of Components of Zinc Chromating
1; Mass Transfer of Species Containing
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Mass Transfer
Solutions—Part

The concentration profiles of the components of According to conventional theory, the thickness of the

chromating solution were calculated on the basis of
mass transfer model, taking into account the mobil

chemical equilibria. The data on the composition mode]

of the diffusion layer, together with the analysis of th
solubility of certain Cr(lll) and Zn(ll) compounds, al-
lowed determination of the composition of conversio
coatings formed on the surface of Zn in the chromatin
solutions.

Conversion coatings containing various compounds of
solubility are formed on the surface of zinc becaus
chemical interactions between zinc and components
chromating solution. This improves the corrosion resist

diffusion layer depends on the diffusion coefficients of the
components. Consequently, if they are different, every com-
ponent has its own thickness of diffusion layer. There is
another situation, however, when the process of mass transfer
is coupled with rather rapid chemical interactions between
the components; then the same value of effective diffusion
coefficient, D, may be ascribed to each component. The
physical meaning of this operation was first studied by
Kacena and Matoustlind may be briefly summarized as
Idallows. Let us assume that one of the transferred species has
athigher individuaD, than the others. Because the mobility
tifesuch particles is greater, the concentrations exceeding
nequilibrium will be formed in the direction of the general

of zinc, as well as enhancing its decorative properties. Cartdifiusion flow. This results in a corresponding shift of chemi-
surface concentrations of the components of the system| acialequilibrium and leads to decrease in their concentrations.
at the zinc/solution interface as a result of the reductign™ie analogous result may be obtained by applying the diffu-
Cr(VI) to Cr(Ill) and the coupled oxidation of Zn to Zn(ll).sion coefficient with the lower value. There is a definite

This, in turn, leads to the formation of gradients of co
sponding concentrations, the magnitude of which deter
the rate of diffusive mass transfer. Since the process o
corrosion in Cr(VI) solutions usually goes under diffus
control! the quantitative assessment of mass transf
without doubt, an important challenge.

Two important problems can be solved by mean
mathematical modeling of mass transfer. First, it all
information to be obtained on the surface concentratio
components that determine the rate of redox processes {
place at the interface. Second, the comparison of the
obtained with the solubility products of some low-solubi
compounds makes it possible to determine the conditio
formation of conversion coatings in general and to eval
the thermodynamic probability of formation of these ca
pounds in particular.

The simulation of concentration profiles in the diffusi
layer becomes considerably more complicated when ch
cal interactions occur between the transported compone
the initial substances, as well as among the produc
electrochemical reactions. Recently, such a problem
generally solved for electrochemical processes invol
labile complexes of metatdt is worthwhile, therefore, t
analyze in a similar manner the mass transfer of compo
of zinc chromating solutions.

Theoretical Model
The regularities of mass transfer will be discussed on
assumption that the Nernst model may be applied to sté¢
state conditions. According to this model, mass transf
located in thed thick diffusion layer, beyond which th
concentration gradients are absent. Such a layer ma
formed both in the conditions of natural and forced con
tion, though, in the latter case, its thickness can be f

reerrelation between the effectibeand the individueD, (see,
ireg, Refs. 2 and 4).
zinc
offoncentration Profiles of the Cr(VI)-containing Species
r @ dissolving CrQin H,0, a rather complicated system
containing different Cr(VI) oxyions is forméd Among the
wiany well-known species, such agdO,, HCrQ,, CrQ,?
vesid CrO,?, there are polychromate ions,Oy;? Cr,0,,?,
saofd possibly, other particles of the @y ,,* type. Such
akingstituted chromates as G@D, CrSQ* HCrPQ? and
ddierPQ, should also be ascribed to thériquilibrium
itgharacteristics of polychromates and substituted chromates
ndafre been discussed by us in Refs. 8 and 9.
uateOther chemical equilibria between the components of the
nsystem are established as well. The number of such equilib-
ria, then, is rather considerable. Therefore, to simplify the
omathematical relations, only some will be considered, be-
enause the increase of quantity of the equilibria contributes
ntsathing new to the model under investigation. Accordingly,
ssofme of the following reactions were selected as typical:
was

g Cro, + H <kﬁ> H,Cro, 1)
nents *

CrQ +H <k£> HCrQ; (2)

2

the k,
ady- 2HCrQ <=> CtO,” + H,0 ®)
er is Ks
e

Bé lf*%rekwith the positive indexes represents rate constants of
i ‘yect reactions (1)-(3), ankl with the negative indexes
rep

resents the relevant reverse reactions.

accurately calculated theoreticafly.
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Fig. 1—Corrosion of Zn in solutions of Cr(VI). Diagram of the geneg
concentration profiles of Cr(VI), Cr(lll), Zn(ll) and labile donors
protons (C+) in the diffusion layer simulated according to Nern
y = x/d, where x is the vertical coordinate, and d is the thickness o
diffusion layer.

Moreover, it is necessary to discuss two important par
eters defining the system under investigation. The first is
analytic (total) concentration of the species containing Cr(
This value is determined by the quantity of CiSed in
preparation of solutions and, consequently, may be e
kept under control.

