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Abstract

Electrochemical advanced oxidation processes (EAOPs) have shown excellent capabilities to
the abatement of recalcitrant organic pollutants. The Fenton-based electrochemical systems have
shown great performance for in-situ generation of H202, allowing an efficient *OH production
for the mineralization of organic pollutants. These systems have been widely applied at bench
scale; however, studies to scale-up to a higher technology readiness level (TRL) are lacking. One
of the main scale-up challenges of the Fenton-based systems is the implementation of air
diffusion electrodes (ADE) in flow-by electrochemical cells. The ADE adds additional
complexity with respect to mass transfer effects due to hydraulic reactor design and ADE gas
pressure control. Therefore, this work experimentally investigated residence time distribution and
platinum-sheet electrode mass transfer effects due to (a) the liquid cross-flow velocity through
the electrochemical cell, (b) the gas pressure of the air-diffusion electrode (ADE), and (c) the
presence of mesh sheet mass transfer promoters between the electrodes. Analysis of experimental
results revealed a synergistic improvement of mass transfer with the ADE gas flow and the
presence of mesh promoters. Engineers could exploit this synergistic effect to design

electrochemical cells with significantly lower capital cost.

Keywords: air-diffusion electrode, electrochemical engineering, advanced oxidation processes,

electro-Fenton, water treatment



1. Introduction

The increasing concern of the environmental impact of persistent organic pollutants (POPs)
has promoted research and development of eco-sustainable technologies for water treatment. It is
generally understood that conventional adsorption, physico-chemical, and biological treatments
used in wastewater treatment plants are not highly efficient at removing POPs [1,2]. Thus, the
development of powerful oxidation methods has been of significant interest in water treatment
research during the last decades. In this context, the electrochemical advanced oxidation
processes (EAOPs) have received great attention due to their high efficiency, environmental
compatibility, versatility, and safety [1-8]. Among the EAOPs, the electro-Fenton (EF) process
and its derivatives are of interest because some groundwaters and many domestic wastewaters
may contain sufficient iron concentration in situ [6—8]. In EF, hydrogen peroxide (H202) is
continuously generated and supplied to the polluted solution by the two-electron reduction of O2
at carbonaceous cathodes via reaction (1). This electrogenerated H2O2 reacts with a catalytic
quantity of ferrous ion (Fe**) to yield ferric ion (Fe**) and hydroxyl radical (*OH) in the solution
by Fenton’s reaction (2) under acidic conditions (optimum pH near 3) [1-3,7]. The *OH then
oxidizes the POPs and can achieve complete mineralization by reaction (3). The Fe?" acts as

catalyst since it can be quickly regenerated by reduction of Fe*" ion to Fe?* ion at the cathode [1].

Oxg + 2H" + 2 > H202 (1)
H202 + Fe** — Fe’" + *OH + OH- ()
POPs + *OH — CO: + H20 3)

Carbon-polytetrafluoroethylene (PTFE) cloth gas (O: or air) diffusion electrodes (ADEs)
have shown great H2O2 production that allows an efficient *OH generation leading to a quick

degradation and mineralization of POPs by EF and related processes [9-13]. This is feasible



because a 3D ADE ensures a remarkably high efficiency for Oz reduction by reaction (1) since it
is not limited by the mass transfer of the gas such as occurs with immersed cathodes that are feed
with the dissolved O: in solution. Among the latter kinds of cathodes, carbon felt [14-18],
graphite felt [19,20], graphene felt [21], reticulated vitreous carbon [22,23] and boron-doped
diamond (BDD) [24] have shown a good effectiveness to destroy POPs by these procedures. The
oxidation ability of EF and related processes also depends on the nature of the anode, which
produces heterogeneous *OH at its surface from water discharge [3]. It has been found that non-
active BDD electrodes are the most powerful anodes, producing higher amounts of
heterogeneous *OH than other materials and favoring the removal of organics, although the
homogeneous *OH formed from reaction (2) is the preferred oxidizing agent [12,25].

