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Abstract
The recent renaissance of electrochemical methods for organic synthesis has also attracted increased interest towards flow
electrochemistry as the most suitable scale-up strategy. Many electrochemical methods using flow cells are based on recirculation
of the electrolyte solution. However, single-pass processing is very attractive as it permits integration of the electrochemical
reaction with other synthetic or purification steps in a continuous stream. Translation of batch electrochemical procedures to
single-pass continuous flow cells can be challenging to beginners in the field. Using the electrochemical methoxylation of 4-
methylanisole as model, this paper provides newcomers to the field with an overview of the factors that need to be considered to
develop a flow electrochemical process, including advantages and disadvantages of operating in galvanostatic and potentiostatic
mode in small scale reactions, and the effect of the interelectrode gap, supporting electrolyte concentration and pressure on the
reaction performance. A comparison of the reaction efficiency in batch and flow is also presented.
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Introduction

During the past few years, the organic chemistry commu-
nity has witnessed a remarkable renaissance of electro-
chemical methods [1–3]. Electrochemistry provides some
of the greenest synthetic strategies, as the use of stoichio-
metric amounts of often hazardous or waste-generating
oxidants or reductants can be substituted by electricity
and simple electron acceptors or donors such as water
[4, 5]. In addition to reduced waste generation, the atom
economy of electrochemical methods is most often

superior to conventional procedures. The resurgence of
organic electrochemistry has been accompanied by an in-
creased attention to flow electrochemistry [6–10].
Implementation of flow cells is widely recognized as the
appropriate method for the scale-up of electrochemistry.
Indeed, some of the largest scale chemical production
processes, like the chlor-alkali process, are based on con-
tinuous flow electrochemistry [11].

Flow cells typically consist of two flat electrodes placed
in parallel with a narrow distance (< 1 mm) between them
[6–10]. The solution of reactants solution is then flown
through the gap, where the electrolysis occurs. This config-
uration, often called parallel plate cell, minimizes the resis-
tance of the electrolyte, which is proportional to the inter-
electrode distance, enabling the application of higher cur-
rents and lower concentrations of supporting electrolyte.
Mass transfer, of key importance in the kinetics of electro-
chemical reactions, is typically enhanced in flow cells [9,
10]. Mass transfer can be further improved if the flow cell is
equipped with “turbulence promoters.” [12] In addition,
flow cells exhibit a very high electrode surface area to re-
action volume ratio, which also increases the speed with
which the electrolysis can be performed. Scale-up of flow
electrochemical processes is achieved by stacking several
cells in a filter-press arrangement [9, 13].
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Electrochemical reactions in flow cells are very often car-
ried out with recirculation of the electrolyte solution, which is
held in a reservoir (Fig. 1a). This mode of operation benefits
from the above-mentioned enhanced cell conductivity, im-
proved mass transfer, and high electrode surface area to reac-
tion volume ratio [8–10]. However, this semi-batch type op-
eration is not a genuine continuous process, as a constant
stream of product solution is not obtained from the setup.
Fully continuous processes can be achieved if high conversion
to the desired product is achieved in a single pass through the
flow cell. In this type of reactor operation, the electrolyte
solution is collected in a separate container after the flow cell
(Fig. 1b). Single-pass operation enables the potential integra-
tion of the electrochemical reaction with other synthetic or
workup steps in a continuous sequence [10, 14, 15]. Thus,
development of single-pass continuous flow electrochemical
procedures and flow reactors suitable for this type of operation
is highly desirable. Several methods to achieve high conver-
sions with electrochemical flow cells in a single pass have
been proposed [9]. In addition to the possibility of simply
decreasing the flow rate, increased electrode surface area with
three-dimensional electrode materials (e.g. carbon felt) [16,
17] or extended reactor channel length reactors have been
proposed [18–25].

