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Abstract—Electrolytic pickling of steel with neutral solutions, to remove the surface scale, reduces the need
for the use of strong acids as needed in conventional pickling. This study is a step towards a more in-depth
understanding of the factors affecting the former process. A theoretical model, sufficiently simplified to allow
analytical solution, is devel oped and evaluated to provide afirst approximation of the potential and current dis-
tributionsin the e ectrolyte and steel band. To gain knowledge and validate the model, asmall electrolytic pick-
ling cell is constructed, and experiments, including bubble generation and motion observation, are conducted.
The experimental work has shown the remarkable bubble production and adherence to the surfaces, and its
effects on reducing pickling efficiency and uniformity. The pickling efficiency is about 30%, confirming other
researchers results. The analytical model shows trends very similar to those observed in the experiments, and
provides very valuable guidance. It shows, for example, that the current efficiency decreases as the electrode—
band distance increases, and it increases with the band thickness and the band-to-€el ectrolyte conductivity ratio.
The energy efficiency decreases by orders of magnitude faster than the current efficiency with all of the above-
mentioned parameters, because of the correspondingly strong drop in the band—surface potential. A large
amount of current islost due to interelectrode short circuiting.

INTRODUCTION

There is an increasing demand in the steel industry
to produce stainless steel at higher rates as well as at
lower capital and operating costs. This means that the
time to remove the surface oxide layer formed during
previous steps of the steel making process has to be
shortened, and the pickling process has to be made
more efficient. Electrolytic pickling is a method devel-
oped to reduce the use of strong acids in this process,
and successfully implemented by some steel makers. In
this de-scaling method, electrolytic action is used with
a neutral aqueous solution of sodium sulfate which
forms easy to remove metal sulfatesto instead of metal
fluorides [1-4].

Considering that existing electrolytic pickling pro-
cesses are only 30% energy efficient [5], and that it is
highly desirable to increase the process throughput and
reduce the capital costs, this project to improve the fun-
damental understanding of the electrolytic pickling
process was initiated by Avesta Sheffield AB at the
FaxénLaboratoriet of Kungl Tekniska Hogskolan. The
problem studied is briefly described asfollows. A stain-
less steel band oxidized on its surfaces is located
between el ectrodes between which an electrical poten-

*This article was submitted by the authorsin English.

tial difference isimposed. The electrodes and the band
are immersed in an aqueous electrolyte. This potential
generates an electric current which flows through the
electrolyte and the band. Electrolysis of water accom-
panies the current passage, generating hydrogen or
oxygen gas bubbles on different parts of the conducting
surfaces. The electrolysis has several important effects
on the process: it robs some of the invested electrical
energy, and the bubbles have some positive effect in
promoting mixing of the electrolyte, and thus the rates
of transport for oxide layer removal, but they aso have
an undesirable effect because they increase the resis-
tance of the electrolyte and thus diminish the current
imposed onto the band. Flow in the electrolyte also
takes place due to the motion of the steel band and
recirculation of the electrolyte for the removal of pre-
Cipitate and sludge.

As afirst approach towards understanding the elec-
trolytic process, a mathematica model was devel oped
based on severa simplifying assumptions. The model
can be evaluated analytically and thus allow easy fun-
damental insight into the process by an examination of
the potential and current distribution in the electrolytic
pickling cell and their sensitivity to the geometric con-
figuration and electrolyte and band conductivities.
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Fig. 1. Electrolytic pickling tank with four-cathode-set at
each end and four-anode-set in the center, symmetrically
placed above and below a moving steel band; there are four
such electrode assembliesin atypical tank.

To learn about the process and validate the model-
ing, an experimental cell for pickling a stationary steel
band was built, and electrolytic pickling experiments
were conducted.

FORMULATION OF THE PROBLEM
The Geometry

Studying the configuration of the electrodes in the
pickling tank at Avesta Sheffield AB, we found that
symmetry prevails in both the horizontal and vertical
directions. Therefore we need only take into consider-
ation one electrode set in the modeling.

