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ABSTRACT

In this thesis the electrochemical reduction of nitrobenzene in a
methanol / sulphuric acid electrolyte is studied. Major products are shown

to be para—anisidine, ortho—anisidine, para-—aminophenol and aniline.

A simple reaction model is derived, based on the well accepted
mechanism for nitrobenzene reduction. Kinetic constants are determined from

experimental results using a laboratory scale glass cell. Predictions as to
potential — current behaviour and product formation as a function of mass
transport and current density are made. It is shown that the rate of mass
transport and the current density are crucial parameters in determining the
chemical yields of the products formed. High rates of mass transfer and low
current densities favour para—anisidine formation, whilst aniline 1is
preferred under poor mass transfer conditions and high current densities.
Results from a bench scale parallel plate cell fit the model predictions

for the conditions used.

The use of packed and fluidised bed electrodes is also investigated
for the production of para-anisidine. Using copper particles, serious
dissolution is shown to occur which leads to an increased yield of aniline.
The copper dissolution is shown to have an electro-catalytic effect for the
reduction of nitrobenzene to aniline. Results using Monel as an electrode
material showed an improvement over copper, but preferential dissolution of
nickel occurred. On the basis of the work in this thesis, copper or Monel

packed and fluidised bed electrodes are not suitable for the production of

para—anisidine.
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CHAPTER ONE

INTRODUGCTION AND LITERATURE SURVEY

Organic electrochemistry can sometimes offer a cleaner, more selective
synthetic route than conventional catalytic technology. The production of
para—aminophenol is a good example. The current commercial process involves
several synthesis and purificétion steps, but high selectivity at good
yields can be obtained in the one step electrochemical reduction of
nitrobenzene in aqueous sulphuric acid(}) | Much attention has, therefore,

been focused on this reaction and many patents have been published.

Para-aminophenol is just one of the many products that can be produced
by the reduction of nitrobenzene. Chloroanilines, azo— and azoxybenzenes
are further examples that have received the attention of industry. Some
novel work claimed by BASF(2) the sponsors of this work, in a 197/ patent,
concerned the reduction of nitrobenzene in acidic methanol. The major
product was reported to be para—anisidine (4-methoxyaniline) or substituted
anisidines if a substituted nitrobenzene was used. This family of amines
are intermediates useful in the dyestuff industry. It is interesting to
note that this is the only reference to the electrochemical production of
para—anisidine from nitrobenzene to be found in the literature. The

combined electrochemical and chemical reactions are shown in the scheme

below:
NO, NHOH NH,
4de- 2e”
—_——, ———
H+ H+
+ CH30H + CH;0OH
- Hy0 H H* \ - H,O

NH»y NH,
OCH3
Figure 1.1
' OCH4



The initial aims of this study were to investigate the effect of
different electrochemical cell configurations on the reduction of
nitrobenzene in acidified methanol, with particular attention to current
efficiency and chemical yield. A reaction model was to be developed, which
could, where feasible, be incorporated into the appropriate reactor models.
The models would then be validated and, if necessary, modified using
experimental observations. Once established, these models were to be used
as an aid to process optimisation, from which recommendations on reactor
type and process conditions could be made. This logical progression of work
could not be pursued in its entirety, however, for reasons which will

become plain as this thesis is developed.

As an introduction to the work, the published literature concerning
the reduction of nitrobenzene will be briefly reviewed in this chapter. No
attempt will be made to exhaustively review the enormous amount of work
done on this subject, only the more relevant and important material will be
included. Some relevant aspects of cell design will then be introduced, in
particular the concept of three dimensional electrodes and their

applications. Finally, the arrangement of this thesis will be outlined.

1.1 The Production of Para—-anisidine

Para-anisidine, or 4-methoxyaniline, and its related compounds are
mainly in use as intermediates for all major classes of dyestuffs. The
halogen substituted anisidines are particularly useful, 2-chloro-4-

methoxyaniline for example being used for the production of Fast Red R.

Base.

Anisidines are usually manufactured by the reduction of nitroanisoles
(para-methoxynitrobenzenes), which are produced by alkylation of the
appropriate phenol followed by nitration. The reduction can be carried out
in either liquid or vapour phases, generally the vapour phase is preferred,
the anisole being hydrogenated over a Ni-Magnesia catalyst. Many other

methods are available of which the ones in current use have been described

by Kirk and othmer (1) . The liquid phase reduction of nitroanisole has also

3,4,5,6)

been performed electrochemically. Anantharaman et al, { in a large

number of papers and patents described extensive pilot plant work on the



electrochemical reduction of many nitrophenols and anisoles to their
respective amines. They reported the use of a copper cathode and the
addition of Ti(SO,;), for the production of para—anisidine from
nitroanisole. In a Japanese patent, Hirajima and Nishiguchi(7) disclosed a
similar process using a graphite or copper electrode. Recent work in this
direction has concentrated on the electrocatalytic reduction of
nitrobenzene. Chiba, Okimoto et al.(a), for example, used Raney nickel and
showed that hydrogen was generated electrochemically, absorbed and then
activated on the surface of the catalyst. Hydrogenation of nitrobenzenes by

the activated hydrogen gave high yields of products.

Developments in the direction of process simplification have
concentrated on the one step conversion of nitrobenzene to para—anisidine.
Tsenyuga et a1, () reported the reduction of nitrobenzene by hydrogen in
methanol / sulphuric acid solution, using PtO0y or platinised carbon
catalysts at 75-125 °C and 6-10 atm. pressure. The product was
para—anisidine or para-phenetidine if an ethanol / sulphuric acid solution
was used. The work formed the basis of two patent applications for the
production of para—anisidine. Sone et al.19) and more recently, Mitsuil
Toatsu Chemicals Inc,(l1) substantially confirmed this work, although with

somewhat lower yields of para-anisidine. This process is essentially the

catalytic equivalent of the electrochemical process claimed by BASF(Z),

whiph forms the basis of the present work.

Clearly a process where para-anisidines could be produced directly

from the corresponding nitrobenzene, either catalytically or

electrochemically, removes the need for the alkylation and nitration steps

}

greatly simplifying the product purification. Such a process could well be

an economically attractive alternative to the more conventional methods.

1.2 The Electrochemical Reduction of Nitrobenzene.

The reduction of nitrobenzene was one of the first reactions ever to

be studied electrochemically. Work by Gatterman(lz), Haussermann(¢l3)

and
Noyes(la) in the 1890’'s was followed by the extensive investigations of
Haber(ls). He reported the main products in the reduction in aqueous acid

to be aniline and para-—-aminophenol. Bamberger(ls) studied the formation of



para—aminophenol and concluded that it arose from the rearrangement of
phenylhydroxylamine, an intermediate in the reduction from nitrobenzene to
aniline. Reactions of phenylhydroxylamines to substituted amines are now

eponymously called "Bamberger rearrangements".

Many reaction mechanisms for the electrochemical reduction of
q(17,18,19,20,21,22,23)

(L7)

nitrobenzene have been propose . The most generally

accepted one at present is that of Heyrovsky , shown in figure 1.2.
Doubt, however, still exists over the formation of nitrosobenzene. Either,
as Heyrovsky stated, it is an intermediate in the first reduction step or,

(19)

as favoured by Marquez and Pletcher and earlier by Fleischmann et

a1(22)’ it is formed through oxidation of phenylhydroxylamine by dissolved

oxygen in the electrolyte.

Despite the differing views on the precise mechanism, there is no
doubt that the reaction can be represented by the simplified scheme shown
in figure 1.1. The large number and diversity of reaction products can be
explained by the reactivity of the intermediate phenylhydroxylamine.
Depending upon the pH, the nature of the media and the electrode potential,
possible reactions of the intermediate are: substitution (the Bamberger

rearrangement),; condensation; or further reduction. Possible products

include aniline, substituted amines, azo- and azoxybenzenes.

The present work is concerned only with the reduction of nitrobenzene
In acidic media and the Bamberger type rearrangements occurring under these
conditions, which lead to substituted amines. The reader is referred to
Lund¢%2) and several other good reviews(%6) and handbooks(27) for a survey

of the other possible reaction conditions and the products they yield.

1.2,1 The Preparation of para-Aminophenol

In strongly acidic solutions, that is at pH less than 3, the
protonated intermediate, phenylhydroxylamine, can undergo nucleophillic
attack resulting in para— or ortho— substitution into the aromatic ring.
Thus in hydrochloric acid solution a mixture of the para- and
ortho-chloroaniline is formed, together with para—aminophenol (25)  1f

sulphuric acid is used, only para—aminophenol is formed (16)  This is due
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to the much greater nucleophillic strength of water compared to the
hydrogen sulphate ion. In addition, of course, the intermediate can be

further reduced resulting in aniline formation.

Para—aminophenol was an important chemical in the photographic
industry early in the 20th century and thus received much attention.
Important parameters identified by these early studies were temperature,
acid concentration and agitation of the electrolyte. Experiments showed
that electrodes such as copper, nickel or graphite were preferred. A good
review of this early work, which concentrated mainly on optimising the
chemical yield of product, can be found in Fichter(%8)  one particularly
interesting paper from Dey et al.(29) reported a pilot plant for
para—aminophenol production, using a Monel cathode, with a selectivity of

over 70% with respect to aniline.

Since 1950 much has been published on the reduction of nitrobenzene,
partly due to the continued commercial interest in para—aminophenol and
partly because of the suitability of the reaction to modern electrochemical
studies. The reader is referred to the reviews and standard texts mentioned

above for a wider and more complete survey than can be attempted here.

In the early 1950’'s Udupa et al,(30) gstudied the electrochemical
preparation of para—aminophenol on amalgamated copper or Monel electrodes.
They found that the conditions for an optimum yield of the phenol were 30%

sulphuric acid and 80-90°C. Using rotating electrodes to agitate the

electrolyte the yield was further increased up to a maximum of 60%.

The first thorough potentiometric and preparative study of this

reaction was reported by Harwood, Hurd and Jackson(ls)

. Using a mercury
pool electrode, they investigated the effect of electrode potential on the
products formed during the reduction of nitrobenzene in a catholyte
containing 2N H,SO, in a 40% ethanol-60% water mixture. They confirmed that
the reduction was a two-step process with phenylhydroxylamine as the
intermediate product after the first 4e— transfer. A further 2e- reduction
gave aniline but rearrangement of the hydroxylamine with water or ethanol
gave para—aminophenol or para-phenetidine respectively. At low electrode
potentials (-0.4 Volt vs. S.C.E) para—aminophenol was the major product
formed (over 70% of the total current passed) with aniline completely

absent. As the potential was increased, however, aniline became the
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preferred product (at -0.8 Volt vs. S.C.E only 20% of the current was used
to form the phenol). They concluded that for an complex organic
electrochemical reaction, such as the nitrobenzene reduction, control ot

electrode potential was crucial.

Udupa et al. followed up their earlier work with a detailed study of
the depolarization characteristics of nitrobenzene at amalgamated
electrodes published in 1966(3L) | Much work by this group has since
followed leading to the development of a pilot plant where the
electrochemical reductions of many aromatic nitro compounds have been
performed(32'4'33). Their efforts have concentrated on the complete
reduction to the aniline for which a number of patents have appeared (5'6),
although a process for production of para—aminophenol has also been

reported by them(34)

(33)

Rance and Coulson concluded that the rate and product spectrum of

the electrochemical nitrobenzene reduction depended primarily on cathode
potential. By use of copper or nickel cathodes, electrolyte agitation and
the addition of stannous ions they improved, but could not fundamentally
alter, this basic dependance. The use of stannous ions and other redox

compounds to enhance yield had been previously reported by Dey and

(37)

coworkers (30) among others , and has since been confirmed by Benkesser

(3,4,6,40)

et al.(as), Gigi and Paucescu$3?) and the group of Udupa . Recent

work by Pletcher and Gunawardena(Al)

also used metal redox catalysts to
improve the yield of amines in the complete six electron reduction of

various nitrobenzenes.

