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Mass-transfer studies were carried out to characterize a porous, RVC, flow-by mode, single-pass reac-
tor for the application of removing heavy metals from waste waters. Measurements of the limiting
current and concentration for the reduction of the ferricyanide ion and copper ion respectively,
show that the average mass-transfer coefficients were proportional to Re®’. The current was also mon-
itored over extended periods of copper ion deposition to describe the plugging of the porous electrode.

1. Introduction

The removal of heavy metals from waste solutions is
typically governed by mass transport limitations as
the concentration of the metal ion becomes small. A
three-dimensional reticulated vitreous carbon (RVC)
electrode reactor can be used to effectively remove
these metal ions from dilute solutions owing to its
high surface area to volume ratio. The reactor investi-
gated here consists of two RVC electrodes where the
current and fluid flow are perpendicular, as opposed
to a parallel configuration. This design, sketched in
Fig. 1, has been shown to minimize potential drops
in the reaction [1-5]. In this study the reactor is char-
acterized by measuring average mass-transfer coeffi-
cients within a short time scale, and monitoring the
cell current at longer time scales. The average mass-
transfer coefficients, obtained under short metal
deposition times to minimize changes in the electrode
geometry, are determined from two independent reac-
tions: the electrodeposition of copper ions and the
reduction of ferricyanide ions. Geometric changes of
the electrode occur when the deposition time of the
copper ions is long so that electrode plugging can be
observed.

Electrolytic processes using porous electrodes for
heavy metal removal are economically competitive
with other waste treatment designs. Bennion and
Newman [6] found that for a fairly small porous, car-
bon electrode reactorthe value of the recovered metal
more than paid for the installation and operation of
the cell. Wenger and Bennion [7] also showed that a
flow-through porous electrode reactor was competi-
tive with existing technology. A more recent analysis
done by Ayres [8] compared the operating and capital
costs of a porous, RVC electrolytic cell to the hydro-
xide precipitation method. The electrochemical metal
removal and recovery was economically competitive
with precipitation, and as the cost of sludge disposal
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in landfills increases, the electrodeposition method
will become even more attractive.

A possible scheme for the electrolytic recovery of
heavy metals is to reduce the metal ion at the cathode
while simultaneously generating either oxygen or a
concentrated metal stream at the anode. When the
cathode becomes plugged with the deposited metal
the flow of current is reversed so that the metal can
be recovered in the form of a concentrated metal solu-
tion, impurity free, by using independent flow
streams. It could be readily adapted to the electroplat-
ing industry where a single metal ion is present in the
rinse system due to drag out from a plating bath.

The use of porous carbon electrodes for the
removal of heavy metals has been discussed exten-
sively in the literature. Flow-through arrangements,
where the current flow is parallel to the fluid flow,
have been investigated with various three-dimen-
sional electrodes including granular graphite [6-9],
polyurethane foam [10], and RVC [8, 11-13]. There
have been several experimental investigations of the
flow-by configuration, where the current and fluid
flow are perpendicular. Experimental -studies of
flow-by porous electrodes include the use of particu-
late electrodes [14-16], copper screens [4], carbon
felt [17, 18], foam materials [10, 19] and RVC I8,
20-22].

This study is an experimental investigation to char-
acterize a flow-by, RVC electrode reactor, by measur-
ing average mass-transfer coefficients using two
different reactions, and observing the changing limit-
ing current during copper ion deposition. This paper
thus complements the average mass-transfer correla-
tions described in the literature and addresses the
importance of pore plugging in reactor design.