While the ADEs have been extensively used at lab scale for wastewater treatment, less is
known over their scale-up for possible industrial application. To do this, it is necessary the
analysis of the factors influencing the mass transfer of the feeding gas through them to know the
optimum operating conditions for achieving the faster Oz reduction.

The present work aims to study the influence of (i) the gas percolating through the ADE and
(i1) the presence of different mesh sheet mass transfer promoters between the parallel electrodes
on the residence time distribution of the plate-and-frame of a flow-by electrochemical cell, as

well as the mass transfer efficiency at an active platinum sheet anode.



2. Experimental

2.1. Chemicals

Analytical grade potassium chloride (KCI), potassium ferricyanide (K3Fe(CN)e), potassium
ferrocyanide (K4Fe(CN)s), and sodium sulfate (Na2SO4) were supplied by Sigma-Aldrich. All the
solutions were prepared with high-purity water obtained from a Millipore Milli-Q system with

resistivity > 18.2 MQ cm at 25 °C.

2.2. Electrochemical cell

A schematic of the electrolytic cell is shown in Fig. 1 and it consisted of an undivided plate-
and-frame electrochemical cell equipped with a platinum (Pt) sheet anode from SEMPSA and a
carbon-PTFE cloth air-diffusion cathode from E-TEK®. The liquid compartment had a central
window of 9.5 cm x 9.5 cm (90.2 cm?), and the electrodes were placed in parallel and separated
by an interelectrode gap of 1.2 cm. The inner face of the porous cathode was pressed to a nickel
(Ni) mesh as an electrical connector in contact with a PVC gas chamber from which compressed
air or nitrogen passed through the cathode to the electrolytic solution. The gas chamber pressure
was measured by a manometer. For the experiments without flowing gas, the gas chamber
module was replaced by a conventional sealing endplate, while using the same carbon-PTFE
cloth as cathode pressed to a Ni mesh plate. In order to evaluate the influence of mesh sheet mass
transfer promoters (sandwiched between the electrodes), different arrangements were studied

with or without mesh mass transfer promoters (



Fig. 2). These promoters consisted of plastic polypropylene mesh sheets of different rhombus
sizes, and their characteristics are summarized in Table 1. The water inlet and outlet were placed
in the inner plate between electrodes, and water flow was distributed uniformly through 81 holes
of 1.5 mm diameter (3 rows of 27 holes each). The solution was continuously recirculated from a
10 L reservoir to the reactor by a pump at adjustable flow rates, monitored by a rotameter, and

the temperature was maintained at 35°C by two heat exchangers, as reported elsewhere [9].
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Fig. 1. (a) Sketch of the electrochemical cell reactor: (1) Pt electrode, (2) Pt electrode connector,
(3) Solution inlet, (4) Solution outlet, (5) Liquid compartment that contains mesh mass transfer
promoters [only one is designed to illustrate better the distributor channel in the cell], (6) ADE electrode
connector consisting of a Ni mesh plate, (7) carbon-PTFE cloth of the air diffusion electrode [the gas
chamber is located behind the carbon-PTDE cloth sustained on the Ni mesh, (8) manometer to
measure the pressure within the gas chamber, (9) gas inlet, (10) gas outlet. (b) Illustration of the
air diffusion electrode plate that contains the (11) carbon-PTFE cloth on a (12) Ni mesh as
current distributor assembled on the (13) gas chamber compartment. (c) Engineering scheme that
illustrates the solution and gas flow within the plate-and-frame electrolytic cell with a platinum

sheet anode and an air diffusion electrode (ADE) as the cathode.



Fig. 2. Mesh mass transfer promoters: (a) small thombuses size, (b) medium rhombuses size, (¢)
large rhombuses size, and (d) multiple promoters in crossed distribution into the cell. Scale bars

correspond to 1.5 cm.