Translating an electrochemical reaction from a convention-
al undivided batch reactor to a flow cell with solution recycle
can be relatively simple. The solution is pumped through the
cell with certain flow rate. In this case, as the conversion
obtained in a reactor pass is not relevant for the overall reac-
tion, high flow rates are indeed beneficial due to the improved
mass transfer obtained if turbulent flow is achieved.
Ultimately, the amount of charge applied to the mixture and
the conversion depends on the current of the cell and the initial
quantity of reactants in the electrolyte reservoir. In contrast,
translation of a batch electrosynthesis to a single-pass contin-
uous flow process can be more challenging. Cell current and
flow rate have to be adjusted to achieve high conversion in a
single pass. Although current and flow rate values can be
estimated using Faraday’s law [9, 13], several reaction param-
eters, including the flow rate itself, affect the current efficiency
of the cell. Other important factors that affect the cell efficien-
cy include the interelectrode gap distance, the amount of

supporting electrolyte, or the generation of gas when anodic
oxidations are carried out with concurrent proton reduction on
the cathode.

The engineering aspects and behavior of parallel plate flow
electrochemical cells have been described by several treatises
of great value for electrochemical engineers [11, 26]. The
contributions by Brown, Pletcher, and Walsh in this area of
organic electrochemistry in flow cells are noteworthy [9, 13,
27, 28]. Yet, synthetic organic chemists have rarely employed
electrochemical synthesis as a routine method in the past [29,
30]. Utilization of electrochemical methods in continuous
flow mode is even more scarce. The barrier to synthetic or-
ganic chemists implementing electroorganic synthesis as a
routine tool can be ascribed to a lack of familiarity with the
physics behind electrochemical methods as well as with im-
portant parameters such as electrode materials and nature of
the supporting electrolyte. Under continuous flow conditions,
additional aspects like the flow rates or interelectrode distance
play an important role. Particularly on small scale and for
single-pass mode, non-specialists need to familiarize them-
selves with chemical engineering concepts like steady-state
conditions or liquid flow velocity, and identify when to oper-
ate under galvanostatic or potentiostatic mode.

This paper aims to provide guidance for beginners in the
area of flow electrochemistry for the translation of batch pro-
cedures to single-pass continuous flow conditions. The advan-
tages and disadvantages of operating in galvanostatic and
potentiostatic mode in small-scale reactions, and the effect of
the interelectrode gap, supporting electrolyte concentration
and pressure on the reaction performance and current efficien-
cy are presented. For this purpose, the methoxylation of 4-
methylanisole, a well-known electrosynthesis of industrial im-
portance, has been investigated in depth under a wide range of
reaction conditions using a commercially available flow cell.

Results and discussion

Model reaction and batch experiments

The electrochemical methoxylation of 4-methylanisole was
selected as model reaction for this study. This well-known

Fig. 1 Semi-batch solution
recirculation a and single-pass b
operation in a flow electrochemi-
cal cell
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transformation is carried out on a large scale at BASF using
graphite disk electrodes in a narrow-gap arrangement and re-
circulation of the electrolyte [11, 13]. It is very often utilized
as model for the evaluation of electrochemical flow cells [20,
31–34]. A 2-electron anodic oxidation of the benzylic group
in methanol provokes its acetalization (Scheme 1). Formation
of the desired diacetal 3 occurs after a second 2-electron oxi-
dation step. The process therefore requires a theoretical charge
of 4 F/mol for completion. Acidic workup of the diacetal
yields the desired aldehyde 3′. If too much charge is applied
to the reaction mixture, compound 4 is formed. Its acidic
workup produces the corresponding methyl ester 4′.
Reduction of protons from the methanol on the cathode pro-
duces hydrogen gas as byproduct.

Batch experiments were carried out in a commercial reactor
(IKA ElectraSyn 2.0) using graphite as the anode material and
graphite or stainless steel as the cathode. In a typical experi-
ment, a standard 5-mL vial was loaded with a solution of 4-
methylanisole (0.1 M) and a variable amount of Et4NBF4 as
supporting electrolyte in methanol (3 mL). A current of
20 mA (current density ca. 13 mA/cm2) was applied until a
charge of 1–6 F/mol had been passed through the solution
(Table 1). Graphite and stainless steel as cathode material
provided similar results. The conversion was slightly higher
with stainless steel as a cathode when charge amounts up to 4
F/mol were applied (entries 1–4). After an excess of charge
had been passed, the reaction using stainless steel as a cathode
material showed a better performance. Thus, higher conver-
sion, current efficiency, and GC yield for compound 2 were
observed (Table 1, entry 5). Notably, the current efficiency
remained essentially constant with a value of ca. 60% inde-
pendently of the amount of charge passed. This nearly con-
stant value could indicate that the efficiency is independent of
the concentration of the substrate (1), at least at conversions of
up to 90%.

