Influence of Chloride lon
On Electrocrystallization of Copper

By N. Pradhan, P.G. Krishna and S.C. Das

A study was made to determine the effect of chloride ion anion size, can result in modifications of the external form
during electrodeposition of copper, using an open-chan- and internal structure of electrodeposits.

nel cell. Electrolysis parameters, such as current density, The effect of chloride ion has been studied by APndt,
copper concentration, temperature, and circulation rate| Rouse and Aubef, Motorin!! Yao!? Gurevich and
were varied in the presence of chloride ion to determing Pomosov3!Byallozor?® and Gauvin and Winkléf.These
their effect. The deposits were examined by scanningstudies mainly discuss the effect of chloride ion on cathode
electron microscopy (SEM) and X-ray diffractometry | polarization during copper deposition. The effect of chloride
(XRD) to determine morphology and crystallographic| ion on the electrocrystallization of copper has been reported
orientations. It was observed that chloride ion affects the by Nageswar and SettyBarnes’ Hardesty? Lakshmanan,
guality of the deposit surface, crystallographic orienta-f Mackinnon and Brannefi,and Carneval and Cusminsky.
tions and deposit morphology of cathode copper. TheseThese studies were carried out on laboratory scale, using
are further affected by changing the electrolysis parami either a static or stirred bath. The information on the cathode
eters. copper characterization available seems to be incomplete for
the amount of data required for an industrial operation. In
The effect of various operating conditions on the structuseder to generate such information, the current study was
and properties of copper deposits from acid sulfate electumdertaken where an open-channel cell was scaled down to
lyte is very important to commercial operatidAd.he most| simulate an industrial cell.

attention has been paid to the effect of bath composition on

the structure of the deposits, because it governs critiExperimental Procedure

properties such as purity, surface smoothness and hardng&gicture Evaluation Cell

Recognition of the factors that influence the structure F®r this study, an open-channel cell, geometrically similar to
important, therefore, because this often permits predictionasf industrial cell, was employed to simulate the industrial
those conditions or changes that will yield a product hayiogeration. The cell was made of perspex, having dimensions
certain desirable properties.6.3 x 6.0 x 10.0 cm. The cell was provided with an inlet and

It is known that durin
the process of electrodepp-
sition of metal, certain int |
evitable foreign specie
generally present in th
electrolyte, as well as th
anion, may be codeposit
or absorbed at the cathote.
5 Growth during elec
trodeposition can be serji-
ously affected by thes
codeposited materials a
may eventually influenc
the physical and mechani-
cal properties of the depo
its.

During their studies o
the mechanism and kin
ics of copper depositio
Bockris and Enytassume
that one of the factors infl
encing growth is the block-
ing of deposition sites b
adsorption of anions. |
view of the role of adsorb-

Fig. 1—Effect of Cd concentration on

outlet, each having a diam-
eter of 0.6 cm at the heights
of 2.0 and 8.0 cm, respec-
tively, from the bottom of
the cell. A thermostat was
used to preheat the electro-
lyte to the required tempera-
ture, thenthe electrolyte was
fed to the cell at the desired
circulation rate by a meter-
ing pump. The working cell
contained two lead-anti-
mony anodes (Sb 0.7%) and
one stainless steel cathode.

Materials

The electrolyte was pre-
pared from reagent grade
sulfuric acid and cupric sul-
fate, using distilled water.
The stock chloride solution
was prepared from reagent
grade sodium, potassium
and magnesium chlorides.
The chloride ion addition to

L ) 3 T ¥ i e
copper deposit in the presence of chioridedbl€ additives in practical rig. o> gffect of chioride ion concentra- th€ Copper electrolyte was

fon: (@) 17 alL; (b) 27 glL: (©) 37 oL plating processést is rea- i
. g/L; chloride ion, mg/L; g/L; (c) 100 mg/L. , 37 g/L; HSQ,
irrer sonable to expect that su 52 g/L; current density, 300 A?mem?a,

current density, 300 AAntemp, 60°C; . .
circulation rate, 0.08 Rimin/n? of cath- SPecific adsorption, the ef- 40 <C; circulation rate, 0.08 #imin/n? of
fect of which varies with cathode. 10X.

