
International Journal of Heat and Mass Transfer 104 (2017) 650–657

CORE Metadata, citation and similar papers at core.ac.uk

Provided by Elsevier - Publisher Connector 
Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier .com/locate / i jhmt
Liquid–solid mass transfer to a rotating mesh electrode in a rotor–stator
spinning disc configuration
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.08.076
0017-9310/� 2016 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

⇑ Corresponding author.
E-mail address: j.vanderschaaf@tue.nl (J. van der Schaaf).
P. Granados Mendoza a, S.J.C. Weusten a, M.T. de Groot b, J.T.F. Keurentjes a, J.C. Schouten a,
J. van der Schaaf a,⇑
a Eindhoven University of Technology, Eindhoven, The Netherlands
bAkzo Nobel Industrial Chemicals B.V., Amsterdam, The Netherlands
a r t i c l e i n f o

Article history:
Received 3 May 2016
Received in revised form 30 July 2016
Accepted 24 August 2016
Available online 13 September 2016

Keywords:
Rotor–stator spinning disc reactor
Rotating mesh electrode
Mass transfer coefficient
Limiting current density method
a b s t r a c t

Here we present the mass transfer coefficient for liquid–solid mass transfer to a rotating mesh electrode
and a smooth flat disc electrode in a rotor–stator spinning disc reactor. The mass transfer coefficients are
measured with the limiting current density technique. Additionally, the torque is measured and the
energy dissipation rate in the system is calculated. The volumetric mass transfer coefficient of the mesh
electrode increases a factor 5 compared to that of the flat disc electrode at virtually equal energy dissi-
pation rates. Due to the characteristics of the mesh, the mesh electrode offers 2.77 times higher electrode
area than the flat disc. The mass transfer coefficients measured for the rotating mesh electrode are a fac-
tor 1.74 higher compared to the flat disc. Average Sherwood numbers are reported and a correlation is
presented that predicts mass transfer rates of rotating meshes in rotor–stator spinning disc reactor
configurations.
� 2016 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Electrochemical processes play an important role in the chemi-
cal industry, for instance in the production of important chemicals
such as chlorine, sodium hydroxide, sodium chlorate, hydrogen,
oxygen, and aluminium among others [1,2]. Due to the intrinsic
characteristic of being an energy-intensive industry, there is a
continuous drive for process improvement in order to increase
the production rate with minimal power consumption. By increas-
ing the current density of an electrochemical process, the rate of
production proportionally increases. One of the challenges of oper-
ating at high current densities is that the rate at which reactants
and/or products are transported to/from the electrode becomes
the limiting step. When the limiting current density is reached,
the rate of reaction can no longer be compensated with the rate
of mass transport to/from the electrode and the process becomes
mass transfer controlled. A further increase in the current density
leads to undesired reactions at the electrodes and higher power
consumption due to a steep increase in the cell potential. It is
therefore desired to increase the mass transfer rate in electrochem-
ical reactors. An option for this intensification is the use of high
shear forces that promote a rapid mixing of fluids and a high sur-
face renewal rate. A type of rotating equipment that uses these
principles is the rotor–stator spinning disc reactor (RS-SDR) [3].
This reactor consists of a rotating disc in a cylindrical housing, with
a typical gap distance between the rotor and the stator in the order
of 1 mm. The high velocity gradient between the rotor and the sta-
tor and high shear forces cause high turbulence that intensify the
gas–liquid [4–6], liquid–liquid [7] and liquid–solid [8] mass
transfer, as well as heat transfer [9,10]. Moreover, due to the small
reactor volume, the RS-SDR offers a fast start-up and shut down
which is beneficial when intermittent production is required, e.g.
at peak electricity production by wind or solar energy.

Mesh electrodes are used in industrial cells, for instance in zero
gap cell configurations [11,12], where the electrode and membrane
are in close contact and the mesh electrodes allow the contact with
the electrolyte. Furthermore mesh electrodes offer the advantage
of promoting turbulence, higher surface area and facilitating gas
removal [13]. Rotating mesh electrodes have been previously stud-
ied by Sedahmed et al. [14]. These authors reported higher mass
transfer coefficients for the rotating mesh than the predictions
for the free disc in laminar regime. The flow pattern for the config-
uration used by Sedahmed et al. resembles that of a free disc,
where the gap between the rotating disc and the bottom stator is
very large. Alternatively, the reactor volume can be significantly
reduced by using the RS-SDR configuration previously described,
where the rotating disc electrode is placed at a small distance from
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Table 1
Compilation of previously reported mass transfer data in the form of Sherwood
correlations as functions of Reynolds and Schmidt for free discs and rotor–stator
configurations and the correlations proposed in the present study.

