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Reticulated vitreous carbon cathodes for metal ion
removal from process streams
Part I: Mass transport studies
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The cathodic deposition of copper from acid sulphate solution containing copper(1I) has been used
to characterize the mass transport properties of reticulated vitreous carbon cathodes, operated in the
flow-by mode. Current-potential curves recorded at a rotating vitreous carbon disc electrode were
used to determine the diffusion coefficient for copper(IT) under the conditions of the experiments and
also to elucidate the effect of oxygen in the electrolyte stream. Pressure drop measurements have been
used to separate the mass transport coefficient and real surface area effect for four grades of reticulated
vitreous carbon, nominally having 10, 30, 60, 100 pores per inch.

1. Introduction

The fifteen year period up to 1980 saw a substantial
growth of electrochemical engineering as an academic
discipline. One objective was the development of three-
dimensional electrode technology for the removal of
metal ions from effluents. Indeed, these efforts led to
the appearance on the market of several technologies
including the Chemelec cell [1, 2], the EnviroCell
{3, 4], the Retec Cell [S, 6] and the ElectroSyn and
ElectroProd cells containing packed bed electrodes
[7, 8]. The performance of such cells and the literature
from the period have both been extensively reviewed,
for example [9-17]. In terms of the conversion effic-
iency, most of these systems are, however, known to
operate most satisfactorily when the metal ion con-
centration is significantly greater than 10p.p.m. On
the other hand, maximum metal ion levels permitted
in discharges are commonly below 1p.p.m. Hence,
one purpose of our programme is to reassess three-
dimensional electrode technology and to determine
whether it can operate economically to very low metal
ion levels. It is also intended to carry out parallel,
fundamental studies in order to understand more
quantitatively the metal removal technology, includ-
ing the additional problems found in practice which
result from the presence of dissolved oxygen, com-
plexing agents and mixtures of metal ions as well as
pH changes at the cathode surface.

In this first paper of the series, the reduction of
copper(Il) in acid sulphate solution is used to charac-
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terize mass transport to four grades of reticulated
vitreous carbon (10, 30, 60 and 100 pores per inch).
These materials were selected because of their regular
structure, high area/volume ratio, high porosity and
good electrical conductivity (¢f. other three-dimensional
electrodes). The properties and electrochemical appli-
cations of reticulated vitreous carbon have been
reviewed [18]. Reticulated vitreous electrodes have
been used in analytical chemistry [19-23] and also for
the removal of metal ions from solution [24-26]. There
are also earlier studies of the related, metal foam
electrodes [27, 28] and a recent series of papers has
reported a detailed investigation of mass transport to
nickel foams [29~32]. The Retec cell {3, 6] s, of course,
based on reticulated electrodes (Cu, Ni or C).

2. Experimental details

The flow cell is sketched in Fig. 1. The cell was
machined from four blocks of polypropylene (each
280mm x 100 mm and 12 mm thick), The lead anode
(50 x 50mm) and the steel plate cathodic current
collector (also 50mm x 50 mm) were mounted into
the outer polypropylene blocks so that their surfaces
were flush with the surface of the polymer. The inner
polypropylene blocks formed the electrolyte channels;
these were shaped to give extended entry and exit
lengths while the reticulated carbon cathode (S0mm x
50mm x 12mm) fitted tightly into the centre of the
catholyte channel; electrical contact to the stainless
steel current collector was made with a conducting
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Fig. 1. {i) Expanded vigw of cell showing: (a) Nafion 417 membrane, (b) silicone “Viton™ gaskets, (¢} polypropylene blocks with flow
channels, (d) catholyte mlf:t, (e) catholyte outlet, (f) anolyte inlet, (g) anolyte outlet, () Pb anode (i) steel cathode feeder, (j) reference
electrode port, and (m) reticulated vitreous carbon electrode. (ii) Plan view of catholyte channel across X-X including reticulated vitreous

carbon cathode.

