JOURNAL OF APPLIED ELECTROCHEMISTRY 25 (1995) 450455

Mass transport to reticulated vitreous carbon rotating
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Mass transport to rotating cylinder electrodes (radius 0.5cm and height 1.2cm) fabricated from
reticulated vitreous carbon (RVCRCE) was investigated using linear sweep voltammetry in a 0.5M
Na,SO4 + 1mM CuSO, electrolyte at pH2. At a fixed cupric ion concentration the limiting
current was found to be dependent upon velocity to the power 0.55 to 0.71 depending upon the
porosity grade of the carbon foam. The product of mass transport coefficient and specific
electrode area, kA, was found to be approximately 0.51s™! at 157rads™ (corresponding to
1500 rpm) for the 100ppi material. The experimental data are compared to the predicted
performance of a hydrodynamically smooth rotating disc electrode (RDE) and rotating cylinder

electrode (RCE).

Nomenclature
A electrode area (cm?)
A, active electrode area per unit volume

(em™)
Cp bulk copper concentration (mol cm ™)
o concentration at 7 = 0 (molcm ™)
¢ concentration at time ¢ (molcm™3)
D diffusion coefficient (cm?s™?)
F Faraday constant (96485 A smol™")
h height of rotating cylinder electrode

(cm)

I limiting current (A)

I rpE limiting current at an RDE (A)

It rce limiting current at an. RCE (A)

I rvc limiting current at a rotating
RVCRCE (A)

km mass transport coefficient (cms™!)

r radius of RCE (cm)

U electrolyte velocity (cms™!)

1. Introduction

Rotating disc electrodes [1] and rotating cylinder
electrodes [2] are well established as controlled flow
electrodes for kinetic and analytical applications.
The RDE is used almost exclusively in the laboratory
while the RCE has been used extensively in industrial
applications for the removal of metal ions from
effluents [3].

Reticulated vitreous carbon (RVC) electrodes
have been in use for over a decade. The majority of
earlier work has concerned the use of static electrodes
for analytical applications [4—8]. These papers have
shown that RVC electrodes are capable of very high

vV reactor volume (cm?)

Ve overall volume of electrode (cm?)

x characteristic length (cm)

z number of electrons

Greek symbols

Ié} ratio of limiting current at an

RVCRCE relative to an RDE of
same diameter

y ratio of limiting current at an
RVCRCE relative to an RCE of
same overall volume

6 thickness of the diffusion layer (cm)
v electrolyte viscosity (cm2 s7h
w rotation speed (rad s7h

Dimensionless groups

Re = Ux/v Reynolds number
Sc=v/D Schmidt number
Sh=knx/D  Sherwood number

analytical sensitivity although high background noise
can be problematic at low reactant concentrations.
A rotating RVC electrode was developed by Blaedel
and Wang to help overcome problems with back-
ground noise [9]. To achieve this they demonstrated
the use of pulse rotation voltammetry in conjunction
with differential pulse anodic stripping voltammetry.
Using ferricyanide reduction in 0.1M phosphate
buffer they found that the limiting current was
dependent upon rotation speed to the power 0.508
for a squat cylinder of radius 2.7mm and height
2.2mm. Following this, the same authors reported
the design of a flow through analytical detector
utilising a rotating squat RVC cylinder electrode [10]
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and reported results using cylinders of radius 2mm
and heights of 1.8 mm and 8.4mm. For the cylinder
of smaller height they found a dependence of limiting
current upon rotation speed to the power 0.47.
Although data for the dependence of limiting current
upon rotation speed are presented for the 8.4mm
cylinder, the authors discovered that below flow rates
of 1 cm® min~! steady state limiting currents were not
achieved. These observations were attributed to very
fast depletion of the electroactive species, that is, to
a high fractional conversion over the detector.

RVC electrodes have also found use as substrates
for metal deposits. For example, work has been
published describing the use of a mercury-plated
RVC electrode, in the form of a flow through
100 ppi disc of radius 0.55cm and 0.24 cm depth, for
use in anodic stripping voltammetry. Blaedel and
Wang have reported detected capabilities down to
3 x 107 M of cadmium, copper, lead and zinc ions
in acetate buffer at pH 4.8 for deposition times of up
to five minutes [11].