Continuous flow setup

Continuous flow experiments were carried out using a com-
mercial parallel plates flow cell (Vapourtec Ion Reactor) [35].
The reactor consisted of two electrodes (5 × 5 cm) separated

by PTFE or FEP spacers of variable thickness. The surface
area of the electrode exposed to the reaction mixture was 2 ×
12 cm2. Graphite was utilized as the anode material. For the
cathode, graphite or 304 stainless steel was utilized. The reac-
tion mixture was introduced into the reactor using a 1.5-mL
sample loop and a 6-port valve (Fig. 2). The reactor was pres-
surized in some cases (vide infra) using an adjustable back-
pressure regulator (BPR). A programmable laboratory power
supply was utilized to electrify the flow cell. The current and/
or voltage of the cell was simultaneously monitored using a
digital multimeter (see the “Experimental section” for details)

Galvanostatic vs potentiostatic operation
in continuous flow

Electrochemical reactions in galvanostatic mode are carried
out under constant current. The voltage of the cell is variable
and adapts to the reaction conditions to achieve the set current.
The amount of charge applied to the reaction mixture can be
easily calculated from the value of the current using Faraday’s
law (Eq. 1), where I is the current, V̇ is the flow rate inmilliliter
per minute, c the concentration of the substrate in solution in
molar, F the Faraday constant (1608.0889 min A/mol), and Q
the amount of charge in F/mol. The same equation can be
utilized to calculate the flow rate/current ratio for a given
amount of charge and substrate concentration. During
potentiostatic operation, the cell voltage is set to a constant
value and the cell current is variable.

Q ¼ I
V̇ � c� F

ð1Þ

Constant current is the most common mode of operation of
continuous flow cells [9, 12]. More robust results are typically
achieved under constant current, as the current density is
known and reproducible and the desired amount of charge
being applied to the reaction mixture can be achieved by
adjusting the current [13]. Constant voltage operation can be
more problematic, especially if a two-electrode configuration
is utilized, because the cell voltage can be influenced by many

Scheme 1 Anodic methoxylation
of 4-methylanisole
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parameters, including temperature, small amounts of impuri-
ties in the reaction mixture, or even external factors such as
contact issues between the cell and the power supply [13].
Moreover, small variations in the cell voltage can lead to dra-
matic changes in the current and ultimately in the amount of
charge applied to the mixture. This is especially relevant for
single-pass continuous flow reactions.

During lab scale optimization of continuous flow reactions,
it is commonplace to use small amounts of reagents, in some
instances introducing the solutions into the reactor with the aid
of sample injectors. It should be noted that, under galvanosta-
tic mode, current should only be applied to the flow cell under
steady-state conditions (i.e., when the cell is filled with

solution and its concentration is constant). If current is applied
too early or in a later stage when the amount of substrate in the
flow cell is too low, high amounts of undesired overoxidation
products may occur, which in some cases could provoke fur-
ther issues such as clogging of the cell or electrode fouling.

To illustrate the importance of applying constant current
only under steady-state conditions, we carried out the model
reaction using the continuous flow setup depicted in Fig. 2 and
an interelectrode gap of 0.1 mm. The sample loop was loaded
with a solution of 1 (0.1M) and Et4NBF4 (0.1M) inMeOH. A
flow rate of 400 μL/min and a constant current of 257 mA (4
F/mol) was applied during the whole process. To avoid major
issues with undesired oxidations (e.g., solvent oxidation or

Table 1 Electrochemical
methoxylation of 1 in a batch
reactora

Entry Q (F/mol) C(+)/Fe(-) C(+)/C(-)

Conv.b/CEc (%) 2, 3, 4 (%)b Conv.b/CEc (%) 2, 3, 4 (%)b

1 1 21/63 10, 11, <1 20/59 10, 10, <1

2 2 38/61 15, 23, <1 37/58 14, 22, <1

3 3 53/61 15, 38, <1 52/57 16, 35, <1

4 4 69/62 14, 55, <1 64/55 15, 47, <1

5 6 91/60 5, 84, 2 81/48 11, 64, 2

a Reaction conditions: 0.1 M 4-methylanisole and 0.1 M Et4NBF4 in 3 mL methanol, 20 mA constant current (ca.
13 mA/cm2 ), 800 rpm
b Determined by GC-FID peak area percentage
cCE current efficiency, calculated as the proportion of charge effectively utilized for methoxylation, including 2,
3, and 4