2. Experimental methods

The flow-by reactor design in this study was based on
the criteria established by Fedkiw [1] and Risch and
Newman [5]. Fedkiw [1], using average mass-transfer
coefficients based on a collection of data from the
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Fig. 1. Flow-by electrode configuration with the current and fluid
flow perpendicular.

literature, has shown that given a maximum solution
ohmic potential drop and reactant conversion, a
flow-by reactor with an aspect ratio of the electrode
length to thickness, L/d > 5, will produce a higher
maximum processing rate than a flow-through config-
uration. Risch and Newman [5] established a design
criteria that is independent of the choice of the aver-
age mass-transfer coefficient. At low conversion, a
flow-by electrode is favourable as long as the L/d
ratio is greater than one. At high conversions, a

~ A collector
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/ plate

flow-by electrode configuration is favourable if the
ratio a K,d/u < 2.218, where u is the superficial
velocity, a; is the specific interfacial area and K, is the
average mass-transfer coefficient.

The cell contained two 45 grade, RVC (Electro-
synthesis Co.) electrodes separated by a Nafion ion-
exchange membrane (DuPont Co.). An interchange-
able electrode design was developed to change the
RVC electrode in case of plugging, or damage to the
electrode matrix. This also allowed the length of the
electrode to be varied.

Figure 2 shows a frontal view of the one half of the
cell which includes the cell outer body made of PVC
and the interchangeable electrode insert. The cell
body was 45.7cm long, 15.2cm wide and 3.8cm
thick. A recess of 2.5c¢cm deep, 17.8cm long and
8.9cm wide was machined in the centre of the ceil
body in order to hold the interchangeable electrode
insert. Each electrode insert was also constructed
from PVC. A trough, with the dimensions of 1.5cm
deep and 4.5cm wide was made lengthwise in the
PVC of the electrode insert. The trough held a copper
current collector plate and a graphite backing plate,
each 0.32cm thick, and the RVC electrode material.
The dimensions and physical properties of the RVC
electrode are given in Table 1. Spacers made from
PVC were included to prevent solution from striking
the ends of the carbon and copper plates. The length
of the spacers depended upon the electrode length.
For this study, two different electrode lengths were
used, 5.1 and 10.2 cm.

The RVC material was glued with a graphite epoxy
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Fig. 2. Exploded view of cell half showing the electrode and electrode holder.
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Table 1. RVC dimensions

Specific interfacial area, a,/fcm ™! 21.1
Porosity, € 0.97
Electrode thickness, d/cm 0.87
Electrode width, w/cm 4.5

(Graphpoxy Grade PX, Dylon Industries, Inc.) to the
graphite backing plate for support. The graphite
epoxy was mixed with methyl ethyl ketone so that
the epoxy could be easily spread onto the graphite
plate. It was then necessary to bake the RVC-gra-
phite plate for 4h at 150°C to cure the graphite
epoxy. Once cooled the RVC-graphite plate was
then attached with a silver epoxy (Traduct 2902,
Tra-Con, Inc.) to the copper current collector. The
copper plate was then glued to the bottom of the
trough with a general purpose epoxy (Hardman
epoxy 04007, Hardman, Inc.). A hole through the
PVC insert and cell body allowed for an electrical con-
nection to the copper current collector. The inserts
were screwed into the outer cell bodies and two of
the assembled cell body pieces, were bolted together,
separated by the membrane. Details of the cell construc-
tion are given by Fenton, Grasso, and Podlaha [23].

The fluid flow circuit provided a continuous supply
of reacting species to the electrode, as shown in Fig. 3.
Ten litres of solution were held in a plastic tank above
the cell. The flow stream from the tank was split into
two streams so that fluid entering the anolyte and
catholyte compartments of the cell was controlled
independently. The flow rate was regulated by two
flow meters (Gilmont Co.) in parallel for each elec-
trode. compartment., The flow outlets from the cell
were returned to the holding tank where sufficient
mixing took place by the action of bubbled nitrogen,
although the primary use of the nitrogen was to dis-
place dissolved oxygen. The flow rate at the working
electrode was varied between 2.8 to 620mlmin~!
(0.012-2.6cm s_l). The flow rate at the counter elec-
trode was maintained at the same flow rate as the
working electrode.

Two different potentiostats (model 362 and model
371, EG&G Princeton Applied Research) were used
depending on the current range measured. The model
362 was able to provide up to 1 A of current, and was
used in the experiments to determine mass-transfer
correlations. The model 371 provided up to 7 A, and
was used for the experiments when deposition times
were long and the copper ion concentration was
high. The current was measured in real-time with an
x—y—t recorder (model 200, Houston Instruments).

