Lawrence Berkeley National Laboratory
Recent Work

Title

EXPERIMENTAL INVESTIGATION OF A POROUS CARBON ELECTRODE FOR THE REMOVAL OF
MERCURY FROM CONTAMINATED BRINE

Permalink

https://escholarship.org/uc/item/1hg0i7my

Authors

Matlosz, M.
Newman, J.

Publication Date
1985-07-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1hq0j7mv
https://escholarship.org
http://www.cdlib.org/

-
O sty

LBL-19611

Preprint <o

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

Materials & Molecular
. Research Division

Submitted to Journal of the Electrochemical Society

EXPERIMENTAL INVESTIGATION OF A POROUS CARBON ELECTRODE
FOR THE REMOVAL OF MERCURY FROM CONTAMINATED BRINE

M. Matlosz and J. Newman

July 1985 i
{

TWO-WEEK LOAN COPY

:This is a [ibrary Circulating Copy
d for two week

R of

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-19611

Experimental Investigation of a Porous Carbon Electrode
for the Removal of Mercury from Contaminated Brine

Michael Matlosz!"* and John Newman"

Materials and Molecular Research Division,
Lawrence Berkeley Laboratory, and
Department of Chemical Engineering,
University of California, Berkeley, California 94720

July, 1985

Abstract

A flow-through porous electrode, made of reticulated vitreous carbon (RVC),
has been designed to remove mercury from contaminated brine solutions.
Experiments with a bench-scale reactor show that the mercury concentration of
contaminated brine solutions can be reduced by as much as a factor of five
thousand during a single pass through the electrode. The process is mass-
transfer limited, and the results of the experiments are used to dew_relop a gen-
eral correlation for the dependence of the mass-transfer coefficient on the
flowrate of electrolyte through RVC. In addition, the effect of counterelectrode
placement on the cell resistance is examined, and the experimental data are
compared to predictions from a mathematical model of the system. The model
agrees favorably with the experimental results, and the benefits of upstream

counterelectrode placement, indicated by the model, are verified.

!Present address: Ecole Polytechnique Fédérale de Lausanne, Département
des matériaux, Laboratoire de métallurgie chimique, 34, chemin de Bellerive,
CH-1007, Lausanne SWITZERLAND

*Electrochemical Society active member.
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Introduction

The use of flow-through porous electrodes for the removal of heavy-metal
ions from contaminated aqueous solutions has been discussed frequently in the
electrochemical literature. The technique has been suggested for the recovery
of several heavy-metal pollutants, including copper [1,2)], silver [3,4], lead [5,8,7],
and antimony [8], as well as mercury [9,10]}, gold, and cadmium. In all of these
systems, the basic principle of separation is the same: the metal is removed by
electrodeposition as the solution passes through a porous cathode of high sur-
face area. Since, in many cases, this process allows the heavy metal to be
recovered and sold as well as removed from solution, the technique may be
economically attractive as an alternative to existing methods of waste removal.
Recent reviews of the subject and bibliographic information may be found in

[9.11,12,13].

The study described here concerns the removal of mercury from contam-
inated brine {concentrated saltwater) and follows closely previous investigations
of copper remo-val using a similar technique [1]. The results shown here
represent the continuation of an ongoing study of mercury removal, and prelim-
inary results from this laboratory, based on a slightly different reactor design,
have been reported previously [10]. This earlier study on mercury indicated that
the method is efficient and effective for the decontamination of brine solutions.
In addition, the study showed that the mercury deposition system, due to its sim-
pllcity, is a good candidate for the general, theoretical study of flow-through
porous electrodes. The experimental results of the present work are used to
obtain quantitative information regarding the effectiveness of mercury removal
under mass-transfer-limited conditions and to verify the applicability of the

model of Trainham and Newman [14] to this system.



Electrochemical System

The principal electrochemical reactions that occur in the system are shown

below:

Cathode: Mercury Reduction

HgCl;% +2e~ -~ Hg(l) +4Cl-

Anode: Oxygen Evolution

2H,0 - Oy + 4H* +4e-.

In all of the experiments presented here, the catholyte was composed of a
4.3 M NaCl solution containing mercury concentrations of between 40 and 55
ppm. Mercury is highly soluble in such chloride solutions due to the complexing

of the mercuric ion, and, in the range of concentrations and potentials of this
study, HgCl1;2 ion is the predominant mercuric species. The solution was slightly

acidic (pH = 4), but hydrogen gas was not generated under typical conditions
because the operating potential for the mercury deposition reaction is not
sufficiently negative. At the anode, oxygen was evolved from an anolyte of the
same salt concentration as the catholyte, but without the mercury. Although
chlorine evolution at the anode is possible thermodynamically, none was

observed under the conditions of this study.

Figure 1, a plot of the Nernst equation, shows the thermodynamic minimum
mercury concentration attainable in a flow-through porous electrode as a func-
tion of the potential applied at the catholyte exit. An electrochemical method
for the removal of mercury should be effective, since a very low equilibrium mer-
cury concentration exists at a polarization of only a few hundred millivolts. (The

abscissa (V - $,¢r ) represents the potential of the working electrode with respect

to a saturated calomel reference electrode (SCE).) In this study, an inlet concen-

tration of mercury of 40 ppm corresponds to about -5 mV with respect to an SCE.



Equilibrium Mercury Concentration (Cyg42)-ppm

16'2 ! 1 ! 1 | | |
0] =100 =200 =300 400
Potential (V- ¢) ~mV

XBL 824-55284

— b -

Figure 1. Equilibrium mercury concentration as a function of potential
relative to a saturated calomel reference electrode.



