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Abstract

Aiming to demonstrate the importance and facility of characterising the reaction environment
in new commercial laboratory-scale flow cells, fluid flow, pressure drop and space averaged
mass transport coefficient were studied in the C-Flow® Lab 5 x 5 cell. A flow-by configuration
with smooth, planar electrodes in a rectangular channel was used. Electrolyte mean linear
velocities of 2 to 10 cm s past the electrode surface and channel Reynolds numbers of 53 to
265 were considered. The effect of a turbulence promoter next to the working electrode was
evaluated. Flow distribution was explored by a qualitative flow visualization study, while the
relevance of pressure drop was shown by measurements over the flow channel and the whole
cell as a function of mean linear velocity. The electrochemical performance was quantified
from the limiting current, permitting the determination of the mass transport coefficient at the
electrodes over the same range of flow rates. Reactant conversion in the batch recirculation
mode and normalised space velocity were predicted from the electrochemical plug flow reactor
design equation. Results were compared to well-characterised electrochemical flow reactors
found in the literature. The significance of characterisation techniques and basic reactor models

during the development of new processes is emphasised.
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Dimensionless groups
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Working electrode breadth to height aspect ratio
Working electrode length to height aspect ratio
Mass transport enhancement factor due to the TP
Channel Reynolds number (= vde/v)

Schmidt number (= v/D)
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Abbreviations

CFL
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Normalised space velocity
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1. Introduction

Electrochemical flow reactors are central to many electrochemical processes including organic
electrosynthesis [1, 2], redox flow batteries [3, 4], and some types of water treatment [5]. Their
importance in electrochemical technology has been highlighted recently [6]. Considerable
attention has been given to the design and improvement of cell geometries, electrode materials
and cell manufacture at different scales. This has sought to achieve an improved reaction
environment with a more uniform distribution of current density and electrode potential, higher

rates of mass transport to, or from, the electrode surface and lower capital and running costs

[7]1.

The diversity of electrodes and applications in well-established rectangular channel laboratory
cells has been the subject of extensive reviews. For instance, the FMO1-LC reactor (originally
developed by ICI C & P) has been fully characterised and its applications discussed by Rivera
et al. [8, 9]. Developments beyond classical approaches can be found in the form of innovative
manufacturing technology for flow frames, endplates, porous electrodes and turbulence
promoters (TPs) using additive manufacturing [10]; the use of nanostructured porous electrodes

[11]; and the coupling of electrode processes with heterogeneous reactions [5].

As pointed out in a critique of recent developments in rectangular channel flow cells [10],
insufficient attention has been given to characterising the reaction environment of new cells;
particularly those offered as ready solutions for laboratory studies. For example, some are
intended for benchmarking of reactions in organic electrosynthesis [12, 13], the study of novel
chemistries for flow batteries [14, 15] or multiple applications [16]. Such flow cells can
actually be used for the development of entirely different electrochemical technologies.
Nevertheless, we are not aware of any publication characterising the reaction environment in

these, or similar new cells, for which pressure drop and average mass transport coefficients as



a function of flow rate are measured. These are essential parameters. Without such information,
comparison and translation of results among different cells becomes difficult. Studies in this
field need to use a well-defined experimental arrangement and a good understanding of the
practical considerations regarding flow, limiting current and pressure drop, especially when

attempting or describing new electrochemical processes.

This work provides a facile, basic characterisation of the hydrodynamic behaviour and
electrochemical mass transport performance of the C-Flow® Lab 5 x 5 laboratory-scale
electrochemical flow cell; commercialised by C-Tech Innovation Ltd. Planar electrodes were
used for convenience and the effect of a TP in the flow channel was also investigated. The
hydraulic flow pattern of a fluid through the channel, pressure drop over the reactor and space
averaged mass transport to the electrode were examined at mean linear velocities in the range
2 <v <10 cm s?. The cell, which has typical dimensions used in laboratory studies, can
accommodate a wide range of coated and uncoated electrode materials (planar and porous),
and can be used in undivided or divided mode (with an ion exchange membrane or microporous
separator between the two half-cells). Complete characterisation of the cell will allow us to
understand better the effect of process parameters on diverse electrochemical reactions such as

the anodic oxidation of ammonia coupled with hydrogen evolution at planar coated electrodes.

Standardised test cells, offer various advantages and limitations at different cost and
availability. Additional practical aspects of laboratory cells and their expected features include:
low contact electrical resistance, a small number of components, ease and speed of assembly,
leakproof operation, freedom from blockage, ease of cleaning, ability to incorporate Luggin
probes and other sensors, etc. From this perspective, it is imperative that characterisation of

cell performances is made available, enabling users to make informed decisions.



