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Electrochemical processes offer promising routes to defossilize
the chemical industry by integrating low-carbon electricity.
However, bridging the gap between lab-scale experimental
studies and pilot-scale industrial applications is still challenging:
Lab-scale electrochemical flow cells typically operate in batch
or single-pass mode, with each mode facing limitations
regarding the steady-state operation at industrially relevant
conditions. This work introduces the “feed and bleed” operating
mode with continuous exchange of a recirculated electrolyte
stream, which enables versatile steady-state operation. The
“feed and bleed” mode is compared to batch and single-pass
operation. We develop a mathematical model for “feed and
bleed” operation and validate the model experimentally. Addi-

tionally, this work introduces a 3D-printed phase separator
coupled with lab-scale flow cells to separate gas from the
recirculated liquid stream. Batch, single-pass, and “feed and
bleed” operation are demonstrated by methanol oxidation to
formate at 200 mA/cm2 in a 25 cm2 flow cell. This provides an
experimental comparison concerning product/reactant concen-
tration, conversion, and Faraday efficiency. The comparison
highlights the characteristics of each operation mode for the
electrosynthesis of chemicals, showcasing the unique character-
istics of the feed and bleed mode, which enables steady-state
operation at industrially-relevant conditions with high product
concentration.

1. Introduction

Despite all the entailing challenges, the transition from a fossil-
based industry to a renewable-based industry has opened new
windows and avenues toward modern chemical engineering.
Within this contemporary landscape, electrochemistry and
electrochemical engineering domains stand out as pivotal
contributors.[1,2] Their significance lies in harnessing the power
of electricity as the primary driving force, which aligns with the
potential of renewable energies.[3–5]

Nevertheless, electrochemical studies often remain confined
to fundamental research at low current density and low product
concentration, focusing more on initial selectivity than long-
term stability. While fundamental studies are important, inves-
tigating electrochemical synthesis at industrially relevant con-
ditions is imperative to proceed from laboratory towards
application.[6–8] For industrial electrolysis, predominantly flow

cells are used because they enable continuous production
processes and controlled flow regimes, e.g., for chlor-alkali or
water electrolysis.[9,10] Flow cells are preferable to beakers or H-
cells at lab-scale since they also represent industrial conditions,
facile scale-up, and provide well-defined and reproducible
conditions.[11–13]

Although the influence of reaction conditions and the cell
setup are often discussed,[8,14–20] the operating mode of the flow
cells received less consideration. Electrochemical flow cells at
lab-scale are typically operated in two modes: batch or single-
pass.[12,21,22] In batch mode (also known as semi-batch or batch
recirculation),[13,23] the electrolytes are circulated through the
cell in a closed loop.[24] High product concentrations can be
obtained over time;[13] however, batch mode is unsuitable for
continuous synthesis in steady-state. In single-pass mode (see
also continuous flow or flow electrochemistry),[23,25,26] the
electrolyte is passed through the cell only once, which readily
enables steady-state operation.[24] Nonetheless, achieving a high
product concentration in the single-pass mode sets constraints
on the flow channel geometry and the flow rate.[27] Due to their
specific characteristics, neither batch nor single-pass are
suitable to investigate continuous production in flow cells that
resemble industrially relevant conditions regarding product
concentration, cell geometry and flow velocity.

Beyond batch and single-pass, a third operating mode is
commonly employed for continuous production in industrial
electrosynthesis,[28–31] electrodialysis and filtration,[32–34] which
was coined “feed and bleed” in the field of membrane
technology[32–34] (see also “continuous reactor with recycle”).[29]

In feed and bleed mode, the electrolyte is circulated in a loop at
a high flow rate through the flow cell. Concurrently, a small
volume flow enters the loop (Feed), while an equivalent volume
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flow leaves the loop (Bleed).[32] In industrial organic electrosyn-
thesis the recirculation often involves one or more separation
steps to obtain a purified product stream while the remaining
electrolyte is recycled.[30,31] In contrast to batch and single-pass
mode, feed and bleed allows continuous production in steady
state at high product concentration without setting constraints
to the flow conditions within the cell. While “feed and bleed” is
commonly employed in industrial electrosynthesis, it is only
scarcely used to study electrochemical reactions at lab-
scale.[35–37]