Electrode Configuration

Once a decision to attempt an electrochemical method of this type has been
made, it becomes necessary to determine the arrangement of the electrodes
that will constitute the reactor. Figure 2 shows two possible electrode .
configurations. Both are considered flow-through, a term indicating that the
fluid flow and current flow are parallel. As a result, a one-dimensional model of a
flow-through system should provide a suitable theoretical representation of the
process. This may be contrasted with so-called flow-by configurations {(not
shown) in which the fluid flows in a direction perpendicular to the current.

Mathematical models of flow-by systems must of necessity be two-dimensional.

Figure 2a shows upstream (before fluid inlet) placement of the counterelec-
trode, and figure 2b shows downstream placement. If the electrical conductivity
of the solid packed bed is much higher than that of the electrolytic solution
{which is the case here and is typical of practical porous-electrode systems),
much better performance can be expected from upstream placement of the
counterelectrode than from downstream placement [11,15]. In the upstream-
counterelectrode configuration, lower effluent concentrations are attainable,
and the resistance loss (ohmic potential drop) is smaller than in the case of
downstream placement. This smaller ohmic potential drop allows reactoré with
upstream placement to be operated at much higher flowrates without side reac-
. tions. Therefore, because of its practical importance, upstream-
counterelectrode placement is emphasized in this study, and experiments
involving downstream placement are presented only to demonstrate the effect of

electrode placement on the ohmic potential drop.

Experimental Porous Electrode

Figure 3 shows a sketch of the experimental reactor. The cathode compart-

ment is a plexiglass tube, two inches in diameter. A five-inch-long cylinder of



ELECTRODE CONFIGURATIONS
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Figure 2. Counterelectrode configurations in a flow-through porous elec-

trode system. (2a) Upstream counterelectrode placement. (2b) Downstream
counterelectrode placement.



EXPERIMENTAL FLOW-THROUGH POROUS ELECTRODE
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Figure 3. Sketch of the experimental flow-through porous electrode reactor.



RVC (E. R. G., Inc., Oakland, California) forms the working electrode (cathode),
which is fitted atop a perforated current-collector plate. The anode compart-
ment, a one-inch-diameter plexiglass tube, is separated from the cathcde com-
partment by a Nafion® membrane separator, and the counterelectrode (anode) is

a Pt/Rh screen, spot-welded to a current-collector rod.

Isolation of the two electrode compartments permits independent control of
the flows of anolyte and catholyte by two metering pumps (Fluid Metering, Inc.).
Oscillations in the catholyte flowrate are removed by a flow damper placed after
the catholyte pump, and the catholyte flowrate is measured by a rotameter (Gil-
mont Instruments, Inc.). Glass beads, placed above and below the carbon bed,

distribute the fluid flow.

The anode and cathode current collectors are both made of tantalum
(rather than stainless steel) to avoid corrosion due to the high chloride-ion con-
centration in solution. The flow system is constructed of Bev-A-Line® chemical-
resistant tubing connected by polypropylene tubing connectors. During the
experiments, the feed solutions are sparged with nitrogen to remove oxygen that

might be reduced at the cathode.

Two reference electrodes {Corning Saturated Calomel Reference Electrodes)
are placed in the system to monitor the solution potential. An upstream refer-
ence potential is measured from a capillary placed in the cell above the carbon
bed, and a downstream reference potential is measured at the catholyte outlet.
All experimental polarization curves are obtained under potentiostatic control,
where the potential of the working elecvtrode (cathode) with respect to the
saturated calomel reference electrode in the exit stream is regulated by an AIS

Model V-2LR-D Potentiostat.

Photographs of the reactor, the carbon electrode, and the flow system are
shown in [6], which describes additional experiments, with the same reactor, for

lead removal from contaminated sulfuric acid solutions.



Electrode Operation and Concentration Measurement

Figure 4 illustrates the general operation of the porous electrode. To
remove mercury, the working electrode is polarized cathodically, and current is
drawn from the current collector. Mercury is deposited onto the surface of the
electrode as the contaminated solution passes through it, and oxygen is evolved
at the counterelectrode. Once a solution has been purified, the mercury can be
recovered, and the electrode can be regenerated, by reversing the polarization
of the cell. Thus, in the regeneration operation, the working electrode is polar-
ized anodically, mercury on the electrode surface is dissolved, and hydrogen is

evolved on the counterelectrode.

Since the mercury can be stripped very quickly and easily from the elec-
trode during the regeneration step, this process provides a convenient method
for concentrating dilute mercuric chioride solutions. Initially, the dilute solu-
tion can be purified (and the mercury stored on the electrode surface). Then, by
decreasing the flowrate of brine through the electrode during the regeneration
step, a small volume of concentrated mercuric chloride solution can be
obtained, from which product mercury may be recovered by conventional elec-

trowinning techniques.

This two-step procedure has many practical applications, and, although this
study focuses principally on the mercury-deposition {(purification) step, bed
regeneration was in fact used in the laboratory. By recovering the metal as |
described above, mercury deposited onto the RVC in one experiment could be
reused in another, the pore characteristics of the RVC were preserved, and pore

plugging was avoided.

Accurate analysis of the concentration of mercury in the effluent solutions
was essential if the experimental results were to be useful for process scale-up.
Unfortunately, because of the extremely low concentrations of mercury {low

ppb) as well as the high concentration of chloride ion (4.3 M), conventional



_[(C
V) | i

I | 1 } i

640 ‘ -
CURRENT VS TIME
560} -
480} —
< 400 -
o Anodic polarization (bed reqene;mion)
- V-Q,ef = +150mV, Q=45 ml/min _
< 320} b2 ref
bt
S 24a0F -
160 -
Cathodic polarization {mercury deposition)
eoﬂ\ V-Gre=-500mV, Q=45 m/min-
g 4
9
0] 1 1 l 1 L 1 jF====.
o 4 8 12 90 94

Time, t, minutes

Figure 4. Current to the porous electrode as a function of time. {Current is

plotted as the absolute value.)