Correlation and range of validity Authors Notes

Free disc in infinite liquid

Sh ¼ 0:62Re0:5Sc0:33 (6) Levich [23] a, d

Re < 2:7� 105

Sh ¼ ð0:89� 105Re�0:5 þ 9:7� 10�15Re3ÞSc0:33 (7) Mohr et al.
[28]

a, d

2� 105 < Re < 4� 105

Sh ¼ 0:007Re0:9Sc0:33 (8) Daguenet
[26]

b, d

Re > 2:7� 105

Disc in rotor–stator configuration

Sh ¼ 0:85Re0:5Sc0:33 (9) Cavalcanti
et al. [27]

a, d

87 < Re < 9:7� 103;0:1 < G < 2:26

Sh ¼ 2� 10�8Re2 þ 9� 102 (10) Meeuwse
et al. [8]

c, e

1� 105 < Re < 7� 105

Sh ¼ 0:799Re0:492Sc0:33 (11) Present
work5:89� 103 < Re < 2:24� 105

Sh ¼ 7:27� 10�4Re1:055Sc0:33 (12)

2:24� 105 < Re < 6:72� 105

Rotating mesh in free disc configuration

Sh ¼ 0:26Re0:5Sc0:33ðR=dwÞ0:5 (13) Sedahmed
et al. [14]

a, f

5:2� 104 < Re < 3:4� 105;35:7 < R=dw < 92:6

Rotating mesh in rotor–stator configuration

Sh ¼ 0:892Re0:57Sc0:33 (14) Present
work5:89� 103 < Re < 6:72� 105

Notes:
a Empirical correlation based on measurements of limiting current density of the

reduction of ferricyanide.
b Empirical correlation based on measurements of limiting current density of the

reduction of triiodide.
c Empirical correlation based on mass transfer measurements of heterogeneously

catalyzed glucose oxidation.
d Without superposed flow.
e With radially inwards superposed flow.
f The electrode gap although not specified it was estimated to be large and

therefore it was considered to be a free disc configuration with electrolyte recir-
culation, i.e. superposed axial flow.

Nomenclature

Symbols
a fitting parameter (–)
A area (m2)
aLS liquid–solid interfacial area (mi

2/mR
3 s)

b fitting parameter (–)
C⁄ concentration of the electroactive species at the bulk

(mol/m3)
D diffusion coefficient (m2/s)
do opening size of the mesh (mm)
dw wire diameter (mm)
Edr rotational energy dissipation rate (W)
F Faraday constant (s A/mol)
iL limiting current density (A/m2)
kLS liquid–solid mass transfer coefficient (mL

3/mi
2 s)

kLSaLS volumetric liquid–solid mass transfer coefficient
(mL

3/mR
3 s)

n number of electrons transferred (–)
nm mesh size (mesh units/in2)

R radius (m)
Re Reynolds number (Re =xR2/m)
Sc Schmidt number (Sc = m/D)
Sh Sherwood number, Sh = kLSR/D

Greek letters
d thickness of the diffusion layer (m)
x rotational speed (rad/s)
m kinematic viscosity (m2/s)
s torque (Nm)

Abbreviations
CE counter electrode
WE working electrode
RDE rotating disc electrode
RS-SDR rotor–stator spinning disc reactor
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the stator which is then used as counter electrode. In practical
applications the RS-SDR configuration exhibits a lower ohmic drop
and therefore lower cell voltage due to the small gap distance
between electrodes. This configuration resembles that of the pump
cell electrolyzer that has been studied extensively by Jansson et al.
for processes like metal deposition [15] and electroorganic synthe-
sis [16]. However the use of mesh or other structured electrodes in
the RS-SDR configuration has not been investigated yet.

Therefore, this paper presents liquid–solid mass transfer coeffi-
cients (kLS) of a rotating mesh electrode in a RS-SDR configuration
determined by measuring the limiting current density [17,18]. Fur-
thermore, mass transfer coefficients for a flat smooth disc in the
RS-SDR configuration are also reported. The values of mass transfer
coefficients presented here correspond to the average values over
the entire surface of the rotating mesh or rotating disc. The system
investigated here corresponds to Schmidt numbers much larger
than unity, for which several empirical and semi-empirical mass
transfer equations have been reported. In Table 1 we present some
examples of correlations reported in literature, though the list is
not exhaustive. For free discs, an overview of the available equa-
tions can be found in [19].