2. Experimental details
2.1 The flow cell

The studied cell has an active, projected electrode area, A = 25 cm? and a half-cell working
volume of 12.5 cm® (with a total of 25 cm? in the undivided mode), which is typical in
laboratory studies. The configuration and cell components are shown in Figure 1. Brass current
collectors, planar electrodes, gaskets, machined cPVC flow frames, flow distributors, and
membrane gaskets were compressed between two stainless steel endplates. The two half-cells
were separated by a proton exchange membrane Nafion 212 (Chemours Co.) having a dry
thickness of 0.05 mm. The dimensions of the flow channel and working electrode, for the
present rectangular channel cell, in comparison to other types of electrochemical cells are
shown in Table 1. The flow frames of the studied cell have an overall dimension of 16 cm x
11 cm, both front and rear plate frames having a thickness of 0.7 cm. The flow channel has a

length of 5 cm and a breadth of 5 cm.

As shown in Figure 1, both the front and rear plate frames have an inlet and an outlet manifold,
each of them containing 6 consecutive ports of identical cross-sectional area (6.25 mm?). Each
port is at 90 deg to the axis of its respective manifold feeder. Electrolyte flow enters the
compartment from the bottom inlet manifold, branches into separate streams through the ports,
flows through the electrode compartment and travels towards the top outlet manifold. The front
and rear plate frames also have two machined inserts each, with flow distributor patters facing

the consecutive ports.

A 1.6 mm thick nickel (99.0%, Goodfellow UK Ltd.) and a 1.6 mm thick pure carbon sheet
(C-Tech Innovation Ltd.) were used for the working and counter electrodes, respectively. The
electrodes were 5 cm x 5 cm to give an active surface area of 25 cm?. A chlorinated polyvinyl
chloride (cPVC) mesh (supplied by C-Tech Innovation Ltd.) was mounted as a TP next to the

planar electrode. The TP had overall dimensions of 6 cm x 6 cm % 0.1 cm and a volumetric



porosity, ¢ , of 0.84. The value of £ was determined from the ratio of the weight of the mesh to
the weight of a solid piece of cPVC of the same overall dimensions, by the knowledge of its
density. The structure of the mesh is shown in Figure 2 and was characterised using a Leo 1530

VP (Carl Zeiss A.G.) field emission gun scanning electron microscope.
2.2 Flowing electrolytes

An alkaline, aqueous electrolyte with the hexacyanoferrate(ll)/hexacyanoferrate(lll), redox
couple was used for measurements of limiting current density and it was also used for the
pressure drop measurements. The solution had a composition of 1.0 x 102 mol dm?
Ks[Fe(CN)s] and 10.0 x 10 mol dm K4[Fe(CN)g] in 1.0 mol dm= Na2COs (pH = 12.1). The
excess of hexacyanoferrate(ll) was used to ensure that the anodic reaction did not become rate
limiting at the working electrode. The solution had a fluid density, p, of 1.12 g cm®; a dynamic
viscosity, {1, of 1.92 x 102 g cm™ s; and a kinematic viscosity, v of 1.71 x 102 cm? s, The

viscosity of the solution was measured with a digital Rheometer (Bohlin Gemini 200) at 25 °C.

2.3 Flow visualisation

Flow visualisation studies were carried out in order to obtain a qualitative indication of the
electrolyte flow dispersion as it passed through the cell. The colour intensity of the methylene
blue dye changed as a function of the local flow velocity and direction, and was filmed using
a 40 megapixel digital camera (Huawei P20 pro) mounted on a tripod. A volume of 1 cm?® of
dye solution was injected by syringe, with the pump off, at a point located approximately 1 cm
before the cell inlet. The pump was then switched on to start the test, avoiding the influence of
the injection speed on the flow patterns. The test was performed at a representative mean linear
velocity of 6 cm st and photographic images were taken at intervals of 0.25 s. For this
procedure, one face of the cell was replaced with a transparent polymethyl methacrylate
(PMMA) plate to enable the observation of the flow patterns. Given the qualitative nature of
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this flow visualization study and the smooth surface of PMMA, it was assumed that the

roughness factor of the surface had no substantial effect on the flow patterns.

2.4 Pressure drop measurements

The hydraulic pressure drop of the evaluated flow cell was measured with, and without, a TP
present in the flow channel. A 3D image showing the internal structure of the flow frame can
be seen in Figure 3a. The experimental arrangement for pressure drop measurements within
the flow channel is shown in Figure 3b. Two holes of 2 mm diameter were drilled through the
frame where pressure taps were inserted. One tap was positioned 5 mm above the top of the
electrode and the other was 5 mm below the bottom of the electrode. The pressure drop of the
fluid was also measured outside the frame to investigate the effect of manifolds, as shown in
Figure 3c. For this, two T-piece connectors (Cole-Parmer UK Ltd.) were symmetrically

positioned 20 mm away from the inlet and outlet manifolds.