X0L836-5604

10



11

measurement techniques (such as atomic absorption spectrophotometry) were
not adequate. As a result, it was necessary to employ a more sensitive method

for the measurements -- a gold-film mercury analyzer.

The gold-film analyzer measures the change in the electronic resistance of a
piece of gold foil upon contact with an air stream containing mercury vapor, and
the instrument is sensitive to as little as one nanogram of elemental mercury.
In addition, since the resistance change is due to the amalgamation of the mer-
cury with the gold (a process unique to mercury), the measurement is specific

and free of interferences.

For this study, mercury concentrations in all of the liquid samples were
measured with a Jerome Instruments, Inc., Model 301 Gold Film Mercury
Analyzer according to the procedure outlined in [18]. First, mercuric ions in the

liquid samples were chemically reduced (with SnCl;) to elemental mercury.

Nexi, the reduced solution was sparged with a pure air stream in order to
liberate mercury vapor, and the air stream was then passed to the analyzer,
where the total mass of mercury was measured. Finally, the mercury concentra-
tion was determined from the mass of mercury vapor detected divided by the
volume of the original (liquid) sample. With this technique, mercury concentra-
tions from one part per thousand down to five hundred parts per trillion could be

measured to an accuracy of about ten percent.

Experimental Results From the RVC Reactor

Steady-State Polarization Behavior

Figures 5 and 8 show the steady-state polarization behavior for mercury
deposition in the RVC reactor for both the upstream- and downstream-
counterelectrode configurations. The points are the polarization measurements,

and the numbers below the points show the experimentally determined mercury
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Figure 5. Polarization curve for the reactor with upstream counterelec-
trode placement. @ = 30 cm3/min, L = 12.7 cm, Feed concentration = 40 ppm
Hg (cg = 2.273 x107"mol/cm?). The points are experimental measurements,
and the curve represents the model. Numbers below the points show experimen-
tally measured eflluent concentrations.
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Figure 6. Polarization curve for the reactor with downstream counterelec-
trode placement. @ = 30 cm3/min, L = 12.7 cm, Feed concentration = 40 ppm
Hg (cgr = 2.273 x10"mol/cm3). The points are experimental measurements,
and the curve represents the model. Numbers below the points show experimen-
tally measured effluent concentrations.



14

concentration (in ppm) at the catholyte exit. The curves on the figures
represent predictions from the mathematical model.! Flat limiting-current pla-
teaus were obtained with only moderate polarization, indicating that the major
limitation to mercury removal is the rate of mass transfer of the me;rcuric-ion
complex to the surface of the cathode pore. In a typical experiment, about 3000
to 5000 cm?3 of solution were passed before steady state was achieved. Thus, in
this case, for a flowrate of 30 cm3/min, each point on the polarization curve
required 100 minutes of stable operation of the reactor. Sparging of the catho-
lyte feed with nitrogen reduced the oxygen content of the incoming brine, and
faradaic current efficiencies of about 90 percent were achieved routinely. At
high polarization (above -500 mV), the increase in current is due to the produc-
tion of dissolved hydrogen gas. Hydrogen bubbles, however, were not produced,
since the amount of gas generated was well below the solubility limit. Table 1
indicates pertinent physical property data™ and operating conditions for the

measurements shown in figures 5 and 8.

Table 1. Physical Property Data and Operating Conditions

a= 66 cm?/cm? U§ = 0.4138V (HgCl;%/Cl—/Hg)
D, = 1.0x10"5 cm?/s Ul = 0.000V (H*/Hjy)

€= 0.97 U, =  0.2415V (Calomel, Sat'd KCl)
Po = 1.14x103 kg /cm? = 1.52x10"% g /cm —s

v= 1.333x102 cm?/s K, = 0.199 mho/cm

o= 1.73 mho/cm Sc = 1333

Cpe = 2.273%x1077 mol/em3 Cq-p = 4.3 1073 mol /cm3

L= 12.7 cm pH = 4.0

Py,y = 5%1077atm S = 20.26 cm.?

T= 298.15K v = 0.0255 cm/s

ky, = 2.102x10"*em /s Re = 0.02811

Pe = 38.64 Sh = 0.3088

t Adiscussion of the fitting parameters used for the mode! predictions is presented later.
™ Vaiues of UR, Ure, po, 4 v, Ko, and Py, s are taken from [17]; @, €, and ¢ from [18]; UB from [9].
Other values were measured in the laboratory.
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Effect of Counterelectrode Placement

Figure 7 demonstrates the effect of counterelectrode placement on the
resistance to current flow within the porous electrode. The absciésa is the
applied potential {in mV) between the working {porous) electrode and a saturated
calomel reference electrode at the catholyte exit. The ordinate represents the

effective area-specific resistance,

Qupstream - édownstraam
1

and has units of ohm-cm?® As in figures 5 and 6, the points are the experimental
measurements, and the curves represent model predictions. (During the experi-
ments, the tip of the capillary from the upstream reference electrode was
located a distance of 1 cm above the porous electrode, within the flow distribu-
tors, resulting in an uncompensated resistance of 30 ohm-cm?" This value is

added to the resistance calculated from the model.)