The results obtained in this study are also reported in the form
of a Sherwood correlation as a function of the Reynolds number of
the type:

Sh ¼ aReb Sc0:33 ð1Þ
where Sh = kLSR/D is the Sherwood number, Re =xR2/m is the rota-
tional Reynolds number and Sc = m/D is the Schmidt number with
kLS being the mass transfer coefficient, R the disc radius, D the dif-
fusion coefficient, x the rotational speed, m the kinematic viscosity,
a and b are fitting parameters.

2. Methodology

2.1. Limiting current density method

The mass transfer coefficient was measured using the limiting
current density method. When the rate of reaction is so high that
the concentration at the electrode becomes zero, the limiting
current density iL is reached and the rate of reaction can be
expressed by:
iL
nF

¼ D
d
C� ¼ kLSC

� ð2Þ

where iL is the limiting current density, n is the number of electrons
transferred, F is the Faraday constant, D is the diffusion coefficient, d
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is the thickness of the diffusion layer, C⁄ is the concentration of the
electroactive species at the bulk, and kLS is the mass transfer coeffi-
cient. In a current vs potential plot, the limiting current density
results in a plateau of constant current for a certain potential range.
Therefore a direct measurement of the mass transfer coefficient is
possible by determining the limiting current density plateau from
linear sweep voltammograms and knowing the bulk concentration.
Further details of this method can be found elsewhere [17,18]. In
the present study the limiting current density for the reduction of
hexachloroiridate (IV) [20] is investigated:

IrCl2�6 þ e� $ IrCl3�6 ð3Þ
2.2. Experimental setup

Fig. 1 shows a schematic representation of the experimental
setup consisting of the rotor–stator spinning disc reactor
(RS-SDR) connected to a PGSTAT30 potentiostat/galvanostat
(Autolab). The RS-SDR consists of an acrylic (PMMA) housing with
a disc of radius R = 0.065 m mounted on a rotating shaft. The
rotating disc was placed at a gap distance h = 1 mm from the top
and bottom stators forming a top and a bottom cavity. For this
experimental setup the rotating disc was used as a working elec-
trode (WE) which is the cathode in this case, and the stator as
counter electrode (CE) that corresponds to the anode.

Two WE configurations were used: a smooth flat disc and a
woven mesh. For the flat disc, the WE was a nickel disc (99+% pur-
ity, Salomons Metalen) of radius R = 0.065 m and 1 mm thickness
which was casted on one side with epoxy resin to a final thickness
of 3 mm. In this way only one side of the disc was electroactive.
The potentiostat/galvanostat was connected to the WE via a slip
ring and a Ni wire running through the hollow shaft and ending
in a small Ni spring protruding 2 mm from the shaft where the
rotating disc was mounted. A small incision of 2 mm was made
on the centre of the disc on the epoxy side to expose the nickel
metal and allow the electrical connection to the Ni spring. For
the mesh WE, a circular piece of a plain weaved nickel mesh (99
+% purity, Alfa Aesar) of size nm = 100, wire diameter dw = 0.1 mm
and opening size do = 0.15 mm was used (see Fig. 2). This mesh
was mounted on a PMMA disc of R = 0.065 m and was secured
using thin polyester thread through small holes (0.2 mm) on the
disc. After securing the mesh, the small holes on the disc were
closed with epoxy resin to prevent liquid penetrating through
them. In the centre of the disc a small Ni insert was placed in order
to allow the electrical connection between the Ni mesh and the
connecting spring/wire in the same way as the disc. The disc and
mesh-disc were mounted on the shaft using small insulating plas-
Fig. 1. Schematic representation of the experimental setup used in this study. It consists
the stator used as counter electrode. The electrodes are connected to a potentiostat/ga
electrode gap distance h = 1 � 10�3 m, resulting in a gap ratio G = h/R = 0.015. A peristal
gap.
tic screws. The CE consisted of a nickel disc of R = 0.065 m and
2 mm thickness mounted flush on the bottom stator using epoxy
resin to glue both parts. A Ni rod protruding to the exterior of
the PMMA bottom stator and attached to the CE served for the con-
nection to the potentiostat/galvanostat.

