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Abstract
A one-dimensional model for flow-through porous electrodes
operating above and below the limiting current of a metel deposition
reaction has been developed. The model assumes there is one primary
reactant species in an excess of supporting electfolyte and that a

simultaneous side reaction may occur. The model predicts nonuniform

reaction rates due to ohmic, mass-transfer, and heterogeneous kinetic

limitations; the effects of axial diffusion and dispersion are
included. Results are compared with the experimental data observed
by various authors for the deposition of copper from sulfate
solutions with the simultaneous generation of dissolved hydrogen.
Satisfactory agreement betweenvmodel predictions and experimental
data on overall reactor performanee and deposit distributions has

been accomplished. For an upstream counterelectrode, distributions

of reaction rate (for both sihgle and multiple reactions), concentration,

and potential describe the detailed system behavior.

Key words: current distribution, potential distribution, mass transfer,

axial dispersion, side reaction



Introduétion

Recent publicattionsl-8 show that flow—thfopgh porous electrodes:
can remove heavy metals from dilute streams, and direct comparisonsg_11
with other electrode‘systems (fluidized bed electrodesvand pafallel
plate electrodes) show that flow-through porous electrodes can
perform better. However, before they are used commercially it must
be démoﬁstrated that they can compete successfully with other
established processes (e.g., foam fractionation, ion-exchange,
" precipitation, and cementation). To help design better flow-through
porous electrodes so they can compete with these other processes,
more sophisticated models are required.

1,12-15 a flow-through porous electrode operating

In previous work,
at the limiting current was treated. Sioda16 gave an analysis for a
flow-through porous electrode operating below the limiting current
for-a reversible reaction described by the Nernst equation, which
also includes treatment of the interfacial mass-transfer resistance.
Alkire and Gracon13 included a very general analysis of a single
electrode reaction below the limiting current, including the effects
of axial diffusion; results are given for an upstream counterelectrode.
Recently, Alkire and Gould17 have extended this work to multiple
reaction sequences, which includes: deposition of several metals,
deposition of a metal in the presence of a re-dox system, and an
ECE seqﬁence applicable to electro-organic synthesis; results are

given for a downstream counterelectrode. Ateya and Austinlslgive

. . e . 16 . . .
an analysis similar to Sioda™ for a single electrode reaction described



o}

by the Nernsf equation and study the effects of axial diffusion
and dispersion under conditions when the interfacial ﬁass-trénsfer
resistance appears to be negligible.

The present analysis complements previous work by predicting
nonunifoxm reaction rates due to ohmic, mass—transfet; and heterogeneous
kinetié limitations in the présence of a side reaction. Also included
are thé effects of axial diffusion and dispersion without simplification
of the‘Danckwerts,19 Werner-WilhelmZO boundary conditions as was

13,17 Simplifications made possible in the

done‘ih previous work.
treatment of the side reaction due to the small reactant concentration
and the desire to operate at high current efficiencies should make

this analysis attractive for design purposes.

Model

The case of metal-ion removal from dilute streams using a
flow-through porous electrode with parallel current and fluid
flow can be modeled With the following restrictions:

1) The model is one—dimensional.

2) The porous cathode is of length L and has an isotropic
porosity € -and specific surface area a which remain constant in
time.

3)_ The hydrodynamics are characterized‘by the superficial
velocity"v and an average mass-transfer coefficiént km s where
axial diffusion and dispersion account for deviations from plug-flow.

4) There is one reactant species in excess supporting electrolyte.



Sii A simultaneous side reaction may occur, which is characterized
by its rate at the half-wave potential of the primary reaction. Also,
if the side reaction involves generation of a gas, it is assumed that
the gasbwill remain in solution so that the velocity profile‘will
not be disturbed. ‘

- 6) :The conductivity of both the matrix and pore solution phases
is uniform.

Assumﬁtions 1 through 3 simplify the calculationai procedure
and are necessary due to the lack of a better description of. the
‘complex porous geometry. The validity of assumptions 4 through 6
rests on the small reactant concentration. As a consequence of
assumptions 4 and 5, the current efficiency should be high, which
further simplifies the model by removing the need to follow any
reactant species cohcentratioﬁ which participaées in the side reaction.
This approach emphasizes the salient. features of thé interaction

between the unwanted side reaction and the metal deposition reaction.

Analysis
The equations which describe the behavior of porous electrodes
have been reviewed recently by Newman and Tiedeménn.1
Only one material balance is required -- that for the metal-ion
reactant. At steady-state, this may be expressed as
dNR

T = 2 g 0 [1]
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' where in the absence of migration effects the superficial flux NR
of the metal-ion reactant in the direction of the fluid flow is given by

) ch :
NR = —e(DR + Da) = %Yo [2]

~and the local pore-wall flux to the flowing solution is related to
the average mass-transfer coefficient km (corrected for axial

diffusion and dispersidnl4)' by

jRn - km(ch R) (3]

The quantities R and cp are the wall concentration and the
pore-solution concentration of the metal-ion reactant averaged over
the volume of the pores. In equatiéh 2, Dé is the effective
diffusion coefficient of the metal-ion reactant within the pore
solution and represents a correction to the molecular diffusion
coefficient D, for tortuosity (DR = DO/T2 , where T 1is the
tortuosity factor). Da is the axial dispersion coefficient taken

to be14

v |
’.. Da=;€—(l"€): [4]

which is a fit of a large number of data correlated by Sherwood 93;21,21

(see also reference 12).
In the matrix phase, the transport of electrons is governed by

Ohm's law



i, = -0 do /dx . 5]

Since it has been assumed that the concentration of the limiting
reactant'is small compared to thevsupporting electrolyte concentration,
the diffusion potential is neglected; consequently, the current

density i2 in the solution phase is governed by Ohm's law

iy = « dd,/dx , | [6]

where «k is the effective conductivity of the solution within the

pores, related to the bulk conductivity K, as follow's22

1.5
K = K€ . [7]

A consequence of electroneutrality is that charge is conserved '
between the matrix and pore-solution phases. Mathematically this

means the divergence of the total current is zero
T2 - 5)

The transfer current is due to the sum of the individual

electrode reactions:

¥ Z ai ., 9]
)
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where in. is the average transfer current density (from the matrix
S phase to the pore solution phase) due to reaction j in an electrode

reaction of the form
z; _ '
}s.. M. >n.e . [10]
1 J

With the assumption that the principal reactant R participates

only in the primary reaction, we can write

. _ nF . _ nF _
R T T sy JRe T sy kn(Cr = Cpy) - [11]

For the case under consideration, the mass-transfer resistance

is unimportant for the side reaction, and substitution of equation 11

into equation 9 yields

di
2 anF . . [12]

dx = T s. Jrn T % lps

where the subscript S refers to the side reaction.
In general, the average transfer current density due to reaction

j .may be approximated by the Butler-Volmer equation

aa.F ach
5 *nj T toj|**P\TRT "sj) ~ P \" ®T Msjf| ° (23]

where ioj is the exchange current density which is assumed to have

a composition dependence of the form
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ciw Yij | | ‘ | “ | &
i =1, mf—- , 14 v
oj oj,ref i (;i,ref : [14]

where i is the value of the exchange current density for

oj,ref

reaction j at a reference composition Ci yef It was further
B s

assumed that the transfer coefficients aaj and acj sum to nj

(a positive number, see equation 10) and that the exponents Yij have

the form
o,
Yij = qij.+ nj sij » [15]
such that qij = —éijv for a'cathodic reactant and zero otherwise.