This work provides valuable tools and insights for the feed
and bleed operation mode in lab-scale electrosynthesis, and
discusses its unique characteristics in direct comparison with
batch and single-pass mode (see schematic illustrations in
Figure 1). We introduce equations for modeling and evaluating
feed and bleed systems and discuss influencing factors such as
the feed flow rate and the electrolyte volume. Additionally, we
highlight the significance of gas separation from the recycle
stream for the feed and bleed operation, which is effectively
achieved with a 3D-printed phase separator. Furthermore, we
present an experimental setup for feed and bleed mode that
can also be operated in batch and single-pass mode. Online
FTIR analysis monitoring the product concentration provides
quantitative insights into the specific characteristics of the flow
cell operating modes. We demonstrate feed and bleed oper-
ation at lab-scale and directly compare with batch and single-
pass at the example of methanol oxidation to formate in a flow
cell with an active electrode area of 25 cm2 at a current density
of 200 mA/cm2. With this work, we facilitate the adoption of
“feed and bleed” for lab-scale research, providing valuable tools
for investigating electrosynthesis under industrially relevant
conditions and assessing long-term stability during steady-state
operation.

2. Results and Discussion

2.1. Feed and Bleed System Behavior

The feed and bleed system can be considered as an ideally
mixed volume at high recirculation flow rates, as shown in
Figure 2. A comparison of the ideally mixed model with a non-
ideally mixed model is provided in the Supporting Information
(Figures S1–S3), indicating that the assumption of ideal mixing

is justified for typical feed and bleed operation with high
recirculation rate.

The ideally mixed model can be described by a mole
balance around the feed and bleed system as shown in
Equation (1). The mole balance describes the change in product
concentration cðtÞ in the ideally mixed electrolyte volume V
depending on the volume flow rate of the feed _Vfeed, the
product concentration in the feed cfeed and the electrochemical
reaction with the current density i, the geometric electrode area
A, the Faraday efficiency FE, the number of electrons transferred
to form the product z, and the Faraday constant F. In the
following equations and calculations, we assume that the
product concentration in the feed and the initial product
concentration in the electrolyte are both zero (cfeed ¼ c0 =

0 molL� 1), which corresponds to our experimental conditions
and most electrosynthesis applications.

V
dcðtÞ
dt
¼ _Vfeed cfeed � cðtÞð Þ þ

iA � FE
zF (1)

Besides the electrochemical reaction, the system behavior
is governed by the electrolyte volume in the system and the
feed flow rate. The effect of both parameters on the product
concentration is illustrated in Figure 3, starting at t=0 when
the current is switched on and a faradaic reaction to a
product begins. The concentration curves can be described
by Equation (2), which is the analytical solution of the mole
balance (Equation (1)). The feed flow rate _Vfeed determines the
rate at which the electrolyte solution in the system is
replaced, which allows the adjustment of the obtainable
product concentration (and thus conversion) at steady-state
as shown in Figure 3a.

Reducing the feed flow rate from 5 to 2.5 mLmin� 1 doubles
the steady-state concentration in agreement with Equation (3).
However, lowering the feed flow rate increases the time until
steady state is reached. In this work, the transient phase refers
to the period in which the product concentration is <98% of
the steady-state value. The duration of the transient phase t98Figure 1. Schematic representation of the three operation modes for electro-

chemical flow cells.

Figure 2. Model of the feed and bleed setup assuming ideal mixing for the
total electrolyte volume in the system.
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can be calculated according to Equation (4), which was derived
from the ideally mixed model.

cðtÞ ¼
iA � FE
zF _Vfeed

� ð1 � expð�
_Vfeed

V � tÞÞ (2)

cðt! ∞Þ ¼
iA � FE
zF _Vfeed

(3)

t98 ¼ � V= _Vfeed � lnð1 � 0:98Þ (4)

The transition time increases proportional to the electrolyte
volume V of the system, as shown in Figure 3b. A low volume is
advantageous in enabling the system to respond quickly and
reach a steady state faster.

