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Two-phase flow electrosynthesis:
Comparing N-octyl-2-pyrrolidone–aqueous
and acetonitrile–aqueous three-phase
boundary reactions
Stuart M. MacDonalda, John D. Watkinsa, Stephen D. Bulla, Iwan R. Daviesa,
Yunfeng Gub, Kamran Yunusb, Adrian C. Fisherb, Philip C. Bulman Pagec,
Yohan Chanc, Claire Elliottd and Frank Markena*
Amicrofluidic double channel device is employed to
J. Phys. Or
study reactions at flowing liquid–liquid junctions in contact with
a boron-doped diamond (BDD) working electrode. The rectangular flow cell is calibrated for both single-phase liquid
flow and biphasic liquid–liquid flow for the case of (i) the immiscible N-octyl-2-pyrrolidone (NOP)–aqueous electrolyte
system and (ii) the immiscible acetonitrile–aqueous electrolyte system. The influence of flow speed and liquid
viscosity on the position of the phase boundary and mass transport-controlled limiting currents are examined. In
contrast to the NOP–aqueous electrolyte case, the acetonitrile–aqueous electrolyte system is shown to behave close to
ideal without ‘undercutting’ of the organic phase under the aqueous phase. The limiting current for three-phase
boundary reactions is only weakly dependent on flow rate but directly proportional to the concentration and the
diffusion coefficient in the organic phase. Acetonitrile as a commonly employed synthetic solvent is shown here to
allow effective three-phase boundary processes to occur due to a lower viscosity enabling faster diffusion.
N-butylferrocene is shown to be oxidised at the acetonitrile–aqueous electrolyte interface about 12 times faster
when compared with the same process at the NOP–aqueous electrolyte interface. Conditions suitable for clean
two-phase electrosynthetic processes without intentionally added supporting electrolyte in the organic phase are
proposed. Copyright � 2008 John Wiley & Sons, Ltd.
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INTRODUCTION

Electrosynthesis in microfluidic reactors[1–4] is a challenging but
potentially highly beneficial approach to clean synthetic
technology[5] in particular in combination with robotic combi-
natorial synthesis processes.[6,7] One objective in flow electro-
chemistry is the minimisation of waste and the elimination of
intentionally added electrolyte that causes separation problems
and product contamination issues.[8] Over the recent years, there
have been several attempts to minimise supporting electrolyte in
electrosynthesis based on (i) easily separated solid support
systems,[9,10] (ii) small gap reactors in which the reactants and
reaction intermediates provide sufficient conductivity[11,12] and
(iii) two-phase flow microfluidic systems in which the reagent
flow and the supporting electrolyte flow are kept separate.[13,14]

The latter approach could be very effective for a range of
standard chemical transformations including oxidations, epox-
idations, ozonolyses, halogenation processes, reductions, hydro-
dimerisations, etc. However, suitable conditions and solvent
systems for these types of processes are required.
There has been considerable interest in electrochemical

processes at static triple-phase boundary systems including
droplet[15,16] or micro-droplet deposits,[17] porous host electrodes
for optimised triple-phase boundary zones,[18,19] microwire-
based electrodes[20] and micro-droplet arrays on lithographically
g. Chem. 2009, 22 52–58 Copyright � 20
modified electrode surfaces.[21] Dynamic triple-phase boundary
processes have recently been demonstrated for a two-phase flow
with N-octyl-2-pyrrolidone (NOP) and aqueous electrolyte in
contact with a gold electrode.[13] A quantitative expression for
electrochemical processes under two-phase flow conditions was
proposed, and the problem of ‘undercutting’ of the organic phase
under the aqueous phase highlighted. Gold electrodes are of
limited use in electrosynthesis applications, and indeed they are
08 John Wiley & Sons, Ltd.
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easily destroyed under anodic polarisation or in aggressive
media. A much more versatile and more durable electrode
material is boron-doped diamond (BDD).[22,23] We have recently
demonstrated the use of BDD electrodes for the electrochemical
formation of peroxocarbonate and peroxosulfate reagents in a
clean catalytic two-phase epoxidation process employing an
acetonitrile–water (electrolyte) reaction mixture.[24] We therefore
consider acetonitrile–aqueous two-phase systems as highly
interesting and important reaction media for two-phase
electrochemistry. In this report, a novel two-phase flow system
with a polycrystalline BDD electrode (highly polished to ensure
laminar flow) is characterised and demonstrated for triple-phase
boundary processes for two contrasting solvent systems:
(i) NOP–aqueous and (ii) acetonitrile–aqueous.
When embedding electrodes into microfluidic devices,