1.2.2 The Addition of Organic Solvents to the Electrolyte.

Nitrobenzene has a very low solubility in aqueous solutions (about 2
g/l in 5 molar aqueous sulphuric acid). Whilst this is no problem for
studies of basic electrode kinetics, it is a major limitation to any
industrial application of the electrochemical reduction. One possibility
would be to add an amount of an organic solvent to the electrolyte and

hence increase the solubility of nitrobenzene. This section reviews the

work done in this direction leading to the complete replacement of water by



an organic solvent, which results in different product spectrum and forms

the basis of the present work.

It is worth mentioning some recent work aimed at increasing the
concentration of the nitrobenzene. Pletcher(4l) or H.V.K Udupa et 31(40)’
for example, where an emulsion of dispersed nitrobenzene in an aqueous
electrolyte has successfully been used for the reduction. A further
possibility might be the use of recently developed phase—transfer
catalysts, indeed a US patent for the production of para—aminophenol using
this technique was disclosed by PPG Industries Inc.(4%) in 1986. They used
tri-alkylamine N-oxide surfactants to emulsify the nitrobenzene in an
aqueous sulphuric acid electrolyte. Nitrobenzene concentrations of between

5> and 20 g/l were claimed, considerably higher solubility than in aqueous

sulphuric acid alone (2 g/1).

(18)

Harwood, Hurd and Jordan used a 40% ethanol / 60% water catholyte

in their 1963 work. They could then prepare a homogeneous electrolyte
solution of as much as 0.1M nitrobenzene (= 12 g/l). For the reduction at
all electrode potentials chosen they reported the formation of
para-phenetidine (para-ethoxyaniline). The authors suggested that this was
due to the reaction of p—aminophenol with ethanol. It is now accepted that
this product is formed from the competing nucleophillic attack by an
ethoxXy— group on the intermediate, phenylhydroxylamine ie. the Bamberger
rearrangement with ethanol. The ratio of p—-phenetidine to p-—aminophenol was
always around 1:6, indicating that the alcohol was a poorer nucleophile

when compared to the water.

A study on the depolarisation of nitrobenzene at an amalgamated copper
cathode by Subbiah, Subramanian and Udupa(Bl) concluded that addition of
ethanol had a detrimental effect on the reduction. They found that the
depolarisation decreased as a result of ethanol addition and that the range

of current densities where reduction could occur was lowered. Their

explanation was that the ethanol formed a layer on the cathode surface

which hindered the electron transfer to the polar nitro-— group more than to

hydrogen ions.

Pecheva et al,(%43) reported the preparation of both para—aminophenol

and para-phenetidine during the reduction of nitrobenzene in aqueous acidic

ethanol at 80°C using an amalgamated copper cathode.



Marquez and Pletcher(lg), in their 1980 paper, investigated the
production of para—aminophenol with a view to maximising the yield of
product., Using a mixture of acetone and water containing sulphuric acid as
catholyte, they showed that using a copper electrode at elevated
temperatures with stirring of the electrolyte gave the best production of
the phenol. Interestingly, they also investigated the effect of trace
amounts of oxygen in the catholyte. They found a very large increase in
azoxybenzene formation when oxygen was present, this could be greatly
reduced by thoroughly deoxygenating the electrolyte before use. They
explained that the azoxybenzene was formed by the coupling of
nitrosobenzene and the reduction intermediate, phenylhydroxylamine. The
nitrosobenzene being formed by oxidation of phenylhydroxylbenzene by the
dissolved oxygen. Previous workers have explained this formation by
considering nitrosobenzene as a stable intermediate in the reduction of
nitrobenzene to phenylhydroxylbenzene. Marquez and Pletcher and also
earlier Fleischmann(44) have rejected this possibility arguing that the
nitrosobenzene was more easily reduced than nitrobenzene and that hence

could not be present in quantities sufficient for side reactions.

In further experiments they found that the yield of para—aminophenol
was dependant on the organic co-solvent that was used. They determined that
acetone or l-propanol gave the best results (up to 85% yield of the
phenol). Surprisingly, they reported that no para-propoxyaniline was found
amongst the products. In a later paper Marquez and Pletcher(#%) used the
same acldic 50% l-propanol/ 50% water electrolyte to investigate the
reduction of o-halonitrobenzenes. Again no para-propoxy was reported in the

product.

1.2.3 The Non-Aqueous Reduction.

In the previous section it was shown that the addition of organic
solvents to the electrolyte not only allowed a higher concentration of
nitrobenzene to be used, but also resulted in a new product spectrum. As
aromatic amine compounds have become more important commercially, research
into the electrochemical reduction of nitrobenzene has broadened. The

Bamberger rearrangements using nucleophiles other than water have begun to
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be investigated as possible routes for the future manufacture of speciality

chemicals such as pesticides or pharmaceuticals.

Subbiah, Subramanian and Udupa(33) have extensively studied the
production of p—phenetidine by the electrochemical reduction of
nitrobenzene in an electrolyte containing ethanol. Using amalgamated copper
or Monel electrodes they achieved current efficiencies for p-phenetidine of
50%. They reported that at increased current density (and hence electrode
potential) the current efficiency for p—-phenetidine formation decreased.
Since most of the experiments were carried out in electrolytes of water,
ethanol and sulphuric acid, an increase in the proportion of ethanol in the
mixture led somewhat unsurprisingly to an increase in p—phenetidine
production. If the reduction was carried out in only an ethanol / sulphuric
acid electrolyte, however, the amalgamated copper electrodes were found to
corrode seriously. Amalgamated Monel proved excellent giving current
efficiencies of between 50 and 60%, with a negligible formation of aniline.

The authors did not account for the remaining 40 to 50% of the current.

In a later paper(32) Subbiah et al. explored the possibility of other
cathode materials for the reduction in a non-aqueous electrolyte.
Considering nickel, zinc, tin, graphite and platinised titanium, they
concluded that only amalgamated copper or Monel cathodes gave a current
efficiency for p-phenetidine production of over 45%. It is unclear why they
did not try natural copper or Monel as cathode materials. The results in
this paper show a surprisingly large amount of the aminophenol being

formed, considering the catholyte was water free. The authors explained

this by diffusion of water through the membrane from the anode compartment.

As already mentioned BASF(2) disclosed a patent in 1977 concerning the
preparation of aminomethoxybenzenes from nitrobenzenes. The nitrobenzene
was electrochemically reduced in a methanol-sulphuric acid solution.
Preferred conditions included using a copper cathode, a catholyte
containing 30 wt$ sulphuric acid, a temperature of 559C, agitation of the
catholyte and a current density of between 50 and 200 mA / cm?. The first
example quoted gave a yield of para—-anisidine (para—methoxyaniline) of 54%.
Further examples showed the application of the technique to the preparation

of 2-methyl-3-chloro-4-methoxyaniline and 3-methyl-4-methoxyaniline

although a large number of other methoxyanilines were also claimed. This
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patent and the work that was behind it'’'s publication(AS'AB) form the basis

for the present work.

1.2.4 Reaction Mechanism and Kinetics

A very large number of papers have been published concerning the

mechanism and kinetics of the nitrobenzene reduction. As will become
apparent from the discussion in chapter two, the purpose of the first part
of this work is to produce a reaction model, not a reaction mechanism. For

this reason only papers which are relevant to this aim are discussed.

The reaction scheme of Heyrovsky(17) shown in figure 1.2 illustrates
the "mixed mechanism" of the nitrobenzene reduction proposed formally by
Martinyuk and Shlygin(zs) in 1958. The mechanism proceeds stepwise;
protonation by absorbed hydrogen is then followed by transfer of an
electron, a further protonation and so on. This type of mechanism gives

rise to many intermediates and explains the diversity of products obtained

during the reduction process.

Pezzatini and Guidelli¢?l) confirmed the findings of Fleischmann(zz),
Heyrovsky(17) and others(#7) that the rate determining step depended on the

pH of the electrolyte medium. They all agreed that in solutions of pH less
than four, the rate determining step was the first electron transfer and

that this process was first order with respect to nitrobenzene.

In this thesis the simplified reaction scheme presented at the start

of this chapter will be used. Considering the highly acidic conditions and

the electrode potentials that will be employed, this seemed a valid
assumption.

Since Bamberger(ls) first reported the rearrangement of

phenylhydroxylamine, the reaction has been much used but kinetically poorly

understood. Several authors have postulated a mechanism(aa'hg'so), but it
was not until some elegant work, first by Oae and Kitao(?1) and later by
Kukhtenko(sl), that proved that the reaction occurs through intramolecular
rearrangement (see figure 1.3 below). They used 189 1abelled water to

investigate the rearrangement of phenylhydroxylamine with water in
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sulphuric acid to form para—aminophenol. The incorporation of the 189 into
the para-aminophenol proved that the mechanism involved the nucleophillic

attack at the para— position by the solvent water. They could not, however,

determine whether this occurred simultaneously with the elimination of

water from the —NH0H2+ group or shortly afterwards.

+
2
IBCH{
———
-HZO
H ®oH ' OH
Figure 1.3

Recently, an extremely thorough investigation into the kinetics and
mechanism of the Bamberger rearrangement has been attempted by Sone, Manabe
et al.(22,10) They demonstrated that nucleophillic attack by the solvent
molecule occurred after the elimination of water from the hydroxylamine.
Furthermore they showed that this water elimination was rate determining

and that it was pseudo-first—order for pH less than one.

1.3 Electrochemical Cell Design.

The preparation of para-aminophenol or para—anisidine according to the
~simplified reaction scheme (figure 1.1) is a competitive process between
the Bamberger rearrangement or the further reduction of the intermediate.
Several important factors can be considered when attempting to maximise the
yield of the rearrangement product. An increase of reaction temperature,

for instance, has been shown to preferentially increase the rate of

rearrangement. However, two factors stand out, namely current density and
mass transfer. It has been conclusively shown that a low current density
and a high rate of mass transport favour the production of p—aminophenol,
p-phenetidine or p-anisidine. To assess the impact of these factors upon

cell design and cost, the concept of space—time yield is often used.
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Space—time yield provides a means of quantifying the rate of
production for a given volume of cell. It is defined as the quantity of

product obtained per unit volume of cell in unit time and is given by:

Ygr = ajQgCg

where a is the superficial geometrical electrode area per unit volume of
cell, j the current density, Qg the amount of product per unit charge if
the current efficiency, Cg, is 1008237, This parameter is of importance
since it gives a direct guide to cell costs. A high space-time yield
implies a high rate of production for a given cell volume and, since cell
costs are directly related to the volume, a more economic use of the cell

volume and thus lower cell costs.

It has been shown that a high current density results in more aniline
formation. However, a low current density would make the process
economically unfavourable due to the low space~time yields that would
result. For a given set of reaction conditions, it has also been shown that
an increase in the rate of mass transfer favours the production of the
phenol. This can easily be understood, since if the phenylhydroxylamine is
removed from the electrode surface it cannot be further reduced to aniline,

but can rearrange in the bulk to form para—aminophenol.

If, therefore, a electrochemical cell could be designed to combine a
high rate of mass transfer with a low current density and yet maintain a
good space—~time yield, it would be extremely useful for this type of
reaction. An example of such a cell is one that employs a three dimensional
electrode ie. an electrode where current can flow in three dimensions. Such
an electrode has a very high specific area increasing the space—time yield
without having to increase the current density. Furthermore, mass transfer

to and from the electrode surface is also enhanced.

1.3.1 Three Dimensional Electrodes

Three dimensional electrodes can be classified as porous flow-through
electrodes (PFTE) and particulate electrodes. PFTE’s can either be a porous

electron-conducting material through which the electrolyte flows or a fixed
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bed of individual electron-conducting particles where the electrolyte flows
in the free volume between the particles (a packed bed electrode, PBE).

Particulate electrodes can be a packed bed or a bed of electron-conducting
particles fluidised by the flow of electrolyte (a fluidised bed electrode,

FBE) or a circulated slurry of particles in the electrolyte(SB).