The Faraday efficiency (FE) is one of the most important
metrics in electrochemical synthesis. Equations for FE calcula-
tion from discrete points of product concentration are
presented for different operating modes in Table 1. In compar-
ison to the straightforward FE calculation for batch or single-
pass mode (see Equations (5) and (6)), the specific behavior of
the feed and bleed system must be considered to evaluate the
FE from measured product concentration data correctly. Feed

and bleed operation in a steady state resembles the single-pass
mode (compare Equations (3) and (6)); however, the use of
Equation (6) for the feed and bleed mode does not allow for
accurate FE calculation in the transient phase. To overcome this
limitation, we derived Equation (7) from the ideally mixed
model to calculate the FE during the entire feed and bleed
operation.

If the internal volume and the feed flow rate are known, the
FE of the product-forming reaction can be calculated from
discrete points of the product concentration, as demonstrated
in Figure 4. Figure 4a displays discrete concentrations of a curve
calculated for a constant FE of 100%. Calculating the FE from
the discrete concentration points matches the true FE of the
calculated concentration curve exactly, as shown in Figure 4b.
The proposed equation for FE calculation allows for determin-
ing the FE from discrete concentration measurements during
both the transient phase and steady state. In addition to the
validated model-based FE calculation, we validated the ap-
proach experimentally, as shown in the Supporting Information
(Figure S4).

2.2. Phase Separation in a Feed and Bleed System

Gas evolution is common in many electrochemical processes,
often involving hydrogen or oxygen evolution in aqueous
electrolytes. Gas evolution might occur as an undesired side
reaction or result from the intended reaction (e.g., water
electrolysis). It is necessary to remove gas bubbles from the
liquid electrolyte to prevent gas accumulation within the
recirculation loop. We designed the phase separator shown in
Figure 5a for that purpose. The phase separator was 3D-printed
with threaded ports for standard tubing connectors. The two-
phase stream from the electrochemical cell enters the phase
separator on the single inlet on the left side tangentially,

Figure 3. Product concentration curves of feed and bleed systems calculated with the ideally mixed model, starting at t=0 when the current is switched on
and a faradaic reaction begins. The plots show the influence of (a) the volume flow of the feed and (b) the total electrolyte volume in the system. The varied
parameters are indicated in each plot. All other parameters remained unchanged at the values of our experimental setup ( _Vfeed =2.5 mLmin� 1, V =56.5 mL,
i=200 mAcm� 2, A=25 cm2, FE=100%, and z=4 electrons transferred per reaction).

Table 1. Equations for FE calculation from discrete points of product
concentration for the different operating modes. The indices n and n � 1
describe two consecutive discrete points in time.

Mode Equation

Batch FEn ¼
zFV
iA �

cn � cn� 1
tn � tn� 1

(5)

Single-pass FEn ¼
zF _Vfeed

iA � cn (6)

Feed and bleed FEn ¼
zF _Vfeed

iA cn� 1 þ
cn � cn� 1

1� exp �
_Vfeed
V �ðtn � tn� 1Þð Þ

� �

(7)
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resembling a hydrocyclone. Thus, secondary flow is introduced
in the central chamber and facilitates bubble removal through
the bleed stream at the top. The bubble-free electrolyte flows

through tangential outlets at the bottom of the separation
chamber towards the outlet on the right side, which mixes with
the incoming feed stream. An additional outlet on the bottom

Figure 4. a) Discrete points on a product concentration curve calculated for a constant FE of 100% (blue dotted line). The parameters of our experimental
demonstration (see Figure 6) were used for the calculation ( _Vfeed =2.5 mLmin� 1, V =56.5 mL, i=200 mAcm� 2, A=25 cm2, and z ¼ 4). The end of the transient
phase is indicated by a vertical dashed line. b) FE calculated from the discrete concentration points by Equation (7) (also shown in the Figure) compared to
the true FE.

