gold
does not adsorb hydrogen, in this case the presence of
hydrogen at the electrode surface is necessary to reduce
the germanium dioxide. In the anodic scan of the cyclovoltammogram a peak is found becoming larger and extending over a larger potential range when the scan is reversed in the cathodic direction. It is clear that these peaks are associated with the germanium deposited on
the gold electrode during the pretreatment: they are
therefore due to the oxidation of this germanium. The
values of these peak potentials are not constant, but
shift, dependent on the number of scans. The most likely
2
processes occurring are the formation of Ge + (Eq. 4. 16)
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followed by the further oxidation of Ge 2 + to germanic
acid.

(4.18)

Conclusion
It is clear that on the platinum electrode germanium
is deposited at a potential positive to its redox potential (see Table 4.4.1). This upd occurs with small amounts
of metal and influences the behaviour of the surface they
are deposited on. The influence of germanium on the platinum electrode consists of blocking the adsorption sites
for hydrogen and thus lowers its hydrogen oxidation rate.
The important step in the formation of germanium on the
electrode surface is the catalytic reduction of the Ge0

2
with hydrogen. When the germanium formed redissolves, pro-

ducts are formed which are more easily reduced to germa2
nium than the Geo . It is believed that Ge + and possibly
2
H Geo are formed during the oxidation process. At the
3
2
gold electrode, the oxidation process seems more complex
and the exact nature of the germanium products formed is
as yet as known. The presence of germanium on the electrode surface of both platinum and gold electrodes is made evident; germanium therefore can influence the reactions at the electrode surface.

4.4.3 THE REDUCTION OF NITRIC ACID
With the same procedures and instrumentation as described in the foregoing section, the influence of added germanium dioxide on the reduction -of nitric acid has been
studied. Voltammograms have been recorded at a platinum
electrode of hydrogen saturated, 1.25 M sulphuric acid
solutions containing nitric acid or germanium dioxide and
nitric acid (Fig. 4.4.5). The addition of nitric acid gi-
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ves only rise to an extra anodic peak at 0.75 V (RHE). As
mentioned in the foregoing section the addition of Geo

2
changes the blank voltammogram in a much more complex way.

However, addition of both nitric acid and germanium dioxide changes the height of the hydrogen adsorption and desorption peaks drastically. Because the adsorption peaks
become larger and the desorption peaks smaller, it is evident that the reduction of nitric acid is made possible by
the presence of germanium electrode surface. When the
amount of added germanium dioxide becomes larger than
10- 4 M, the reduction of nitric acid becomes inhibited.
Because the presence of germanium inhibits the adsorption
of hydrogen, it is evident that adsorbed hydrogen is used
11
to reduce the nitric acid according to
:

--

(4 .19)

--

(4.20)

--

( 4. 21)

The promoting effect of germanium dioxide can then be
attributed to the fact, that the adsorption of nitric
acid at the germanium surface accelerates the reaction
between the nitric acid and the nearby adsorbed hydrogen.
At the gold electrode the reduction of nitric acid also takes place. This is

no~

directly evident but can be

concluded from the appearance of an anodic peak (A) in
the voltammogram (Fig. 4.4.6). The reduction of nitric
acid is not found in the voltammogram because this process only takes place during the already mentioned cathodic pretreatment of the electrode. This indicates that
first germanium has to be deposited on the gold electro-
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de before a substantial reduction of nitric acid becomes
possible. In the absence of Geo

in the solution, the
2
anodic peak A is 10 times smaller, indicating only a slow

reduction of nitric acid.
The second anodic peak (B) appears only when Geo is
2
present in the solution and must therefore be attributed
to the oxidation (dissolving} of the deposited germanium.
When the scan is reversed in the cathodic direction one
or two cathodic peaks appear, dependent on the potential
of scan reverse. The peak C appears when this potential
is chosen more positive than the peak potential of peak B.
Also, the height of this peak is independent of the height
of peak A. So, peak C is associated with the germanium oxidation peak B and not with the nitric acid reduction.
The second cathodic peak D is only found when the potential of scan reverse is in the potential region of peak
A. It is also dependent on the height of peak A. Therefore, it is clear that peak D corresponds to the reduction
of products formed at the potential of peak A.
The same experiments have been performed with a nondoped germanium electrode. However, due to the semi-conductor properties of germanium, the currents were too low,
to be significant for interpretation. Therefore, no information could be obtained about the nitric acid reduction
with this electrode.

4.4.4 CONCLUSIONS
It is clear that germanium, deposited in small amounts
on a platinum or gold surface, can promote the reduction
of nitric acid. The promoting effect is due to the adsorption of nitric acid at the germanium surface and to the
reaction of this adsorbed nitric acid with adsorbed hydrogen. Because the presence of germanium at the platinum
surface blocks the adsorption of hydrogen, a too large
amount of germanium on the electrode inhibits the nitric
acid reduction. At the gold electrode, the reduction only
takes place when hydrogen is evolved at the electrode and
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this reduction reaction is substantially promoted, if germanium is present. In this case, a too large concentration
of germanium also inhibits the hydrogen evolution at the
potentials used and so inhibits the nitric acid reduction.
The deposition of germanium on the electrode surface
decreases the hydrogen adsorption rate and increases the
nitric acid reduction rate and can be used therefore to
change the catalyst potential (as was already mentioned
in section 4.3). So, the effect of germanium on the catalytic hydrogenation of nitric acid is not only an increase
of the reaction rate but, due to its influence on the catalyst potential, it can also influence the product distribution.
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CHAPTER 5

Measurement of the Catalyst Potential

5.1 INTRODUCTION
To control the potential of an electron-conducting catalyst in a slurry cell, it is necessary to measure this
potential accurately. The most common method used is to
let the catalyst particles collide with a small metal
electrode and to assume that the measured potential of
that electrode is the same as the mean potential of the
catalyst particles. As the potential of the electrode must
-be measured against a reference electrode, both can be
combined in one electrode configuration, the so-called
measuring probe

(Fig. 4.2.3).