Heider ez al. have used an RVC electrode partially
plated with platinum as an improved biosensor for
glucose determination [12]. They showed that glucose
oxidase may be immobilized on the glassy carbon
surface whilst the platinum provides an enhanced
response to hydrogen peroxide oxidation. Zamponi,
Marrassi and other coworkers have reported the use
of a gold plated RVC electrode in an OTTLE cell
[14]. It was found that the fast and efficient electroly-
ses at these electrodes were due to the increased
surface area produced by a crystalline deposit of gold.

In another paper Zamponi et al. have reported the
use of a mercury-plated rotating RVC (100 ppi) elec-
trode of 0.27 cm radius and 0.22 cm depth for anodic
stripping voltammetry [14]. An enhanced response
of approximately 60 times was found in electrolytes
containing 40 pg dm™ Cd() and Pb(um) for this
electrode when compared with a smooth mercury
plated glassy carbon electrode.

Three recent papers have illustrated the use of an
RVC flow-through reactor in a batch recirculation
[15, 16] and single pass [17] mode for the removal of
metal ions down to the sub ppm level. The work
also reported the effects of the presence of oxygen in
the system and the results show that current efficien-
cies can be maintained at a relatively high level
even at low metal ion concentrations under correct
potentiostatic control.

The aim of the present study is to quantify the space
averaged mass transport to a rotating RVC cylinder
electrode (RVCRCE). In order to provide a working
comparison the RVCRCEs are compared to an
RDE of the same radius as the RVCRCE and also
to an RCE of the same diameter and length.

2. Mass transport expressions
If it is assumed that the reactant concentration is

spatially invariant (due to effective mixing of the
electrolyte) the limiting current at a two dimensional

electrode may be expressed in terms of the
averaged mass transport coefficient, k,, and the
active electrode area, 4, via the expression

Iy = ky AzFey (1)

It has been noted elsewhere [19] that the factor ky, 4 is
a useful guide for reactor comparison. The limiting
current is given by the Levich equation [1] for a hydro-
dynamically smooth RDE rotating in an infinite
container:

IL,RDE = 0'622FACBD2/3U_1/6w1/2 (2)

Mass transport characteristics may be determined via
the use of dimensionless group correlations such as

Sh = aRe’Sc° 3)

where the Sk and Re numbers can be defined in
terms of, for example, the radius or the diameter
of the rotating electrode as the characteristic
length. For rotating systems it is common to define a
‘rotational’ Reynolds number so that

wrx
Re =—
e=2 @)

Eisenberg, Tobias and Wilke [19] used a Reynolds
number based on the diameter of the RCE
2

Reg = (5)
to characterize the mass transport to a hydrodynami-
cally smooth RCE under a wide range of electrolyte
conditions. Allowing for a change from the Stanton
number correlation used in [19] to a Sherwood
number expression, the mass transport correlation
for a hydrodynamically smooth RCE can be written
as follows:

Shq = 0.079Re§ ™ Sc"3 (6)

If the Sherwood and Reynolds numbers are written in
terms of the radius of the RCE as the characteristic
length, Equation 6 becomes:

Sh, = 0.064Re "0 5¢™3% (7)

This correlation may be rewritten as an expression for
the limiting current at a hydrodynamically smooth
RCE in terms of the RCE radius:

IL, RCE = 0064ZFACB D0‘641/_0'34w0‘70r0'40 (8)

Here, a porous electrode of fixed volume
(Ve = 0.942cm’) is studied and the limiting current
may be expressed as

IL = kmAe VeZFCB (9)
The bulk concentration of cupric ions, cg, is main-

tained at a constant value here by the use of a soluble
anode and a well mixed electrolyte.

3. Experimental details
The electrode (Fig. 1) consisted of a porous cylinder

(r=05cm, h=1.2cm) bored from a 12mm thick
RVC sheet [20] using a hollow cylindrical tool. The
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(a)

|- PTFE sheath
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Copper disc
~

Epoxy resin
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L
RVC cylinder "10_"mm
20mm

Fig. 1. RVC rotating cylinder electrode: (a) sectional view; (b) plan.

