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A new type of organic electrosynthesis reactor with a
two-phase gas-electrolyte stream flowing through a
mercury cathode. II. Limiting currents and
mass-transfer studies in organotin electrosynthesis
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A new electrochemical reactor involving a mercury cathode and a two-phase (gas-liquid) flow has been
studied with a view to continuously manufacturing hexaphenyl and hexabutyldistannane by reduction
of triorganotin chloride R3SnCl. In each case the interpretation of the determining step of the process is
discussed after a study of the electrochemical kinetics. In the reactor an efficient renewal of the cathodic
surface is obtained by passing the electrolysis solution together with nitrogen gas through the

mercury pool. Results of mass transfer rate studies with the cell working either as a plug-flow reactor or
as a continuously stirred reactor are compared for different gas and electrolyte flows. The experiments
show that gas and electrolyte flows through a mercury pool offer attractive possibilities of application
for large-scale preparative electrolysis, by solving simultaneously the problems of mass transport and
electrode surface renewal.

1. Introduction , mercury-pool cathode lying on a fritted glass disc
through which passes a two-phase stream of inert
In electrolysis plants using a mercury-pool gas and electrolyte. Using this technique on a

electrode the use of a circulating solution is a good  small-scale device, it was demonstrated that the
means of solving the mass transfer problem while continuous electropreparation of distannanes such

at the same time providing for renewal of the as Ph3SnSnPh; or Bu3SnSnBuj is readily
electrode surface. Besides these advantages, performed. In order to predict the overall size of
electrolysis with a circulating sofution offers the the electrode required to manufacture these
well-known possibility of constructing cells for products at a given rate, it seems worthwhile to
continuous electropreparation [1-6]. On the study the mass transport characteristics of such a
other hand, interest has been expressed recently two-phase flow cell. For this purpose it is
in the enhancement of mass transfer at an necessary to know how the kinetics of the elec-
electrode by gas stirring [7-14]. Ibl ez al. [7] have  trode reaction depends on the concentrations of
examined gas-stirred cells and have pointed out the reactants and on the flow rates of gas and
that gas sparging is an efficient and economic electrolyte. This paper reports an experimental
means of stirring an electrolyte. investigation of the mass transfer problem for two
In a previous paper [15], the idea was intro- operating modes of the reactor: the continuously
duced of employing an electrolyser with a stirred reactor (CSR) and the plug—flow reactor
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(PFR) [15]. The study is limited to Ph3SnCl and
Bu3SnCl reductions in methanol to test the mass
transfer behaviour of the reactors.

2. Electrolysis cell
2.1. The two-phase flow cell and its operation

The experimental conditions, in particular the
position of the mercury cathode in the cell, the
external circuit, the electrolyte chosen and the
working potentials correspond closely to those
described previously in Part I [15]. The electro-
chemical reactor was also described there. Exper-
iments were carried out with the reactor operating
in two modes: PFR and CSR.

2.2. Comparison with a traditional mercury pool

To allow comparison of mass transport between
mercury agitated by electrolyte and/or gas flows,
and mercury mechanically agitated, a similar, but
smaller cell (100cm? of catholyte) with a 20 cm?
area cathode, magnetically stirred, was used to
record polarization curves.

3. Mass transport characteristics and measurements
3.1. General considerations

Diffusion and forced convection are the two
modes of mass transfer whose rate may be deter-
mined by measurement of the limiting current for
the cathodic reduction. In the presence of an
excess of supporting electrolyte the transport of
the reactant to the interface depends on its dif-
fusion coefficient as well as on the prevailing
hydrodynamic conditions.

The mass transfer rate V at the electrode is
related to the current 7 by the relation

I = nFAN = }’ZFAk(C_Cel)

where nF is the quantity of electricity per mole
involved in the reaction, 4 the effective surface
area of the electrode, k¥ the mass transfer
coefficient and C the reactant concentration in the
bulk solution. Cg;, the concentration at the
electrode, is practically zero at the limiting current
I, which is given by

I, = nFAkC. (1)

On the other hand, the reduction of organo-
halostannanes on mercury is known to involve
strong adsorption phenomena [16-23]. Now
adsorption has an important influence on the
kinetics of electrode reactions. In the case of the
mercury electrode, the current-voltage polaro-
graphic curves do indeed show the influence of
adsorption on the electrode processes [24~26].
This can be proved from the characteristic changes
in the shape of the electrocapillary curves. These
curves have been obtained by plotting the
formation time of mercury drops (proportional to
the interfacial surface tension of the liquid elec-
trode) against the polarizing voltage.