Fig. 2 Schematic view of the
continuous flow setup utilized for
the electrochemical
methoxylation of 1
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even electrode damage) a maximum voltage of 5 V was set in
the power supply. Figure 3 shows the voltage profile recorded
during the process. As the reaction mixture entered the flow
cell, the voltage dropped to a value of 3.2 V. When no elec-
trolyte was present in the cell, the power supply reached the
maximum of 5 Vand switched to constant voltage. During the
transient period until steady state is reached, all the current is
applied to a small fraction of reaction mixture, leading to
overoxidation. This was demonstrated by GC monitoring of
the output stream before and after steady state. Notably, high
amounts of side-products (42%) were observed.

Under potentiostatic operation, the reaction selectivity is
not affected by the reactant concentration. Thus, steady-state
conditions are not required to apply electricity to the cell,
which may be advantageous when only small amounts of
starting material are available. When the reaction mixture en-
ters the flow cell, the current will increase with the amount of
electrolyte existing in the cell. Potentiostatic operations can
lead to improved selectivities in some instances [36], as the
potential can be tuned below the redox potential of sensitive
functionalities. However, to achieve robust and reproducible
results under potentiostatic conditions, a three-electrode con-
figuration is typically required. As mentioned above, the cell
voltage in a two-electrode arrangement can be affected by
external factors such as temperature or small amounts of im-
purities on the electrode surface. Moreover, small changes in
the cell voltage can lead to significant alterations in the cell
current (Fig. 4a). This effect, less relevant in flow experiments
with recirculation of the solution, is very important for single-
pass continuous flow experiments in which a particular
amount of charge to be applied to the reaction mixture is
targeted.

To exemplify these potential issues under potentiostatic
operation using a two-electrode configuration setup, the mod-
el reaction was carried out under constant voltage. A potential
of 3.2 V was initially selected, which corresponded to the
potential observed in a previous experiment under constant
current (cf. Fig. 3). The same reaction conditions were utilized

(0.1 M 1 and 0.1 M Et4NBF4 in MeOH). Notably, the ob-
served current (Fig. 4b) was significantly lower than expected.
A value of 130–140 mA under steady-state conditions was
recorded. In this case, as the current is not constant, the
amount of charge transferred to the reaction mixture can be
calculated by integrating the current value over the time period
(see Eq. 2 in Fig. 4b). This can be easily done by numerical
integration using any spreadsheet software (e.g., MS Excel)
with the current vs time data. The amount of charge, in this
case, 2.07 F/mol was insufficient. Increasing the cell potential
by 0.5 to 3.7 V essentially doubled the observed cell current
and consequently the amount of charge (Fig. 4b). In this case,
a small excess of current over the theoretical amount required
(4.04 F/mol) was applied.

Importance of the interelectrode distance and current
density

The interelectrode gap has a significant influence on the per-
formance of a flow cell. In general terms, it can be stated that
narrower gaps lead to lower cell resistance, typically resulting

Fig. 3 Monitoring of the cell voltage during a constant current
experiment and composition of the reaction solution outside of the
steady-state fraction. SP, side-products

Fig. 4 a Typical current vs potential curve of an electrochemical cell.
Small variations in the cell voltage can result in very large drifts in the
cell current. bMonitoring of the current for the continuous methoxylation
of 1 under constant voltage (3.2 V and 3.7 V) and equation for the
calculation of the total amount of charge Q (n = amount of substrate in
mmol)
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in smaller amounts of supporting electrolyte being required to
run the electrochemical reaction [9, 27]. In addition, narrower
gap cells exhibit larger electrode area to cell volume ratios.
This ratio has a direct effect on the rate with which the elec-
trolysis can be carried out [9].

Current and current density (current relative to the elec-
trode area) are the parameters that define the cell productivity
and one of the most important factors that characterize an
electrochemical reaction, both in batch and flow mode.
Electrochemical reactions typically perform better in terms
of current efficiency and selectivity at low current densities.
The development of flow cells and other scale-up strategies
should therefore focus on the maximization of the current
density that is possible to be applied to the reaction, in addition
to the utilization of large electrode surface areas. Importantly,
the interelectrode gap influences the current density values
that can be applied to the cell: narrow gaps enable higher
current densities (vide infra). This effect results in higher pro-
ductivities for lower volume cells for a given electrode surface
area (a narrower interelectrode distance provides a lower cell
volume), which may sound counter-intuitive to the synthetic
organic chemist.