" In equation 13, the surface overpotential for reaction j is

given by
ng; = 2 -9, - ij , [16]
where
c c.
v, = o SRy o LR g a7
jw J r n, ij n_F ir
j i 0 T i o
which is the theoretical open-circuit potential for reaction j at -

the local wall composition relative to a reference electrode of a
given kind, where the subscript r refers to the reference electrode
compartment., (The pure-solvent density Po should be expressed in

L 3 - . . .
kg/cm if the concentrations are given in mole/cm3 .)
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For fhe case of metal-ion removal from dilute streams, equations
13 tﬁrough 17 can be simplified greatly. Let the reference electrode
be of the same kind as the metal deposition'reaétion, where the
concentration of the primary reactant in the reference electrode

compartment cp . and the reference concentration in equation 14

CR,ref are set equal to Cre (the upstream feed concentration of

the metal-ion reactant). Also assume that the stoichiometric coefficient

sg = -1 - Then equation 13 for a metal deposition reaction reduces to

F

' o C , I :
. s aR Rw cR
*nR ~ loR,ref{exP [R'"T @, - @2)]_ Ty O [‘ wT (9 - @2)” - [18]
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For a simultaneous side reaction, such as the decomposition of the
solvent, equation 13 reduces to an even simpler form

[aaSF ] a gF .
i = loS,ref exp _ﬁﬁr'(él_- e, - AU)| - exp |- <7 (9 - %, - AW)(, [19]

where AU is the difference in the theoretical open-circuit potentials
of the side'reaction and the primary reaction (AU = US_—_UR) at the
reference COncentrations,which in this case are at the upstream
feed composition. Note that any explicit dependence of the rate of
the side reaction on the composition has been ignored. This assumption
ié'justified if the current efficiency is high and the ratio of the
metal-ion reactant to the reactant species involved in the side
reaction (e.g., the hydrogen ion) is small.

Let h = @l - &, be defined as the local overpotential, and

2

combine equations 5 and 6:

dn/dx = d(@1 - @2)/dx = -11/0 + 12/K . : [20]
The elimination of R between equations 3 and 18 yields
R
T - exp [(ocaR + ucR)Fn/RT]
I [21]
er - - 1 ) ..
- s oxp [ gF/RT] |

“Rf“m SRloR,ref

Next combine equations 1, 2, and 21 to eliminate NR' and jpo o,
which results in a material balance equation for the limiting

reactant with unknowns R and n :

©
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. CR
de dc — - exp [(a,p + o g)FI/RT] .
L ‘R R Rf
Vax - Wpt D) -2 iF - [22]
| dx exp [0 F/RT]

chkm sRloR,ref.

An equation for the potential distribution results from
elimination of i; , i, , and i o , between equations 8, 12, 19,

20, and 21 by differentiating equation 20:

2‘ o _ F o F
an? (1 1) ). as cS
_]l2— - (_K— * 5_) a{los,ref[exP ( rr (0 - AU)) B 4 <- rr (0 - AU)):'

dx
“r
'« o - exp [(op + o p)FN/RT]
- (_ Eﬁ) Rf - } [23]
s 1 nF b
R - — exp [o _Fn/RT]
‘ CR¥p SRYoR, ref cR

Before equations 22 and 23 can be solved simultaneously for

¢, and n , four boundary conditions are required. For R the

R

following conditions were used

ch v
CpeV = Cpv - E(DR + Da) Frm at x = 0 [24]

R R

where ¢ is the upstream feed concentration, and-

Rf

_ ' dep . _
a.x_.=0 at x =1 [25]

-- the Danckwerts,19 Wehner-Wilhelm20 conditions when axial diffusion

and dispersion are included. The conditions on n depend on the
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placement of the counterelectrode. For an upstream ébunterelectfode,'

the current density is iero iﬁ the matrii phase at the cathode inlet
and equal to -i (the total current density to the eléctrqde) in
the pore solution phase; the opposite is true at the cafhode outlet.
Applicétion of these cdnditions to equatién 20 yields ap?ropriate

conditions on 10 :

[2W

dn _ _ i -
X ” at x=20, » I26]
and
g§-= S at x=1. 27

To reduce the large number of parameters, equations 22 through
27 may be expressed in dimensionless form:
~ Material balance
- '
de a%2g 0 - Py exp [(ap/ap + 1)n']

a8 _ o - L
ay - P dy? 1+ exp (n') [28]

Potential distribution

2 0t 0 :
d™n' ‘ aS cS
—— = P_)P, exp (-a_.n'/a )[% - P exp'(——————————TV)]
dyz 2 3 cS cR 4 %.n
. 9 - Py exp [(ap/op + 1n'] [29]
1+exp (n')
Boundary conditions
6 -0 L1 ana U1 oar y=o 30
dy dy - 5 a y = H [ ]

-
Y
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and

o ' s i }
iy © 0 and Iy - P6I at vy —.aL s [31]

where 0 is the reactant concentration divided by its value upstream
in the feéd. Here the distance and the overpotential were made
dimensionless in such a manner as to emphasiie the pertinent physical
phenomeha. The dimensionless coordinate y , as suggestéd by the
limiting current analysis,1 is the physical distance x divided by
the quantity 1/0 = v/é km , representing the effective depth of
penetration of the reaction into the electrode at the limiting current.