The flat disc WE and CE were polished using a STRUERS grind-
ing/polishing machine with alumina slurries down to 0.5 lm,
rinsed with demineralized water and sonicated to remove alumina
rests. To remove oxides H2 gas was evolved at 10 mA/cm2 for
15 min for both flat disc and mesh disc WE’s. No further pretreat-
ment was performed for the mesh electrode.

A peristaltic pump Masterflex-77201-60 was used to circulate
the electrolyte through the reactor with flowrates up to 10 ml/s.
The inlet of the liquid is from the top of the rotating cavity at the
shaft as depicted in Fig. 1. The liquid then flows radially outwards
through the top cavity and then radially inwards through the bot-
tom cavity. This bottom cavity corresponds to the WE-CE gap
where the electrochemical processes occur. The liquid exits the
reactor through a hole in the centre of the stator. The exit line of
the electrolyte serves also for connecting to a Ag/AgCl reference
electrode. The electrolyte vessel allows for the recirculation of
the liquid. Prior to the experiments the electrolyte was deaerated
with argon flushing for 30 min. During the measurements the Ar
flow was kept above the liquid level to prevent oxygen from air
entering the reactor.

Electrochemical measurements were performed using the
AUTOLAB software NOVA. This software was additionally used to
remotely control the RS-SDR rotational speed by connecting the
reactor motor to the analog voltage input/output ports of the
potentiostat/galvanostat. During the experiments the rotational
speedxwas varied between 0 and 132 rad/s. Records of the torque
of the RS-SDR were also taken in order to estimate the energy dis-
sipation. All experiments were performed at room temperature of
20 �C.

Electrolytes were prepared in demineralized water and 0.5 M
KNO3 (Sigma Aldrich) was used as supporting electrolyte. The con-
centration of the redox pair was 0.3 and 3 mM of hexachloroiridate
(IV) and (III) respectively (Alfa Aesar). Electrolytes were stored in
brown bottles to prevent decomposition. Electrolyte concentra-
tions were verified by UV–Vis spectroscopy. Calibration curves
and details on the UV–Vis measurements are shown in the Appen-
dix A.

Electrolyte density and viscosity were obtained from reported
literature [21]. The diffusion coefficient was obtained by measur-
ing the limiting current density of hexachloroiridate (IV) over a
small rotating disc electrode (RDE) of R = 0.0025 m. Details on
the methodology can be found elsewhere [22]. These measure-
of a rotor–stator spinning disc reactor with the rotor used as working electrode and
lvanostat. The working and counter electrodes are discs of radius R = 0.065 m. The
tic pump is used to circulate the electrolyte radially inwards through the electrode
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ments were carried out in a typical three-electrode cell. The WE
was a nickel disc embedded in an insulating Teflon holder (Pine
Instruments), the CE was a platinum wire and a Ag/AgCl electrode
was used as RE. Electrode pretreatment and electrolyte concentra-
tion were the same as those described before.
3. Results and discussion

3.1. Diffusion coefficient of hexachloroiridate

According to the derivation of Levich [23] the diffusion coeffi-
cient can be experimentally obtained by determining the depen-
dence of the limiting current density iL on the rotational speed of
a rotating disc electrode in laminar regime and free disc configura-
tion. The Levich equation [23] is an analytical equation that
describes this relationship and for a one-electron transfer reaction
like the one investigated here, it can be written as:

iL
C� ¼ 0:620Fm�1=6D2=3x1=2 ð4Þ

At the small radius of the RDE used here and for a wide range of
rotational speeds (0 and 314 rad/s used in this case) the RDE is in
the laminar regime where the Levich Eq. (4) is applicable [18]
and the diffusion coefficient can be directly determined. Fig. 3
shows the obtained experimental results for the reduction of hex-
achloroiridate (IV). The experimental data was fitted to Eq. (4) and
the results are in good agreement with the theoretical predictions.
The resulting diffusion coefficient is D = 8.46 � 10�10 m2/s. Petrovic
reported a diffusion coefficient of 8.93 � 10�10 m2/s for the reduc-
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Fig. 3. Variation of the current density with x0.5 for the reduction of hexachloroiri-
date IrCl2�6 on a Nickel rotating disc electrode (RDE) in a free disc configuration.
Data markers h correspond to experimental values and the solid line correspond to
the results fitted to Levich Eq. (4).
tion of hexachloroiridate (IV) in 0.1 M KNO3. The corresponding
Schmidt number is 1007, and therefore the Levich equation is
applicable [19,24]. Results are in good agreement with the theoret-
ical predictions of the Levich Eq. (4).