Figure 5. a) CAD image of the phase separator with an inlet on the left side, an overflow outlet at the top, and an analysis outlet, a feed inlet, and a cell
stream outlet on the right side. b) Internal channels and separation chamber of the phase separator. c) At low volume flow rates gas bubbles from the
electrochemical cell rise to the bleed outlet, d) At high volume flow rates the gas separation is supported by a hydrocyclone-like motion in the central
chamber.
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right allows for analysis of the composition of the product
stream (see Figure 9 for the experimental setup). The phase
separator was designed for a low internal volume and uses two
separation principles depending on the volume flow. When the
separator was operated at low volume flow (<20 mL/min), gas
bubbles ascended towards the top outlet as illustrated in
Figure 5b. This observation indicates that the buoyancy of the
gas bubbles was the primary driving force of separation at low-
volume flows. With increasing volume flow (>20 mL/min), gas
bubbles were more finely dispersed in the electrolyte, and the
centrifugal forces started to contribute to the separation
process. This dynamic was facilitated by the tangential inlet
design, which imparted a hydrocyclone-like motion to the
incoming flow, forcing the gas bubbles to accumulate at the
center of the chamber as depicted in Figure 5c. The centrifugal
force pushes the liquid electrolyte towards the outer walls of
the separation chamber, ensuring that the electrolyte exits
through the tangential outlets at the bottom without gas
bubbles. The effect of centrifugal forces intensified with
increased volume flow, efficiently segregating the gas bubbles
from the liquid electrolyte. This mechanism highlights the
capability of the phase separator to adapt its separation
strategy based on the flow conditions, ensuring effective gas
removal despite its low internal volume of 4 mL. Separating gas
bubbles can also be achieved by buoyancy alone with a less
complex but larger separator made from a simple bottle, as
described in the Supporting Information (Figure S6). However,
the design of the 3D printed phase separator with low internal
volume reduces the time required to reach a steady state and
the residence time in the loop. Both of which are beneficial for
feed and bleed operation.

2.3. Methanol Oxidation: Comparison of Operation Modes

Electrochemical methanol oxidation is a promising anodic
reaction that can provide value-added products while operating
at a lower electrode potential than oxygen evolution.[38–42]

Methanol oxidation to formate (Equation (8) readily reaches
high conversion and product concentration;[43] hence, it has
been selected for investigating the operation modes at an
industrially relevant current density of 200 mAcm� 2. A pre-
oxidized copper foam coated with copper dendrites was
employed as an anode as described in our previous
publication.[43]

CH3OHþ 5OH� ! HCOO� þ 4H2Oþ 4e� (8)

For comparison of the operating modes, we calculated
the ideal concentration curves for methanol oxidation to
formate in batch, single-pass, and feed and bleed mode
(Figure 6a–c) and measured the concentration curves exper-
imentally (Figure 6d–f). A constant FE of 100% for formate
was assumed as the ideal case for the calculation, while a
lower FE was determined in the experiments (Figure 6g–i).
As in the experiments, the same volume, flow rate, and
current density were used for the calculation. All experi-

ments were carried out with the same experimental setup,
which can be used for all three operating modes depending
on the pump settings (see Figure S5).

In ideal batch mode at constant FE, the reactant concen-
tration decreases linearly while the product concentration
increases linearly, as depicted in the calculated concentration
curves in Figure 6a. With increasing experiment duration, an
increasing amount of methanol is converted to formate.
Compared to ideal reactor models in chemical reaction
engineering, the behavior of a flow cell in batch mode with
closed recirculation corresponds to an ideal batch reactor
(stirred tank), as both represent a closed system. The slope of
the changing concentrations depends on the current density i,
the electrode area A, the FE, the number of electrons trans-
ferred per reaction z, and the electrolyte volume V in the batch
setup.