In the electrolytic pickling tank agroup of anodesis
arranged after each group of cathodes and the steel
band is thereby polarized, cathodically opposite to the
anodes and anodically opposite to the cathodes.
Throughout the bath there are atotal of four electrode
sets, where each set, illustrated in Fig. 1, contains four
cathodes at the start, four cathodes at the end, and four
anodes in the center placed both above and below the
steel band. The band acts therefore as an anode, where
the actual pickling takes place, twice during each elec-
trode set [6].
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As explained in Introduction, the aim of the model
presented here isto study the potential and current dis-
tributions in the electrolytic cell. Further development
of the model would include the chemical reactions, the
motion of the steel band, and the electrolytic generation
and flow of the bubbles, solvable only by numerical
analysis. The modeled geometry, illustrated in Fig. 2, is
based on the cell built and used for the pickling experi-
ments (Fig. 3). In the model the electrodes are at a dis-
tance H from the steel band center-line. An electrolyte
of conductivity Kk, fills the space (H — D) above and
beneath the steel band. The steel band thicknessis 2D,
length L, and conductivity K.

The Mathematical Model

To represent the aternating polarities of the elec-
trodes in the horizontal direction by a simple mathe-
matical expression, the imposed electrode voltage was
assumed to be represented by a sine wave function

®o(X, H) = ®asin(KX), (1.1)

where @, is the potentia in the electrolyte, ®, is the
electrode voltage amplitude, and K is the wave number
of the sine function defined as

2m

L )
where n isthe number of full sine waves occupying the
band length, L. We assume a steady-state two-dimen-
sional problem in Cartesian coordinates with a stagnant
electrolyte. The electrical potentials, ®, and @, in the

electrolyte and sted band, respectively, satisfy the
Laplace equation. In the electrolyte,

K

(1.2)

O°®(X,Y) =0, 0sX<L, D<Y<H, (13)
and in the stedl band,
D°®,(X,Y) =0, 0<X<L, 0<Ys<D. (14

Y ®,(X,Y = H) = Asin(kX)
Electrodes
Electrolyt =1
ctrolyte + — +
Continuity of K 0’®, =0
current and ¢ °
potential + = v y=D
i X
Steel ___—— Kp 0’d, =0
band y=-D
Symmetry
condition y=—H

Fig. 2. Model geometry showing the sine wave potential representing two cathodes and anode between them, steel band and poten-
tial imposed on it by the electrodes, electrolyte between them, and boundary conditions; L = 300 mm, H = 30 mm, D = 1.5 mm;

170 g I electrolyte, k, = 9.87 Sm?, k, = 10/ Sm™L.
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Fig. 3. Experimental cell: (1) glass container 360 x 260 x 235 mm; (2) lead anodes 20 x 65 mm top, 20 x 85 mm bottom; (3) lead
cathodes, same size as anodes; (4) insulating plastic supports; (5) steel band; (6) current measuring extension stedl rods of stainless
steel 304; and (7) Na,SO, electrolyte. Magnified detailsin the upper right corner show two views of the electrode-to-band arrange-
ment and distance (in mm). Voltmeter V, measures the electrode potential. Ampere meters A and A, measure, respectively, total

current and current passing through the steel band.

The boundary conditions at the electrode surface are the
imposed potentia as stated in Egs. (1.1) and (1.2), at the
interface between the stedl band surface and the electro-
lyte we prescribe potential and current continuity

De(X, D) = ®y(X, D),

%370 = (457
an X,Y=D baY X,Y:D.

Only the upper half of the cell is modeled due to sym-
metry, and at the steel band center-line we apply the
symmetry condition

(1.5)

(1.6)

(=X LY
H ’ H (1.10)
(p = c_.leg | ol Hle’b '
e,b q3A1 e,b Keq)A’
giving the dimensionless parameters
=5 4=B k=kH, k=%

H’ H’ Ke

Substitution of Egs. (1.10) and (1.11) in the system of
dimensional Egs. (1.1)—«1.9) results in the system of
dimensionless equations