The accuracy of the measurement has as yet not been
questioned because in most cases catalyst and probe were
of the same material. In these cases one assumes that the
potential for a system in the so_lution will not differ
much on catalyst and probe and that the many collisions
will equalize the potentials. In this situation, the probe can be regarded as one (relatively large) catalyst particle that, by means of the many collisions with the other
particles, gets the same potential as the particles. This
is for instance the case in the fluidized bed electrode in
which also the difference in dimensions of probe and particles is not great.
However, when a catalyst is used, supported by another
material, it becomes more difficult to make a probe of the
same material as the supported catalyst. For instance, to
make a probe of an active carbon supported catalyst, the
carbon can only be "glued" together by means of a polymeric material, like PTFE. This, however, makes the probe
different from the actual catalyst, because of the hydro-
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phobic character of PTFE. Also, when the catalyst support
is an electric insulator like silicon dioxide or alumina,
no electric contact, whatsoever, can be established between the cata l yst and the probe. Thus, the obvious choice is a material that would behave in the solution as the
catalyst would do. For instance, with a carbon supported
platinum catalyst a probe of platinum is used.
During our experiments with the electrocatalytic hydrogenation of nitric acid, substantial differences were measured between probes of different material in the case of
the nitric acid reduction. Therefore, a study has been made of the parameters that determine the potential of a
measuring probe. First, we describe some theoretical considerations regarding the ideal measuring probe and then
the experiments, performed to study the charge transfer
between the catalyst and the measuring probe.

5.2 THEORY
As already mentioned in section 3.2, the charge transfer processes at the surface of an electrode can proceed
along two parallel routes:
a) charge transfer between the reactants and the electrode;
b) charge transfer between the particles and the electrode.
To determine the potential of a measuring probe as a function of its environment, both processes need to be evaluated, separately and combined. In contrast to the situation as described in section 3.2, in the present case the
potential of the probe is not fixed externally but varies
with every bit of charge transferred to it. Of the two
processes mentioned above, the charge transfer between the
reactants and the electrode is unwanted because it influences the potential of the probe, which ought to be built up
solely by the charge transfer with the catalyst. Therefore,
first of all, condi.tions will be deduced for which the
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charge transfer between the reactants and the electrode can
be neglected.

5.2.1 CHARGE TRA NSFER BET WE EN THE PROBE AND THE REACTANTS
The charge transfer between the probe and the reactants
changes the total charge of the probe with a value

~Q,

and

subsequently the potential E of the probe, according to:
(5 .1)

where em

capacity of the probe.

The charge transferred,

is a function of the current

~Q,

~t,

and the total time,

of the process:

i (t) dt

~Q

(5. 2)

From Eq. 5.1 and Eq. 5.2, it can be derived that:
d Em(t)

i(t)

-e-

dt

(5. 3)

m

For a redox reaction
( 5. 4)

the current is given by:
i

0

[(1-~)

exp
-

~

n f

n f

(E (t)
m

(E (t) - E )]
m
eq
-

E

eq ) ]

(5. 5)

Introducing Eq. 5.5 into Eq. 5.3 the change of the probe
potential in time, due to the charge transfer between the
probe and the reactants, is:
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d E (t)
m
d t

exp [(l-ed n f

i /Cm
0

- exp[ - a. n f

(Em (t} - Eeq ) ] (5. 6)

(Em (t) - Eeq)J

From Eq. 5.6, it can be seen that the potential response
of a probe to a charge transfer with reactants is determined by the exchange current density, i
C

m

0

, the capacity

of the probe and the overpotential E (t) - E

. The
eq
depends on the charge

m

potential difference E (t) - E
m
eq
transfer between the catalyst and the probe and cannot be
chosen at will. Therefore, the only factors that can be
chosen in such a way that the charge transfer reaction at
the probe surface is small, are i o and Cm. Both factors
depend on the material of the probe; thus the type of material determines the extent of the charge transfer between the probe and the reactants.

5.2.2 CHARGE TRANSFER BETWEEN THE PROBE AND THE CATALYST
PARTICLES
This process is similar to the charge transfer between
a feeder electrode and the catalyst particles (see section
3.2.2.2). However, the potential of the measuring probe is
not kept constant, as is the case with the feeder electrode, but is dependent on the charge transferred with the
particles. Therefore, the charge dQ transferred between
the probe and a catalyst particle in a time dt is given
by:
dQ

with: E (t)
p
E (t)
m
R
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c

-

E

P

(t)

-

R

(t)

E

m

dt

(5. 7)

c

the particle potential E

at time t
p
the potential of the measuring probe E at
m
time t
mean contact resistance

Also,

ep

dQ

with: e

(5. 8)

d E (t)
p

capacitance of the particle p

p

em

capacitance of the measuring probe, m.