3.2. Mass transfer coefficients of a flat disc and a mesh disc in RS-SDR
configuration

To determine mass transfer coefficients we need to know the
current density, for which we need the electroactive area. Often a
distinction is made between the geometrical area of the electrode
and the real surface electroactive area [25]. The latter is related to
the surface roughness typically in the order of nanometers due to
imperfections on the electrode surface. The real surface electroac-
tive area is relevant for the mass transfer coefficient determination
when the surface roughness is of the same order of magnitude as
the diffusion layer thickness. The measurements of the mass trans-
fer coefficient presented here, which will be discussed in the fol-
lowing section, indicate that the diffusion layer thickness is
between 10 and 100 lm for the range of rotational speeds here
investigated. Therefore the nanometer-scale surface roughness is
not relevant, and for this reason the geometric area is considered
for calculating the limiting current density. For the case of the flat
disc, this simply corresponds to the geometrical area of the disc, i.e.
Adisc = 0.01327 mE

2. On the other hand, the area of the mesh is
slightly more complicated to calculate. Considering the mesh
design (i.e. a plain weaved mesh) a formula was derived to calcu-
late the ratio of mesh surface area and the geometrical area of
the disc:

Amesh

Adisc
¼ 0:31pdw n2

m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð0:5dw þ doÞ2 þ ð2dwÞ2

q
ð5Þ

where A is the area, dw is the wire diameter, do is the opening size,
nm is the mesh size in units per square inch. Details on the deriva-
tion of Eq. (5) are shown in Appendix B. Substitution of the mesh
characteristics used in this study into Eq. (5) gives a ratio of 2.77
for the area of the mesh compared to the flat geometric area, result-
ing in a mesh electroactive area of Amesh = 0.0367 mE

2.
The values of the mass transfer coefficients are obtained from

the current plateaus of Linear Sweep Voltammograms as a function
of the rotational speed as shown in Fig. 4. As shown in this figure,
well-defined current plateaus were observed from which the lim-
iting current can be determined. The measurements of the kLS pre-
sented hereafter correspond to the average of the current
measured in the range of �0.2 and �0.4 V.

The obtained kLS values are shown in Fig. 5 for both flat disc and
mesh electrodes as a function of the rotational speed. For both
cases an increase in the kLS with increasing x is observed. An
increase in the rotational speed from x = 0 to 132 rad/s results in
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an increase of kLS from 5.92 � 10�6 to 1.16 � 10�4 mL
3 mE

�2 s�1 for
the flat disc. For all rotational speeds, higher values of kLS are
obtained for the rotating mesh electrode compared to those
obtained for flat disc. At the highest rotational speed measured
in these experiments ofx = 132 rad/s (corresponding to a Reynolds
number of Re = 6.72 � 105) the mass transfer coefficient for the
rotating mesh electrode is kLS = 2.02 � 10�4 mL

3 mE
�2 s�1 and for

the rotating flat disc kLS = 1.16 � 10�4 mL
3 mE

�2 s�1. The higher kLS
values obtained for the rotating mesh electrode are attributed to
a higher degree of turbulence and surface renewal compared to
the flat disc. The mesh acts as a turbulence promoter distorting
the fluid boundary layers and promoting the formation of eddies
at the electrode surface.

The results obtained here can be compared to those obtained by
Sedahmed et al. [14] for rotating meshes in free disc configuration.
The mass transfer coefficients reported by Sedahmed et al. [14] at
Re = 3.4 � 105 range between kLS,Sedahmed = 1.3 � 10�4 and
3.7 � 10�4 mL

3 mE
�2 s�1 depending on the mesh type used. The

woven meshes used by Sedahmed et al. ranged in wire diameter
dw between 0.27 to 0.71 mm in contrast to 0.1 mm used here.
The size of the opening is also significantly larger for Sedahmed’s
work where do ranged between 0.59 and 1.86 mm compared to
0.15 mm used in the present work.
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Fig. 5. Mass transfer coefficient kLS as a function of the rotational speed x based on
measurements of the limiting current density according to Eq. (2) for the reduction
of 0.3 mM hexachloroiridate (IV) on a Ni mesh disc (h) and a Ni flat disc (D) in a
RS-SDR configuration. Both electrodes have radius R = 0.065 m. The electroactive
area for each configuration is Amesh = 0.0367 mE