To date the commercial uses of such electrode have generally been
rather limited. Metal deposition in effluent treatment is one area,
however, where fluidised bed electrodes have been extensively

(34) | John Brown (Developments) Ltd. (°5,99) have been active in

investigated
this field with several patented fluidised bed designs. The NALCO process

for tetra—alkyl lead manufacture used a packed bed electrode(®?), For
(53,57)

(58)

further information the reader is referred to several good reviews

and, 1n particular to the literature survey in the thesis of Hamilton

Despite the possible advantages outlined above, organic
electrochemical systems using three dimensional electrodes have received
relatively little attention. The most relevant to this thesis is the work
by Yoshizawa et al. and Goodridge and Hamilton. They both studied the
reduction of nitrobenzene using packed bed electrodes. John Brown Ltd.(sg)

have patented a particulate electrode cell for the production of

para—aminophenol, but gave no examples.

In their first design Yoshizawa et al.(50) yseq copper plated resin
particles in a packed bed through which current and electrolyte flowed
parallel to each other. They found that at a constant current with a
flowing electrolyte almost 100% current efficiency for the reduction to
aﬁiline. If the electrolyte was stationary, build up of products on the
electrode surface resulted in a much lower efficiency. By measuring the

potential profiles in the bed during the reduction, they showed that the

effective depth of the electrode, that is the area in which significant

reaction took place, was only 3 mm. This low value was explained by the low
conductivity of the electrolyte compared to the relatively high value for

the copper coated particles.

(61)

In a second paper a more uniform potential distribution was

obtained by using carbon particles and an increased electrolyte
conductivity. Unfortunately, due to the reduced hydrogen overvoltage at

carbon the current efficiency for aniline production was greatly reduced.
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Goodridge and Hamilton(?8:02) yged the reduction of nitrobenzene as a
model reaction to study the performance of a packed bed electrode. Although
the thrust of his work was towards the modelling of the packed bed, the

results he obtained do show the potential use of a packed bed electrode 1in

the production of para—aminophenol. Using a packed bed of Monel particles

. , he obtained typically 70%

with a geometric current density of 65 mA / cm
current efficiency for para—-aminophenol production. At 12 mA / cm? this
could be increased to over 90%. Taking his results for a planar Monel
electrode, current efficiencies of around 90% could only be achieved at
current densities as low as 1 mA / cmz, and at 5 mA / cm® current
efficiency for para—aminophenol was already under 60%, the rest being

aniline.

Despite the problems Hamilton experienced with the analysis of his
reaction products (he was forced to assume that aniline and
para—aminophenol were the only products), it is clear that the use of a
packed bed electrode allowed a much higher geometric current density to be
used for the reduction and yet maintain a very high selectivity to the
para—aminophenol product. Hence, a substantial increase in space-—time yield
for this reaction could be achieved by the use of a packed bed electrode

(from Hamilton'’s figures more than a hundred fold increase).

1.4 Arrangement of Thesis

From the foregoing study of the existing literature it seemed that the
production of para—anisidine by the reduction of nitrobenzene in acidic
methanol could form the basis for some useful research. The reduction,
involving a Bamberger type rearrangement, had been well demonstrated for
other similar systems and there was clearly commercial incentive in the
production of para-methoxy anilines. As measured earlier, to the author'’s
and BASF’s knowledge there had been no previous attempt to prepare
para—anisidine by the electrochemical reduction of nitrobenzene in methanol
and sulphuric acid. Furthermore, there had been little work done to date in

exploiting the advantages demonstrated by Goodridge and Hamilton(38:62) of

using a three dimensional electrode for the nitrobenzene reduction.
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The aims, therefore, of this study were to extend the initial work
done by BASF(46) on the preparation of para—anisidine. In particular to
investigate the possibility of using different cell configurations and the
effect of this on the current efficiency and chemical yield of
para—-anisidine. Inherent in such a study would be an attempt to model the
reaction and incorporate it into existing reactor models along similar
lines to the approach taken by Hamilton. These models could then, after

testing, be used to design further process studies.

The initial study by BASF for the preparation of their patent
considered the effect of cathode material, nitrobenzene concentration,
temperature and current density on the current efficiency, yield and
selectivity of para—anisidine production. These results were used as the
starting point for the present work, indeed the first experiments used
identical conditions. Thereafter only the effect of current density,
electrode potential and cell configuration were considered, although an
alternative cathode material was later used. As will be seen this provided

ample scope for investigation.

After some early experiments with a packed bed electrode it became
apparent that there were two major problem areas. Firstly, analysis of the
products proved to be difficult and inaccurate using the methods then
available and secondly the reduction seemed to be rather more complex than
had been anticipated. For these reasons it was decided to attempt a more

detailed study of the basic electrode reaction than was originally planned

and at the same time develop a new and better analysis technique.

Returning to the comparison between planar and three dimensional
electrode configurations, further work showed that the three dimensional
electrodes were not suitable for this particular reaction under the
conditions used. Indeed it proved futile to attempt the modelling of these
reactor types. Reasons for this failure and some possible solutions were
investigated, but with only partial success. Subsequently, the basic
electrode kinetics were more deeply investigated and a model of the

reaction developed. The scale—~up of this model was tested using the results

from the planar electrode cell.

For the sake of clarity, this thesis does not strictly adhere to this

chronological series of events. Firstly, the reaction model is considered
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together with the work leading to its derivation and validation — this is

chapter two. The work using a bench scale cell is then described in chapter
three and the reaction model predictions are compared to the parallel plate
results. A comparison between the parallel plate electrode and the three
dimensional electrodes is also described. The last chapters draw final
conclusions and suggest some future work. Throughout this thesis all
detailed results and derivations, together with descriptions of the

analysis techniques used are to be found in the appendices.
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CHAPTER TWO

REAGCTION MODEL

The first step in the investigation of a reaction must always be the
elucidation of the reaction scheme or mechanism. It must be pointed out,
however, that in reaction modelling the term reaction scheme must not be
confused with that of reaction mechanism. All a model attempts to do 1is to
obtain a relationship describing performance (current density) as a
function of various parameters such as electrode potential, mass transfer
and temperature. The reaction scheme will obviously be based on a mechanism
but is by no means synonymous with it. The discussion in section 1.2.4
highlighted only a small part of the large volume of work published on the
mechanism of the electrochemical reduction of nitrobenzene. Although there
is still some uncertainty over the exact reaction mechanism, it is widely
accepted that the process can be represented by the simplified scheme shown
below in figure 2.1. By assuming that the two consecutive electrochemical
steps are first order, irreversible, and have kinetics that can be
described by Tafel equations, a reaction model is proposed to describe the

reduction of nitrobenzene. A similar method has also been used by
Scott(63), taking data from Marquez and Pletcher(19) for the production of

para—aminophenol, to demonstrate techniques of electrochemical reactor

engineering.
NO, NHOH NH,
4e- 2e
—_—— —_—
HY HY
+ CH;0H + CH3;0H
- H,0 Ht H* \ - H,0

NH, NHy
i: f: , OCH3
OCH37

Figure 2.1
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The derivation of such a reaction model requires the knowledge of the
kinetics of the competing mass transfer and electrochemical reaction steps.

This chapter describes the techniques used to obtain that necessary data.
The first part of the chapter describes the equipment and methods that were
used in the investigation. The model is then introduced and the results

obtained for the kinetic constants presented and discussed. Finally the

validity and scope of the model is discussed.

2.1 Experimental

2.1.1 Rotating Disk Electrode

Some initial work using a rotating copper disk was carried out in a
glass cell (figure 2.2) using custom built precision stirrer, manufactured
by Sycopel, Station Rd., East Bolden, Tyne and Wear. The electrode was a
copper rod sealed in a PTFE holder so that one end formed the disk

electrode and the other allowed electrical contact to be made (see figure
2.2).

For later work a rotating disk system developed by Dr. J.A. Harrison,
of the chemistry department at the University of Newcastle—upon-Tyne, was
used. This sophisticated computer-based system was designed to automate the

study of electrode kinetics. A very flexible hardware system combined with

a large library of reaction schemes and models, enabled the measured data
to be fitted to an appropriate electrochemical model. Real time software
both controlled the process and collected the data from experiments. The
rotating copper disk electrode and cell were of the same type described

above and shown in figure 2.2. The equipment and the data manipulation

techniques have been extensively described by Harrison and co-workers (84)

and the reader is referred to these publications for further information.
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2.1.2 H-Cell Equipment

The H-cell used in this work was designed to allow bulk electrolysis
as well as basic electrode studies. The design gave provision for maximum

electrode area with minimum electrolyte volume.

Short experiments yielding significant product concentrations were
thus possible. The cell was constructed from "Quickfit" glass components in

our own University. Diagrams of the cell and its attachments are shown in
figures 2.4 and 2.5.

The cell was made in two flanged sections with a membrane sandwiched
between them. A good seal was achieved by using Dow Corning "Silicoset" and
flange clamps. The cells were checked regularly for any signs of leakage
around the membrane and flanges. Initially a Nafion 423 membrane from Du

Pont(63) vas used, but later Ionac MC-3470 from Sybron Corp.(66> was found

to be superior for this work.

Fittings were provided on the cell for a Luggin capillary, a
thermometer and a sample port. The Luggin was made from modified "Quickfit"
glass components. Connection to a calomel reference electrode was made via
a loose fitting 3-way tap and a salt bridge. The working and counter
electrodes were introduced through the lids of the two compartments. The

1lid of the catholyte section was later modified to allow stirring of the

electrolyte from above.

The cathode was a copper, later Monel, disc 4 cm in diameter. The
reverse side of the electrode was insulated using a stopping—off medium,
Lacromite. The same medium was used to reduce the electrode area for
polarisation studies and to insulate the electrode supporting rods. The
anode was a graphite rod with a surface area somewhat greater than the
cathode area, to avoid possible current distribution problems. For the same

reason, the cell was designed to ensure the membrane surface area was

always greater than that of the cathode.

Catholyte agitation was first achieved by the use of a magnetically

stirred bar, however, this was found to be unsatisfactory. Instead an
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impeller was inserted through the top of the cell. Care was taken to

insulate the impeller shaft with heat shrinkable tubing and Lacromite.

The instrumentation used is listed below and the circuit diagram is

shown in figure 2.6,

Instrumentation.
Power Supplies: Potentiostats from Sycopel, Station Rd., East
Bolden, Tyne and Wear:
a) Model 251 OQutput 1.2A, 28V or
b) Model 2510(IR) Output 10A, 28V.
Voltmeters / Thandar DVM models TM351 or TM 350, or
Ammeters: Sinclair Multimeter DM350.
Coulometer: Time Electronics Type TS 100A Digital
Coulometer.
Reference Saturated Calomel Electrodes made up in our
Electrodes: own laboratory (for details see Goodridge

and King(67)).

2.1.3 Experimental Procedure - Rotating Disk.

The investigations carried out in collaboration with Dr. Harrison
involved steady state current-potential and steady state high frequency
impedance—-potential measurements in order to accurately determine IR drop,
and to correct for it, continuously during an experiment. In addition,

linear potential sweeps were also used to investigate the reaction.

Experiments were performed at both 20 and 55°C using a copper

electrode of area 0.2 cm2

, which was prepared by mechanical polishing. Two
concentrations of nitrobenzene (0.03M and 0.3M) were studied as well as the
background electrolyte of 10% sulphuric acid in methanol. The catholyte was

routinely degassed with nitrogen before the start of a run.
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During each experiment the potential was increased and then decreased
in a series of discrete steps. At each step a range of high frequency
signals was imposed over the potential and the resulting output analysed to
produce the impedance - potential plot. The methods used and the software
to perform them are more fully described by Dr. Harrison(®%4) Briefly, the
impedance was curve fitted, at each potential, ¢, to the equation below.
The equation was derived by analogy with the well known equivalent
electrical circuit of a capacitance in parallel with an electrochemical

process, characterised by a resistance and a Warburg coefficient.

Z(w) - R, Rep + (1-j).0.w L/?

Where Z(w) is the impedance, R,, the Ohmic loss resistance, R, , the charge
transfer resistance, o, the Warburg impedance parameter, w the ac potential

frequency and C4y the differential capacity of the electrical double-layer.