As in chapter 3, the value of these capacitances will be
considered to be independent of the potential (in general,
this is not true, but as an approximation it is valid in
a small potential range). Integration of Eq. 5.8 leads to:

- ep

[Ep (t)

-

Ep (o) ]

(5. 9)

Using Eqs. 5.7, 5.8 and 5.9, followed by integration gives:
E (t)
p

(e

+

em
+ ep)
m

(Ep(o) - Em(o) l exp

e p E (o) +em Em(o)
12
(e + em)
p

(em+ e )t
em

cp

Ec

+

(5 .10)

and
e
Em(t)

E

(e + e )
m
p
e
+

p

(em + e )t
(Ep(o) - Em(o)) exp

E (o) + e E (o)
m m
E
(e + e )
m
p

E

em e p Rc

+

(5 .11)

The simultaneous collision of k particles with the probe can be treated mathematically in the same manner and
the solution can be described by the collision of one particle with a capacity ~ ie via a contact resistance
i=o P
R /k.
c
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To obtain the potential response of the probe due to
the collision of a particle with it, Eq. 5.11 is differentiated with respect to time t:
d E (t)
m

d t

E (o) - E (o)
~P~~--~~m~-- exp
e R

m

(5 .12)

c

The parameters determining the potential response of the
probe are the capacities, e

and e , and the contact rem
p
sistance Rc. In practice the dimensions of the measuring

probe are larger than those of the particles. Thus e >>e
m
p
and we get:
d Em(t)
d t

E (o) - E (o)
P
m
exp (- t/e R )
em Rc
p c

(5 .13)

So, for a given type of catalyst, the potential response
of the probe can be improved, independent of the collision
time t, by choosing a probe material with a small capacity em' making good contact with the catalyst particles
(small R ) .
c
However, when very small measuring probes are used, such
that e >>e , Eq. 5.12 reduces to
p
m
d E (t)
m

d t

E

p

(o) - E (o)
C R m
exp
m c

- t/em Rc

(5 .14)

In this case an optimum value of em exists for every va-

=

lue of t between t
t/R

c

o and t

=

T

(see Fig. 5.2.1).
(5 .15)

From Eq. 5.13 and 5.14 is concluded that a small value
of the capacity em is necessary to have an electrode with
a fast potential response. The optimum value of em is dependent on the time t elapsed since the particle and pro-

104

~
dt

EPIOl-~1

2.12t

If~

Figure 5.2.1

Th~

potential

re~ponse

of a

measuring probe to a charge
transfer with a ~ariicle according to Eq.

5.15.

be collided. For a mean collision time

T.

of the particle

with the probe, the average value of (C ) t is:
m op
T/2R

(5.16)

c

Thus the average value of the capacitance C

m

to be used,

can be calculated if T and R are known.
c
In general it is necessary to construct a measuring
probe with a small capacity, i.e.

the dimensions of the

measuring probe should be small compared to those of the
particle. However, to construct such a small probe will
not be easy.
5.2.J THE RESPONSE OF THE MEASURING PROBE

As already explained, a measuring probe should respond
directly to a charge transfer with a particle and must be
insensitive to charge transfer with the reactants. In the
foregoing section we have shown that a small value of the
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capacitance of the measuring probe is beneficial for a
good response of the probe. However, from Eq. 5.6 we see
that the same argument applies to the charge transfer between the probe and the reactants. Thus, in order to change the ratio between the two charge transfer processes,
other factors need to be taken into consideration.
Two of these are the contact time and contact frequency for the collision of particles with the probe. When
the mean contact time is T sec, the maximum number of col1
lisions in unit time n = 1/T sec- . However, if an average
time between two successive collisions of T sec is taken
into account, the maximum number of collisions in unit ti= 1/(T+T) sec- 1 . This means that less charge in unit

me n'

time is transferred between the probe and the catalyst. Because the charge transfer between probe and reactant is a
continuous process, a decrease of the collision frequency
leads to an increasing influence of the unwanted charge
transfer process on the potential of the probe. It is therefore important to have a large catalyst concentration and
a turbulent fluid to get a large contact frequency.
Two other important factors are the contact resistance,
R , and the exchange current density of the electrochemic
cal reaction at the surface of the probe, i . The latter
0

determines the potential-current relationship and can also
be represented by the electrochemical reaction resistance
RE. The ratio of Rc and RE determines the usefulness of
the measuring probe, as is illustrated in Fig. 5.2.2. In
this figure the effect is shown of the combined charge
transfer processes on

th~

potential of the particle E

p

and of the measuring probe E . This effect is not only
m

dependent on the charge transfer resistances Rc and RE
but also on the capacities C

and C , which determine the
P
change in potential due to a transfer of a charge Q, ac-

m

cording to:
.t:..E -

Q/C

(5.17)

Thus when Cm << Cp the transfer of a charge Q between the
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measuring probe and a particle leads to potential changes
of
~E

= Q/C

m

m

>> Q/C

p

~E

(5 .18)

p

So, the best results for the measuring probe are obtained
when (Fig. 5.2.2):
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The potentials of the measuring
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ferent ratios of Rc, RE, em and

cp
Both Rc and RE depend on the material of the probe,
which makes the choice of it very important. In the case,
that the potential of the probe, E

eq

, and the mean poten-
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tial of the catalyst particles, E , are equal, the measup

rement of the catalyst potential is straightforward. However, this is seldom the case when supported catalyst materials are used.
Generally the best choice for a measuring probe is
therefore a material with a very low exchange current density (large RE), a small . contact resistance, Rc' and a
small capacity of the probe, em. Furthermore, the probe
will have a better ·performance when a large catalyst concentration is used and a turbulent fluid motion is generated (for instance by stirring) .
For the case of hydrogenation reactions it is possible
to choose a material for the measuring probe using the
electrochemical data on the standard exchange current densities for the hydrogen oxidation at different materials.
In order to keep a low contact resistance it must be remembered that metals often form oxide layers in a solution,
which may be less conductive than the metal itself. Thus
using the conditions derived theoretically and the electrochemical data on the hydrogen reaction, it can be predicted that silver and carbon are good materials for a
measuring probe.

5.3 EXPERIMENTAL PART
5.3.1 PROCEDURES AND INSTRUMENTATION
In order to study the response of a measuring probe to
charge transfer processes with both the reactants and the
part~cles,

potential decay experiments were carried out.