Ogu(x,y) = 0, (1.12)
od, N )
[WLHO = 0. A7) O?@y(x, y) = 0, (1.13)
o @.(x, 1) = sin(kx),
The current densities in the electrolyte, I, (A m2), and
steel band, I, (A mr2), are Pe(X, d) = @y(x, d),
B (1.14)
e = KO |, (1.8) 3 =[S
ay xy=d ay xy=d
I-b = —Kb@ b (1.9) [%} _ O
To formulate a dimensionless problem, the variables 9y Jiy=o
arescaled as This system has a simple analytical solution
in(k k(=1+2d-2y) C K(-3y+2d) | k(2d-y) +C k(4d=3y) | ky
e = sndege : —lzﬁe ZS(—1+d) ) —2kd2(e - )]’ (L.15)
Ci(eT+1)+Cy(€ +e )
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_ _ 2sin(kq[e® + 1]V (L16)
Cl(e_2k+ 1)+ Cz(ezk(—1+d) + e—2kd)’ :

where C, =K, + 1 and C, = 1 — K. For the current in
the electrolyte,

ie(x,y) = -0, O0=<x<l, d<sys<l (1.17)
and in the steel band,
(X Y) = Kp[® ,, 0<x<l, O0<y<d. (1.18)

The algebraic expressions for i and i, are shown in
Appendix.

Sensitivity Analysis
The sensitivity of the current and energy efficien-
cies, and of the potential and current distributionsto the
parameters, k and d were investigated. The efficiencies
of interest are defined below. The current efficiency, n;,
represents the ratio of the current entering the band and
that coming out of the electrode. As seen from equa-
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tions for i, , and iy, , in Appendix, this ratio remains
constant for given va)f uesof k, d, and k,,, at any given x.
In ageneral geometry thisis of course not so, but hap-
pens to be the case here due to the geometrical simpli-
fications made. From the definition

_ i y(x,y=d)
3T R A (1.19)
Ie, y(X1 y - 1)
one finds that
n;
2K, [ €71 — 1] 77273 (1.20)

C (e C3 2D _ gDy | o (k-3 _ gk '

The electric energy transfer efficiency (from electrode

to steel band), n., isthe ratio of the energy entering the

band and that |eaving the el ectrode,

_ ®(xy=d)ip(xy=d)
Pe(X, Yy = 1)igy(x,y=1)’

which isthus

Ne (1.21)

4k, [ezkd _1] [ezkd +1] g 2K(-2+3d)
e

Ne

where C; = eX3+2d) gnd C, = e*4d-3) 4 gk

EXPERIMENTAL

The experimental cell (Fig. 3) is composed of a 360
by 260 by 235 mm rectangular glasstank (/) containing
a solution of neutral sodium sulfate (7); two magnetic
stirrersin the bottom of the cell, which could be used to
gtir the solution when desiring to get electrolyte
motion; an electrode assembly consisting of two sets of
electrodes, with three lead anodes (2) and three stain-
less steel cathodes (3), placed symmetrically above and
below a dationary stedl band; a regulated 1-kW dc
power supply; al-10V (£0.5% + 1 dgt.) voltmeter; and
al-10A (x1.5% + 5dgts.) ammeter. Type 316 stainless
steel bands (5), 50 by 3 by 300 mm were used. Some of
them were pickled before the experiment at the Avesta
Sheffield AB annealing and pickling line and some
were not, the latter having attained oxide scale on the
surface during the annealing. The band was stationary,
supported by two Plexiglas™ holders (4). To alow
measurement of the current passing through the steel
band, it was cut verticaly into two equal parts. Stain-
less stedl rods, type 304SS, @4 mm, length 185 mm (6)
with a resistance of 0.0012 ohm were screwed on to
each of the halves. The two halves were glued end-to-
end by 3 mm electricaly insulating silicon cement
between them. Thisway the current that passed through
the steel strip was forced through the stedl rods and
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- [Cl(e—ZK(—2+3d) _e—k(2d—1)) + Cz(e—k(4d—3) _ek)] [C,C,+ C,Cl] J

(1.22)

through an ammeter. The cell was placed on two mag-
netic plates for activating the magnetic stirrers when
needed. The temperature in the cell was?21 £ 1/2°C.