The graphical display of these parameters ie. plots of C4y — ¢, R ¢ =
¢, R, — ¢ and o — ¢, was used to help characterise the electrochemical

(68). The potential was corrected at each point using the Ohmic

process
resistance to give the variation of the true electrode potential against

the current density.

2.1.4 Experimental Procedure — "H"-— Cell,

Prior to a series of experiments the glass cell and attachments were
cleaned in 50:50 mixture of HNO4 and H,SO,, rinsed with water and dried.
The cell was assembled, with the membrane sandwiched between the two
flanges, sealed with a Dow Corning adhesive sealant and then left for
several days for the sealant to cure. After a run, providing the flange
seals were intact, the cell was rinsed well with water and then methanol.
To prevent shrinking and cracking of the membrane, the cell was kept filled

with dilute H2504 in methanol.

The whole cell was mounted in a supporting framework and placed in a

thermostatically controlled water bath. The two chambers were filled with
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- previously mixed methanol and H,S0, (10% by volume) and left to reach

operating temperature (55°C), while the electrodes were cleaned.

The cathode was cleaned by careful rubbing with a fine wet—and- dry
paper, until the surface was clean and free from scratches. Then the
electrode was briefly dipped into 50% aqueous HNOq to try and create a
| répfoducible surface. After copious rinsing with methanol, the cathode was
placed directly into the cell, the anode having already been cleaned using
fine emery paper. As soon as the cathode came into contact with the

electrolyte, the current was switched on to maintain cathodic protection.

Due to the relatively low conductivity of the electrolyte and the high
currents needed for product synthesis, there was a significant'potential
drop between the Luggin tip and the cathode. This potential difference,
called Ohmic or IR drop, meant that the potential sensed by the
potentiostat was not the true electrode potential (see Appendix B). The IR
drop is usually compensated by placing the Luggin tip very close to the
electrode. However, if it is placed too close'cgrréht and mass transfer
'disfribupions can be seriously affected. In all the experiments using this
H-cell the IR drop was compensated using the method described in Appendix
B. In addition a11 runs were performed using constant current (and hence a
constant IR drop) conditions. In'praétice the IR dfop proved éxtremely
troﬁblesome in.synthesis-exﬁefiménts. The reasons for this lie in the cht
" that high cell currents were used for the these experiments and the
accuraéy of the correction can be poor under these conditions. However for

.. polarisation studies a much smaller cathode area, and hence current, was

used,'résuitihg in a very small, almost negligible, IR correction.

After the "acid only" electrolysis described in Appendix B to
determine the IR correction, the run was started. Being careful not to move
the cell or the cathode position, enough nitrobenzene was intoduced to give
the required concentration. In synthesis runs this was always 41 g/1. |
During the run regular measurements of potential, current, and temperature
were made. The number of coulombs passed were also noted. The potentiostat
was operated in constant current mode. To determine the dependance of
products on potential, synthesis runs were performed at vafious current
densities, but a constant number of coulombs was passed during each run.

The potential was recorded continuously on a chart recorder. At each chosen
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current three runs were performed, while all other conditions were kept as

constant as possible.

The electrode area for polarisation studies using the H-cell was
between 0.25 and 12 cm? and the nitrobenzene concentrations between 0.41
and 41 g/l. Studies using the smaller areas and concentrations could be
performed under constant potential conditions, since the IR drop proved
almost negligible, or as constant current experiments using the IR
correction method described earlier and in Appendix B. Several methods were
used, with the H-cell, to determine the polarisation characteristics.
Potential or current sweeps using a linear sweep generator were used with a
variety of sweep rates., These sweeps were also performed manually. Steady
state conditions were investigated by manually stepping the potential or
current and then taking readings during several minutes at each step. The
number of coulombs passed was always measured to estimate the nitrobenzene

consumption, since the nitrobenzene concentration was assumed unchanged

during a polarisation study.

2.2 Proposed Reaction Model

2.2.1 Reaction Scheme

It can be seen from the reaction scheme presented earlier (figure
2.1), that the nitrobenzene reduction may be represented as two consecutive
electrochemical reductions with the intermediate also open to a competing
chemical rearrangement. This is shown diagrammatically in the scheme below.
The nitrobenzene, "A", is transported to the electrode surface where it
undergoes a four electron reduction to the intermediate "B". "B" may be
further reduced at the electrode to aniline, "D", or pass into the bulk and
be rearranged to form species "C". "C" represents all the possible

rearrangement products which were mainly para—-anisidine, para—aminophenol

and ortho—anisidine.

Analysis by HPLC and mass spectroscopy (Appendix A) revealed that the
main reaction products were ortho- and para-anisidine, para—aminophenol and

aniline. Small amounts of azo- and azoxybenzenes were detected, together
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with other unidentified di—-aromatics. These by-products were difficult to
analyse routinely but since they appeared to account for less than 10% of
the total products, they were ignored. These observations were consistent

with the proposed reaction scheme.

//////////////// ELECTIRODE //////////////////

Electrochemical Steps

A, > Bg > Dg
A
Mass Transfer
\V4 \V
Ap By, Dy,
Chemical Rearrangement v
Cp
ELECTROLYTE

(Scheme 1)

The subscripts s and b refer to the electrode surface and the bulk

electrolyte respectively.

For the derivation of the model the possibility of hydrogen evolution
was also included, although this was negligible under the experimental

conditions used throughout this work (Appendix D). Addition of the hydrogen

reaction to the overall scheme allowed the model to be extended to
conditions where significant evolution would be expected to occur ie. at

high conversions or very high electrode potentials.

Considering the scheme above, it is clear that by removing the
intermediate "B" from the electrode surface, further reduction to "D" is
prevented and an increase in the yield of "C" will result. Thus, increased
mass transfer will favour production of "C" and the ratio of "D" to "C"
will decrease. This effect of mass transport has been previously reported

by many authors (see section 1.2.2, also Bachurina and Yankovskii(®9)

Before continuing, a possible alternative should first be mentioned.
If the rate of chemical rearrangement of species "B" is fast, compared to
the rate of mass transfer of "B" away from the electrode surface, it is
possible that the chemical rearrangement could take place at the electrode
surface (Scheme 2 below). In this case the rate of removal of "B" from the

electrode would have little effect on the production of "C". The ratio of

"D" to "C" produced would depend solely on the relative rates of the
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chemical rearrangement and the second two electron electrochemical process

and not the rate of mass transfer.

[/////////////// ELECTRODE //////////////////

Electrochemical Steps Ag > B, ———> D
a | Chemical
Cq
Rearrangement
Mass Transfer
\V4 \%4
Ap, Cy Dy,
ELECTROLYTE
(Scheme 2)

Considering the weight of evidence that the production ot
para—aminophenol is indeed highly dependant on mass transfer rate, this
scheme seemed unlikely for the reduction in aqueous media. Considering the
reaction in methanol, several authors(la'lg) have demonstrated that the
Bamberger rearrangement involving water as the nucleophile proceeded very
much faster than for methanol or ethanol. This was confirmed by our own
observations that significant para—aminophenol (around 1/5 of anisidine
product) was produced during an experiment, although the water content was
estimated at around 500 ppm. Further, a strong dependance on mass transport
was also observed for the production of para—anisidine. It seemed highly

unlikely, therefore, that scheme 2 would be valid for the system under

consideration.

From the foregoing discussion and the wealth of published work on the
mechanism of the nitrobenzene reduction it is clear that, for the purposes
of deriving a reaction model, Scheme 1 above adequately describes the

processes involved and it is this scheme which forms the basis for the

subsequent derivation of the reaction model.
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2.2.2 Initial Polarographic Studies

The first polarisation studies carried out on the reduction of
nitrobenzene in methanol / 10% sulphuric acid at a copper cathode in the
H-Cell showed what seemed to be a single wave. Furthermore, when replotted
as log(current density) versus electrode potential a well-defined linear
region was identified with a slope of 170 mV / decade (see figure 2.7). A
similar linear "Tafel" region was reported by Goodridge and Hamilton(28,62)
using aqueous sulphuric acid. He interpreted this as evidence for
activation control over the linear portion. Furthermore, on this evidence

he assumed that the electrochemical process could be described by a simple

Tafel approximation, implying a single electrode reaction.

Previously some authors(18:22) have reported a "two—wave" reduction ot
nitrobenzene. In other words a point was reached where the first reaction
(A to B) was limited by mass transfer whilst the second reaction (B to D)
was prevented from occurring ie. the surface concentration of "B" became
zero, Even from the preliminary current - potential studies it became clear
that this could not be reproduced for the methanol / 10% H4S0, /
nitrobenzene system. The preparative studies, described later in this
chapter, confirmed that aniline was produced at potentials lower than the
half-wave potential and that the limiting current plateau corresponded to a
transfer of six electrons. Therefore, what appeared from the polarograms to
be a single electrochemical process was, in fact, two consecutive electrode
reactions superimposed onto each other. The same conclusion was reached by
Marquez and Pletcher(19) in their extensive study of the aqueous reduction
to para—aminophenol at a copper cathode. Considering this further it was
not difficult to imagine a situation where mass transfer could affect the
product formation without significantly altering the polarisation behaviour
of the reaction. So that a change in mass transfer, which had little or no
effect on the current and electrode potential, would nevertheless affect

the ratio of "D" to "C" ie. the ratio of aniline to para-—-anisidine.

For these reasons the model derived in Appendix C and presented in the

next section attempts to describe the nitrobenzene reduction as two
consecutive electrochemical processes subject to the effects of mass

transport and a secondary parallel hydrogen evolution process.
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2.2.3 Model Derivation

Referring to the scheme below and to Appendix C for a full derivation,
the following relationships may be written down to describe the partial
current densities due to the first electrochemical process, i,, the second

consecutive process, ip, and the competing hydrogen process, iy:

/[/////////////// ELECTRODE //////////////////////

he 2e e
Ay, ——> B, ————> D_ HY —> 1/2 H,
A i | ip iy
v
Tb
v v
Ap ‘b Db
_ [A]y
lA ==
1 1
=
4Fk; + 2kpe PB?
iy = kye OH?
and I = 1, + 1ip + iy

where [A];, is the concentration of species "A" in the bulk
electrolyte; i,, ip, and iy are the partial current densities for the
. primary, consecutive secondary and parallel secondary electrode reactions
respectively; ¢, the electrode potential; Kk;, the mass transfer coefficient
for the transport of "A" to the electrode and "B" away from the electrode;

and ks, kg, ky, by, bp, by are the electrochemical kinetic constants.

To arrive at the equations above certain assumptions were made. These
are stated fully in Appendix C2.0 but the important ones will be discussed

here.
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Firstly, it was assumed that the two consecutive electrochemical

processes were first order, irreversible and could be described by Tafel
relationships. Steady state conditions were also assumed to prevail with
negligible accumulation of both reactants or products at the electrode
surface. As a first approximation, the concentration of intermediate "B" in
the bulk was considered negligible compared to its concentration at the
electrode surface. Mass transport in the system was assumed to be

adequately described by a single mass transfer coefficient, k;.

Considering the work done by others in modelling the nitrobenzene
reduction the first assumptions seem reasonable. The concentration of the
phenylhydroxylamine, "B", was never measured in the bulk electrolyte due to
1ts chemical instability and the great difficulty in analysing this
compound. During the routine analysis procedure it was, however, noted that
on standing for several hours at 55 °C some 10 to 15% more rearrangement
products were formed. The presence of some unconverted phenylhydroxylamine
in the bulk electrolyte was certainly implied. Due to the overwhelming
difficulties mentioned in analysing for the hydroxylamine, this was
considered an acceptable inaccuracy. It was probably the last of the above
assumptions which proved the most difficult to meet in practice.
Measurements of the mass transfer rate in the glass "H" cell were
reasonably accurate and great care was taken to ensure an even and
reproducible stirring rate for all the experiments. The correlation used
for the larger scale cell described in chapter three, however, included
implicit assumptions of fully developed flow and absence of entry effects
that were difficult to verify or allow for. This was noted as a limitation

in extending the model to the larger cell.