Copper ion solutions of variable concentrations of
cupric sulfate, from 0.0001 M to 0.01 M, were used
with a 0.8 M sodium sulfate supporting electrolyte at
pH 3. The solution pH was adjusted with sulfuric
acid. Ferricyanide reduction solutions consisted of
0.001 M potassium ferricyanide, 0.003mM potassium
ferrocyanide and 0.5M sodium hydroxide. All solu-
tions were made with distilled, deionized water
(Millipore Co.).

The properties of the electrolytic solution are given
in Table 2. The solution conductivity and kinematic
viscosity were measured using a YSI Scientific con-
ductivity meter and a Canon—Fenske size 25 visc-
ometer, respectively. The diffusion coefficients were
determined with a platinum rotating disc electrode
(RDE) system (Pine Instruments Co.). The RDE-
analysis produced expected linear behaviour between
the limiting current and the square root of the rotation
rate. Since the values of all parameters did not change
appreciably over the range of Cu?" concentrations,
average values were used. All experiments were car-
ried out at room temperature.

The copper concentration was determined spectro-
photometrically. A Bosch & Lomb Copper Spectro-
kit, Bincinchoninante reagent, was employed to
detect Cu** species-at a wavelength of 560 nm using
a Milton Roy- Spec.20 spectrophotometer. A linear
relationship was:found between the absorbance and
concentration of Cu*" below 107™*m. All samples
were diluted below this concentration for analysis.
Accuracy was found to be within 2% when compared
against copper reference standard solutions. It was
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Table 2. Electrolytic solution properties

Property Copper Ferricyanide
deposition  reduction
Solution conductivity, £/Q ! cm™ 0.078 -
Kinematic viscosity, vfcm?s™! 0.011 0.0105
Diffusivity, Djcm?s™! 45%x10°% 64x10°¢

observed that the concentration in the holding tank
changed slightly during experimental operation. As
a result, the inlet concentration to the reactor
was measured for each run at each flow rate. Prior
to electrolysis the RVC anode was plated with
copper.

The following procedure was used to determine the
average mass-transfer coefficient under short deposi-
tion times. A scan rate of 2mV s~} was used to gener-
ate polarization curves, a plot of average current
versus applied potential. The current scale is repre-
sented as current density by dividing the total current
by the specific interfacial area and the electrode
volume in all polarization curves presented here.
The applied potential was then set to a value corre-
sponding to the average limiting current, which was
the region which possessed the minimum slope on
the polarization plot. Copper ion concentration
samples were then collected from the entrance and
exit of the working electrode. The procedure was
repeated for various flow rates and inlet copper ion
concentrations with a constant electrode length of
10.2cm.

Extended time deposition experiments were
also carried out. The potential was fixed at —500mV
vs SCE. The bulk concentration and flow rate
were kept constant at 0.034M and 28.3 mimin~?,
respectively. The limiting current value was
monitored over time to observe the electrode
plugging-up  with  copper. Two  different
working electrode lengths were considered, 10.2 and
5.1cm.

-0.30 T
-0.25 1
-0.20 1
-0.15 T

-0.10 T

Current density/mA cm?

-0.05 T

3. Results and discussion
3.1. Short deposition times

Figure 4 shows several average polarization curves for
the copper sulfate system at a fixed feed Cu®* concen-
tration of 0.0023 M and various flow rates. At flow
rates below 198.5mlmin~"! (0.85cms™), the average
limiting currents are observed and increase with flow
rate. The limiting current plateau becomes less dis-
tinct with increasing flow rate, and is slightly sloping
indicating that the side reaction, hydrogen evolu-
tion, is contributing to the total cathodic current den-
sity. At large negative potentials, the side reaction
becomes even more significant as the average catho-
dic current rises.