At first, to examine whether cutting the strip as
described above would affect the results, an uncut stain-
less strip was used, the voltage was applied to the pick-
ling cell electrodes, and the corresponding current was
measured. It was found that there was no perceptible
difference between the current passing in both cases.

Experiments were conducted at interelectrode dis-
tances (the distance between the two electrode sets) of
25, 50, and 90 mm. In each of these cases, the upper and
lower electrode-to-band distances were set to 18 mm
and 28 mm respectively, dictated by the size limitations
of the experimental cell. The electrode setup is shown
in Fig. 3. The measurement procedure was to increase
the voltage from 1 to 10 V and simultaneously measure
the total current through the electrodes and through the
stedl band. A current density of 1 kKA m~2 was of particu-
lar interest, since it is used in actua full-size pickling
facilities; 10 A was sufficient to attain the desired current
density since the total area of the anodes was 100 crm?’.

RESULTS AND DISCUSSION
Potential and Current Distributions
The results from the analytical model were calcu-
lated with the following parameters that appear in the
experiment k, = 10’ Sm!, k, =9.87 Sm! (for the con-
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Fig. 4. Dimensionless potential and current field plots as cal culated from the mathematical model for H=50mm, D =1.5mm, L =
300 mm, Cy, 50, = 1709 I, k., =9.87 Sm, and k,, = 10’ Sm™: (a) potential field (solid lines) and current field (dashed lines)

in electrolyte, and (b) potential and current fields in the steel band.

centration Cy, so, = 170g1™), D =1.5mm, theelectrode-

to-band distance H - D =485 mmand k=20.94 m.

Figure 4 shows the potential and current distribu-
tions predicted by the model, where it is seen that
nearly all of the potential drop occursin the electrolyte
and that the potential inthe steel bandis 107, i.e. nearly
zero. The potentia distribution in the electrolyte and
the band is positive and negative, corresponding to the
sign of the applied sine wave voltage simulating the
electrode potential. Figure 4 also illustrates the large
potential dropintheelectrolyte, caused by the great dif-
ferencein the electrolyte and steel band conductivities.
For clarification, Fig. 4b shows a magnification of the
potential and current fieldsin half of the steel band. The
contour lines show that the potential drop in the steel
band isvery small, becauseits conductivity isrelatively
high compared to that of the electrolyte.

Figure 5aillustrates the direction of the current. As
can be observed, much of the current passes directly
from the anodes to the cathodes without entering the
steel band. Thisisto be expected, sincethe current trav-
els where it encounters the lowest resistance, and this
results in a decrease in the efficiency of the process.
Figure 5b shows thislost current i

iIost = (ie,y_ib,y)/ie,y’ (1-23)

calculated as a function of the distance from the band
for different electrode—band distances. It is obviousthat
st INCreases with the band—electrode distance, and itis
noteworthy that itsincreaseislowest near the band and
largest in the intermediate region, with respect to the
ordinate.

Figure 6 shows a comparison between the model-

predicted and experimentally-measured total and band
¢ vs. i curves. One can see that the trends and the fact
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that only afraction of the total current passes through
the steel band agree qualitatively, but, as expected, the
actual values do not. Since the experimental errors are
within afew percent only, the large discrepancy can be
explained primarily by the simplicity of the model,
which, as stated in Introduction, at this stage till
excludes the full complexity of the pickling process,
such as the generation, presence, and motion of the
bubbles and the band—surface chemical reactions.

To illustrate the effect of the bubbles, Fig. 7a shows
aside-view of the steel band with oxygen and hydrogen
bubbles sticking on the bottom and top surface, and
Fig. 7b showsthe bottom view of the anodes, with oxy-
gen bubbles sticking and coalescing on the surface,
both photos taken during the experiment. The presence
of the bubbles obviously insulates parts of the band and
the electrodes and reduces the conductivity of the elec-
trolyte through which they rise. This is especially in
effect on the bottom surfaces of the band and the elec-
trode, because they are hindered from rising and may
thus stay long enough to coalesce into larger ones,
thereby creating more insulating layers. Thisis verified
by our experimental observation that the bottom sur-
face is much less pickled than the top one. Bubble-
caused insulation obvioudly results in a less efficient
pickling process.