3.2. Case of Ph3Sn(Cl

The current—voltage curves for the reduction of
Ph3SnCl (Fig. 1) reveal the existence of a current
plateau for potentials beyond — 2.2V with respect
to Ag/Ag”. Reduction of Ph;SnCl at this potential
is a two-electron process leading to Ph3Sn™ via
Ph3Sn’, and thereafter to Ph3;Sn8nPh, by chemical
steps [18, 20, 22, 15]. Beyond — 2.2V, the elec-
trode is operating at the diffusion-controlled
limiting current.

3.3. Case of Bu;SnCl
The current—voltage curve for Bu3SnCl (Fig. 2,

curve 1) exhibits a diffusion plateau for the first
reduction wave (A) at — 1.7V only for weak
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Fig. 1. Cathodic current versus potential for the reduction
of Ph;SnCl on the mercury electrode in the PFR. Flow
rate: electrolyte 1.68 X 1072 m® s~ m~2; nitrogen

3.75 X 10> m® s~'m~2. Reactant concentration in MeOH,
0.5M LiClO,: (1) C= 2.5 X 10 moldm™3; (2)

C =15 X 10"° moldm~3. Currents and flows are given for

1 m? of horizontal cross-section of the cathode. Potentials
are given with respect to Ag/Ag™*.
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Fig. 2. Cathodic current versus potential curves for the
reduction of Bu,SnCl on the mercury electrode in PFR.
Flow rate: electrolyte 1.68 X 10~% m®s™' m~?; nitrogen
3.75 X 107*m® s~ m~%, Reactant concentration in MeOH,
0.5 M LiCl: (1) C = 3.7 X 1073 moldm3; (2) C= 7.4 X
10-* moldm™3. Currents and flows are given for 1 m? of
horizontal cross-section of the cathode. Potentials are
given with respect to Ag/Ag*.

concentrations. The second wave (B) at — 2.0V,
which is coalesced with the first (Fig. 2, curve 2),
shows no marked diffusion plateau for concen-
trations up to 5 x 1073 mol dm ~® which are used
in electropreparations. In the latter case it is the
charge transfer and not the mass transfer by dif-

I (102 am?)

/ 10 30

| | | 1

Concentration C (1073 mo} dm™3)

Fig. 3. Plots of limiting current against concentration C
of Ph,SnCl in MeOH, 0.5 M LiClO,. Magnetic agitation:
2 Hz, (a) on half of the mercury pool surface (20 cm?),
(b) on the whole of the surface. PFR: electrolyte (gas)
flow rate (X 1073 m®s™' m™?): (c) 0.96 (3.75), (d) 1.29
(3.75), (e) 1.68 (3.75), (f) 1.68 (7.08). Currents and
flows are given for 1 m? of horizontal cross-section of the
cathode.

fusion which limits the overall rate of the process.
This assumption will be discussed in Section 4
with the aid of polarographic studies of BuszSnCl
in methanol solution. Nevertheless, thiee arbitrary
values for the voltage were chosen (— 1.7V,

— 1.9V and — 2.1 V) to allow comparison of the
currents as functions of concentration (see Fig.

5 below).

3.4. Choice of the test reaction

The mass transfer at the mercury—solution inter-
face was studied for the case of the reduction of
Ph3SnCl, for which measurements of the limiting
current allow the mass transfer coefficient to be

calculated using Equation 1.

4. Relationship between current and concentration

In this study, the reactor was operated in plug-
flow mode and its behaviour was compared with
that observed with a mercury bath agitated by
magnetic stirring.

4.1. Case of Ph3SnCl

In Fig. 3 the variations in limiting current are
shown as a function of the concentration in
Ph3SnCl for various flow rates of nitrogen and
electrolyte as well as for two different degrees of
magnetic agitation. The proportionality between
limiting current and concentration of the active
species (Equation 1) has been verified up to a
concentration of 2 x 1072 mol dm ™3 for Ph;SnCl
(Fig. 3). At high reactant concentrations the
values of the limiting current for the reduction of
Ph;SnCl tend towards a limit which depends on
the hydrodynamic conditions (Fig. 3). Attempts
to correlate the existence of this saturation of the
limiting current with adsorption phenomena such
as are observed in the electropreparation of some
organic compounds [27] meet with little success
in the case of Ph3SnCl. Indeed, the electro-
capillary curve of Ph3SnCl 103 mol dm ~3in
methanol (Fig. 4) shows no evidence for appreci-
able adsorption of the final product of the reduc-
tion for working potentials more negative than

— 1.85V with respect to Ag/Ag". So we may
assume that in the case of the reduction of
Ph3SnCl at a working potential of —2.2V and
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Fig. 4. Electrocapillary curve: (a) MeOH, 0.5 M LiClO,;
(b) 1.2 X 107* moldm~* Ph,SnCl in the same solution.
Drop time of mercury: £; maximal drop time: t,,. (¢)
Polarographic current versus potential curve of the same
Ph,SnCl solution (Polarograph: Metrohm E 506
polarecord).

at concentrations greater than 2 x 1072 mo] dm 3

adsorption phenomena are not likely to bring
about saturation of the limiting current. However,
an explanation for this change in the apparent
order (Fig. 3, curve a) of the reaction may be
found in the formation of a coating of insoluble
solid hexaphenyldistannane which masks the
electrode surface; the elimination of the coating
then becomes the limiting step in the process. At
low Ph;3SnCl concentrations (C < 2 x 1072 mol
dm™?), on the other hand, the rate of removal of
the product becomes greater than its rate of
formation under the prevailing hydrodynamic
conditions; in this case, the limiting current is
once again proportional to the concentration.

