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When metals are dissolved in concentrated acids, ‘we get two types of curves V
zepresenting the variation of the.rate of dissolution of the metal with the acid.
concentration: ‘curves w1thout any maximum and. curves having a maximum.

Curves without any maximum have been obtained by Conroy [1], by Oranskaya"l’ _
and the present author [2,3], and by Krasilshchikov [4] for the dissolution of . 4,
iron in hydrochloric and sulfuric acids at concentrations up to 10 N; Tsentnersh—'-tﬁs
~ver secured such curves. for the dissolution of cadmium [5], tin [6], and aluminum - -
[7] in hydrochloric acid. Similar curves have been plotted for cadmium and alum- '~
inum in our laborstory as well. On the other hand, Kayander [8] long ago pointed
out that when magnesium was dissolved in concentrated acids the function’ V(é) 1s
wppresented by curves exhibiting a maximum. V(c) curves with a maximum were .
secured by E. Miller [s], as well as by the present author and A.M.Markevich [10] g
 for the dissolution of chromium in hydrochloric acid; though we showed that this
" maximum vanl shed when the - solutlon was stirred sufficiently during dissolution.
Tn the same papers it was shown that the V(c) curves exhibited a maximum for the
dissolution of chromium in sulfuric acid as well (without stirring), this maximum .
being located at about 12 N HZSO4 in our tests. Ram [11] and Damon [12] secured -
g maximum on the V(C) curves for the dissolution of iron in sulfuric acid of about ‘»
15 1k N (agaln in tests carried out without stirring the solution). A »

. geveral suthors — Tsentnershver . [13], Kayander [8], and Miller [s] - ‘have
commented that the V(c ) curves with maxima for the dissolution of metals resemble
the specific conductance — acid concentration curves, Palmayer considering thig

. to be a direct proof that the equation of the theory of local elements was cor-
rect. Tsentnershver, on:the .other hand, found that the variation of the rate of
. metal dissolution with the aCid concentration could be expressed by the general

equation"

‘ . _,v.—;kc,"w‘ (1)
where n > 1, for the dissolution of cadmlum, tin, and aluminum he.had investiga_
" ted and camé to the conclusion that in these instances we must reject the concept
" of the.electrochemical- mechanism of the dissolution of metals, proposing instead
" another mechanism, which he called "chemical" [14]. We believe that both views, .
that of Palmayer as 'well as that of Tsentnershver, are wrong, though we must ad-
mit that, 1ndependent of their views, the notion that the V(c) curves with and
© without a maximum represent. different mechanisms of interaction between metal. and :
acid is fairly plausible at first glance. We shall, therefore, begin by ‘endeavor-~ -
ing to furnish an explanation for the existence of a maximum on the V(c)'curves,
at the same time demonstrating that both types of curves can exist for one and .
- the same: mechanlsm of metal- acid interaction ' oo !




e Mechanism Governin Ay .  v ' Maximum on the Curves Repre-
he Mechanism Governing the Appearance ofva »
vgezting the Variation of the Rate of Dissolution of Metals with Acid
s L ' ' - Concentration ; ;

Tgentnershver [13] long ago néted that the position of the maximum on the =~
V(c) curve and on the X{c) .curve.did not coincid

le altogether for the dissolution
© of ‘maghesium infacétic'écid;"'ACcSraiﬁg°to”K§yahder,“the meximum on the V(c) g?rve
1s located at approximately 6.5 N acetic acid, while the meximum conductance
acetic acid 1is located at about 2.5 N. - : » .