During methanol oxidation with our setup operating in
batch mode, we observed a nearly linearly decreasing
methanol concentration as shown in Figure 6d, in agree-
ment with the model prediction. However, the formate
concentration in the experiment increased with decreasing
slope, reaching a maximum concentration of 0.44 mol/L.
Comparing experimental (d) and calculation data (a) sug-
gests a decreasing FE over time for formate formation since
its concentration does not follow a linear increasing trend
throughout the experiment. The FE correlates with the slope
of the formate concentration and is calculated with Equa-
tion (5) from the change in formate concentration between
two time points. Figure 6g illustrates the decreasing FE and
increasing methanol conversion over time determined from
the concentration data of the experiment. Although FE for
formate formation was above 90% within the first 5 minutes
of the experiment, the FE dropped significantly afterward,
reaching 0% at 56 min. One credible explanation for the
decreasing FE is the further electro-oxidation of formate to
carbonate, which is a known side product of methanol
oxidation on copper oxide.[39,44] Recently, we demonstrated
the effect of the ratio of formate to methanol on the FE for
anodic oxidation of methanol to formate, elaborating on
possible pathways for formate loss.[43]

In batch operation mode, we reached a high conversion of
nearly 80% of the initial 1 mol/L methanol within the experi-
ment duration of less than 60 min. The rapid progress of the
oxidation was enabled by the high current density of 200 mA/
cm2 and the high ratio of geometrical electrode area (25 cm2) to
electrolyte volume (56.5 mL). Our results show that the batch
operation mode is well suited to achieve high conversion and
product concentrations. However, the concentration of reactant
and product are constantly changing. Since no steady state is
reached, a single batch experiment cannot distinguish temporal
effects such as possible deterioration of the electrode from the
influence of the increasing reaction progress.

In ideal single-pass mode at constant FE, product, and
reactant concentrations are constant after a short transient
phase, as shown in the calculated concentration curves in
Figure 6b. A flow cell in single-pass mode behaves similarly
to an ideal plug flow reactor (PFR), where the reaction
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progress increases with the distance the flow travels through
the reactor. The short transient phase in the calculation is
caused by the residence time of the flow in the cell and the
time delay until the flow reaches the point of concentration
measurement. Assuming an ideal plug flow without back
mixing, the transient phase in the calculation is short. The
product concentration in single-pass mode is determined by
the current density i, the geometric electrode area A, the FE,
the number of electrons transferred per reaction z, and the
flow rate _V through the cell. We investigated methanol

oxidation in our setup in single-pass mode in two separate
experiments at a flow rate of 2.5 mL/min and 10 mL/min. As
expected, more methanol was converted to formate at a flow
rate of 2.5 mL/min than at 10 mL/min, as shown in the
concentration curves in Figure 6e. The transient phase was
significantly longer than the ideal calculation, which we
attribute to non-ideal flow (back mixing, dead volumes, and
recirculated anolyte through the FTIR spectrometer). After
the initial transient phase, the concentrations of methanol
and formate were fairly constant, with slight fluctuations for

Figure 6. a–c) Ideal concentration curves calculated for methanol oxidation to formate in batch, single-pass, and feed&bleed operation mode with a constant
FE of 100%. The calculation was performed with the same volume, flow rate, and current density as the experiments. d–f) Measured concentrations during
oxidation experiments in batch (V =56.5 mL, _V =50 mLmin� 1), single-pass (two experiments, at _V =2.5 mLmin� 1 and at _V =10 mLmin� 1), and feed&bleed
operation mode (V =56.5 mL, _Vcycle =50 mLmin� 1, _Vfeed =2.5 mLmin� 1). g–i) Methanol conversion and FE for formate determined from the measured
concentration data by applying Equations (5)–(7). Experimental conditions: 200 mAcm� 2, 25 °C, 2 molL� 1 KOH, 1 molL� 1 methanol.
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the experiment at 2.5 mL/min. Figure 6h shows FE and
conversion over time calculated from the single pass
concentration data by Equations (6) and (9). The non-ideal
transient phase was not evaluated as the applied FE equation
was derived from the ideal system behavior. The experiment
at 2.5 mL/min showed a lower FE at higher methanol
conversion (49–57% FE at 22–28% conversion), compared to
the experiment at 10 mL/min (80–86% FE at 7.0–7.5%
conversion). As observed in the batch experiment, the FE was
lower at higher conversion, since an increasing ratio of
formate to methanol facilitates the overoxidation of formate
to carbonate. However, the lower FE at 2.5 mL/min can be
only partially explained by the higher conversion. Figure 7
directly compares the three different operating modes by
plotting the FE against the conversion showing that at the
same conversion the FE in single-pass mode at 2.5 mL/min
was significantly lower than for batch mode at a flow rate of
at 50 mL/min. We attribute the difference to an increasing
mass transfer limitation with decreasing single-pass flow rate.
The flow rate of 2.5 mL/min, required for about 25%
conversion, corresponds to a very low mean flow velocity of
0.24 mm/s in the cell. In single-pass mode, product concen-
tration and mass transfer cannot be investigated separately,
as product concentration and mass transfer are directly
dependent on the flow rate. In this context, the shape of the
channel inside the cell is crucial (cross-section area of the
flow and active electrode area). In small meandering micro-
fluidic channels, a flow velocity with sufficient mass transfer
can be achieved even at a low flow rate so that a high
product concentration can be achieved in single-pass
mode.[12] However, in flow cells with a larger cross-section
area of the flow, such as the flow cell used in this work
(cross-section: 1.75 cm2), the single-pass mode is unsuitable
for high product concentrations due to mass transfer