4.2. Case of Bu3SnCl

The variation of the current with respect to the
reactant concentration for three working poten-
tials are shown in Fig. 5. It appears that the
relationship is linear only for low concentrations
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Fig. 5. Plots of current against concentration C of
Bu,SnCl. Reduction in PFR at: (1) — 1.70V; (2)
—1.90V; (3) — 2.1V (with respect to Ag/Ag*)in 0.5M
LiCl, MeOH at 1.68 X 10> m?® s~' m~2. Gas flow rate:
3.75 X 107®* m® s~'m~2. Currents and flows are given for
1 m? of horizontal cross-section of cathode.

(€< 0.5 x 1072 mol dm~3). One possible expla-
nation of such behaviour would be the effects of
adsorption on to the mercury electrode. Indeed,
the polarographic characteristics (Fig. 6) of the
prewave A; and the shape of the electrocapillary
curve prove that the final product of the reaction
is adsorbed for working potentials up to —2.1V.
So, for cathode working potentials less than
— 1.6V, ie. those used in electropreparations,
the currents observed are in fact always due to
the reduction of the reactant Bu3SnCl through
an adsorbed film which slows down the electrode
process.

Furthermore, during electrolysis of solutions at
high Bu;3SnCl concentrations (C > 1072 mol
dm™3), the thickness of the film increases rapidly,
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Fig. 6. Electrocapillary curve: (a) MeOH, 0.5 M LiC10,;
(b) 107> moldm~2 Bu,SnCl in the same solution. Drop
time of mercury: #; maximal drop time: fy,. (c)
Polarographic current versus potential curve of the same
Ph,SnCl solution: (d) residual (Polarograph: Metrohm
E506 polarecord).

and the rapid dimerization of the tributylstannyl
radical BusSn’ creates a coating of insoluble liquid
hexabutyldistannane, which becomes visible. Thus
the current, which is controlled by diffusion for
concentrations less than 5 x 10™* mol dm 2 (first
wave A at— 1.7V, curve 1 in Fig. 2) is slowed
down by the surface coating substance. At con-
centrations above 102 mol dm ~3, the charge
transfer is slowed to such an extent that the elec-
trode process becomes limited by the elimination
of this coating of insoluble distannane by hydro-
dynamic stirring.

5. Relationship between limiting current and flow
rate of electrolyte

5.1. Plug—flow reactor

The maximum value of the Reynolds number

(Re < 160), calculated using the diameter of the
cell at the level of the mercury bath (d = 0.1 m),
implies that, in all cases, a laminar flow regime
prevails at the mercury—-electrolyte interface. The
two-electron reduction of Ph;SnCl was carried
out to test the operation of the electrode in the
flowing solution. Fig. 7 represents the logarithmic
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Fig. 7. Dependence of the limiting reduction current [
for 1072 mol dm~* Ph,SnCl on liquid linear velocity u
for the PFR. MeOH, 0.5 M LiCIO,. Gas flow rate:

3.75 X 1073 m® s~* m~2, Currents are given for 1 m? of
horizontal cross-section of cathode.

dependence of the magnitude of the limiting
current on the linear velocity of the solution at
constant reagent concentration and gas flow. The
first point (mean linear velocity u = 4.74 x 10™*
ms~!) lies off the straight line because below

9x 10 ms™" the electrolyte flow passes
preferentially through an outer ring in which the
mercury bath is thinner than in the middle because
of a slight concavity in the sintered glass. When the
flow rate reaches a value of about 9 x 10™*ms~!,
the electrolyte suddenly starts to well up across
the whole surface of the mercury bath. After this
change, and for concentrations of the reactant
Ph3SnCl less than 2 x 1072 mol dm ™, the limiting
current /; is proportional to the mean velocity u of
the electrolyte raised to the power 0.35 = 0.05:

Il o u0.35‘ (2)

The linear plots cover velocity values from

9 x 107 to 1.8 x 103 ms~. This correlation is
thus consistent with the equation of Levich [28]:
Iy <u”, in which # is a constant dependent on the
form of the electrode. Along with velocity, the
diffusional flow is a function of the geometric
conditions of the flow, the viscosity and the
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diffusion coefficient of the reactant. In the case of
laminar flow, experimental results {29, 30] for
various systems and types of operation give values
for n between 0.50 and 0.33.