‘The discrepancy between the positions of the maximum on the V(c) and ZiC)i
is even greater in the dissolution of iron in sulfuric acid, Damon [12] finding™
that' the maximum of the V{c) curve occurs at about s 13-14 N acid, while the :
N B , ‘ , maximum condictance of sulfuric
acid lies at g concentration of
about 8'N. ' These facts are evi-
- dence against the theory that the
maximum of the conductance curve:
15 the underlying reason for the
‘maximum on the curve for the rate
of metal dissolution. The most
- .convincing confirmation of this
conclusion, in our opinion, is our.
-observation that the maximum on-the
curve showing the variation of the
dissolution of chromium with the
“concentration of hydrochloric acid
" vanishes when the solution is stir-
red vigorously enough.
., Venlence's sake, th
i produced in Fig. 1,
£ L i T in this figure wag pl
f‘:J?‘ o e Ny ' unstirred solution <(w = 0), the
v S ' .. - curves ab'c! and ab"c" representing
o W="130 and 200 stirrer rpm, respec-
tively. The curve abb"™ , without a
maximum; was plotted at W= 370 rpm.
: ximum on the V(c) curve shifts as *
't W= 370 rpm the maximum vanishes altogether, the
. ‘chromium dissolves with the concentration of ..
the hydrochlor '

¥ an exponential curve resembling the curves
» cadmium, tin, and zinc. P '
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»"Blnce we know the change in the shape of this curve
that occurs when the solution + In our g1 c F

ve.
scussion it is convenient to.
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and an expression for

the rate at which the resction
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. our paper written together
solves in hydrochloric acid whose concen .
t.of the effectiveness with which the . .o \

- of the V(c) curve, correspon

“;Thus the 1evelln8 out of the rates is
', Que here tothe adJjustne

" We shall not’ go’ into the question of How the metal is diffused in the solution - as free cations. or. say. o
pelieve that in every. instance this rate isen increasing function ,*-

_++ Of ‘the metal salt at the metal -8u

-‘L the metsal. wiru the concentra

- which agrees with the experimen

LA N

vetions tnet ce >ct1y»expresu the general nature of the behaV1or patterns in-f” B
volved, lior are we - now intei\sted in tho mechanism of the reactions taking place"'f

© 8t the surface of the metal. . ‘ c e
. N \.

the varietion of the reaction.rate at the surface -

A°00Td1983"f wa represent
tion of the acid by Equation (1):

e Vﬁ = kc‘,”f _ - :
tal data for the variation of the rate of metal
tion in the region up to-the maximum, provided the

~dlssolution with acid concentra
ceptiblys '

dlffu;ion process does’ not affect it per

We shall use the equation° .
ook Ee) cen @

metal is carried away into: the solutlon from .
is the'concentration of the metal salt at the ~

metal surface (for the.sake of simplicity, we assume that the concentration of

" the metal salt in the solution is -zero 'i{% the stirrer rpm; and m is sn.ex-
0.5 and 1. The variable. (a) represents the in- .

' ponent whose valucs lie between
tensity of the stirring due to the movement of hydrogen bubbles at the surface

of the metal. In both of these equations the rates Vp and Vp are based on &
Un1t of the geometrical surface of the metal. ‘ *

Let us now- consider the . rate at which chromium dissolves as a function of B L
rochloric acid. According to the data .set forth in S

the COncentration of the hyd
with A.N. Merkevich, the rate at which chromium dis- " .
tration is lower that that at the POint" -

for the rate at. which the: dissolved
‘the s surface of the metal,'.where cn

(b) on the curve. of Fig 1 is independen
in the case of the dissolution of .chromium, We may.

solution is stirred. Hence,
set the effect of aiffusion processes as, practically: equal to zero in this range
"o that Equation (l) is a valid expression.7f

. of hydrochloric acid’ concentrations

of the rate at which chromium dlssolves. S

‘Figure 2 is a schematic representation _ S
ding to this ’

Furthermore, R V

‘equation (the curve abb"b
t cqual Vn, N ‘ L

in the stationary state|VD mus

e, N \
k(w + a)cn = kc . ’e

In th@ range of acid concentrations under' ’

‘discussion this’ equation may be readily-

imagined to occur 1in consequence of ‘the

 fact that the concentration of the salt \”,}' 1 -

‘at the metal surface,(cn) automatlcally AR . . - C ¥

becomes such asito make . e IR IR TR S
Vp=Vao o e 2 4y 6 8 bc

nt of the rate h L
Of the diffusion'process to the reaotlon vFig..é;

¥

a8 more complicated complex ions. We
eke. of simplicity we assume. that it is proportional to -

rface for the 8

rface of the metal 1nto the solution 88 well as to ‘l'ﬁ e

B

:hat concentration.