Although the removal effectiveness is approximately the same for both
cases (see ﬁgﬁres 5 and 6), it can be seen that downstream placement causes a
considerable increase in ohmic potential drop. This difference can be under-
stood by considering the concentration distribution through the electrode under
mass-transfer-limited conditions. In the absence of axial diffusion and disper-
sion effects, the concentration drops exponentially with length z through the
electrode, as represented by the following relation [1]:

cp(z) - exp [_ a.lcm:z:], | (1)
C}v v

where k,, represents a local mass-transfer coefficient, assumed to be constant

throughout the length of the reactor. Examination of this relationship reveals

that the majority of the mercuric-ion complex has been removed within a short

T The glass beads represent a bed of uniformly packed spheres, € = 0.3. (The effective conduc-
tivily, &, is calculated as shown in table 3.)
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Figure 7. Effect of counterelectrode placement on the area-specific solution
resistance within the porous electrode. (Operating conditions are identical to
those in figures 5 and 8.) The points are experimental measurements, and the
curves represent the model.
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distance, of order v/ak,,, of the entrance to the reactor. Thus, the bulk of the

charge transfer occurs in a region generally much shorter than the total length
of the reactor, L. Although the additional length is necessary when high removal
effectiveness is desired, the reduction of trace amounts of mercury further

along the reactor contributes only a small fraction to the total charge transfer.

Figure 8B illustrates the effect of counterelectrode placement on the overall
resistance by showing the ‘‘effective’ current path through the electrolyte for
the two cases. In the case of upstream placement, the current must travel only a

distance equivalent to approximately v/ak,,, whereas in the case of downstream

placement, the current path is approximately equivalent to the length of the
reactor, L. If high removal effectiveness is desired, then L will be much greater

than v/ak,,, and, consequently, the resistance will be much higher for down-

stream placement than for upstream placement of the counterelectrode. {Only
the current path through the electrolyte is considered here, since the conduc-
tivity of the carbon bed is much higher than that of the electrolyte. If the con-
ductivity of the electrode matrix is of the same order as that of the electrolyte,
then the placement of the cathode current collector is also important. For a dis-

cussion of this effect, see [15].)

In general, the additional cell resistance in the case of downstream place-
ment causes difficulties in the operation of the reactor, since the possibility of a
side reaction is increased considerably. Furthermore, this increased likelihood
of side reaction has a direct effect upon the reactor design. In particular, for
high removal efficiency, the current density is directly proportional to the
flowrate of catholyte, and the ohmic potential drop is directly proportional to the
current density. Thus, if the ohmic potential drop, ®.psream — Paownstream . must
be kept below some critical value in order to avoid side reactions, the maximum
permissible flowrate is higher with upstream counterelectrode placement than

with downstream placement. In short, the higher resistance in the downstream
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Figure 8. Sketch of the effect of counterelectrode placement on the
effective current path through the electrolyte.
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counterelectrode configuration limits the throughput of the reactor [1,11].

Under the conditions of this study, mercury removal is not affected by coun-
terelectrode placement (see figures 5 and 8), since a very high overpotential is
required for the production of hydrogen and the flowrates are not near their lim-
iting values. Nevertheless, the resistance measurements shown in figure 7 indi-
cate that, in this reactor, the maximum permissible flowrate for the upstream-
counterelectrode configuration is significantly larger than that for the down-
stream cénﬁguration. The remainder of the results presented in this paper will

be restricted to cases of upstream counterelectrode placement in the reactor.

Effect of Catholyte Flowrate

Figure 9 illustrates the effect of catholyte flowrate on the limiting current.
As before, both the experimental data and the model predictions are shown.
Since the removal of mercury is very nearly complete, the limiting current

increases proportionately with catholyte flowrate.

The effect of catholyte flowrate on the effluent concentration (at limiting
currentt) is summarized in figure 10 and table 2 for seven experimental runs.
Increased convection in the cathode pores at higher flowrates reduces the mass-
transfer resistance. Nevertheless, the effect of the associated decrease in
residence time is greater, and, therefore, the effluent contains more mercury at

the higher flowrates.

The effectiveness of this method of removing mercury from contaminated
solutio.ns is clearly demonstrated by these results. At the lowest flowrate exam-
ined (10 cm3/min), a decrease of a factor of 5000 in the mercury concentration
was achieved, indicating that this method is a feasible alternative to existing

chemical methods of mercury removal.

T All limiting-current data were obtained at a polarization, (V—&res), of -500 mV.,
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Figure 10. Effect of flowrate on the effluent concentration at limiting

current.
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Table 2. Effect of Flowrate on Effluent Concentration at Limiting Current

Q i v Cry CR(L) km
(cm3¥%/min)  (cm/s) (ppm Hg) (ppm Hg) - {em/s)

98 0.0806 26 0.6086 3.615 x10™
65 0.0534 65 0.262 3.513 x107¢
45 0.0370 110 0.168 2.862 x107%
31 0.0255 59 0.0588 2.102 x107*
22 0.0181 42 0.0303 1.562 x107*
15 0.0123 56 0.02862 1.125 x107¢
10 0.00822 55 0.0180 7.870 x107°

Definition of the Mean Mass-Transfer Coefficient

Equation (1) can be used to develop the following general definition:

. v cr(L)
km=—E1n[ Hr ], : (2)

where the mean mass-transfer coefficient, k,, {unlike the local coefficient, k,,)
may contain the effects of axial diffusion and dispersion. k,, is more convenient
than k,, for tabulation; since its use does not require an independent value of the
dispersion coefficient [11,19]. The mean mass-transfer coefficient, k,,, in gen-
eral, depends on the diffusion coefficient {D,), the solution velocity (v), the

viscosity (i), and the electrode geometry (pore structure). Therefore, a general-
ized dimensionless correlation of the effect of velocity on the mass-transfer
coefficient in RVC can be developed from the results of these experiments, pro-
vided that independent measurements of the surface area per unit volume of

reactor {a) and the diffusion coefficient (J,) are available. Reticulated vitreous

carbon has a uniform pore structure, and the value of surface area per unit

volume is available [18]. The value of the diffusion coefficient, however, has not
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been measured, and it was therefore decided to determine its value in an

independent experiment.