We carried out the model flow electrochemical
methoxylation of 1 using variable concentrations of
supporting electrolyte and interelectrode spacers of different
thickness (Fig. 5). As expected, the cell voltage was lower for
the narrower interelectrode gaps even with a 0.1 M concen-
tration of Et4NBF4. As the concentration of supporting elec-
trolyte was decreased, the cell voltage significantly
incremented in the batch reactor (5 mm gap). The increase
was less pronounced in the flow reactor with a 0.5-mm inter-
electrode spacer. Notably, with a 0.1-mm gap the supporting
electrolyte concentration could be decreased down to 0.02 M
without any detectable increase in the cell voltage (Fig. 5). A
5-fold decrease in the amount of a relatively costly substance
could be achieved by transferring the electrochemical reac-
tion to flow and reducing the interelectrode distance.

We next turned our attention to the effect of both the inter-
electrode distance and the current density on the reaction con-
version and selectivity. Four different interelectrode distances
and flow rates were evaluated (Table 2). The cell current was
set according to the flow rates to keep the amount of charge
constant at 4 F/mol. As expected, the conversion and yield
decreased with increasing current densities for all interelec-
trode spacers. With the thinnest spacer (0.1 mm), a decrease
in the conversion from 96 to 88% and in the GC yield of 3
from 87 to 64% was observed when the current density was
gradually increased from 11 to 43 mA/cm2. The drop in the
reaction performance was more pronounced with wider inter-
electrode gaps. Thus, with a 1-mm gap, the conversion de-
creased from 89 to 44%, and the amount of 3 from 65 to 29%
(Table 2).

The results collected in Table 2 also illustrate the effect of
the interelectrode distance on the current density that could be
applied to a flow cell. For example, analogous conversion and
selectivity was achieved with a current density of 11 mA/cm2

when the 1-mm gap was used (entry 1) and with 43 mA/cm2

when the 0.1-mm spacer was utilized instead (entry 4) (ca.
89% conversion and 65% yield). The current increase enabled
by the narrower interelectrode gap permitted to increment the
flow rate and therefore the cell productivity from 200 to 800
μL/min. Thus, as mentioned above, flow cells display larger
productivities for smaller reactor volumes on equal electrode
surface area, due to the higher performance of cells with
narrower interelectrode gaps.

Flow reactor back-pressure in reactions with gaseous
byproducts

Most anodic oxidations utilize a proton source (e.g., water or
an alcohol) as a convenient electron acceptor for the concur-
rent cathodic reduction. This generates stoichiometric
amounts (1 equiv for a 2-electron process) of H2 gas as
byproduct. While in batch the gas simply moves to the head-
space, in continuous flow reactors, with no head space avail-
able, the generated H2 affects the cell performance. The be-
havior of the gas phase and its effect on the flow electrolysis
has been studied in detail [37–39]. Gas generation typically
results in gas/liquid segments in a flow reactor. As they do not
conduct electricity, the presence of gas segments increases
local current densities in the liquid phase, which has a nega-
tive effect on the cell performance. On the other hand, gas
segments moving through the reactor channel influence the
mass transfer. Depending on the flow regime, this might have
a positive effect by promoting turbulence. Increasing the op-
erating pressure of the flow cell has been suggested as a pos-
sible solution to minimize the issues associated with the gen-
eration of gas by reducing the size of the segments [37–39].
High pressure could also have a negative effect on the current

Fig. 5 Effect of the concentration of supporting electrolyte (Et4NBF4) on
the cell voltage during the methoxylation of 1 (0.1 M in MeOH)
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efficiency by incrementing the amount of H2 dissolved in the
liquid phase, aiding its oxidation on the anode [40].