The pressure taps were connected to a Digitron 2023P digital manometer (RS Components UK
Ltd.) via two PTFE tubes of 2.4 mm internal diameter (Cole-Parmer UK Ltd.). For both
configurations, pressure drop measurements were recorded every 30 s for 10 min to obtain an
average value. The temperature of the solution was 24 °C. During these procedures, each
compartment of the flow cell was connected to a peristaltic pump (Cole-Parmer Masterflex L/S)
fitted with silicone rubber tubes (Masterflex L/S C-Flex Ultra) and to a reservoir (Duran GL

45) using silicone tubing with an internal diameter of 6.4 mm.

2.5 Electrochemical mass transport studies
The electrochemical performance of the cell under a mass transport-controlled electrode

reaction was quantified using the mass transport coefficient, k,, obtained by measuring steady-



state limiting currents, I, as a function of mean linear velocity, ranging from 2 to 10 cm s™.
The reaction of interest at the nickel working electrode was the reduction of

hexacyanoferrate(l11) ion to hexacyanoferrate(ll) ion:

Fe(CN)s* + & 2 Fe(CN)6* E° =0.361V vs. SHE (1)

Limiting current measurements for the reduction of hexacyanoferrate(l11) ion were obtained by
linear sweep voltammetry (LSV) between the potential limits of + 1.0 V and — 1.5 V vs. a
saturated calomel reference electrode (SCE) at a linear sweep rate of 10 mV s using a carbon
plate as the counter electrode. The scans were performed using a VoltaLab PZ1050 potentiostat
(Radiometer Ltd.). As shown in Figure 3c, the working electrode potential was measured at its
lateral, middle point through a Luggin capillary inserted in the flow frame and connected to an
external reservoir containing the reference electrode. Experiments were carried out at a

temperature of 24°C.

3. Theory

3.1 Mean linear velocity and Re number

In order to enable the comparison of electrochemical flow cells across different scales and to
define a simple normalised electrolyte flow rate, the mean linear velocity, v, of electrolyte past

the electrode surface is calculated from its volumetric flow rate, Q, using the expression:

v=21 (2)

where A, is the cross-sectional area and ¢ is the porosity of the flow channel.



The fluid flow of the electrolyte can then be described using the channel Reynolds number, Re.
It is usually considered that well-developed flow in a smooth channel is laminar for Re <2100
and turbulent for Re > 4000. The Reynolds number for the flow channel was determined from

the mean linear velocity, v, by:

Re = > (3)

where L is the length of the channel and v is the kinematic viscosity. The range of solution
flow evaluated in this work involved volumetric flow rates from 0.3 to 1.5 dm?® min?,
corresponding to mean linear velocities of 2 to 10 cm s past the electrode surface and channel

Reynolds numbers in the range 53-265.

3.1 Definition of an empirical power law for pressure drop

The hydraulic pressure drop, 4p, experienced by the electrolyte as it flows through the cell is
caused by frictional losses and its value is determined by the difference in pressure between
two points. The relationship between 4p and the flow conditions for a particular flow cell,
enabling methodologies for evaluating electrode materials and improving pumping efficiency,

can be described by an empirical power law:

Ap = eRe™ (4)

where the coefficient, e, and the Re exponent, h, are empirical constants which characterise a
particular electrode geometry and flow cell. The power required for pumping, Byymp IS
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related to the pressure drop, Ap across the cell at a given volumetric flow rate, Q, by the

expression:

ApQ
Boump = b — (5)
pump

where goump IS the pump efficiency and ¢ is time.

3.2 Limiting current density and mass transport rates

The steady-state limiting current is achieved at the electrode when the current for the
electrochemical reaction passing through the cell is restricted by the diffusion rate of
electroactive species to and from the electrode surface. For a smooth, planar electrode, the

relationship between k,,, and I, is:

ey = (6)

where z is the electron stoichiometry, F is the Faraday constant and c is the bulk concentration

of the reactant.

3.3 The effect of the turbulence promoter

Promotion of mixing and increased local velocities within the channel by the presence of a
polymer mesh TP gives rise to an increase in mass transport to a planar electrode, at a given
flow velocity. A mass transport enhancement factor, y, can be quantified for a planar electrode

by the ratio of the limiting current in the presence of the TP to that in the empty channel:

11



y =+ ™
L

In this work, the ratio indicates how much the limiting current at the nickel cathode increased

by the addition of the cPVC TP.

4. Results and Discussion

4.1 Flow visualisation

Flow visualization can be performed by injecting a dye [17], a fluorescent ink [18] or tracer
particles [19]; a thermal imaging technique [20] may also be used. Its purpose is to reveal flow
patterns and local electrolyte velocities within the flow channel, permitting the identification
of possible stagnant areas, direction-changing vortices or non-uniform flow distribution. Such
features can result in heterogeneous concentration and current distributions at the electrode
which can lead, in turn, to parasitic reactions (e.g. gas evolution), mass transport restrictions
and passivation or corrosion of the electrode surface. These issues become more relevant at the
pilot and industrial scales [21] but it is a useful exercise to understand these principles in small

cells, particularly in new designs.