Current and Energy Efficiencies

The current and energy efficiencies calculated as a
function of a dimensionless electrode-band distance
areshown in Fig. 8a. As expected, the current efficiency
decreases as the electrode distance increases, due to
both the increased path resistance and the increased
interelectrode short-circuit current. Figure 8b is a plot
of the corresponding electrode and band potential @,
Vol. 38
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Fig. 5. (a) Dlmensonlesscurrent distributions in electrolyte and band, calculated for L = 300 mm, H =50 mm, D = 1.5 mm, K, =

9.87Sm %, andk;, =
to short-ci rcumng between electroda as a function of the vertical
h=1

and @, at chosen x location (x = 1/4), since the potential
is proportional to sin(kx), and corresponding current
densities, as afunction of the dimensionless €l ectrode—
band distance.

As expected, the efficiencies and the current and
potential in the electrolyte decrease as the electrode—
band distance increases. The electrode potentia is
imposed and is therefore obvioudy not affected. The
decrease in the energy efficiency is at least 5 orders of
magnitude larger than that of the current efficiency
because of asimilar drop in the potential (Fig. 8b). Itis
noteworthy that the energy efficiency curve has an
inflection point at (H — D)/H,,, = 0.6. For the system
analyzed here, it implies that maintaining the elec-
trode—band distance below 18 mm, instead of the base
case of 28.5 mm, would results in important improve-
ment in efficiency.

Figure 9a displays the current and energy efficien-
cies as a function of a dimensionless band thickness d
while the electrode-band distance is maintained con-
stant. The current efficiency is nearly independent of d,
but the energy efficiency decreases strongly as d
increases. The explanationisin thefact, clarified by the
dimensionless el ectrode and band potential and current
plotsin Fig. 9b, that increasing d reduces the resistance
between the band surface and zero-potential center,
thus bringing the band surface potential closer to zero.

RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 38

107 Sm™; arrows indicate the current direction, and solid lines, its magnltude and (b) current lost (ijog) due

position, for different electrode-to-band distances h — d, where

The electrode potential is aconstant as set, and the cur-
rents remain nearly constant.

Figure 10a shows that the current efficiency and
energy efficiency increase and decrease, respectively, to
constant values as the conductivity ratio d increases.
The explanation, reinforced by Fig. 10b, is that the
electrode current increases and the band potentia

I,A
30p
— Model /;
- Model [,
= Experiment /,
20+ = Experiment [,
101 o
4 g o o : X « " )
0 2 4 6 8
D,V

Fig. 6. Comparison between the analytical model and
experimental results of the total and band current—voltage
relationship; L = 300 mm, H = 20 mm, D = 1.5 mm,

Cnas0, = 170917 k. =9.87 Sm™ Kk, = 107 Smi™t, and
T=21°C.
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(b)

Fig. 7. Oxygen and hydrogen bubble evolution and presence on the el ectrodes, three minutes after the start of a pickling experiment:
(a) side-view of steel band, showing oxygen and hydrogen bubbles sticking on the bottom and top surfaces; and (b) bottom view of
anodes, showing oxygen bubbles sticking and coalescing on the surface; photographs taken with a CCD video camera, 8x magni-
fication; ® = 6.67V, | =1.43A, T=21°C.
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Fig. 9. (8) Current (n;) and energy (ne) efficiency dependence on half-band thicknessd at h = 1 and (H — D) constant, L = 300 mm,
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decreases (but much more significantly) due to the
resistance decrease occurring by either the decrease in
the electrolyte conductivity (lower concentration) or by
the increase in the band conductivity. The asymptotic
values of the efficiencies are due to specific geometric
configuration of the system chosen for this analysis.

CONCLUSIONS

The experimental work has demonstrated a strong
bubble production and a significant adherence to the
surfaces, the latter especialy at the bottom surfaces of
the band and electrodes, and its effects on reducing
pickling efficiency and creating unevenly pickled steel
surfaces. The pickling efficiency is about 30%, con-
firming other researchers’ results.

