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The electrochemical reduction of nitrobenzene and o-halonitro-
benzenes has been studied in aqueous organic solvents containing
sulphuric acid. The reaction products and their maximum rate of
production depend upon the solvent, cathode metal, electrode
potential, concentration of acid and the rate of stirring of the
catholyte.

From studies in a glass batch reactor it was possible to find
conditions (i.e. using 1:1 1-propanol/water, a copper cathode, a 3M
sulphuric acid and rapid stirring at low electrode potentials)
where the yield of p-aminophenol was over 75% at a current density
of 150 mA.cm™C.

Conditions for the complete 6e  reduction to the corresponding
anilines were also defined. The highest yield was obtained with a
mercury electrode, 0.1M stoq, slow stirring and a higher negative
electrode potential. With nitrobenzene, o-fluoronitrobenzene and
the o-chlorocompound, the anilines were formed in yields exceeding
75% and current densities above 100 mA.cmma. With o~bromonitrobenzene
the yield was lower because of competing cleavage of the C-Br bond.

The reactions were also investigated in aparallel plate reactor
with recycled electrolyte flow and conditions closer to those in an
industrial electrochemical cell. The study revealed that p-aminophenol
could be produced with a 76% material‘yield and 5.7 Kwh Kg"q energy
consumption, and anilines at 95% material yield and 10 Kwh Kg”q energy
consumption. The results compare very favourably with other attempts

to produce these compounds.



To

Keyla
Kira

Olga



ACKNOWLEDGEMENTS

I would like to express my sincere thanks to the following
people.

My supervisor, Dr. D. Pletcher, for his friendship and
continual encouragement, guidance and advice.

Universidad de los Andes for its continuous interest in my
professional training and its financial support.

Dr. C.L.K. Tennakoon for his invaluable assistance during
the work described in the last chapter.

My wife, Olga, for her continued help and encouragement,

The many technicians from the electronics, glass blowing and
mechanical workshops and the mass spectrometer operators of the
Chemistry Department who have helped my studies. Special mention
should be made of Mr. T. Young and Mr. C. Godden for their
technical support.

Mrs. S. White who has kindly typed this thesis.



CONTENTS

CHAPTER I. ~ INTRODUCTION

T.1.~ General Organic Electrochemistry

I.2.~ Electroanalytical Techniques
Voltammetry
Rotating Disc Electrode

Coulometry

Ie3.~ Electrochemical reduction of nitrobenzene
and halonitrobenzenes
I.4.~ The Scope of this work

I+.5+~ References

CHAPTER IT.- EXPERIMENTAL

IT.1e~ General

I1.2.~ Cells and Electrodes
Cells
Electrodes

ITe3e~ Chemicals and Instrumentation
Chemicals
Ingtrumentation

IT.4e~ Procedures for experiments
Steady state experiments
Cyclic voltammetry
Rotating disc electrode
Coulometry
Use of a flow system

IT.5.~ Method of Analysis
Analysis
Typical electrolysis

IT.6.~ References

Page

13
15

18
26

29

32
32
32
3L
28
28
38
39
39
29
Lo
Lo
4
LA
L
b3
L7



CHAPTER ITl.~ ELECTROCHEMICAL REDUCTION OF

NITROBENZENE TO p-AMINOPHENOL L8
ITT.7.~ Results 48
I1T.1.7.~ Electroanalytical experiments L8
Steady State. Current-Potential curves 48
Cyclic voltammetry L8
Rotating disc electrode 51
Coulometry 57
I1T1.142e~ Product Identification 57
ITI.%7+%.~ Product studies 61
ITT.1.4.~ Effect of the solvent 6L
I1Te2 e~ Discussion and Conclusions 7%
ITT.2.1.~- Preparative aspects 73
I11I.2.2.~ Mechanism 76
I1T.2.3.~ Conclusion 8L
III.3.~ References 85

CHAPTER IV.- ELECTROCHEMICAL REDUCTION OF THE

0-HALON ITROBENZENES TO THE ANILINE 87

IVele~ Results o~fluoronitrobenzene reduction 87

IVe1eTe~ Electroanalytical experiments. 87

Steady State. Current-potential relationship 87

Cyclic voltammetry 92

Coulometry 98

IVel1e2e.~ Analysis 99

IVele3e~ Effect of the acidity of the medium 101

IV.1.4o~ Effect of the cathode material 10%

IVea1e5e~ Effect of the ortho-substituent 103

IVe2.- Discussion and Conclusions 106

IVe2471e~ Preparative aspects 106

TVe2+2+~ Mechanism 108
o~Fluoro and o-chloronitrobenzene

electrochemical reduction 108

o-Bromonitrobenzene reduction 111

General 111

IVeZa= References 114



CHAPTER Ve~

NITROBENZENE AND o~FLUORONITROBENZENE

Velom
Velaom
VeBem
Veltam
Ve5a-
Vebom

Appendix

ELECTROCHEMICAL REDUCTION AT A PARALLEL

PLATE REACTOR WITH RECYCLED ELECTROLYTE

Comments and Objectives

Industrial cells

Cell used in this study

Resulte at the parallel plate reactor
Discussion

References

115

115
115
118
119
121
126

127



CHAPTER T



CHAPTER I

INTRODUCTION

I.7+~ General Organic Electrochemistry

The history of electrochemistry goes back to the eighteenth
century when the fundamental principles were established (1). The
first electrochemical investigations were those by A. Volta in
1796, who constructed the first primary battery used for the
production of electricity. Associated with the other early
investigations are names such as L. Galvani (studies on electrical
nerve impulses, 1791), M. Faraday (the laws of electrolysis, 1834),

Je We Gibbs and W. H. Nernst (studies of the relationship between the
chemical affinity of reactants and the cell potential, 1875 and 1889
respectively), and Sir W. Grove (designed a fuel cell, 1839). It was
about 1950 when studies of electrode processes increased explosively,
and this fact resulted in the development of electrochemistry as an
interdisciplinary area in the search of solutions to a variety of
different problems. Now, at the present stage in the development of
electrochemistry, it covers an area as wide as that of chemistry itself,
and sub-areas of specialization have become necessary. It is frequent
now to talk about electroanalytical chemistry, electroorganic chemistry,
electroinorganic chemistry, etc., It is now clear that electrochemistry
has much to offer organic chemistry both from the viewpoint of
synthesis and investigation of kinetics and reaction mechanism.

Electrosynthetic routes have several pessible advantages., Among
the most important are:

1. Energy can be introduced selectively into a molecule to

produce specific reactions by controlling the electrode potential.



It is possible to supply by electrochemical means up to 3.5 eV (2)
and within this range of energy, almost any electron transfer

reaction is possible.

2+ Reactions involving electrode processes are often cleaner
than those using conventional redox reagents. The presence of

unwanted and polluting compounds is avoided,

3+ The reactive intermediates are generally similar to those
postulated for homogeneous chemical reactions (table 1.1). It is
often possible also to control their reactions to give a good yield

of final products.

L, A great deal of scientific research nowadays is concerned
with energy. There is a great need to look for new and cheaper
sources of energy and for methods to change from one form to another.
While it cannot be claimed that electroorganic processes are presently
energy efficient, certainly electricity is an energy form which is
likely to be around for a very long time.

On the other hand, there are some problems that presently
prevent the widespread commercial exploitation of organic electro~

synthesis (3), among these, it can be mentioned that:

1. We must recognise that organic-electrosynthetic processes
are complex. Usually the overall electrode reaction is not simple
electron transfer, but a sequence of electron transfers and coupled
chemical processes. The organic intermediates (table 1.7) too
frequently have competing reactions available to them. It is for
this reason that electrochemists have often failed to produce the

promised selectivity in organic products.



Table 1.1

/lﬂ

5

Flectrochemical Synthesis of Organic Compounds

Direct electron transfer to generate:

At anode: At cathode:
Cation radicals Anion radicals
Dications Dianions
Carbonium ions Carbanions
Radicals Radicals

Indirect electrolyses

a. to regenerate redox couples - metal ions (unusual valence
state)

- halogens

b. to generate reactive inorganic speciles:

£

OH®, €03, C10

-

Oé, X NO;, etce.

Generation of acid (at anode) or base (at cathode).




2. The reaction variables in electrochemical processes are
complex and still poorly understood. In addition to the usual
variables considered in chemical processes, an understanding of
the role of current density, electrode potential, nature of the
electrode material, nature of the solvent-supporting electrolyte
system, electric field at the electrode-solution interface,
adsorption on the electrode, membrane or separator material and

cell design are required.

3e Organic electrosynthetic processes have also suffered from
a failure to develop the cell components and the technology
essential for successful operation. Indeed, the reason has been

essentially an economic onee.

In electrolytic systems many variables must be controlled
(table 1.2), but although this can be a disadvantage it also opens
the opportunity of a better control over the process studieds For
instance, by controlling the electrode potential, what may appear to
be a single process can be split into several steps, with the chance
to stop the process at one of these intermediate steps or even to
alter the normal reaction course. In this way other products can be
obtained and also mechanistic hypothesis can be confirmed. A good
example of this principle is provided by the study of the electro-
chemical reduction of nitrobenzene, the subject of this work. The
effects of the electrode material, adsorption phenomena and electrolytic
medium are not yet completely understood, but it is clear that they

affect the electrode processes (table 1.3) and a great amount of work



Table 1.2

Variables to.consider in electrochemical reactions

Usual Variables Electrochemical Variables
Concentrations of: Electrode Potential
1« Solvent/supporting electrolyte Electrode Material
2+ Substrate Current density
3« Other components Electric field
Temperature Adsorption
Pressure Cell design
pH 1. Compartmented
Time 2. Membrane or porous

separator

%, Static or flow cell

Solution conductivity




has been reported to this end. The cell design is also an

important veriable to consider, and we must keep in mind that

each particular process has its own requirements of cell construction.
The general requirements of electrode materials, electrolytic media
and cell design are described in the works of Goodridge (4,5) and
Fleischmann (6).

The progress made in the development of electroanalytical
methods has vastly increased our ability to investigate reaction
mechanisms and hence to improve synthetic procedures. An enormous
number of papers on organic electrochemistry are now to be found in
the literature, and extensive reviews have been published on both
oxidation and reduction of organic molecules by electrochemical means
(7-10). Several organic electrochemical processes are receiving
active interest for commercial development and some other industrial
processes are in current operation (table 1.4). Considerable interest
has been shown in electrochemical routes to pharmaceutical compounds
and fine chemicals, and a number of small scale processes are being
used in several countries.

In summary it could be said that a great deal of opportunities
are still available in electroorganic processing for the development
of existent and entirely new reactions, many of these of possible

industrial intereste.



Table e ,79

Examples of the effect of the a) medium and b) electrode material

on electroorganic processes

Compound Electrode Medium  Product Ref.
a) Nitrobenzene Zn Ag. acid  Phenyl- 3
hydroxylamine
Zn basic, hydrazo= L
02H5OH benzene

b) Iodobenzene Pb02 Hao, Hydroguinone 5
H2804

Pt HZO’ Quinone 5
H2804
Table 1.4

Some electroorganic processes

Starting material Product Oxid/Redn. Status

Aerylonitrile Adiponitrile Redn. Commercial

Ethylmagnesium Tetraethyl- Oxid. Commercial
chloride lead

Octanoic acid Perfluoro- Fluorination Commercial

derivative




Te2e~ Electroanalytical Techniques

Electroanalytical techniques can be used to determine mechanisms,
to follow the progress of a reaction and for analysis. There are
numerous electroanalytical techniques (11,12) for the elucidation
of electrochemical reactions, and by increasing the mechanistic knowledge
of electrochemistry we are also increasing the fund of basic organic
mechanistic understanding. The versatility of these technigues allows
an unambiguous identification of intermediates, their half lives, and
hence the mechanism of the reaction. A short description of the electro-

analytical techniques used in this study is given below.