:ﬁis epplies.to the diffusion
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~ fall to the value corre

fafé at the metal surface, which conforms with the assumpt1on that in this’pasé‘
it is this reaction that governsﬂthe~kinetigs of _the metal's dissolution.®

g the rates of these brocesses‘of-ours is con-
to a limit that is represented by the conditinn that cn = Cn,
concentration of the metal salt in"a saturated solution of the
the rate Vp corresponding to the given value of ® and of the
n can also rise only to & certaln limiting value Vﬁ,}equal/to

*- Such a mechanism of adjustin
‘fined, however,
where Ch is the
. .same, Likewise,

~acid concentratio

k'cn, where _
Tk =™ 4 ), . (3)

It should likewise be borne in mind that the value of CJ must drop rapidly

‘a5 the acid concentration rises, and that, hence, the value of the raté VH must
also drop in accordance with Equation (3). The descending curves in Fig. 2 are
-8 schematic representation of the rate VH as

a’function of the acid concentration,
each of the curves corresponding to a glven value of W, as noted on the curve.

Let us'consider'the'dissolution of chromium at w= 0. Since, according to Fig. 2,
~the curve [VRly-, lies above the Vn curve at concentrations up te 8 N, Vn =
= Vp < V) 1in this concentration range, and hence, cp ¢ CR. . Accordingly, the
factor governing the kinetics of metal dissolution here will be the reaction ,
taking place at the metal's surface; and the rate of metal dissolution will rise,

~ in accordance with the sha the a — b section). But this in-

, , , Y an increase in the value of cp, while:
the variable Cp will decrease (owing to the rise in the concentration of the acid)'
At the point b the rate Vp equals:the rate V{, while Cn equals Cj. . Now any fur-
"~ ther increase in the rate of the diffusion process as the result of an increase -
" in . cn becomes impossible. '

: Moreover, as the acig concentration rises still further
the value of Cp will have to start dr : t

f opping off, as a result of which the rate
Vp will also begin to fall (in accordance with the curve for = 0, along the
stretch from b to ¢). As the acid concentration is raised to 10 N, this rate must

sponding to the polnt ¢, but since the conditicn Vn = Vp

for the stationary regime»must be fulfilled, the rate Vn must also fall to.the
value corresponding to the point C.

_ _ "Therefone, the rate of dissolution of the 
-metal actually passes through 8 maximum at the point b, = = .
o We still have to explain why the rat ‘

raised from 8 to 10 N, ithstead of
We believe that this drop is.
- & precipitate of the metal salt,
minisheg and hence the rate Vp as
- In other words, we. b
is

' elieve that.on the descendi | e ‘
chere e e ¥ i P ixed by . cending branch of the curve V(c),
~tration; the leve

| : ven values of W and of the acid concen-
then in v Lling out of the rates Vn and vy is due to a change in V, rather
by nh Ds : he ascending branch of the curve.. We conceive

¢ mechanism of this adaptation .of the rate Vn to the rate Vy as follows. At
V?th>tVD, the s?lutlon at the surface Of the metal will become supersaturated
-}'zﬁe dihinliiter ; :alt, which will be precipitated on the metal's surface until

‘ ~eminution o 8l surface causes the rate V. to equal the rate

‘VDy ‘At Vy < V§, the 0.

metal's surface will dissolv } the deposit of galt on the

- m , e, so0 that /
. rate V; equals the rate VB.,.’ - o the antive nurface w;;l inc:ease’until the

he family of nurve‘ repr ' > '
g rate 1s increased the s reproduced‘in_Fig. 2 that as

: : (c) curve must
ons, which agrees with the data of Fig. 1. In
the porti '

- TS , , ons of the descending VH curves in Fig. 2
_‘The rate at whic ' L : o



: ﬁ 1ie]éBové‘£h¢:V(¢)‘cdrVe afe'aiscardé§§3ﬁe'get,afamiiy,ofcurveé'thét;afe*,'vg*
ite 1like the familY”of,éXperimental'curveSvreproduced in Fig. 1. P
. The méchaﬁisﬁ ianlVQd in:theiformation‘of s maximum on the v(c) curve p}o_;,\f

rused by us also provides & good explanation'of.the peculiarities we have ob-
. ne rate of solution of chromium in hydro-