In Fig. 5, average polarization curves for the ferri-
cyanide reduction are shown at a fixed concentration
of 0.001mM. The average limiting currents are well
defined even at high flow rates and increase as the
flow rate increases. In this case the hydrogen side reac-
tion is much lower due to the alkaline electrolyte.

Figure 6 is a plot of polarization curves for various
inlet Cu’™ concentrations, at a constant flow rate of
65 mlmin™ (0.28cm s‘l), where the y-axis has been
normalized with respect to concentration. Depending
on the relative rate of the main reaction, copper reduc-
tion, to the side reaction, hydrogen evolution, the
average limiting currents for copper reduction may
or may not be distinct. For example, at low inlet
Cu?* concentration of 1.2 x 107 m, the average limit-
ing current for the cupric ion reduction is not distinct,
and completely masked by the side reaction. At the
higher inlet Cu?" concentration of 2.3 x 1073 M and
8.1 x 1073 M the average limiting currents are more
clearly defined and the inlet concentration normal-
ized to concentration is roughly the same.

At the limiting current, Jj;,,, the reaction rate is con-
trolled by mass-transfer. If the bulk concentration,
Cy,, does not change appreciably throughout the reac-
tor and there is no side reaction then the average
mass-transfer coefficient can be directly determined

198.5ml min™’

65mi min™

38.6m! min™

12.7mi min™

100 0

100 -200 -300 -400 -500 -600 -700 -800 -900

Applied potential/mV vs SCE

Fig. 4. Cupric sulfate reduction polarization curves for different flow rates at a constant Cu?* concentration of 0.0023 M using the 10.2cm

length electrode.
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Fig. 5. Ferricyanide reduction polarization curves for different flow rates at a constant Fe(CN);~ concentration of 0.001 M and a 10.2¢em

length electrode.

from the limiting current [10],

™ nFwdLa,C,

where w is the electrode width.

However, in this study the bulk concentration can
change dramatically throughout the reactor. Figure
7 depicts the cupric ion conversion, 1 — Cj oy/ Coin>
with flow rate for different bulk, inlet concentra-
tions, Cy;y,, of Cu’*. The data have been grouped
into different ranges of inlet Cu** concentration. All
experiments within a particular group were carried
out with the same electrode and each electrode was
constructed with the same dimensions and porosity
grade RVC. The conversion of the cupric ion to solid
copper ranges from over 90% down to below 20%
with an exponential decrease of conversion with
flow rate. Assuming axial diffusion and dispersion
can be neglected so that plug flow prevails, and con-
vection is the dominate mode of transport then the
decrease in the cupric ion concentration at the reactor
outlet is consistent with Equation 2 [6, 10, 24],

€)= Cupper - o) %

u

When the average limiting current is indicative of
only the main reaction, as in the case for the ferri-
cyanide ion reduction, an average mass-transfer coef-
ficient, taking into account the change in bulk
concentration as the solution passes through the reac-
tor, can be determined by integrating the cell current
over the reactor, assuming concentration changes
according to Equation 2.

u ‘Iﬁmi

K = asLln (1 andqu,in> (3)
It was evident that during copper deposition the
reactor was not always operating at 100% current effi-
ciency which is reflected in the poorly defined limiting
currents shown in Figs 4 and 6. An alternative
approach in determining the average mass-transfer
coefficient is to use the concentration of Cu’* at the

inlet and outlet, Cy, oy, Of the reactor [24],

u Coin )
Km = fln —_— 4
aL (Cb,out ( )

The average mass-transfer coefficients were com-
pared by relating the Sherwood number, Sh =
Kne/asD, to the Reynolds number, Re = u/vay and
the Schmidt number, Sc = v/D, in the form of a
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Fig. 6. Cupric sulfate reduction polarization curves for different inlet concentrations, at a flow rate of 65 mlmin~' (0.28 cm s and an elec-

trode length of 10.2cm.
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power expression [24, 25],
Sh = bRe"Sc'/? (5)

where D is the diffusivity and v is the kinematic visc-
osity. A logarithmic plot of S% against Re should pro-
duce a straight line with slope equal to m and intercept
equal to log b, at a constant Sc.