2 and Adisc = 0.0132 mE
2 for the mesh

and for the flat disc, respectively.
The performance of the reactor is not only given by the mass
transfer coefficient kLS butmore importantly by the volumetricmass
transfer coefficient represented by the product of the mass transfer
coefficient kLS and the liquid solid interfacial area per unit volume of
reactor aLS. The reactor volume in this case is 2.8 � 10�5 mR

3 result-
ing in aLS,disc = 477 mE

2 mR
�3 and aLS,mesh = 1322 mE

2 mR
�3 for the flat

disc and the mesh, respectively. The kLSaLS values are plotted as a
function of Reynolds number in Fig. 6 where it can be observed that
for the highest rotational speed (x = 132 rad/s) the volumetricmass
transfer coefficient for the mesh is �5 times higher for the mesh
than for the disc. This shows evidently one of the benefits of using
a rotating mesh in RS-SDR configuration for the intensification of
chemical and electrochemical processes.

3.3. Mass transfer correlations

From the measured mass transfer coefficients, the correspond-
ing Sh numbers were calculated and the data was fitted to obtain
correlations as a function of the Re number. Table 1 presents a
summary of the available mass transfer correlations including
those proposed here.

Fig. 7a shows the results for the flat disc where two regions can
be distinguished: (1) a laminar region at Re < 2.2 � 105 and 2) a
transition to turbulent region at Re > 2.2 � 105. A power law model

of the form Sh ¼ aRebSc0:33 is used to fit the experimental Sh and to
obtain the mass transfer correlations for these two regions:

Sh ¼ 0:799Re0:492Sc0:33 for 5:89� 103 < Re < 2:24� 105 ð11Þ

Sh ¼ 7:27� 10�4Re1:055Sc0:33 for 2:24� 105 < Re < 6:72� 105

ð12Þ
The experimental results and the fitted curves are shown in Fig. 7a.
The laminar correlations of Levich [23] and the turbulent correla-
tion of Daguenet [26] for free discs are also plotted in Fig. 7a. For
Re < 2.2 � 105 the proportionality of ShaRe0:492 is in line with the
predictions for rotating discs in the laminar regime with ShaRe0:5

according to Levich [23] for free discs and Cavalcanti et al. [27]
for rotor–stator configurations (Eqs. (6) and (9), respectively). The
values of Sh obtained here are also close to the values predicted
by the correlation of Levich (Eq. (6)). Similar dependencies have
been reported for the heat transfer coefficient for the fluid-rotor
heat transfer in a flow configuration similar to the one studied here
[10]. The proportionality of ShaRe1:055 for Re > 2.2 � 105 can be
interpreted as a transition region. The onset of transition from
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laminar to turbulent flow observed here is in accordance with the
reported literature for rotor–stator systems where it at
Re = 2–3 � 105 [28,29]. The turbulent regime is fully developed at
the rim of the disc, but at lower disc radii the regime is still in tran-
sition. This has been previously reported by Owen et al. [29] and
Meeuwse et al. [8]. This explains the higher exponent of Re found
here, i.e. 1.055 compared to the expected exponent 0.9 typical for
rotating discs in the turbulent regime at high Sc numbers [26]. Typ-
ically in the transition region, the Sh number grows faster than in
fully developed turbulent flow [19,29]. It must be noted that for
lower Sc numbers, for instance for mass transfer measurements
using the naphthalene sublimation technique for which the
Schmidt number is in the range of 2.28–2.5, the exponent of the
Re number is 0.8 [24]. Similarly for heat transfer measurements
in air, with Prandtl numbers close to unity, the exponent of the
Re number is 0.8 [19,29]. The correlations (6) and (7) are applicable
only for the range of Re numbers indicated. At higher Re numbers it
is expected that the Sh number for a flat disc will approach the pre-
dictions of Daguenet [26] for a free disc in turbulent regime.