Served in ‘the effect of stirring upon ©
. Chloric acid. These peculiarities are as follows: up to a certain acid concen-
°, tration, about 8 N, the rate at which the chromium -dissolves 1s independent. of
'vanY,Stirring of the solution,‘whilefat_higher acld conqentrations a‘pronounced< '
‘ ‘ is characterized by the

St%rring effect is menifested; this_effect,.hoWever,
existence of & limiting stirring rate, ~bove which the rate of solution again. S

- becomes independent of the rate -of stirring. For the sake of convenience, we -re-'. -
. Produce in Fig. 3 the curve plottéd by,A.M;Markevich and the present author [10] .
“that illustrates the veriation of the. - o , ‘ SN
_ Tate at which chromium is dissolved - V.ioo
in 10 N h ‘ ; < o
AL Ydrochloricracid with the R
-itlr?er=rpm‘w.* This*phenomenon\may" Igo
"be readily explained as follows With
. the aig of Fig. 5. Let us assume o I i
3 thatLWe are observing the dissolu- ho
. tion of chromium in 10 N hydrochloric. :
. 8cid at w =03 then the rate of solus .
tion of chromium must be thab given =~ Joo
By point ¢ in Fig. 2., As the stir-. .
rlng,ratevis,raised~tb w = 200 rpm, S e
. the rate of solution of the chromium. 60
v riées to the value given by the e e TR
. -boint d', ‘the rate of the aiffusion . = o SR R
| Drocess rising as the direct result gl B
,of the ‘increase "in the‘stirring_rate,‘. : SR B
»f¥§ile-the eaction rate at the sur— .
ce of © net ri the re- . = e . o o
. -sult of ﬁﬁ: 2?2:$1iiizzvi; part of the salt deposited on the metal surface and . -
~ the corresponding increase in the active area of the surface. - When the v is in-. ..
Creased t0.370'rpm, the rété‘df solution\rises tofthe value,given_by,the,point‘ ‘.
LoD the metal surface being completely.freed,of‘the-p;ecipitate. »Any fur?her' B
“dncrease in ® can then have no offect.on the rate at which the chromium dissolves,. .
: Since, it leads'mefelY~to-the‘cOnditiOn cnkk Cﬁ,'at‘which the factor -controlling. '
. the kinetics of the p}ocess‘is»thé reaction at the metal's surface, the rate of '«
Which does notfdepend-uPOn » when there is moO deposit of salt upon the surface.. .
It .is obvious that the Poristion of ¥ with .o will then be exprgssgd by the curve i
shown in Fig. 3. ‘Thus,ﬁthefmébhanism_we ovides a satisfactory i

have suggested pr ’
- explanation of the fairly,complicatéisystem of behavior patterns‘inyolved.in ?he» :
. Manifestation of'a‘méximum‘on thefv(c)‘curve for the dissolution of thomigm‘lnﬂ;
- hydrochloric acid- We might also mention that this explanation of the maximum
. Asalse of:funaaﬁéntal‘sigﬂificaﬂce’ Since.it‘illustrates«the'possibility of o
. abrupt changes in the relationship between the effects of two consecutive pro- .7
. cesses.  Actually, in the case 'in stion the:factor'gontrolling the kinetics
) a . 1eft of the maximum was the reaction at the -

ot d-i,s~’°:,Ol1.1‘t:‘Loz'1‘ofi;he‘m‘et'al'to the 1€t O : _
metal's gurface, whereas to the right of the maximum the appearance of & .nev -

. .'Phase in the system (the‘salt.depoSit)\made'the'process of the diffusion of the .
. Teaction broducts’the fagtor that;govefned the kinetlcs of the métal!s d1ssolu~g
- tion-"Theqccntrollingffactbr‘1ikewise changes ‘— the area-of the active gurfaqe
;Vbegins,totaCt as this factor“instead of the concentration cn: . - SRR B
" h) ‘It may be tﬁbughﬁﬂthatfthé‘explanati°n 0ffthe maximum on the V(c) curve We. .,
| i78ve suggested for‘the‘dissolution'of‘chrdmium,also applies to the §15S01uti°n SRR
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" other metals in otheriécids,',In support of this we
siderations. "According to this explanation,