different configurations can be considered. Figure 1A shows a
design in which ‘pre-electrolysis’ is applied and the aqueous
phase is oxidised (e.g. to form ozone, bromine, peroxocarbonate,
etc.) immediately before contact with the organic reactant phase.
In contrast to the pre-electrolysis configuration, in Fig. 1B the

configuration for triple-phase boundary processes is presented.
Here, both aqueous and organic phase are simultaneously in contact
with the working electrode. The electrochemically active reagent is
present in the organic phase and only a thin reaction zone (close to
the triple-phase boundary zone in the centre) is active during the
electrochemical reaction. The high electrical resistance within the
organic phase restricts the reaction zone. Both configurations,
Fig. 1A and 1B, are suitable for ‘clean’ electrosynthesis without
intentionally including electrolyte in the organic phase. However, the
investigation of the triple-phase boundary reaction zone in Fig. 1B is
the main topic in this report. The physical parameters such as flow
rate, viscosity and the diffusion coefficient of the reagent in the
organic phase are investigated for their effect on the efficiency of
triple-phase boundary electrosynthesis processes.
Figure 1. Schematic drawing of a dual flow microfluidic device for

immiscible liquids. (A) ‘Pre-electrolysis’ design where a reactive reagent

is formed immediately before the liquid–liquid interface is established.
(B) ‘Three-phase boundary’ design where reagents are produced directly

at the line interface between the two liquids
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EXPERIMENTAL

Chemical reagents

Sodium perchlorate (99%, Aldrich), KCl, NaCl (both analytical
grade, Aldrich), 5,10,15,20-tetraphenyl-21H,23H-porphine
manganese (III) chloride (95%, Aldrich), acetonitrile (Fisons, for
HPLC), NOP (>98.0%, Fluka), n-butylferrocene (98%, Alfa Aesar)
and hexaammineruthenium(III)chloride (Alfa Aesar) were pur-
chased and used without further purification. Argon (Pureshield,
BOC, UK) was used to de-aerate solutions. Filtered and
demineralised water was taken from an Elga water purification
system with not less than 18MOhm cm resistivity.

Instrumentation

Voltammetric measurements were conducted with a computer-
controlled m-Autolab III potentiostat system (Eco Chemie, The
Netherlands) in staircase mode with a BDD working electrodes
(Diafilm, 5mm� 5mm� 0.6mm polished plates, Windsor Scien-
tific, Slough, UK) and a platinum counter electrode situated
downstream outside the double channel of the cell in the
aqueous flow. A saturated calomel reference electrode (SCE,
REF401, Radiometer) was placed upstream in the aqueous flow.
This electrode was placed as close as possible to the cell inlet to
optimise the potential control. Two synchronised Aladdin-1000
pumps (World Precision Instruments, USA) were used to control
the flow rate of the two phases and to create the dynamic flow
boundary running through the electrochemical cell. All exper-
iments were conducted at 22� 28C.