It was found from initial rotating disk work that polarisation studies
alone were not sufficient to determine the kinetic constants in the model.
For this reason a series of preparative experiments were performed, during
which the electrode potential and current density was recorded. The rate of
mass transfer was kept constant throughout all the experiments. By analysis
of the reaction products the amount of current consumed in forming each of

the products could be calculated and hence the two partial currents, i, and

lp, directly determined. The glass "H" cell described earlier in section

2.1.2 was used for these experiments. To complement this work polarisation

studies at various rates of mass transfer were carried out using a rotating
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disk electrode. The remainder of this chapter is devoted to the results and

discussion of this work.

2.3 Results and Discussion — Determination of the Kinetic GConstants

2.3.1 Polarisation Studies — Determination of’hh, bH and bA

To complement the preparative experiments, further polarisation

studies were undertaken and the results used to determine the kinetic
constants for the hydrogen evolution reaction and the Tafel constant, Dby,
for the primary reaction. These were done with the help of Dr. J. Harrison,
whose sophisticated and specialised equipment exceeded our own
capabilities. In particular, Dr. Harrison’s equipment could accurately
determine Ohmic or IR losses, which were significant for the relatively low
conductivity electrolyte used throughout this work. Further discussion of
this point can be found in Appendix B. Studies were made of the
nitrobenzene reduction at two different nitrobenzene concentrations and

also when no reactant was present. This latter case is dealt with first.

A) Background Hydrogen Evolution

The polarisation curve for methanol / 10% sulphuric acid determined
using the equipment described in section 2.1.1 is shown in figure 2.11.
Insufficient degassing prior to the experiment meant that there was some
dissolved oxygen in the electrolyte, which was reduced during the run.
Nevertheless, the polarisation plot showed a clear linear portion due to
hydrogen evolution. Noting that the model for hydrogen evolution predicts a

linear log(i) vs ¢ (equation E1l, Appendix E1.0), analysis of the slope and

intercept gave the kinetic constants, ky and by, associated with this

reaction. Thus we have:

ky = 1.01x10710 A/m? per kmol/m® and by = 0.0359 mv~?

The charge transfer resistance showed that the hydrogen evolution

reaction started at around -600 mV in both the methanol / sulphuric acid



Polarisation Studies

MeOH / 10% HySO4 at copper rotating
disk electrode, area 0.2 cm? . 55°C
10000 ’

1000

(A / m*)

O
R
e

= 64.2

g 02 I mV/decade

Current Density
Ea
=1
AJ
q)
O
-
O
.
O
-

0.1 -
—-100 -300 -500 -700 —900

Flectrode Potential (mV vs SCE)
Figure 2.11



30

electrolyte and the aqueous electrolyte. What was interesting, however,
was the initial portion of the curves at low potentials. For methanol R,
was constant until the reduction process began, but the aqueous electrolyte
showed a steep rise between -100 and -200 mV. The only likely explanation
was that at potentials more anodic than —-200 mV dissolution of the copper
electrode into the aqueous electrolyte was taking place. This was not the
case when methanol was used, the copper was cathodically protected over the

whole range (~100 => -800 mV) when methanol was used.

B) Nitrobenzene Reduction

Figures 2.12 show polarisation curves obtained at two electrode
stirring rates using 0.03 M nitrobenzene. A limiting current is clearly
visible, which is proportional to the square root of rotation speed. The

limiting current plateau at 580 A/m2 for the 10 Hz experiment was

identified as being limited by mass transport after examination of the
change in Warburg impedance and charge transfer resistance with potential
during the run. The Warburg impedance became significant between -550 and
=750 whilst the charge transfer resistance remained constant, indicating
that mass transport was dominant over this range. Figure 2.13 compares
polarisation curves obtained at 20°C and 55°C, showing the effect of

temperature on the current - potential relationship.

Referring to the well known theory of the rotating disk electrode
assuming a six electron transfer (See Appendix Fl.4), the limiting current
data can be used to calculate the value below for the diffusion

coefficient, D, for nitrobenzene in 10% sulphuric acid / methanol. Direct
comparison with the literature values is impossible since this system has
not been studied before, however, the results are certainly within the
range normally found for nitrobenzene. (cf. 5.5 x 106 cmz/s for 0.1 M HCl
in 70% ethanol / 30% water at 20°C(71); 4.4 x 1076 cmz/s for 1.0 M HySO, in
50% ethanol / 50% water at 20°c(79); 8.8 x 107® cm?/s for 3 M H,S0, in 50%
acetone / 50% water at 2000(19).)

D =6.9 x 1078 cm? / s at 20°C and D = 1,1 x 10~ cm? / s at 55°C
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Figure 2.14 shows the polarisation data determined for a 0.3 M

nitrobenzene concentration at two different temperatures. Quite why there
was some difference at lower potentials between the two rotation speeds 1is
unknown. Possibly the surface of the rotating disk was slightly different

for the two runs, giving rise to a different electrochemical rate constant.

The data obtained at 55°C for 0.03 and 0.3 M nitrobenzene
concentrations allowed one of the kinetic constants, bA, to be determined.
At low cathodic potentials the model (see Appendix E1.0) showed that the
expressions for the partial current densities reduced to:

1p
10g?;1b = log ky — bp.¢ and ig => 0, thus i = i,

Figure 2.15 shows the plot of the relationship above obtained using
results from the polarisation curves determined at 55°C and 40 Hz. The
slope of which gave the constant b,. Note that whilst k, could also be
determined from this data it would only be applicable to the special case
of a polished electrode where negligible reaction was taking place. To be
able to apply the model to a preparative situation, k, must be determined
under conditions of significant product formation ie. during a preparative

process. Thus we have:

b, = 0.0348 mv ™1

2.3.2 Preparative Study - Determination of ky, bg and kg

The results described below were obtained using the glass "H" cell
described in section 2.1.3. The aim of the study was to provide the
necessary kinetic constants for the reaction model. Under constant current
conditions (for reasons of IR drop*) experiments were run to about 10%
nitrobenzene conversion (30,000 Coulombs). During the experiment electrode

potential was recorded, and the products formed were determined

% . s
Only under constant current conditions would the IR drop also be
constant during an experiment.
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quantitatively by HPLC. In this way the two partial currents, i, and ig,
were obtained as a function of electrode potential, which allowed the
remaining kinetic constants to be calculated. Full experimental results may
be found tabulated in Appendix G. The validity and accuracy of measurements
made using the H-Cell results are discussed first in this section. The
results are then presented and discussed before they are finally used to

determine the remaining kinetic constants.

Current Potential Reproducibility.

Two similar glass cells and several copper electrodes were used for
this study. In order to assess the effects of this upon results and to test
the reproducibility of measurements, a series of polarisation studies were
made for each cell and electrode. Also investigated was the effect of
electrode preparation. Figure 2.18 shows polarisation curves obtained using
cell no. 2 where the electrode was cleaned between each run 1 to 8. Figure
2.19 shows results from cell 1 when consecutive polarisation studies were
carried out with no electrode cleaning between runs 1 to 8. There was
considerable scatter of results, particularly at higher potentials, but
this was attributed to inaccuracies in the determination of IR drop, which

were more significant at higher current densities. Overall the results are

not greatly affected by the method of electrode preparation.

Figure 2.20 shows the average polarisation data from cells 1 and 2. A
difference in potentials of up to 75 mV between the two cells was noted for
the same current density (Note all experiments were run under conditions of
constant current density). This, however, is of the same order of accuracy
found in the results for each individual cell (figures 2.18 and 2.19),

suggesting that there was no great difference between the cells. Finally,

figure 2.21 shows polarisation curves determined before and after
preparative runs. These results showed that the preparative process had no

significant effect on the current - potential behaviour, up to at least 10%

conversion,

Thus the conclusion was that although there was some degree of error

in the measurement of electrode potential, this was not due to methods of
electrode preparation, electrode changes during the preparative process or

to which cell was used for an experiment. The most likely source of the
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error was in the correction for IR drop implicit in the measurement of the

electrode potential. This problem is further discussed in Appendix B.
Comparison of all the polarisation curves indicated that the slope of
linear portion of the curves (on a log(i) vs ¢ plot) remained constant,
whilst the curves were "shifted" to more or less cathodic potentials. This
observation suggested that small surface changes were responsible for any

differences rather than a change in the nature of the electrochemical

process,

Effect of Potential and Current Density on Reaction Products

The results from the preparative experiments with the H-cell are
tabulated in Appendix G2. The products are expressed as moles formed after
5000 coulombs had been passed at a constant current density as detailed in
section 2.1.4. Figure 2.22 shows these results plotted as the 4e— products
(that is ortho- and para—anisidine and para—aminophenol) versus current
density. The six electron product, aniline, is plotted together with the
total 4e— products in figure 2.23. It is clear from these graphs that

aniline production is, as expected, increasingly favoured at higher current

densities, corresponding to a decrease in the rearrangement products.

During the H-Cell experiments the electrode potential was recorded and
the average potential over the experiment determined. Due to the size of
the correction for IR drop that was required, these potentials were subject
to considerable doubt. Figure 2,24 compares the current density — electrode
potential data so obtained from the preparative runs with the avefage
polarisation curves for cells 1 and 2. The good agreement between these
results indicates, within experimental error and despite the difficulties
with IR drop, that the average potentials were meaningful and can be used
with confidence in determining the kinetic constants. Further confirmation
of these measurements can be found in Appendix B, where figure B2 compares
these H-Cell results with those from the rotating disk work, in which IR
drop was precisely determined. Despite the difference in mass transport
between the rotating disk cell and the H-Cell and considering that no

significant preparative process occurred at the rotating disk, there was

good agreement,
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Before continuing, mention should be made of the method used to
calculate i, and ip from the preparative results. The table below shows
results from two H-cell experiments expressed as current efficiencies, CE,

defined as:

Coulombs required to produce each product -
¢cEe -—-————+——""———— x 100%

Total Coulombs passed (ie. 5000)

The average value for the current efficiency for all products over all the

exXperiments is also shown.

Current Efficiency
4e—~ Products be— Total
o—anisidine| p—anisidine| p-—-aminophenol aniline
1140 8.5% 39.2% 11.4% 10.9% 70.0%
2040 8.3% 40.8% 11.5% 31.4% 92.0%

Average total of all experiments: 76.1%

Current

Density

(A/m?)

These results show that the measured products using the HPLC analysis did

not account for all of the current passed during the experiment, indeed in
the worst case only 70%. Under the conditions of the experiments no

hydrogen was evolved (Appendix D) so the only explanation for this "lost"

current was either inaccurate analysis or undetected by—-products. A full
discussion of this point can be found in Appendix A4.0 onwards. Briefly,
the conclusion was reached that the analysis gave acceptable values for the
ratio of four to six electron products, but that an absolute quantitative

determination of the products was not possible. Coupling reactions or

adsorption effects were blamed for this problem. The implication for the
determination of the kinetic constants was that only the measured ratio of

products from the preparative results was used.
Referring to Appendix E2.0 it is shown there that:

i, « 4F x measured total production rate

and

ip « 2F X measured production rate of aniline



35

Hence,

2 x measured rate (total products)
i, / ipg = —
measured rate (aniline)

Further, given that during the experiment i = i, + ip, that is to say that
the current efficiency for the total products is corrected for errors in
the analysis to 100%, i, and ip are given by:

ipn = 1/ (ig/ip + 1)
and ig = 1/ (ip/ig + 1)

Figure 2.25 summarises the H-Cell preparative results in a plot of the

partial current densities against the average electrode potential. These

results were used to calculate the remaining constants as described below:

Determination of Kinetic Constants -— kA

Rearrangement of equation (C8) (Appendix E2.0) results in:

Y- — = Kk,.[A]y.ePa?
1 1 -

i, 4.F.kp. [Aly

Using the preparative results to determine i,/ip and, hence, i, ,Y and the
corresponding values of e~ (bpd) (noting by, = 0.0348 mv~L and kp = 1.6 x
10~ m/ s) were calculated. This data is tabulated in Appendix G. In
plotting Y against e—(PA?) for the determination of kp, only data in which
mass transport was relatively insignificant were used. The resulting

straight line through the origin is shown in figure 2.26. Least squares

analysis gave the slope and, hence, k,:

ky, = 0.191 A / mé per kmol / m3
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Determination of Kinetic Constants - kB and bB

Rearrangement of the expression for the consecutive partial current

density, ip (Appendix E2.0) gives:

i 4.F.k
A L
- 2 == —_— X ebBé

ig kp

Again using the preparative results, tabulated in Appendix G, log (i, / ip
— 2) is plotted against the electrode potential in Figure 2.27, from which

linear regression analysis gives the slope and intercept and, hence, bp and

kg (noting k; = 1.6 x 107 m/ s):

bp = 0.0208 mV"1 and kg = 0.505 A / m* per kmol / m>

2.4 Conclusions

A model for the reduction of nitrobenzene at a planar electrode has

been derived and the kinetic constants, associated with it, determined.