The analytical model developed and evaluated here
shows trends very similar to those observed in the
experiments, but naturally does not agree, nor was it
expected to agree, with those quantitatively, because it
ignores bubble generation, chemical reactions, and
flow. Nevertheless, it provides very valuable guidance.
First, it shows that the current efficiency decreases as
the electrode—band distance increases, and it increases
with the band thickness d and the band-to-electrolyte
conductivity ratio. The energy efficiency decreases by
orders of magnitude faster with all of the above-men-
tioned parameters, because of the correspondingly
strong drop in the band—surface potential. Second, it
reveals that a large amount of current is logt, i.e. not
imposed onto the band, due to interel ectrode short-cir-
cuiting. This loss can be reduced by decreasing the
electrode—band distance.

In future work, the modeling will include the bubble
evolution, the chemical reactions, and the turbulent
fluid flow present during the pickling process.
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NOMENCLATURE
Cna,s0, —€l€ctrolyte concentration, g I

d—dimensionless half thickness of steel band, D/H
D—half thickness of steel band, m
H—distance between electrodes and steel band cen-
ter-line, m
- K—dimensiona periodicity of the sine wave func-
tion, m
L—steel-band length, m
[—dimensionless steel-band length, L/H

I, ,—current density vector, A m2

Hlep
K P
I, x—X-vector of dimensionless electrolyte current i,
i, /—Y-vector of dimensionless electrolyte current i,
Iy, x—X-vector of dimensionless electrolyte current i,
Iy, y—Y-Vvector of dimensionless electrolyte current iy,

i —sum of the current in ahalf cell of the model

i, ,—dimensionless current density vector,

conserv

. . . -2 -2
|l —magnitude of dimensionless current, ,/i5 + iy
|—total current measured in experiment, A

I,s—lOst current passing directly between elec-
trodes, (ig y — iy, y/ic y
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k—dimensionless periodicity in the x-direction, kH
n—number of sine waves

n—x-component of normal vector
n,—Y-component of normal vector

X—distance measured along steel-band surface, m
Y—normal distance from steel-band surface, m
x—dimensionless distance measured along the steel

band surface, X/H

y—dimensionless normal distance from the surface,

Y/H

GREEK SYMBOLS

n,—current efficiency

n.—energy transfer efficiency
K.—conductivity of electrolyte, Sm=
K,—conductivity of steel band, S m

. . - . Kp
K,.—dimensionless conductivity ratio, )
e

®,—electrode potential amplitude, V
®_—electrode potential, V

IPEK et al.

d,—steel-band potentia, V
@.—dimensionless potential of electrolyte
@,—dimensionless potentia of steel band

SUBSCRIPTS REFER TO

..)a imposed electrode voltage
..), Steel band

..). €lectrolyte

..); dimensionless current

..)g dimensionless energy

..)x dimensional X direction
..)ydimensional Y direction
..)x dimensionless X direction
..)y dimensionless Y direction

e e e e N N e

APPENDIX
Algebraic Expressions
The agebraic expressionsfor the current in the el ec-

trolyte, ie

—ksin(kx)ek(_1+Zd_zy)[Cl(— gk(-3y+2d) e—k(2d—y)) + Cz(_e—k(4d—3y) + eky)]

ey

) _kCOS(kX)ek(—1+2d—2y)[Cl(e—k(—3y+2d) + e—k(2d—y)) + Cz(e—k(4d—3y) + eky)]

e X

Similarly, the current in the steel band is

—2Kpesin(kx)k[e™ — 1] &Y
Cl(e_2k+ 1)+ Cz(ezk(—1+d) + e—zkd)’

lhy =

—2k,cos(kx)k[e™ + 1] 1)
Cl(e_2k+ 1)+ C2(e2k(—1+d) N e—2kd)’

Ib,x -

where C, =K, and C, = 1 — K,,.
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~AwbdpE

o

Cl(e_2k+ 1)+ Cz(ezk(—1+d) + e—2kd)
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