Figures 8 and 9 are logarithmic plots of Sk against
Re for the copper deposition reaction, utilizing Equa-
tion 4, and the ferricyanide reduction case, using
Equation 3. A best fit line was used to correlate the
data. The power relations are as follows:

for Cu?* Sh = 0.44 R"¥ sc!/3 }
(6)

for Fe(CN)g> Sh = 0.23 Re"71 813

The linear correlation coefficients are 0.821 and 0.952
for the copper and ferricyanide reduction, respec-
tively. In order to try to explain the large scatter of
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Fig. 9. Dimensionless mass-transfer (Sk) and flow rate (Re) correla-
tion determined from ferricyanide reduction data.

data the experimental points have been grouped
with respect to a range of inlet concentrations. Also
all experiments within a group were performed with
the same electrode. If a given group of experiments
are considered then there is much less scatter of the
data. One explanation for the discrepancies between
the different groups could be due to differences in
flow characteristics due to channeling or gas evolu-
tion. Additionally, the copper ion conversion, shown.
in Fig. 7, varies significantly. At low flow rates the con-
version was high and mass-transport may be limited by
the superficial velocity. Ideally, at 100% reactant con-
version the maximum limiting current would be
directly proportional to the solution flow rate, result-
ing in m = 1 [26]. At higher flow rate regimes m < 1.
Therefore, the large differences in reactant conver-
sion with flow rate can contribute to the low correla-
tion in Equation 6 if the mass transport behaviour
changes within the flow rate range investigated.

The dependence of the average mass-transfer coeffi-
cient with flow rate closely corresponds with the ferri-
cyanide data. In this reactor we therefore find that
K, x u®7. These average mass-transfer correlations
fall within the range of those reviewed by Fedkiw
[1]. The power dependence of Re in this work is
higher than in other correlations made with RVC
and foam materials in flow-by reactors. In the work
of Tentorio and Casolo—Ginelli [10] the exponent
was found to be 0.49 and 0.53 for two different grades
of RVC. Langlois and Coeuret [19] report values
between 0.45 and 0.48 for different grades of nickel
foam stacks. The exponent found in the study of
Pletcher, Whyte, Walsh and Millington {20] was 0.48
determined from data taken with several different
grades of RVC. In these studies, however, the reac-
tant conversion was very low per pass compared to
the reactant conversion in this investigation. The aver-
age mass-transfer dependence with flow rate here cor-
responds well with data obtained from flow-by, three-
dimensional, carbon felt reactors, where the expo-
nents, for example, have been found to be 0.61 or
0.72 [18] and between 0.61-0.76 [17]. In these studies
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Fig. 10. Limiting current as a function of time during clectrode plugging with an electrode length of 10.2 cm and 5.1 cm, cupric ion concen-
tration of 0.034 M and a flow rate of 28.3 mlmin™! 0.12em s71). Electrode length: (w) 10.2 and (A) 5.1 cm.

the superficial velocity was low and similarly the reac-
tant conversion was high.

3.2. Long deposition times

In the previous Section polarization curves were gen-
erated. under the assumption that the electrode area
did not change appreciably. This assumption was
valid since the time spent to complete a potential
scan was very short, at most ten minutes. However,
if the cell was operated for a longer time, pore plug-
ging of the electrode becomes significant. Figure 10
is a plot of the average limiting current of the work-
ing electrode at —500 mV vs.SCE over time with a con-
stant flow rate of 28.3mlmin~" (0.12cms™!), a bulk
concentration of 0.034M and an electrode length of
either 10.2 or 5.1 cm. The y-axis is scaled to the elec-
trode length so that all the data can be plotted on a
single graph. The greatest rate of copper removal for
the 10.2cm long electrode occurred between 0—
1000 min. A sharp decrease in cathodic current is
noted at approximately 1250 min. The average catho-
dic limiting current for the shorter electrode had a
more gradual decrease. Both electrodes reach a con-
stant limiting current after about 2500 min.