limitations. A major advantage of the single-pass mode is the
operation in a steady state, which is reached quickly with
only a short transient phase. Steady-state operation enables
long-term experiments and facilitates the investigation of
temporal effects such as electrode degradation.

In ideal feed and bleed mode at constant FE, the reactant
concentration decreases, and the product concentration in-
creases until a steady state is reached, as depicted in the
calculated concentration curves in Figure 6c. In a steady state,
the rate of product formation at the electrode equals the
product removal rate through the bleed stream. The concen-
tration curves for an electrochemical flow cell in feed and bleed
mode present a behavior similar to an ideal continuous stirred-
tank reactor (CSTR). For ideal feed and bleed, the product
concentration converges to the concentration ideal single-pass
would reach at the same feed flow rate (compare equations in
Figure 6b and 6c). We consider the system in a steady state
when the product concentration reaches 98% of its final value.
The end of the transient phase, when 98% of the final
concentration is reached, is marked by a black dashed line in
the plot and was calculated by Equation (4). As described in the
equation, the duration of the transient phase depends on the
electrolyte volume V in the system and on the feed rate _Vfeed.
During methanol oxidation with our setup operating in feed
and bleed mode, we observed concentration curves of meth-
anol and formate that closely resembled the ideal calculation
(Figure 6f). However, the formate concentration converged to
0.24 mol/L in our experiment compared to 0.31 mol/L in the
calculation that assumed a constant FE of 100%. The lower
formate concentration can be attributed to a FE <100%. The
FE in feed and bleed mode can be determined from the
formate concentration even before a steady state is reached by
applying Equation (7). Figure 6g shows the FE and methanol
conversion calculated from the concentration data. The initial
FE for methanol oxidation was high, reaching up to 88%. With
increasing methanol conversion, the FE converged to 76% at
28% conversion at steady state.

If the FE is plotted against conversion as shown in Figure 7,
the resulting FE curve of feed and bleed closely aligns with the
curve obtained in batch operation. The FE curves deviated
slightly at low conversion, likely caused by artifacts of non-ideal
mixing and the reduced accuracy of the FTIR analytics at low
formate concentration. The difference between the FE at the
steady state operating point in feed and bleed mode and in
batch mode at the same conversion of 28% was remarkably
low (76% vs. 74.7%). The good agreement of batch and
feed&bleed FE demonstrates that our calculation method
provided accurate FE data for most of the transient phase and
the steady state operating point. Furthermore, our results
illustrate that feed and bleed can be operated in a steady state
at high conversion without mass transfer limitation. In contrast
to the single-pass mode, the achievable conversion in feed and
bleed mode was successfully decoupled from the flow rate in
the cell, as the steady state conversion can be increased by
decreasing only the feed flow rate. The feed and bleed mode
follows the same relationship of FE and conversion as observed
in batch mode (see Figure 7), but in contrast to batch mode, a