In this way, the parameter
D' = (D, + D )ak /vZ [32]
R a m

relates to the effect of axial diffusion and dispersion. For flow-
through reactors, effects of convection, reaction, and mass-transfer
to the wall are dominant, while axial diffusion and dispersion are

secondary. Thus, it is appropriate to have these latter effects

included in only one parameter, Df’; and to have the dimensionless

coordinate y determined by the doﬁinant effecté. However, at low

Péclet numbers, v/a Do < 100 , axial diffusion'and dispersion effects

are notvsmall,14 and the inclusion of the corresponding terms in

equation 28 and in the boundary condition (equatipn 30) is necessary.
The local overpotential n was made dimensionless by the

relation
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anmch

e () = - sRloR ref

exp (o pFN/RT) , [331

which also shifts the overpotential by an additive amount based on

the exchange current density 1 of the main reaction and the

oR,ref

feed concentration CRf of the reactant. This shift is in recognition

of the fact that the electrode will be run with a relatively high
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electric driving force so that the main reaction can be carried to

a high degree of completion. The backward term of the main reaction is

then characterized by the parameter

1+ua /ucR

. R )
s i
R7oR,ref
P, = (- 2= , [34]
1 ( anmch ) |
which will be insignificant when the reaction exhibits Tafel
behavior.
Under these conditions, the relative importance of the ohmic

potential drop within the porous electrode is characterized by

the parameter

52,2 |
GR™M V Cre (1
P, = E“"

. |
2~ Ts.a K.RT '6) . [35]
R m v

and the side reaction 1is characterized by

s 1 /GCR
RoS,ref "¢ m Rf

= - : [36]
_ 3 nF kmch SRloR,ref

o
a_GFAU/RT ( nF k_c )CS
at the half-wave potential of the main reaction. The half-wave
potential may be calculated from equation 33 by setting n' equal
to zero. vThis is seen from the second terﬁ on the right sidé of
equation 28, which represents the dimensionless transfer current of
the primary reaction -- setting n' equal to zero yields a value in

the denominator of two. The backward term of the side reaction is
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characterized by the magnitude of the parameter
%as*%s

‘nF k ¢

. cR
Spi . : '
- "R oR,ref |.
P, = (i._——:;ﬁ;;—) exp [_F(aas + aCS)AU/RTj . [37]

The parameters Pg and -Pg Tepresent.the relative importance
of the ohmic potential drop in the pore solution phase and the

matrix phase, respectively, and are related to the parameter. P, :

Opz
Ps = -7« ' [38]
and
. KP2
Pe = ~Grr [39]
"so that
—P2 =P+ P . . [40]

The total current density i to the reactor was made dimensionless
with the limiting current density that would exist if all the
reactant in the feed were completely reacted:
*' soi

= —, o [41]
anch :

Numerical Solution
The governing équations 28 and 29 were first linearized about a

trial solution and then, aleng with the bouridary conditions (equations 30
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and 31), cast in finitéQdifferenCé form-accurate to order h2 , where
h is the dimensionless distance between the mesh points, and solved
by a numerical technique developed by Newman.2

Unfortunatgly, it was found that the standard central-difference
approximations of the derivatives were not stfficiéntly accurate to
" approach the_limitingaturrent fésult, which can be calculated
anélytically; This -anomalous behavior was primarily due. to the’
high degree of non-uniformity in the current and concentration
distributions near the front of the electrode. Therefore, to obtain
accurate results, new finite-difference approximations to the

derivatives were developed (see Appendix).

Results

Comparisons between model predictions and experiments. For the

calculations to be presented, the counterelectrode is upstream, the
primary reaction is the deposition of copper, and the side reaction

is the generation of dissolved hydrogen.. Two types of data on copper

‘ removail’ls are utilized to demonstrate the effectiveness of the model.
In the first data set,lipredictions of the overall reactor performance
are tested -- this includes predicting the current-potential behavior
of the porous cathode and the effluent concentration of the reactant
species. The remaining data set13 is used to test model calculations
of the current distribution within the porous cathode.

: 1

~ Figure 1 displays the model fit to the data of Bennion and Newman

for copper removal using a porous carbon electrode. The quantities I
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and VOP are the total current to the reactor and the potential of
the cathode current collector relative to a saturated calomel reference
electrode placed in the effluent stream, respectively. The experimental

effluent copper concentrations (in mg/%) are shown as the numbers
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600+ _

500

< / 80 T 037 o6
£ .
H 300} i
; 0.058
i ola 006
225
100} | - -
0 | 1 ] | | 1 | |
0 Z100 200 2300 400
VOP, ‘mV

~ XBL 7611-9795

Figure 1. Current-potent1al curves for an electrode 10.1 cm in
diameter and 6 cm deep, packed with porous carbon flakes and chips.
Open symbols are experimental data points; closed symbols are calcu-
lated. Calculated effluent concentrations (in mg/%) are indicated
above the correspondlng points in upright type; experimental values
are given in italic type below the correspondlng data points. - The
flow rate was 8 cmd/min for the circles, 12 cm 3/min for the squares,
and 16 cm3/min for the triangles.
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below each curve corresponding to the open triangles A, squares 0.
and circles O. The numbers above each curve correspond to the solid
circles ® and are the calculafed values of the effluent copper
concentration. Values of the parameters used to fit the data shown
in Figure 1 are given in Table 1.

Five parameters were adjusted to obtain agreement between the
calculated and'experimenfal values in Figure 1: one value of the
éxchange'current;deﬁsity for'copper deposition was déterﬁined by
fitting the data at the left side of the top curve; one value of the
éxchange current density for hydrogen evolution attempts to fit the
rise'in the current due to the observed onset of hydrogen’evdlution
at the right side of the top curve; and three values of the mass-
transfer coefficient km corresponding to the three different flow
rates were determined mainly by the effluent concentration ai the
right side of each experimental curve.

In Figuré 2, the fitted vélues of km (shown by the open
triangles A) have Been plotted in terms of the dimensionless Sherwood

number ekm/aDo- as a function of the dimensionless Péclet number

v/aDO . The upper dashed line is the Wilson and Geankoplis correlation24
E:km - . 1.09 v 1/3 [42]
Dy e - 13\ -

and the lower dashed line is a correlation suggested by Bird’gﬁngl.zs_

avy Do

ek . \0.49 1/3 | |
—= = 0.91 e(—"—) wz(-\—’-) , - [43]
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Table 1. Values of the parameters used in fitting the data in

1

Figure 1 and in generating the curves in Figures 5 through 11.

