
Solution–Membrane Equilibrium at Metal-Deposited Cation-Exchange

h
m
t
p
a
j
c
b
n
N
I
o
m
r
P
2

n

c
f
(
p
t
t
r
h
v
m
m
t

t

erface

Journal of Colloid and Interface Science216,179–184 (1999)
Article ID jcis.1999.6292, available online at http://www.idealibrary.com on
Membranes: Chronopotentiometric Characterization
of Metal-Modified Membranes

Vinod K. Shahi, Raju Prakash, Gadde Ramachandraiah,1 R. Rangarajan, and D. Vasudevan*

Central Salt and Marine Chemical Research Institute, Gijubhai Badheka Marg, Bhavnagar 364 002, India; and
*Central Electrochemical Research Institute, Karaikudi 623 006, India

Received February 8, 1999; accepted April 14, 1999

transport phenomena across the membrane–solution int
me
ns

hes
s a
sy
an
ele
ar
De
d

difi
ote

er
us

w nge
m aCl
s with
d em-
b d the
n erms
o tials
c of
t

M

these
i arlier
( yeth-
y onic
a , lead
a Fine
C em-
p

in
d and
0 ter
b have
r of
1 ing.

P

em-
b ange
m f the
i of
0 d
t om-
p ions
w ange
Copper- and lead-deposited interpolymer cationic membranes
ave been prepared by electroless plating by an ion-exchange
ethod and characterized by chronopotentiometry and cyclic vol-

ammetry. The parameters such as transition time (t), It1/2, the
otential drop (E0) across these membranes immediately after the
pplication of constant current (I), and the height of the potential
ump (DE) across the membrane at t have been measured by
hronopotentiometry and compared with those of plain mem-
ranes. The approximate percentage of metal coverage and the
umber of ionic sites masked by the deposited metal in terms of
aCl concentration have been estimated from the differences in

t1/2 values of plain and metal-deposited membranes. The quantity
f metal deposited in a unit area of the membrane surface was
easured by differential pulse polarography. The oxidation and

eduction peak potentials corresponding to Cu(0)/Cu(II) and
b(0)/Pb(II) couples were identified by cyclic voltammetry at pH
.8 and 4.5 of 0.2 M CH3COONa–H2SO4. © 1999 Academic Press

Key Words: cation-exchange membrane; metal deposition; chro-
opotentiometry; transport phenomena; permselectivity.

INTRODUCTION

Ion-exchange membranes such as Nafion with suitable
atalysts entrapped in the body have been found applicatio
uel cells, water electrolysis, and also electroorganic synt
1–5). They offer advantages like enhanced reaction rate
revention of unwanted side reactions in electroorganic

hesis (6, 7). The interpolymer cation-exchange membr
hat have been developed in this laboratory and used in
odialysis units for versatile industrial applications (8–13)
ighly conductive, thermally stable, and chemically inert.
elopment of metal composites from these membranes an
easurements of ion-exchange properties of such mo
embranes by voltammetric techniques such as chronop

iometry have great importance.
In the continuation of our earlier work (14), we describe h

he changes in the chronopotentiometric responses and th

1 To whom correspondence should be addressed.
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ith the gradual growth of the metal film on a cation-excha
embrane. The chronopotentiometric data relevant to N

olutions has been measured for metalated membranes
ifferent times and compared with those of the plain m
rane. The approximate percentage of metal coverage an
umber of ionic sites masked by the deposited metal in t
f molar concentration were evaluated. The peak poten
orresponding to Cu(0)/Cu(II) and Pb(0)/Pb(II) couples
hese modified membranes were also studied.

