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Effect of acridine hydrochloride on the temperature dependence 
of dissolution of Sn70In alloy 
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The effects of temperature, potential, and addition of acridine hydrochloride on the 
anodic dissolution of Shin alloy containing 70% In in a chloride-containing solution were 
studied by chronoamperometry. The processes of In dissolution limited by solid and liquid 
state diffusions and also those associated with a phase rearrangement and enhancement of 
the alloy surface were considered. 
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Unlike binary alloys with a low or medium content 
of the more electronegative component  [A]0 , alloys with 
high [A10 are much less studied, 1-3 and data on the 
influence of the temperature on the rate of dissolution of 
these alloys, including those in solutions containing 
surfactants added, are missing. In this work, we studied 
the influence of the temperature on the selective disso- 
lution of an ind ium-- t in  alloy in the presence of acri- 
dine hydrochloride and the enhancement  of the allo9 
surface caused by the phase rearrangement. 

divided into several sections (1--7) ,  in accordance with 
the scheme shown in Fig. l. 

The transition time ~l~ (sir2) (see Fig. 1) corre- 
sponds to the replacement of retarded unsteady-state 
liquid diffusion (section 1--2) by retarded steady-state 
liquid diffusion (section 2--3) (xt,2). Section 3--4 is 
described by Eq. (1) 2,6 and corresponds to the region of 
mixed kinetics in which the rates of steady-state liquid 
diffusion and unsteady-state solid diffusion are com- 
mensurable. 

Experimental procedure 

The anodic dissolution of SnT01n alloy with a content of 
indium [In] 0 of 70% (w/w) was studied by the potentiostatic 
method with a stationary electrode in argon-saturated solutions 
containing 1 M LiCl + 0.01 M HCI at potentials E = -0.58 
and -0.52 V (vs saturated silver chloride electrode) in the 25-- 
65 ~ temperature range. The velocity of hydrogen evolution 
found by extrapolation of the cathodic curve was smaller than 
the anodic current density (la) by more than three orders of 
magnitude. The rate of tin dissolution determined by polarog- 
raphy was smaller than [a by 2.5 orders of magnitude. There- 
fore, it was assumed that the partial rate of indium dissolution 
i ln  = l a '  The experimental procedure and pretreatment of the 
electrodes were described in more detail in a previous publica- 
tion. 4 Acridine hydrochloride (AHC) in a concentration of 
5 mmol L -I was used as the additive. 

Results and Discussion 

Snln  alloys are reversibly dissolved in chloride me- 
dia; 5 this involves successive replacement of retarded 
diffusion steps of the process by one another and can be 
accompanied by phase rearrangements. 2,3 Based on these 
data, the anodic current-- t ime transients obtained for 
the dissolution of In from the Sn70In alloy can be 

ila = p -  Qxll2, 

p = nAFDla3+[lnlsS-texp(2,3AEo/ba), 

(1) 

(2) 

Q = 2p2/(nAbIlnls ~ ), (3) 

where P/A m 2 and Q/A (m 2 sl/2) - I  are coefficients of 
the linear Eq. (I); Dln3+ and Din are the liquid and 
solid-state diffusion coefficients,  respectively, F/C 
(g-equiv.) - t  is the Faraday constant;  5 is the thickness 
of the liquid diffusion layer, [ In]s  is the surface concen- 
tration of In in the solid phase, 6E  0 = E - Ep ~ Ep ~ is 
the standard reversible [n3*/ln potential;  and ba/B is the 
Tafel coefficient. 

The surface enhancement  caused by the phase rear- 
rangement occurs after Zse. The competing influence of 
two factors, namely, the increase in the thickness of the 
solid-state diffusion layer with t ime due to the selective 
dissolution of the alloy and the surface enhancement  
leading to the appearance of areas with increased [ln]s 
on the bottom of cracks, on the iln value results in a 
multiextremum dependence of / In  o n  x in section 4-- Z 6 

It can be seen from Table 1 that the anodic behavior 
of the alloy depends on the potential  E. The presence of 
extrema on the current-- t ime transients is more typical 
at E = -0 .52  V; in other words, in this case, the phase 
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Fig. !. Scheme for the anodic current--time transient for the 
dissolution of indium from the alloy: (1--7) stages of the 
process and phase rearrangements; iln is the rate of indium 
dissolution, and x I/2 is the phase rearrangement time. 

rearrangement and the surface enhancement  occur more 
intensely, whereas sections 1--2 and 2--3  are not real- 
ized. In addition, when E increases, the efficiency of 
AHC diminishes (see below). 