The results of flow visualisation studies in the unrestricted electrode compartment with
manifolds and flow frames are shown in Figure 4 for a typical mean linear velocity of 6 cm s
1 1t can be seen that initially the dye flowed into the compartment through the left vertical ports.
An asymmetrical flow was generated within 1.0 s and was dominant at this side of the
compartment. The dye started to emerge through the middle ports when the time reached 1.25
s. After 2.0 s, the blue dye occupied the left side of the compartment predominantly but can be

observed entering the compartment through the right ports opposite to the inlet manifold. It
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took approximately 4 s for the blue dye to fill the whole compartment, suggesting a relatively

high flow dispersion in the direction perpendicular to the mainstream.

The flow maldistribution prominent at the left-hand side of the compartment is attributable to
the geometry of the consecutive manifolds. This structure, consisting of multiple ports vertical
to the manifold axis, is used widely due to its simplicity but is prone to producing non-uniform
flow distribution. Typically, lateral ports next to the inlet manifold have excess flow, while
others at the opposite end of the inlet suffer from shortages of flow. Non-uniform flow
distribution in electrochemical flow reactors will reduce cell performance and efficiency [22].
Parameters, including the area ratio (the ratio of the sum of areas of all ports to manifold area),
space between each two consecutive ports, curvature radius at the junction between manifold
and ports, have a significant influence on flow distribution along the manifolds and can be
improved to reduce the maldistribution effect [23]. For instance, by modifying the diameter of
the ports or the diameter of the feeding tube as a function of their distance from the inlet [24].
It must be noted that such flow maldistribution is much less significant when 3D porous

electrodes with small pore size are present in the flow channel, such as carbon felt [25].

4.2 Pressure drop measurements

Pressure drop is related to the pumping power demand and is therefore relevant to the efficiency
of an electrochemical reactor. Reactions of interest are usually studied at an early stage on the
laboratory scale, since a major aim is to determine feasibility. Comparative studies can evaluate
the suitability of electrode materials [26], targeting low pressure drop for a given operational
current density. Moreover, there are practical concerns regarding pressure drop in small cells,

for example, surpassing the pumping pressure capacity [27], which causes deviations from the
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nominal flow rate or the proclivity of electrolyte leaks when the internal cell pressure is

needlessly high.

The hydraulic pressure drop, as a function of mean linear velocity, is presented in the
logarithmic-logarithmic plot in Figure 5a for the C-Flow Lab cell, considering both an
unrestricted flow compartment with a planar electrode and with a TP next to the electrode. The
impact of cell manifolds has also been established by measuring the hydraulic pressure drop
outside the cell frame. As expected, Ap increased as a function of the mean linear velocity. The
use of the TP next to the planar electrode resulted in a higher pressure drop through the flow
cell. This is the same typical behaviour observed in industrial devices, such as the
ElectroSynCell® (projected area of 400 cm?) [28], where the pressure drop produced by the
TP was close to that produced by a coarse nickel foam electrode. For the measurement taken
within the cell frame, the highest pressure drop was obtained in the presence of the TP (max.
0.94 kPa at a mean linear velocity of 10 cm s ™). In the absence of the TP, the pressure drop

obtained at a mean linear velocity of 10 cm s was reduced to 0.86 kPa.

The cell manifolds had a significant effect on hydraulic pressure losses through the cell. The
highest pressure drop measured outside the cell frame (max. 8.16 kPa at 10 cm s) was almost
one order of magnitude higher than that measured within the cell frame (max 0.94 kPa at 10
cm s1). These observations suggest that the consecutive ports increased friction at the walls
and resulted in high resistance to fluid flow with increased pressure losses. Frias-Ferrer et al.
[21] considered that, in small-scale electrochemical flow reactors, the flow reaction
environment (e.g. flow pattern distribution, mass transport coefficients and current distribution)
was largely dependent on the cell manifold geometry, position and number, rather than the flow
channel characteristics. They proposed a geometrical manifold parameter, y, providing a

simple but valuable statement of the importance of cell manifold design such as thickness,
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width, geometrical distribution of the open spaces, and the free area for the electrolyte entrance,

which can result in significant entrance/exit effects on hydraulic pressure drops.

Pressure losses through the flow cell in the present study can be compared with those produced
by other types of electrochemical flow reactors and TP, also plotted in Figure 5a. For example,
Arenas et al. [27] reported modest pressure losses through a TP mesh next to a Pt/Ti planar
electrode, even at relatively high mean linear velocities. The highest Ap value observed was
1.03 kPa at a mean linear velocity of 17 cm s™. On the other hand, Griffiths et al. [29] have
examined the mass transport and pressure drop characteristics of the FMOL reactor. They
confirmed that the use of a TP improved mass transport coefficients, at the expense of

moderately higher pumping costs.