ode. 10X.
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tion on copper deposit: (a) 0 mg/L; (b) 25 made by addition of an ap-

propriate amount of the re-
spective reagents from the
stock solutions.
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Fig. 3a—Effect of chloride ion concer
tration (500 mg/L) on copper deposi
Cu?, 37 g/L; HSQ,, 152 g/L; current
density, 300 A/fntemp, 40°C; circula-
tion rate, 0.08 fimin/n¥ of cathode. 10X.
3b,c—Effect of temperature on copp!
deposit in the presence of chloride id
(100 mg/L): (b) 30°C; (c) 50<C. Cu?, 37

- Fig. 4a—Effect of temperature on co
: per deposit in the presence of chlori
ion: Cu?, 37 g/L; HSQ, 152 g/L; circu-
lation rate, 0.08 riimin/nt of cathode;
current density, 300 Afintemp, 60°C.
er10X. 4b,c—Effect of current density
ncopper deposit in the presence of ch
ride ion: (b) current density, 50 Afn{(c)

g/L; H,S0, 152 g/L; current density, 30!
AJn¥; circulation rate, 0.08 #min/n¥ of
cathode. 10X.

current density, 150 AAnCu'?, 37 g/L;
H,SQ, 152 g/L; temp, 40C; circulation
rate, 0.08 fmin/nt of cathode; chlo-|
ride ion conc., 100 mg/L. 10X.

Operation

Table 1
Effect of Copper Concentration
conc. chloride, 500 mg/L; Temp, 60 °

Conc. of copper, g/L CE, %
10 90
17 95
27 98
37 100

Table 2
Crystallographic Orientations
As a Function of Chloride lon Concentration

Conc. of chloride Peak intensity ratio, (I/l ), %

ion, mg/L (111) (200) (220) (311) (222)
0 68.93 35.54 30.13 22.60 11.78
5 11.98 6.0 52.8 9.3 5.22
10 28.31 12.27 50.3 16.48  8.87
25 — 42.37 32.37 29.71 13.68
50 40.66 12.96 59.37 21.68 11.25
100 100 50.22 28.78 38.71 17.34
. Table 3
e Crystallographic Orientations
As a Function of Current Density
Conc. chloride ion, 100 mg/L
n
O~ Current density Peak intensity ratio(l/l ), %
Alm2 (111) (200) (220) (311) (222)
50 54.43 31.67 17.93 19.07 8.94
150 100 45.36 33.41 35.36 16.27
300 79.50 39.93 22.88 30.77 13.79
450 99.33 42.86 36.17 33.97 16.09
700 10.56 5.62 38.66 1.75 2.86

All the deposits were made by applying constant current fraRcept variation in copper concentration. The results of the

a regulated power supply (0-30 V, 0-10 A). A precis
voltmeter and ammeter were incorporated in the cell ci
for recording the cell voltage and current. Unless other
specified, all the experiments were carried out under
following conditions: copper concentration, 37 g/ ),
concentration, 152 g/L; current density, 300 A/electro-
lyte circulation rate, 0.08 #fmin/m? of cathode; bath tem
perature, 40C; electrolysis time, 2 hr, with sodium chlori
as the source of chloride ions.

Deposit Examination

The cathode copper deposits were photographed und
optical microscope (10X) for determination of the quality
the deposit’'s surface. The surface morphology of sectio
each cathode was also examined by scanning electron n
scope. The crystallographic orientations of each deposit
determined by X-ray diffractometry.