Since at higher temperatures (7) iln increases, this 
should increase the concentration of irreversible vacan- 
cies and the defectiveness of the surface layer; in addi- 
tion, this should facilitate the phase rearrangement and 
the surface enhancement.  In fact, as the temperature is 
raised, the current characteristics i~, irnax, imin, and 
imax/imi n increase, whereas xsr and qsr decrease. The unit 
critical electric charge qse is supplied to the electrode 
over time xse, which can be interpreted as the induction 
period of surface enhancement.  Since upon an increase 
in T, the relaxation after the phase rearrangement oc- 
curs faster and is characterized by a smaller qse, of the 
two processes, viz., generation and drain of vacancies 
resulting in the formation of the irreversible surface 
layer, the former is accelerated to a larger extent with an 
increase in T. 

Since imax/imi n is not larger than 1.4 at E = 
-0 .52  V, the surface enhancement  is relatively insignifi- 
cant and becomes somewhat more pronounced as T 
increases. During the period Ax t, the decrease in the rate 
of solid-state diffusion predominates over the increase in 
iln due to the surface enhancement.  In the Ax 2 range, 
the second factor starts to predominate. At rmt n and 
"Cmax, these factors are equally significant. The increase 
in Ax I and the decrease in Ax 2 following an increase in T 
implies that the temperature has a greater effect on the 
solid-state diffusion than on the phase rearrangement or 
the surface enhancement .  

At E = -0 .58  V, the temperature dependences of 
rse, ise, and qs, are similar. As should be expected, at this 
potential, the ise values are smaller, whereas the xse 
values are higher than the corresponding values at E = 

-0 .52  V. However, according to the data reported pre- 
viously, 3,6 the qsc value is virtually invariant with respect 
to E over the T range considered. 

The dependence of iln on T is linearized in the 
Arrhenius coordinates, logitn--l /T.  To calculate the ac- 
tivation energy (W) more correctly, it is necessary that a 
given ~ be matched by equal sections in the current--  
time transients, Le., that the retarded stage of the pro- 
tess be retained. Therefore, several Wvalues for sections 
that overlapped in time were calculated (Table 2). 

The Wvalues for section 3 - - 4  of the mixed kinetics 
lie mostly in the 20+4 kJ tool -I  range; they scarcely 
depend on the E value and somewhat decrease with x. 
The transition to the dissolution of In under the condi- 
tions of phase rearrangement and surface enhancement  
is accompanied by a substantial decrease in the 14/ 
values, as indicated by the comparison of their values 
found for identical x but different T ranges. At E = 
-0 .58 V, surface enhancement  is less significant and the 
14/values become somewhat larger than those at E = 
-0 .52  V. 

To estimate the temperature dependence of the solid- 
state diffusion rate, we used the Arrhenius equation (4) 
and the Din values (see Table 1), which do not depend 
on the time z when x < xsc and had been calculated 
using Eq. (6), 6 which follows from Eqs. (2) and (3). 

Din = DI 0exp[-Wa/(RT)], 

Di o = vexp(AS/R), 

DIs = 4P4(9Q2~tF2[ln102), 

(4) 

(5) 

(6) 

where AS is the activation entropy and v is the frequency 
of thermal collisions of particles. 

it follows from Table 3 that the W o value in a 
solution containing no AHC virtually does not depend 
on the E value, while the entropy factor increases with 
an increase in E. According to the mechanism of diffu- 
sion through irreversible vacancies, t -3  the effect of AHC 
on the constituents of Din is determined by the E value 
and is formed in an initial time interval. 

In the general case, the addition of inhibitors can 
retard the reversible dissolution of alloy components as a 
result of complexation, by forming a polymolecular film 
on the surface, or by decreasing the liquid diffusion 
coefficient. According to the results of spectrophoto- 
metric measurements, the dissolution of In does not 
lead to photochromic shifts in the ultraviolet or visible 
regions of the spectrum of the initial solution of AHC; 
this indicates that the associates formed are unstable. 
Thus, AHC acts by a film mechanism. The decrease in 
the efficiency of AHC upon an increase in the E value 
can be explained by two reasons. On the one hand, as E 
increases, the positive charge of the surface also in- 
creases (the zero charge potentials for In and Sn are 
-0 .86 V and -0 .64  V vs saturated silver chloride elec- 
trode, respectively); this hampers the initial electrostatic 
adsorption of the acridinium cation. On the other hand, 
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Table Z. Dependence of the activation energy (tV/kJ mol - l )  
on time (r) and the potential ( ~  in solutions containing no 
AHC 