RVC cylinder was cemented to a copper RDE using a
conducting glue (RS Components silver-loaded epoxy
resin) followed by stoving at 80°C for 2h. 100 and
60 ppi RVC cylinder electrodes of differing heights
(r = 0.5cm) were machined to size on a lathe. The
silver at the base of the electrode was masked off
with a quick setting insulating adhesive (Ciba Geigy
2001 epoxy resin). The three electrode, two compart-
ment glass cell shown in Fig. 2 was used. The counter
electrode was a copper foil (Fisons) and was placed
around the walls of the working electrode compart-
ment. Auxiliary experiments showed that the copper
anode dissolved with unity current efficiency and the
bulk concentration was shown to be constant
throughout the experiments by the use of atomic
absorption spectrophotometric analysis.

Linear sweep voltammetry was carried out using a
Thompson electrochemistry rotating disc electrode
system in conjunction with a Hi-Tek Instruments
DT 2101 potentiostat and a Hi-Tek Instruments
PPRI wave form generator. The current versus
potential curves were recorded on a Bryans 26000
X~Y recorder.

Reference
electrode
(SCE)
Cell lid +—N, in
(perspex)
Counter
electrode
(copper foil)
Thermostated
glass cell
‘\
Electrolyte Working electrode
(0.5M Na,SO, (rotating RVC cylinder)
1mM CuSQ,
at pH2)

Fig. 2. Schematic of the rotating electrode cell.

Table 1. Electrolyte characteristics

Background electrolyte
Electroactive species

0.5 M sodium sulphate adjusted to pH 2
1 mM copper sulphate

Viscosity 0.0117 cm?s™!
Diffusion coefficient 49 x 10~ cm?®s '
Schmidt number 2388
Temperature 25+£0.5°C

The electrolyte used in all cases was 0.001 M copper
sulphate (May and Baker AR grade) in 0.5M sodium
sulphate adjusted to pH2 with sulphuric acid (see
Table 1). Solutions were prepared volumetrically
and the total copper concentration was measured
using atomic absorption spectroscopy. The electro-
lyte was degassed with a fast stream of nitrogen and
thermostated to 254 0.5°C. Prior to use, the elec-
trode was rinsed in acetone followed by doubly-
distilled water then by a second acetone rinse. The
final acetone rinse (immediately before use) served
to ensure that the void volume within the electrode
contained no entrapped air.

The RVC electrode was swept from the open circuit
potential (typically +54mV vs SCE) to a value of
—850mV vs SCE and the current against potential
curve was then recorded at a sweep rate of SmVs ™.
At the end of the potential sweep, the electrode was
pulsed to +500mV vs SCE to remove the copper.
Once the current had reached a steady value, the
electrolyte was replaced and the procedure was
repeated for a different rotation speed. In this way
the current against potential curves were recorded
between 26.2 and 262rads™" (corresponding to 250
and 2500 rpm). After each set of rotation speeds the
electrode was replaced by a new one. Four grades of
RVC were employed in this set of experiments (i.e.,
10, 30, 60 and 100 pores per linear inch (ppi)).

4. Results and discussion

Figure 3 shows a typical set of current voltage curves,
in this case for the 10 ppi electrode and the estimated
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Fig. 3. Current against potential curves for the 10 ppi rotating RVC
cylinder electrode. (a) 26.2, (b) 52.4, (c) 78.5, (d) 104.7, (¢) 130.9, (f)
157.1, (g) 183.3 and (h) 209.4rad s~!. Corresponding to 250 rpm
increments between 250 and 2000 rpm. The solid circles show the
estimated limiting current values.
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Fig. 4. Logarithmic plot of limiting current versus rotation speed for
the four grades of rotating RVC cylinder electrode (2 = 1.2cm,
r=0.5cm). Key: (x) 10ppi, (M) 30ppi, (+) 60ppi and (@)
100 ppi. The vertical axis also shows the product of the mass trans-
port coefficient and the electrode area, k,, A. The solid and broken
fines show the predicted performance for a smooth RDE having the
same diameter and a smooth RCE having the same diameter and
length.