Results and Discussion

Nature of Deposit Surface

The effect of various electrolysis parameters in the pres
of chloride ion was studied to assess their effect on cu
efficiency and nature of the deposits. It was observed
current efficiency remained close to 100 percent, with vé
tion of parameters such as current density, cell tempera

oeffect of copper concentration in the presence of 500 mg/L
cahiloride ion at 60C are given in Table 1. Current efficiency
visereased from ~90 to ~100 percent wherfConcentration
thes raised from 10 to 27 g/L. Concentration of 17 g/t>Cu

produced a lacyi.€., surface coverage was not uniform)

copper deposit (Fig. 1a). On increasing the copper concentra-
- tion, the copper deposit improved slightly (Fig. 1b), but at 37
deg/L Cu?, the surface of the copper deposit became a little
rough (Fig. 1c).

Variation of chloride ion concentration in the range 5 to
500 mg/L resulted in remarkable changes in the nature of
esarface deposits. In the absence of chloride ion, the surface
afeposit was smooth (Fig. 2a). Addition of chloride ion
ngodduced a smooth, but lacy copper deposit until a NaCl
nicemcentration of 100 mg/L was reached (Figs. 2b,c). The
weteface became comparatively rough (Fig. 3a) at higher
concentration. The effect of cell temperature was studied in
the range of 30 to 68C at 100 mg/L chloride ion. Surface
roughness became more pronounced with increase in tem-
perature from 30 to 60C (Figs. 2c, 3b-c, 4a). Further, lacy
eropper deposition began at4Dand above (Figs. 2c, 3c, 4a).
IrSuich copper deposits were also reported by O’Keefe and
thirse? and Toth?® Lower current density (50 to 150 Afyat
ari@®0 mg/L chloride ion also produced similar deposits (Figs.
itdde,c). Though bright and smooth, lacy copper deposits re-

chloride ion concentration and electrolyte circulation r.
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atsulted until current density increased to 300 A(Rig. 2c).
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(b) MgClL. Cu?, 37 g/L; HSO, 152 gL;
temp, 40°C; circulation rate, 0.08 i
min/nt of cathode; current density, 30
Alnt. 10X.

Fig. 5—Effect of current density on cop-
per deposit in the presence of chlorife
ion (conc., 100 mg/L): (a) current den-
sity, 450 A/rfy (b) current density, 750 A|
n¥; (c) current density, 750 AAnchlo-
ride ion conc., 500 mg/L. CYy 37 g/L;
H,SO, 152 g/L; temp, 40C; circulation

rate, 0.08 rfimin/nt of cathode. 10X.

The surface began roughening at 450 24md above (Figs.

5a,b). The color of the deposits also changed with su
roughness. On increasing chloride ion concentration af]
A/m?2from 100 to 500 mg/L, a dark-colored granular dep
was obtained (Fig. 5c).

Electrolyte circulation rate also affected the deposit in
presence of chloride ion. With 100 mg/L chloride ion ang
circulation, the surface of the deposit was rough, but beg
smooth when the electrolyte was circulated at a rate of
m¥min/m? of cathode. In addition to NaCl, other chlori
salts, such as KCI, NI and MgC] were also used t
evaluate the effect of corresponding cations. Although t
was no change in current efficiency, noticeable effec
surface deposits was observed on changing the cations
2c, 6a,b).

Crystallographic Orientation
The effect of chloride ion on the crystallographic oriental

Fig. 6—Effect of chloride salts (conci,
100 mg/L) on copper deposit: (a) KC;

‘: !