Figures 2.29 and 2.30 compare the actual results with those

calculated by the model under the same conditions. Although, of course, the
kinetic constants for the model have been determined using these same
results, the degree of agreement is encouraging since the model was
proposed using a simplified reaction scheme. The good correlation indicates
this scheme to be valid and the model to be capable of describing the
variation of products with electrode potential and current density. Figure
2.31 shows a model prediction for the polarisation behaviour in the H-Cell
under the same conditions as the experimentally determined curves. Within

the general experimental error, there is excellent agreement between the
results. We can conclude, therefore, that the theoretical model of the

electrode processes 1s an accurate description of observed behaviour.

The model allows prediction, not only of the current -~ potential
relationship (figure 2.32), but also the product formation as a function of
the rate of mass transfer and current density or electrode potential

(figures 2.33 and 2.34). (A study of the hydroxylamine rearrangement
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reaction was beyond the scope of the present work, so that a prediction of
individual four electron products was impossible.) It must not be
forgotten, however, that the model is limited by the assumptions that were

made in its derivation and by the limits of experimental accuracy.

The model can also be used to study the effect of process conditions
such as mass transﬁort; current density and conversion on the products
obtained and, thus, help design optimum operating conditions. As was
mentioned in the introduction (section 1.2.1) the balance between a low
current density and a high rate of mass transfer for minimum aniline
formation is critical for this reaction. This can be clearly seen in figure
2.33. A possible method of achieving this aim at relatively low cell costs,
proposed in section 1.3, was the use of three dimensional electrodes. The
next chapter concerns the use of such designs of cells for the production

of p—anisidine.
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CHAPTER THREE

BENCH SCALE GCELL DESIGN

It has been shown by BASF(2) that the electrochemical reduction of
nitrobenzene in methanol can give a high selectivity to para-—anisidine.
However, the results presented in the previous chapter demonstrate that
selectivity to the anisidine is very dependant on the electrode potential
or current density. A high current density, whilst giving good space—-time
yields of products, would result, therefore, in a lower selectivity to the
anisidine. The aim of the work described in this chapter was to investigate
the effect of cell design on the nitrobenzene reduction, with a view to
increasing space-time yields, whilst maintaining high selectivity to the
anisidine product. The reaction model was to be used as the basis for
reactor models of the different cells used. Three cell configurations were
chosen according to the type of cathode used, namely a parallel plate

electrode, a packed bed electrode and a fluidised bed electrode.

A cell was designed so that it could be used, without serious
modification, for experiments with all three types of electrode. The first
part of this chapter deals with the design of this cell, the equipment used

and the experimental procedure.

The experimental results for the parallel plate electrode are
presented and discussed. A comparison between the model predictions for
this cell and the actual results is also made. Results obtained using the
packed bed and fluidised bed electrodes are then described in the next
section and the performance compared to that of the parallel plate cell.
Reasons for the poor performance of the copper particulate electrodes are
then suggested and the experimental evidence for them discussed. Due to
this poor performance the use of Monel as an alternative electrode material

is discussed and some experimental results presented. The chapter ends with

a short conclusion of the bench scale work. As will become clear the
problems encountered in this work with the three dimensional electrodes
meant that the original aim of modelling the different cell types could not

be achieved.
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3.1 Experimental

3.1.1 Cell Design.

The cell used was similar to that of Hamilton(°®) who worked
previously in the same department. The design allowed the cell to operate
with a parallel plate or packed or fluidised bed electrodes. For this
reason the flow in the bed was from bottom to top, thus the use of a bed
retainer for the packed bed configuration was necessary. The cell was
constructed in polypropylene "sandwich“ sections, which were sealed with
O-rings and bolted together (Plate 3;1). Diagrams of the cell and its

attachments are shown in figures 3.1 and 3.3.

Current was fed to the bed via a feeder electrode, which also served
as the cathode when the cell was used in the parallel plate mode. This
feeder extended from the top of the cell to 6.5cm above the flow
distributor and was made of 0.3 cm thick copper plate or later, 0.1 cm
thick Monel 400. The gap of 6.5cm between the point at which the catholyte
entered the cell and the bottom of the feeder was to ensure that the

electrolyte flow was fully developed before contact with the electrode. The
feeder was imbedded in a polypropylene backing plate, flush fitting to

minimise electrolyte flow disturbances. Electrical connection was made to

the top of the electrode, which protruded from just below the 1lid.

The catholyte was pumped through a flow distributor up the catholyte
chamber and out via a weir designed to trap any escaping bed particles. The
inverted V-—-shaped distributor (figure 3.3) provided even flow into the
packed bed and also allowed fluidisation. Liquid entered an initial chamber
through a blanked off section of polypropylene pipe, drilled with holes. To

prevent channelling these holes pointed downwards. Flow was then directed

through four rows of closely spaced slots, machined into the distributor.
This arrangement gave good flow distributions for both the packed and
fluidised beds. The pressure drop across the distributor proved quite

large, however, and for the high flowrate parallel plate experiment, where

flow was expected to develop quickly in the chamber, this slotted part of

the distributor was removed.
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PACKED BED CELL SHOWING CATHODE WITH ELECTROLYTE PROBES, CATHOLYTE

CHAMBER, WINDOWS, BED RETAINER, MEMBRANE SUPPORT AND ANODE
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When used in the packed bed configuration, the cell was provided with
a bed retainer (Figure 3.3) introduced through the lid of the cell. The
retainer consisted of a polypropylene block with dimensions slightly
smaller than the catholyte chamber, to allow movement up and down the
chamber whilst preventing any particles escaping. Two holes were drilled
through the block and a polypropylene gauze, with a grid size smaller than
the particle diameters, fixed over them. The retainer was positioned and

held secure by two long threaded shafts, screwed through the 1lid of the
cell.

The catholyte backing plate also had holes drilled and tapped to

accommodate up to six potential probes. The probes, when used, were
inserted through the back of the feeder, allowing the electrolyte potential
to be measured at various points within the cell. The probes were connected
via 3mm PVC flexible tubing, a loose fitting 3-way tap and a salt bridge,

to the reference electrode, a saturated calomel electrode.

Catholyte and anolyte were separated by a cationic ion—-exchange
membrane supported on a grid. Initially Nafion 423€03) yag used, but later
Ionac MC-3470€66) proved more successful. The support prevented the
membrane from bulging into the anolyte compartment, altering the bed
thickness. It consisted of an array of closely spaced holes, 0.64cm in
diameter, drilled into 0.64 cm thick polypropylene sheet. In this way 60%

of the area of the membrane was unobstructed to current flow.

The anolyte flowed from bottom to top through inlet and outlet tubes
mounted into the anolyte backing plate. The anode was a graphite block 1.0
cm thick imbedded into and flush with the backing plate and matching the

feeder in position. Electrical connection was made via a threaded graphite

rod screwed through the backing plate into the anode.

Finally, the catholyte chamber was provided with windows to view the

bed during a run. The windows were made in two sections: the inner one made
from TPX (polymethylpentene), which is chemically resistant to
nitrobenzene and sulphuric acid, and the outer section from Perspex, which

is not. The inner sections were sealed with O-rings and the threaded

Perspex sections were screwed in after them to secure and seal the windows.
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3.1.2 Electrolyte Flow Circuit

The anolyte and catholyte were pumped through two separate but very
similar flow circuits. The whole system was kept closed to minimise the
loss of methanol due to evaporation at the operating temperature of 55°C.
Thermostatically controlled water flowed through the tube sides of the heat
exchangers to allow heating up to this temperature. Bypass loops around the
pumps were provided for electrolyte mixing prior to a run, and to give
greater flexibility in the flow control. The pumps used were of centrifugal

design and magnetically driven., Thermometer pockets were provided before

and after the cell for each flow circuit. The holding tanks were made from
polypropylene and had a maximum capacity of 18 litres. The catholyte tank
was later replaced by a smaller 10 litre tank. The flow circuit is shown
schematically in figure 3.5 and the whole apparatus shown in Plate 2.2. The

details of the items of equipment used are listed below:

Pumps, Catholyte: Wade Type HDH, centrifugal,
or later, Beresford Type 121 1.5HP.
Anolyte: TEP Type PC 50/7, centrifugal.
Heat Exchangers: QVF Glass Models HE 1.5 for anolyte,

and HE 2.0 for catholyte.

Flowmeters, Catholyte: Metric Type 24, Korranite float, or
Metric Type 35P, Korranite float.

Anolyte: Metric Type 14, Stainless Steel float.

Pipework and Valves: Polypropylene throughout.

3.1.3 Materials

The nitrobenzene, sulphuric acid and methanol were used as supplied by
B.D.H. Ltd. and were "AnalaR" grade. Reagent grade methanol and sulphuric

acid and singly distilled water were also used for cleaning the systenmn.

99% pure copper sheet was used for the feeder, but later replaced by
Monel 400; an alloy specified, by the manufacturers, as 66% Ni, 30% Cu, 3%
Fe and 1% others. The particles used for the packed and fluidised bed
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electrodes were copper or Monel. All the particles were sieved to a nominal
size range of 800-1200 microns. The mean particle diameters were 1100

microns for the copper and 1000 microns for the Monel.

3.1.4 Instrumentation

The circuit diagram of the instrumentation is shown in figure 3.6. The

equipment used listed below:

Power Supply: 3 Phase Transformer-—rectifier from
-~ Sturdy Electric Co. Ltd. Output 20V,
250A.
Voltmeters / Thandar DVM models TM 351 or TM 350.
Ammeters:
Coulometer: Time Electronics Type TS 100A Digital

Coulometer. Installed across a 0.002502
shunt resistance.

Reference Electrodes: Saturated Calomel Electrodes made up in
our own laboratory gfor details see
Goodridge and King(®7)).

3.1.5 Experimental Procedure

Before each experiment the entire flow circuit was rinsed with singly
distilled water several times and, finally, with reagent grade methanol.

The system was then drained. The cell was similarly cleaned and rinsed

before assembly.

Before assembly of the cell, methanol and sulphuric acid were added to
the anolyte and catholyte holding tanks and circulated through the bypass
system to ensure good mixing. The electrolyte always contained 10%
sulphuric acid by volume. Typically 10 litres were added to the anolyte
tank and 12 litres to the catholyte. Later, however, the catholyte volume

was reduced to 6 litres to shorten the running time of an experiment.

The feeder electrode was prepared just prior to a run using, first,

emery paper and then fine wet-and-dry paper, until the surface was clean,
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bright and free from scratches. The electrode was degreased with acetone
and finally rinsed with methanol and dried. The graphite anode was
carefully rubbed with emery paper to remove any loose surface and then

rinsed with methanol. The electrical connection points on both electrodes

were cleaned and checked for low resistivity.

When used, the potential probes were cleaned by carefully passing a
thin wire through the capillary. Then they were mounted in their holders
and inserted through the back of the feeder backing plate. Their initial
positions were accurately measured using a micrometer depth gauge and a
marker placed on the end of the probe. In this way the position during an

experiment could be measured by a travelling microscope focused on this

marker.

The ion—exchange membrane was soaked in methanol overnight prior to
the run to minimise swelling, and subsequent sagging, during an experiment.
The membrane was stretched tightly when assembled into the cell, care being

taken to smooth out any wrinkles and creases in the membrane before finally

closing the cell.