carbon cement (Leit-C from Agar Aids). The four
grades of reticulated vitreous carbon (10, 30, 60 and
100 pores per inch) were manufactured by Energy
Research and Generation Inc. and supplied by The
Electrosynthesis Co Inc. The anolyte and catholyte
compartments were separated by a Nafion® 417 cation
permeable membrane (Dupont). This membrane
allowed proton transport from anolyte to catholyte
and was preferred to an anion permeable membrane
because of its higher chemical stability. 1 mm silicone
rubber gaskets were placed between each of the cell
components to prevent electrolyte leakage. After com-
pression, the reticulated vitreous carbon was a close fit
in the channel; flow visualization experiments showed
that no significant bulk bypassing by the electrolyte
occurred. The cell had two electrolyte entry and two
electrolyte exit ports wth 0.5 inch ‘Fast and Tite’
fittings. A Luggin capillary entered the catholyte com-
partment through a 3mm hole bored through the
cathode contact plate. The reference electrode was
always a Radiometer type K401 saturated calomel
electrode.

The hydraulic circuit is shown schematically in
Fig. 2. The anolyte and catholyte reservoirs were each
filled with 3dm’® of electrolyte. The electrolytes were
circulated using two Totton EMP 40/4 pumps. The
catholyte flow was controlled with a KDG 18XE
fiowmeter which gave a range from 0 to 8 dm’ min ™"
and hence a mean linear flow velocity range of 0 to
0.22ms ! in the cell described above. The catholyte
reservoir was fitted with a nitrogen sparger to aid the
removal of dissolved oxygen. With the exception of
the glass reservoirs, the electrolyte circuits were con-
structed only from PVC pipework, GF 0.5 inch valves
and Gielle 3-way connectors.

The electrolytes were prepared with Millipore
water and Analar reagents. The anolyte was always
0.5 mol dm~’ sodium sulphate adjusted to pH 2 by the
addition of sulphuric acid. Except where otherwise
stated, the catholyte was 0.5moldm* sodium sul-
phate, pH 2, containing the specified concentration of
copper sulphate.
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Fig. 2. Hydraulic flow circuit showing: (a) pumps, (b) catholyte-
reservoir, (¢) anolyte reservoir, (d) flowmeters, (¢) reference elec-
trode position, (g) valves and (h) nitrogen sparger.
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Experiments with the rotating vitreous carbon disc
electrode (area 12.5 x 107°m”) were carried out in a
small, three compartment, glass cell. The disc and Pt
gauze counter electrodes were separated by a glass frit
and the SCE reference electrode was mounted within
a Luggin capillary. All experiments were carried out at
298 + 1K.

All electrochemical experiments were controlled
with a HiTek potentiostat, type DT2101, and function
generator, type PPR1, while the response was recorded
on a Gould 60000 xy recorder. Electrical charge was
measured using a home built digital integrator. The
analyses for copper(ll) were carried out by atomic
absorption spectroscopy using an Instrumentation
Lab., model 157, with an oxygen/acetylene flame. The
unknowns were found by comparison of the response
with a linear calibration plot obtained with standards
0, 1, 2 and 4p.p.m. prepared from a Spectrosol AA
standard solution (BDH Ltd).

3. Definitions and theory

When the conditions are chosen so that the reduction
of copper(Il) to copper metal is mass transport con-
trolled over all the surface of the three-dimensional
cathode, the current is given by

I, = 2FV.k,A.c (1)

where ¥, is the volume of the cathode, A, is the specific
surface area (the active area/unit volume of cathode)
and k,, is the mass transfer coefficient and ¢ is the
concentration of copper(IT). Hence, Equation 1 may
be used to calculate &, 4. from the cell current pro-
vided (a) the cathode potential is chosen so that the
reduction of copper(Il) is mass transport controlled
but no other reaction occurs, (b) the potential distri-
bution is sufficiently uniform through the cathode and
(c) the depletion of the copper(IT) in solution during a
single pass through the cathode is insignificant (in the
worst situation the depletion is 18%).

The quantity &, 4, was also estimated by following
the concentration of copper(Il), ¢(¢), as a function of
time during controlied potential electrolysis. It may be
shown [33] that the present system may be modelled
very satisfactorily as a simple batch reactor and there
is no significant need to use a batch-recycle model. For
a batch system

ey = c(0)exp [ Vekn A t/1R] )
or
In{e(@fc)] = —ViknpdctlVx 3

where V} is the total volume of catholyte.