Table 1. Characteristics and number of mesh sheet mass transfer promoters used in the cell.

Aperture Total
Parallt_alog ram centerto Thickness Volume Number volume Porosity
size center (mm) (cm?d) used (cm?)
(cm)
Small 0.3 1 2 10 20 0.83
Medium 0.8 2 4 5 20 0.83
Large 1.5 3 3 3 9 0.92

2.3. Residence time distribution measurement

Pulse tracer tests were performed to analyze the residence time distribution of the reactor by
rapidly injecting a volume of 1 cm® of a 3.0 mol L' KCI solution (i.e., 0.223 g of KCl) into the
inlet of the reactor [26,27]. The reactor was continuously fed with deionized water, and the

effluent was discarded. The change in solution conductivity was monitored versus time at the



outlet of the electrolytic cell, and the procedure was repeated with different flow rates, mesh
mass transfer promoters, and gas chamber pressures. The potassium chloride concentration (C')
at time ¢ was calculated with Eq. (4), based on the electrical conductance (G) according to a
multipoint calibration with KCI standard solutions. The effective tracer concentration (C) at time
t was calculated with Eq. (5) by subtracting the effects of the non-zero background conductance
of the reagent water (C'y), given by Eq. (6), where G, was the conductance at r = 0 (i.e., the

instant of tracer injection).

¢’ =[0.41716 + 0.00308 (== )| mmol L )
C=C'—-C, 5)
'y = [0.41716 +0.00308 (%)] mmol L (6)

The mean detention time (fmean or t), dimensionless time (0), normalized pulse tracer
concentration (Cy), exit age distribution function (£(0)), and dimensionless variance of the tracer
test with respect to dimensionless time (og) were calculated according to the procedure described
in Section 6-6 of [27] and are listed here as Eq. (7) through (11), respectively. Replicates of
experiments indicate an error of 3% on the estimation of mean detention time with a standard
deviation of + 0.1 min.

Jyoctat _ yTEAt

tmean =t = waCdt =yeat (7)
t
0=: 3
[} foocdt CA
Cy=J Cdo=2 "2 =22 9)
c
E®) = (10)
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The dimensionless dispersion number d (i.e., the reciprocal of the Peclet number, Pe) [28]
was calculated for the dispersed flow model (DFM, i.e., a plug flow reactor with dispersion) with
closed and open boundaries based on the dimensionless variance (gg) according to Eq. (12)
(corresponding to Eq. 6-100 in Section 6-7 of [27]) and Eq. (13) (corresponding to Eq. 2-81 in

Section 2.4 of [26]), respectively:

-1

2dclosed — 2dglosed (1 - eddosed> = 092 (12)

2dopen+8dc2)pen 2

ZZopenT%open _ 1
(1+2dopen)2 % (13)

The actual dispersion number for each hydraulic condition is likely bounded between these two
dispersion number values, and the range between the closed and open dispersion values is an

indicator of the uncertainty of the estimation of dispersion.

2.4. Mass transfer measurement

Linear sweep voltammetry analysis was conducted with an Ecochemie Autolab PGSTAT100
potentiostat-galvanostat controlled by an Autolab Nova 1.5 software. The measurements were
performed with a three-electrode system using a Haber-Luggin capillary probe in the reactor at
the middle region with a Ag/AgCl/KClanrated) reference electrode (E°= 0.197 V/SHE). The Pt
sheet acted as the working electrode (cathode), and the C-PTFE ADE electrode acted as the
counter electrode (anode) for the mass transfer characterization.