Voltammetry.- Voltammetry is an electrochemical technique in
which the electrode potential is swept with time through the region of
interestand the I-E curve directly recorded. The electrode potential

therefore varies linearly with time

E=EE. + ¥t
1

where Ei is the initial potential and N is the sweep rate, If the

electrode reaction is of the type
0 + ne —> R
_

and the electron transfer is sufficiently rapid, the Nernst equation
may be used to calculate surface concentrations

RT Co(o,t)

nF n C io,ti

E(t) = E. - ¥t = EC +
1 )

which can be rewritten as

Co(o,t) i nF 0 ~Jt
f(t)=W=eXp \‘W(Ei—-Qth)ﬁl = Qe = © 8(t)

(N



where

~Jt nk nk 0
S(t) = e ,J_-ﬁ;\), Q—exp(ﬁ(Ei-E)>

The equations describing diffusion in the boundary layer close to

the electrode are

D Co(x,t) §co(x,t> Cp(x,t) 520R(x,‘t)
=t " P Taxz M T3t TR &

while it is also known that at the commencement of the experiment,
t =0

Co(x,0) = C* and CR(X,O) = 0 (R initially absent)
and some distance from the electrode, the solution will be unchanged
by the electrode reaction i.e.

lim  Cy(x,t) = C * 1lim CR(X,t) =0

X ey OO Xy OO

At the electrode surface the flux balance must also balance

Do[éco(x’t) } + DR [éCR(X’t)] = 0
... oX ) X=0 aX X=0

The application of the Laplace transform to the diffusion equations
and boundary conditions, the combination with the equation of flux

at the electrode, and further inversion yields (12)

t .
Co(o,t) = C * - (T‘DO)% go f('r)(t..'r‘}"%dfr , with £(v) = %}P—
1p )2 (F -3
Cployt) = (Dy) SO )t =) 7%

from these equations and the boundary condition (eq.1) we obtain



a
i = nF A Co* (T Do J)2X (J%)

the function X(Jt) has been tabulated, and it reaches a maximum
a
T2 (3t) = 0.446 at n(E ) - By) = -28.5 mV (for 26°). The peak

current is then given by

A a
i o= 2.7 % 102 12/2h Do? JZ Co

/lO.

p
and
_ o  RT Do) % _ RT \ _ o
E-Ey =B -E +% Im.(DR> = =1.11 (nF> = =28.5/n wV (at 25°C)
RT o}
and {Ep—Ep/zl = 2.2 o = 56.6/n aV (at 25°Ck

For a totally irreversible reaction:

O + ne —R

the Nernstian boundary condition is replaced by

i Co(x,t) _
m = Do (a'*-a—'i‘——> o = Kf(’t) CO(O,t)

where Kf(t) is the rate constant for electron transfer and it is

potential dependent, i.c.
K. (£) = Kxp }-n —— rEUﬂwEg]
f a RT e -

where X is the transfer coefficient and‘na the number of electrons
transferred during and before the rate determining stepe.

Following a similar procedure to that above

,
4 4af Z 4
i = nFACo*Do? N 2 (95%%E~> T2 (bt)

a 1
the function TT2X(bt) goes through a maximum at TT12X(bt) = 0.496.



(l/l.

The peak current is then

5 1 1.4
ip = %.10”" n (&1,)2% A Co* Do®V*®

this value occurs when

.
2
o, (EP—EO) -1 (ﬁg_@g_ﬁ__) = -5.34 my

F Ko
or
5 ~F - _1...‘,.8..5_2_52 - EZ.ZZ mV at 2500

p /2 KAmF A,

It may be noted that:
1) If the rate of change of the potential is low enough, the
result (I-E response) is effectively a steady state experiment
(similar to that using a point by point technique), leading to a
characteristic smooth S-shape I~E response, A rapid change in
potential introduces non-steady state diffusion, and consequently

the I-E curve shows a marked current peak.

2) If the electrode reaction is of the type O + nez=—R and Nernstian

equilibrium is maintained at the electrode surface (reversible case),
A

the peak current is given by Ip = 2.7 X% 1O5r\3/2D0%d§ V2. The peak

potential is independent of the sweep rate, and it is related to the

. . =~ 0,029

polarographic halfwave potential by EP = B ee—

2 N
cathodic and anodic peaks are not coincident, but separated by

volts. The
0,059
N

voltse

%) If the reaction is sufficiently slow that the rate determining

step is charge transfer (irreversible case), the peak current is now
. 5 11w 54

given by Ip =3 x 10 F]@T%}ZDOECO < Z and the peak potential varies

with the sweep rate as



12.

P X NF %0
LY 0
IEP - Ep/al = G v at 25%

The peak separation exceeds 0.059/n Volts and the separation
increases as ) increases.

Mechanistic hypotheses can be made from the simple observation
of the voltammogram (13) (i.e. the number of peaks, their relative
positions, the appearance and disappearance of peaks with potential
limits and potential scan rate, differences in the voltammogram
between the first and nth sweep, etc.), and these can be confirmed
using the quantitative information available from this and other
techniques. The mechanism must also be compatible with the identified
reaction products. The behaviour of a system can be studied over a
wide potential range, intermediates can be directly observed and
possibly be identified by the potentials at which they oxidise or
reduce, and even the participation of preceding or following chemical
reactions can be detected by altering the sweep rate to compete with
the rate of the chemical reaction by varying the potential sweep range.

A great deal of work has been done by Nicholson and Shain (14,15)
on the theoretical development and the practical utilization of the
results obtained by using this technique. The quantitative way in
which a number of characteristics (Ipa/Ipc, I/Q'%, [pr/a/gklog~D ,etce)
of the cyclic voltammogram should depend on scan rate for a given
electrode mechanism, was demonstrated. The effects of coupled chemical
reactions on the shapes of voltammograms, and methods of obtaining the
rate constants for the chemical reactions from cyclic voltammetric data

were also described.



1%,

Rotating Disc Electrode (R.D.E.).~ The rotating disc electrode

is an example of a convective diffusion system (16,17) where a complete
hydrodynamic solution has been obtained (18). The basic differential
equation for convective diffusion to a rotating disc electrode in its

reduced form for the steady state (12) is

and substituting V, for the value obtained by Karman and Cochran (18).

2

1
V, = ~0.51 w3/2 V2 g

Z

where W is the rotation rate in rad.sﬂq and V is the kinematic

viscosity, yields

2 0Co d Co

3/2 ~% .
~0.51 W sz*—é-'z—* "DOS"EZ

azco 72 D Co

= -

N EREY

4
B = p, w2 v2/0.51

by integration we obtain
4

23/5 4\ 1
Co* "<§§.9> 0.89 | 2Do¥ /2 |3
z=0 7

ANSY/ 0.51

the current, is related to the flux at the electrode surface, so

i = nFA D_ <%‘g‘9>z=o

where, under the limiting current conditions

i=i —062nFAD%w'12“V"V6c*
L™ TLevich = °° o) 0



for non-limiting current conditions, a change in the integration

limits is required and

c « 77
C* - CO(Z:O) = <5ﬁ> 520 Soexp <—g—-~> dZ is obtained (12).

From this equation and the flux at the electrode surface, we obtain

oy
I

£
0.62 nFADO%WEV /6 (co* - o (Z=o))

Co* = Co(2=0)

o}

or i=1i
L,a

the equivalent expressions for the reduced form (O + ne = R) are

*—. =
Cp cr(z 0)

L,c CR*

2 4
i = -0.62 ara p_SwEy~1/bc
R R
For a totally irreversible reaction, the disc current is
i = nFA K (E)C_(Z=0)

where Ko(E) = K exp (—[XNaF(E-EO)/RT>

and 1t can be expressed
3 e * - .___.._.i
i= nFAKf(E)CO 1 T
L,a

The general i-E equation (for a quasi-reversible reaction) can be

derived in a similar manner, and the final expression for i is
D'% K. + D‘%K
/i = 1 . e
nFA(KfCO - KbCR } 0.62 V~1/ W2

If the reverse reaction can be ignored, then
nFAKfCO*

i =
14K /0,62 v*1/6Do§w%

14,
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Again, the following conclusions may be drawn from these

equations:

1) For large K*(i.e. large overpotentials) the electrode
process 1s mass transfer controlled and the relation
”1/‘:6 (o) j_.

A
C W? is valid and a plot of I vs W?

2
= 3
I = 0.621 nF Do V o

should be linear. In this case no kinetic data may be obtained.

2) For small values of Kf(i.e. when working at low over=-
potentials) the electron transfer is slow compared with mass
transfer and I = nF K Cz) » In this case the current does not
depend on the rotation rate of the disc, and it can be used directly

to calculate kinetic datas

%) For intermediate values of Kfthe full equation must be
A
used, and a plot of 1/I vs 1/W? will be linear and the value of Kf

may be obtained from the intercept.

L) For the electrode reactions where the reverse reaction must
be considered O + ne ;:%Eii& the 1/I vs 1/W% plot is stilllinear and
both Kjpand K, can be obtigned from the slope and intercept.

The rotating disc electrode is also a useful tool for the
qualitative investigation of electrode reactilons. Simple diffusion
controlled processes result in the function I/W% being independent of

W but this is not always the case when chemical reactions are involved

in the overall process (19).

Coulometrye- In controlled potential coulometry, the substance
of interest is electrolyzed at a working electrode the potential of
which is maintained constant during the electrolysis by means of a

potentiostate.



Consider the electrolysis of the speciesO initially present
in bulk solution at a concentration Co*, at a potential E
corresponding to the limiting current region. The current at any
time is given by

il(t) =nF A MOCO*(t)

where Mo is the mass-transport parameter for the reactant species,

and depends on the reactant diffusion coefficient, solution viscosity,
and the mass transport regime. The current also indicates the total
rate of consumption of O, due to electrolysis

dNo(t)

ll(t) = -nf -'*a'E—-"‘

where No is the total number of moles of O in the system.

No(t>
Co*(t) = = V = solution volume
dco*(t)
then 11(t) = ~nFV 5T
dco*(t)
* PR [
and nFA M_ Cg (t) = ~nFV o
dc *(t) M A
° ——.,.__9__- * o % __MA
=i = 7 C, (t) = PC, (t) P = ;

with the initial condition CO*(t) = co*(o) at t = O, the solution of

this ordinary differential equation is

co*(t) = CO*(o) exp(~Pt)

i

il(t) nFA MOCO*(O) exp(~Pt)

il(t) = i(0) exp(~Pt)

16.



The total quantity of electricity Q(t) consumed in the electrolysis
is given by the area under the i-t curve

t

Q(t) = Si(t)dt
(o]

and the weight of substance electrolysed is related to the quantity
of electricity consumed and the initial concentration of the electro-

active speciesby the Faraday's Law.