Other studies have discussed the use of porous electrodes. For instance, Brown et al. and
Trinidad et al. [30, 31] reported the hydrodynamic behaviour of the FM01-LC reactor when
using 3D porous electrodes and TPs. It was evident that their benefits included a higher mass
transport coefficient at the electrode, more uniform current distribution, and reduced entrance
effects near the inlet manifold. Arenas et al. [27] compared the pressure losses over various
porous electrodes (a mesh, a micromesh and a felt) through an in-house built electrochemical
flow reactor. They reported that the felt electrode (with & of 0.80) yielded the highest Ap values
(up to 259.5 kPa at 12 cm s), whilst the lowest Ap value (max. 264.4 Pa at 8 cm s) was

observed at the mesh electrode (with an & value of 0.71).

Pressure losses inside flow compartments have been researched for many years [32]. However,
much less attention has been given to the other causes of partial pressure drops in a flow reactor
(e.g. distribution ducts, branches, connecting beams, sudden section expansion). Pawlowski et
al. considered all significant partial pressure drops of fluid flow inside a reverse electrodialysis

(RED) stack and reported that the partial pressure drops in the distribution duct and the
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branches had a dominant contribution to the cause of a non-uniform distribution in the stack

[33].

A logarithmic-logarithmic plot can be used to establish the relationship between the pressure
losses and the flow channel, Re, in the form of an empirical power law [27, 34, 35], see Figure
5b. The Reynolds number was calculated from mean linear velocities based on Equation (3).
Following the typical behaviour [36], 4p is linearly proportional to the Reynolds number under
these conditions. The Reynolds number in the present study was relatively low in the flow
channel (Re < 300). The correlations for the rectangular channel flow cell can also be compared
with those for various porous electrodes in an in-house electrochemical flow reactor by Arenas

et al. [27] and by Colli et al. [36].

4.3 Mass transport measurements by limiting current

Electrolyte flow entails convective diffusion of the products and reactants involved in an
electrode reaction. As the ovepotential is increased, the reaction rate falls subsequently under
charge transfer, mixed and mass transport control regimes [37]. In the latter two cases,
electrode potentials (along with cell voltage) and the overall reaction rate are determined by
forced convection. A limiting current is developed under full mass transport control, being a
function of km, as shown by Equation (6). In turn, the value of km is proportional to the
electrolyte flow rate and depends, in part, on the geometry of the flow cell. The idealised,
maximum production rate of a cell can be found by determining km vs. electrolyte flow rate
relationships, for instance, by the limiting current technique [38]. Poor mass transport
(insufficient flow) can result in low limiting currents, undesired overpotentials and parasitic
reactions. As a result, mass transport can influence the selectivity of electrochemical reactions

[39].
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Hydrodynamic linear voltammetry was carried out to determine an electrochemical
performance factor, i.e., k,,, and to evaluate the impact of the implementation of TPs. A
logarithmic-logarithmic plot, shown in Figure 6, is used to show the limiting current for
reduction of ferricyanide ions in the flow cell as a function of the mean linear velocity in the
absence and presence of the TP. The limiting current values increased from 4.5 to 20 mA as
the mean linear velocity increased from 2 to 10 cm s, which suggests enhanced convective-
diffusion of electroactive species to and from the electrode surface in the flow channel. More
importantly, the degree of enhancement in the limiting current was more pronounced when the
TP was incorporated, contributing to an approximately four-fold increase in the limiting current
at the lowest mean linear velocity studied (2 cm s™). Previous studies have reported that the
deployment of an appropriate TP contributed to a significant increase in the mass transport
coefficient [40], and also a more uniform distribution of mass transport over the electrode

surface [41].

Figure 7 shows the mass transport coefficient in the electrode section as a function of the mean
linear velocity in the absence and presence of the TP, according to Equation (6). The mass
transport coefficient increased as the mean linear velocity increased. The incorporation of the
TP enhanced the rate of mass transport to the electrode surface. Figure 8 shows the mass
transport enhancement factor as a function of the mean linear rate. The employment of the TP
showed an enhancement factor of up to 3.9 compared with the empty flow channel, which is
marginally higher than those values reported by other researchers for different TPs, up to 2.2
[36] and 3.5 [42]. Similar mass transport enhancement effects take place at metal mesh
electrodes [43]. The enhanced mass transport obtained in the present research is associated with
the high volumetric porosity of the mesh promoter (& is 0.84). Incorporation of a mesh
promoter in the fluid flow path significantly improved the rate of mass transport to the electrode

17



surface and hence its productivity over time. Furthermore, the TP can ameliorate the current
and potential distribution at the electrode, reduce the effect of localised pH changes and

decrease voltage efficiency losses [17].

