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P. Vitorge et M. Lamache, Obtention de sulfures de cuivre non stoechiométrique par voie électrolytique, analyse
des solides par diffraction de rayons X, Electrochimica Acta 24, 811 (1979).

In this paper, the equation on page 813, line 5 should read:

6; = (Q,/96,500) (1/2) (M/m).
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Abstract — The behaviour of a fixed bed porous flow-through monel electrode has been investigated for the
reduction of nitrobenzene to p-aminophenol in an aqueous acidic electrolyte and under essentially activation
controlled conditions. Chemical yields have been determinéd experimentally as well as calculated from
polarisation curves for a plane electrode. Potential and current distributions have been interpreted by means
of a simple one-dimensional model.

NOMENCLATURE

Specific area of particulate elec-
trode

Specific geometric area of particu-
late electrode

Effectiveness factor = a/a,
Faraday constant

Current density = i, + i,
Current density of particulate
phase

Exchange current density (see
text)

Current density of electrolyte
phase

Current density at position y
Reduced current density = i,/i
Conductivity of particulate phase
Conductivity of electrolyte phase
Width of electrode in the direction
of current flow

Number of electrons involved in
reaction

Gas constant

Temperature

Distance in the direction of cur-
rent flow

Reduced distance in the direction
of current flow = x/L

Charge transfer coefficient
nF/RT

Defined by equation (4)

Defined by equation (5)

Defined by equation (12)
Integration constant defined by
equation (2)

Electrode potential

Potential of particulate phase
Potential of electrolyte phase
Integration constant defined by
equation (3)

cm™!

cm™!

dimensionless

coulombs gmol !

Acm™?

Acm™2

Acm™?

2
2

Acm~
Acm™
dimensionless
Qcm)~?
(Qcm)”

cm

dimensionless
calgmol~!K ™!
CorK

cm

dimensionless
dimensionless
V -1

dimensionless
dimensionless
dimensionless

dimensionless
A%
dimensionless
v
v
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INTRODUCTION

In recent years there has been great interest in so called
fixed bed or porous flow-through electrodes (PFTE)
where the working electrode consists of individual,
electronically conducting, particles. Current flows to
or from the bed by means of electronically conducting
sheets, rods or gauze termed current feeders, the
electrolyte passing through the porous spaces in the
bed. Two important regimes can be distinguished
depending on whether current and electrolyte flow are
in parallel or at right angles to each other. The latter is
often called a flow-by arrangement.

Most of the work on PFTE has been concerned with
metal recovery and battery systems. Only a few
authors[1-3] have investigated in depth the perfor-
mance of a fixed bed for an organic reaction. In the
present work the reduction of nitrobenzene in an
acidic medium is used as a test reaction although the
major product, p-aminophenol (pAp), is of commercial
interest. In consequence no attempt has been made to
optimise its chemical yield by working at a high
temperature and making accurate experimentation
more uncertain. The reaction itself was chosen because
products are highly potential dependent and the basic
aim of the work was to relate the product yield
observed on a plane electrode to that obtained with the
PFTE, by taking into account the electrode potential
distribution in the three-dimensional electrode. Ad-
ditionally, it was hoped to predict electrode potential
and current distribution in the PFTE by means of a
mathematical model.

THE REACTION

The electrochemical reduction of nitrobenzene in
acidic media has been the subject matter of many
papers and a more detailed literature survey can be
found in reference[4]. A systematic investigation by
Wilson and Udupa[5] produced chemical yields of
pAp of 50-60%, using amalgamated copper or monel
electrodes, 30% aqueous sulphuric acid and a tempera-
ture range of 80-90°C. Their results are substantially
confirmed by other workers[6-8] employing non-
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Fig. 1. Drawing of fixed bed cell. a: bed retainer; b: bed

chamber; c: potential probe fixtures; d: catholyte inlet; e:

catholyte outlet; f: anolyte inlet; g : anolyte outlet and h: ion
exchange membrane.

amalgamated copper and monel electrodes. For an
acidic medium potentiostatic investigations by
Fleischmann et al[9] proposed the following overall
reaction scheme which was based on their own and
other workers’ experiments :

NO, NHOH NH,
@ +4e @ +2e @

(1) (1) ()
H+

NH,
HO :

(Im)

Atlow cathodic electrode potentials, nitrobenzene(l) is
reduced directly to N-phenylhydroxylamine(II) which
rearranges in acid to form p-aminophenol(III). At
higher cathodic potentials the further reduction of (If)
to aniline(IV) competes with the chemical rearrange-
ment, which is favoured by high temperatures[ 10].

EXPERIMENTAL
Again fuller detail can be found in ref.[4].