A measuring probe was given a potential Em' relative to
the steady-state potential of the probe in the solution.
Then the probe was disconnected from the potentiostat and
the relaxation of the probe potential to its steady-state
value was recorded. These measurements were carried out
with the redox couple H /H+ in a 0,5 M H so solution and
2 4
2
with Pt/C catalyst concentrations ranging from 0 to 33 g/1.
To describe the mass transfer in the solution, rotating
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disc electrodes were used, together with the instrumentation sketched in Fig. 5.3.1. The potential was set on the

r-----

CE

R ;I

P

REi-~ru__
~
---=
---~
-~-t--~~~~
l[_tr=_J

c

L

c

cell

CE - counter etectrode
DP = double pulse generator
F = function generator
0 = oscilloscope
P = potentiostat
R ~relay
lh = recorder
RE • reference electrode
S • synchronizing signal
TR = transient recorder
V • voltmeter
WE • working electrode

Figure 5.3.1

Scheme of the instrumentation and
the potential varia tio ns at dif ferent points.

probe by means of a Wen king potentiostat, type 68 FR 0.5.
The connections of the potentiostat to the electrodes are
made by a relay. To (dis)connect the potentiostat from the
measuring cell, th e relay was driven by a h.p.-function
generator, type 3310 B. The potential-time decay curve was
recorded, after the cell was disconnected from the potentiostat, with a Datalab transient recorder, type DL 901,
synchronized with the function generator. The decay c urve
could also be recorde d on a Tektronix stora ge oscilloscope, type 5103 N, or via the transient rec order on a h . p .
X(t) - Y - Y'-recorder, type 7046 A. The working (measuring) electrode was pretreated, before with a positive and a
negative going potential pulse of 5 Volt, delivered b y a
Wenking double pul se generator, type DPC 72, also s yn-
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chronized by the function generator. The potential-time
relationships at different points in the instrument arrangement are shown i n Fig. 5.3.2.
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Potential-time relationships for
the different insets in Fig.

5.3.1.

The measuring cell and the construction of the disc
electrodes are already described in Chapter 2. As reference a hydrogen electrode, in the same solution as in the
cell, was used. The measurements were performed at different rotation speeds and with different set potentials.
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5.3.2 RESULTS
Potential-time relationships have been recorded for
different starting potentials, rotation speeds and catalyst concentrations. The probe materials used were selected for their difference in exchange current density for
the hydrogen oxidation reaction (e.g.

platinum vs silver)

and in contact resistance (e.g. metal vs carbon). To compare the curves obtained with an equal starting potential
and rotation speed but with different catalyst concentration, a relaxation time T

r

is defined, being the time ne-

cessary for the potential to reach a value of one fifth
of the starting potential vs RHE. This definition of the
relaxation time is used, because the potential decay curves were not simple exponential or logarithmic, so that
for these measurements the relaxation time has no definite
meaning. Therefore a more practical definition is used
which we believe to be more representative for the potential decay curve. These relaxation times are shown in

~a

ble 5.3.1 for the different electrode materials.

Table 5.3.1: Relaxation timeJ
potential of 50 mV vs RHE;

TrJ

in msec for a starting

w =40Hz; OJS M H2 so 4 solution hydrogen saturated
0

Catalyst Pt/C, g/1

1,33

6,67

i

33133 1

metal
Platinum

19

90

31

50

pold

11

62

26

37

Silver

10 5

127

63

52

>

Iridium

14

78

31

28

Rhodium

14

112

36

54

10 5

20

I

l_ Glassy Carbon

>

10~

38

>
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When no catalyst is present, the T -values obtained are
r

indicative only for the electrochemical process. Upon adding catalyst Tr increases except with the silver and
glassy carbon electrode. However, when glass particles are
used instead of the catalyst particles, the relaxation time
is not influenced. Measurement of TR with a silver electrode is only possible in the presence of the catalyst.
When no catalyst is present the silver dissolves and
the potential does not relax to the hydrogen redox potential. Measurements at a glassy carbon electrode were
strongly dependent on the pretreatment of this electrode
and were not possible if no hydrogen redox potential could
be established at the electrode.
The relaxation time has a minimum value in the medium
catalyst concentration range. The same behaviour is found
for other starting potentials.
The dependence of the relaxation time on the rotation
speed w of the electrode has been calculated by plotting
log T

r

vs log w. In most cases linear curves were obtained

(see Fig. 5.3.3). The slopes measured with different electrode materials and with different catalyst concentration
are shown in Table 5.3.2.
w,Hz
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8

o Tr, 25-SmV
x Tr , 50-10 mV
• Tr ,100-20 mV

6
4

2

Figure 5.3.3

Log Tr- log w curves for the
potential decay of an iridium
electrode at different starting
potentials.
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Pt/C Catalyst concentration

0 g/ 1

1. 33 g/1

6.67 g/1

33.33 g/1
I

I

25

50

Platinum

0.96

0.79

Gold

1.07

0.90

Starting potential mV

100

25

50

0.60

0 . 87

0.77

0.61

0.90

100

25

50

100

25

50

100

0.61

0.92

0.83

0. 72

0 . 95

0.82

0.86

0.70

0.61

1.04

0.98

0.89

1.03

1.03

0.97

1.16

0.79

0.70

0.79

0 . 81

0.76

0.91

0.86

0.84

Metal

-

Silver

-

-

Iridium

1.06

0.88

0.62

0.91

0. 79

0.66

0.93

0.70

0.58

0.55

0.77

0 . 95

Rhodium

0.98

0.89

0.80

0.77

0.67

0.57

0.99

0.82

0.73

1.03

0.85

0 . 79

-

0.86

0.71

0.61

-

0.56

0.43

0.27

-

Glassy Carbon

-

-

-

/l og w value s for ~he potential decay mea s urements with
the H /H redox co up le a t different s tarting po t ential s and ca t alyst co ncen t r ation s.
2
Hy drogen saturated, 0 . 5 M H2 so 4 s olution .