W t
W o= »%9‘ gi(t)dt

from which Weq is the equivalent weight of the substance electrolysed.
The conclﬁsions are:

1) Rapid electrolyses are achieved by maximising the stirring rate and

the ratio A/V, these are two of the principal objectives in the design

of cells for controlled-potential coulometry.

2) N, the number of electrons transferred in the overall electrode

reaction can be determined.

3) The final products of the electrode reaction can then be identified
bythe usual techniques of inorganic and organic chemistry.

More theoretical and experimental aspects of the technique are
described in the works of Bard and Meites (20-23), Harrison and Thirsk
(24) and J. E. Harrar (25).

In this work, the n-value was determined by slightly improved
technique. During the experiment, the current was monitored as a
function of charge passed and n was calculated by extrapolating
1-Q plot to I = O and using Faraday's Law on the intercept. For a

simple reaction the I-Q plot is linear.



Te3e= Electrochemical reduction of Nitrobenzene and halonitrobenzenes

18.

The literature contains many papers, some dating back to the
last century, which describe the reduction of nitrobenzene and its
derivatives in both aqueous and nonaqueous solutions (7-10, 26~63).
It is clear that many products may be formed and, indeed, under all
but the most carefully controlled conditions, the reduction yields
a complex mixture of products. Relatively few papers fully
characterise products and where this has been done it has been shown
that products and mechanisms concluded from I-E curves alone are not
reliable. Furthermore the literature would suggest that the products
are dependent on solvent (27,28), pH (27,29-31), potential (32),
cathode material (33,34), the presence of trace oxygen (28), etc.,
and many of these factors are not taken into account when mechanisms
have been proposed.

The reduction of nitrobenzene at mercury in the pH range L-6
requires four electrons to produce phenylhydroxylamine (29). Below
a pH value of 4 and by using a high overvoltage cathode, phenyl~
hydroxylamine is further reduced to aniline (27,30); this reduction
occurs at more negative potential than that which produces phenyle-
hydroxylamine., The reduction of nitrobenzene under basic or neutral
conditions gives azoxybenzene (31) which can be reduced irreversibly
to give azobenzene (36,37). Other products have been reported in
this reaction (p-aminophenol, hydrazobenzene, benzidine) which made
this & quite complex reaction(?}?) and Table 1.5%.

The mechanism of nitrobenzene reduction in acidic media has

been extensively studied (26~52) and a general reaction scheme has



19.

Table 1.5

Reagent Cathode Reaction Products Yield % Ref.
medium

NO, 7n ag. acid @NHGH 29 28

Pt 10% HC1 90 39

Monel ag. acid HO~<::3>—NH2 72 ]
Ni aq. C, H OH @N N_@ 95 Lq
NaOAc. reflux
Monel Basic C,H.OH @—NH-—HN—@ 90 38
5

2n,8n

Phosphor Salt of Org. _

Bronze Acid H,0 <::j>“NwNu*<::> & b2
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been proposed on the basis of polarographic studies by Heyrovsky

and Vavricka (43,44, scheme below). A possible reaction product

under these conditions is p-aminophenol, important from an

industrial point of view (photographic applications, car industry,
pharmaceutical interest, etc.), and good results in its synthesis

have been obtained by electrolytic reduction of nitrobenzene using
simple electrodes such as graphite, copper and nickel (45,46). It

was found that agitation of either the electrode or the electrolytic
medium and elevation of the temperature of the system increased
production efficiencies and the use of redox compounds provided
further improvement (29). It was also found that control of the
electrode potential improves the electrolytic process (32). 1In effect,
Wilson and Udupa (34) made studies of the influence of various factors
on the material yield of the aminophenol, from the electrochemical
reduction of nitrocompounds. They found the most significant
efficlency increase in a well agitated medium attained by high speed
rotation of a disc cathode, at a high temperature and high acid strength.
They attributed the increase in the yield of aminophenol to the
relative rates of two reactions, the further reduction of the hydroxyl-
amine, or the rearrangement to aminophenol. The reduction occurs only
at the cathode surféce and hence strong convection permits the le
product to be transported away from the electrode before further
reduction can occur. Rearrangement occurs in the sclution and is acid
catalysed, and an increase in the temperature does facilitate the
rearrangement over the further reduction of the hydroxylamine. Under

conditions of 20% acid, a rotating amalgamated monel cathode, 9OOC and






2.7 A/dm2 the yield of aminophenols ranged between 72 and 82%
material yield for the different nitrocompounds studied. Rance

and Coulson (32) emphasise the importance of control of the

electrode potential in the efficiency of the preparation, and

also described in a quantitative way the effects of the addition

of redox compounds to the catholyte and of elevating the temperature.
They concluded that the rate and the products of the electrolytic
reduction of nitrobenzene depends on the cathode potential, and that
with improved control of potential, the reaction to aniline can be
restricted and the phenylhydroxylamine formed would rearrange to p~

aminophenol. TFurthermore, with the addition of a redox compound, the

oxidised species is reduced at the cathode and then acts as a reducing

agent for nitrobenzene in the bulk of the solution, improving the
efficiency of production of p-aminophenol. In their system, the most
efficient conditions for the production of p-aminophenol were -0.15V,
8500, with the addition of stannous ions to the catholyte; under these
conditions, p-aminophenol was produced at a rate of 0.306 g/cmahnq.
Jayaraman, Udupa and Udupa (33) tried various addition agents like
Sn+2, Bi+3, Tl+, at electrodes of monel, brass and copper, in 10-30%
acid and 15-35 A/dn°. The best conditions for the aminophenol
production were the reduction of 20% w/v nitrobenzene in 20% sulphuric
acid, on bismuth~-deposited copper cathode, at 9Om9500 and 20-25 A/dmZ;
under these conditions, the material yield of the aminophenol was 75%.
Because the chemical methods of manufacture of p-aminophenol are

expensive and it is difficult to obtain a really pure product, the

electrochemical method for aminophenols looks interesting and several

22.
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attempts 8t its synthesis in large scale can be found in the

literature (47-50). The main limitation appears in the requirement

of high efficilency at a high rate of aminophenol preparation, i.e.
current density. In general, the development of industrial electro-
organic processes require cells of high capacity (high space-time
yield) which can be achieved (i) by the use of high ratios of electrode
area to cell volume, (ii) by increasing the mass transfer rate (by
flowing the electrolyte or by the rotation of the working electrode)
when the process is limited by mass transfer rate of the substrate. .
Considerably important in this area are the studies of H. Udupa (47)

in the design and operation of a high amperage cell with a rotating
electrode for electroorganic preparations, including the p-aminophenol
synthesis, and that of Goodridge and Hamilton (48) in their use of a
fixed bed porous flow~through electrode during the production of p-
aminophenol. In both cases improvements in efficiency and cell capacity
are reported. In Chapters 3 and 5 of this thesis the study of an
optimization of p~aminophenol yield and the design and operation of a
flow system is described.

The electrochemical reduction of the nitrobenzene derivatives has
also been widely studied, and numerous reviews can be found in the
literature (7-10). Studies in nonaqueous media by ESR coupled with
electrochemical generation of radicals allowed the identification of
radical ion intermediates in the electrochemical reduction of nitro-
benzene and its derivatives (53,54). In general, it has been observed
that the reduction of substituted aromatic nitrocompounds leads to the

corresponding substituted anion radicals (55,56). With certain halo-
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nitrobenzenes elimination of halogen occurs during the electrolytic
reduction (57,58). Thus the isomeric chloronitrobenzenes all yield

the expected chloronitroanion radical upon reduction in dimethyl-
formamide. With the ortho-bromo and all three iodo-nitrobenzenes

the halogen atom is ejected and one identifies the nitrobenzene anion
radical. These eliminations are solvent dependent (59) and by using
mixtures of water-dimethylformamide, the halogen can be partially or
fully retained. The studies made by Kitagawa, Layloff and Adams (57),
and those of Fujinaga, Deguchi and Umemoto (58) allowed the establishment
of an order for the dehalogenation of halonitrobenzenes during the

electrolytic reduction
p,m=Cl, m=Br < 0-Cl & p-~Br < O-Br, p,m,o-I

Their results are consistent with the known ease of cleavage of carbon-
halogen and the steric effects of bulky ortho groups.

The products of the electrochemical reduction of the halonitro-
benzenes are dependent upon the halogen substituent (57,58), electrolyte
(57), solvent (59), andthe applied potentials (58), and while some
studies (57,58,60) report the carbon-halogen bond cleavage to be an
overall three electron process, Lawless and Hawley (61) have found an
n value of two from chronoamperometric experiments for the electrochemical
reduction of several halonitrobenzenes in different solvents (dimethyl-
formamide, acetonitrile and dimethylsulfoxide). They found also that
the stabilitiesof the anion radicals in the three solvent systems decrease
in the order DMSO » AN > DMF and the order of the decomposition of the
anion radicals in all the three solvents to be o~iodo » o~bromo 7> p~-iodo

> m-iodo nitrobenzene. Nelson, Carpenter and Seo (62) made studies
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of these compounds in nonagueous media using various electrochemical
and spectroscopic methods and their results agree with those of
lawless and Hawley. The rate constants for the intermediate
decomposition reaction were measured by chronoamperometric methods
using digital simulation working curves, and the order they followed
in terms of isomers was
Km < K

o < KB

and in terms of the halosubstituent,
K% {'KCl < KBr < KI'

In aqueous media, the reduction of the nitro group present in
these compounds is facilitated, the anion radicals will tend to
protonate before halide ion expulsion can occur, and according with
the reaction conditions, a compromise will exist between these two
possible routes, the carbon-halogen rupture or the nitro group
reduction.

Of particular interest in this work was the synthesis of o-
fluorocaniline, an intermediate for an aspirin replacement drug. It
is necessary to reduce the nitrogroup without any cleavage of the
C~F bond because the compound resulting from further reaction of
aniline is a poison. Catalytic reduction always leads to the cleavage
of the C-F bond to the extent of a few % and this means that metal/
acid reduction has to be used; this is environmentally undesirable.
Hence it seemed an appropriate reaction for electrochemical reduction,
The objective of chapter 4 was to seek conditions for the complete 6e”

reduction of the halonitrobenzenes to the corresponding anilines.



I.4.~ The Scope of this work

This work is concerned with the investigation of the electro-
chemical reduction of nitrobenzene and the o-halonitrobenzenes in
acidic media. It is known that the reduction of these compounds
ig a potential route to a wide variety of species of possible
commercial interest ( scheme below). Furthermore, more mechanistic
information is required for a complete understanding of the process.

Hence the present study was undertaken and its aims were:

1) To study the variation of products as a function of
several electrolysis parameters and to optimise the yields of
desired productse.

2) To investigate reaction mechanisms under the conditions
of the preparative electrolysis.

%) To carry out the reactions in a range of cells with

different mass transport regimes and electrode geometries.
The investigation carried out falls into three headings.

a) The electrochemical reduction of nitrobenzene to
p-aminophenol.

b) The electrochemical reduction of o-~halonitrobenzenes.

¢) Preliminary scale-up of these reactions in a parallel
plate cell.