The water reservoir of the experimental system was filled with 8 L of a ferricyanide-

ferrocyanide solution composed of 15 mmol L' of K3Fe(CN)s and 25 mmol L' of K4Fe(CN)e,
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along with 50 mmol L' of NaxSOs as supporting electrolyte. The test reaction was the
electrochemical reduction of ferricyanide at the platinum electrode as described by Eq. (14). Note
that the ferrocyanide concentration was 1.67 times that of the ferricyanide to ensure that the
limiting reaction would be the reduction of ferricyanide ion at the platinum electrode since the
geometric areas of the electrodes are the same in this case.
[Fe(CN)s]*~ + e~ — [Fe(CN)s]* (14)
The solution was maintained at 35 °C and recirculated through the system at different flow
rates with or without mass transfer promoters, as well as evaluating the influence of the gas
pressure in the gas chamber of the ADE. The solution properties at 35 °C are listed in Table 2
[29]. To avoid the oxidation of ferrocyanide by dissolved oxygen, the water was degassed with
nitrogen for 30 min prior to experimentation, and this gas was also fed into the ADE gas

chamber.

Table 2. Physical-chemical mass transfer characteristics of the ferrocyanide-ferricyanide solution

at 35 °C [29].

Characteristic Value

Density, specific mass (p) 1077 kg m™

Dynamic viscosity (11) 1.287 x 103 kg m™! 5!
Kinematic viscosity (V) 1.195 x 108 m? 57!
Diffusion coefficient of Fe(CN)s> (D) 6.4 x 101 m?s’!
Schmidt number (Sc) 1740

The global mass transfer coefficients (km) were calculated from Eq. (15) [30]:

— Iim (15)

M 2F A4, C
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where fiim is the limiting current (A), z is the number of electrons involved in the ferricyanide
reduction (i.e., 1 eq mol') from Eq. (4), F is the Faraday constant (96,485.3 C eq'), 4. is the
exposed platinum electrode area (90.25 cm?), and C is the bulk ferricyanide concentration of 15
mmol L. With the experimentally determined km values, the dimensionless Sherwood number

(Sh) was obtained by Eq. (16) [31]:

Sh = —<m dhyd (16)

Dire(enyg13-
where Digecny 3~ 1s the molecular diffusion coefficient (diffusivity) of ferricyanide (Table 2),
and dhyd is the equivalent hydraulic diameter (0.0213 m), which is a function of the breadth of the
channel (B) of 0.095 m and the interelectrode distance in the cell (S) of 0.012 m, as shown in Eq.

(17) [31]:

4BS
dhya = 2B+2S (17)

The Sherwood number can be correlated with flow conditions from Eq. (18) [27,32]:
Sh = a Re’Sc¢ (18)
where the empirical a, b, and c¢ coefficients are determined from the correlation between
calculated values of Sherwood number, Reynolds number (Re), and Schmidt (Sc) number (a
constant value of 1740 in these experiments). The Reynolds number is a function of the density
(p) of the solution, the hydraulic diameter of the flow path (defined above), the mean liquid

cross-flow velocity (vavg), and the dynamic viscosity (), according to Eq. (19) [33]:

Re =M (19)

The mean liquid velocity is calculated with Eq. (20) [33]

Q
Vavg = tBS (20)

12



where Q is the liquid volumetric flow rate (m® s!), ¢ is the porosity of the volume between the
electrodes (accounting for the presence or absence of the mass transfer promoter), and the
product B-S corresponds to the cross-sectional area (1.14 x 10 m?) perpendicular to the mean

velocity.

3. Results and discussion

3.1. Residence time distribution

Mean detention times (tmean) determined from exit age distributions (E(0)) of pulse tracer
tests were inversely proportional to mean velocity (vavg), as shown in Fig. 3, which is consistent
with reactor theory (i.e., the theoretical detention time, t, is calculated as the volume of the
reactor divided by the flow rate). Note that these mean detention times include the hydraulic
entrance (from the point of tracer injection) and exit (to the point of conductivity monitoring), in
addition to the reactor volume, so they are not directly comparable to the theoretical detention
time of the electroactive cell volume. Generally, for a given pressure and a given average cross-
flow velocity, the mean detention time decreased in the following order: small mesh, medium

mesh, large mesh, and no mesh, which is consistent with increasing porosity.