limiting current values are indicated. At higher speeds
the plateau contracts and at 26.2rads™" (correspond-
ing to 250 rpm) the limiting current region appears as
an inflection over a potential range of less than
200 mV. At this rotation speed the half wave poten-
tial occurs at approximately —345mV vs SCE. As
the rotation speed increases the half wave potential
shifts negatively (approximately —425mV vs SCE at
262rads ') and the curves develop a slope in the
limiting current ‘plateau’ region. This behaviour
may be attributed to both rough copper deposition
and a significant degree of uncompensated IR-drop
in the system. Figure 4 shows a double logarithmic
plot of limiting current versus rotation speed for the
four grades of RVC. Also shown are the predicted
limiting currents against rotation speed for the
comparable RDE (Equation 2) and RCE (Equation
8). The slopes of the graphs were calculated using
linear least squares regression resulting in the equa-
tions of the lines and their correlation coefficients
shown in Table 2 according to the following equation:

IL = Kw" (10)
The experimental limiting current values may be

Table 2. Line equations and least squares regression correlation
coefficients for the four grades of RVC
Based upon limiting current versus rotation speed data.

RVC grade/ppi Line equation Correlation coefficient
10 I =0.00120%% 0.996
30 I =0.0011 % 0.996
60 I =0.00230°% 0.999

100 I = 0.0024 %™ 0.998

-
@
=}
A

N
o
(=]
T
S

-

[

o
T

100

T

D
o
T
)

Limiting current enhancement factor, B
Y [00]
(=) [=)
T T

N
(=]
T

)

0 L : 1 L
0 50 100 150 200 250 300
Rotation speed, o/rad s

Fig. 5. Plot of the limiting current enhancement factor 4 against
rotation speed for the four grades of rotating RVC cylinder
electrode. 8 =1 corresponds to the limiting current at a smooth
RDE of the same radius as the RVC cylinder. Key: (x) 10ppi,
(W) 30 ppi, (+) 60 ppi and (@) 100 ppi.

compared to theoretical limiting current values for
the hydrodynamically smooth RDE and RCE by
defining dimensionless limiting current enhancement
factors 8 and ~y defined as

I
B= (1)
L,RDE
and
I rve
= 12
It rcE (12)

These are effectively mass transport enhancement
factors based upon the limiting current.

Figures 5 and 6 show plots of the limiting current
based enhancement factors versus rotation speed
for the four grades of foam. The RVCRCEs show
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Fig. 6. Plot of the limiting current enhancement factor + against
rotation speed for the four grades of rotating RVC cylinder
electrode. Key: (x) 10 ppi, (M) 30 ppi, (+) 60 ppi and (@) 100 ppi.
~ = 1 corresponds to the limiting current at a smooth RCE of the
same overall volume as the RVC cylinder.
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Table 3. Electroactive area per unit volume for the four grades of RVC

RVC grade/ppi A.fom™! A.V,.jem* Reference
10 135+ 1.5 12.7 [22]
30 246+20 232 [22]
60 375 353 [21]

100 67.5+1.0 63.6 [22]

limiting current enhancements of between 20 times
(10 ppi) to over 130 times (100 ppi) when compared
to the RDE. Enhancements of approximately 7 to 40
times are seen for the RVCRCEs when compared to
the RCE. The difference in the shape of the plots in
Fig. 5 along with the differing slopes seen at the
RVCRCE:s suggests a change in the mass transport
conditions for the different grades of foam. The data
for the 100ppi cylinder in Fig. 6 do not show a
good correlation with rotation speed highlighting
possible changes in the flow regime within the porous
matrix.

Transforming S and v into enhancement factors
based upon the product of mass transport coefficient
and electrode area results in the following equations:

— (km Ae Vc)RVC

ﬁ B (kmA)RDE (13)
_ (km A4 Ve)rve

= e A (14

A knowledge of A, (see Table 3) allows a relative mass
transport coefficient to be expressed as

ﬁl - km,RVC

15
km rRDE (15)
and f
oy = km,va (16)
'm, RCE

It is found that, for the four RVCRCEs, the values for
G’ lie in the range 1 to 1.85. This leads to the con-
clusion that the mass transport coefficients to the
RVCRCEs are of the same order of magnitude as
the RDE in accordance with the findings of Blaedel
and Wang [9].