In the first investigation, electroanalytical technigues have
been used to investigate the mechanism of the reduction of nitro-
benzene. The conditions were chosen so that the major product was
likely to be p-aminophenol. As a continuation of this study, the

conditions were optimised.

26.
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Tt was the intention of the work with o~halonitrobenzenes
to carry out the complete 6e” reduction to the corresponding
anilines. The fluoroderivative was of particular interest. Again
electroanalytical and product analysis has been used to optimise
the conditions.

In the initial scale-~up, a parallel plate reactor with an
ion exchange membrane and a flowing electrolyte was employed. These
conditions reflect more closely those to be expected in an industrial

scale electrolyser.



29,

1.5~ References

1 J.0'M.Bockris, in "Encyclopaedic Britannica',(edited by
Encyclopaedic Britannica, Inc.) U.S.A., 1978,

2) Ne L. Weinberg, AIChE Symposium series, 75 (1979), 31.

%) D. Pletcher, "Course in Applied Electrochemistry", the
Department of Chemistry, University of Southampton, 1980.

) F. Goodridge and C.J.H. King, in "Techniques of Electro~
organic Synthesis, Part I'" (edited by N, L. Weinberg)
John Wiley and Soms, New York (1975).

5) F. Goodridge, Chem. and Proc.Bng., 49 (1968), 93.

6) M. Fleischmann and R.E.W. Jansson, The Chemical Engineer,

(1975), 603.

7) N. L. Weinberg, "Technique of Electroorganic Synthesis",
John Wiley and Sons, 197k4.

8) M. M, Baizer, "Organic Electrochemistry'", Marcel Dekker, Inc.

1973,

9) A, J. Fry, "Synthetic Organic Electrochemistry', Harper and
Row, 1972.

10) A. Bewick and D. Pletcher, in "Electrochemistry" (the Chemical
Society ed.), Vol.1 (1970) 98-159. Vol.2 (1972) 1-58.

11) De Do Macdonald, "Transient Techniques in Electrochemistry',
Plenum Press, 1977.

12) A, J., Bard and L., R. Faulkner, "Electrochemical Methods",
John Wiley and Somns, 1980.

13) "Advanced Instrumental Methods in Electrode Kinetics', the
Department of Chemistry, University of Southampton, 1975.

14) R. S, Nicholson and I. Shain, Anal.Chem., 36 (1964), 706.
15) R. S. Nicholson and I. Shain, Anal.Chem., 37 (1965), 178 and 190.

16) A. C. Riddiford in "Advances in Electrochemistry and Electro-
chemical Engineering', edited by Delahay Tobias, 1965,

17) We J. Albery and M. L. Hitchman, "Ring~Disc Electrodes"
Clarendon Press, 1971.

18) Ve Ge Levich, "Physicochemical Hydrodynamics', Prentice Hall,
1962,



19)
20)

21)

22)

23)

24)

25)

26)

27)
28)

29)
30)
31)
32)
33)
34)
35)
%6)
37)
38)
39)

4o)
41)

30.

Adams, Menning and Parker, J.Am.Chem.Soc., 91 (1969), 458k,

Le

A,

Meites, Pure Appl.Chem., 1§ (1969). 35.

Je Bard and K.S.V. Santhanam, in "Electroanalytical

Chemistry", A, J. Bard, ed. 1970.

A.

L.
B.

Je

J. Bard, Pure Appl.Chem., 25 (1971) 379.

Meites in "Techniques of Chemistry", A. Weissberger and
W. Rossiter, ed. 1970.

A, Harrison and H., R. Thirsk, "A Guide to the study of

Electrode Kinetics'", Academic Press, 1972.

Je

E. Harrar, in '"Electroanalytical Chemistry', A. J. Bard,

ed. Vol.8 (1975) 2-147.

Fa

Jde

Ma

Haber, Z. Electrochem., 4 (1898) 506.
Pearson, Trans.Faraday Soc., 44 (1948) 683.

Fleischmann, I. Petrov and W. Wynne Jones, Proc.First

Australian Conference on Electrochemistry (1963) 500.

M.

Ie

M.

Susuki, J.Electrochem.Soc. Japan, 22 (1954) 112.

Bergman and J. James, Trans.Faraday Soc., 50 (1954), 60.
Bamberger and E. Renould, Ber., 33 (1960) 271.

Rance and J. Coulson, Electrochimica Acta, 14 (1969) 283.
Jayaraman, K. Udupa and H. Udupa, Trans. SAEST, 12 (1977) 143.
Wilson and H. Udupa, J.Electrochem.Soc., 99 (1952) 289.

Costa, Gas.Chim.Ital., 83 (1953) 875.

Wawzonek and J. Fredrickson, J.Am.Chem.Soc., 77 (1955) 3985,
Sugino and T. Sekine, J.Electrochem.Soc., 104 (1957) 497.

M. Fredriksen, J.Phys.Chem., 19 (1915) 696.

Mizuguchi and S. Matsumota, Yakugakn Zasshi, 78 (1958) 129.

Chem.Abstr. 52 (1958) 879%4.

Je

R.

Slager and J. Mirza, Fr. patent 1,416,966 (1965).

C. Snowdon, J.Phys.Chem., 15 (1911) 797.



h2)

43)
1)

45)
L46)
47)
48)
49)
50)
51)
52)
53)
54)
55)
56)

57)

58)

59)
60)

61)
62)

63)

21

R, He McKee and C. J. Brockman, Trans.BElectrochem,Soc., ég,
(1932) 203%.

M. Heyrovsky and S. Vavricka, J.Electroanal.Chem., 28 (1970) 409,

M. Heyrovsky, S. Vavricka and L, Holleck, Coll.Czech,Chem.Comm,,
36 (1971) 971.

F. Brigham and H. Lukens, J.Electrochem.Soc., 33 (1932) 31.

D. Solanki, Trans.Electrochem.Soc., 33 (1932) 31.

H. Udupa, AIChE Symposium series, 75 (1979) 26.

F. Goodridge and M., Hamilton, Electrochimica Acta, 25 (1980) 481.
DOS 2026039, Constructors John Brown Ltd., 1969.

DOS 2119334, Engelhard Minerals and Chemicals Corp., 1970.

H. Sadek and B. Abd-El-Nabey, Electrochimica Acta, 17 (1972) 2065.
G. Pezzatini and R. Guidelli, J.Electroanal.Chem., 102 (1979) 205.
A. H. Maki and D. H. Geske, J.Chem.Phys., 30 (1959) 1356.

D. H. Geske and A. H. Maki, J.Am.Chem.Soc., 82 (1960) 2617.

A. H. Maki and D. H. Geske, J.Am.Chem.Soc., 83 (1961) 1852.

L. H. Piette, P. Ludwig and R. N. Adams, J.Am.Chem.Soc., 82 (1960)
26715 8L (1962) L212.

T. Kitagawa, T. P. Layloff and R. N. Adams, Anal.Chem., 35 (1963)
1086. T

T. Fujinaga, Y. Deguchi and K. Umemoto, Bull.Chem.Soc.Japan, 37
(1964) 822.

R. N. Adams, J.Electroanal.Chem., 8 (1964) 151.

T. Fujinaga, T. Aral and C. Kitazawa, Nippon.Kagaku.Zasshi.,
85 (1964) 811.

J. Lawless and M. Hawley, J.Electroanal.Chem., 21 (1969) 365,

R. Feo Nelson, A. K. Carpenter and E. T. Seo, J.Electrochem.Soc,,
120 (1973) 206,

D. Bartak, W. Danen and M. Hawley, J.Org.Chem., 35 (1970) 1206.



CHAPTER IT



32m

CHAPTER IT

EXPERIMENTAL

1I.17. - General

A fifty-fifty mixture of distilled water-organic solvent was
used as the medium for all experiments. The low pH solutions were
prepared with sulphuric acid and sodium sulphate was used, where
necessary, to make the higher pH solutions conducting. In a few
experiments, the electrolyte was ammonium chloride. All the solutions
were deoxygenated with nitrogen (BOC Ltd. OFN) in the electrochemical
cells for, at least, 15 min. Except where otherwise stated, the
experiments were performed at room temperature. The geometrical

area of the electrodes was used for the calculation of current densities.

II.2. - Cells and Electrodes

Cells. ~ Several different designs of cell were used in the
experiments. Except for voltammetric measurements and polarization curves
at mercury, the working electrode was separated from the secondary
electrode by means of a sintered disc or a membrane. For the measurement
of the polarization curves of nitrobenzene and o-halonitrobenzenes at
mercury, a conventional type of three electrode, two-compartment cell was
found suitable (fig.2.1). The working electrode was in the form of a
sphere formed on the end of a capillary fed from a micrometer operated
syringe. Using this arrangement the electrode could be rapidly changed
and its area controlled. For experiments with copper and lead, a three

electrode, three compartment cell,volume 20 cmB, was used (fig.2.2). The






working electrode was copper or lead wire and the secondary electrode
was a platinum gauze electrode. The reference electrode was a
Radiometer type K401 saturated calomel electrode in a compartment
separated from the working electrode by a Luggin capillary.

For cyclic voltammetry on copper, the cell shown in fig.2.3 was
used. It incorporates a copper wire at the centre of a long helical
platinum secondary electrode making a proper symmetrical cell geometry.
This cell was also used for experiments with a rotating disc electrode
with little modification. The cell shown in fig.2.71 was also used for
voltammetric measurements on mercury.

Coulometry measurements and product studies were performed with
the cell shown in fig.2.4. Tt gives a high ratio of electrode surface
to solution volume as required for these experiments. When using a
flow system, the cell shown in fig.2.5 was used, in this case the cell
was designed considering the exigences of an uniform flow distribution
of the electrolytic medium and potential on the cathode (1,2). The
anodic compartment was separated from the cathodic compartment by means
of a Nafion cation membrane. The cells were cleaned, firstly, by using
detergent and then chromic acid solution in order to remove grease and
oxidisable compounds (3). After that a 1:3 mixture of nitric acid and

hydrochloric acid was used, and finally, distilled water and acetone.

3&»

Electrodes. - In order to get the polarization curves on mercury,

the working electrode was in the form of a sitting mercury drop, which

could be rapidly changed and made reproducible in area with the help of

the micrometer screw gauge (see fig.2.1). TFor larger scale electrolysis,
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Tl.%3. =~ Chemicals and Instrumentation

Chemicals.- 1:1 mixtures of distilled water/organic solvent
were used as the media for all experiments. The organic solvents
used were of high purity from BDH Ltd. Nitrobenzene, aniline,
p-aminophenol, azobenzene, azoxybenzene and o-chloroaniline used for
electrolysis and analysis were all BDH laboratory reagents. The 1,2~
diphenylhydrazine, the o-halonitrobenzenes (except ome06H5NOZ) and
the o~haloanilines (except 0—01%C6H5NH2) were Aldrich reagents.
Orthofluoronitrobenzene of high purity was from Fluorochem Litd.
Sulphuric acid was Hopkin and Williams LTD GPR grade. Sodium sulphate
and ammonium chloride (GPR grade) were added to some solutions. The
diethylether (used for the extractions) and sodium hydrocarbonate
(used for neutralization) were Koch~Light Laboratories for Lab. use.