13
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Fig. 3. Mean detention time of residence time distribution at (a) 2 bar and (b) 3 bar for different

promoters: none (@), large (A), medium (M), and small size (V).

In Fig. 4, the dimensionless dispersion number of each exit age distribution test is shown
versus the average velocity of the water flow through the cell (accounting for the porosity of the
mesh). The minimum, 25" percentile, median, 75" percentile, and maximum values of all 64
dispersion numbers (including both open and closed estimates) were 0.034, 0.21, 0.32, 0.45, and
3.0, respectively. For comparison, engineered disinfection reactors with dispersion numbers of
0.03, 0.2, and 1 would be considered superior, average, and poor, respectively [34].
Theoretically, with no gas flow, the dispersion number would increase with increasing liquid
velocity; however, with ADE gas feed pressures of 2 bar and 3 bar, the dispersion number of the
residence time distribution was not correlated with liquid velocity, mesh promoter, or ADE gas
pressure (i.e., the pressure in the gas feed chamber, not the pressure inside the electrochemical
cell). For each of the four mass transfer promoter conditions (none, large, medium, and small), an
independent (unpaired) two-tailed unequal-variances #-test indicated that the mean of the eight

dimensionless dispersion number values (including both open and closed dispersed flow model

14



results) at an ADE gas pressure of 3 bar was not statistically different from the mean of the eight
dimensionless dispersion numbers with an ADE gas pressure of 2 bar (i.e., p > 0.05 for each of
the four mesh promoters). Also, for a given ADE gas pressure, independent (unpaired) two-tailed
unequal-variances z-tests indicated that the mean of the eight dimensionless dispersion numbers
with mesh present was not statistically significantly different from the mean of the dimensionless

dispersion numbers of flow through the empty cell, regardless of mesh size.

15
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3.2. Mass transfer

The experimental results of the limiting current density of the platinum sheet electrode tests
are presented versus the average liquid cross-flow velocity in Fig. 5 for each of the four mesh
conditions (parts al through a4). The corresponding Sherwood number (i.e., the dimensionless
mass transfer coefficient) versus the liquid Reynolds number is shown in Fig. 5, parts bl through
b4. Both limiting current density and Sherwood number are shown in the same figure because
they are two of the preferred figures of merit among electrochemists and chemical engineers;
identical conclusions are drawn from the two perspectives. For 11 of the 12 limiting current
density tests, the limiting current density and Sherwood number were positively correlated with
average liquid cross-flow velocity and Reynolds number (except for the case of no mesh with an
ADE gas feed pressure of 3 bar, which is addressed in more detail below). This positive
correlation between Sherwood and Reynolds number can be predicted a priori from theoretical
derivations and is well documented by many empirical investigations with various geometries
(e.g., laminar flow along a flat plate, turbulent flow through a horizontal slit or a circular pipe,
forced convection around a solid sphere or through a packed bed, efc.) [26,27,32,35-37]. From
the linear regression of the logarithms of Sherwood number and Reynolds number expected from
Eq. (18), the value of the b exponent ranged from approximately 0.4 to 0.8. The twelve b-values
obtained are listed in Table 3. Unfortunately, these exponent values are less than one, which is
consistent with most mass transfer scenarios, and that means, for a given hydraulic detention
time, there are diminishing returns with respect to improving mass transfer by increasing
velocity. That is, the relative increase in required flow path length (and capital cost) and head
loss (and operating cost) associated with increasing the velocity is greater than the relative

increase in mass transfer rate.
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promoters (2: large, 3: medium, and 4: small mesh sizes) at a gas feed pressure of 0 bar (open

symbol), 2 bar (closed symbol), and 3 bar (mixed symbol).

Table 3. Values of the exponent b in the dimensionless mass transfer proportionality of Sh « Re”

from Eq. (18).