The assembly of the cell was straightforward; the sections were
sandwiched together and the bolts inserted. The bolts were tightened
carefully, in sequence, to ensure an even pressure on the O-rings, and

hence a good seal. The cell was then mounted in a steel support and

immediately placed into the flow system.

For the experiments requiring a packed or fluidised bed electrode,
copper or Monel particles had to be prepared. The particles were first
sieved and then cleaned by vigorously shaking with dilute sulphuric acid /
methanol. If the particles were particularly dirty, they were cleaned in a
fluidised bed apparatus. The particles were fluidised with aqueous
sulphuric acid and current was fed to the bed. The simultaneous dissolution
and plating of copper resulted in extremely clean particles of pure copper.
Monel particles could not cleaned in this way, since the composition of the
alloy would have changed during replating. After cleaning the particles

were thoroughly rinsed with methanol and stored under methanol in a closed

container until required.
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The parficles were added to the cell, at a low flowrate, during the
initial "acid-only" electrolysis, thus ensuring cathodic protection for the
bed at all times. When used as a fluidised bed electrode, no bed retainer
was needed and the height of the bed measured by viewing through the
Perspex windows. For the packed bed, the particles were briefly fluidised
and then the flow reduced to the point of incipient fluidisation. The bed
retainer was then introduced through the 1lid of the ce11.;11 screwed
tightly down onto the bed. The catholyte flow was then alternately
increased and decreased, whilst tightening the retainer down further, until

no movement in the bed could be observed through the windows. The bed was

then considered packed and its height noted.

As soon as the cell had been installed the anolyte and catholyte were
circulated and immediately liquid was present in the cell the current
supply was turned on to give cathodic protection to the electrode at all
times. Hot water was circulated through the heat exchangers and the
"acid-only" electrolysis continued until the system had reached the

operating temperature of 55°C. This usually took about half an hour, during

which time the potential probes were connected.

The PVC tubing, connecting the probes to the salt bridge and reference
electrode, was allowed to fill using the pressure from the cell. In this
way gas bubbles, which would seriously affect the potential measurement,
were forced out of the systeﬁ. This same procedure could also be used
during a run, should a gas bubble enter the probes. The reference
electrodes were checked against each other for reproducibility. If
acceptable, they were placed into the measuring system. The reference

electrodes were connected to the digital voltmeter via a multi-input

switching device.

When the electrolyte had reached the required temperature and all the
electrical connections had been made and checked, the run was started. The
catholyte flow was greatly reduced, and a measured amount of nitrobenzene
added to the catholyte holding tank, sufficient to give a concentration of
41 g/l. The catholyte was then circulated through the fully open bypass
circuit to give fast, efficient mixing. After a short time the bypass valve

was shut and the current and flow set to the required levels., The time was

noted and the run started.
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Temperature was kept constant by the thermostat in the heating water
circuit. The flowrates and current were controlled manually. All

experiments were carried out under constant current conditions.
Periodically temperature, flowrate, potential, current, and coulombs passed
were measured and recorded. The potential difference across the whole cell
was measured continuously on a chart recorder.Samples for later analysis by

HPLC, see Appendix A, were also taken regularly throughout an experiment.

If potential profiles were to be determined during an experiment the
following procedure was adhered to. After an initial period of between 30
and 60 minutes had elapsed, to allow the system to settle down, the first
measurements from the potential probes were taken. The measurement from
each probe was allowed to stabilise for several minutes before the
potential was noted, then the next probe was selected on the switch and so
on. This was repeated 5 times before the probes were then moved to a new
position. This new position was determined using the travelling microscope.
Usually eight different positions for each of six probes were sampled in

one experiment.

During operation two Perspex doors were placed in front of the
apparatus and the exhaust fans above and in the laboratory were kept

running for safety reasons.

After every run the cell and flow circuit were thoroughly flushed
through and rinsed at least five times with water. The system was drained,
dismantled and left to dry. The feeder electrode was cleaned, dried and
then coated in silicone grease to prevent air oxidation between

experiments. The particles were cleaned as described above and stored under
methanol. As a precaution the membrane was usually discarded after each
run, since 559C and the pressure across the cell limited the lifetime of

the supporting fabric.

3.2 Results and Discussion

Tables of all the results can be found in Appendix H, under section
numbers referring directly to the numbers below. In addition Appendix H

contains these results expressed in the form of various performance
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indicators namely: current efficiency, selectivity, chemical yield, energy

consumption and space-time yield.

3.2.1 Planar Electrode — Parallel Plate Cell.

Table 3.1 shows the results of experiments using the parallel plate
cell. The expected effects of current density and the rate of mass transfer
on the product formation can be most clearly seen by considering the ratio
of "four electron" (ie. o— and p—anisidine and p—aminophenol) to "six
electron” (aniline) products, I-/Iy. Lower current densities and faster

mass transfer are seen to favour the "four electron" process.

Table 3.1 Parallel Plate Cell — Product Current Efficiencies (PP-1 & PP-2)

Mass
Transfer
Coeff-
icient

(m/s)

Current Efficiencies (%)

Total | Total
4e-— [Organic

33.26 | 40.03 | 63.29 | 1.20
45,02 { 33.43 | 78.45 | 0.74
62.39 | 20.34 | 82.73 | 0.33

Current
Density| |p—anis—|o—-anis—

It can also be seen that the total products formed did not account for

p—amino—|aniline
phenol|= Total

(A/m?)

Experiment PP-1

4.4x10_6
4. 4x10~°
4. 4x10~°

Experiment PP--2

1.5%10™2
1.5x10™>
1.5x10™>

74 .14 |12 .43
78.95 | 4.87
80.16 | 2.59

13.46
22.28

the amount of current passed during an experiment. This problem was briefly
discussed in chapter 2 (2.3.3), but was present throughout the work
contained in this thesis and is dealt with fully in Appendix A. It is
thought that a combination of factors was to blame. Among these was the
formation of By-products that were too difficult to analyse quantitatively
and experimental error both in the analysis and in the measurement of the

coulombs passed. During the course of the work considerable improvements
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were made to the analysis technique, including routinely analysing for
p—aminophendl, which turned out unexpectedly to be a relatively major
product, as well-as,ﬁrying to eliminate posSible sources of error.
Cdmparison of the results in Table 3.1 with some early work, carried out
before the "H" cell studies of the previous chapter (Table 3.2), shows the
effect of these improveménts. The reduction of nitrobenzene is well known

for its diversity.of'producps and it is not uncommon in the literature to
find at least 10%.of the current passed'unaccounted for. Considering this
and the acknowledged limitations in the analysis, it was thought that

further improvements would be extremely difficult and rather pointless.

Table 3.2 Initial Bench Scale Work — Product Current Efficiencies (IPP-1

IPP—2 and IPB-1)

Current Efficiencies (%)

p—anlsldlne o-anisidine p—aminophenol |aniline|Total| Total
- (calculated) |= Total| 4e— |Organic
(see app. H)

16.29 -|33.73| 50.02

19.38 |40.93| 60.31

51.28 |24.41| 75.69

. Nb. Current Density for IPP-1, IPP-2 and IPB-2 = 1000 A/m
- Mass Transfer Coefficients estimated as: 3.5 x 10~ m/s for IPP-1 & -2
| | 1.7 x 107 m/s for IPB-1

"3.2.2 “Comparisén.oflthe Planar Results to the Model

"Figure 3.7 shows the experimentally determined six electron products
compared to the prediction of the reaction model derived in chapter two. In
keeping with the assumptions made in the derivation of the model, the
_experlmental results have been adjusted so that the four and six electron

products together account for 100% of the current passed. In other words

the measured ratio of products has been used (See Appendix E).
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Considering the experimental errors and the errors in estimation of

the mass transfer coefficient for the cell, there is good agreement between
the model prediction and the experimental results from PP-2. These results
seem to correlate to the model with a mass transfer coefficient of between
1.0 and 1.6 x 107> m/s, this compares well with the value of 1.5 x 107>
estimated for the cell (Appendix F). Entrance effects and other local
deviations, particularly for such a relatively small cell, were cited by
Mamoor et al.{7%4) ag possible reasons for deviations from the mass transfer
correlation, Such effects probably account for the slight differences
between the experimental product / current density relationship and the

model predictions. Nevertheless the correlation was encouraging for the

scale~up possibilities of the model.

Less encouraging was the poor correlation between the results from
PP-1., One explanation is that at such low rates of mass transport, the
assumption of steady state is no longer valid ie there is a change of
nitrobenzene concentration over the length of the electrode. Even at the
highest rate of production, a rough estimate shows that only 1.5% of the

nitrobenzene is converted per pass. A steady state approximation would seem

valid therefore.

A more likely explanation is the effects of uneven mass transfer in

the cell. It is probable that at low flowrates, fully developed flow
conditions were present in only a part of the cell, if at all. The rate of
masé transfer in the entrance region of the catholyte chamber would then be
expected to be significantly different to that at the exit. It is possible,
even, that under the conditions of PP-1 the mass transport in the cell was
in fact determined by entrance and exit effects only. If mass transport
cannot be described by a single mass transfer coefficient then one of the
assumptions implicit in the model derivation is invalid. Further, product
formation would change with position in the cell; in the more turbulent

entrance and exit of the cell, the local mass transfer coefficient will be

higher and less aniline will be formed. The overall effect would be to

lower the expected aniline formation.

From the studies carried out in this work it is not possible to
determine if deviations from the model are indeed due to such effects

described above or to deficiencies in the model at low rates of mass
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transport and high rates of aniline production. This is clearly an area for

future work.

3.2.3 Particulate Electrodes — Packed Bed Cell - Initial Study

An initial packed-bed experiment, IPB-1l, compared with the initial
parallel plate results, IPP-1 and -2, (Table 3.2) showed that far from
increasing the selectivity to the four electron products, aniline was the
major product. During the experiment, potential profiles were measured in
the bed and are shown in Figure 3.8. It appears, therefore, that the
maximum electrolyte cathodic potential was only around =160 mV, at which
very little aniline would be expected to be formed (section 2.3.3). In
addition the rate of mass transfer was estimated (see Appendix F3.0) to be
some 50 times higher in the packed-bed than in the comparable parallel
plate cell, which should result in a decreased yield of aniline. In order
to explain this behaviour of the packed-bed it was supposed that due to the
low conductivity of the electrolyte compared to the particles, the
reduction took place only in the small space between the membrane and the
layer of particles nearest the membrane. There would then be a large rate
of charge transfer over a very small volume and the local mass transfer
conditions would be expected to be very much lower than the rest of the
bed. Hence, very close to the membrane high potentials and low rates of

mass transfer were possible, resulting in increased reaction selectivity
towards aniline., Due to the uncertainty of the analysis in these initial

experiments, it was decided to carry out the basic H-Cell studies that are

described in chapter two.

3,2.4 Particulate Electrodes — Packed and Fluidised Bed Cell

Following the improvement of the analysis technique and the H-Cell
work, attention returned to the particulate electrodes. Packed and
fluidised bed experiments were carried out according to the methods

described earlier (section 3.1.)5).
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The results from these exXperiments are summarised in Table 3.3. It can
immediately be seen, by comparison with the parallel plate, ﬁhat the
particulate electrodes afforded a very much lower selectivity to para-
anisidine at a given geometric current density. From these results, it
would seem that packed and fluidised bed cell design does not offer a
better yield of para-anisidine, indeed it is considerably worse than a
parallel plate configuration. A second glance reveals some curious
phenomena: total current efficiencies at greater than 100%; differences
between the results of experiments — for example, in PB-1 selectivity to
aniline increases as expected with increasing current density, in PB-2,
however, this trend is reversed!; Finally, in the fluidised bed
experiments, the total current efficiency increased with increased current
density. Clearly the performance of these two electrodes is entirely
different to that which was expected. The rest of this section examines the

reasons for these rather surprising results.