A1l the chemicals were used directly, without any pretreatment,

Instrumentation.- The early electrochemical experiments were

carried out using a modified Chemical Electronics valve potentiostat

and a HI-TEK Type DT2101 was used in later experiments. For voltammetric
measurements a Chemical Electronics waveform generator type RB1, a
Hewlett~Packard 7015 X~Y recorder and a Hewlett-Packard 1201~A
oscilloscope were used. For coulometry, an electronic integrator from
Chemical FElectronics International and a sensitive ammeter from Cambridge
Tnstruments Co. Ltd. were used. Rotating disc electrode experiments
used a motor controller MCh3. Two pumps from Totton Electrical Ltd.
model EMP 40/4; two flowmeters type from GAP Meter, Basingstoke; a

Sorensen power supply SRL 60-35 and a Philips conductivity bridge (to
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measure the cell resistance) model GM 4249 were used in experiments
with the flow system. The analysis of products was carried out using
a programmable Pye Unicam 104 chromatograph, a Unicam SP 1700 U.V.
Spectrometer and an AEI-MS812 mass spectrometer coupled with a Pye

104 chromatograph.

IT.4e~ Procedures for experiments.

Steady state experiments.~ Solutions of nitrobenzene (range

10"3 - 10“1M) in 50% organic solvent/water, 0.1M in sodium sulphate

and solutions of o-halonitrobenzene (range 1077 - 1O"1M) in 50%
1-propanol/water were used for these experiments., Polarization curves
on copper, lead, zinc and mercury were obtained ~ potentiostatically
using a point by point or a slow scan rate (0.01 V/s) technique in
acid medium and at room temperature (= 20°C). Nitrogen was bubbled
through the cell during the experiment. On mercury, each reading was
recorded with a fresh drop of mercury. For copper, polarization curves
were recorded with several concentrations of nitrobenzene at one
concentration (5M) of HESOA’ Values of current were read from the

ammeter one minute after each change in the potential.

Cyclic voltammetry.~ Cyclic voltammograms were recorded for

3. ‘ao'”v?)

dilute solutions of nitrobenzene and o-halonitrobenzenes (10~
using a copper wire or a mercury drop as working electrode in a
symmetrically arranged cell. The potential was cycled between O and =1
volts at different potential scan rates (v ). The effects of changing
the concentration, pH, and the potential scan rate on the peak potential

and peak current were also studied by cyclic voltammetry. For low
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potential scan rates, the X~Y recorder was found suitable; for high

scan rates, an oscilloscope was necessary.,

Rotating disc electrode,~ TFor experiments with rotating disc

electrode, a cell as shown in fig.2,3 was used. The disc electrode
was fixed at the WE position showed in the figure, and very close to
the Luggin capillary. It was rotated with a constant speed motor.
The secondary electrode was a platinum plate, parallel to the working
electrode., The experiments were carried out with a copper electrode
in a 5.10"2M nitrobenzene in acetone~water solution, 3M in sulphuric
acid and using a slow linear potential sweep. The rotation rate of

the disc electrode was varied between 3,102~3.103 TP,

Coulometry.~ In these experiments, a cell with relatively
large electrode area to solution volume ratio was employed (4). The
potential of the working electrode was chosen on the basis of steady
state or potential sweep experiments. The effect of changing the
potential and the effect of stirring and heating the solution were

3

of 8.107°M nitrobenzene in organic

3

studied., A volume of 100 cm

of Q.BAﬂOWZM

solvent~-water solution, 3M in sulphuric acid, and 100 ecm
o~halonitrobenzene in 1-propanol-water solution were used in these
experiments. The working electrode was copper gauze with a 30 cm2
geometric area. Experiments with lead (20 cm2 geometric area), mercury
(30 cm2 geometric area) and zinc (3 cm2 geometric area) were also
carried out. The average time for electrolysis was 2.5 hours and the

total number of coulombs passed through the cell were measured by an

electronic integrator.
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Use of a flow system.- In flow experiments, a system as

shown in fig.2.7 was used. The cell was designed following the
exigencies of the bibliography (1,2) and was made in the workshop
of the department. The assembly incorporates two pumps in order

to keep and control the flow of the electrolyte in each of the

compartments of the cell separately, and the rate of the flow was
controlled by using a flowmeter., Overpressure in the system was
avoided by the use of lateral arms as can be seen in the diagram.
The total catholyte volume was 600 ml, the system could be
deoxygenated by using nitrogen gas and indeed it was bubbled
throughout the experiment. The temperature of the electrolyte could
be changed by means of an additional arrangement made  between the
pump and the reservoir in the side of the cathodic compartment.

The experiments were run at a counstant current and the internal cell
resistance was measured under the working conditions by the use of a

conductivity bridgea

I1.5. - Method of Analysis

Analysis.~ The solutions in the WE compartment after the
completion of the coulometry were analysed. After the electrolysis,
the acid solutions:were neutralised with sodium hydrogen carbonate in
a cooling system and the solid formed (NaESOA) was separated by
decantation and filtration and then washed with ether. The agueous
solution was reduced in volume on the rotary evaporator and the organic
compounds extracted with diethyl ether. The diethyl ether was reduced
in volume and injected into the chromatograph, the aqueous layer was

also analysed by GIC.
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The analysis was carried out by gas-liquid chromatography,
mass spectrometry and a colorimetric method. Several glass colunns
with different stationary phases were tested for the g.l.c. analysis
and a 5% OV-17 silicone column (1.5 m long and 3 mm diameter) was
chosen. The separation was effected by a temperature programme,
150°C for 3 minubes, then 140 to 250° at 48°/min. and finally 250°C
for 5 minutes. The retention time of unknown peaks were compared
with those for standard compounds and the identification was confirmed
by mass spectrometry (5). Quantitative analysis was based upon an
integration technique (6); the area under the g.l.c. peaks were
compared with those for standards of known concentration, For the
purpose of colorimetric analysis (7) a 100 ml of saturated silver
nitrate solution in acetone-water and several standard solutions of
p-aminophenol (range 0.02~0.2 mg mlnq) in the same solvent as that used
in the electrolysis, were prepared. The standard solutions of p~-
aminophenol and the electrolytic sample (after the neutralisation)
were mixed with the silver nitrate solution and their absorption
meagured with a photocolorimeter at LOO nm. TFrom the standard curve
(see fig.2.8) and the sample absorption value, the actual concentration

of p-aminophenol in the sample was determined.

Typical electrolysis.-

(a) Procedure for p-aminophenol electrosynthesis:

100 mk of 0.1M nitrobenzene in 50% 1-propanocl/water solution,
M HZSOA was placed in the electrolysis cell as shown in fig.2.kb.
Nitrogen gas was bubbled through the cell for 15 min. before starting

the electrolysis, and the nitrogen was passed throughout the experiment.
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A potential of ~0.35 Volts Vs SCE was applied to the copper gauze
electrode (30 cmz). Initially the current was 0.3 Amps and after
% hours and the passage of 3800 C it had dropped to 10 mA. During

the electrolysis the solution was well stirred and in addition to

the nitrogen a magnetic stirrer was used. When the electrolysis

had finished, the catholyte was neutralised with sodium hydrogen
carbonate (the cathodic compartment was designed so that it could be
cooled during the neutralisation process), the solid formed (Na2s04>
was filtered off on a water pump and washed with ether (2 or 3 times
with 100 ml portions). Meanwhile the volume of the aqueous solution
was reduced on the rotary evaporator at reduced pressure and the
solution was then extracted three or four times with portions of

100 ml of ether in a separating funnel. All the ethereal solutions
were combined and reduced to about 200 ml. Both the ether and agueous
layer were analysed by g.l.c., The standard solution was aniline,
nitrobenzene, p-aminophenol and azoxybenzene each 10"2M in ether, the
retention timesfor each possible product under normal conditions are
those shown in page 60 . The product identification was sometimes
checked by ge.lec. - mass spectroscopy and the yileld of p~aminophenol
by the colorimetric method. In the electrolysis described the total
organic yield was 80% (16% in H,0 layer and 6L4% in ether layer) and

the current yield wasB 4%

(b) Procedure for the electrosynthesis of o-fluoroaniline.
100 ml of 45 mM o~fluoronitrobenzene in 50% 1-propancl/water
solution, 0.1M in H2.SOLF was placed in the electrolytic cell. Nitrogen

was bubbled through the cell for 15 mins. before starting the experiment
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and throughout the experiment, and the electrolytic medium was
stirred by means of a magnetic stirrer. A potential of ~0. 9 wvolts
Vs SCE was applied to the mercury electrode (30 cma). Initially

the current was 900 mA and after 1 hour and the passage of 2150 C,

it had dropped to zero mA. When the electrolysis had finished, the
solution was neutralised with NaHCO3 and the organic products were
isolated with ether (4 x 100 ml portions). The ether extract was
reduced in volume and analysed by g.l.c. The o-fluorocaniline organic

vield under these conditions was 78% and the current yield 93%.
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CHAPTER IIT

Electrochemical Reduction of nitrobenzene to p-aminophenol

III.1e~ Results

ITI.1.1.~ Electroanalytical Experiments

Steady State. Current-Potential Curves.- The polarization

curve for the reduction of nitrobenzene on copper in acid medium and

its dependence on the concentration of nitrobenzene is shown in fig.

3.1le The I-E curves show a single well formed reduction wave,

E% = ~.35V, and the current is proportional to the concentration of

nitrobenzene both in the Tafel region and on the limiting Plateau. A

replot of the data as log I vgE gives a linear Tafel region as shown

in fige3.2. The slope is approximately 170 my
The current-potential curves for mercury and lead under similar

conditions (3M H2804 + 10mM nitrobenzene) were also recorded (fig.3.%).

Mercury shows two reduction processes, the first occurring at potentials

positive to that for mercury dissolution and the second at E% = =0,55V,

The ratio of the limiting currents for these two processes is 2:1 and

the total current density is close to that for the single process on

copper. On lead there is one reduction process, E% = -0,53V. Surprisingly,

the current density on lead is lower than that on both mercury and copper

although it should be noted that in the experimental conditions the surface

is covered by a thick layer of lead sulphate.

Cyclic Voltammetry.- Cyclic voltammograms were recorded for solutions

in acid medium and at a copper electrode. A well formed reduction peak is

found at approximately ~0.35V (3 = 0.0BV.swﬂ

, SM Hasoq) but the reduction
process is totally irreversible (fig.3.4). In a series of experiments the

concentration of nitrobenzene (’IO”3 - ﬂOﬁqM), concentration of sulphuric
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acid (0.1M - 10M) and potential scan rate (0,01 - 1 Vshq) were varied.
The peak potential does not change with the concentration of nitrobenzene
and it has a constant value in strongly acid solutions; on the other hand,
the peak shifts to negative potentials at pH above 1 (Table 3.1)., The

Ep Vs log v graph is linear with a slope of -28 mV (fig.3.5, Table 3.2).
The peak current is independent of the pH but it does change with the
potential scan rate (V) as shown in fig.3.6. Indeed, the plot of Ip Vs
Q%Nis linear passing through the origin, showing that the reaction is
diffusion controlled. The value calculated for D is 0.9 x 10”5 cmzsmﬂ
(assuming n = 6 and taking na A = 0,65 from Ep - Ep/2>' The peak current
also changes with the concentration of nitrobenzene (fig.3.7) and the
slope of the log Ip ~ log C plot is one.