Experiments were performed using two other
different heights of 100ppi RVCRCE (A =09cm
and 0.5cm) at constant radius of 0.5cm. The data
are shown in Fig. 7 in the form of a logarithmic plot
of (I./V,) against rotation speed. The slopes of the
log limiting current against log rotation speed plots
for the 0.9cm and 0.5¢m high RVCRCE are 0.62
and 0.58, respectively; the correlation coefficients are
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Fig. 7. Logarithmic plot of (I/V.) against rotation speed for three
heights of 100 ppi grade of rotating RVC cylinder. ([1) 0.5 cm high,
(O) 1.2cm high and (x) 0.9cm high.
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Fig. 8. Logarithmic plot of (Z; /V,) against rotation speed for two
heights of 60 ppi RVC cylinder electrode. (O) 1.2cm high and (x)
0.9cm high.

both greater than 0.995. As can be seen from Fig. 7,
the 1.2cm and 0.9 cm RVCRCE:s exhibit comparable
limiting current densities (dimensions of Acm %)
when taking into account the difference in slopes.
The 0.5cm electrode, however, shows a higher
current density at the limiting current for all rotation
speeds studied. Figure 8 shows a logarithmic plot of
(IL/V.) against rotation speed for two heights of
60 ppi RVCRCE (1.2 cm and 0.9 cm). This plot shows
that the slope of the lines have not altered (both have a
value of 0.63 with correlation coefficients greater than
0.995). It is also apparent that the limiting current
densities are comparable for the two electrodes and
may be described by the empirical equation:

It _ 90025006 (17)
Ve

An attempt was made to correlate the data accord-
ing to equation (3). To provide comparison with exist-
ing rotating electrode geometries the Reynolds
number was based on the RVCRCE diameter. From
hydrodynamic theory, the value of the Schmidt expo-
nent, c may be taken to be equal to 1/3. The constants
a and b may be determined with a double logarithmic
plot of Shy/ Sc'/3 against Re. Figure 9 shows such a
plot and it can be seen that the mass transport condi-
tions to the RVCRCEs are sufficiently similar to allow
the use of a single approximate correlation:

Shy = 0.44 R} sc'/? (18)
103_?"“] T T T T TTTT]
80
210 = -
< - -
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10% 104
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Fig. 9. Logarithmic plot of Shy/Sc 1/3 against Re for the four grades
of rotating RVC cylinder electrode for a Reynolds number based
upon the RVC cylinder diameter.
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Fig. 10. Semilogarithmic plot of time for 90% copper removal
against rotation speed for the four grades of rotating RVC cylinder
electrode. Key: (x) 10 ppi, () 30 ppi, (+) 60 ppi and (@) 100 ppi.
Also shown are similar plots for a smooth RDE of the same dia-
meter and a smooth RCE of the same diameter and length. The
solid and broken lines show the predicted performance for a
smooth RDE having the same diameter and a smooth RCE having
the same diameter and length.

High surface area electrodes have uses in, for
example, controlled potential coulommetry experi-
ments, providing more rapid reaction times when
compared to the two-dimensional analogues. This
property is highlighted in Fig. 10. This shows a semi-
logarithmic plot of time for 90% copper removal
against rotation speed for the four RVCRCEs and
the comparable two-dimensional analogues. The
plot assumes that the system operates under complete
mass transport control at 100% current efficiency and
that the concentration decay for a fixed volume of
electrolyte in a well mixed system follows first order
behaviour according to the following equation:

¢ _kmd
CO-exp( - t) (19)

The mass transport coefficients can be considered to
be similar for all four grades of rotating RVC electro-
des and the graph shows the effect of electrode area on
the rate of the reaction. At moderate rotation speeds
(157rads™! corresponding to 1500 rpm) the 100 ppi
RVCRCE is capable of 90% copper removal from a

200cm’ volume of electrolyte in just over 15min
compared with approximately 30h for the RDE
under identical reaction conditions.

5. Conclusions

(i) The RVCRCEs exhibit large limiting current
enhancements when compared to their two-
dimensional analogues.

(i)) The mass transport coefficients to the RVCRCEs
are comparable to those at a smooth RDE of the
same diameter.

(iii) The limiting current enhancements are due, in the
main, to the large electroactive area of the three-
dimensional matrix.

(iv) The mass transport coefficients of the foams are
sufficiently similar to allow the use of a single,
approximate correlation based upon macroscopic
electrode parameters.
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