The specific surface areas, 4., were estimated from
measurements of the static pressure drop/unit height
of the three-dimensional, porous structure, AP/H, as
a function of the linear flow velocity, v, using the
Ergun equation [30, 34, 35]

APIH = Mv* + No )

and 4,, the specific surface area/unit of solid volume,

may be calculated from the intercept and slope via the
relationship
N(0.096HpyY &

4= 5
A= PGy 0= ©)

where g is the electrolyte density and g its dynamic
viscosity. y is known as the circularity factor of the
pores and its value is commonly taken as 1.25; the
value of A, is not sensitive to reasonable choices of
this parameter. ¢ is the mean porosity for which the
manufacturers give the approximate value 0.97 for the
reticulated vitreous carbons. It should also be noted
that in [30], an error exists in the published version of
Equation 5; the five in the denominator is unfor-
tunately given as a two. 4, and 4, are related by the
equation

Ae = As(l - 6) (6)

Mass transport data were correlated using the
dimensionless relationship

Sh = a Re®Sc™® @)
where the Sherwood and Reynolds numbers are
defined by

Sh = knd,|D ®)
Re = wvd.p/p ®

and Sc is the Schmidt number. The characteristic
length, d,, was based on the channel dimensions, the
hydraulic diameter being used.

d, = 2BS/(B + S) (10)

where B and S are the width and thickness of the
channel (they are also the dimensions of the reti-
culated carbon cathode).

4. Results and discussion
4.1. Rotating disc electrode experiments

Figure 3 shows a set of /-E curves recorded using a
potential scan rate of 10mV s™! for a vitreous carbon
disc electrode. Rotation rates 400-3600r.p.m., in a
deaerated solution containing 1 mmoldm ~? (64 p.p.m.)
copper(Il) in 0.5 moldm ™ sodium sulphate, pH 2. It
can be seen that a simple, well-formed reduction wave
is observed with E;, = —240mV/SCE. Moreover, a
plot of I, against '” is linear confirming that the
copper deposition becomes mass transport controlled;
using a value of 1.17 x 10°m?s~! for the kinematic
viscosity of the electrolyte [36], the diffusion coefficient
was calculated to be 4.9 x 10~'""m?s~' [37]. Figure 4
shows a similar set of curves after the same solu-
tion had been air sparged for approximately 30 min.
The wave for oxygen reduction is observed at £, =
—570mV/SCE. Although there is always a short
limiting current plateau for copper(Il) reduction, par-
ticularly at low rotation rates, there is some overlap of
the two reduction waves and the limiting currents for
1 mmoldm™ copper(Il) and the concentration of
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Fig. 3. Current-potential curves for the reduction of
1 mmoldm ~* copper(Il) in a nitrogen purged 0.5 moldm™*
sodium sulphate, pH 2 solution at a rotating vitreous carbon
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oxygen resulting from equilibration with air are
similar. Clearly, as the concentration of copper(ll) is
decreased, interference from oxygen in the medium
must become more pronounced and it will become
more difficult to define a potential where one can
obtain a high rate of copper(Il) reduction without also
reducing oxygen. Rotating disc experiments were
also carried out with 0.1 mmoldm™ (6.4p.p.m.) and
10mmoldm > (635p.p.m.) copper(Il) in the same
medium. In both cases, it was possible to obtain well-
defined reduction waves and the rotation rate depen-
dence was used to estimate values for the diffusion
coefficient of copper(Il), see Table 1. In the case of the
lowest copper(1I) concentration, however, it was very
difficult to remove all the oxygen and hence its reduc-
tion wave could always be seen. The limiting current
for copper(IT) reduction was estimated as the current
measured at —0.50 V.

Table 1 reports the diffusion coefficients for
copper(Il) determined in this study and also some
values taken from the literature for similar sulphate
media at 298 K. It appears that the values in sodium
sulphate solution are slightly lower than those in sul-
phuric acid.

disc electrode (4 = 1.25 x 107>m?), for rotation rates of:
0 (a) 400, (b) 900, (c) 1600, (d) 2500 and () 3600 rev. min~".
Potential sweep rate 10mVs~'. T = 297K.