Two-phase flow cell design and fabrication

The microchannel devices were fabricated in poly-
dimethylsiloxane (PDMS) (Sylgard 184 Silicone Elastomer, Dow
Corning), using standard soft lithographic techniques. Themaster
mould was fabricated using SU-8 2100 (Microchem) photoresist
using a previously published fabrication protocol.[25] The PDMS
polymer was mixed with curing agent at the recommended ratio
(10:1) and allowed to cure over period of 48 h at room
temperature prior to use. All inlet and outlet channels were
500mm wide and 250mm high and the main channel expanded
to twice the dimensions of 1mm width and 250mm height.
Another cured PDMS sheet containing a 5mm� 5mm inlaid

BDD electrode was placed on top of PDMS microchannels to
create a sealed environment using a Perspex clamp. The fabri-
cation process of PDMS sheet with the integrated BDD electrode
consists of two steps: (i) make a leading contact on back side of
BDD electrode using conductive silver epoxy bonding, (ii) place
the BDD electrode into a flat Petri dish and then casting the PDMS
around the BDD electrode inside the Petri dish. After curing,
removing the PDMS from the Petri dish revealed the BDD
electrode embedded within the PDMS block (Fig. 2).
5

RESULTS AND DISCUSSION

Flow cell calibration with a single redox-active phase

Hydrodynamic voltammetry experiments conducted at electro-
des embedded in a rectangular flow cell give rise to characteristic
steady-state current responses with a mass transport-controlled
limiting current as a function of the volume flow rate.[26] An
equation which can be adapted to describe approximately this
ey & Sons, Ltd. www.interscience.wiley.com/journal/poc
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Figure 2. Schematic drawing of the two-phase flow cell systemwith two

syringe pump feeds, external reference (aqueous flow, upstream) and
counter (aqueous flow, downstream) electrode and two PDMS channels

(500mm wide, 500mm high) joining into a combined channel (1000mm

wide, 500 high) in contact to the working electrode (5mm� 5mm BDD
embedded in PDMS)

Figure 3. (A) Hydrodynamic cyclic voltammograms (5mm length BDD

electrode, scan rate 10mVs�1) for a solution of 10mM Ru(NH3)
3þ
6 in

aqueous 0.1M KCl. The flow rates (for the combined channel) are

(i) 3.33� 10�10m3s�1, (ii) 8.33� 10�10m3s�1 and (iii) 1.67� 10�9m3s�1.
(B) Plot of the cathodic limiting current versus the cube root of flow rate.

The dotted line represents the theoretical prediction based on Eqn 1 and

assuming a channel height of 2h¼ 500mm
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limiting current predicts a cube root dependence of the mass
transport-controlled limiting current, Ilim, on volume flow rate, Vf
(Eqn 1):

Ilim ¼ 0:925 nFc Dwx
h

� �2=3
Vf

1=3 (1)

In this equation Ilim is given by n, the number of electrons
transferred per molecule diffusing to the electrode surface, F, the
Faraday constant, c, the concentration of the reactive species in
solution, D, the diffusion coefficient, h, the cell half height, w, the
channel and electrode width and x, the electrode length. Strictly,
this equation is valid only for electrodes with a width w smaller
than the channel width. However, the error introduced by
ignoring the boundary layer at the channel walls on the limiting
current is small and can be ignored here.
A solution of 10mM Ru(NH3)

3þ
6 in aqueous 0.1M KCl was

employed to calibrate the cell dimensions. Figure 3A shows
voltammograms obtained under flow conditions with both
channels being employed for the aqueous flow. The mass
transport-controlled limiting current was obtained as a function
of flow rate, and a typical plot of the limiting current Ilim versus
the cube root of flow rate is shown in Fig. 3B. The dotted line
indicates the theoretical line based on Eqn 1, and employing
n¼ 1, the diffusion coefficient,[27] D(Ru(NH3)

3þ
6 )¼ 0.9�

10�9m2s�1, the cell width w¼ 1� 10�3m, the half height
h¼ 0.25� 10�3m and the electrode length x¼ 5� 10�3m. No
adjustable parameters are required.
Table 1. Properties of solvents at 258C