' secured whenever the concentration of the met
VTSaturation; the higher the rate of dissolutio

.~ ring of the solution, the lower the solubility of the metal salt, and the higher
the acid cbncentration, the faster will satur

atlon set in. These assertions are
. buttressed by the following facts, We got a meximum on the V(c) curve for the
 dissolution .of chromium in hydrochloric acid at:8-9 N hydrochloric acid (at w=
0), and at-12 N sulfuric acid for dissolution in' that acid, which may be ex-
plained as due to the fact that'chromiumfdiSSOlvésvin_sulfuric acid at a much
lower rate than in hydrochloric acid. In Damon's-experiments mentioned above,
the maximum on-the V(c) curve was also shifted
"~ tions ‘of sulfuric acid f

or the grades of steel t
- Whenever curves without any maximum are secured
‘eyen when there 1s no stirring of the sol

cadmium, or zinc in hydr

¢ have the following con-
curves exhibiting a maximum will be

n of the metal, the weaker the stir-

oward somewhat lower concentra- .
hat dissolved most rapidly.

‘for the dissolution of a metal,
ution, as in the dissolution of iron,

dissolving metal. Regarded in this light
solution of cadmium and % 3

, : e surface of the magnesium
Trather then by the rate of the chemical reaction at the latter's gurface. This
1s not the case, however; in this Instance, the variation of the rate of dif-
fusion of the acid molecules toward the surface of the magnesium (and, hence,
thg’variation of the rate of solution. of the magneéium)-with”the concentration
.~ of this acid may be expressed by Equation (1), withn = 1. Thus, all our argu-
. ments apply heré as well, the sole difference being that when magnesium is dis-
solved In acetic acid, the appearance of & maximum will be governed by the abrupt
change in the relative welght of the two diffusion processes, since the factor
controlling the kinetics Of magnesium dissolution will be the diffusion of the
, @cld. toward 1ts surface on the a8cending branch of the V(c) curve, and the dif-
usion of'the‘magnesium.salt into the solution on the descending branch.
. . Nor does th . ‘
which chromium 1

e high temperature

, chromium salt is diffused from the
ace into the solution mugt verned not only by the increase
ncrease in the solubility of the
€ coefficient of which mey be

the temperatur

sulfurlc acid. In Damon'g paper [12] thig hypothe
lowing: iron plates?passivated 1n Sulfuric acld we
cold water and then placeq In a beaker witn warm
plates disappeared within g
gain, ions of iron ang of 80
‘ It may therefore be conclugeq that the expla
the mechanism and the laws governing the appearanc
curve observed during the dissolution of metals ig

8ls was confirmed by the fol-
re first quickly washed with
weter, vhere the whitish film .
few minutes, after which the =
4" being detected in the water.- '

nation we have advanced‘for
e of a makimum on the V(c)
applicable fairly generally.

on the surface of the
plates became active g

\
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al salt at the metal surface reaches '
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~§g§32Ver, 1t must be borne in min
Sul‘;uion of such metals &8 chromium,
feot ric acid, especially at high temperatures,
tie of the sulfuric acid as
surface. ‘

may be due to the oxidizing ef-

|

- . o SUMMARY

1..The problem of the ceuse that P

presenting the variation of dissolution of meta
|

been examined. _
2. It has been shown that this maximum 1s not related to the meximum con-

ductance of the acid. :
um on the V(c) curve representing the dissolu-

3. The occurrence of & maxim
1d has been used to demonstrate that this:

;;°n of chromium in hydrochloric ac
aximum may be,explained"by pssuming that the rate at which the chromium dis- -

| i:tVes is governed by the rate of the reaction occurring at ‘the surface of the

. cural at the acid concentrations 1ying along the ascending branch of the vic)

s ve, while it is governed by the aiffusion of the metal's salt or its ions
from the. surface of the metal into the solutionvof the acid at the latter's con-
centrations on the descending pranch © '

metal's salt at the latter's surface attaining conce

the maximum occurs on the V(c) curve. '

1s with acid concentration has

npration at the point where

7/
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