Cells and equipment

Some preliminary results were obtained with a
standard glass “H” cell, but most of the work used the
cell shown in Fig. 1, made essentially from polypro-
pylene with TPX (polymethylpentene) windows. Since
catholyte flow was in an upwards direction, provision
was made for restraining the cathode particles to
prevent expansion of the bed. It should be noted that
the geometry of the cell is such that electrolyte flows at
right angles to the current, ie a flow-by arrangement.
Figure 1is drawn approximately to scale, the height of
the packed section being 30cm and its thickness
2.5cm. Anolyte and catholyte compartments were
separated by a cationic ion-exchange membrane (lo-
nac MC-3470), the anolyte being 25% sulphuric acid,
the catholyte containing molar sulphuric acid. Ca-
thode current feeder and bed particles were made of
monel 400 alloy, the dimensionally stable anode[11]
being in the form of a grid. Potential probes were
introduced from the side (Fig. 1), Luggins being made
of glass whilst probes for measuring metal potentials
consisted of insulated steel tubing (1 mm i.d.) with a
bare monel tip.

Figure 2 presents a schematic flow diagram of the rig
which as indicated incorporated symmetrical anolyte
and catholyte flow circuits.

Instrumentation

Most experiments used a Chemical Electronics
type 50/20A potentiostat in an amperostatic mode.
Potentials were determined by means of a Solartron A
211 digital voltmeter in conjunction with a
Solartron—-Schlumberger data transfer and analogue
scanner, type 3215. All electrolyte potentials quoted in
the present paper have been measured and are ex-
pressed with respect to a saturated calomel reference
electrode.

O

P

Fig. 2. Schematic drawing of catholyte and anolyte flow
circuit. C: cell section; D : drain valve ; H: heat exchanger; P:
pump; F: flow meter; R : reservoir and V : flow control valve.




Fixed bed porous flow-through electrode

Materials

All reagents were B.D.H. Analar grade. Singly
distilled water was used throughout the work.

Procedure

In all runs the nitrobenzene concentration was kept
as constant as possible (1.75 g/1) by adding further
reactant at regular intervals. Samples for analysis were
removed periodically.

pAp was determined by a method similar to that
described by Harwood et al[12]. The nitrobenzene
and aniline was extracted by solvents from the neutra-
lised (pH 6) sample after it had been heated to 70°C for
30 min to ensure that all the phenylhydroxylamine had
been converted to pAp. The amount of pAp in the
aqueous phase was measured by means of a
Pye—Unicam SP.800 uv spectrophotometer. The nit-
robenzene and aniline were determined by GLC using
a 2m long Century 103 column at 198°C.

THEORETICAL

The complexity of model required to account for the
behaviour of a PFTE depends on two circumstances.
Firstly, whether current and electrolyte flow are in
parailel or at right angles to each other. Secondly,
whether significant concentration changes of reactant
occur either per pass through the cell or in the
direction of current flow. If these concentration
changes cannot be ignored then for the flow-by
configuration a two-dimensional model is required. In
the present work concentration changes per pass and
in the direction of current flow are negligible and hence
a simple one-dimensional model proposed by New-
man and Tobias[13] has been used.

This model regards the particulate and electrolyte
phase as coincident continuum and assumes the
applicability of Ohm’s law to both. Additionally, the
electrode reaction is considered to be activation con-
trolled and capable of being described by a “high field”
Tafel approximation. Under these conditions it is
possible to obtain an analytical relationship[13] be-
tween a dimensionless current density j and a dimen-
sionless distance y in the direction of current flow as:

._29 £
j=tany - ) + (1)

where 8 and ¢ are integration constants found by trial
and error and given by
260

tanf = m 2

tan y = /20 (3)

0 and ¢ are useful dimensionless parameters charac-
terising electrode performance and are expressed as:

d = Lip[1/K, + 1/K,,] 4)
¢ = Lig/K, (5)

where L is the width of the electrode in the direction of
current flow, i the current density based on projected
cross-sectional area and f = nF/RT, 1/K, and 1/K,,
being the effective resistivity of the electrolyte and
particulate phase respectively. Both § and ¢ can be
regarded as a ratio of reaction rate to ohmic resistivity.
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For a fixed bed electrode, 1/K,, « 1/K,, ie 6 = ¢.
Differentiating (1) one obtains an expression for the
current distribution through the electrode:

dj  20% ,

—=—8*(0y — ¥). 6

FR B 6y — ) (6)
where s = sec

Since the relation of electrode potential distribution
to product yield forms one of the basic objectives of the
present work, it is important to be able to calculate
electrode potentials in the PFTE as a function of
position y. The electrode potential ¢ at any pointin the
electrode can be expressed as:

¢ = ¢m - d)s (7)
where ¢,, and ¢, are the potential in the particulate
and electrolyte phase respectively.