For the case of the rotating mesh electrode a power law model
is also used to obtain a mass transfer correlation. In this case, no
transition between laminar and turbulent was observed as in the
case of the flat disc. The obtained correlation for the mesh elec-
trode is:

Sh ¼ 0:892Re0:57Sc0:33 for 5:89� 103 < Re < 6:72� 105 ð14Þ

Fig. 7b shows a comparison of the experimental results obtained
with the mesh in the RS-SDR and the correlation of Daguenet [26]
for free discs in the turbulent regime. It can be observed that
significantly higher Sh numbers are obtained with the mesh in
the RS-SDR compared to the free disc. This is the case even for
low rotations, where for instance at Re = 1.5 � 105 (x = 32 rad/s)
the Sh number is increased from Shfree-disc = 0.35 � 104 for a free
disc in the turbulent regime to Shmesh-RS-SDR = 0.95 � 104 for the
rotating mesh in the RS-SDR. For the case of a rotating mesh in a
free disc configuration, Sedahmed et al. [14] found a proportionality
of ShaRe0:5 for Re between 5.25 � 104 and 3.40 � 105 similar to the
proportionality ShaRe0:57 found here. The proportionality of Re0.5

found by Sedahmed and Re0.57 found here for the rotating mesh
resembles the proportionality Re0.5 found for flat discs in laminar
regime, suggesting that a similar mass transport mechanism occurs.
For the case of a flat disc in laminar regime the convective flow
towards the disc increases the radial outflow that increases with
radius, consequently there is a convective azimuthal flow towards
the disc. This flow significantly increases the mass transfer towards
the disc and leads to the Re0.5 proportionality. In the case of the
rotating mesh, the open structure of increases the convective flow
even more, leading to higher mass transfer and maintaining the
proportionality of Re0.5.

The correlation presented by Sedahmed et al. [14] is also a func-
tion of the ratio between the mesh radius R and the wire diameter
dw (R/dw), as seen in equation (13). In the present study only one
mesh type is used and therefore correlations as a function of the
wire diameter are not attempted. The range of ratio of mesh radius
and wire diameter used by Sedahmed et al. is 35.7 < R/dw < 92.6
whereas for the present work this results in R/dw = 650 which is
significantly different. Calculating using Sedahmed’s correlation
(Eq. (13)) for Re = 6.72 � 105 and the mesh characteristics of this
study (R/dw = 650), the Sherwood number predicted is
Sh = 5.92 � 104 compared to Sh = 1.99 � 104 obtained experimen-
tally (Fig. 7b). Using Sedahmed’s correlation for Re = 6.72 � 105

and a maximum R/dw ratio used by the authors (R/dw = 92.6)
[14], a Sherwood number of Sh = 2.23 � 104 is obtained, which is
closer to the experimental value obtained here (see Fig. 7b).

3.4. Energy dissipation

The rotational energy dissipation rate Edr of the RS-SDR is calcu-
lated from the torque s exerted on the rotor which is directly mea-
sured by the control interface of the RS-SDR and is given by:

Edr ¼ xðs� s0Þ ð15Þ
where s is the torque measured while the reactor is in operation, i.e.
with the electrolyte flowing through, and s0 is the torque of the
reactor while running idle, i.e. without fluid. Results are shown in
Fig. 8 where it can be observed that the energy dissipation rate
for the flat disc and the mesh disc are in the same order of magni-
tude and practically the same for Re < 6 � 105. At higher Reynolds
numbers, Edr for the mesh disc is slightly higher compared to the
flat disc, being Edr,mesh-disc = 18.8 W for the mesh disc compared to
Edr,flat-disc = 16.4 W for the flat disc at the highest Re measured
(Re = 7.8 � 105) corresponding to a rotational speed of
x = 157 rad/s. These results show that the increase in energy dissi-
pation rate by using a rotating mesh in a RS-SDR is not significant
compared to the energy dissipation rate for a rotating flat disc. This
means that by using a rotating mesh in a RS-SDR one can obtain sig-
nificantly higher kLSaLS (Fig. 6) than the flat disc at virtually the
same energy dissipation rate (Fig. 8).

The obtained results of the energy dissipation rate are fitted to a
power law model as a function of the Reynolds number and the
results are given by the following equations for the mesh disc
and for the flat disc respectively:
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Fig. 8. Energy dissipation rate Edr as a function of the Reynolds for a rotating mesh
disc (h) and a rotating flat disc (D), both in a RS-SDR configuration. The data
markers correspond to experimental data obtained by measurements of the torque
s according to Eq. (15). The lines correspond to the power law fitting shown in Eqs.
(16) and (17).

Fig. A.1. UV–Vis spectrum for aqueous solutions 0.5 M KNO3 and hexachloroiridate
(IV) (dashed lines) and hexachloroiridate (III) (solid lines) in the range of
concentrations used in this study.
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Edr;mesh—disc ¼ 3:83� 10�19Re3:35 ð16Þ

Edr;flat—disc ¼ 5:52� 10�17Re2:97 ð17Þ
Similar dependence of the energy dissipation rate and the Reynolds
number have been reported for rotor–stator spinning disc reactors,
where De Beer et al. [9] reported a proportionality of EdraRe2:12 for
their measurements of single phase heat transfer in a rotor–stator
spinning disc reactor.