= i !
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D Fig. 7—SEM photomicrograph of cathode copper showing effect of chloride ion
concentration: (a) 0 mg/L; (b) 5 mg/L; (c) 25 mg/L; (d) 100 mg/L'*?@3¥ g/L; HSO,,

152 g/L; temp, 40°C; circulation rate, 0.08 Aimin/nt of cathode; current density,
300 A/m. 1300X.

electrolyte changes the overvoltage values for copper depo-
sition because of its adsorption on the cathode. It forms an
intermediate complex of the type €u CI - ¢(Cu) at lower
chloride concentration, where it causes decrease in overvolt-
age. This situation favors electrocrystallization of copper in
the direction of the (220) plané.q, ridge-type growth),
which also results in even deposition. This trend continued
until chloride ion concentration reached 50 mg/L, where the
fategree of orientation was in the order (220) > (111) > (311)
70220) > (222). Addition of 100 mg/L chloride ion drasti-
psially changed the orientation of crystal planes shown at lower
levels. In this case, the most preferred plane again became
the

no
g’gg Table 4
dé Crystallographic Orientations
D As a Function of Temperature
Conc. chloride ion, 100 mg/L
nere
on

g Temp Peak intensity ratio, (I/ ), %

Figs. °c (111 (200) (220) (311) (222)
30 100 4522 4312 4193  20.79
40 99.77  50.10 2872 3862  17.30
50 59.61 29.05 4466 2550  13.34

ion 60 7836  39.08 2071 2261  11.58

of cathode deposits was obtained under the influende of

different electrolysis parameters. Of the seven copper lines

scanned in the diffractometer, only five, namely (111), (200), Table 5

(220), (311) and (222) showed any significant change in peak ~ Comparison of the Effect of Chloride lon
intensities. The results of the effect of variation in chlofide At Different Temperatures

concentration are summarized in Table 2. With no chloride ; ; .

ion addition, the most preferred crystal plane was (111) angémP  Chloride el Lie ey lalliep W0, 1) 40

the order of preference of different planes was (111) > (200) © " Cogc"mg/ L 3%1415) éiof()) 22022 (2371?3 (53232&
> (220) > (311) > (222). Upon addition of 5 mg/L chloride 30 ’ i ' ' ’
ion, the most preferred plane shifted from (111) to (2R0). 100 100.00 45.22 43.12 41.93 20.79
Further, the growth in the direction of the (200) plane was

reduced, whereas in the case of (311), it was favored. Increaseo 0 R
in chloride concentration, further improved crystal growth in e 99.77 5010 28.72 3862 17.30
the direction of all the planes under consideration and the

(220) plane remained most preferred. Postl, Eichkorn|andéo 0 1313 568 6746 1116 7.0
Fishe?® explained that addition of chloride ion to the copper ey ez gults il 22 ey
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Fig. 8a—SEM photomicrograph of cathode copper showing effect of chloridg
concentration (500 mg/L): Cy 37 g/L; HSO, 152 g/L; temp, 40C; circulation
rate, 0.08 rfimin/n? of cathode; current density, 300 A/m300X. 8b,c,d—SE
photomicrograph of cathode copper showing effect of current density: (b) 30
(c) 150 A/ry (d) 450 A/m. Cu?, 37 g/L; HSO, 152 g/L; temp, 40C; circulation
rate, 0.08 rffmin/nt of cathode; chloride ion conc., 100 mg/L. 1300X.

(111) and the order of preference altered to (111) > (20
(311) > (220) > (222). Gurevich and Pomod$axplained
that this may be attributed to the fact that at higher chlg
ion concentration, CuCl is formed and adsorbed on
cathode, resulting in decrease of the active surface are
increase in local current density, thereby increasing over
age. Accordingly, growth of the (220) plane is suppres
consequently promoting electrocrystallization of coppe
the direction of the (111) plane.q., pyramidal growth
dominates, causing nodular deposition. This is in contrg
tion to the observations made by Lakshmaetaal.® who

reported the (220) plane to be the most preferred in the si
range of chloride ion concentration.

T prii

iBiy. 9a,b—SEM photomicrograph of cathode copper showing effect of current
density; (a) current density, 750 A/nthloride ion conc., 100 mg/L; (b) current
density, 750 A/fachloride ion conc., 500 mg/L. Cu37 g/L; HSO, 152 g/L; temp,

\®O °C; circulation rate, 0.08 fimin/nt of cathode. 1300X. 9¢,d—SEM photomicro-
graph of cathode copper showing effect of temperature: (&50d) 60°C. Cu?, 37
g/L; H,SQ, 152 g/L; chloride ion conc., 100 mg/L; circulation rate, 0.08min/n?
of cathode; current density, 300 A/mM300X.