Putting ¢’ = B¢ we can write[4]:

Kl
BiL
Substituting for j in (8) and integrating the resulting
expression between y = O and y (¢, = Oaty = 0)and
rearranging, one gets:

, 2¢ cos(— ) ed—e)

(¢s)y = _IOge -
é cos(Ay — ) 1/

The high field Tafel approximation can be written as:

iffi=1-j= —2=(deo/dy). ®)

©)

Lai,

(10)

dj/dy = ~exp[ ~($y, — 4]
where a is the effective specific area of the particulate
phase and i, for a reversible reaction is termed the
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Fig. 3. Tafel plots for a planar monel cathode. @ 1.0kgm™3
nitrobenzene with fluidised glass beads. [] 20kg m™3

nitrobenzene without fluidised glass beads. Il 2.0kg m™3
nitrobenzene with fluidised glass beads.
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exchange current density. In the present case i, merely
signifies a current density determined experimentally
by extrapolating the linear portion of the Tafel plot.
Equating (6) and (10) and solving for ¢, one obtains:

2
vi1 +co:§)220y—2|/1)}J an

where v is a dimensionless group, analogous to é and ¢
and is given by:

¢;n - ¢; = loge[

ai
v: =226,
i

(12)

RESULTS AND DISCUSSION

Figure 3 shows Tafel plots for a planar monel
cathode. Over a considerable potential range the plot
is linear and independent of mass transfer effects since
the current density in that range is unaffected by the
presence of fluidised glass beads. From the slope,
taking a as 0.5, n appears to be unity. Values for i, are 6
x 107% and 107> A/cm? for the 1.0 and 2.0 kg m ™3
concentrations of nitrobenzene respectively. Beyond
—0.25 V the reaction becomes affected by mass trans-
fer, reaching eventually a limiting current. Hydrogen
evolution is insignificant up to a potential of —0.5V.

Figure 4 shows corresponding current efficiencies
for pAp and aniline, again at the planar monel
cathode in the presence of fluidised glass beads. As
indicated previously, within experimental error hy-
drogen evolution appears to be negligible and current
efficiencies add up to 100%,.

Potential praofiles in fixed beds

Figure S gives a comparison between experimentally
determined values of ¢ for positions 20 cm above the
electrolyte distributor and electrode potentials calcu-
lated from the model. It was found that for positions
less than 10cm above the distributor experimental
values of ¢ were consistently lower although the
general shape of the curves was that shown in Fig. 5. In
all cases ¢,, was essentially constant with y, justifying
the assumption that 6 = & Values of § and v used for
obtaining the calculated curves, were derived from the
linear portion in Fig. 3.

It will be noted that the potential distributions are
predicted by the model with reasonable accuracy. As
expected, activity increases rapidly as the diaphragm is
approached. Also, as § decreases electrode potentials
become more uniform. The concept of a, the specific
effective particulate area, arising out of (10} is dis-
cussed in the next section.

Current distribution in fixed beds

An alternative way of characterising the behaviour
of a fixed bed electrode is in terms of the current
distribution (see Fig. 6) in the direction y. To obtain
experimental current distributions, dj/dy, a local cur-
rent density, i,, is calculated from polarisation curves
for the planar electrode. For potentials high enough to
indicate the presence of mass transfer effects, i, is
modified[4] by allowing for the better mass transfer
occuring in the fixed bed compared with that at the
planar electrode, even in the presence of the fluidised
glass beads.




Fixed bed porous flow-through electrode

Returning to the local reaction activity, one can
write :
Li
djjdy == (13)
where a is again the specific effective electrode area
already seen in (10). It is obtained by multiplying the
specific particulate geometric area 4, by an
effectiveness factor e.
Integrating (13) between y = 0 and 1, one gets:

. J“ a,eLi,dy
j=| =
0 1

(14)

Values of e are determined from the ratio of the
measured current density at y = 1 to that obtained
from (14) on the basis of e = 1. This procedure is
justified since a value of e = 0.6 was obtained for all
results[4]. This agrees well with the value of 0.5 given
by Goodridge and Ismail[14] for an inorganic re-
action and 0.6 obtained by Ayre[3] for an organic
reduction. Experimental points in Fig. 6 again refer to
a position 20 cm above the electrolyte distributor.

Looking at Fig. 6 values of dj/dy calculated from (6)
agree well with experimental points. It is evident that
in practice there is a clear limitation to the width of the
PFTE in the direction of current flow, since activities
near the feeder are relatively low.

Product distribution in fixed beds

Figure 7 gives experimental current efficiencies for
the production of pAp and aniline. Since these add up
to 100 per cent and as no major by-products were
found, one can equate these current efficiencies with
chemical yield. Unfortunately, it was not possible to
confirm this by a sufficiently accurate mass balance
since it was found that in the absence of any current,
nitrobenzene was lost by adsorption onto pipe and
vessel walls.

Current efficiencies (%) for pAp produced at a
planar monel electrode, based on the least square
values of Fig. 4, can be expressed as:

% C.E. = 119 + 158 . (15)

Using this result for the calculation of the %, C.E. for
the PFTE, one gets:

1
f (119 + 158 $)i, dy
0 ) (16)

1
f i,dy
[}

Substitution of values of ¢ from Fig. 5 into (16)
produces current efficiencies (see Fig. 8) that fall within
the experimental uncertainty of the data obtained by
direct chemical analysis (solid line in Fig. 8).

% C.E. =

CONCLUSIONS

It is shown that the product distribution in a PFTE
can be predicted from results obtained at a planar
electrode. It is also found that the behaviour ofa PFTE
for a reaction in an essentially activation controlled
regime is satisfactorily explained by a simple one-
dimensional analytical model, provided concentration
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Fig. 6. Experimental and calculated current distributions.
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changes per cell pass and in the direction of current
flow can be considered negligible.
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