Measurement of the Diffusion Coefficient

The diffusion coefficient of the mercuric chloride complex was obtained
from the limiting current to a rotating disk electrode. For a single-electrode
reaction on the surface of a disk, an integral-average diffusion coefficient of the
electro-active species in solution can be determined from the Levich relation

shown below [20]:
Lim = 0.620mFAD2/3QM/2y1 8¢, (3)
A plot of the mass-transfer-limited current, /j;,, versus the square root of the

angular velocity, 172, is a straight line, and the diffusion coefficient may be

obtained directly from the slope.

Figure 11 shows a sketch of the apparatus used for the rotating-disk experi-
ments. A Pine Instruments potentiostat regulated the potential of the working,
glassy-carbon electrode (4 = 0.442 cm?) with respect to a saturated calomel
reference electrode in the side arm. Figure 12 shows the resulting polarization
curves (for a sweep rate of 5 mV/sec). Flat, stable limiting-current plateaus
were obtained, and a plot of the limiting current as a function of the square root

of rotation speed' is shown in figure 13 for a concentration of 150 ppm Hg in 3.8 M

NaCl. From the slope of the plot, a diffusion coefficient of (1.0 £0.2)x107° cm?/s

was determined.

 Notice that, in figure 13, (1is expressed in revolutions per minute (rpm).
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Figure 11. Sketch of rotating disk electrode apparatus.
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Generalized Correlation for the Mass-Transfer Coefficient
If the velocity and mass-transfer coefficient are non-dimensionalized with
respect to a characteristic length (a~!) and diffusion coefficient (J,), then a

correlation of the behavior of the mass-transfer coefficient as a function of velo-
city should depend only on geometric factors (i. e., pore structure of the RVC).
Such a plot can now be obtained from the experimental results of the porous-
electrode experiments, énd it is shown in figure 14. The dimensionless mass-

transfer coefficient, or Sherwood number (Sh), defined as

Sh = (4)

is shown on the ordinate, and the dimensionless velocity, or Péclet number (Pe),

defined as

Pe = Re-Sc = oD, )]

is shown on the abscissa.

At low values of the Péclet number, the logarithm of the Sherwood number
varies linearly with the logarithm of the Péclet number (with a slope of approxi-
mately one), and, as the Péclet number is increased, the Sherwood number gra-
dually becomes independent of Péclet number. This behavior is characteristic of
mass-transfer coeflicients in packed beds, and it indicates a transition from a
region where axial dispersion effects are important (low Péclet number) to a

region where such effects can be neglected [21].

Since this correlation is general and depends only on the geometry of the
RVC, it may be used in the scale-up and design of other reactors fabricated from

RVC for metal-removal applications.
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Figure 14. Effect of flowrate on the mass-transfer coefficient. Dimensionless
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1.0x107% cm?/s.
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Comparison of Experiments to Model Predictions

One of the primary goals of this study is to check the applicability of the
model of Trainham and Newman [14] to the .study of flow-through porous elec-
trodes made of RVC. To this end, figures 5, 8, 7, and 9 contain direct comparisons
of experimental data to predictions from the model. In this section, an explana-
tion is presented of the manner in which the fitting parameters for the model
were chosen, and the quality of the fit is discussed. The comparison confirms the
validity of the model and indicates that the exchange-current density for mer-

cury deposition is much higher on solid glassy carbon than on RVC.

The presentation begins with an abbreviated description of the mathemati-
cal model, including the governing diﬁérential equations and definitions of the
major parameters. The two major fitting parameters are the exchange-current
densities for the main reaction (i,g e ) and for the side reaction (i,5r¢ ), Which
are chosen by fitting the pqrous—electrode data in figure 5. Curves on the other
figures are calculated from the rmodel with these parameters. Ohmic-drop data
(figure 7) provide an independent check on the validity of the model, and the
close agreement between the calculations and experiment there support the

applicability of the model.

Trainham and Newman’s Model

The model employed for tHis study is very similar to the one-dimensional,
macrohomogeneous model of a flow-through porous electrode for metal-ion
removal developed by Trainham and Newman. Additional details and a complete
derivation of the governing equations may be found in [14]. A source listing of

the computer program used for the calculations is contained in [22].

The model, based on the earlier work by Newman and Tobias [23], considers

the solution and electrode matrix as two superimposed continua, where the
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details of the internal pore structure can be effectively averaged. The electro-
lyte is assumed to be well supported and the side reaction to be concentration-
independent. As a result, the problem, in dimensionless form, can be stated as a
set of two coupled, nonlinear ordinary differential equations: a material balance

on the local concentration of metal-ion reactant,

d0

Ty -Jr, (8)

and a charge balance determining the local overpotential,

4 |1 dyg _
dy [Pa dy + 0] = Js. (7)

0 represents metal-ion concentration, 7' potential driving force, and y distance
through the packed bed. Jp, a reaction-rate term for the main reaction (metal

deposition), is defined as

8 ~ Piexp [( ::f; + 1)17'] (8)