Onddition, the order of preferred crystal planes was (111) >
(200) > (220) > 311) > (222) up to 40, but in the case of

ri@é °C, the most dominant plane was (220) instead of (111),
ths observed at lower temperatures. Upon addition of 100 mg/

alaethloride ion, the peak intensity ratio (I/]) increased for

vadech crystal plane except (220) at°@and above.

sed,The results of the effect of variation in chloride salts are

r given in Table 6. It can be seen that with all the salts
considered, the (111) crystal plane dominated, but the order

daf-preferred planes differed. In the case of NaCl, the order
was (111) > (200) > (311) > (220) > (222), whereas in the case

md&KCl, the order changed to (111) > (311) > (220) > (200) >
(222). The order of preferred planes in the case of Mg&$

The results of the effect of current density are given aompletely different from those of NaCl and KCI and was

Table 3. At a current density of 50 A7narystal growth in the
direction of the (111) plane was most prominent and
degree of preference was in the order (111) > (200) > (
> (220) > (222). Almost same trend continued until
current density approached 750 A/mhere the most promi
nent plane shifted from (111) to (220) and the orde
preference of crystal growth shifted to (220) > (111)> (2
> (222) > (311). Such changes in the orientation were
reflected in surface deposits, where a nodular deposit
obtained.

The crystallographic orientations of cathode coppe
different temperatures are given in Table 4. At°80 the
(111) plane was the most preferred and the order of pref
growth of different planes was (111) > (200) > (220) > (3
> (222). When the temperature was raised t8Ci@he order
of preferred planes remained the same. The growth o
(311) plane was favored simultaneously suppressing gr
of (220) plane. On increase in temperature t6G0growth
of the (200) plane was suppressed while growth of the (
plane was promoted. This caused a shift in the ordg
preference to (111) > (220) > (200) > (311) > (222). At®0
the order of preferred planes was the same as &€ .40

Table 5 shows a comparison of crystallographic orie
tions of cathode copper obtained without and with additio

(111) > (200) > (221) > (311) > (222). Such changes were also
theident in surface deposits ( Figs. 2c, 6a,b).
311)
th8urface Morphology
- The surface morphology of the various copper deposits was
ekamined by scanning electron microscope (SEM). The
Oeéjfect of chloride ion on the morphology of cathode copper is
altmown in Figs. 7a to 8a. As observed from these figures,
weatoride ion has a marked effect on the surface morphology
of the deposited copper. With no chloride ions, there ap-
r @eared long triangular blocks showing pyramidal growth.
The addition of 5 mg/L chloride ion abruptly changed the
emeaiphology. The triangular blocks disappeared and the shape
1)

100 mg/L of chloride ion at different temperatures. With

60

F the Table 6
bwih Crystallographic Orientations

As a Function of Different Chloride Salts
b20) conc. chioride ion, 100 mg/L
r of

Salt Peak Intensity ratio, (I/__), %

(111)  (200)  (220)  (311)  (222)

! NaCl  87.98  44.18 2532 3406  15.26
na- el 100  33.76 36.86 37.32  17.26
nof  wmgcl, 79.99 4427 4163 3297 1508
no
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Fig. 10a—SEM photomicrograph of cathode copper showing effect of temper:
Chloride ion conc., 0 mg/L; 6€C; Cu?, 37 g/L; HSQ, 152 g/L; circulation rate, 0.08

m¥/min/nt of cathode; current density, 300 A/n300X. 10b—SEM photomicro-

graph of cathode copper showing effect of circulation rate:°@0 Cu?, 37 g/L;
H,SO, 152 g/L; chloride ion conc., 500 mg/L; no circulation; current density, 30Q
m2 1300X 10c,d—SEM photommrograph of cathode copper showing effe]
chloride salt: (c) MgC} (d) KCI; 40 °C; Cu?, 37 g/L; HSQ, 152 g/L; chloride ion
conc., 100 mg/L; circulation rate, 0.08min/n? of cathode; current density, 300 A
n?. 1300X.