4.2. Current-potential data with reticulated carbon
electrodes

Figure 5 shows a set of I-E curves recorded using a
potential scan rate of 5SmVs~' for a 1 mmoldm™>
(64 p.p.m.) copper(I) solution in 0.5mol dm~* sodium
sulphate, pH 2, for various flow rates through 10 p.p.i.
reticulated carbon. Reasonable reduction waves are
observed, E;; ¥ —310mV. The limiting current
increases with flow rate although, particularly at
higher flow rates, the plateaux show an appreciable
slope. Similar data are obtained with the other three
grades of reticulated carbon and it was also confirmed
that the limiting currents were proportional to the
copper(Il) concentration. The limiting currents are, as
expected, much higher on the reticulated materials
than with a flat plate cathode; for example, with the
100 p.p.i. reticulated carbon, the current is some 250
times larger than with the stainless steel cathode con-
tact plate alone. Equation 1 was used to calculate
k, A, from the limiting currents, either measured
directly from the I-E curves at —500mV or following
a potential step experiment from O0mV to — 500 mV
(the “steady state” current was measured after 90s —

200

1 1

W Fig. 4. Current-potential curves for the reduction of
I mmoldm™? copper(Il) in an air saturated 0.5moldm >
sodium sulphate, pH 2 solution at a rotating vitreous carbon
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disc electrode (4 = 1.25 x 107°m?), for rotation rates
O ofr (a) 200, (b) 400, (c) 900, (d) 1600, (e} 2500 and (f)
3600 rev. min~!. Potential sweep rate 10mVs~". T = 298 K.
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Table 1. Diffusion coefficients for copper(Il} in aqueous sulphate
media at 298 K.

Table 2. Specific surface areas estimated from pressure drop measure-
ments and use of the Ergun equation.

[Cu™] Medium 10°D Reference
(mmoldm~?) (m?s™Y)
10 0.5moldm~* Na,S0,, 4.9 this work
pH2
1 4.8 this work
0.1 4.8 this work
1 07moldm=> H,S0, 58 [38]
40 0.5moldm™> H,SO, 6.0 [39]

the transient response also showed the effects of
nucleation of the metal phase on the carbon surface).
Plots of k, 4. as a function of the mean linear flow rate
are shown in Fig. 6. It can be seen that the values of
kA, vary significantly with the grade of reticulated
carbon. They are, however, of the same magnitude to
those reported by Langlois and Coeuret {31] for ferri-
cyanide reduction at nickel foams. A quantitative
comparison of kA, values between the RVC and
other cathode materials will be presented elsewhere
{40].

4.3. Controlled potential electrolyses at reticulated
carbon cathodes

The quantity can also be determined by monitoring
the depletion of copper(1l) during controlled potential
electrolyses at potentials where the reduction is mass
transfer controlled, see Equations 2 and 3. Figure 7
shows the results of such experiments as a plot of
log [c(#)[c(0)] against z. In each case, the electrolysis
was carried out at — 500 mV (chosen to minimize the
interference from oxygen reduction (see §4.1)) with an
initial Cu(IT) concentration of approximately 10 p.p.m.
and a linear flow rate of 0.083ms™'. For an order of
magnitude decrease in the copper(Il) concentration,
the semilog plot is linear corresponding to a first order
decay, see Equation 3. This was also the case for a
series of electrolyses carried out at as a function of
flow rate, see Fig. 8. The values of kA, from these
experiments are also shown on Fig. 6 and it is clear

100 ()

(b)
(c)

/(mA)

(@)

(e)
()

)

Grade (p.p.i.)* A, (m™h)

10 1300 + 900
30 2400 + 900
60 3200 £ 1000
100 6700 + 250

* nominal pores per inch.

that there is good agreement with the data from
measurements of the limiting current.

4.4, Estimation of A, from pressure drop
measurements

For this series of experiments, the pressure at the base
and the top of the reticulated carbon cathodes was
measured via capillaries through the catholyte block
and attached to water manometers. Figure 9 reports
the pressure drop as a function of the mean linear flow
rate for the four grades of reticulated carbon; the plots
are linear as predicted by Equation 4 and the slopes
and intercepts were used to estimate values of 4., see
Table 2, for the four grades of reticulated vitreous
carbon. The errors in this procedure are large because
of the rather small pressure drops, particularly with
the 10 and 30p.p.. samples, and also because of
the uncertainties associated with the estimation. The
values determined are, however, in agreement with
previous estimates for reticulated vitreous carbon and
other foams as may be seen from a comparison table
drawn up by Langlois and Coeuret [30].