EXPERIMENTAL

aterials

The interpolymer cation-exchange membrane used in
nvestigations was prepared by the procedures reported e
15). The membrane was based on an interpolymer of pol
lene and styrene-divinylbenzene copolymer having sulf
cid as a functional group. Reagent grade copper sulphate
cetate, and hydrazine hydrate were procured from S. D.
hemicals and were used as such. All other chemicals
loyed were also of reagent grade.
Circular pieces of cation-exchange membrane 5.8 cm

iameter, were equilibrated successively with 0.1 M HCl
.1 M NaOH and then thoroughly washed in distilled wa
efore use. Such a conditioned membrane was found to
esistance in air of 1.5V cm22, an ion-exchange capacity
.80 m equiv/g, and a moisture content of 29.8% after dry

reparation of Metal-Deposited Membrane

Metal (copper or lead) deposition on the conditioned m
rane was carried out by electroless plating by an ion-exch
ethod (16). The membrane was mounted at the bottom o

nner compartment in a two-compartment cell. A solution
.1 M CuSO4 or Pb(CH3COO)2 in the inner compartment an

he solution of 8% (v/v) hydrazine hydrate in the other c
artment were equilibrated for a specific time. The metal
ere allowed to pass across the membrane by ion exch
0021-9797/99 $30.00
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180 SHAHI ET AL.
nd were reduced to the metallic form by hydrazine on
ther side under constant stirring. Deposition to different

ents was obtained by fixing the reaction time ranging from
in until maximum coverage was reached over the e
embrane surface. The membranes thus modified were

horoughly washed with distilled water and equilibrated in
aCl for subsequent studies.

easurements

The quantity of metal in such membranes was estimate
ifferential pulse polarography (DPP). In these studies,
eposited metal was leached out by immersing the memb

n 10 ml of concd HNO3 followed by successively washin
ith an excess of concd HNO3 and distilled water so that a

he metal (Cu11/Pb11) ions in it were replaced by protons. T
esulting solution was dried on a water bath and diluted t
l. The composition of metal in 1 ml of this solution w
etermined by running a differential pulse polarogram in 1
f 0.2 M ammonium citrate buffer at pH 3.0. The peak curr
t 20.06 V for Cu(0)/Cu(II) and20.48 V vs a saturate
alomel electrode (SCE) for Pb(0)/Pb(II) were compared
hose of standard samples and the contents of the resp
etals were calculated (9).
The electrical responses of the plain and metal-depo
embranes were recorded in dilute NaCl solution usin
erspex cell (14), as shown in Fig. 1. The cell had
ompartments (inner and outer) separated by a circular pla
etal-deposited membrane 5.8 cm in diameter. A con

urrent was applied across the membrane using two
itanium electrodes coated with precious metal oxides, pl
ne above and other below the membrane by employin
G&G PAR Model 174 potentiostat/galvanostat. A high p

FIG. 1. Chronopotentimetric cell.
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ith the PAR Model 174A was used to record the variation
he potential (Et) versus time across the membrane under s
onditions. The direction of the current in all of these stu
as set in such a way that the counterion should move v
ally upward from the outer to the inner compartment w
inimal perturbations caused by natural convection. The

ective membrane area facing the two electrodes was 12.52.
he potential difference across the membrane under
onditions was measured by using two saturated calomel
rodes (SCEs). The solutions of both the outer and i
ompartments were stirred vigorously between two succe
easurements to ensure the return of equilibrium conditio

he two solution–membrane interfacial zones.
Cyclic voltammetric studies were performed using

G&G PARC Model 273A potentiostat/galvanostat (M2
lectrochemistry software) coupled to a three-electrode
ssembly and a Gateway 2000 (4DX2-66) computer (17,
he metal-coated cationic membrane (1 cm3 3 cm) was
ounted on a single-surfaced Pt plate. The supported m
rane and its edges were wrapped with a Teflon tape le
bout 0.25 cm2 of membrane exposed for experimental p
oses. All potentials were measured with reference to Ag/A
0.222V vs NHE) in 3 M NaCl. A platinum wire separate
rom the analytical solution by a Vycor tip bridge served a
ounter electrode. A 0.2 M acetate–H2SO4 (pH 2.8 or 4.5
ixture was used as the electrolyte solution. All of the ex

mental solutions were thoroughly deoxygenated with Ar.