6><10_6 cmz/s

13.68 16.70

a =25cm € =0.3 o
' <, = 0.17 mho/cn o = 10" mho/em s = -1
n = 2 T = 298.15 K OR = 1.5
dg = 0.5 Y = 0.75 ag = 0.5
8= 0.5 US-UR = 0.281 V L =6cm
,.kaIO4,.cm/s .vxlos, cm/s
1.922 3.328
1.620 2.496
1.315 1.664
i = 3.8x107° A/cnm? at c. = 0.1 mole/2
oR : R '
. _ -6 2 _ L )
is = 7x10 ~ A/cm at cg = 1 mole/%, Pg = 1 atm
. _ -12 2 ,
loS,ref = 3.717x10 A/cm
dimensionless parameters
as a function of ch and v
chXIOS,moles/cmS 1.050 1.050 1.050 1,011 1.003 0.1003 0.01003
,VX103,cm/s 9.984 6.656 3.328 2.496 1.664' 1.664 1.664
. PIXIOQ 9.461 22,99 104.9 215.9 501.3 5013, 50130.
PZ -16.05 -8.905 -3.254 -2.091 -1.136 -0.1136 -0.01136
P3X105 1.247 1.247 1.247 1.295 1.305  13.05 130.5
P4X109 1.761 2.745 5.863 8.253 12.53 12.53 12.53
PS 16.05 8.905 3.254 2.091 1.136 0.1136 0.01136
P6X106 44,83 24.87 9.089 5,842 3.173 0.3173 0.03173
D' x10% 7.385. 8.877 12.17 16.70  16.70
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| - Wilson and Geankoplis _ —©

€03 _ — 0 ]
// ° : 7
0.5 -7 | A 7T
o} N -7 :
' ~
/// ak
— / B
e Bird eral. _ -~ SR
- A 150
~ .
O] | | 1 1
l 2 5 10 20 50 100
v/ab,

XBL 7611-9789 =

Figure 2. Correlation of the Sherwood number as a function of
Péclet number and dimensionless electrode thickness alL. Open triangles
come from a fit of the data of figure 1; open circles are the results

of Appel and Newman.2® Two correlations from the literature are

also shown.
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where a value of € = 0.3 has been used in Calculating each line.
Also shown in Figure 2 by means of the open circles O are the data
of Appeliahd Newmaﬁ?6:where € % 0.372 . It should‘bg noted that it
has been assumed that fﬁe dimensioniéss correlations for km (given
by equation 42 and 43) have been corrected for disperéion; Appel's
resulfs have not, and therefore km in.this case i; fundamentally a
different quéntity (see reference 14 for this correction'and a discussion
of different definitions of km ).

The model fit of the limiting current-disfribution data of
-Alkire -and Gracon13 for copper depositioﬁ on ﬁiatinum screen electrodeé
is shown in Figure 3. The transfer current density for the main -
reactioA diZR/dX vhas'been’?ormalized by the total current density
iR due to the primary.reacfion and the electrode 1¢ngth L. A
uniform current dis;riﬁution Qould éorrespoﬁd to a horizontal line
at an ordinate vaiue of 1. Values of the parameters used to fit
these data aré given in Table 2.

The data for the smallest flowrate (v = 0.1067 cm/s) were fitted
first by using literatﬁrp‘values of the exchange current densities
for coppervdeposition é&d hydrogen evolution on copper23’27 (any io
Values_would work;’however, since the datalé.were obtained at the
limiting ;urrept) and adjusting the value of the mass-transfer
coeffiéiéﬁt km réé 6btain reasonable agreement betweenlthe calculated
and experimen£31 vé1ués..”This value for the mass—frahsfef coefficient
was thén usédﬁ£§ change thé:coefficient in the Wilson-Ceankoplig

correlation24 (given by equation 42) to 0.85:
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IO_. | i r P _]
— V, cm/s - -
g — 0 0.1067 = 7

- | —_——A 02750
— =--==0 04133 . -~

L digg

Lg dx

O.1

 XBL76l0-7597

Figure 3. Normalized distribution of copper deposition.
Experimental datal3 and calculations are for deposition from a 2 mM
cupric solution onto a bed 0.4 cm thick with a porosity of 0.64 and '
a specific surface area of 260 cm-1l, constructed of layers of Pt screens.
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Table 2. Values of the parameters used in fitting the data in
Figure 3.

a =260 cm ! € = 0.64 D, = 7.6x10°% cn?/s
Ky = 6.55 mho/cm g = 104 mho/cm Sp = fl
n =2 _ T = 298,15 K O.R = 1.5
O.R T 0.5 Y = 0.75 aas‘= 0.5
%.g = 0.5 US-UR = 0,481 V L = 0.4 cm
i = 1073 A/cm2 at c. = 0.1 mole/%
oR R
'ioS = 10-7 A/cm2 at cg =1 mole/%, pg = 1 atm
ios. pes = 1732 10712 pjcm?

dimensionless parameters

as a function of v

(ch = 2x107° mole/cms)
v, cm/s 0.1067 0.2750 0.4133
plxlo9 290.3 82.17 47.73
P, -0.1968  -0.9532  -1.880.
P.x10° 3.779 3.779 3.779
p,x10%  4.001 2.128 1.622
P 0.1967  0.9532  1.880
P x10° 5.540  26.84 52.93

D' 102 6.040 1 3.203 2.439
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-ekm 1/3

aD

0.85 ° v

= [44]
o [6(1 - e)]2/3 aDo

Thé remaining lines in Figure 3 forithe higher flowrates were then
calculated using this expression for the mass-transfer coefficient
and no additional adjustment of parameters.

It may be not;d that Alkire and Gracon13 proposed that the estimated
specific interfacial area be reduced by a multiplier of 0.81‘to yield
an adjusted-value. When used in the Wilson-Geankoplis correlation,24
this effectively reduces the coefficient to 0.947 if one continues
to use the estimated value. In this case, £he value of ékm (which
is the quantity which enters into the model equations) is redﬁced'by
a multiplier of 0.704 from the value which would be predicted by the
Wilson-Geankoplis correlation and the estimated area. By our reducing
the coefficient from 1.09 to 0.85, we have effectively reduced the
value of akIn by a multiplier of 0.78. Alkire and Gracon's choice
of the multiplier of 0.81 was evidently based on the values of the
total limiting current, not oﬁ a fit of the distribution data as in
Figure 3.

Theoretical predictions. -- Again the results presented are
divided into two categories, microscopic distributions and overall
reactor performance. For the calculations which follow, the counter-
electrode is upstream, the primary reaction is again the deposition
of copper, and the side reaction is the generation of dissolved hydrogen.

Figure 4 shows the reaction rate distributions for the primary

electrode reaction only, at and below the limiting current, for the
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physical parameters and dimensionless parameters (corresponding to

.V o= 3.328X10-3 cm/s) in Table 1, but with P and P equal'to Zero

3 4

(i.e., a single electrode reaction). The limiting current distribution
includes the effect of axial diffusion and dispersion and was determined

from the analysis of Newman and Tiedemann:14

* -
di, Be VB . (- 1B oxp [’“L(%* §—)]

= . 457
dy 2 D! -1 B [45]
| Br-g (B- 1) exp ['O‘L(§+ 137)]‘
where
»  Sgly
i, & —/————, [46]
2 anch
and

pol*Vl+ap

> - ' [47]
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Figure 4. Reaction distribution for copper deposition in the .
absence of a side reaction, calculated for oL = 8.663, D' = 0.1217,

and P2 = -3.254.



o
=
¢
p

g
f
orah
i
B

-27-

Integration of equation 45 from y = 0 to y = alL yields an
expression for the total dimensionless limiting current density
to the electrode:
- ] - \
] . o"@L/B D (1; 1) exp [_aL%+ B_'_] (3D gy
* B - D'J '

*
-i,(0) =1 = . ,
2 D! 1 B
1 - ;3 (B -1) exp [—aL 3t BTJ

[48]

Figures5 through 8 show current, potential, curfent effiéiéncy,
and concentration distributions within a reactor 6pefating at
conditions which correspond to the point on the upper curve of
Figure 1 where VOP = -403 mV and the outlet concentration is
0.28 mg/% .