Table 5 . 3 . 2 : - log
+

.....
.....
w

T

r

In general, the dependence of the relaxation. time on
the rotation speed decreases when the start potential increases. The influence of the catalyst concentration is
rather small. Again the behaviour of the silver electrode is remarkable. Without catalyst no measurements can be
made, but in the presence of catalyst its behaviour is
comparable with that of the other metals. The same applies
for glassy carbon.

5.3.3 DIS CUSSION
The increase of the relaxation time, when catalyst is
added to the solution, is unexpected. For it is to imagine
that the presence of a catalyst would add a charge transfer process to the electrochemical reaction occurring at
the measuring probe, and thus would lower the relaxation
time. The increase in time, however, may be due to a disturbance of the hydrodynamic and diffusion boundary layer
by the particles. From the experiment with the glass particles it can be concluded that the mere presence of particles is not the cause, but that the behaviour observed
must be associated with the catalytic action of the catalyst particles. The catalyst particles adsorb so much of
the dissolved hydrogen, that the hydrogen concentration
in the solution is lowered, which leads to an increase in
relaxation time.
The contribution of the particles to the charge transfer can be concluded from the decrease in relaxation time
with increasing catalyst concentration. The apparent minimum in relaxation time at a medium catalyst concentration can then be ascribed to the fact that at a certain
catalyst concentration the collisions of particl e s with
the measuring electrode are optimal: higher concentrations
cannot contribute anymore to the total charge transferred.
To the contrary, clogging of particles at the electrode
surface may then occur, which means that colliding particles must transfer their charge via other particles to
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the probe. Thus the contact resistance will become larger
and therefore the relaxation time will increase.
The behaviour of silver and glassy carbon in the absence of catalyst is due to their low exchange current density for the hydrogen oxidation reaction, which makes it difficult to build up a H /H+ redox potential at the electro2
de. However, the behaviour in the presence of catalyst shows
that they are very useful to measure a catalyst potential.
The somewhat unpredictable behaviour of the glassy carbon
electrode and the higher specific resistivity of the material compared to silver makes the glassy carbon electrode
less efficient than the silver electrode. Therefore silver
seems to be the best material to be used as a measuring probe in a hydrogen saturated solution, because its potential
is solely determined by the catalyst particles.
The dependence of the relaxation time on the rotation
speed of the electrode is different for the starting potentials applied. With a small starting potential

(25 mV), the

slope of the log Tr-log w curve i s - l, indicating that

w Tr = constant. This means physically that the relaxation
time depends on the relaxation of the diffusion layer at
the electrode surface. At higher starting potentials (e.g.

100 mV), the slope tends to a value o f - 0.5. Now, T

r

de-

pends on the limiting diffusion current at the electrode
surface which varies, according to the Levich equation
(Eq. 2.18), with the square-root of the rotation speed.
Generally, it is supposed, that the difference between
the potential of the measuring probe used and the catalyst
potential is small. In that case, Tr is reciprocally proportional to the rotation speed. So, high rotation speeds
of the electrode or high fluid velocities past the measuring probe improve the response.
The above mentioned results confirm the conclusions derived from the theory that silver as a material with a low
exchange current density, must be used preferably as probe material for hydrogenation reactions. The unpredictable
behaviour of the glassy carbon electrode makes it in practice less suitable than expected theoretically.
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CHAPTER 6

Electrocatalytic Processing in a Slurry Electrode Reactor

In this chapter we will discuss the results of the foregoing chapters and evaluate their contribution to the
solution of the main problem. In addition a start will be
made to systematize electrocatalytic reactions of the type investigated and to determine how the slurry electrode
reactor can be used.
6.1 FINAL DISCUSSION

The aim of this study was to evaluate the possibility
to control the potential of a catalyst to improve the reactivity and/or selectivity of an electrocatalytic reaction. The hydrogenation of nitric acid was chosen as the
model reaction for reasons outlined in section 1.3. However, the problem of controlling the catalyst potential
during this reaction could not be solved in such a way
that the reactivity and selectivity could be studied . This
was mainly due to the fact that the hydrogenation rate of
nitric acid was slow. In the case of the electrochemical
reduction, the reaction rate of nitric acid was enhanced
by the addition of nitrous acid (see chapter 2). However,
this is impossible with the catalytic hydrogenation process because the nitrous acid added would instantly be
reduced by the hydrogen present. The hydrogenation rate
of nitric acid could only be increased by adding the catalyst promotor Geo . Therefore, because of the differen2
ce in circumstances of the electrochemical and catalytic
reduction of nitric acid, the results of both investigations could not be compared.
The theory on the charge transfer processes at the catalyst surface (chapt er 3), necessary t o understand the
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first experiments with the slurry electrode, helped us to
set out a practical route for further research. So, it became clear'how the catalyst potential, in the system under study, should be influenced. This we confirmed for the
electrocatalytic hydrogenation of nitric acid. A feeder
electrode cou.Ld not change the catalyst potential because
of the already mentioned difference in reaction rate for
nitric acid and for hydrogen. A second method to influence
the potential of the catalyst is to alter its steady-state
value. This could be accomplishe d by changing the reaction
rate of both hydrogen and nitric aci d at the surface of
the catalyst. The reaction rate of hydrogen could be changed by varying the hydrogen pressure or the rotation speed
of the stirrer, which influences the dissolution rate of
the hydrogen gas. The reaction rate of nitric acid could
be improved by adding the catalyst promotor Geo .
2
It was not possible to control the catalyst potential
for more than a few hours. It appeared that the reduction
reaction of nitric acid became inhibited. Therefore, a
thorough study of this catalytic hydrogenation reaction
will be necessary to solve the problems encountered and
the study of the aspects of potential control (mass and
charge transfer) should be postponed. To study potential
control, it will be better to look for an other type of
reaction. For such a reaction, especially when a co-reactant (as hydrogen, oxygen or chlorine) is present, the
rates of the oxidation and reduction reactions at the surface of the catalyst should have the same order of magnitude. Possible reactions are the electrocatalytic oxidation reactions (co-reactant oxygen) or the hydrogenation
of organic compounds in non-aqeous solvents. In both cases, conflicting situation, caused by differences in reactivity of both oxidant and reductant, can be avoided.
To control the catalyst potential, it was necessary to
measure this potential accurately. Although the used platinum measuring probes gave correct values of the hydrogen redox potential at the catalyst surface, the potentials measured when the nitric acid reduction rate was
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accelerated with the promotor Geo , were doubted. For in2
stance, when probes of other materials were used (e.g.
Au, C), differences in potential by more than 100 mV were
measured. Therefore, an investigation was made of the performance of a measuring probe to determine what kind of
material would be suitable to be used as a probe. To describe the charge transfei processes at the surface of the
measuring probe, the charge transfer theory as described
in chapter 3 was used. From this theory and the experimental results, we concluded that a silver measuring probe
was most suitable for the measurement of a catalyst potential in a hydrogen saturated solution. Furthermore, a catalyst concentration of about 5 g/ 1 was necessary to make
a correct and fast measurement possible. However, from a
catalytic point of view the amount of catalyst to be used
should be as small as possible. Thus, in order to be able
to measure the catalyst potential accurately, more catalyst must be used in the process than is needed for an acceptable reaction rate.