Solvent Water NOP Acetonitrile

Viscosity (10�3 Pa s) 1.0 5.6 0.34
Density (g cm�3) 1.00 0.92 0.786
Molecular weight (gmol�1) 18.02 197.32 41.05
Boiling point (8C) 100 170–172 81–82
Melting point (8C) 0 �25 �48
Flow cell processes with two-phase flow: I. Imaging and
calibration of NOP–aqueous electrolyte flow

For two immiscible liquids flowing through the cell a dynamic
phase boundary is produced, which crosses the BDD working
electrode approximately in the centre. The exact position of the
phase boundary is dependent on the flow conditions and the
nature of the liquids. Here, the aqueous phase is in contact with
www.interscience.wiley.com/journal/poc Copyright � 2008
either NOP or acetonitrile. The key physical properties of these
liquids are summarised in Table 1.
In order to characterise the phase boundary during flow,

MnTPPCl is employed as a green dye in the NOP phase, and
microscopy images of the phase boundary are recorded as a
function of flow conditions. Figure 4 shows typical images as well
as a plot of the volume flow rate ratio Vf aqueous/Vf organic versus the
phase width ratio daqueous/dorganic.
From optical micrographs it is clear that the flow rate ratio

Vfaqueous/Vf organic determines the position of the phase boundary.
A higher rate of aqueous flow rate widens the area of the
electrode in contact with the aqueous phase. The theoretical
phase boundary position is also dependent on the liquid
viscosities as shown in Eqn 2:

Vf aqueous
Vf organic

¼ a� daqueous
dorganic

(2)
John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2009, 22 52–58



Figure 5. (A) Hydrodynamic cyclic voltammograms (scan rate 0.01 Vs�1,

5mm length BDD electrode) for the reduction of 10mM Ru(NH3)
3þ
6 in

aqueous 0.5M KCl flowing through the cell together with NOP. The ratio of

Vf organic to Vf aqueous is (i) 1:5, (ii) 1:10, and (iii) 1:20. The theoretical line was
calculated with Eqn 4 and with g equal (i) 0.3, (ii) 0.4, and (iii) 0.5

Figure 4. (Top) Optical micrographs of an NOP and aqueous 0.1M KCl

two-phase flow for two different volume flow rate ratios. (Bottom) A plot

of the volume flow rate ratio Vf aqueous/Vf organic versus the width of the
aqueous phase divided by the width of the organic phase. The circular

data points correspond to data for an organic flow rate of

8.33� 10�10m3s�1 (ii) and the square data points correspond to an

organic flow rate of 1.67� 10�10m3s�1 (iii). The theoretical line (i) is
based simply on the viscosity ratio according to Eqn 2 This figure is

available in colour online at www.interscience.wiley.com/journal/poc
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In this equation a ¼ horganic
haqueous

is the ratio of viscosities, which for
the case of the NOP–water system[13] is ca. 5.6 (see Table 1). The
theoretical line according to Eqn 2 is shown as line (i) in Fig. 4. A
deviation of the experimental points from this line appears to
increase as the flow rate is reduced. Optically, the organic phase
can be seen to be drawn onto the electrode surface (not shown)
thereby covering a wider section of the electrode surface. Surface
tension effects are responsible for this behaviour.[13]

Next, redox processes in the presence of organic and aqueous
flow were investigated. The parameter daqueous (the width of the
aqueous phase during flow) may be derived from Eqn 2 (see Eqn
3) and then applied to Eqn 1 to give an estimate of the limiting
current for a redox process within the aqueous phase (see Eqn 4):

daqueous ¼ w

1þa
Vf organic
Vf aqueous

(3)

Ilim ¼ 0:925 nFc gDwx

h 1þa
Vf organic
Vf aqueous

h i
0
@

1
A

2=3

Vf aqueous
1=3 (4)

The constant g has been included in this expression in order to
express the effect of organic phase ‘undercutting’ the aqueous
phase and therefore partially blocking the electrode.[13]