It is noteworthy that the enhancement offered by the employment of the TP was more
pronounced at a low mean linear rate and gradually decreased with increasing mean linear
velocity. Previous studies have also reported this trend when assessing the mass transport
enhancement factor of various electrode materials and they partly attributed this to the internal
flow bypass (also called channelling) in the electrode compartment due to more intense

manifold flow jets at higher mean linear velocities [44].

5. Predicted Cell Performance
5.1 Mass transport performance vs. pumping power

Mass transport coefficients can be correlated to pressure drop, since both are functions of the
mean electrolyte velocity. Such a plot considers the electrochemical performance of an
electrode and/or cell in relation to the associated pressure drop over a range of flow rate,
providing an indication of suitability for scale-up and permitting to establish empirical power
laws that describe a particular cell design [27, 42]. Moreover, since pumping power is a
function of pressure drop, this correlation gives an example of a simple cost-benefit approach
which is useful for improving the technology readiness level of cells, and moving from the

laboratory towards industrial processing.

The behaviour observed in the C-Flow Lab cell is shown in Figure 9. Given the similarities in
their dimensions and type of TP, it is comparable to that of a 24 cm? electrode cell with planar
Pt/Ti electrodes and a TP [27]. It can also be observed that the use of a TP results in both a

higher mass transport coefficient and a higher pressure drop. This follows the expected
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behaviour that cells with a high mass transport coefficient, tend to develop high pressure drop,
due to the energy dissipation caused by the fluid mixing and turbulence taking place at the
extended electrode surface area or at the TP structures. It is important to reach a practical
compromise, such that the rate of mass transport to the electrode surface is sufficiently high at

a moderate pressure drop over the cell.

5.2 Predicted batch recirculation performance

When the electrode reaction takes place at the highest possible current for a given mean linear
velocity of electrolyte, i.e. the limiting current, it is possible to predict the fractional conversion
of the reactant as a function of time by using the electrochemical plug flow reactor (PFR) model
[45]. This also provides a means of illustrating the use of the mass transport coefficients
determined previously in the description of the performance of the cell under the experimental
conditions. A batch recirculation mode between the cell and an external electrolyte tank is

considered [46].

Considering a 2e” reduction under complete mass transport control in the batch recirculation
flow mode via a 1 dm?® catholyte tank, the time taken by the cell to achieve a fractional
conversion of 90% for the reactant in a well-mixed tank is described by the PFR equation for

batch recirculation [47]:

log (ﬁ) =23 [1 — exp (R’”TA)] (8)

and setting the ratio of reservoir concentration at time t, compared to the concentration at time

zero, ¢(plcqoy = 0.90, equivalent to an overall fractional conversion of 90%.

19



In equation (8), the symbols A, k,,, T, ¢ and Q represent the electrode area, mass transport
coefficient, mean residence time in the tank, reactant concentration and volumetric flow rate,
respectively. The term in square parenthesis on the right-hand side of equation (8) represents
the fractional reactant conversion in a single pass through the reactor while t/7; represents the
number of recycles of electrolyte through the tank. The term in square brackets represents the

fractional conversion of reactant in a single pass through the cell.

Considering a catholyte tank holding 1 dm® volume of electrolyte, the results are plotted as the
time taken to achieve a fractional conversion of 90% in the tank, as a function of the mean flow
velocity of electrolyte in Figure 10. The time was inversely proportional to the mean linear
velocity and the application of the TP had a positive influence over the conversion rate. In the
absence of the TP, the time decreased from 7 min to less than 2 min as the mean linear velocity
increased from 2 to 10 cm s. When the TP was incorporated, the time dropped significantly
to 1.8 min at the lowest mean linear velocity and further reduced to 1 min as the mean linear

velocity was increased to 10 cm s,

5.3 Normalised space velocity vs. mass transport performance

The cell performance under the experimental conditions can be quantified and compared to
other reactors by considering the normalised space velocity (NSV), s,,, (dm?® dm™ h1) for 90%
removal of a soluble contaminant for a mass transport-controlled reaction in the batch
recirculation mode with a 1 dm? reservoir volume. The NSV can be calculated using the

expression [48]:

_ kpA
Sn =33 Vg ©)
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where A is the electrode area, k,,, is the mass transport coefficient, and Vj is the reservoir
volume. The NSV values for a fully mass transport-controlled reaction at various mean linear
velocities, with and without a TP are shown in Figure 11. The values increased as a function
of the mean linear velocity, since a higher rate of the electrolyte flow contributed to an
increased mass transport coefficient. The employment of the TP further enhanced the mass
transport in the flow channel and hence increased the NSV. The lowest value (0.073 dm® dm
h™1) was observed at the lowest mean linear velocity of 2 cm s without the TP. A mean linear

velocity of 10 cm s™ in the presence of the TP yielded the highest NSV of 0.516 dm® dm™ h.