6.2 THE USE OF THE SLURRY ELECTRODE
Before use of the slurry electrode reactor can be considered, a thorough study has to be made of the reaction
itself to determine its feasibility for this type of electrode. At least, the reactivity of one of the reaction
steps need to be potential dependent, otherwise a change
in catalyst potential would not effect the reactivity and
the use of a slurry electrode can be discarded. Also, the
use of a catalyst or a large surface electrode must be necessary for the process to make the use of a slurry worthwhile.
When a simple, potential dependent, reaction of the type

s ---..

p

(6 .1)

is looked upon, it is clear that, if it is a reduction
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(oxidation) process, the potential of the catalyst should
be as low (high) as possible to have the highest reactivity. In this case, a precise control of the catalyst potential is not needed. However, when two or more products can
be formed, the selectivity of the reaction towards one of
these products may depend on the value of the catalyst potential. In this case, the control of the catalyst potential by means of a feeder electrode or via the steady-state potential of the catalyst, must be dictated to improve
the selectivity of the reaction.
The condition that at least one of the reaction steps
must be potential dependent means that the rate of such a
reaction varies substantially when the potential is varied
in the range normally used in electrochemistry (about 5 V) .
Besides, apart from the electron transfer steps, also potential dependent adsorption reactions should be considered.
As has been pointed out, in general an electrocatalytic reaction will consist of both catalytic and electrochemical reaction steps. Apart from this, an electrocatalytic reaction has either reaction steps in parallel or in
series, or a combination of both:
parallel

(6. 2)

s

P'

(6. 3)

s
I

P, P'

series

S

---+-

I

(6. 4)

I

---+-

p

(6 .5)

substrate
intermediate product
product

These reaction steps can be of electrochemical or of catalytic nature. The type of the reaction steps and the kind
of products wanted (I, P or P') determine the choice of
the reactor to be used. For instance, when Eq. 6.2 represents an electrochemical reaction and Eq. 6.3 a catalytic
one with P as product wanted, the use of electrolysis cell
would be preferable because a large electrode surface (as
is the case with a slurry) provides also a large catalytic
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surface and thus much product P' is formed. Also, it is
evident that when both reactions (6.41 and (6.5) are of
catalytic nature, a feeder electrode is useless.
In many electrocatalytic processes, for instance hydrogenation reactions, a co-reactant (e.g. hydrogen) is used.
This co-reactant can also be involved in catalytic and
electrochemical reactions. So, the oxidation of hydrogen
at an eJ..ectrode surface can proceed according to:
M

catalytic

H2

elect!'ochemical

Had

M

-

2Had

(6 .5)

H+ + e

(6 .6)

M

or
where M

H2

Had

+ H+ + e

(6. 7)

metal

Especially the occurrence of electrochemical reactions
with the co-reactant determines the usefulness of a slurry
electrode reactor because such a reactio~ ' influences the
potential of the catalyst. Therefore, if it has to be decided what type of reactor has to be used, knowledge of
all the possible reaction steps and of their reaction rate constants is necessary. It is clear that the catalytic
slurry electrode reactor is not an universally applicable
system, but can only be applied for reactions where both
catalytic and electrochemical aspects are present.
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List of Symbols
LATIN SYMBOLS
a0

activity of a reactant at the surface of the electrode
surface area of the electrode (particle}
capacity
adsorption capacity of the particle
double layer capacity of the particle
bulk concentration of a reactant
diffusion coefficient
potential
equilibrium potential of the measuring probe in a
solution without catalystr

Eo

E

ss

standard redox potential
steady-state potential of a particle

f

F/RT

F

Faraday's constant

i

current density

id

limiting diffusion current density

ik

current density due to the charge transfer reaction

i

exchange current density

0

i~

standard exchange current density

I

current

I (E)

current at a potential of E volts

I~ (E)

value of IR(E) when I

k

= o
0
amount of particles colliding simultaneously with

the electrode
forward rate constant for a preceeding chemical reaction
backward rate
n