5.2. Continuously stirred reactor

In this mode of operation, variations in the
methanol flow rate have hardly any influence on
the limiting reduction current when the
volumetric flow rate of nitrogen is sufficient
(28x 107 m®s™* or3.5x 107> m3s™" per

m? of horizontal cross section of cathode) to
ensure the elimination of the product formed in
the electrolysis.

6. Relationship between limiting current and
nitrogen flow rate

6.1. Plug—flow reactor

A definite increase in the value of the limiting
current is observed if a nitrogen flow is super-
imposed on to a given electrolyte flow (Figs. 3

and 8). According to Jennings et al. [8], in electro-
lytic cells with two-phase (liquid—gas) flow, the
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Fig. 8. Influence of the gas volumetric flow rate Q on
limiting current: (a) CSR; (b) PFR. Electrolytic flow =
1.29 X 10*m®s~*m~2. 0.018 mol dm~? Ph,SnCl in
MeOH, 0.5 M LiClO,. Currents and flows are given for
1 m? of horizontal cross-section of the cathode.

observed mass transfer enhancement results mainly
from an increase in the linear velocity of the liquid
phase due to a reduction in the effective cross-
sectional area due to the presence of bubbles. Thus
the I, value increases as the flow rate of 1,
increases; however, the effect here is less significant
than the hydrodynamic relationship (Equation 2)
might allow us to hope. In our experiments (Fig.
8, curve b) the gas-phase volumetric flow rate was
increased to just over 4.5 times the liquid volu-
metric flow rate, and consequently, if we assume
that at the same time the linear velocity u of the
electrolyte should be multiplied by a factor of
about 5.5, it results from Equation 2 that the
limiting current must be raised by a factor of 1.82.
In fact, it was observed that for a nitrogen flow
rate @ = 6 x 107> m3 s 'm~2%, the current was
only 1.3 times greater than that for a flow rate
0=13x10"%m’s 'm™2.

This increase in I, smaller than that predicted
by Equation 2, is explained by the blocking of
the effective electrode area which occurs when the
gas bubbles burst at the surface of the mercury.
Nevertheless, increasing the nitrogen flow rate in
the plug—flow reactor results, on the one hand, in
an enhancement of the mass transfer coefficient k
by increasing the circulation rate of the electrolyte,
and on the other, in an improvement in the
elimination of the insoluble film of distannane.
As a result, this operating mode was chosen for
preparative runs (see part I).

6.2. Continuously stirred reactor

When the catholyte is fed into the reactor through
the top, the bubbling of the nitrogen plays an
essential role in maintaining a productivity
equivalent to that of the plug—flow reactor. Fig. 8
shows the existence of a threshold in the nitrogen
flow rate (0.54 x 1073 m®s ™' m~?) above which

a sudden increase in limiting current appears.
Beyond this threshold, the increase in current as a
function of the nitrogen flow rate becomes com-
parable to that observed in the case of the plug-
flow reactor. The threshold value corresponds to
the appearance of gas bubbles bursting across the
whole mercury surface. Cutting the nitrogen flow
causes the current to drop immediately to a low
value; this latter phenomenon is due to the mask-
ing of the whole electrode surface.
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7. Conclusion

The purpose of this study was to test a new
electrochemical reactor for use in the continuous
manufacture of two distannanes: Bu3SnSnBuj; and
Ph,SnSnPh,. Electrolysis tests were conducted
with the solution recycling between the reactor
and the separator where the insoluble distannanes
were removed. Reduction of Bu;SnCl on mercury
in methanol to produce the Bu;Sn" radical is a
reaction limited by charge transfer through an
adsorbed layer and a coating of insoluble hexa-
butyldistannane. Reduction of Ph3SnCl, limited
by mass transfer at concentrations below

2 % 1072 mol dm 3, was used to test the mass
transport characteristics of the mercury—solution
interface.

The following conclusions were reached: (a) In
the case of the PFR, the limiting current is related
to the electrolyte flow rate by a correlation
characteristic of laminar flow regimes. (b) In the
case of the CSR, performances close to those of
the PFR could be obtained, as long as the inert gas
stream through the mercury was maintained. The
plug-flow reactor, which provides a better
elimination of the insoluble product formed, was
finally chosen for long-term operation.

This investigation has made possible the collec-
tion of a stock of electrochemical, energetic and
mass-transfer data which can be used for a theoreti-
cal estimate of the productivity of a larger elec-
trolysis cell operating under the same conditions in
the region of electrolysis. Among these results, the
most valuable in the scale-up to a larger prototype
are such data as the variation in overvoltage with
current density for various reactant concentrations
and the variation in the rate of convective mass
transfer as a function of fluid velocities.
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