Condition Pabe = 0 bar Pabe = 2 bar Pabe = 3 bar
No Mesh 0.68 0.76 0.57*
Large Mesh 0.62 0.68 0.60*
Medium Mesh 0.65 0.64 0.43
Small Mesh 0.53 0.76 0.59

* For liquid Re > 550

Neither the addition of mesh without gas flow, nor the addition of gas flow without mesh,
resulted in substantial improvement in mass transfer (Fig. 5). No deformation of the ADE
cathode was observed. For an ADE gas pressure of zero (i.e., no gas flow), the addition of mesh
(large, medium, or small) between the electrodes did not substantially increase the limiting
current density or the Sherwood number, and the mean value of the four b exponent values was
0.62 (with a standard deviation of samples of 0.07). When tested without mesh for a given
velocity (Fig. 5al and 5bl), increasing the ADE gas pressure from 0 bar to 2 bar only increased
the limiting current density and Sherwood number by an average of 10% + 7% (mean + one
standard deviation). When tested with mesh but without ADE gas flow, the addition of the mesh
promoters increased the limiting current density and Sherwood number by an average of 12% +
9%. Thus, independently, neither the mesh promoters nor the gas flow substantially improved

mass transfer.
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However, the combination of gas flow and mesh promoters did result in substantial
improvement in mass transfer. For an ADE gas pressure of 2 or 3 bar, the presence of mesh
significantly increased the limiting current density and Sherwood number (Fig. 5a2-a4 and 5b2-
b4), with average relative increases ranging from 45% to 114% (Table 4). It is assumed that
increasing the gas pressure at (and flow through) the ADE significantly increased the mass
transfer at the anode without significantly changing the dimensionless dispersion of the reactor.
We suspect that the presence of the mesh increased the gas travel distance toward the platinum

sheet electrode surface, which significantly enhanced the liquid-phase mass transfer efficiency.

Table 4. Average relative increase in mass transfer due to ADE gas pressure (as compared to the

same mesh condition with no gas flow).

Mesh Pape = 2 bar Pabe = 3 bar
Large Mesh 45% £ 5% 64% + 22%
Medium Mesh 76% + 4% 114% + 20%
Small Mesh 74% £ 19% 94% + 7%

(mean + one standard deviation)

With an ADE gas pressure of 3 bar (Fig. 5al and 5bl), the gas flow significantly increased
mass transfer for average liquid velocity less than 3 cm s™! and liquid Reynolds number less than
550, but with diminishing impact with increasing flow rate (likely due to the increasing hydraulic
head loss). The effect of ADE gas feed pressure without mesh was further explored with
additional ADE gas feed pressures, and the results (including those from Fig. 5al and 5bl) are
shown in Fig. 6. Mass transfer effects with an ADE gas feed pressure of 1 bar were very

consistent with results for 0 bar (no gas flow) and 2 bar. For ADE gas feed pressures 2.5 bar and

20



greater, substantial increases in mass transfer were observed for average liquid velocity less than
3 cm s! and liquid Reynolds number less than 550. The average relative increases as compared
to no gas flow were 90%, 147%, 213%, 245% for ADE gas pressures of 2.5, 3.0, 3.5, and 4.0 bar,
respectively. Presumably, at low liquid velocity and high ADE gas pressure, a certain fraction of
the electrochemical cell volume is occupied by gas, which results in a greater liquid velocity and
with the momentum of gas bubbles orthogonal to the ADE, mass transfer to the platinum sheet
electrode is significantly enhanced. However, with increasing liquid velocity, the gas flow rate
drops due to the increasing hydraulic head loss backpressure, and the fraction of the cell that is

occupied by gas also decreases, which result in diminished mass transfer improvement.
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Fig. 6. Additional mass transfer characterization without promoters: (a) limiting current density
versus mean liquid cross-flow velocity and (b) Sherwood number versus liquid Reynolds number

at 0.0 bar (O), 1.0 bar (—), 2.0 bar (), 2.5 bar (%), 3.0 bar (A), 3.5 bar (+), and 4.0 bar ().