JR=

1 + exp(n')
and Jg, a reaction-rate term for the side reaction (hydrogen evolution), is defined

as

« Qgs + QA
Js = Paexp[‘ LS”)] 1 'P4exp[u7)'] : (9)
AcR AeR

The concentration at the inlet to the reactor is fixed, as expressed by the boun-

dary condition:
at y =0, 0 =1. (10)

Boundary conditions on the potential driving force depend on the placement of
the counterelectrode and of the current collector. Two cases are considered

here:
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UD (upstream counterelectrode, downstream current collector), where,

at y =0,

an' _ .

dy = PsI°, » (11)
and, at y = al,

an' _ _ .

dy = —=Pgl®, (12)

and DU (downstream counterelectrode, upstream current collector), where,

at vy =0,

dn' _ .

d_y_ = Pgl”, (13)
and, at y = oL,

dn' _ _' . ,

dy VP5I. (14)

P, characterizes the backward term of the main-reaction rate, P, the rela-
tive importance of ohmic resistance to mass-transfer resistance, P3 the rate of
the side reaction, and P, the backward term in the side-reaction rate. P5and Py
represent the relative importance of the ohmic potential drop in the pore solu-
tion phase and the electrode matrix phase. The parameter a is the reciprocal of
the penetration depth into the reactor, and /° is the ratic of the actual current
density to the current density that would exiét if all of the metal-ion feed were

completely reacted in the absence of a side reaction.

The model parameters and their definitions are summarized in tables 3 and
4. Although virtually identical to the definitions in [14], there is one important
difference between the model equations and parameters shown here and those of
Trainham and Newman. In this work, all of the effects of axial dispersion are
included in the mass-transfer coefficient k,,, whereas the original model

employed local film coefficients k,, and considered the effect of dispersion
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Table 3. Definitions of Special Quantities Derived for Model Calculations

Reciprocal of the Penetration Depth:

ak,,
a =
v
Conductivity:
£ = K,eld

Open-Circuit Potentials:

e RT, (cr) _ RT, (Ca-s
Up = U — U, + nFLn[ ] 2 F;n[ o, ]

Po

RT  (Cu*y RT,
US = Ug - Ure + Fxn{ o ]_ zF;n(sz_f)

AU = Us — Ug

Exchange-Current Densities:

Y4 -
\’R RQ
CRr Ca-r

CR.ref ) €a ~ref

ioRJ = ioR,nf[

T’S.H"' PH 7 7S~H2

dsy = i Crty 2
0SS — ‘oS.ref
cH’vref ) PHE-""f
where,
XeRSR
YR = —Sp *t — Yra- = QAR
_ _ Qes
Ysgr = 1~ Qcs YsH, = 3

separately by introducing an additional parameter, D'. By incorporating the

dispersion effects directly into the mass-transfer coefficient, the present model
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allows the values of k,, from table 2 to be used without modification in the
theoretical calculations. If, in [14], D’ is taken to be zero and all instances of k,,

are replaced by k,,, the statement of the problem is identical to that shown here.

Model Parameters U

Table 5 shows the parameter values chosen for the model presented in
figures 5, 8, and 7. For the model results shown in all of the figures, physical pro-
perty data and dimensional fitting parameters are fhe same. However, since
operating conditions are not identical in all of the runs, values of some of the
parameters for the model results shown in figure 9 differ from those shown in

table 5. The changes are recorded in table 8.

Table 4. Definitions of Dimensionless Variables and Parameters

c o pF nFfk, c.
6=—R n = CRn+1n[—————.me]
Cw RT SR‘!’ORJ
_ ak,, /o= spi
¥ == - nFucgy

_ SRRy ]“%R/a"ﬁ p. = ac.gnffuicp, [1 L]
K o

P, = — = = — +
1 [ 11‘}77‘:""(;1v 2 sRakaT

b = SRios s (aesFAUY NF&pm Cry e/ ek
3 T nFkmcy T RT Y
8gs * Acs

SRl acg Flags + acs)AU
Py = |- ———— exp|-—

anmeV L RT

agP kP
P5 = - 2 [76 = - 2

g+kK oc+K
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The mass-transfer coefficients are taken from the results of the concentra-
tion measurements in table 2 and, therefore, are consistent with the data shown
in figures 10 and 14. The operating conditions and the physical property data are
all known (see table 1), and, therefore, the only fitting parameters for the model
are the kinetic constants for the main reaction (i,z rer» Qar: acg), the kinetic con-
stants for the side reaction (i,5rer, Qas: ®cs), and the partial pressure of hydro-

gen (Py,z) in the feed to the reactor.

Table 5. Values of Parameters for Model Calculations

Sp = -1 n = 2
a= 0.5440 cm ! /a= 1.838 cm
lorres = 3%X1077A/cm? CRref = gxelol‘s rsnol/lc/rn‘i .
c = X107 mol/cm
a-Tef :
Gar= L4 Aop = 0.6
7R = ‘ Tra- ¥
lory = 2.00x10"7A/cm?®  cp = 2.273x 1:5)‘7 mol/céns
c = 4.3x10° mol/cm
a~J
losrey = 2%1078A/cm? Hbrep = 1x1073 mol/cm? (pH = 0)
Hprey = 1latm
Jes = 0% i 035
. 751# = . 7S,H2 = .
losy = 5.32x10710 A /cm? Cyop = 1x10~" mol/cm? (pH = 4)
Py,y = 5x10°7 atm
Up = -0.00536 V Us = -0.295V
AU = -0.290V
P, = 2.865x1078 - -0.2803
Ps= 4.984x1078 P, = 133.93
Py = 0.2526 Pg= 0.02775
al = 6.909
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Effect of Side Reaction