RESULTS AND DISCUSSION

hronopotentiometry of Plain Membrane

The electrical responses of the conditioned, plain, ca
xchange membrane were studied at low current den
etween 0.10 and 0.96 mA cm22 in 1–10 mM NaCl. The
epresentative chronopotentiograms observed at 0.8 mA22

n 10 mM NaCl and 0.1 mA cm22 in 1 mM NaCl are shown i
igs. 2A and 2B(a), respectively, each one having two po

ial zones and one inflection att 5 t. At I 5 0.8 mA cm22,
he inflection in 10 mM NaCl was at 46 s which is about 0

in height (DE) spreading itself over 46 s on the time ax
oreover, the two potential zones were nearly horizontal,

he potential drop (E0) across the membrane at the beginn
s 0.2 V. In 1 mM NaCl, the two potential zones, separate
0 s, were nearly parallel to the abscissa maintaining
eparation (DE) to about 0.54 V between them in a span
bout 30 s. TheE0 in this case was found to be 0.25 V. Tht
alues measured at the midpoint of the inflections were 15
in 1 mM NaCl and 39–90 s in 10 mM NaCl, and theIt 1/ 2

alue in each case varied negligibly with the change inI in the
bove said range. These experimental features may b
lained as follows.
When a constant current is applied in an electrolytic s
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181METAL-DEPOSITED CATION-EXCHANGE MEMBRANES
ion, electrolysis starts instantly at the electrodes. If the e
rodes are separated by an ion-exchange membrane, the
eaction at each electrode depends upon the counterion m
ty in the membrane and the membrane permselectivityP, i.e.,
he case of counterion migration across the ion-exchange
rane which is defined for a cation-exchange membrane

P 5
t#1 2 t1

1 2 t1
, [1]

here t#1 and t1 are the transport numbers of cations in
embrane phase and solution phase, respectively.
Assume that the membrane is placed in NaCl solutio

trengthC0. Then, the Na1, in the presence of an electric fie
rifts across the membrane from the anode compartment
athode. As a result, a concentration gradient develops a
he membrane–solution interfaces on account of the differ
n Na1 ion mobility in the solution and the membrane pha
he potential difference across the membrane remain con

nitially as no concentration polarization has occurred, an
teadily increases when the concentration polarization sta
ccur because of an additional voltage drop across the ex
iffusion zone. Eventually, a new steady state occurs whe
oncentration profile externally reaches a steady state, an
ew steady voltage is the sum of the membrane and
iffusion layer potentials. Thus, a kind of S-type profile for
t–t plot with a fairly diffused inflection at the transition tim
5 t may be obtained. The transition timet in turn depend

FIG. 2. Potential vs time characteristics of the (a) plain, (b)1
2 -h, (c) 1-h,

d) 2-h, (e) 5-h, and (f) 7-h copper-deposited cation-exchange membra
A) 10 mM NaCl atI 5 0.8 mA cm22; (B) 1 mM NaCl atI 5 0.10 mA cm22.
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oncentration of Na1 in the bulk, the membrane permselec
ty, and the solution phase transference number (t1) as shown
ere (14):

It 1/ 2 5
zcF~pDs!

1/ 2

2~1 2 t1! P
C0 [2]

hereD s is the diffusion coefficient of NaCl andzc 5 1 for
a1. This holds very well for an ideal membrane wh
urfaces are plain and fully conditioned.
The observations shown in Figs. 3A(a) and 3B(a) satisfy

alidity of Eq. [2] for the plain membrane. The permselecti
and counterion transport numbert#1 of the cation-exchang
embrane are in the range of 0.95–0.97 and 0.92–0.9

pectively.

hronopotentiometry of Metal-Deposited Membranes

The responses of the copper- and the lead-deposited
ranes were studied in 1–10 mM NaCl solutions at low app
urrent densities ranging from 0.11 to 0.97 mA cm22. The
epresentative data obtained with1

2 -, 1-, 2-, 5-, and 7-h copp
eposited membranes, with coated surfaces up in 10 mM
t 0.8 mA cm22 and in 1 mM NaCl at 0.1 mA cm22, are
ompared with those of a plain membrane in Fig. 2. The
evealed that the first potential zone reduced in length a
opper deposition progressed. As a result, the inflection
t 5 46 s in 10 mM and 30 s in 1 mM NaCl) observed with
lain membrane, moved toward the origin in the case of1

2 -h to
-h deposited membranes and finally overlapped with the

ential axis in the case of a 7-h deposited membrane. This

FIG. 3. Plots of (A)It 1/ 2 vs I in 1 mM NaCl, (B)It 1/ 2 vs [NaCl]. (a) plain
nd (b)1