In Figure 9 thé solution-phase ohmic potential drop A¢2 across
a reacfor has'been plotted as a function of the electrical driving

force at the back of the reactor (&, - @ for two cases:

1 2)aL

1) thé pfimary reaction only énd 2) when the side reaction is included,
for values of the physical parameters and dimensionlesé parameters
(éorresponding to v = 3.328><'10—3 cm/s) in Table 1. The ohmic
potential drop has'been made dimensionless with the quantity

anch v

t - RV . :
A% = sk ak_ ' [49]
. m

which is an estimate of the ohmic potential drop across a reactor
operating at the limiting current1 when the effluent concentration

is zero and the effects of axial diffusion and dispersion are negligible.
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Figure 5. Current distributions for deposition of copper and
generation of dissolved hydrogen within a porous electrode with
fluid flow_from left to right, calculated for v = 0.003328 cm/sec,
a=25cml, e=0.3L=6cm cye = 0.0105 mole/%, and VOP = -0.403 V
relative to a calomel reference electrode in the dilute-product stream.
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Figure 6. Solution-phase and Solid-matrix-phasevpotentials,
as functions of cathode position, for the conditions of Figure 5.
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Figure 7. Local current efficiency as a function of cathode
position, for the conditions of Figure 5. The overall current
efficiency is 0.962. :
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Figure 8. Distribution of copper concentration in the flowing
stream and along the pore wall, for the conditions of figure 5.
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Figure 9. Ohmic potential drop across the solution within the

porous electrode -- under the conditions of figure 4 and also with
. simultaneous generation of dissolved hydrogen.
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The potential (&, - QZ)aL is the potential of the cathode curreht

1
collector relative to a copper reference electrode (with a concentration
of CRE in the reference electrode compartment) placed at the back
of the reactor.

At lgrge negative values of (@1 - QZ)QL. when onlylthe primary

reaction is considered, the ordinate approaches the value predicted

T 4
by the limiting-current analysis of Newman and Tiedemann:1

A
Ad

3 .

2 B

T D! 1 B - 'B—" > [50]

2 B + > (1 - B) exp [-G.L B + —,—] : ‘
B .

(1 + D—'—)[Bz.- é(}lL + 1+ D')e'“L/B]

and has a value of 1.1057 in this case.
Figufes 10 and 11 show the effeét on the current-potential curve

if the fluid velocity is increased or the feed concéntration decreased.

The curve labeled with a v in Figure 10 corresponds to the upper

2

curve in Figure 1, and the curve labeled 107“M in Figure 11

corresponds to the lower curve in Figure 1. (See also Table 1.) °

Discussion -

Agreement between model calculations and the experiﬁental data
of Bennion and Newman1 showﬁ in Figure 1 should be'éonsidered
satiSfactofy; However, the vaiues of the paréméters found by fitting
fhe dafa need some élarification;

The fitted values of the exchange current densities for copper

deposition and hydrogen evolution on carbon (see Table 1) are 0.035



-34-

1.2

Ol | ! l N
0O -0.1 -02 -03 -04 -05

(®,-®,) ., V

XBL 76119790

Figure 10. Effect of flow rate on the current-potential curve.
Operation at flow rates substantially above the design valuel (here
v = 0.003328 cm/s) obscures the limiting-current plateau because
of the high ohmic potential drop in the solution phase. For parameter
values, see Table 1. '
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Figure 11. Effect of feed concentration on the current-potential
curve. Low concentrations correspond to low currents for the
primary reaction, and these are easily obscured by the side reaction
even in the absence of a significant ohmic potential drop within the
reactor. For parameter values, see Table 1.
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23

and 70 times the reported literature values (io Cu = 10-3 A/cm2
. 27 . . .’ .

and 10_7 A/cm2 ) for these reactions on copper, respectively.

1°%H2 -

However, it should not be interprete& that there is anything fundamental’

-about theserfitted'values since the data are insufficient at the
extreme values of the current to provide for their accﬁrate evaluation.
We also wish to emphasize that we do not suggest this'és a.method
for determining fundamental kinetic parameters, since thevbed is
operétiﬁg with a highly nonuniform current density'and ﬁass—transport
limitations dominate the data in certain regions.

| The fitted values of km _(given in Table 1), deterﬁined mainly
by the éffluent concentration at the right oh the experimental curves
of Figure 1 and plotted in Figure 2, show a clear dependence on the

velocity as follows

ekm v 0.5454
=5 = 0-07054 (—aD ) [51]
o o
Data obtained in this manner1 yields fundamental information

about km .(e.g; Appel and Newman26). Unfortunately, the value used
for the specific interfacial area a of 25 cm-1 is an effective

value and may be low by a factor of 4 to 12.28

If larger values of
a ;are gsed, the value of km will decfease, and the friangleg
plotted in Figure 2 would move down and to the ieft toward lower
values of the Sherwood and Péclet numbers.

The purpose of Figure 2 is to call attention to the fact that

the behavior of km is not well established in this flow region.
.o .

~
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Newman and Tiedemann14 have suggested, for a restricted range of

flow rates: 1< Pe < 104 and Re < 10 , where Pe 1is the Péclet
number v_/aDo and vRe is the Reynolds number v/av ; thefe should
exist an entry region.such that the local mass—tranéfer coefficient
is larger than the asymptotic value for deep bed electrodes and that
~ the average value of the mass-transfer coefficient will be dependent
on the quantity aL .

Since most measurements for km involve short electrodes, small
alL (e.g. equation 42 of Wilson and Geankoplis,24 where :1.8_i al. < 27),
the entire electrode may‘be within the entry region and will therefore
predict too large a value for km when al is large (deep beds)
as is the case for Bennion and Newman's data.

Also in Figure 2, a correlation found in Bird 92_31.25 (equation 43)
has been extrapolated by at,least an order of magnitude in Reynolds
number bélow the range‘for which the correlation has been fested.
However, this equation appears to give a conservative estimate for
k ~and may be useful for.design purposes until better correiations
are developed for this region of flow.