II

II

U

II

II

II

amount of electrons involved in the charge transfer
reaction

N

collection efficiency

Q

charge

0

radius of the disc electrode
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r
r

2
3

gas constant

R
R

internal radius of the ring electrode
external radius of the ring electrode

a

R

c
R

e
RE

adsorption reaction resistance
mean contact resistance
electrolyte resistance
electrochemical reaction resistance

S
t
T

absolute temperature

v

scanrate

shielding factor
time

GREEK SYMBOLS

transfer coefficient
3
3
(r /r l - (r /r 1 , geometrical parameter for the
3

1

2

1

ring
diffusion layer thickness
Ep (t)

£

Ef -

£(0)

Ef - Ep(o)
overpotential

n
\)

kinematic viscosity

T

mean contact time
relaxation time
rotation speed

SUBSCRIPTS
D

disc

f

feeder

m

measuring probe

0

oxidized substrate

p

particle

R

ring; reduced substrate
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Summary
This thesis describes the feasibility of electrocatalytic processing with controlled potential. The hydrogenation of nitric acid was chosen as a reaction model system
both electrochemical and catalytic aspects were studied.
Chapter 2 describes the results of the electrochemical
approach to the study -of the mechanism of the electrochemical reduction of nitrous acid. The occurrence of the
nitroxyl (HNO) species as an intermediate of the reduction process is confirmed. This species can be reduced
further to hydroxylamine or is involved in a chemical
dimerisation reaction to dinitrogen oxide. The influence
of the surface state of the electrode has been studied
by comparing the reduction processes of nitrous acid at different electrode material. It was apparent that the presence of adsorption intermediates is essential for the
reduction of nitrous acid. Therefore, the poisoning of
adsorption sites, for instance by oxygen, inhibits the
reduction of nitrous acid to hydroxylamine.
To study the electrocatalytic processing with controlled potential, it became necessary to determine in what

Nay the catalyst potential can be influenced (chapter 3).
A first method consists of charging the catalyst particles by means of a feeder electrode. However, to be able
to control the catalyst potential effectively, the particles should collide frequently with the feeder electrode. Otherwise, the particles will lose their charge, and
subsequently their potential will deviate from the value
wanted, due to electrochemical reactions at their surface.
A second method to control the catalyst potential is
by influencing the rate of the electrochemical reactions,
taking place at the particle surface. This can be accomplished by changing the reactant concentrations, the diffusion rate of reacting species (e.g. by increasing the
rotation speed of the stirrer), or by adding a catalyst
promotor.
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In the case of the catalytic hydrogenation of nitric
acid (chapter 4), we observed that a feeder electrode
was not effective to change the catalyst potential because of the difference in reaction rate for nitric acid
and hydrogen.

The potential of the catalyst could, how-

ever, be changed by varying the hydrogen pressure. Also,
the addition of germanium dioxide as a catalyst promotor
gave rise to catalyst potential changes of several hundreds
of millivolts. A study has been made of the aspects of
introducing Geo

into the solution.
2
Finally, a study has been made of the means to mea-

sure the potential of a catalyst. Small measuring probes
of different materials, have been examined. We observed
that, in the case of hydrogenation reactions, a silver
measuring electrode has the best performance.
This thesis is concluded by discussing aspects of the
use of a slurry electrode reactor for a given type of
reaction.
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Samenvatting
Het onderzoek, zoals beschreven, had tot doel de mogelijkheden na te gaan om een elektrokatalytisch proces uit te voeren bij een gecontroleerde katalysatorpotentiaal. Als model
reaktie werd gekozen de hydrogenering van salpeterzuur; zowel
elektrochemische als katalytische aspecten zijn bestudeerd.
In hoofdstuk 2 worden de resultaten beschreven van het
elektrochemisch onderzoek, waarbij bet mechanisme van de
elektrochemische reduktie van salpeter(ig)zuur werd bestudeerd.
De aanwezigheid van bet nitroxyl (HNO) intermediair als tussenprodukt van het reduktieproces wordt bevestigd. Dit intermediair kan verder gereduceerd worden tot hydroxylamine of een
chemische dimerisatie ondergaan, waarbij lachgas (N 0) wordt
2
gevormd. Door bet reduktieproces te bestuderen aan elektroden van verschillend materiaal, kon door vergelijken de invloed van de toestand van bet elektrodeoppervlak op bet reduktiemechanisme worden bepaald. Hieruit bleek, dat de reduktie van salpeterigzuur tot hydroxylamine wordt belemmerd door
o.a. de aanwezigheid van zuurstof op bet elektrodeoppervlak.
Om na te gaan hoe een regeling van de katalysatorpotentiaal
moet worden uitgevoerd, was bet noodzakelijk de factoren op te
sporen, die de katalysatorpotentiaal beinvloeden (hoofdstuk 3).
Allereerst bepaalt de hoeveelheid aanwezige lading op bet
katalysatordeeltje de potentiaal ervan en deze kan worden beinvloed door bet deeltje te laten botsen met een werkelektrode.
Op deze manier is de regeling van de katalysatorpotentiaal
slechts dan effectief als bet deeltje regelmatig botst met
deze elektrode. Immers, anders verliest bet deeltje te veel
lading tengevolge van de elektrochemische reakties aan bet
oppervlak, waardoor de potentiaal zal gaan afwijken van de
gewenste waarde.
Tevens kan de katalysatorpotentiaal worden beinvloed door
de snelheid van de elektrochemische reakties, die plaatsvinden
aan bet katalysatoroppervlak, te veranderen. Deze beinvloeding kan worden bewerkstelligd door verandering van de concentratie der reaktanten, van de diffusiesnelheid der rea-
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gerende verbindingen (o .• a. door middel van de rotatiesnelheid
van de roerder), of door toevoeging van een katalysatorpromotor .
Wij vonden, dat, voor de katalytische hydrogenering van
salpeterzuur, beinvloeding van de katalysatorpotentiaal
met een werkelektrode niet effectief was, tengevolge van
het verschil in ordegrootte van de reaktiesnelheid van
salpeterzuur en waterstof (hoofdstuk 4). De potentiaal
van de katalysator kon echter wel worden gewijzigd door
de waterstofdruk te varieren. Ook de toevoeging van de
katalysatorpromotor, germaniumdioxide, had een potentiaalverandering tengevolge van enkele honderden millivolts.
De werking van het Geo 2 is bestudeerd.
Tenslotte wordt in hoofdstuk 5 een onderzoek beschreven
naar de manier waarop de katalysatorpotentiaal kan worden
gemeten. Hierbij werden meetsondes, bestaande uit een
kleine draadelektrode van verschillend materiaal, onderzocht. Aldus bleek, dat een zilveren elektrode het best
voldeed.
Dit proefschrift wordt besloten met een discussie over
de mogelijkheden om een slurry elektrode reaktor te gebruiken voor bepaalde typen reakties.
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'Levensbesch rijvi ng
De schrijver van dit proefschrift werd op 7 september
1946 geboren te Velsen. Hij bezocht de Prins Bernhard H.B.S.
(thans opgegaan in het Ichtus College) te Ymuiden, waar hij
in 1963 het diploma H.B.S. B behaalde. In september van hetzelfde jaar begon hij zijn scheikunde studie aan de Universiteit van Amsterdam in de Faculteit der Wiskunde en Natuurwetenschappen. Zijn hoofdvak onderzoek verrichte hij bij
de vakgroep Chemische Technologie onder leiding van Prof.
Dr. Ir.