4. Conclusions

The limiting current density for the reduction of hexachloroiri-
date (IV) has been used to determine liquid solid mass transfer to a
rotating mesh electrode and a flat disc electrode in a rotor–stator
spinning disc configurations. The kLS values for both flat disc and
mesh electrodes increase with increasing rotational speed. Higher
kLS values were obtained for the rotating mesh electrode in com-
parison to a flat disc, being kLS = 2.02 � 10�4 mL

3 mE
�2 s�1 for the

mesh electrode which is a factor 1.74 higher than the flat disc at
the highest rotational speed measured (x = 132 rad/s). The volu-
metric mass transfer coefficient kLSaLS is found to be � 5 times
higher for the mesh than for the disc. This is the result of an
increase of a factor 2.77 of the mesh area compared to the disc
area. For the case of the flat disc, two Sherwood correlations are
presented corresponding to the laminar (Eq. (11)) and turbulent
regime (Eq. (12)). The proportionalities of Sh with respect to Re
agree with previously reported literature on rotating discs. For
the rotating mesh electrode no transition region was perceived
from the experimental measurements. Thus a single correlation
is presented for the range of Re numbers investigated here
(Eq. (14)) for the case of the rotating mesh. A proportionality of
ShaRe0:57 is found for the rotating mesh which is similar to the
proportionality of Re0.5 found in flat discs in laminar regime. The
increase in mass transfer for the rotating mesh can be attributed
to an increase in the convective azimuthal flow towards the elec-
trode caused by the open structure of the mesh. Measurements
of the torque of the RS-SDR with the flat disc and the mesh disc
showed that both configurations exhibit virtually the same energy
dissipation rate. Therefore we conclude that the increase in mass
transfer rates by using the rotating mesh disc in RS-SDR does not
occur at the expense of an increase in the power consumption of
the reactor compared to a flat disc. Moreover, for electrochemical
processes the rotor stator configuration is of particular interest
due to the very small interelectrode gap (in the order of 1 mm)
which leads to lower ohmic drop compared to free discs where
the distance between electrodes is significantly larger. These
results show the potential of the RS-SDR configuration for the
intensification of chemical and electrochemical processes.
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Appendix A. Concentration determination via UV–Vis
spectrophotometry

Fig. A.1 shows the UV–Vis spectrum of hexachloroiridate (III)
and (IV) in the concentration range used in this study. For the
redox species of interest, i.e. the hexachloroiridate (IV), peaks are
observed at 415 and 486 nm. A calibration curve was made for
each species from which the concentrations could be obtained.
Appendix B. Calculation of the mesh electrode area

A formula is derived to calculate the area of the mesh electrode
based on its geometry and dimensions. The mesh used in this study
is a plain weaved mesh as depicted in Fig. 2. We assume that the
wires are cylinders of diameter dw. The mesh design consists of
woven wires that cause a curvature of the cylinders as they are
woven over and under the other cylinders. This woven curvature
is approximated by a triangular wave as shown in Fig. 2. To correct
for the overlap between mesh wires in the junctions, 0.5 � dw is
subtracted from the horizontal length dw + do. The area of one mesh
unit can then be calculated and multiplied by the number of units
in the mesh nm. The mesh area is then related to the geometrical
area and this ratio becomes:

Amesh

Adisc
¼ 0:0031pdwn2

m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð0:5dw þ doÞ2 þ ð2dwÞ2

q
ð18Þ

The value of nm is also known as the mesh size and conventionally it
is given by the supplier in units/in2. The numerical factor in Eq. (18)
accounts for the conversion of nm to SI units, thus the mesh size in
units/in2 should be used directly for calculations in Eq. (18). Note
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that dw and do are given in millimeters in the above formula. For this
study, the mesh type used is a woven mesh of nm = 100 units/in2

with wire diameter dw = 0.1 mm and opening area do = 0.1524 mm.
The resulting ratio is calculated as:

Amesh

Adisc
¼ 0:0031� p� 0:1� 1002

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð0:5� 0:1þ 0:1524Þ2 þ ð2� 0:1Þ2

q

¼ 2:77

Thus, for any given geometric area, the area of the mesh electrode is
2.77 times larger.
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