E = - 0 5 8  V E = - 0 . 5 2  V 

/min Ws_~ W ~ S  Ws_ 4 W ~ s  Ws_. 6 W6__ 7 

0.1 22.4 
0.5 21.7 
1.0 18.0 
2.0 14.6 11.3 
3.0 16.3 9.0 
5.0 9.6 
10.0 8.4 
20.0 8.2 
50.0 8.4 
80.0 8.4 
100.0 8.4 
140.0 8.4 
180.0 8.4 

23.4 
20.7 
22.0 
16.6 
14.6 

15.3 
11.5 
6.4 
6.0 
5.1 

6.4 
6.7 
7.5 

5.7 
5.3 
7.1 

Note. Indices at the W value correspond to the numbers of 
sections of the current--time transient (see Fig. 1). 

T~ble 3. Dependence of W 0 and D O on Eand on the presence 
of AHC 

E/V Solution W~kJ tool -I  OT,~ 2 s - i  

--0.58 0 11.5 6.4" I0 -I I 
-0.58 AHC 22.9 1.3- 10 -9 
-0.52 0 11.5 1.5 �9 10 -9 
-0.52 AHC 9.9 6.2- 10 - l l  

according to vo l tammet ry ,  E = - 0 . 5 8  V corresponds to 
the transi t ion o f  the alloy to salt passivation, while E = 
- 0 . 5 2  V lies in the region o f  stable salt passivation. 
Apparently,  the  film formed by the inhibitor  cannot  
compe t e  substantially with a salt film. Hence ,  the intro-  
duct ion of  A H C  into the solut ion virtually does not  
change  the c u r r e n t - - t i m e  t ransient  pat tern  at E = 
- 0 . 5 2  V, whereas  at E = - 0 . 5 8  V, it results in the 
disappearance o f  section 4 - - 7  at 25--40 ~ and in the 
appearance of  sect ions 1--2 and 2- -3  at any T value. 

The  kinetic equa t ion  for section 1--2 has the follow- 
ing form: z 

i+,, = 3/~lnl0 ~ / x ~  exp(2,3AE0/b a) = 

= 13~-I/'> ~'Fl~ln~+ . (7) 

Under  the condi t ions  considered,  the i - -x  -112 straight 
lines can be described by relation (8), which points  to a 
dependence  o f  Din3§ on -r. 

iln = ihl.0 + p.~-112 (8) 

From relat ions (7) and (8), it follows that 

~lnS+ = (Pi + ihl.oill2)l~ = ~ + PD It/2" (9) 

Tlble 4. Dependence of DIn3§ and 6 on T and x and the 
dependence of the constants of Eqs. (8) and (9) on T 

Sec- Parameter 25 ~ 40 *C 45 ~ 65 *C 
lion 

1--2 DIn3+" 10t2/m2 s -I 1.3 2.3 4.1 23 
(t = 2 s) 

1--2 Dins+" 101t/m2 s -1 0.6 1.5 2.7 10 
(~ = 25 s) 

1--2 iln.0/A m -2 27 47 67 115 
1--2 p-d'A s -1/2 m -2 51 45 57 190 

1--2 ~ �9 107 8.0 8.8 10 26 

/m s -1/2 
PD" 107/m s-I 4.4 9.3 10.6 15 
DIn3+lS" 107/m s - i  2.9 4.2 5.7 l 1 
fi. 10S/m 1.9 3.6 4.7 9.1 
DIn3+/8 �9 107/m s -I 4.8 5.9 6.8 13 

1--2 
2--3 
2--3 
3--4 

In this sys tem o f  c o o r d i n a t e s ,  ~D~,3, - 

(Pl + iin,OZI/2), for each par t icular  [In]0, i rrespective of  
the E and T values, we obtain one  straight line starting 
from the origin o f  coordinates  with a slope o f  1/13. The 
constants of  the equat ions  obta ined  are related to one 
another  as 

itn.0 ~ = n,~,o- (t0) 

Since Pi > 0 and 13 > 0, it should  be expec ted  that 
Din3+ would increase with r. This  is consistent  with the 
results of  calculat ions (Table 4), which also conf i rm the 
validity of  relat ion (10). 

The  calculated Dln3+ values are substantially lower 
than the diffusion coefficients  for ions in water  (7 �9 10 - l ~  
m 2 s-I) .  They can  be interpreted as effective values for 
the diffusion of  ions through a film formed most ly at 

< xt, 1. The increase in Dln3+ with x can be explained 
by the fact that  the film becomes  loose as its thickness 
increases with t ime. 