Numerous correlations are found in the literature to correlate the average dimensionless mass
transfer coefficient in reactors with parallel plate configuration, that is, flow in channels, with or

without turbulence promoters. In Fig. 7, one can observe that the results of this work are in
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agreement with other studies in the same range of Reynolds number. In order to simplify the
comparison, only select experimental data from this work are shown: condition 1: no mesh
promoter and no gas flow; condition 2: medium mesh with ADE pressure of 3 bar, and condition
3: no mesh promoter with ADE pressure of 4 bar. This comparison reveals that electrochemical
cells with ADE electrodes show similar trends as those described for conventional flow-by

electrochemical cell configurations.
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Fig. 7. Logarithmic representation of Sherwood number versus Reynolds number from
experimental data from this work for no mesh promoter and no gas flow (O), medium mesh size
at ADE pressure of 3.0 bar ([]), and no mesh promoter with ADE pressure of at 4.0 bar ().
These results are compared with data from previous reports for electrochemical cells that
consider rectangular flow channel cells in the presence and absence of a mesh promoter as
adapted from [38]: nickel solid electrode: (@)no mesh promoter and (O) with a mesh promoter.
Nanostructured nickel deposit: (ll) no mesh promoter and (LJ) with a mesh promoter. Nickel

electrode in the FMO1-LC electrolyser: (®) no mesh promoter and (<>) with a mesh promoter.
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Nickel electrode (+) no mesh promoter and (%) with a polypropylene grid with triangular threads

mesh promoter.

4. Conclusions

Residence time distribution and platinum-sheet electrode mass transfer effects were measured
as a function of: (a) the liquid cross-flow velocity through the electrochemical cell, (b) the gas
pressure of the air diffusion electrode (ADE), and (c) the presence of mass transfer promoters
between the electrodes. Overall, the dispersion number of the residence time distribution was not
correlated with velocity, mesh promoter, or ADE gas pressure.

The limiting current density and the corresponding dimensionless mass transfer coefficient
(i.e., the Sherwood number) at the platinum sheet electrode were generally positively correlated
with average liquid velocity, and for tests with no gas flow through the ADE, the Sherwood
number was proportional to the Reynolds number with an exponent b-value of 0.62, which
means that increasing velocity yields diminishing returns in mass transfer at the electrode
surface.

Independently, neither the mesh promoters nor the gas flow substantially improved mass
transfer; increasing ADE gas pressure from 0 to 2 bar (without mesh) enhanced mass transfer by
approximately 10%, and addition of mesh promoters (without gas flow), by approximately 12%.
However, the combination of gas flow and mesh promoters did result in substantial increases in
mass transfer. For an ADE gas pressure of 2 or 3 bar, the presence of mesh significantly
increased the limiting current density and Sherwood number with average relative increases
ranging from 45% to 114%, as compared to the same mesh condition with no gas flow. For a

given reaction efficiency, doubling the mass transfer would decrease the required reactor volume

by half.
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Moreover, when the electrochemical cell was constructed without mesh promoters and
operated with ADE gas pressures of 2.5 bar or greater, substantially greater mass transfer values
(increases ranging from 90% to 245%) were observed for liquid Reynolds number less than 550.
These results are particularly promising for the design of electrochemical cells with low capital
cost and low hydraulic pumping power. For applications in which downstream gas-liquid
separation is allowable, the mass transfer rate of an electrochemical reactor could be significantly
improved with gas flow through one of the electrodes, resulting in a much smaller reactor (e.g.,
one-half to one-third of the size without the ADE).

Future work should investigate optimum mass transfer improvements as a function of both
ADE gas pressure and ADE gas flow rate, which is challenging with the existing gas chamber

pressure control system.
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