Hydrodynamic voltammograms obtained for the reduction of
Ru(NH3)

3þ
6 in aqueous 0.5M KCl are shown in Fig. 5A. The analysis

of the mass transport-controlled limiting currents as a function of
both aqueous and organic flow rate is presented in Fig. 5B. A
linear dependence of the limiting current on the cube root of
aqueous flow rate is maintained (in agreement with Eqn 4 and
suggesting convective diffusion), but the match between
prediction based on Eqn 4 and experiment is poor (not shown).
In all cases the currents are low consistent with the organic phase
‘undercutting’ the aqueous phase. This effect is most pronounced
for slower flow rates (see Fig. 4B).
J. Phys. Org. Chem. 2009, 22 52–58 Copyright � 2008 John Wil
Flow cell processes with two-phase flow: II. Imaging and
calibration of acetonitrile–aqueous electrolyte flow

Acetonitrile is a commonly used organic solvent and recently we
have been able to achieve electrochemically driven catalytic
epoxidation processes in a water–acetonitrile two-phase sys-
tem.[24] Acetonitrile is water immiscible only in the presence of
sufficiently high salt concentration in the aqueous phase. A
remaining mutual miscibility between water and acetonitrile
even in the presence of high salt concentrations exists. However,
a stable liquid–liquid phase boundary is readily achieved and the
diffusion controlled transfer of small quantities of acetonitrile into
the aqueous phase can be minimised by maximising the flow
speed. From data in Table 1 it can be seen that acetonitrile has a
very low viscosity opposite to the value found for NOP. In
principle, mixtures of acetonitrile and NOP could be employed to
match the viscosity of the organic phase to the water viscosity,
but in this study only the pure acetonitrile phase is investigated.
For acetonitrile–aqueous 1.5M NaCl two-phase flow, optical

observation allows the position of the phase boundary to be
determined. The plot in Fig. 6 shows that, in contrast to data for
NOP-aqueous two-phase flow, for all flow rates examined almost
ideal behaviour is observed. No deviation from the viscosity-
based prediction (see Eqn 2) occurs.
In electrochemical experiments under acetonitrile–aqueous

electrolyte two-phase conditions, ideal behaviour of the
triple-phase boundary is confirmed. Figure 7 shows typical plots
of the mass transport-limited currents versus the cube root of
aqueous flow rate.
The line indicates the expected limiting current based on Eqn 4

without any ‘undercutting’ effects. Good agreement is observed
independent of the organic flow rate. Therefore the acetoni-
trile–aqueous electrolyte–BDD triple-phase boundary appears to
provide ideal conditions for electrochemical processes.
ey & Sons, Ltd. www.interscience.wiley.com/journal/poc
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Figure 6. (Top) Optical observation of an acetonitrile and aqueous 1.5M

NaCl two-phase flow as a function of flow rate (left Vf aqueous¼Vf organic¼
4.17� 10�10m3s�1, right Vf aqueous¼Vf organic¼ 2.0� 10�8m3s�1).
(Bottom) A plot of the volume flow rate ratio Vf aqueous/Vf organic versus

the width of the aqueous phase divided by the width of the organic

phase. The data points correspond to data at different flow rates. The

theoretical line is based simply on the viscosity ratio according to Eqn 2
This figure is available in colour online at www.interscience.wiley. com/

journal/poc
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Flow cell processes with two-phase flow: III. Organic
phase–aqueous electrolyte–solid electrode triple-phase
boundary processes

With no intentionally added supporting electrolyte in the organic
phase, redox processes in the organic phase are confined to a
thin line along the triple-phase boundary. In order to explore and
Figure 7. Plots of the mass transport-limited currents from hydrodyn-
amic voltammograms for the reduction of 1mM Ru(NH3)