and size of crystal planes changed. Such changes wer
marked in the crystallographic orientations, where prefe
growth direction changed from the (111) to the (220) pla
The deposit obtained upon addition of 25 mg/L chloride
showed similar morphology, as observed in the case of 5
L chloride ion. But upon increase of the chloride concen
tion to 100 or 500 mg/L, the morphology changed agai
triangular shape, showing pyramidal growth. Similar ob
vations were also reported by Lakshmanan &t al.

The surface morphology of copper obtained with variation
of chloride salts is shown in Figs. 7d and 10c,d. The morphol-
ogy upon addition of NaCl or MgCappeared similar, but a
relatively different morphology was obtained when KCl was
added. Such changes were also shown in the crystallographic
orientations where, besides (111) crystal planes, other planes,
such as (311), (220) and (200) were equally favored.

Conclusions
1. Atlower chloride ion concentration, although the deposit
is smooth and bright, a lacy type of deposit forms. The
unevenness of the copper deposit is enhanced at higher
chloride ion concentration.
. Electrolysis parameters, such as current density, tempera-
ture, circulation rate, etc., have a remarkable effect on
copper deposits.
Chloride ions have a significant effect on crystallographic
orientations of a copper deposit. At lower concentrations,
the (220) plane is predominant, whereas at higher concen-
trations the (111) plane is preferred. The transformation of
preferred crystal planes takes place from (111) to (220)
.t of then (200) and finally becomes the (111) plane at higher
chloride ion concentration.
/4. The crystallographic orientations also show variations
with change in electrolysis parameters.
5. The presence of chloride ions significantly changes the
° alsmicroscopic morphology of cathode copper, which shows
rredfurther variations upon changing the electrolysis param-
ine. eters.
ion
riglitor's note: Manuscript received, February 1995; revi-
trsion received, September 1995.
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ture:

The photomicrographs (Figs. 7d, 8b-d, 9a) show the 1
phology of cathode copper in the presence of 100
chloride ion in the current-density range of 50 to 750%
Figure 9b shows the morphology of cathode copper in
presence of 500 mg/L chloride ion at a current density of

A/m2 The deposit at 50 A/fishows very poor morphology.

This was clearly indicated by the quality of the surf
deposit (Fig. 4b). Upon increasing the current density,
morphology appeared to improve until a current densit
300 A/n? (Figs. 8c and 7d) was attained. At 450 A(Fig.
8d) or above (Fig. 9a), nodular growth formation was
served. When chloride ion concentration was increased
100 to 500 mg/L at 750 A/inthe nodule size decreas
permitting formation of a greater number of smaller nod

The SEM photographs (Figs. 7d, 9c¢,d) show the morp
ogy of copper deposits at temperatures in the range of
60 °C. From these figures, it is clear that temperature h
noticeable effect on the surface morphology of cath

nbis keen interest and constant encouragement during the
giburse of this work; and Prof. H.S. Ray, Director, for permis-
ion to publish.

the
7References

1. A. Butts.,Copper, the Science and Technology of the
ce Metal, Its Alloys and Compounddafner, New York,
the NY, 1970.

a?. V.T. Isakov, The Electrolytic Refining of Copp&ech-

nology Ltd.,Stonehouse, Glos., England, 1973; p. 52.

b3. S.C. BarnesElectrochim. Actab, 79 (1961).
roth H. Fischer.Electrochim. Acta2, 50 (1960).
d,5. N.A. Economon, H. Fischer and D. Triviéilectrochim.
les. Acta,2, 207 (1960).

ob. S.C. Barnes, G.G. Storey and H.J. PElectrochim.