Table 3.3 Packed and Fluidised Bed Cell -~ Product Current Efficiencies

(PB-1, PB-2, FB-1 and FB-2)

Geometric

Current Efficiencies (%)

Current
Density| |p—anis—|o—-anis-—

Total
Organic

Total
Lo—

p—amino—janiline

(A/mz)

be—

PB-1 620 12.05 2.64 34.511 20.83| 55.34
PB-1 1240 18.56 3.73 40.83F 25.95| 66.78
PB-1 2470 19.72 6.10 71.77) 32.43) 104.2

2470 19.14 3.40 43.94] 29.65 73.59

1240 5.58 1.46 83.41} 10.81 94.22

620 5.15 1.97 102.3 | 12.09 | 11l4.4
FB-1 620 20.11 3.67 6.18 20.38| 29.96 49 .96 1.47
FB—-1 1240 25.47 4.07 6.62 34.11| 36.15 70.261 1.06
FB-1 2470 25.75 4. 6.99 56.56| 36.85 93.411 0.65
FB-2 2470 34.62 11.04 55.69] 51.50 | 107.2 | 0.93
FB-2 1240 36.74 8.57 52.71{ 50.87 | 103.6 | 0.97
FB-2 620 16.61 10.18 47.25) 31.98 79.231 0.68
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After a packed-bed experiment, PB-1l, it was noted that the layer of
particles nearest the membrane were fused together and that copper had been
deposited on the surface of the membrane. Clearly, there had been
significant dissolution of the electrode into the electrolyte leading to
replating under the cathodic conditions of an experiment. Using atomic
absorption spectfoscopy (Appendix A) the concentration of copper ions in
the electrolyte was determined. There was found to be 800 mg/l at the start
of an experiment, but a huge 5500 mg/l after 7 hours of the run (Table
3.4). It was obvious therefofe,.that during an experiment the electrode was
being continuously dissolved. Noting some rather novel work by Gunawardena
and Pletcher(41), where anilines were produced by reduction of the
nitrobenzene enhanced by the continuous dissolution and replating of metal
ions, it was suggested that this might explain the high aniline production
and the other strange phenomena encountered. It must be born in mind that
the presence of so many copper ions in the electrolyté certainly adversely
affected the product analysis (see Appendix A). Consequently no

quantitative comparison can be made and any conclusions must be somewhat

tentative.

Table 3.4 Cu2+ Concentration In PB—~1 and FB-1

Time Copper Ion Concenttation

7

2500 mg/1
3.2.3 Copper Dissolution

Table 3.5 shows the results of analysis of copper ions in the
electrolyte during a packed and a fluidised bed experiment. The first thing
to note is the difference in behaviour of the flﬁidised and packed beds.
Similar electrode cleaning and experimental set—up procedure is reflected
in the very similar starting concentrations. In the course of an
experiment, however, the fluidised bed appears to remove most of the copper

from the electrolyte, whilst the packed bed dissolves more into it.
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Considering the bipolar mechanism suggested by Plimley andWright(73)
for charge transfer in a fluidised bed electrode the electrode material can

be thought of as being continuously dissolved and re—deposited. The
decrease ih copper ion concentration during a fluidised bed experiment can
be explained, therefore, by a greater rate of deposition over dissolution
rather than the absence of dissolution. The dissolution / deposition
mechanism was expected for the fluidised bed, many authors have found

evidence for anodic regions in a "cathodic" fluidised bed. Its dramatic

effect upon the nitrobenzene reduction was, however, less expected.

Table 3.5 Cu2+ Concentration In PB—-2 and FB-2

Copper Ion Concentration
Sample Time Current PB-2 FB-2
No. Density

1
2
3
4
5
6
7
8
9

5.
6.
4
6.
4
2.
2.
2.
2.
3.
3.
1.
1.
1.
1.
1.

The packed bed should have been cathodically protected during an
experiment ensuring that no dissolution of the electrode took place.
Samples from parallel plate experiments were analysed for copper ions, but
in no case was more than 50 mg/l found. Given the large difference in
electrical conductivity between the electrolyte and the particles, current
would be expected to flow through the path of least resistance, namely the
particulate phase. The effect of this would be to create a potential
profile which is flat for most of the bed but rises steeply close to the

membrane. Consequently cathodic processes such as nitrobenzene reduction
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and copper deposition would tend to occur only in a very small layer close

to the membrane surface.

This is consistent with the observations of copper dissolution and
subsequent deposition on or close to the membrane surface. It would appear
that copper is dissolved from the particles in a sufficiently anodic part
of the packed bed and replated in the cathodic regions close to the
membrane. Measured potential profiles (for example figure 3.8) confirm

these observations by showing that in large regions of the bed the

potentials were, in fact, anodic with respect to SCE. Close to the membrane

the potentials became cathodic.

Having established that the copper particles were dissolving during an
experiment, the question was what effect did this have on the reduction of
nitrobenzene? Could the seemingly strange results using particulate
electrodes be explained by this phenomena?. In order to investigate this it
was proposed that the presence of copper in solution or the dissolution of
the copper led to increased aniline formation and an experiment, detailed

in Appendix I, was designed.

A quantity of copper particles was stirred vigorously with a solution
of nitrobenzene in methanol / sulphuric acid at 559C for several hours. In
4 hours over 2 g/l aniline had been formed, whilst a large amount of copper
had been dissolved (See table 3.6). The aniline formation was confirmed by

mass spectroscopy and no other products were found.

Table 3.6 Copper Particle Dissolution Experiments

Time Aniline Equivalent Equivalent
Conc. Coulombs for |[Coulombs for
(hrs) (mmol/l) laniline prod.| Cu dissol.

PN HO
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These results clearly indicate the formation of aniline due to copper
dissolution. It is also evident that the process is rather complicated.
Pletcher and Gunawardena'#l) found that certain metal redox systems

enhanced the yield of aniline in the reduction of nitrobenzene. In

particular they proposed the following mechanism for copper:
3Cu + 6HT + CgHsNO, —> 3Cu?t + 2H,0 + CHcNH,

This implies that 3 moles of copper ions are produced per mole of aniline.
In Faradaic terms, the coulombs required to form the aniline must equal the
coulombs lost in forming the copper ions. Bearing in mind the inaccuracies
in the HPLC analysis for amines when copper ions are present and also in
the AA analysis for copper when the concentrations are so high, reasonable

agreement between the coulombs can be seen.

It is suggested, therefore, that the process described above occurs in
the packed and fluidised bed electrodes during nitrobenzene reduction,
giving rise to an increased aniline formation. Additional anodic copper
dissolution is also probable. The copper ions in solution are available for
deposition, which occurs rapidly in the fluidised bed and somewhat less

effectively in the packed bed.

3.2.6 Effect of Copper Dissolution on Experimental Results

Table 3.7 shows how the averaged packed bed results are affected by

copper dissolution during an experiment.

The packed bed results show a clear trend — the higher the copper ion
concentration the higher the aniline formation. This is even more dramatic
since it reverses the expected aniline dependance on current density,
namely low aniline formation at low current densities. Current efficiency
for aniline formation of over 100% indicates that an additional process

other than the cathodic reduction of nitrobenzene is occurring. It seems
most probable that the sort of reaction described by Pletcher is

responsible.
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Table 3.7 Effect of Cu2+ Concentration on PB-2 and FB-2

Geom— . Average Results PB-2 Average Results FB-2

etric
Current| |Av. Cu2+ Av. Current Le— Av. Cu2+ Av. Current bLe—
Density | Efficiency | — Efficiency | —
be— be—
43.94%) 0.67 312 55.69%| 0.92
188 52.71%| 0.97
12.09%| 102.32%| 0.12 96 0.68

The effect of the copper ions on the fluidised bed results is less
obvious, there seems to be llttle effect. The interesting point to note,
- though, is that geometrlc-current den51ty also had very little effect on
_the results. Wlthout further detailed studles of potential profiles in the

fluldlsed bed no reason&ble explanatlon can be offered for this behaviour.

3.2.7 Effect of Conversion on Experimental Results

One last oddfeaturerof the particulate electrode work was the
_non—rep;oducibility between PB-1 aﬁd PB-2 and between FB-1 and FB-2. To
save both time and money, it was decided to use three .different geometric
current densities dufing each run, just as was done with the parallel plate

experiments. In this way three experiments could be performed, but without

the lengthy down time between runs and the advantage of using only .one
batch Ofielectrolyte.nResults from the‘initial'experiments showed that up
to 30 to 40% conversion, rates of product formation were reasonably
ccﬁétant (Figuré 3.9). The results so obtained should be the same,
therefore; aé if three separate expefiments were performed. Further, no
pfoblems'éssociated with conversion were found with PP-1 (Figure 3.10). As
" an additional précaution, one experiment was performed starting at the low
current density and then increasing the current stepwise when the required
coulombs had been passed (PB—1 and FB-1l). The .other experiment started at
the high current density, decreasing stepwise with time (PB-2 and FB-2). No

differences in results were expected between these two procedures.



5°¢ 2Inbi4
143

(%) UOISI2AUOD
0% 9¢ ¢C Sl vl Ol 9

S1ONPOJ4d —989 +

S10NPOl4 —9+ =
- :pusba]
7—dd] PUD | —gd] Sjuswiadxe Jol
LUOISISAUOY) SNSUaA Plall |DOIWay)

O -, O O @,
< M) o\ —
A "PIBIA [POIWBY)D

O
L)
O

(%)

O
<O,

O
™~



0l'C 24nbi (%) UOISJBAUOD
3¢ ve 0¢ 9l ¢l 8 P

| —dd Juswiiadxs 4o}
UOISIBAUOY) SNSUBA PlalL |DOIWaY)D

0 g
0L o
0C —
0¢ O
O
C
Ot 5
0S
O
09 =
(D
or 3
08 K
06
00, @
@2
oLl
ozl N



56

Table 3.8 shows the average results from the packed and fluidised bed
experiments with the percentage (calculated assuming 100% CE) conversion of

nitrobenzene added.

Table 3.8 Effect of Conversion on PB-1, PB-2, FB-1 and FB-2

Geom— Average Results PB-1 Average Results PB-2
etric

Current| |Conver— | Av. Current Av., Current

Density sion EfflClency Eff1c1ency

A/m2
43.94%| 0.67

2470 30 . 71.77%| 0.45 10
1240 20 : 40.83%| 0.64 20
620 10 : 34.51%| 0.60 30

Geom— Average Results FB-1 Average Results FB-2

etric
Av. Current Conver— Av. Current
Eff1c1ency sion Eff1c1ency

83.41%| 0.13

102.3%] 0.12

Current Conver—
Density

A/m2

2470 30 0.65 10 55.69%| 0.93
1240 20 1.06 20 52.71%| 0.97
620 10 1.47 30 47.25%| 0.68

nb. Conversion was estimated assuming a 100% current efficiency for
nitrobenzene consumption due to inaccuracies in the nitrobenzene analysis.

It can be seen that for the packed bed the aniline formation seems to
correlate better with conversion than with current density (it would be
expected that higher current densities would lead to higher rates of
aniline formation). It is suggested that copper dissolution is responsible
for this non-reproducibility. The dissolution of the electrode was shown

earlier to be greatest at lower current densities, consequently in

experiment PB-1 large amounts of copper were dissolved during the first few

hours. The inefficiency of the packed bed in replating this copper meant
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that copper ion concentrations in PB-1 were significantly higher than for

PB-2, leading to more aniline formation.

The fluidised results are less easy to explain, there seem to be no
trends in the results either with conversion or current density. It is

pointless to further speculate as to the causes of these seemingly odd
results without further work. The situation is clearly highly complex with

simultaneous organic and inorganic, chemical and electrochemical processes

occurring.

The primary aim of the bench scale work was to compare and assess the

suitability of the different cell configurations for para-anisidine
production. It seemed clear that electrodes which dissolved into the
electrolyte during experiments were not going to be of much use. Further
investigation into the causes of the electrode dissolution and the apparent

non—-reproducibility were not made. Instead an alternative electrode

material was sought.

3.3 Monel as an Electrode Material

It is known that Monel (66% Ni, 33% Cu, 1% others) is a material less
susceptible to anodic dissolution than either copper or nickel. Monel was
also used, with some success, by Goodridge and Hamilton(®%) for
p—aminophenol production. In view of this and the dissolution problems

described above, it was decided to try Monel as an alternative electrode

material.

Preliminary results using the "H" cell with a Monel electrode <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>