The highest reaction rate can be assumed to occur
in the region near the entrance of the electrode, as
implied by Equation 2. Most of the copper deposition
will occur within a short distance of the electrode pro-
portional to the superficial velocity divided by the spe-
cific interfacial area and the local mass-transfer
coefficient. The additional electrode area helps to
further decrease the copper ion concentration
although the main reaction rate is lower and the cur-
rent efficiency will be reduced due to the hydrogen
evolution side reaction. In the shorter electrode, dur-
ing a single-pass of electrolyte the total conversion
of the copper ion reduction is lower compared to the
longer electrode, since the residence time in the reac-
tor is smaller. A more uniform distribution of copper
should result in the direction pasallel to electrolyte
flow.

When the cell was disassembled copper was found
deposited throughout the electrode length for both
size electrodes [27]. A large excess of solid copper
extended from the electrode entrance and exit of the
longer, 10.2 cm, electrode. A more uniform reaction
distribution for the shorter electrode was observed,
without excess accumulation of copper at the elec-
trode exit. Although pore plugging was significant at
the electrode entrance, the copper deposition reac-
tion continued at an approximately constant current
achieved after 2500min. An explanation for this
steady limiting current is that during this time copper
deposits predominantly at the entrance and exit cross-
sectional regions-of the electrode, caused by channel-
ing of the fluid which is created by the partial plugging
at the electrode entrance. There is now no benefit of
having a porous electrode material and the entrance
and exit planes of the electrode, as well as the channel-
ing path, act as solid electrode surfaces.

Polarization curves were recorded at different times
during the deposition experiment. Three of these
curves are shown in Fig. 11 for the 10.2 cm length elec-
trode. At the beginning of electrolysis the limiting cur-
rent was not evident from the first polarization curve.
At this low flow rate, 28.3mlmin™' (0.12cms™),
there is high reactant conversion so that near the elec-
trode exit the relative rate of the hydrogen side reac-
tion is large compared to the copper deposition
reaction thus masking the copper deposition limiting
current from the average polarization curve. As time
progressed, the shape of the polarization curve chan-
ged. The second curve was taken after 13 h of electro-
lysis. This curve clearly shows a limiting current
plateau. Due to the changes in electrode shape with
time caused by plugging of the electrode pores a
lower reactant conversion per pass is realized and an
improvement of the ratio of the main reaction to the
side reaction rate near the electrode exit results, pro-
ducing the well defined average limiting current. The
third curve was taken after 46h of electrolysis and
the value of the limiting current is significantly low-
ered, as a result of the decreased specific interfacial area.
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Fig. 11. Polarization curves taken at different times during the electrodeposition of copper which plugs the electrode pores, with a constant
cupric ion concentration of 0.034 M, electrode length of 10.2cm and flow rate of 28.3mImin™! (0.12cms™).

Excess gas formation can have the undesirable
effect of breaking apart the porous matrix or block-
ing localized regions of the electrode surface, which
can change the active specific interfacial area. How-
ever, these effects are considered small over long
deposition times since there was no evidence of such
phenomena when the cell was inspected upon disas-
sembly.

The quality of solid, adherent copper that was
plated in the reactor was granular and dull, typical of
operating at the limiting current. This type of recov-
ered material may be subsequently used as an anode
in the reactor to create a concentrated copper
stream, or the whole electrode can be discarded safely
since the heavy metal is in a solid form.

4. Conclusions

A flow-by RVC electrode has been used effectively for
the removal of copper ions from dilute solutions.
Average mass-transfer correlations, to be used as a
design aid, have been determined and show agree-
ment with other literature findings. The relationship
of the average mass-transfer coefficient with flow
rate determined from the ferricyanide reaction and
copper reduction are almost the same. This indicates
that the assumption of negligible geometric changes
during copper deposition for short times is valid.
The reactor was also operated for a long time in order
to plug up the electrode with copper. The measured
current with time was found to drop sharply and
reach a steady state, as the copper deposit filled the
electrode pores.
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