3þ
6 at a 5mm

length BDD electrode in aqueous 1.5M NaCl with simultaneous aceto-

nitrile flow versus the cube root of aqueous flow. Data in (A) have been

obtained for Vf organic: Vf aqueous ratio of 1:1 data in and (B) have been
obtained for Vf organic: Vf aqueous ratio of 1:10. Lines indicate the theor-

etically predicted limiting current based on Eqn 4 with g ¼ 1.0

www.interscience.wiley.com/journal/poc Copyright � 2008
compare processes in NOP and in acetonitrile the
n-butylferrocene redox system is employed. This redox system
has been thoroughly studied for liquid–liquid electrochemical
systems by Wadhawan et al.[28] In contrast to our earlier work,[13]

here all experiments are conducted at a 5mm� 5mm BDD
electrode.
Typical hydrodynamic voltammograms are shown in Fig. 8A for

the oxidation of n-butylferrocene in an NOP phase in contact with
an aqueous 1.5M NaCl. In order to achieve conditions for a
well-defined perchlorate anion transfer 0.1M NaClO4 is present in
the aqueous phase.
The limiting current for the n-butylferrocene oxidation plotted

versus the volume flow rate shows a decrease of current with
higher flow rate. This is in contrast to bulk reactions, where an
increase is always observed (see Eqns 1 and 4). This characteristic
behaviour for hydrodynamic triple-phase boundary has been
attributed to a growth in reaction zone with diffusion time[13]

(vide infra). It is interesting to determine the conversion of
n-butylferrocene (here defined as the ratio of mass transport
limiting current and the total electrolysis current nFcVf organic). The
conversion remains very low, and only at an extremely low flow
rate of 0.1� 10�9m3s�1 can a 10% conversion be achieved. For a
bulk electrolysis process this is unsatisfactory. The plot of limiting
Figure 8. (A) Hydrodynamic cyclic voltammograms (scan rate 10mVs�1,

Vf organic¼Vf aqueous¼ 8.33� 10�10m3s�1) for solutions of (i) 50mM

and (ii) 1mM n-butylferrocene in NOP in the presence of aqueous
1.5M NaCl and 0.1M NaClO4. (B) Plot of the mass transport limiting

current obtained for the oxidation of 25mM n-butylferrocene in NOP

versus flow rate (Vf¼Vf organic¼Vf aqueous). (C) Plot of the mass

transport limiting current for the oxidation of n-butylferrocene in aceto-
nitrile versus concentration (aqueous phase 1.5M NaCl and 0.1M NaClO4,

Vf organic¼Vf aqueous¼ 1.67� 10�9m3s�1)

John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2009, 22 52–58



Figure 9. (A) Hydrodynamic cyclic voltammograms (scan rate 50 mVs�1,

Vf organic¼Vf aqueous¼ 1.67� 10�9m3s�1) for solutions of (i) 25mM

and (ii) 1mM n-butylferrocene in acetonitrile in the presence of aqueous
1.5M NaCl and 0.1M NaClO4. (B) Plot of the mass transport limiting

current obtained for the oxidation of 6mM n-butylferrocene in aceto-

nitrile versus flow rate (Vf¼Vf organic¼Vf aqueous). (C) Plot of the mass
transport limiting current for the oxidation of n-butylferrocene in aceto-

nitrile versus concentration (aqueous phase 1.5M NaCl and 0.1M NaClO4,

Vf organic¼Vf aqueous¼ 1.67� 10�9m3s�1)