The transfer coefficients for the side reaction {a,g5, ¢s) are chosen to be 0.5,
in keeping with generally accepted mechanisms for hydrogen reduction. The
parameters Py, , and 1,5 determine the length of the limiting-current plateau
.as described by White and Newman [24]. Since there is virtually no H; gas in the
feed, the value of PHN« is very uncertain. It is important to note, however, that
the side reaction occurs primarily in a Tafel range (backward term in the rate
expression is small). Under these conditions, an increase in Py, should have
very little effect on the location of the side reaction. In fact, changing PHZJ from
5%1077 atm to 1x10712 atm results in no shift in the location of the side reaction
and a shift of only 4 mV in the open-circuit pétential calculated from the model.
As a result, the fitting parameter for the side reaction is primarily the
exchange-current density %5, . It is chosen from a fit to figure 5, since no other

experiments indicate a side reaction.

Table 8. Additional Parameter Values for Figure 9

Crr (mol/cms) 3.125x10°7  3.125%x1077  3.125%1077
,,RJ (A/cm?) 2.50x10~7 2.50x10°7 2.50%1077

2 (V) -0.00127 -0.00127 -0.00127
AU V) -0.294 -0.294 -0.294
'u (cm/s) 0.0214 0.0128 0.00576
m (cm/s) 1.805x10°%  1.157x10™%*  5.747x107°
a (cm™1) 0.5587 0.5989 0.6587
1/a (cm) 1.796 1.670 1.518
P, 3.463x107%  1.525x10°%  1.571x10°®
P, -0.3161 -0.1750 -0.0719
Pgq 3.719x107%  4.005x10°®  4.500%x1078
P, 1.726x107 3.623x 107 1.163x108
Ps 0.2848 0.1577 0.0647
Pg 0.03130 0.01733 0.007118

al 7.070 7.606 8.366
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Little gquantitative information about the side reaction can be determined
from the small amount of data obtained in this study, but the experiments do
show qualitatively that‘ the side reaction is not a major consideration in the
evaluation of the system for mercury removal. In this regard, the system stu-
died here is a good candidate for checking the applicability of the model, since in
the model the side reaction is considered only as a second-order effect. The rela-
tive unimportance of side reaction means that the behavior of the porous elec-
trode depends primarily on the kinetic parameters for the main reaction, and

the choices of values for these parameters are discussed below.

Kinetic Constants for the Main Reaction

Transfer coefficients for the main reaction {agp, a.p) are obtained directly
from a fit of the linear sweep voltammograms on the rotating disk.! The
exchange-current density (ioR.,.,,,), however, is chosen from a fit of the left side of
the polarization curve in figure 5. The model fit to one of the voltammograms
(from figure 12) on the disk electrode is shown in figure 15, both for the
exchange-current density that best fits the rotating-disk data and for the value
chosen for the model of the porous electrode. The exchange-current density
obtained from the rotating disk experiments is 5000 times higher than that
required to fit figure 5. This difference indicates that, although both the porous
bed and the disk electrode are made of a glassy carbon, the activity of the inter-
nal surface of the RVC foam and the activity of the polished disk surface are con-
siderably different. Although this is not surprising, it does point out the impor-

tance of experimenting directly with the porous-bed material prior to scale-up.

t Methods for the numerical simulation of linear sweep voltammograms are descrited in more
detail elsewhere.22 :
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Consistency Check: Ohmic Potential Drop

If the conductivity of the electrode matrix is high reiative to that of the
solution (as in this study), resistance measurements can be used to determine
kinetic parameters. In addition, the chmic-drop measurements are independent
of the polarization measurements, and, as a result, they provide a consistency
check on the data obtained in this investigation. Thus, the close agreement
between the model predictions and the experimental measurements of ohmic
drop, as illustrated in figure 7, confirms the validity of the i, ¢ value chosen to

fit figure 5.

The reason for the sensitivity of the chmic potential drop to kinetic parame-
ters is illustrated in figure 16a for the case of upstream counterelectrode place-
ment. At low fractions of limiting current, the ochmic drop measurements are
strongly influenced by kinetics, since the value of the resistance is very sensitive
to the shape of the upstream concentration profile. This sensitivity arises from
the influence of the kinetic rate on the effective penetration depth. Since, in the
absence of side reaction, the resistance is proportional to penetration depth,
changes in exchange-current density can give rise to substantial differences in

ohmic drop.

The ohmic drop measurements are particularly useful if the electrode is
very long. If the electrode is very long, the catholyte exit can attain equilibrium
for any moderate value of i,z ,¢. and, therefore, the value of (V - $,,) at the
catholyte exit is fixed (by thermodynamics), independent of lorres - 1N that case,
although polarization curves such as figure 5 provide no inforrﬁation at all
regarding i,p re . the eflect of i,p ;¢ On ohmic drop (figure 7) remains unchanged.
Thus, it is possible that large differences in ohmic drop can be seen even when

only slight differences in polarization behavior are observable.

At limiting current, the polarization (driving force) is sufficiently large that

the concentration profile is completely determined by mass transfer, regardless
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of the kinetic parameters. Under these conditions, illustrated in figure 16b,
ohmic drop measurements provide no information about kinetics, but they do
provide a check on the values of the mass-transfer coefficients. By comparing
the results for upstream and downstream counterelectrode placement, the ratio
of the penetration depth to thé bed length can be determined (see figure 8).
Hence, the agreement between model and experiment in figure 7 at high overpo-
tential (limiting-current conditions) supports the mass-transfer coefficient

correlation in figure 14.