Figure 7. FE for formate plotted over methanol conversion from the data of
Figure 6, comparing batch, single-pass, and feed&bleed operating mode.
Experimental conditions: 200 mAcm� 2, 25 °C, 2 molL� 1 KOH, 1 molL� 1

methanol.
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single point on the FE-conversion curve can be selected for
continuous operation. Therefore, feed and bleed provides a
unique opportunity to investigate electrochemical processes at
both steady state and industrially relevant reaction conditions
with high product concentration and conversion. Figure 8
demonstrates feed and bleed operation over an extended
experimental duration of six hours showing no significant
change in FE and conversion after the transient phase. For
further improving FE and conversion of methanol oxidation to
formate, more selective catalysts are essential, in addition the
structure of the present electrode could be improved. Reducing
the thickness of the dendrite layer or forcing convective
transport into the pores might improve mass transfer into the
porous layer.[43] For improved reaction conditions, we would like
to refer to our previous publication,[43] which showed that
increasing the temperature and decreasing the current density
increased FE and conversion. From a process perspective,
selective separation of formate from the electrolyte could
improve FE and conversion by preventing overoxidation to
carbonate. In the context of feed and bleed, selective product
removal is beneficial because a concentrated product stream is
removed from the system instead of the otherwise nonselective
bleed stream. Feed and bleed electrosynthesis of formate could
be coupled with a selective separation process such as bipolar
membrane electrodialysis[45–48] to investigate the overall process
at steady state and industrially relevant conditions.

3. Conclusions

In this study, we explored the “feed and bleed” operating mode
for electrosynthesis in flow cells, specifically targeting its utility
in lab-scale research. A model was presented to facilitate the
understanding and analysis of the behavior of the feed and
bleed system in both transient and steady state. A novel 3D-
printed phase separator was developed to efficiently tackle gas

separation from the electrolyte loop, leveraging gravity and
centrifugal forces for effective separation while maintaining a
low internal volume. This separator can be reproduced through
additive manufacturing techniques using readily accessible
materials.

Moreover, we introduced a versatile experimental setup
with a low internal volume tailored for the feed and bleed
operating mode. The setup’s capability to operate in batch and
single-pass mode as well enabled a direct comparison of all
three operating modes at the example of methanol oxidation
to formate. Furthermore, the setup can be employed in future
studies to select the operating mode depending on the
research question without the need for hardware changes.
Online FTIR analytics, featuring a high sampling rate, provided
comprehensive insights into the characteristics of each oper-
ation mode, offering valuable guidance for researchers in
selecting the most suitable operating mode for their experi-
ments. Notably, the comparison highlighted that the feed and
bleed mode uniquely supported continuous operation at both
steady-state and high conversion levels.

Our study spotlights the advantages of feed and bleed
operation in comparison to batch and single-pass modes, solves
practical challenges, and provides valuable insights for applying
feed and bleed in lab-scale research. The unique characteristics
of feed and bleed render it particularly suitable for investigating
continuous processes in a steady state over extended periods
while maintaining industrially relevant conditions with high
product concentration. Beyond the demonstrated setup for
liquid product streams, the feed and bleed approach also holds
potential for applications involving microfluidic reactors, gas-
eous product streams, or automated experimentation.

Figure 8. Methanol conversion and the FE for formate plotted over time for an extended experimental duration of six hours. Experimental conditions:
200 mAcm� 2, 25 °C, _Vcycle =50 mLmin� 1, _Vfeed =2.5 mLmin� 1, 2 molL� 1 KOH, 1 molL� 1 methanol.
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Materials and Methods

Theoretical Analysis

All feed and bleed equations were derived from a mole balance
around the electrolyte in the system, which was assumed to be
ideally mixed. Further details on the ideally mixed model and the
balance equation are provided in the results Section 2.1. The
assumption of ideal mixing of the electrolyte was evaluated by
comparison to a non-ideally mixed model (see Supporting
Information S1). The feed and bleed models were implemented
with Python using the GEKKO Optimization Suite[49] to solve the
equations. All other calculations were performed in Excel (Micro-
soft) and Origin (OriginLab).