5. Conclusions

The values of 4, may be used to separate the area and
mass transport factors contributing to the enhanced
limiting current at the three-dimensional materials
and hence to convert the data of Fig. 6 to a dimen-
sionless plot of Sherwood against Reynolds numbers
(for definitions, see §3). Figure 10 shows such plots

Fig. 5. Current-potential curves for the reduction of
I mmoldm > copper(Il) in a nitrogen purged 0.5 moldm™>
sodium sulphate, pH2 solution at a [0p.p.i. reticulated

900 800 700 600 500 400

E{mV/{sce)

300 200 100

vitreous carbon foam. Mean linear flow rates: (a) 0.023,
O (b) 0.034, (c) 0.050, (d) 0.083, (¢} 0.128, (f) 6.15! and
{2) 0.208 ms~'. Potential sweep rate 5SmVs~!. T = 298K.



664 D. PLETCHER ET AL.

100 T
T T T T —T T T T T

T T
L

L IALI

Fig. 6. Variation of k, 4, with mean linear flow rate for
- four grades of reticulated vitreous carbon in 0.5 mol dm~>
Na,SO,, pH2. (x) Data for 10p.p.i. calculated from the
current at — 500mV during a potential sweep at SmV s~
() Data for 30p.p.i. (as 10p.p.i.). (O) Data for 60p.p.i.
calculated from the current 90s after a potential step to
—500mV. (+) Data for 100 p.p.i. (as 60 p.p.i.). The circled
e S points show the k, 4, values for the four grades of reti-

100 culated vitreous carbon calculated from the controlled

v(msh potential electrolysis (see Fig. 7).

11

c{(t)/c(O)

Fig. 7. Logarithm of normalized copper concentratiqn
against time for 10 (x), 30 (x), 60 (0) and 100 (+) p.pi.
reticulated vitreous carbon. Controlled potential electrolysis

at — 500mV/SCE. ¢(0) = 0.16 mmol dm~* (10 p.p.m.) Cu** 167 1
in a nitrogen purged 0.5moldm ~* sodium sulphate, pH 2 0 1 2 3 4 5 6 7 8 9 10
solution. » = 0.083ms™". T = 299K. t (103s)

c(t)/e(O)

Fig. 8. Logarithm of normalized copper concentration
against time curves for a 0.03mmoldm 3 2p.p.m.) Cu**
in a nitrogen purged 0.5 moldm™> sodium sulphate, pH 2
— solution at a 100 p.p.i. reticulated vitreous carbon foam.
6 0z 04 06 08 10 12 4 16 18 20 Neap Jinear flow rates of 0.042 (x), 0.083 (O) and 0.125
t(10%s) (+)ms-". Potential — S00mV/SCE. T = 298 K.
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Fig. 9. AP/Hv against v according to the Ergun equation
(Equation 4) for the four grades of reticulated vitreous carbon.

for both the four reticulated carbons and also for a flat
plate cathode in the same cell. The data for the flat
plate cathode shows the change of slope previously
reported in the literature for such electrodes, for
example see Lapique et al. [41]. The figure clearly
demonstrates the following:

(a) The large enhancement in the limiting current
densities at the reticulated carbons ( ~ 100-250 com-

L
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T
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N T N I I

1

Ll

d_ 1

|

pared to a flat plate) primarily results from their very
high surface areas.

(b) There is also a contribution from turbulence
introduced by the porous structure but it is small and
certainly no more than a factor of two.

(c) Within the errors introduced by the experimental
techniques used, particularly the pressure drop measure-
ments, it is not possible to demonstrate significant
differences in the mass transport properties of the four
grades of reticulated vitreous carbon. Hence, the data
for all four materials has been fitted to a single,
approximate correlation equation.

Sh = 2.7 (Re)™*(Sc)**

(11)

It is not possible to compare this Sherwood-Reynolds
correlation with that reported by Langlois and Coeuret
[31]; these authors, perhaps more correctly from a
theoretical viewpoint, chose to base the Reynolds
number on the dimensions of the pore in the three
dimensional cathode material. We have preferred to
use a characteristic dimension associated with the flow
channel dimensions; this allows direct comparison
with other electrode geometries in the same cell.

In part II of this series, the performance of the
reticulated carbon materials for the removal of copper
ions from acid sulphate is discussed and it is shown
that copper ion levels may be reduced below 0.1 p.p.m.
with good efficiency.
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