Conclusions

This study has demonstrated that a flow-through porous electrode made of
reticulated vitreous carbon can be a very effective device for the removal of mer-
cury contamination in brine solutions. The experiments indicate that the mer-
cury system is also an excellent candidate for the general study of porous elec-
trodes, since the chemistry is simple, side reactions are relatively unimportant,
and a reliable method for concentration measurement is available. A bench-
écale experimental electrode has been used to demonstrate the effectiveness of
the device, to illustrate the effect of counterelectrode placement on the ohmic
potential drop, to determine an empirical correlation (in graphical form) of the
effect of electrolyte velocity on thé mass-transfer coefficient in the electrode,
and to verify the applicability of a one-dimensional mathematical model of the
porous electrode. A comparison of the exchange-current density for mercury
deposition on RVC to that on a solid glassy carbon indicates that the local rate of

mercury deposition is slower on RVC.
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List of Symbols

Specific surface or interfacial area {per unit volume
of the porous electrode), cm?/cm3

Area of rotating disk electrode, cm?

Concentration of Cl~ ion in the catholyte feed to the
porous electrode, mol/cm?3

Reference concentration of C1~, mol/cm?3

Concentration of mercury in the bulk, far away from
the rotating disk, mol/cm?3

Concentration of H* ion in the catholyte feed,
mol /cm3

Reference concentration of H* ion, mol/cm3
Concentration of main reactant, HgCl 2, in the catho-
lyte within the flow-through porous electrode,
mol/cm3

Concentration of main reactant, HgCl;%, in catholyte
entering the flow-through porous electrode, mol/cm3

Reference concentration of main reactant species,
mol /cm3

Diffusion coefficient of HgCl;? in the feed solution,
cm?/s

Faraday's constant, 96487 C/equiv

Superficial current density to the porous electrode,
A/cm?

Exchange-current density for the main reaction at
the feed concentrations, A/cm?

Exchange-current density for the main reaction at
the reference concentrations, A/cm?

Exchange-current density for the side reaction at the
feed concentrations, A/cm?

Exchange-current density for the side reaction at the
reference concentrations, A/cm?

Current, A
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PHaJ
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Mass-transfer-limited current, A

Dimensionless applied current density (defined in
table 4)

Dimensionless reaction-rate term for the main reac-
tion

Dimensionless reaction-rate term for the side reac-
tion

Local mass-transfer coefficient, cm/s
Average mass-transfer coefficient, em/s
Length of low-through porous electrode, cm

Number of electrons transferred in the main elec-
trode rgaction

Parameter characterizing the backward term of the
main reaction (defined in table 4)

Parameter characterizing the relative importance of
ohmic resistance to mass-transfer resistance
(defined in table 4)

Parameter characterizing the rate of side reaction
(defined in table 4)

Parameter characterizing the backward term of the
side reaction (defined in table 4)

Parameter representing the relative importance of

ohmic drop in the solution phase (defined in table 4)
Parameter representing the relative importance of
ohmic drop in the electrode matrix phase (defined in
table 4)

Péclet Number, Ke-Sc =v/al,

Partial pressure of hydrogen gas in the feed to the
porous electrode, atm

Reference partial pressure of hydrogen gas, atm
Universal gas constant, 8.314 J/mol-K
Reynolds Number, v/av

Flowrate, cm3/min
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Se

Sp

AU

V- ‘bref

Cross-sectional area of porous electrode, cm?
Schmidt Number, v/ D,
Sherwood Number, €k, /aD,

Stoichiometric coefficient of the main reactant
species

Temperature, K

Superficial fluid velocity, cm/s

Potential of a calomel reference electrode (contain-
ing saturated KCl) (with respect to a standard hydro-

gen electrode), V

Equilibrium potential of the main reaction at the feed
concentrations (relative to U,), V

Standard electrode potential for the main reaction,
HgCl2/Cl~/Hg, (with respect to a standard hydrogen
electrode), V

Equilibrium potential of the side reaction at the feed
concentrations {(relative to U,), V

Standard electrode potential for the side reaction,
H*/H,; 0.0V

Difference in equilibrium potential between the side
reaction and the main reaction at the feed concentra-
tions, V

Potential of working electrode, V

Potential between the working electrode and a sa-
turated calomel reference electrode in the catholyte
exit stream, V

Distance through electrode, cm

Dimensionless distance through porous electrode
(defined in table 4)

Reciprocal of the penetration depth into the electrode
(defined in table 3)

Dimensionless electrode length

Anodic transfer coefﬁg:ient for the main reaction
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Vst

7S.Hy

Po

o4

Crop
Pdownstream

Qupstream

9]

Anodic transfer coefficient for the side reaction
Cathodic transfer coefficient for the main reaction
Cathodic transfer coefficient for the side reaction

Exponent in the composition dependence of species R
(HgCl17?) in the expression for i,z (defined in table 3)

Exponent in the composition dependence of Cl ™ in the
expression for i, (defined in table 3)

Exponent in the composition dependence of H* in the
expression for 1,5 (defined in table 3)

Exponent in the composition dependence of H; in the
expression for i,5; (defined in table 3)

Porosity or void-volume fraction

Dimensionless potential driving force, (defined in
table 4)

Dimensionless concentration (defined in table 4)

. Effective conductivity of electrolyte within the porous

electrode, mho/cm

Conductivity of feed solution outside of the electrode,

mho/cm i

Viscosity, g/cm-s

Kinematic viscosity, u/p,, cm?/s

Solvent density, kg /cm3

Effective conductivity of the solid matrix, mho/cm
Reference potential, V

Potential in solution exiting electrode, V

Potential in solution entering electrode, V

Angular velocity, rad/s
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