The potential limits on copper in strong sulphuric acid extend from
0.1V (Cu dissolution) to -0.8V (hydrogen evolution) and within this
potential range we were unable to identify any further reduction or
oxidation peaks under any acidic conditions or potential scan rates. Hence

cyclic voltammetry gives little information on the intermediates in this

reactions

Rotating Disc Electrode.- In a rotating disc electrode experiment,

one can be said to be comparing the rate of mass transfer with the rate of
other processes. When the mass transfer is the slowest step in the
reaction, the current varies linearly with the square root of the rotation
rate (W) and an T Vstx)% plot passes through the origin, i.e. I/DJ%‘should
be independent of W . An experiment using a slow linear potential sweep
on a copper disc electrode in a 5.10-2M nitrobenzene in acetone-water, 3M

sulphuric acid solution give the results shown in fig.3%.8 and table 3.3.



Table %.1

Effect of acidity on the peak potential. Solution 5 x 10*3M

C5H5§92 in acetone-water (71:1 mixture).

Working electrode: copper

Sweep rate, =~ = 0.03 vs~ .

E, (volts) Tms0,1
-0.53 0.1
-0.%2 1.0
~0.35 5.0

-0.%5% 10.0







54@

Table 3.2

Dependence of Ep with experimental parameters

(;a:E!> <~a E T)
P = 0 —_— =0
aC H+9 S pH \?,C

pH {1

( IR dE
m X = =28 mV aPH Q,C ;Z 0

pH 31







Table 3.2

R.D.E. experiment on copper electrode in a 5 x 10"2P4
nitrobenzene in acetone-water, 2M sulphuric acid solution.
D= 0.03V sec™ . E = -0.51V.

I(ms on™2) w(xpm) 2l
571 200 2.14
59.8 800 2.11
76.3 1300 2,11
86.6 1800 2.04

101.1 2300 2.11

115.5 2800 2.18
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In the limiting current plateau, the reaction is clearly mass controlled.
The constancy of I/w% also shows that the number of electrons involved in
the electrode reaction is the same at all rotation rates. Again assuming
n = 6, a value for the diffusion coefficient of 0.96 x 10 %en"s™" could

be estimated.

Coulometry.~ Controlled potential coulometry was carried out to
determine 1) n, the number of electrons transferred in the overall
electrode reaction and 2) the final products of the electrode reaction.

Coulometry experiments were carried out at different concentrations
of nitrobenzene in organic solvent~water and acidic medium. A typical
curve 1s shown in fig.3%.9 for a copper cathode, the data are presented in
the form of an I-Q plot, and it can be seen that a good linear plot is

obtained and the extrapolation to I=0 leads to a n value of 4.

ITTu1e2+ =~ Product Identification

Several glass columns with different liquid phases (table 3.4) were
tested for the GLC analysis. A 5% OV-17 column was found suitable for
the determination of the electrolysis products. By using a temperature
programme (details in page L3 ) the analysis could be completed in 11 min,
and good resolved peaks were obtained for aniline, nitrobenzene, p-amino-
phenol, azobenzene and azoxybenzene. Mass spectrometry was used to confirm
the identity of the products, and the yield of p-aminophenol was frequently
checked by the colorimetric method based on complexation with A§.

Analyses were performed for electrolyses on copper, lead and mercury.
The tables 3.6, 3.7 and 3.8 show the products and their organic yield in

the conditions indicated. Table 3.5 shows the retention times and the mass






Liguid Phase

Table 3.4

Chromatographic Columns

Carbowax
Diglycerol
ov-17

ov-1

Polarity

most polar
most polar
intermediate

non-polar

59.
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spectrometry data for standards and electrolysis products, some

typical chromatograms and mass spectras are shown in the appendix.

IIT.1.3%« Product studies

Controlled potential experiments were carried out in 50% acetone/
water to identify the dependence of the products on cathode metal,
electrode potential, concentration of sulphuric acid, stirring,
temperature and oxygen contamination. Table 3.6 shows the effect of
the cathode metal on the yield of p-~aminophenol. In each of those
experiments the current was monitored as a function of the charge
passed during the electrolysis and n, the number of electrons involved
in the reduction, was determined by extrapolating the I-~Q data to zero
current; generally the I-Q plot was linear and a typical plot was
shown in fige%.9.

The effect of changing the potential on the p~aminophenol~aniline
ratio (the two main products) for electrolysis on copper electrode and
its relationship with the n value is shown in table 3.7. It can be seen
that at copper only two major products are formed and that their yields
are dependent on the potential. As the potential is made more negative,
the yield of p-aminophenol decreases and that of aniline increases.

This change is also reflected in the n value (increases from 4 to 6).

The highest yields of p-aminophenol occur at potentials corresponding

to the foot of the reduction wave, below E%, on the steady state curve;

the high yield is, however, obtained at the cost of a low current

density. It is also clear that on both mercury and lead (Table 3.6)

the yield of aniline is high when the potential corresponds to the

second reduction process. Even at lower potentials there is a considerable

formation of aniline at mercury and lead - electrodes compared with the
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Table 3.6

Reduction of Nitrobenzene (80 mM) in 50% acetone/50% water

containing sulphuric acid (3M). Effect of cathode metal.

Cathode Potential n Products (% of C6H added)

5NO2
p-aminophenol Aniline Azoxybenzene

Cu ~0430 3.9 81 14 5
~0.40 L6 L6 29 21
Pb ~0,60 5.3 16 60 16
~0.85 567 15 76 5
Hg ~0,20 L,2 39 29 10

~0,80 5.7 0 78 13
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results on copper. The results (table 3.8) also show that stirring
and heating improves the p-aminophenol yield. The effect of the
acidity of the medium in the p-aminophenol yield is shown in table
3.9, it shows the advantage of a strong acidic medium for the p-
aminophenol production.

It can be seen that the selection of several electrolysis
parameters is critical and in all further electrolyses, copper was
used as the cathode, the concentration of acid was fixed at 3M and
the reactions were carried out in a well stirred (by a stream of N2
gas and a magnetic stirrer) and oxygen free solution. While it
would be advantageous to use a higher temperature, the design of the

experimental cell determined the use of ambient temperature.

T1I.7ele~ Effect of the solvent.

Since the electrolysis must be carried out at a potential where
the current is well below the limiting current plateau, it is
particularly important for any practical system to maximise the
concentration of nitrobenzene in the electrolyte, Hence the reduction
of nitrobenzene was investigated in a range of organic solvent/water
mixhturese.

Steady state I-E curves were recorded using a point by point
technique for solutions of nitrobenzene (50 mM) at a copper cathode
in several 50% organic solvent/water mixtures containing sulphuric
acid (3M). In each solution a single reduction wave was obtained, the
limiting currents were similar and the half-wave potentials were close
to ~0.4V Vs SCE indicating that the reduction mechanism probably does

not depend on the solvent. The solubility of nitrobenzene in these
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Table %.9

Electrolysis of Nitrobenzene (50mM) in 50% acetone/50% water

containing sulphuric acid. Effect of acidity. Cu cathode,

electrode potential: =0,3V

Products (% Nitrobenzene added)

H2504(M) p-Aminophenol Azoxybenzene Aniline
0e3 0 L3 52
1.0 L5 28 27

3.0 80 12 8
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agueous organic media, however, varies substantially and in
consequence the limiting current densities for saturated solutions
of nitrobenzene are markedly solvent dependent. The solvents used
and the maximum limiting current densities are reported in table
3%.10.

Table 3%.11 shows the effect of the organic solvent on the yield
of p-aminophenol for four promising solvents and in view of these
results and the data in table 3.10, later experiments were carried
out in n-propancl. Figs.%.10 and 3.11 report the results of a further
series of electrolyses at various potentials. It can be seen that the
yield of p-aminophenol and the ratio of p-aminophenol to aniline
decreases as the potential is made more negative, but the choice of
a more positive potential is again at the cost of a lower current
density, the data in acetone are also included to emphasise the lack
of sensitivity to the solvent. At a potential where the initial
current is about a third of the limiting current for the concentration
of nitrobenzene used, the organic yield and the current efficiency are
both in excess of 80%.

Table 3.72 shows the yield of p-amdnophenol in experiments with
much increased initial concentrations of nitrobenzene. The electrolyses
were carried out in 1-propanol/water and it can be seen that a high
organic yield and current efficiency is possible even when the
concentration of nitrobenzene is 0.6M (i.e. saturated). Moreover the
current density reaches an acceptable range, 100-200 mA cm~2, with the
saturated solution of nitrobenzene; even higher values should be
possible in a cell where the stirring regime produces a higher rate

of mass transport.



Table %.10

Limiting currents for the reduction of saturated nitrobenzene

in 50% Organic solvent/50% water mixtures, containing sulphuric

acid. 3M Copper cathode

Organic Solvent IL(mA.cm”E)
Acetic acid 560
Acetone 250
1,2~dimethoxyethane 470
Dimethylsulphoxide 160
Dioxan ele
1,2~ethanediol 110
Ethanol 220
Methanol 280

1-Propanol 800
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Table 3.11

Electrolytic reduction of Nitrobenzene (4OmM) in various 50%

solvent/50% water mixtures containing sulphuric acid (3M).

Electrolysis at potential where initial current density is

10 mAcm'Z, i.e. at approximately 0.33 I.. Copper Cathode.

Solvent n Yield of p-aminophenol
Acetone 3.9 81
1-Propanol 3.6 85
Dioxan 3.5 52

Acetic acid 3.9 58










Table 3%.12

Flectrolytic reduction of nitrobenzene at a copper electrode in

50% 1-propanol/50% water containing sulphuric acid (3M)

Concentration of E (V versus Tnitial Yield of p~
Nitrobenzene (M) SCE) (mh cm™2) aminophenol (%)
0.04 ~0e3 10 85
0.l ~0.3% 26 82
0.6(sat,) =0k 200 58

=0,39 150 76

~0,38 100 82

72
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I11.2, Discussion and Conclusions

IIT.2.%1.~ Preparative Aspects

The electrochemical reduction of nitrobenzene in acidic media
has been the subject of several investigations (1-9) and it is
well known that depending on the conditions in which the reaction
is effected, different compounds and in different proportions can
be obtained. It has been reported that at low éathodic»electrode
potentdals, nitrobenzene is reduced directly to N~phenylhydroxyl-
amine which rearranges in acid to form p-aminophenol. The percentage
of p-aminophenol production depends not only with the cathode
potential, but also, of the particular acid used, the cathode
material, the temperature and the agitation of the media as was
mentioned in the Introduction. Because of previous studies (2)
sulphuric acid was used to acidify the solutions, and cathodes of
copper, lead and mercury were used. Since the reaction at copper
gives a much higher yield of p-aminophenol compared to Hg and Pb,
it was studied in more detail, and by using well stirred, oxygen
free and hot solutions (70°C , a high yield in p-aminophenol (87%)
was obtained which compares well with earlier attempts to prepare
this compound by using amalgamated cathodes, redox systems and
stronger acidic media (3,4). Table 3.13 compares the results of
this and previous studies and the improvement obtained on the p-
aminophenol production is believed to depend on the higher solubility
of the nitrobenzene in this medium which increasesthe local
concentration of the depolarizer at the electrode surface. Moreover,
the solvent does not lead to P*pYQpOXy&hih1e’ and the solubility of
intermediates in the process is also increased with the use of these

mixtures of solvents.
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Because of the limitations in the current density obtained
(order of 4O mA.cmnz) and the instability of the acetone as a
solvent in acidic solutions (it went brown during electrolysis
or on standing) in further experiments several orpamic . cosolvents
were used (table 3.10) and good results were obtained in 1~
propanol/water mixtures, where the current density reached the
highest value. Saturated solutions of nitrobenzene in this medium
were electrolysed and high values of current density (100-200 mA/cma),
organic yield (80-90%) and current yield (95-100%) were obtained.