2 -h, (c) 1-h, and (d) 2-h copper-deposited ion-exchange membr

in
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he membrane surface on the dilute side develops with ea
given electrolyte concentration because the deposited c
rew in size. Then, the absence of an inflection in the ca
7-h deposited membrane in Figs. 2A(d) and 2B(d) is

ounted for by the rapid growth of a diffusion layer in
nterfacial zone at the inception. The shift in the inflect
ppeared to be almost regular in the first two hours and
apid in the subsequent stages of copper deposition, as s
igs. 2A(b–d) and 2B(b–d). Similarly, the potential dropE0

cross the membrane at the very start increased with
ncrease in copper deposition due to masking of ion-condu
ites at the membrane surface in contact with the ionic solu
his is obvious because more of the ionic paths are blocke

he deposited metal which apparently reduces the ionic m
ty in the interfacial zone. The drop in membrane potentiaE0

as nearly uniform with the initial two-hour deposited me
ranes compared with others. The data in Fig. 2 also rev

hat the slopes of the first and second potential zones
nsignificant for plain and 30-min deposited membranes. T
ere, however, considerable in the case of 1-h and 2-h d

ted membranes and quite remarkable in the case of 5- an
eposited membranes. It seems that the change in pot
rop with time was dominated by the resistance of the de

ion layer having the highest resistance within the diffus
ayer at the metalated surface where the lowest ion conce
ion exists. Then, for increasing values of constant curren
ong time slopes of the chronopotentiograms have increa
lopes, compared with those of the plain membrane, be
he higher current causes a steeper concentration profile
ower counterion concentration on the surface and highe
istance. In contrast, the potential separation (DE) between th
wo zones with1

2 -h to 5-h deposited membranes, in both 1 m
nd 10 mM NaCl, was negligibly affected by copper dep

ion, and its magnitude was almost comparable with that o
lain membrane in the respective medium. Thet values mea
ured at midpoints of the inflections varied between 26–
or 1

2 -h, 24–68 s for 2-h, and 2–5 s for 5-h deposited m
ranes in 10 mM NaCl. They were found to be between 13
for 1

2 -h, 6–28 s for 1-h, 3–19 s for 2-h, and 0.3–1.4 s for
eposited membranes in 1 mM NaCl. These ranges are

han the values obtained for the plain membrane. Howeve
roductIt 1/ 2 for each of these deposited membranes in bot
aCl solutions was fairly constant, as depicted in Fig. 3A
mM NaCl, and it decreased in the order plain. 1

2 -h . 1-h.
-h . 5-h deposited membrane. Further, theIt 1/ 2 values for
ach of these deposited membranes, like the plain one
eared (Fig. 3B) to have linear dependence on [NaCl].
The t, E0, andDE data corresponding to the chronopot

iometric responses which are shown in Fig. 2A and 2B
opper-deposited membranes are compared in Table 1
hose of the plain membrane. Thet data showed that the exte
f copper deposition on membranes has been found
imilar in nature in both NaCl concentrations. However,
in
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ate of decrease int value with the deposition time in a giv
aCl solution as relatively slow within the two-hour deposit
nd rapid at longer times. Conversely, theE0 values increase
nevenly as the deposition time increased. Besides these
tions, a negligible change in theDE was noted among th
ifferent copper-deposited membranes indicating the fo

ion of a uniformly thick diffusion layer with respect to t
iven NaCl concentration.
The results obtained with the12 -, 1-, and 2-h lead-deposit
embranes and that of plain membrane in 10 mM NaCl a
A cm22 are shown in Fig. 4, and the relevant data for 1
nd 10 mM NaCl are incorporated in Table 1. As in the cas

he copper-deposited membranes, the inflection att 5 46 s
ith the plain membrane shifted to 33 and 30 s in 10 mM N
nd 28 and 26 s in 1 mM NaCl with 30-min and 1-h depos
embranes, respectively. However, the inflection with the
eposited membrane, unlike the copper-deposited memb
ompletely drifted toward the origin and overlapped the
ential axis, as seen in Fig. 4. This indicates that the
urface covered by the deposited metal over the membra
given period is relatively higher for lead than copper. P