These results can be contrasted with those at a planar carbon plate with a projected area of 19.2
cm? in a stirred beaker cell, which showed a NSV value of 0.49 dm?® dm h! for the recovery
of Cu(ll) ions at a constant current of 70 mA under a stirring rate of 1200 rpm [49]. At this
scale, the productivity of the cell is not too different from that of a beaker cell with an electrode
of comparable size. However, parallel plate flow cell has the advantage of a well-defined,
controlled and reproducible reaction environment, in addition to the ability to scale up by

increasing the volume of the tank [46].

6. Conclusions

The reaction environment in a laboratory rectangular channel flow cell using planar electrodes
has been studied as a plug flow reactor, using a variety of techniques. The following

conclusions can be drawn from the present studies:
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1. Flow visualisation using methylene blue dye injection was conducted using a simple digital
camera. An asymmetric flow was generated and dominant at one side of the compartment due

to the geometry of multiple ports at 90 deg to the manifold axis.

2. The pressure drop increased as a function of the mean linear velocity and the channel
Reynolds number. The values for the pressure losses obtained at a mean linear velocity of 10
cm s T were increased from 0.86 kPa to 0.94 kPa as the TP was incorporated next to the planar
nickel electrode. The cell manifolds had a significant influence on the hydraulic pressure drop
through the flow channel. The highest pressure drop measured outside the cell frame (max.
8.16 kPa at 10 cm s™) was almost one order of magnitude higher than that measured within the

cell frame (max 0.94 kPa at 10 cm s?).

3. The electrochemical performance of the flow cell was quantified from the limiting current
and mass transport coefficient measurements. As mean linear velocities increased from 2 to 10
cm s, the values for the limiting current were increased from 4.5 to 20 mA while the mass
transport coefficient increased from 1.87 to 8.31 10~} cm s!. At all flow velocities studied, the
incorporation of a TP further enhanced the mass transport in the flow channel. The
enhancement factor was between 1.6 and 3.9 at mean linear velocities in the range 2 <v < 10

cmst,

4. The implications of the data have been illustrated by plotting mass transport coefficient (km)
vs. pressure drop in the electrode section of the channel over a range of mean electrolyte flow
velocities. The correlation was typical for a flow-through cell using a 2D electrode and a TP.
The plot of mass transport vs. pressure drop considers an aspect of electrochemical
performance under mass transport control as a function of pumping power, useful for an

informed scale-up of electrode materials, TP meshes, and cell designs.
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5. The cell performance under the experimental conditions has been illustrated by calculating
the time required to recirculate a fixed batch of electrolyte through the cell at controlled flow
velocities in order to achieve a fractional reactant conversion of 90%, the reaction being
completely mass transport controlled. In the absence of the TP, the time was decreased from 7
min to less than 2 min as the mean linear velocity increased from 2 to 10 cm s™. When the TP
was incorporated, the time was significantly decreased to 1.8 min at the lowest mean linear
velocity of 2 cm s and further reduced to 1 min as the mean linear velocity increased to 10

cm st

6. The cell performance under the experimental conditions has also been illustrated by
considering the normalised space velocity (dm® dm= h) for 90% removal of a soluble
contaminant via a mass transport-controlled reaction in the batch recycle mode with a 1 dm?
reservoir volume. In the absence of the TP, the NSV values increased from 0.073 to 0.324 dm®
dm h*t with increasing the mean linear velocity from 2 to 10 cm s Incorporation of the TP

further increased the NSV values from 0.284 to 0.516 dm3 dm= hL.

Further studies will consider the pressure drop and electrochemical performance of the CFL
cell in the presence of 3D, porous electrodes, such as metal mesh, metal foams, reticulated

vitreous carbon and carbon felt.
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Tables

Parameter for each half-cell in This work, Waldvogel | Pinflow Lab- ElectroCell Arenas et al. Griffiths etal. | Ralphetal. in-
divided configuration. C-Flow Lab cell* [12] Cell} [15] Micro Flow in-house cell FMO1-LC cell | house cell [30]
cell Cell [16] [23] [24]
Flow channel length, L / cm 5 6 5 3.2 6 16 15
Flow channel breath, B / cm 5 2 4 3.2 4 4 15
Flow channel height, S/ cm 0.5 0.2 0.5 0.4 0.6 0.45 1.0
Projected electrode area, A / cm? 25 12 20 10 24 64 225
Channel volume, V / cm? 12.5 24 10 4 14.4 28.8 225
Hydraulic equivalent diameter, de 0.91 0.36 0.89 0.71 1.04 0.81 1.88
/cm (= 2BS / B+S)
W.E. breadth to height aspect 10 10 8 7.9 6.67 8.89 15
ratio (= B/S)
W.E. length to height aspect ratio 10 30 10 7.9 10 35.56 15
(=L/S)
Standard frame material CpPVC PTFE PVC PTFE PMMA PTFE PVC