Kinetic Eq. (I I) z makes it possible to es t imate  the 
film thickness 8 in sect ion 2--3; it is assumed that  the 
Dirt3+ value does not change on going from section 1--2 
to section 2- -3  (see Table 4). 

i~. = f~ 47  D.,3+/~ (l l) 

For the range o f  mixed kinetics 3--4 ,  the Din3+/8 
values were calculated from Eq. (2) taking into account  
the fact that. according to the powder  X-ray diffraction 
data, it can be approximate ly  considered that  [In] s 
0.2[ln]o .6 

Thus,  A H C  forms a protect ive film on the surface 
and thus decreases/In and, correspondingly ,  the  concen -  
tration of  irreversible vacancies;  hence,  it retards the 
solid-state diffusion and inhibits the select ive dissolution 
of  alloys. Simultaneously,  it changes the Tse and ise 
values. Let us consider  tile possible reasons for the 
influence of  A H C  on the phase rear rangement  and, ,as a 



1900 Russ. Chem.Bull., Vol. 47, No. 10, October, 1998 Ekilik et al. 

Table 5. Dependence of K x- on T 

T/*C E = -0.58 V E = -0.52 V 

25 3.7 0.2 1.0 -- 1.1 0.7 0.9 1.2 
3.5 0.4 0.7 -- 1.2 0.7 0.8 1.2 

45 3.0 0.4 0.5 -- 1.3 0.7 0.9 1.1 
65 2.7 0.6 0.4 -- 1.2 0.5 1.0 1.1 

consequence, on the surface enhancement.  In the gen- 
eral case, these processes are determined by the kinetic 
factor, i.e., by the rate of the fluctuational formation of 
the new phase, and by the thermodynamic factor, namely, 
by the activity of the more positive component of the 
alloy in the irreversible surface layer, which depends on 
the concentration of vacancies. 7,s Acridine hydrochlo- 
fide can exert a dual influence on the phase rearrange- 
ment. This compound can retard the process by decreas- 
ing the concentration of irreversible vacancies, which is 
manifested in the decrease in Din (see Table I); how- 
ever, this additive can also accelerate the phase rear- 
rangement acting as a surfactant. This is caused by a 
decrease in the interfacial tension energy (0) and, corre- 
spondingly, an increase in the rate of formation of N 
two-dimensional nuclei of the new phase with a higher 
content of the positive component,  according to Eq. (8~: 

N = Noexp(kucs2/~l.t), (12) 

where N O and k~, are constants and ~la is the supersatu- 
ration of crystallization. To estimate the effect of AHC 
on the characteristics of dissolution of the alloy, let us 
introduce the parameter K x = X/XAHC, where X and 
XAHC are the solid-state diffusion coefficient DI, and 
the time of surface enhancement  x~ in solutions without 
and with AHC, respectively (Table 5). 

It follows from Table 5 that AHC retards both the 
phase rearrangement and surface enhancement.  This 
implies that the factors of the concentration of irrevers- 
ible vacancies and the activity of the more positive 
component in the near-surface layer predominate. They 
are more significant at E = -0 .58 V and become less 
significant as T increases. The Ki.ln values at E = 
-0 .52  V are consistent with the foregoing; they lie in 
the range between 1.I and 1.5 and virtually do not 
depend on x. At E = -0 .58 V, they are markedly greater 

and increase as the protective film is formed from 
2.5--4.0 at ~ < 30 min to 200--400 at x > 2.5 h. 

Thus, when the temperature is raised, the phase 
rearrangement in the alloy and the  surface enhancement  
are accelerated, which requires a smaller critical charge 
and points to easier accumulat ion of structural defects. 

The increase in the time needed to attain the 
current minimum in the cur ren t - - t ime  transient upon 
an increase in the temperature and the corresponding 
increase in the time needed to  reach the subsequent 
current maximum indicate that the increase in the diffu- 
sion rate predominates over the surface enhancement.  

The protective action of A.HC decreases with an 
increase in the potential. At E = -0 .58  V, AHC forms 
an activation barrier to the diffusion, whose effect pre- 
dominates over the decrease in the entropy constituent 
of Din. In the salt passivation region (E = -0 .52  V), 
AHC virtually does not compete with the salt film and 
enhances it very slightly. The influence of AHC is 
determined by the entropy const i tuent  of Din. 
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