oxically, the potential dropE0 across the membrane rose t
onsiderable extent in the case of all lead-deposited m
ranes (Table 1). The magnitude of variation inE0 (about 0.49

o 1.17 V in 1 mM NaCl and 0.23 to 2.01 V in 10 mM NaC
iven in Table 1 is more than those (0.15 to 0.18 V in 1
aCl and 0.06 to 0.11 V in 10 mM NaCl) observed with
orresponding copper-deposited membranes, proving th
esistance of the metal-deposited membrane varies wit
ature of the metal as well as the extent of surface covera

he metal on the membrane surface. Besides this, the d

The Measured t, E0 and DE Data of Plain and Metal-Deposited
ation Exchange Membranes at 0.10 mA cm22 in 1 mM and 0.80
A cm22 in 10 mM NaCl

Membrane

1 mM NaCl 10 mM NaCl

t (s) E0 (V) DE (V) t (s) E0 (V) DE (V)

Plain 30 0.25 0.54 46 0.19 0.70

Cu-deposited

1
2 h 28 0.33 0.50 43 0.25 0.68
1 h 23 0.40 0.42 39 0.28 0.65
2 h 12 0.43 0.42 31 0.30 0.64
5 h 2 0.57 0.40 3 0.73 0.63
7 h UDa 1.73 UDa UDa 1.62 UDa

Pb-deposited

1
2 h 12 0.42 0.44 33 0.35 0.69
1 h 8 0.45 0.32 30 0.74 0.64
2 h UDa 2.20 UDa UDa 1.42 UDa

a UD 5 undetected under the present set of experimental conditions.
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ig. 4 and in Table 1 revealed that the height of the inflec
DE) at t is less susceptible to the deposited metal indica
he formation of identical diffusion layers at the interfac
ones of all plain and metal-deposited membranes in a g
lectrolyte.
Equation [2] relatingIt 1/ 2 and C0 will not apply to these
odified membrane surfaces because the total number o

ace ionic charges on the membrane establishing equilib
onditions with Na1 ions in solution decreases. Although N1

on concentrationC0 remained constant in the bulk, the co
entration of this ion establishing equilibrium in the membr
olution interface was reduced. It is possible to explain
ehavior of such modified membranes by

It 1/ 2 5
zcF~pDs!

1/ 2

2~1 2 t1! P
~C0 2 DCdiv! [3]

here DCdiv measures the number of ion conductive s
asked by the deposited material in molar concentration

espect to [Na1] in the bulk.
TheIt 1/ 2 data obtained in 1 mM 10 mM NaCl solutions w

opper- and lead-deposited membranes are summariz
able 2. These values, in both cases of metal deposited
ranes, are less than 0.54 in 1 mM NaCl and 5.52 in 10
aCl observed with the plain membrane. It is apparent tha
given metal-deposited membrane in a given NaCl con

ration, theIt 1/ 2 value decreases with a corresponding incr
n the degree of metal deposition. This shows that the depo

etal conceals some of the conductive ionic sites on

FIG. 4. Potential vs time characteristics of the lead-deposited ca
xchange membranes in 10 mM NaCl atI 5 0.8 mA cm22; (a) plain (b)1

2 -h,
c) 1-h, and (d) 2-h.
n
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NaCl] (Figs. 3A(b–d) and 3B(b–d)) shown for copper-dep
ted membranes suggest that the modified membranes p
ll of the transport phenomenal functions of a plain membr
ut the parametersP and t#1 evaluated by substituting th
bservedIt 1/ 2 values in Eq. [1] are found to be more than th
f a plain membrane. The approximate percentages of m
overage % Mc and the values ofDCdiv for each copper- an
ead-deposited membrane may be defined as in Eqs. [4
5], and they are calculated by substituting inserting valu

Mc 5
D~It 1/ 2!