The electrochemical methoxylation of 1, a 4-electron process,
generates two equivalents of H2 gas. For our model reaction
conditions (0.1 M concentration of 1 in MeOH), approximately
2.2 mL of gas are generated per milliliter of reaction mixture.
Using an adjustable BPR, the continuous flow reaction was eval-
uated under back-pressures ranging from 0 to 5 bar. A 0.5-mm
interelectrode gap distance was utilized in this case. As expected,
the average cell potential decreased at higher pressure due to the
smaller size of the gas segments that provoke increased cell
resistance (Table 3). Interestingly, the reaction conversion, yield
of 3, and the current efficiency gradually decreased with increas-
ing pressures. This effect could be ascribed to large amount of H2

dissolved in the liquid phase, resulting in undesired oxidation of
the gas to protons. This pressure effect has been described by
Attour et al. [40], although in their study higher pressure had to
be applied in order to observe this decrease in cell efficiency.
Another interesting effect was observed in the cell voltage when
back-pressure was applied (Fig. 6). Gas and liquid slugs typically
produce different resistance for passing through a BPR. Gas
segments can pass more easily than liquid segments, which

provokes pressure oscillations in the system. These oscillations
translate to the cell potential, likely due to expansion-
compression of the gas segments and detachment of small gas
bubbles from the electrode surface.

Batch vs flow cell efficiency

Even though the study described herein is not representative
of large-scale operation (only 0.3-mmol scale reactions were
carried out in batch), important differences between the reac-
tion performance in batch and flow mode could be observed.

The batch reactions were carried out using a current density
of 13 mA/cm2 and a 5-mm interelectrode distance. The rela-
tively small amount of reaction mixture processed (3 mL, 0.3
mmol) required 96 min of electrolysis time for an amount of
charge of 4 F/mol. Yet, only moderate conversions were
achieved with the theoretical amount, and a 50% excess (6
F/mol) was required to obtain good conversions over a 144-
min time period (Table 1). The current efficiency for the batch
reaction was ca. 60%. Using a similar current density (Table 2,
entry 1) in continuous flow with a 0.1-mm interelectrode gap
distance resulted in excellent conversion and yield using a

Table 2 Effect of the interelectrode gap distance and the current density on the conversion and selectivity for the continuous electrochemical
methoxylation of 1a

Entry Flow rate (μL/min) I (mA) j (mA/cm2) Q (F/mol) Conv 1/yield 3 (%)b

Interelectrode gap

0.1 mm 0.25 mm 0.5 mm 1 mm

1 200 129 11 4 96/87 89/71 84/71 89/65

2 400 257 21 4 92/74 74/52 67/49 66/47

3 600 386 32 4 90/72 72/48 67/48 59/39

4 800 515 43 4 88/64 68/43 47/28 44/29

a Reaction conditions: 0.1 M 4-methylanisole and 0.1 M Et4NBF4 in methanol. Flow setup depicted in Fig. 2 was utilized under constant current
b Determined by GC-FID peak area percentage
cCE current efficiency, calculated as the proportion of charge effectively utilized for methoxylation, including compounds 2, 3, and 4

Table 3 Effect of the flow cell
back-pressure on the conversion,
selectivity, and current efficiency
for the continuous electrochemical
methoxylation of 1a

Entry Back-pressure (bar) Average voltage (V) Conv/yield 3 (%)b CE (%)c

1 0 3.54 76/60 81

2 1 3.49 75/61 77

3 2 3.48 74/60 75

4 3 3.43 74/57 74

5 4 3.42 70/54 70

6 5 3.30 71/55 71

a Reaction conditions: 0.1 M 4-methylanisole and 0.1 M Et4NBF4 in methanol. The continuous flow setup
depicted in Fig. 2 was utilized with 400 μL/min and 257 mA (4 F/mol) constant current
b Determined by GC-FID peak area percentage
cCE current efficiency, calculated as the proportion of charge effectively utilized for methoxylation, including
compounds 2, 3, and 4
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charge of 4 F/mol. In this case, the current efficiency was
nearly quantitative. The time required to process the same
amount of reaction mixture (3 mL) in flow under these con-
ditions was 15min. Importantly, the narrow interelectrode gap
enabled higher current densities in the flow cell. A 4-fold
increase of current density resulted in very good conversion
also using 4 F/mol. In this case, 3 mL of reaction mixture
could be processed in 3.75 min, with a productivity ca. 40
times compared with the batch reactor. The comparison be-
tween the efficiency of the batch and flow processes is sum-
marized in Table 4.