Table 1. Typical geometrical dimensions of the half-cell channel and working electrode for various laboratory flow cells. For comparison
purposes, all cells are considered with a 2D, planar electrode. *Using the thickest recommended gasket of 2 mm. FFor an electrode height option
of 5 mm. {For a standard electrode gap of 4 mm. Cell architecture and dimensions by commercial suppliers differ depending on application or

by request.
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Figure captions

Fig. 1. Expanded view showing the configuration of the CFL electrochemical cell. 1) rear plate

assembly (304 stainless steel); 2) current collector (brass); 3) electrodes (nickel or
carbon); 4) electrode gaskets (expanded EPDM); 5) flow frames (cPVC); 6) flow
distributor inserts (cPVC); 7) membrane gaskets (EPDM); 8) membrane (Nafion 212);
9) front plate assembly (304 stainless steel); 10) compression thumb screws (304

stainless steel). Courtesy of C-Tech Innovation Ltd.

Fig. 2. SEM image showing the structure of the turbulence promoter (TP), an electrochemically

inert cPVC mesh, along its average pitch dimensions.

Fig. 3. Electrochemical cell and experimental arrangement for pressure drop measurements. a)

Fig. 4.

Fig. 5.

Fig. 6.

3D images showing the internal structure of the flow distribution frame. Courtesy of C-
Tech Innovation Ltd. b) Arrangement for measurements within the flow channel c)

Arrangement for measurements outside the cell frame using T-piece connectors.

Flow visualisation images of the flow channel, following the injection of methylene
blue dye into the inlet, at time, t = 0 at a representative mean linear velocity of 6 cm s~
! Image captured by a digital camera, at 0.25 s intervals until t = 3.75 s.

Pressure drop experienced by the flowing electrolyte as it passes through the electrode
compartment and whole electrochemical flow cell in the absence and presence of a TP.
Pressure drop vs. a) electrolyte mean linear velocity, and b) Reynolds number.
Electrolyte composition: 1.0 x 10 mol dm Ks[Fe(CN)e] and 10.0 x 10" mol dm™
Ka[Fe(CN)g] in 1.0 mol dm Na2COs.

Limiting current density measurements for reduction of ferricyanide ions at a planar
cathode in a channel in the absence and presence of a TP mesh over a range of controlled
mean linear velocity. Electrolyte composition: 1.0 x 10 mol dm Ks[Fe(CN)e] and
10.0 x 107 mol dm™ K4[Fe(CN)g] in 1.0 mol dm™ Na2COs. Linear sweep voltammetry
(LSV) performed between the potential limits of + 1.0 V and — 1.5 V vs. SCE at a linear

sweep rate of 10 mV s at 24°C. Mean linear velocities in the range 2 <v < 10 cm s,
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Fig. 7.

Fig. 8.

Fig. 9.

Mass transport coefficient measurements for reduction of ferricyanide ions at a planar
cathode in a channel containing a TP mesh over a range of controlled mean linear
velocity in the range 2 < v < 10 cm s, Electrolyte composition: 1.0 x 10 mol dm
K3[Fe(CN)s] and 10.0 x 10 mol dm= K4[Fe(CN)g] in 1.0 mol dm= Na;COs. Linear
sweep voltammetry (LSV) performed between the potential limits of + 1.0 V and — 1.5

V vs. SCE at a linear sweep rate of 10 mV s and at 24°C.

Mass transport enhancement factor to the planar nickel electrode due to the presence of
a TP over a range of electrolyte mean linear velocity. Electrolyte composition: 1.0 x 10
¥ mol dm™ K3[Fe(CN)s] and 10.0 x 10 mol dm™ K4[Fe(CN)s] in 1.0 mol dm™ Na,COs.
Temperature 24°C.

Mass transport coefficient vs. pressure drop in the electrode section of the channel with
mean electrolyte flow velocities in the range 2 < v < 10 cm s, Electrolyte composition:
1.0 x 10 mol dm™ K3[Fe(CN)s] and 10.0 x 10 mol dm™ K4[Fe(CN)s] in 1.0 mol dm"
% NaCOs. Temperature 24°C.

Fig. 10. Expected time taken to achieve a fractional conversion of 90% for an idealised two-

electrode reaction as a function of mean linear velocity of electrolyte, according to
Equation (8).

Fig. 11. Predicted values of normalised space velocity as a function of mean linear velocity for

an idealized two-electrode reaction, in the absence and presence of a TP in the flow

channel, according to Equation (9).
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