In Figure 3 agreement between model calculations and fhé'
experimental data of Alkire and Gracon13 for the smallest flow rate
(0.1067 cm/s) 1is good.. The almost linear behavior on the semi-log
plot for the predictedvlimiting current distribution is expected
based on the analysis of Bennion and Newman1 for the special case.
of mass-tranSfer control. As expected, the value of km which

best fits the data (given by equation 44) is less than that predicted
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by equation 42 of Wilson and Geankoplis24 due fo the large value of
al. = 104 . The reason for using equation 44 at the twé higher flowrates
is to have.some basis for changing km with the velocitylsince no
data oﬁ_thé effluent concentration are given in reference 13 to enable
‘an estimation of km as was done with the data of Benﬁion and Newmgm1
in Figure 17 (A graph of the total limiting current is pfesented by
Alkire andvGraconlé, from which one could infervthe‘effluent concentration
if side reactions are negligible. However, values froﬁ this graph
cannot be ébfained with great precision, and, as poinfed out by
Appel énd Newman,26 the total current is an inherently inaccurate
mefhod-of measuring the mass-transfer coefficient when the overall
conversion is close to 100 percent.)

In Figure 3, at least two reasons are responsible for the discre-
pancies between the model calculations and the experimehtal data at
the higher flow rates. First the data are a re—plof of aata taken
from an arithmetic plot and are subject to error. Secénd km may
not be a constént throughout the electrode as assumed in the model.
However, the discrepancies in Figure 3 are considerably less than those
between Alkire and Gracon's Figurés 6 and 9; where the lack of
explanation has aiready been noted in the literature.lsi‘One may
speculate as to why the agreement between the model of.Alkire and
Gracon and their data is poor. This is perhaps due to the inadequate
representation of the derivatives in the governing equations at the
limiting current by standard cenfral—difference appfoximafions. New
finite;difference approximations to . the derivatives (developed in the

~ Appendix) are required as discussed earlier.



L g
-
T
=2
-
£
&l
577

-38a-

The reaction rate distributioﬁ when only'ﬁhebmetal deposition
reaction is considered is plotted in Figure 4 for various ffactions
of the limiting current. The éffect of axial diffusion and dispersion
is apparent in the limiting current distribution as di;/dy is less
than one at ‘x/L equal to zero. The fact that I* is not equal
to one for the 1imiting current distribution is because mass-transfer
limitations exist within the electrode ahdrtherefore a small fraction
of the feed céncentration will escape unreacfed.
| For an appreciable fraction of the limiting current ‘(I* >.0.9) ,
the reaction rate near the front of the electrode is high éhd decreases
almost exponentially, similar to the behavior of the limiting current
distribution (see equation 45). Near the back of‘the electrode, the

rate of reaction for the limiting current distribution is small because

most of the copper is removed near the front of the electrode.
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- Therefore, the reaction rates below the l1m1t1ng current‘are greater
at the back of the electrode (for values of **>‘Q,03) and are more
unlform than the llmltlng current dlstrlbutlon Actually;the reaction
rate at the back of the electrode (dl /dyly 0LL)..1increases__as, the
value of I* decreasee.from‘0.9996 to’0.727§5 pasees through a
maximum at, I* =.O.7273-, and then decreases‘nonotonlcally with If
Thus the effective depth of penetration of thé;r¢a¢tioﬁ into the
electrode also has'a‘maximum'near' I*J="O.l273:;a |

For small Values.of the current (I*‘<h0.03)' ‘the reaction
- rate distributions take on the same shape.and can be described by a
model with 11near electrode k1net1cs and no concentratlon variations
(see Euler and,Nonenmacher29 and Newman and'Tobrasso);.

Figure 5 shows the’ relatlve rates of reactlon for the primary
reactlon and the side reactlon as they are dlstrlbuted throughout
the porous electrode. The total current density-to the electrode
was chosen close_to the limiting current Cl* = 1.038) for the
deposition of copper. Consequently, the“reaction rate:for the
primary reaction decreases almost eXponentially uith distance (see
equation 45), as the solution is depleted'with copper‘while flowing
through the electrode. The side reaction,egeneration of dissolved
hydrogen; responds'mainly to the electric driuing forCevbetween the
solid matrix and the electrolytic solution. Its rate is "high near
the entrance to the porous electrode and'dropsvto a‘nearly'constant
value near the rear. The reason for this_canfbe:seen in.Figure 6,
which represents the variation in the solutiOn4phase potential’ @2

for a counterelectrode placed upstream of the working electrode.
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The ﬁatrix conductivity is high, and therefore its botential. @1 is
nearly a constant. The solution potential 9, .variés.little near
the feér”beéause the current carried in the solution is small in this
region. Beééuse the driving force (@1 - @2) is essentially uniform
for some distance at the back of the electrode, measurementvbf’

(@ *VQZ)aL can léad to a lower bound thermodynamic estimate of the

1
minimum concentration attainable in a flow-through pofous_electrode
(see Trainhamvand Newmaﬁﬂfor details).

In Figﬁfe 7, the local current efficiency actuélly goes through
a slight maximum near x/L = 0.18 . The éurrent efficiency is low at
the entrance because the high electric driving force leads to a
relatively high rate fér the side reaction.  For somewhat larger
vaiﬁes of x , the rate of the side réaction decreases more rapidly
than:the primary reaction, and the local current efficiéncy_risés.
Howévef, the primarylreactibn rate continues to decrease withbdistance
because of the depletion of copper ions, and cdnsequentiy the local
current éffiéiency eventually drops to about 23 percent at the -
rear of the electrode. One might well ask, "Why not eliminafe the
last 40 percent of the thickness of the electrode?"

Figure 8 shows the concentration of copper ions through the
thicknesé 6flthe electrdde. The high electric driving force at the
eﬁtrancerrésults in a very low wall concentration £here. As the
electric driving force décreases with x , the wall concentration
rises toward the bulk value. With the diminishing reaction rate

through the next pért of the electrode, the wall concentration is
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able to decrease also, despite the smaller e1ectric driviﬁg force
in this région. We can also see from tﬁis figure that the bﬁlk
concentration is depleted by an additional factor of 20 in the
last 4b peftent'of the electrode, despite the lowered current
.efficieﬁcy in this regi§n. This additional metal ion removal can
be achieved with relatively little additional expense for the added
electrode ;hickness and virtually no added cost due to added chmic
potential drop.