Conclusions

In summary, the electrochemical methoxylation of 4-
methylanisole has been performed in batch and continuous
flow mode. They key parameters that need to be considered
for the translation of the batch procedure to a single-pass flow
protocol have been described in detail. Galvanostatic or
potentiostatic operation can both be applied, although galva-
nostatic operation provides more robust results. Under galva-
nostatic mode, it is important to apply current only when
steady-state conditions are reached to avoid high amounts of
overoxidation products, including that of the solvent, and pos-
sible damage to the electrodes. The most important parameters
defining the efficiency of the flow cell are the interelectrode
distance and the current density. Lower current densities lead
to higher reaction performance. The interelectrode gap should

be as narrow as possible. Narrow gaps enable increased cur-
rent efficiency and maximize the cell productivity even
though the cell volume is lower. Moreover, narrower gaps
permit the utilization of very low amounts of supporting elec-
trolyte. Application of back-pressure reduces the cell resis-
tance and therefore its voltage. However, in this example,
application of pressure has shown to be counterproductive,
probably due to the increment of H2 gas dissolved in the liquid
phase causing a loss of current efficiency due to its oxidation.
Even for a very small scale reaction (3 mL), the productivity
and current efficiency are significantly higher for the flow cell
as compared with the batch equipment.

We hope this guide will be useful for synthetic organic
chemists that want to enter the field of continuous flow
electroorganic synthesis.

Experimental section

General remarks GC-FID analysis was performed on a
ThermoFisher Focus GC with a flame ionization detector,
using a TR-5MS column (30 m × 0.25 mm ID × 0.25 μm)
and helium as carrier gas (1 mL min–1 constant flow). The
injector temperature was set to 280 °C. After 1 min at 50 °C,
the temperature was increased by 25 °C min–1 to 300 °C and
kept constant at 300 °C for 4 min. The detector gases for flame
ionization were hydrogen and synthetic air (5.0 quality). GC-
MS spectra were recorded using a ThermoFisher Focus GC
coupled with a DSQ II (EI, 70 eV). ATR-5MS column (30 m
× 0.25 mm × 0.25 μm) was used, with helium as carrier gas (1
mL min–1 constant flow). The injector temperature was set to
280 °C. After 1 min at 50 °C, the temperature was increased
by 25 °C min–1 to 300 °C and kept at 300 °C for 3 min. All
chemicals were purchased from standard commercial vendors
and utilized without further purification. Batch electrolysis
experiments were carried out in an IKA ElectraSyn 2.0 instru-
ment. Continuous flow experiments were carried out in an Ion
reactor (Vapourtec Ltd). A programmable power supply
(PeakTech 6070) was utilized to provide electricity to the flow
setup.

Batch methoxylation of 4-methylanisole In a 5-mL vial 4-
methylanisole (0.3 mmol), tetraethylammonium tetrafluoro-
borate (0.3 mmol) and methanol (3 mL) were added. The

Fig. 6 Behavior of the cell potential during electrolysis with no back-
pressure (a) and with a back-pressure of 5 bar (b)

Table 4 Comparison of the current efficiency and cell productivity
obtained for the batch and flow electrochemical methoxylation of 1

Batch Flow

Interelectrode distance (mm) 5 0.1

Current (mA) 20 515

Current efficiency (%) 60 99

Cell productivity (mmol/h) 0.12 4.8

J Flow Chem (2020) 10:181–190188



mixture was stirred until the solid was completely dissolved
and then was electrolyzed using an IKA ElectraSyn 2.0 elec-
trochemical reactor. After the desired amount of charge had
been passed, an aliquot of the crude reaction mixture was
analyzed by GC-FID.

Continuous flow methoxylation of 4-methylanisole
Continuous flow experiments were carried out using the setup
depicted in Fig. 2. Reactants solutions were prepared by dis-
solving 4-methylanisole (0.1 M) and the corresponding
amount of tetraethylammonium tetrafluoroborate in methanol.
Samples were introduced in the flow electrochemical cell
(Vapourtec Ion reactor) using a sample loop injector (V = 1.5
mL). The flow cell consisted of two 5 × 5 cm parallel elec-
trodes separated by a PTFE or FEP spacer featuring a reactor
channel [35]. The crude reaction mixture collected from the
reactor output was analyzed by GC-FID.
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