c.

Boelhouwer, waarna in mei 1971 het doctoraal

examen met goed gevolg werd afgelegd.
Na zij,n afstuderen vervulde hij van december 1971 tot
september 1973 zijn militaire dienstplicht. Gedurende deze
tijd was hij gedetacheerd bij de 'Koninklijke Luchtmacht
Staf te 's Gravenhage.
In augustus 1974 trad hij in dienst van

z.w.o.,

in welk

dienstverband hij onder leiding van Prof. E. Barendrecht
het in dit proefschrift beschreven onderzoek heeft verricht.
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S'l'ELLINGEN

1. De bewering van F.

Bt~ck,

dat bij een botsing van ec:n

katalysatordeeltje met een meetsonde volledige ladingu overdracht plaats vindt, is in ' t algemeen niet juist.
F. Beck, Chern. Ing. Techn.

~8

(1976), 1096 - 1105.

2. De potentiaal van een katalysator geeft direkte informatie over de activiteit van de katalysator. De potentiaal kan daarom een belangrijk gegeven zijn voo r de
procesbewaking.
3. De vorming van aromatische azoxyverbindingen, uitgaande
van de elektrochemische reduktie van nitroverbindingcn,
1
volgens het Haber mechanisme , veronderstelt de aanw~ 
zigheid van een hydroxylamine verbinding. Dit is
2
niet noodzakelijk

echt~ l

1 M.R. Rifi, F.H. Covitz, Introduction to Organic
Electrochemistry, M. Dekker inc. New York (1974,.
2 A.J. Fry, Synthetic Organic Electrochemistry,
Harper & Row, New York ( 1972).
4. Het resultaat van de berekening van de verhoudin g van
de elektrochemische reaktieweerstand en de kontaktweerstand tussen een katalysatordeeltje en een werkelektJ ·,) de, zoals gevonden door A.V. Losev et.al., is in t.;egcn-·
spraak met de randvoorwaarden voor de door hen bi j

dt~

berekening gebruikte formules.
A.V. Losev, O.A. Petri, Sov. Echem. 11 (1974)
1160.

11 ~)

-

5. Bij de beschrijving van het effect van gelijkrichting
door een pn-junction, veronderstelt D.R. Rosseinsky
ten onrechte, dat in silicium, gedoped met barium en
fosfor, alleen de elektronen als "m'ajority .carriers"
dienst doen.
D.V. Rosseinsky, J. Chern. Educ. 53 (1976), 617.
6. De slurrye1ektrode-reaktor is vooral van belang voor
reakties, die zowe1 elektrochemische a1s katalytische
aspecten vertonen.
7. Het onderscheid in rechten en plichten tussen een promovendus in dienst van een

un~versiteit

of hogeschool

en een promovendus in dienst van ZWO en gestationeerd
bij een universiteit of hogeschool dient te worden opgeheven.
8. De invoering van rekenmachientjes op de middelbare
scholen leidt tot een verlaagd inzicht in de waarde
van getallen bij de leerlingen en verhoogt het energieverbruik van de school.
9. Het ware beter indien architekten, inplaats van te
streven naar originaliteit en uiterlijk schoon, meer
aandacht zouden besteden aan de leefbaarheid in het
resultaat van hun antwerp.
10. Ter bevordering van het gebruik van autogordels, dient
bij elke auto-reclamespot op de televisie het gebruik
van de gordel duidelijk te worden aanbevolen.
11. In het huidige verenigingsrecht hebben ook minderjarige
leden der vereniging stemrecht in de algemene ledenvergadering. De verantwoordelijkheid, die hiermede geladen
wordt op de schouders van deze jeugdleden is niet in
overeenstemming met hun leeftijd en dient derhalve te
worden beperkt.

12. Bij het tafeltennis dient in het dubbelspel het kruislings serveren te worden afgeschaft daar dit een linkshandige speler benadeeld.
13. Boekenwijsheid maakt van iemand nog geen geletterd persoon.

Eindhoven, 7 november 1978

J.F. van der Plas.