In Figure 9, the ohmic potential drop across the solution
within the reactor exhibits a maximum aﬁd then a minimum as the
driving force increases at the back of the reactor. The maximum
occurs at I* = 0,95 and is due to a combination of effecfs:

1) the driving force is high, and the current is only increasing
slowly, 2) the reactioﬁ rate at the back of the.electrbde goés
throﬁgh a maximum at a value of I* = 0.7273 as discussed previously
in Figure 4, and 3) the driving force, though high, is not iarge enough
for the side reaction to contribute substantially to the ohmic
potentialvdrop; Fof largef values of (@1 - QZ)GL , the ohmic
potential drop decfeases due to a decreasing rate Qf reaction at the
back of the electrode. Thus, the depth of penetration éf;the
reaction is decreasing at 1" = 0.95 . This was shown clearly in .
Figure 4 as the primary reaction approaches the limiting current .
distribution.

The minimum in the ohmic potential occurs simulténeously with

the minimum in the total reaction rate at the back of the eiectrode
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(di;/dy)IuL:' ;Ap thi§ poinF t?e rate of the side reaq;iopibecomgs
significant, and the thic.dropdincreases accérdinglyg_'

‘W? wish to émphasize thatvphe existence of a‘loﬁal maximum and
local minimum ié’dependeﬁt on the physical parameteréiapﬁ operating
conditions. For example; if the exchange current density for the
sidg reaction were significantly larger relative to the priﬁary X
reaction, thp driving_force_rgquired to make the side reaction occur
to 5,significant exfent would be much less. Thus iﬁstéad of thg
ohmic potenfial drop exhibiting a local maximum due.mainly,tovthe
effects of the primary reaction (or lack of effect of the §idevuﬁ
reaqtion), thgvside reactiqn becomes thé.controllingvfactgr{apd#IAQZ
.increaées;mPnétoﬂicallyvwith increasing ‘(@1‘- QZ)aL .

!
Another way to achieve a similar result (using the same physical

Tog e e

paraheteg§) %s to increase.the ohmic potential drop by increasing_,:
thg supg;ficial vélocity as shown in‘Figure 10. The reactortggnnpt
‘ﬁg;opera;ed at even twice the superficial velocitybwithout loss of

fhe 1ipi£;ngwcurrént-plateau and a lack of a local maximum and a
local ﬁipimum in the ohmic fqtentiai drop,which is due to'extensiyg
interferencevby phé side ?eactiop. In harmony'with the_quantitative
design principies,l these calculations show that an increaéé in the
superf;cial-velpcity inéreases the ohmic potential drop in thev
solutién so”that there is either excessive side react@gn at the
entrance to the porous‘electrode or a féilure to maiﬁtainvthe limiting-
current.condition near the exit{‘ A decrease in the feed concentration

as shown in Figure 11 will also increase the side reaction relative
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to the primary reaction and cause the limiting;cﬁrrent plateau to

become less distinct. The ability to calculate the current distributions
below the iimiting current and in the presence of a side reaction
permits one to determine the economically bptimuﬁ operating conditions
and even permissible operating conditions Qhen the side reaction

accounts for a‘substantial fraction of'the total current, and there

is a penalty for making the electrode thicker because the.side reaction
does not ﬁecessarily decrease with increasing distance through the

electrode.

Conclusion and Summary
A theoretical model for flow-through porous eleétodes has been
described for the specific application to metal—ioﬁ removal from
dilute streams. A new set of dimensionless parameters has been
“suggested from the analysis, which characterize the relative importance
of the following physical phenomena within a flow-through porous
electrode: axial diffusion and dispersion (D') , backward rate of

the primary reaction (P

1) , ohmic potential drop (Pz) , forward

(P,) and backward (P rates of the side reaction.

)

Satisfaétory agreement between model predictions and experimental

3)

data on overall reactor performance and deposit distributions has
been achieved. |

The knowledge of distributions of current, potential, and
concentration in thé presencé of a side reaction above and below the
limiting-current‘of the primary reaction makes it possible to design

and optimize an electrode system for the most economical removal of
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metal ions. But this design may only be éccomplished if.there ére
sufficient experimental data. Most imﬁortant are values for the
:specific interfacial érea a , the mass-transfer coefficient km ,
and the'exchaﬁge current densities‘for the primary ieaction and the

side reaction.
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Appendix
To Obtain a more accurate reéresentation of the derivatives
in equations_zs to 31 more of the physics neededvto bejincorporated in
their dependence. This was done by‘eensidering the concentration
distribution at the limiting current, which'decreases'exponentially
1,14 | |

With this in mind, a new variable was

defined:
o=eC. (A1)

Now apply this equation to the upstream boundary-condition on

the concentration (equation 30) to .obtain

ec(l - D ,g—g) -1, — »‘[A-2]

Next introduce the central-difference approximations at the first

real mesh point (j = 2 , mesh point 1 is an image point):



46~

. C,-C o '
. 3 1 L _
92(1 - D! T—) =1 ,. ; [A 3]
or
0 o
o) D! 3) _ _ _ . a1

If 6 bis.épproiimately exponéniial in distance, then . C 'wili be
approximatély linear;vand less error will be intfodﬁéedehen the.
qerivative‘is approximated by a finite-differ;nce fofﬁ in‘the variable C .

’ Similarly, a central-difference approximation for the axial

diffusion and axial dispersion term in equation 28 can-bejderivéd

for any interior mesh point j

2 .
2 D'O, 0. 6. .0. _
Dl 9_% = _Z.J_ %. (1n é-lj;l-) + 1n _gﬂ._zl:-]; Y v [A—S]
d h j-1 0
‘Y J j

The resulting material balance equation at any interior mesh point

j now becomes

6. 0., Do [, .\, 2 ' e.+le} . o
7%.1]1_ L S 7 |in J + In § 252 -4 - JRj [A-6]

.1 n? 51 0%
J
where
(a_,/a +1)n!
6. - Ple aR’ “cR j .
J. . = -2 ) [A-7]
RJ nl ' ’
1+e7j

To check a posteriori the overall application of Faraday's law, whereby

the integral of the transfer current JR for the principal reaction
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should be related to the difference between the inlet and outlet ..
concentrations of the principal reactant, one should use an integration
formula for Jn which also takes account of the approximately

exponential dependence of Jp on distance.