The time for the electrolysis was also reduced considerably compared
with earlier experiments, and the formation of tarry or dimeric
products were not observed under these conditions.

In summary, it can be said that the best conditions for p-aminophenol
production were, the use of a copper cathode and a saturated solution
of nitrobenzene in 1:1 mixture of 1-propancl/water (where the
depclarizer was more soéluble), 3M in sulphuric acid, at low cathode
potential (~.39V), in a well agitated medium and at a high temperature.
Under these conditions, the current density was over 150 mA.cm"a, the
organic yield over 80% and the current yield close to 100%.

While the analysis, in the laboratory, of the products isstraight-
forward, their isolation on an industrial scale is difficult because
the p-aminophenol is present as an ammonium salt. It is probably
necessary to neutralise the sulphuric acid and this is wasteful and
creates unwanted heat. The presence of a cosolvent complicates these
problems since it must be recycled and as well as increasing the
solubility of nitrobenzene, it also increases the solubility of the

producte.
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Several attempts to industrialise the electrochemical
production of p-aminophenol have been reported (2,10,11) and
these failed probably because of the low current densities
which are possible in all-aqueous media . This work has shown
that a cosolvent overcomes this problem. With a suitable
work~up and a modern cell design, this synthesis of p-aminophenol

has a promising future.

I1T.2.2., ~ Mechanism

Although the electrochemical reduction of nitrobenzene has
been studied since the last century (12), conclusions concerning
reaction mechanism drawn from electroanalytical experiments are
not always consistent with the products of preparative scale
electrolyses. For instance, the results of the experiments on Hg
electrode show an appreciable yield of aniline at the first wave
where it was not expected, while the p-aminophenol yield at Cu
electrode (one wave) is much better than that on mercury where two
well defined reduction processes are observed. A good deal of work
has been done on the polarographic behaviocur of nitrobenzene
(1,13-20) and in general, the results obtained show a two wave
reduction process in acid media with n values of 4 for the first
wave and 2 for the second, and a single process in basic media with
an n value of 4. The electrochemical reactions associated with
these processes were thought to be the formation of phenylhydroxyl-

amine and aniline respectively (see below).
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IIT.2.%.~ Conclusion

It is the conclusion of this work that the best yield of
p-~aminophenol is obtained with a low potential at a copper
cathode, using a well stirred oxygen-free solution in I1-propancl/
water containing sulphuric acid (3M). Indeed, under these
conditions the organic yield and current efficiency for p-
aminophenol compare well with earlier investigations (table 3.13%).
It can be seen from those results that using a saturated solution
of 50% 1-propanol/50% water it was possible to obtain p-aminophenol
yield of 82% at a current density of 100 mA.om™> and 76% at 150 mA.

-2
cm °
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CHAPTER IV

Blectrochemical reduction of the

o~halonitrobenzenes to the aniline

TV.1.—~ Results o-fluoronitrobenzene reduction

IVelele~ Electroanalytical Experiments,

Steady State. Current-Potential relationship.-

Polarization curves for solutions of o-fluoronitrobenzene on
Hg at different pH values were obtained and typical results are
shown in fig.k.1. In weakly acidic medium (pH = 5), one wave is
observed, E% = =66V, The current initially increases exponentially
with potential then reaches a value which is independent of potential
before finally it again increases due to hydrogen evolution. In more
acidic solution (pH = 1), two waves are observed, with half wave
potential values of Eq% = =, 14V and Ez% = -,65V, the ratio between the
limiting currents is approximately two (IWL/IzL). The concentration
dependence in weakly and strongly acidic medium is linear with slopes
of one, fig.4.2. A replot of the I-E data give a Tafel region with
slopes of 110 man.

The current-potential curves for the reduction on copper and
zinc, under similar conditions were also obtained and a single reduction
process was observed in acidic media, fig.4.3., In the case of Zn, the
I-E curve is distorted by the anodic current for the dissolution of the
metal which is observed at potentials positive to -0.8V.

Steady state curves for nitrobenzene, o-chloro~ and o-bromo-
nitrobenzene on mercury were also obtained by linear sweep voltammetry

at a very low sweep rate (9= 0,005 vswq)and the results are shown in

table 4ole












Table 4,1
1 2
X E E
= »/V /V
H 0.26 0.75
¥ 0,22 0.71
cl 0.18 0,70

0.56
0.45
0.75

Cyclic voltammetry of O»-X—-C6H4NO2 in 0.1M HZSO4. Data

taken from voltammograms at a sweep rate of 0.005 V.s

Heg electrode.

1

91.
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Cyclic Voltammetry.-~ Cyclic voltammograms were recorded

for the o~fluoronitrobenzene compound (‘10”"3 - 1OM1M) in 50% ne
propanol/water, in acid medium (pH : 1-5), on a mercury electrode
and over a range of potential scan rates (0.005-0.5 Vsmq). Typical
results in acidic medium, figure 4.4. At the slowest potential
scan ratey 5 mvgq, and pH = 1, two reduction processes at Eqp =
~0,22V and E2P = =0,71V were observed, both were totally irreversible,
With increasing potential sweep rate, however, the reduction process
at more negative potentials becomes relatively less important (see
figelte5) and, indeed, over .3 Vs~ this peak is not observed on the
cyclic voltammogram.

The cyclic voltammograms run in an ammonium chloride medium
(pH = 5) and an acetate buffer (pH = 4) showed, at all potential scan
rates, a single reduction process. The reaction occurs at more
negative potentials, il.e. -0.73V in NHucl and the peak current density
for the process is at all sweep rates much lower than that for the
first reduction in the sulphuric acid solution (fig.h4.6).

Over the range of concentration and pH studied, peak currents
were directly proportional to concentration, The half wave potential
was independent of concentration but shifted to negative potentials as
the pH increased. The Ep Vs log ¥ plot was linear with slope of ~30mV
(figelta7)s The peak current depends on the pH in this region and the
extent of the variation with pH changed with the potential scan rate.
The Ip Vs %'plot showed that the reaction is diffusion controlled
and assuming n=¢a D value of 2.9 x 1072 ens” ! was calculated. The

variation of some other parameters are shown in Table 4.2.















Table 4.2

Dependence of Ex)and Ip with experimental

parameters. OnFC6H4N02.

2Ep _ '
(3 wu-0 (Qg8),., -

....._...E. ol V

C
pH > 1
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The I~E curves for o-~fluoronitrobenzene at zinc, lead, and
copper all apparently show a single reduction process although
lead is covered by a lead sulphate layer and the zinc corrodes in
the acid medium at the potential when the substrate reduces,
Therefore, in view of the low yield at copper, mercury was used as
cathode in later experiments. Lead would appear to be a good
practical alternative.

The I~E curves for soclutions of nitrobenzene and o~chloro-

H

nitrobenzene have essentially the same form, At pH = 5 only a single
irreversible reduction peak is observed while at pH = 1 two reduction
progesses are seen at slow sweep rates, The peak potentials and the
ratio Iap/Iqp vary slightly with the substituent, see Table 4.2, and
the electron withdrawing groups assist the reduction to a small extent.

The second reduction process for the o~bromocompound was not observed

under the conditions of the experiment.

Coulometry.~ Coulometry experiments were carried out at 4.5
X 10“2M and saturated o-fluoronitrobenzene solutions in 50% 4-propanol/
water at different cathodes and pH values., In each experiment, the
current and charge were monitored as a function of time and the products
were identified and estimated at the end of the electrolysis, The I-Q
data was extrapolated to I = O in order to permit the calculation of
the number of electrons transferred per molecule of the nitrobenzene,
The electrode potential was always chosen to lie in the plateau region
of the I~E polarization curve, and the n values obtained from the

coulometry experiments range from a value of four in slightly acid
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solutions to six in stronger acid solutions (0.1M .HESOQ). Most
of the experiments were run on a mercury cathode as the results
of the analysis suggested that this was the appropriate cathode
for o-fluoroaniline production.

Coulometry experiments on o-chloro and o-bromonitrobenzene
in similar conditions to that of the fluorocompound were also
performed. In the cases of o~fluoro and o-chloronitrobenzene, the
results show a similar behaviour. The results of the bromocompound

are different (table 4.7).

IV.1 -2.."" AnaleiS.n

The analysis ofproducts was performed in a similar way to
that in the previous chapter., For the g.l.c. analysis a 5% OV~17
column was used with the same temperature programme as before (pagel3),
well resolved peaks were obtained for both, the standards and the
reduction products. The organic yield of products was calculated by
comparison of the area under the peaks with those for standards of known
concentration. Mass spectrometry was again used to confirm the identity
cf the products.

The table 4.3 shows the g.l.c. retention times and mass
spectrometry data for standards and electrolysis products, and some
typical chromatograms are shown in the appendix, The analysis was
performed for electrolyses on copper, mercury and zinc, at different

acid concentrations and these results are shown in tables Lo, 4,5 ang

4.6.
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IVele3e~ Effect of the acidity of the medium

Controlled potential electrolyses were carried out in
L.5 x 10”2M o-fluoronitrobenzene, 50% 1-propanol/water solutions
on a mercury electrode, to identify the dependence of the products
on the acidity of the medium. The electrode potential was fixed,
as mentioned before, in the plateau region of the I-E curve.

The electrolysis of the fluorocompound at -0,9V and pH = 5
led to a low yield of 'Bniline and a low n-value (table 4.4). The
gelec. trace showed the presence of some coupled product but the
major product has a retention time Just less than that for o-fluoro~
aniline. The parent peak from the mass spectrum for this product is
apparently 125, Table 4.%, which is the molecular weight of o-fluoro-
nitrosobenzene, and the fragmentation pattern is reasonable for this
compound. On standing, the catholyte composition changed, the yield
of coupled product increased at the expense of this major product,
this is also to be expected if the product is the nitrosobenzene.

On increasing the acidity of the medium, the yield of aniline
increased, and at 0,1M sulphuric acid solution the yield of the o~
fluoroaniline reached its highest value (table 4.4); on further increase
in proton concentration, %faminophenol began to form. It was also
observed, that the o~fluoronitrobenzene concentration could be increased
without affeecting the yield of the aniline, and using a saturated
solution, the yield was 79% and the current density increased to well

above 100 mA.cmna.
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IVelele= Effect of the cathode material

Controlled potential electrolysis and coulometry experiments
were carried out to determine both the dependence of the products
of the reaction with the material of the cathode, and the total
number of electrons transferred n. The results are shown in table
4.5, the highest yield value for the o-fluoroaniline production
was obtained on a mercury cathode (78.4% organic yield), further
electrolysis were run by using this electrode as cathode.

In the case of Zn,the electrode corroded rapidly during the
electrolysis, and it was necessary to replace it before each
experiment. However, o~fluorcaniline was the major product. Copper

gave a lower yield of the aniline.