Phase Separator

The phase separator was manufactured by 3D printing (printer:
Form 3, material: High Temp Resin V2, Formlabs). After printing, the
phase separator was thoroughly rinsed with Isopropanol and cured
in a “Form Cure” device (Formlabs) at the manufacturer’s recom-
mended settings of 80 °C for 120 min. The 3D model of the phase
separator is provided in the Supporting Information. The phase
separator was connected via three threaded ports for G1/4“ tubing
connectors and two smaller threaded ports for UNF 1/4” 28G tubing
connectors. The material of the phase separator was transparent,
allowing to observe the separation chamber during operation. The
visibility of the separation chamber was improved by applying a
transparent adhesive film on the dull front surface of the phase
separator.

Experimental Comparison of Operation Modes

All experiments were performed in an electrochemical flow cell
(flex-E-cell, FXC Engineering) with an active geometric area of 5 cm
by 5 cm with two electrolyte compartments separated by a bipolar
membrane (Fumasep FBM-PK, Fumatech) in reverse bias. The

anolyte was an aqueous solution of 2 molL� 1 potassium hydroxide
(KOH, 85%, VWR) and 1 molL� 1 methanol (CH3OH, 99.9%, Merck),
the catholyte was a solution of 1 molL� 1 potassium hydroxide. The
anode was a copper foam (POROFEN-Cu90, AlCarbon) coated with
copper(II) oxide dendrites. The anode preparation procedure was
adapted with modifications from Huan et al.[50] Anodic methanol
oxidation was paired with hydrogen evolution at the cathode,
which was a nickel mesh (aperture width 0.5 mm, wire diameter
0.14 mm, Haver & Boecker) supported by copper foam. The
electrodes and cell setup were identical to our previous work on
methanol oxidation to formate, please refer to our previous
publication for further details.[43] The flow cell was operated at
constant current supplied by a potentiostat (VSP with 10 A booster,
Biologic) at a current density of 200 mAcm� 2. Potentials were
measured using a reversible hydrogen electrode (RHE)(Hydroflex,
Gaskatel).

Figure 9 shows a schematic of the cell and the experimental setup
consisting of two separate electrolyte cycles. The electrolytes were
circulated with a peristaltic pump (Masterflex L/S Digital, Cole-
Parmer) through the electrochemical flow cell and a heat exchanger
(flex-H-cell, FXC Engineering). The heat exchanger was connected
to a thermostat set to 25 °C. Each electrolyte cycle contained a
phase separator (see Section 2.2) for removal of excess volume and
gas bubbles, which was connected in short distance after the flow
cell outlet. The phase separator allowed operating with a low
electrolyte volume without a flask or reservoir within the electrolyte
cycle. The total anolyte volume was 56.5 mL, which was determined
by measuring the volume of water that fits into the anolyte cycle.
To determine the correct electrolyte volume, it should be ensured
that the electrolyte cycle is filled completely with water with no
remaining air bubbles. A sample stream from the anolyte was
circulated at 10 mLmin� 1 through the flow cell probe of an FTIR
spectrometer (ReactIR 702 L with Micro Flow Cell, Mettler Toledo).
The concentrations of methanol and formate were measured with
an FTIR spectrometer at a sample rate of 2 min� 1. The concentration
data obtained from the spectrometer software (iC-IR, Mettler
Toledo) was further processed and analyzed in Origin (OriginLab).

Figure 9. Experimental setup used for batch, single-pass, and feed and bleed mode.
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Weighted adjacent averaging with a window size of 20 points was
applied to the concentration data, which removed noise from the
data without altering the shape of the concentration curves. The
conversion of methanol was calculated from the smoothed
concentration data according to Equation (9) with the initial
methanol concentration cMeOH;0 and the current methanol concen-
tration cMeOH.

conversion ¼
cMeOH;0 � cMeOH

cMeOH;0
(9)

For further information on the FTIR analytics please refer to our
previous publication.[43] The sample stream and the feed stream
were supplied by peristaltic pumps (Reglo ICC, Ismatec). For all
experiments, the cathode side was operated in feed and bleed
mode at a volume flow of 50 mLmin� 1 in the loop and 5 mLmin� 1

for the feed. Detailed pump settings on the anode side for batch,
single-pass, and feed and bleed operation are illustrated in
Figure S5.
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