So that the integrated current is also correct for the side
reaction, combine equations 28 and 29 by eliminating 'JR from both

equations to yield

' ’ '
PRy,
2 v

where

| v %as ¥ %s
Jg = Pz exp (- agn'/a )|l - P, exp e n')| . [A-9]

Next express the outer-derivative in equation A-8as a central-difference

written between points halfway between mesh points:

h P2 dy dy P2 dy dy

1 (;L.Qﬂl + 6 - D' QE) - (_£.931.+>9 - D"§9> = Jg . [A-10]
.1 .1
Iy | : J-z

Now express'the terms 6 - D'd8/dy halfway between two mésh points
using equation A-1and the values of 6 "at the adjacent mesh points

(see also equation A-2):

dy Jil

: ' 6.+ | ' ’ ’
(e - D' gg) =/0.0 (1 - %r-ln —%~l) , [A-11]
, ' v J :

s
I3
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and + -, S T N
v der . P . ‘ . g DAv',, e ." "‘ . . - Ll
(e.l_..Dl a.}.'.) . = ‘/ejeJ_ 1 - Y ln '—Lej_l . [A-12]
2 . YIRS o

Thao b X . v

With these approximations and a central-difference expression for
the derivative of n' ; the resdlting equation for the potential

at any interior mesh point j becomes

n! .-2n!, /B.6. Lo, .\ Je.e. 9.
l -17°" o J JH1 (1 _D J+1) - .LhJ'l (1' - 91-"— 1n -—-1—6 )

Pz | hz h h eJ. | i1
= Jsj ; [A-13]

Similarly, to treat the upstream boundary condltlon for the

potentlal, 1ntegrate equatlonuA 8 from zero to h/2 to y1e1d

P, dy d

—!'—..gll.'_.'. e _,D' ..q_e—
2 . Yn2 .

1 dn' pr 48\ _h TA-
(p F-+e - dy)o‘:stj . [.A 14]

1]

Use the same approximations as above for 'y = h/2 and use the boundary

i

conditions in equation 30 to obtain (for j=2)

LNt 6. P . | |
2.1 g+l § 2. Dl L) 2( 5+ - -
T 5 = h eJeJ+1 <l-h1n ej)-h(pzl +1)-Jsj.[A15] .

- With equation A-13 at the interior mesh points, this corresponds then to
a trapezoidal 1ntegrat10n of the transfer current JS over the

thickness of the porous electrode
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- The governing finite;differencevequations A-6 and Af13 along with
the upstream boundary conditions A-4 and A-15 were then linearized about
a trial solution and solved simultaneouély with the downstream
boundary condition for © and n';,using Newman's'techn‘ique_.23 The
ne& apprdximations,to the derivatives ih‘conCentrafioniprovided
accurate values for 6 and n' at the mesh poihtS'Without introducing'

anomalous values for the integrated current.
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Notation

s ps s . -1
specific interfacial area, cm

see equation 47

'=V1n 6

cqncentration pf‘metal—ion reactant, mole/cm3

upstream feed concentration of metal-ion reactant; mole/cm3
wali concentration of metal-ion reactant

hydrogen ion concentration, mole/cm3

éxial dispersion coefficient of metal-ion reacfant; cmz/s
molecular diffusion coefficient of metal-ion reactant, cm?/s
effective diffusion coefficient of metal ion reactant; cm%/s
dimensionless parameter describing the relative impo}tance
of axial diffusion and dispersion, see equation 32
Faraday's constant; 96487 C/eqﬁiv

dimensionless distance between mesh points
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superficial current density to an electrode, A/cm2
exchange current density for reaction j , A/cm2
exchange current density for reaction j at a reference
composition ci,ref’ see equation 14, A/cm2
superficial current density in the matrix, A/cm2

superficial current density in pore-solution phase, A/cm2
transfer current for reaction j per unit interfacial

area, A/cm2

dimensionless superficial current density to an electrode,

see equation 41

dimensionless current density in pore-solution phase, see
equation.61 |

= -1" total dimensionless current density in pore-solution

phase, see equation 48

total current density to an electrode due to metal-deposition
reaction, A/cm2 |

total current to an electrode, A

pore-wall flux of species i, mole/cmz-s

dimensionless transfer current of metal deposition reaction,

see equation A-6 |
dimensionless‘transfer current of side reaction, see equation pA_g9
average mass-transfer coefficient between flowing solution

and electrode surface, cm/s

thickness of porous electrode, cm

symbol for the chemical formula of species i

number of electrons transferred in metal deposition reaction
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number of electrons transferred in reaction j

superficial flux of metal-ion reactant, mole/cmz-s

: hydrogen partiél pressure, atm

Péclet number, v/aD_

dimensionless parameter describing the relative importance

of the backward term in the metal deposition. reaction, see
equation 34
dimensionless parameter describing the relative importance

of the ohmic potential drop, see equation 35

' dimensionless parameter describing the relative importance
of the forward term in the side reaction, see equation 36

. dimensionless parameter describing the relative rate of the

backward term in the side reaction, see equation 37
dimensionless parameter which characterizes the ohmic
potential drop in the pore-solution phase, see equation 38

dimensionless parameter which characterizes the ohmic

_potential drop in the matrix phase, see equation -39

cathodic reaction order

universal gas constant, 8.3143 J/mole-K

stoichiometric coefficient of species 1 in electrode reaction j
sﬁoichiometric'coefficient of metal-ion reactant |

absolute temperature, K

openjcircuit.potential for reaction j at local‘wail composition
relative to a reference electrode of a given kind, V, see

equation 17
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U? . standard electrode potential for reaction j;'Vi

US standard electrode potential of refe?ence electrode, V

AU : - Us - UR difference in oﬁen—circuit cell potentials of
the éide‘reaction and primary reaction at the.reference
bbmposition, \'A

v superficial fluid velocity, cm/s

VOP - potential of the cathode current collector relative to a
saturated calomel refefence electrode plaéed in the dilute
‘product stream, V |

‘X distance through porous electrode, cm

y X akm/v dimensionless distance through porous electrode

z; valance or charge number of species i

Greek letters

o = a-km/v, reciprocal of penetration depth at the limiting

-1
current, cm

uaj anodic transfer coefficient for reactiop j

acj cathodic transfer coefficient for reaction j

Yij exponent in composition dependencé of exchange currenﬁ density
€ porosity or void volume

nsj | =.¢1‘-'®2 - ij surface overpotential for rea;tion js V

n = @i - @2 local overpotential, V

n' dimensionless local overpotential, see equation 33

K effective conductivity of solution, mho/cm

Ko ) intriﬁsic conductivity of solution, mho/cm

v kinematic viscosity of solution, cmz/s
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Py ..density of pure solvent, Kg/cms

o effective conductivity of solid matrix, mho/cm

]   .d1mens1on1ess particle shape factor (= 0.86 for flakes)

@1 -electrostatlc potential in matrix phase, V '

@2 | quasi-eiectrostatic poténtial in the porevsoluiién.ﬁhase, V_
A@z ‘ ohﬁic potential drop across pdrous‘electrode;'v

A@él,' éstiméte of ohmic potential acr0551porous‘§1ectr6de at the

1imiting~curfént, v, sée equafion 49

T . ‘tortu051ty factor

G = C /ch, dimensionless concentratlon of metal ion reactant
Subscripfs .

T feference electrode compartment

R | metal-ion reactant or primary reaction

ref reference composition

S . uside reactant or side reaction

W _ wall or electrode surface

.
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