0 to Acta, 2, 195 (1960).

d7a J. O'M. Bockris and M. Enydirans. Faraday Socs8,

de 1187 (1962).

copper in the presence of chloride ion. The crystallite8. E.H. Lyons, Jr.Fundamental Principles, in Modern
became flat and irregular in shape and size with increase in Electroplating, 2nd ed.F.A. Lowenheim, Ed., John
temperature. Addition of chloride ion largely decreased|the Wiley & Sons, Inc. New York, NY, 1963; p. 25.
crystallite size, but produced a more compact deposit ( . K. Arndt, Technische Electrochemi¥gerlag F. Enke,
9d and 10a). Stuttgart, 1929; p. 297.

Figures 8a and 10b show the effect of electrolyte circuld®. E.N. Rouse and P.K. Aubdlrans. Electrochem. Soc.,
tion rate on the morphology of cathode copper. Nodular 52, 180 (1927).
growth morphology was observed with deposits obtainéd. A.l. Motorin, Tsvelnye Metal, 54 (1990).
with a stagnant electrolyte. This was also evident from visdeé?. Yu-Lin Yao,Trans. Electrochem. So@&6, 371 (1944).
examination of the deposit surface and crystallographic|ati3. L.I. Gurevich and A.V. Pomosoworoshkovaya
entations where a ridge-type structure was favored. Metallurgiya, 1(73), 13, 1969.

62 PLATING & SURFACE FINISHING



14. L.I. Gurevich and A.V. Pomosok]ectrokhimiya,7(2)
158, (1971).

15. S.G. ByallozorsSov. Elektrochem4, 521 (1968).

16. W.H. Gauvin and C.A. WinklerJ. Electrochem Soc],
99(2) 71 (1952).

17. S. Nageswar and T.H.V. SetBuyrrent Sci.39(27) 483

(1970).

18. David W. Hardesty,). Electrochem Soc99(2), 84
(1982).

19. D. Postl, G. Eichkorn and H. Fish&rPhys. Chem77,
138 (1972).

20. V.l. Lakshmanan, D.J. Mackinon and J.M. Branren,
Appl. Electrochem, 81 (1977).

21. G. Carneval and J. Bebczuk de Cusminsky
Electrochem. Soc.: Electrochemical Science and Tgch-
nology,1286) 1215, 1981.

22. T.J. O'Keefe and L.R. Hursl, Appl. Electrochem§,
109 (1978).

23. L.F. Toth, PhD Thesis, Univ. of Missouri-Rolla (1975

O
~—~

About the Authors
Nirupama Pradhan is a junior researg
fellow and doctoral candidate in th
Hydro & Electrometallurgy Division o
the Regional Research Laboratory,
Bhubaneswar 751 013, India. She holds
a master’s in chemistry from Utkal Un
versity, Bhubaneswar, Orissa, Indig.
Her area of interest is electrolytic rg
covery of metals and related studies

[Cl=7

P. Gopala Krishna is a senior scie
tist in the Hydro & Electrometallurg
Division of the Regional Research Labp-
ratory. He obtained BS and MS degrdes
in chemical engineering from Andh
University, Visakhapatnam, India. His
areas of specialization include mag
transfer operations in electrolysis cells
and electrolytic recovery of metals. He
is the author of several papers pup-
lished in national and international journals.

(7]

Dr. S.C. Das is a senior scientist at
the Regional Research Laboratory and
organizer of the Hydro & Electrometa
lurgy Laboratory. He obtained unde
graduate and graduate degreesin chem-
istry from Utkal University,
Bhubaneswar, and his doctorate from
the Indian Institute of Technology. He
has received the Ramachar Award frgm
the Electrochemical Society of India for
best publication. His areas of technical interest inclyde
leaching, electrowinning/refining, fuel cells and related studjes.

Free Details: Circle 126 on postpaid reader service card.
March 1996