IVe1.5.~ Effect of theortho substituent

Electrolysis of o~halonitrobenzenes were carried out in sulphuric
acid (0.1M) to determine the effect of the substituent on the
reduction of the nitro group, the total number of electrons transferred
were also determined. The results are shown in table 4.6; as we can
see, the highest percentage of the o-haloaniline was obtained for the
o~fluoronitrobenzene reduction where the C-X (X = halogen) bond is
strong. The yield is, however, not sensitive to substituent except for
o-bromonitrobenzene where cleavage of the carbon-halogen bond is a
major side reaction. The yield of o-bromoaniline is only 42% and
nitrobenzene, aniline and unsubstituted coupled products could be
identified in the catholyte after electrolysis, by study of their mass
spectra and comparisom of their retention times with those of

standards or similar compounds.
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IV.2e= Discussion and Conclusions

IV.2.1.- Preparative aspects

The selection of the reaction conditions were based on earlier
studies of nitrobenzene reduction (see Chapter III), and the
literature which recommended a slightly acidic medium (1). The early
experiments were performed in 1-propanol/water, pH:5 solutions on
copper and mercury electrodes; under these conditions, the coulometry
results showed the transference of 4e in the reduction process, and
the g.l.c. and mass spectrometry a high yield ( > 70%) of a compound
molecular weight 125, thought to be the o-halonitrosobenzene, and a
low yield value in the haloamine formation. In further experiments,
the effect of the cathode material (table L4.5), the acidity of the
medium (table 4.4), and the o-substituent (table 4.6) were studied.

The results showed the best yield of the haloamine when working at the
mercury electrode, the more acidic medium (.1M Hasog), and the fluoro-
compound as the electroactive species. Under these conditions, the
organic yield of the amine was 78.4%, at a current density of 30 mA.c:mm2
(for 45 mM). Experiments using saturated solutions (0.76M) of
o-fluoronitrobenzene give an organic yield of 75% at current densities
values well over 100 mA.cm .

The table 4.7 summarises the results of this study, and compare
the tendency toward the haloamine formation with other rhysical
properties of the C~X bond. The results show that in the cases of
o-fluoro- and o~chloronitrobenzene, carbon-halogen bond cleavage does

not occur, and instead good results are obtained for the haloamine

formation.
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CHAPTER V

Nitrobenzene and o~fluoronitrobenzene electrochemical

reduction at a parallel plate reactor with recycled electrolyte

Vela= Comments and objectives.

The results in previous chapters revealed that the electrochemical
reduction of nitrobenzene and the halonitrobenzenes is very much
dependent upon the solvent, the cathode material, the electrode
potential, the concentration of acid and the rate of stirring of the
catholyte. But from the studies reported in Chapter III it is clear
that conditions could be found where the material yield for the
p-aminophenol production was over 75% at a current density of 150 mAcmmz.
Similarly from the work described in Chapter IV, conditions where
anilines could be obtained in yields exceeding 75% at current densities
above 100 lrm&..cm"2 could be defined. In all these experiments, a batch
type reactor with agitation was utilised, and after the electrolysis,
the catholyte was separated and worked up to isolate the products. The
data does not, however, allow any assessment of economic viability.

In this chapter, the initial scale up of these processes is
considereds. The conditions employed are closer to those in an

industrial electrochemical process, and the data obtained allow a more

realistic assessment of the economic potential of the reactions.

Ve2e= Industrial cells

Cell design is of crucial importance because commercial cells must
pass thousands of amperes to allow product in any quantity to be formed.

For any reactor to be selected as being suitable for industrial
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applications, some engineering figures of merit (1) e.g. material
efficiency, current efficiency, energy yield and space-time yield
must be examined. The material efficiency © (or material yield),
and the current efficience @ (or current yield), previously

determined, are defined by

moles of starting material converted to product
moles of starting material consumed

x 100 and

x 100

g - charge used in forming product
total charge consumed
The energy yield EY (or energy consumption), and the space~time
yield 8TY are defimned as the electric power required to make unit
weight of the product and the rate of production per unit volume of
reactor respectively, and can be calculated from the expressions

total energy consumed _ 2.8.107% nEv

-
weight of product formed @ M Kwh Kg

EY

(V is the cell potential and M the molecular weight of product)

and

moles of product formed 3 " h~1

— mol x dm~
reactor volume x electrolysis time

STY =

In the light of this examination, a decision can be made as to whether
or not the reactor is acceptable for a particular reaction. Normally,
high values of these figures are desirable (except for energy yield)
but they are not obtained because of parasitic or parallel reactions,
high values of cell resistance or low surface area per unit volume of
electrolyser. Nevertheless, one can choose the most suitable range of
operation of the reactor and then optimise the economics by using a

cost equation. Another important factor when designing the reactor
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is the cost and lifetime of the cell itself, and while this is a
figure of merit difficult to quantify, it is clear that the initial
cost, performance and lifetime of all cell components will affect
the design of the electrolysis cell. Maintenance is another factor
to be considered in cell design. Overall,cost studies suggest the
use of simple cell designs with simple electrode geometry.

Chemical engineering recognises three broad types of reactor.
These are:

a) the batch reactor

b) the plug flow reactor

¢) the backmix reactor
and numerous examples of these types of reactor can be found in the
electrochemical literature (2,3). They include among others, the
capillary gap cell (4), the parallel tubular cell (5), the rotating
shear flow cell or pump cell (6), the packed bed cell (7), the bipolar
fluidised cell (8), the bipolar trickle tower cell (9), the fluidised
bed cell (10), the bipolar packed bed cell (11), etc.

In practice the reactor system may be morecomplex. It is possible
to introduce partial or complete recycle of the outlet stream, to
consider the use of multistage setups with reactors in series or
parallel and to introduce feed or heat management between stages. In
any case all these factors must be taken into account when considering

the cost of the electrolytic process.
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Ve3e~ Cell used in this study

In all this work, a parallel plate reactor was utilised. The
selection was made on the basis of a qualitative evaluation of
practical requirements for an industrial cell i.e, simple electrode
geometry, simple cell design, low cost, long life, etc. The two
metal plates (WE = Cu, SE = Pb) were 56 cm2 in area and fixed
parallel to each other at a distance of 1 cm, and separated by a
Nafion cationic membrane: incorporated to avoid the mixture of
catholyte and anolyte. The cell body was an acid resistant material
(PTFE), and the two ends of the cell were open, with a special design
(fig.25) which allowed a uniform flow distribution of electrolyte
over the electrodes. The cell was designed with separated and
recycled anolyte and catholyte flows for the same reason as before.
In all the experiments, the maximum flow rate was utilised and under

these conditions, the Reynolds number defined by

Re = f3 v.d
jf,ﬂl
where f9 = electrolyte density
v = mean linear velocity
d = equivalent diameter

A = viscosity

_11. 057,16
Re =1 1102

was

=100

This corresponds to.lamimav flow conditions.



119.

Velte— Results of the parallel plate reactor

The electrochemical reduction of nitrobenzene and o-fluoronitro-
benzene were carried out in this flow cell, in order to investigate
the dependence of these reactions on scale. The flow circuit was
shown in fig.2.7 » The electrochemical reduction of nitrobenzene to
p~aminophenol was studied first, and in view of the results in chapter
three, the expériments were run in strong acidic media and at the
highest flow rate allowed by the arrangement. The results are shown
in table 5.1. In the experiment at 100 mA.cmma, the p-aminophenol
yield was lower compared with the results in the small batch cell, but
an unexpected increase in yield was found at higher current densities.
This can only be attributed to local heating caused by the high current
circulating through the cell (it is known and confirmed by the previous
results that an increase in temperature is favourable for the
rearrangement of the phenylhydroxylamine to p~aminophenol). If the
current density is further increased (i.e. to 500 mA.cmmZ) the complete
reduction to aniline became the main reaction, and some parallel
hydrogen evolution occurs.

The effect of lowering the acid concentration was investigated.

The use of a very high sulphuric acid concentration produces problems
in any extraction circuit. Hence it was hoped that under rapid {low
conditions, where the proton in the reaction layer at the electrode
surface is rapidly replaced, p-aminophenol might be formed in less
acid conditions. It can be seen that this hope was not fulfilled and,
indeed, as at higher current density, aniline is formed in excellent

yields, see table 5.2. Particularly at a current density over
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300 m}\k.cmm2 the aniline yield is very high, a value as high as 90%
organic yield can be obtained at .5 A.cmmz. The electrolysis of o~
fluoronitrobenzene at a current density of .2 A.cmm2 and .M H2SOA
solution yields 75% organic yield and 70% current yield. Since high
material yield and current yield values for the anilines formation
were obtained at this high flow rate, the effect of lower flow rates

was not studied.

V.5e~ Discussion

As discussed above, the development of industrial electroorganic
processes remains a challenge, mainly because of the requirements of
space-time yield and energy consumption. Although the parallel plate
cell fulfils the need for simple and cheap design, these types of cells
have a low surface area per unit volume leading to a low space~time
yield. For reactions which are limited by the mass transfer of the
substrate, the capacity of the cell can be increased by increasing the
mass trensfer rate and this can be achieved by flowing the electrolyte
along the surface of the electrode or by the rotation of the working
electrode., In this way high current density values are obtained. From
a practical point of view i.e. cell size, system design, €c, flowing
electrolyte is, obviously, to be preferred. Since the results obtained
in a batch cell (Chapter 3) suggested the use of a well agitated medium
for p-aminophenol production, in this system the experiments were
performed at the highest possible flow rate (18 L/h). The Reynolds

number calculated under these conditilons was 10() which indicates
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flow of electrolyte under lawminarv conditions.[he mass tramsport

rate could be increased substantially by hﬁmduchw? turbulence promoters
e.9.a plastic met close to the plate electyode. The results also

show the effect of the local heating achieved by the high current
passing through the cell and confirmed more effectivity when the
electrolyte was heated externally.

In the table 5.3 the results of this study for p~aminophenol
production are compared with those from other studies in which
different cell designs have been used and we can see that they
compare well with these other attempts to produce p-aminophenol.

Electrolyses in more dilute acid solutions led to aniline rather
than p-aminophenol. Under the conditions - current density 200 mA.cmmz,
18 L/h flow rate and 0.1M sulphuric acid, the aniline is produced at
95% and 93% organic yield and current yield respectively. In the case
of o-fluoronitrobenzene reduction to the o~fluorcaniline, these values
were 75% and 70%. The energy efficiency was calculated in several of
the experiments (table 5.4) and they show that at high current density
values the consumption of electric power also increases although there
is no appreciable change in the material yield. Hence an increased
output of products (STY) is obtained but at the cost of EY. The results
reveal that the best conditions for p-aminophenol production in this
system are, the use of a high flow rate (18 I/h), a current density in
the range .2 to .25 A..cm"2 and a strong acidic medium (3M HESOQ), Under
these conditions, the aminophenol was produced at a 76% material yield
and 5.7 Kwh Kg~1 energy yield. 1In the case of the anilines, dilute acid
solutions (.1M HZSOQ) must be used and it was possible to obtain 95%

material yield and 10 KwH Kg;m/g energy yield in these cases.
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APPENDIX
GLC Chromatograms and Mass Spectra of

standards and electrolyses products






