~It 1/ 2!P
100 [4]

DCdiv 5 D~It 1/ 2!
2~1 2 t1! P

ZcF~pDS!
1/ 2 [5]

here (It 1/ 2)M and (It 1/ 2)P corresponding to the deposited a
lain membranes, respectively;D(It 1/ 2) 5 (It 1/ 2)M 2 (It 1/ 2)P.
ccording to this data, the deposited copper covers abou

o 7.6% in 30 min, 9.8 to 11.1% in 1-h, 21 to 35.2% in 2-h
o 75% in 5-h, and above of the 7-h deposit of the me
ffective membrane surface area. These values are w
ongruence with the quantity of metal deposition per2

Table 2) estimated by the voltammetric method. This amo
o masking the number of total conductive ionic sites on
embrane surface, varying in terms of molar concentra
etween 0.04 to 1 mM with respect to 1 mM NaCl and 0.
0 mM with respect to 10 mM NaCl. In the case of le
eposited membranes, the metal covers about 1.9 to 1
urface in 30 min, 18.5 to 19.6% in 1-h, and nearly 100%
-h. The ionic sites covered by deposited lead vary in term

TABLE 2
Amount of Metal Deposited, Approximate Percentage of Metal

overage (%Mc) and the Number of Ionic Sites Masked by the
eposited Metal in Terms of Counterion Concentration (DCdv) on

he Metal-Deposited Membrane Surface in 10 mM NaCl

Membrane
Amount of metal

deposition (mg/cm2) It 1/2 %M c

DCdiv

(mM)

Cu-deposited

1
2 h 0.547 5.10 7.6 0.8
1 h 1.640 4.98 9.8 1.0
2 h 5.171 4.36 21.0 2.1
5 h 11.082 1.38 75.0 7.5
7 h 11.0818 – .75.0 .7.5

Pb-deposited

1
2 h 0.725 4.57 17.2 1.7
1 h 1.270 4.44 19.6 2.0
2 h 1.296 – .19.6 .2.0

-
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184 SHAHI ET AL.
olar concentration between 0.02 and 1 mM with respect
M NaCl and 1.5 to 10 mM with respect to 10 mM NaCl

yclic Voltammetry

A piece (1 cm3 3 cm) of 1-h (copper or lead) deposit
embrane was firmly mounted on a single-sided plati

urface both of equal dimensions. The edges of both plat
nd lead membrane were wrapped with a Teflon tape ens

hat the deposited membrane surface had good electrica
act with the platinum surface. The metal composite memb
upported on platinum was taken as the working electrod
ipping one end (about 0.5 cm) in the electrolyte solution w
xtending the other end by a platinum wire. The elect
esponses of such composite membrane electrodes were
igated in the potential range between 0.8 to21.0 V in 0.2 M
H3COONa and H2SO4 mixtures at pH 2.8 or 4.5.
The copper-deposited membrane exhibited (Fig. 5) a pa

ll-defined anodic peaks at10.420 V at pH 2.8 and10.410 V
t pH 4.5, and a cathodic peak juxtaposing the solutio
u(II), whereas the cathodic couple at20.384 V at pH 2.8 an
0.435 V at pH 4.5 was assignable to Cu(0)/Cu(II) (19, 2
The lead-deposited membrane, on the other hand, pea
0.342 V during an anodic scan and20.515 V in the revers

can. These responses, which shift to cathodic pote
20.347 V and20.435 V) with the change in pH to 4.5 a
ttributed to the Pb(0)/Pb(II) couple. The membrane exhib
dditional responses corresponding to the Pb(II)/Pb(IV)
le’s peak at20.197 V and20.357 V at pH 2.5 and a sing
nodic response at20.113 V at pH 4.5.
The present study revealed that the ion-exchange capa

f cation-exchange membranes is gradually masked wit
reasing thickness of the film due to metal deposition on

FIG. 5. Cyclic voltammetric responses of one-hour copper-deposited
on-exchange membrane at pH 2.8 in 0.2 M CH3COONa–H2SO4 solution.
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f deposition time under identical conditions depends als
he nature of the metal. From the measured values ofIt 1/ 2 for
he plain and deposited membranes, the percentage of s
overed by the metal is determined. The data further confi
hat the metal-deposited membranes are porous and use
lectron- as well ion-conductive materials. These find

hrow light on the conditions of metal deposition for obtain
odified membranes in applications involving electroorg

yntheses and chemical sensors employing electroana
echniques.
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