Figure 10. Schematic drawing of the reaction zone developing under

hydrodynamic conditions at the three-phase boundary
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current versus n-butylferrocene concentration (see Fig. 8C) clearly
suggests direct proportionality.
Next, experiments were conducted with n-butylferrocene

dissolved in acetonitrile. Figure 9A shows typical hydrodynamic
voltammograms. The plot of the mass transport-limited current
versus flow rate (see Fig. 9B) again suggests a decrease of current
at higher flow rates in good agreement with triple-phase
boundary control. Limiting currents in acetonitrile are generally
higher. A conversion of 10% is readily achieved at a flow rate an
order of magnitude faster compared to that required in NOP.
From the slope in the plot of the limiting current versus
n-butylferrocene concentration (see Fig. 9C and Fig. 8C) it can be
determined that the limiting currents are generally a factor of
12 higher in acetonitrile. The higher currents are predominantly
due to the effect of viscosity (see Table 1, hacetonitrile/hwater¼ 16.5)
on the diffusion coefficient of the redox active n-butylferrocene.
The effect of the triple-phase boundary geometry (‘undercutting’
in the NOP case) on the limiting current appears secondary.
It is interesting to compare the limiting current data for

triple-phase boundary processes with those for line electrodes.
An expression for the time-dependent limiting current at a line
electrode in the absence of convection has been proposed by
J. Phys. Org. Chem. 2009, 22 52–58 Copyright � 2008 John Wil
Oldham,[29,30] and this equation is employed here with a factor ½
(see Eqn 5) in order to account for the fact that diffusion only
occurs into the organic phase and not into the aqueous phase
(see Fig. 10):

IðtÞ ¼ 1
2 nFDcx

ffiffiffiffiffiffiffi
wTPB

pDt

p
þ 1

� �
(5)

In this expression the time-dependent current is dependent on
n, the number of electrons transferred per molecule diffusing to
the electrode surface, F, the Faraday constant, D, the diffusion
coefficient for n-butylferrocene[31] (1.56� 10�9m2s�1), c, the bulk
concentration of n-butylferrocene, x, the electrode length, t, the
time and wTPB, the width of the active electrode area at the
triple-phase boundary. For conditions shown in Fig. 9B the
steady-state current based on Eqn 5 (for t ! 1) I(1)¼½
nFDCx¼ 2.2mA, which is clearly lower compared to the
experimental value of about 40mA and therefore suggests
non-steady-state conditions. The time for molecules to pass
through the cell can be estimated (using Eqn 2) as t ¼ 2hxwa

Vf ð1þaÞ
(with a¼ 0.34 for acetonitrile, see Table 1) and in combination
with Eqn 5 the approximate width of the triple-phase boundary
wTPB� 1mm (for Vf¼ 10�9m3s�1) is obtained (Eqn 6):

wTPB � 2pDhxw
Vf

a
1þa

2I
nFDcx � 1
� �2

(6)

It is very likely that the real timescale for molecules to pass
through the cell is considerable higher due to slower flow close to
the electrode surface, and therefore the active zone wTPB is
probably more extended. Also from Eqn 6 it appears that the
volume flow rate is an important parameter causing a more
extended active electrode zone for slower flow. Figure 10 shows a
schematic diagram where the reaction zone is indicated as a
wedge-shaped area that expands at slower flow rate. Only amore
complex computer simulation approach will provide a more
quantitative analysis in future. The two key results from this study
are (i) the importance of viscosity as a parameter controlling
conversion efficiency and (ii) the possibility of high conversion
bulk electrolysis in acetonitrile–aqueous two-phase flow systems.
CONCLUSIONS

It has been shown that acetonitrile, a commonly employed low
viscosity solvent in synthesis, is suitable for two-phase flow
electrochemical reactor processes in the presence of aqueous
1.5M NaCl. Well-defined two-phase flow is observed with a stable
ey & Sons, Ltd. www.interscience.wiley.com/journal/poc

7



S. M. MACDONALD ET AL.

5
8

triple-phase boundary electrolysis zone. When compared to
N-octylpyrrolidone the lower viscosity considerably enhances
mass transport and the rate of conversion. For acetonitrile the
three-phase boundary zone is simple, and undercutting of the
organic phase under the aqueous phase (which has been
observed for NOP) remains insignificant. Experimental work
addressing synthetically useful processes in a wider range of
solvent systems and at more effective curved liquid–liquid phase
boundaries is in progress.
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