When restricted to only consideration of proces
(2)-(3), the material balance for Cr(VI) can be expresse
the following relationship:

[H,CrQ] + [HCrO,] + 2[Cr,0,?] + [CrO,?] = C,,,,y (4)
The other parameter describes basic-acidic properties ¢
system and represents the total concentrafign, of donors
and acceptors of protons. As can be seen from Egs. (1
the chemical reactions in the system involveidhs. The
donors of protons are represented, first, by such speci
H,CrO,and HCrQ, which are capable of generatingibhs.
The species QD,? should also be assigned to this gro
when the reverse reaction (3) proceeds, two moles aféd
generated. On the other hand, the @is are capable 0
bonding with H and, therefore, represent acceptors of
tons. It follows that the expression 10+ could be written
in the following way:

2[H,CrO] + [HCrO,]+[H']+2[Cr,0,-[OH]=C+ (5)

In contrast withC,,, the paramete€, " is somewhat
more abstract. It can be obtained by means of Eq. (5), h&g
previously determined the concentrations of the species

taining Cr(VI). The latter procedure is described in deta
Ref. 6. It requires solution of Eq. (4) using the equilibri

& a3

=] o d

02 03
e 4 1

ral
f
stFig. 2—Dependence of limiting current [i(Cr(VI) — Cr(lll)] on the
theneral acidity of the Cr(VI) solution. Graphite electrode; Cr(VI) - 0.01,
S0O,2- 0.4 mol/L. Scanning rate, 33.3 mV/sec; rotation velocity of electrode
(rpm): (1) 1500; (2) 1000; (3) 500; (4) 300.

am-
the
VI).

a
EH‘

/ot =D 9*C

) cr(vi

(6)

_ (7)
asily

without any kinetic terms, reflecting the rate of chemical

SeSaction.

0 O¥nsequently, the total concentrations of Cr(V1)-containing
species, as well as those of donors and acceptors of protons,
may be described by the same differential equations as simple
redox reactions, which proceed under diffusion control. To
solve these equations, it is necessary to formulate the appro-

f@fieite initial and boundary conditions. The latter are deter-
mined by means of control of the potential electrdgjeqr

-E8krent densityi, when the electrode is polarized from the
source in the external circdit.In the case of corrosion

EP@Tesses in general, and chromating processes in particular,

an overall current via the electrode equals zero. Accordingly,

U@hanges in the surface concentrations with tithejll be
determined by the kinetics and mechanism of heterogeneous

f reactions. Those processes, in turn, will form corresponding
rBoncentration profiles.

Under the steady-state conditions (wliot = 0) and
within the framework of the Nernst model, it follows from
Egs. (6) and (7) that the values@f ,,(x) andC +(x) vary
linearly with the coordinatg, within the range of & x <0.

Also, it is necessary to take into account the fact that the
oxygen splits from chromate anions during its reduction and

Mif@racts with protons, yielding B. This process can be

Cfitmally described as a reaction Cr(VI)ytH* + 3e -

For(i), wherey,, is the absolute stoichiometric coefficient,

UWhich will be assessed below.

0C., JJox?

9C,,*/dt =D 07C,,/0x

constantsK, of processes (1)-(3). Having performed
above operations, all information on the distribution of
components in the bulk of the solution can be obtained,
is necessary for calculation of the composition of the di
sion layer.

It is further necessary to discuss the flow of the oxidi
forms in the direction of the coordinatavhich is transvers
to the surface of the Zn electrode. For this purpose, the s
Fick’s law, complemented by the terms that account fo
rate of chemical reactions (1)-(3) (see Refs. 2and 10), s
be written for each species. After procedures described i
Appendix, two simple equations are obtained:

Cct ober 1998

he Such an approach allows a simple relationship between the
f_&;]ncentration profiles under discussion:
ic

fu- y,dC

/dy = dC_+/dy (8)
&fherey = /5 (Whendis not known, the dimensionlepgalue
is more acceptable thaih Thus, when one of the concentra-
caof profiles is established, the other can be determined on the
thasis of Eq. (8).
oulghe simplest case occurs when the process proceeds under
the conditions of limiting diffusion flow of donors of protons
(i.e., when the surface concentration+ (0) = 0). Because
the profile ofC,, + (y) can be easily constructed, determina-

Cr(vI)
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Fig. 3—Calculation of pH within the diffusion layer in the process
Zn corrosion in solution of 0.2 mol/L Cr(VI): a - G8p0.02, C*, 0.23;
b - Csq? 0.00, G+, 0.4; ¢ - Csq? 0.4; G,*, 0.279 mol/L.

tion of the profile ofC_,, () according to Eq. (8) is ng
difficult. The diagram of the concentration profiles for t
case is shown in Fig. 1. Another way could be base
experimental investigation of the corrosion rate of Zn, whk
allows establishment of the surface concentration of Zrn
Inasmuch as the processes of oxidizing Zn and reducti
Cr(VI) are conjugated (see below), itis possible to detern
the value ofC, ,, (0) whenC,,, (0) is known.

It follows from the aforesaid that the valuesf,,, and
C.+ are in linear dependence on the coordiratéthin the
framework of the Nernst model. Those dependences m
established by one of the methods mentioned above. Its
be emphasized that the concentration profiles of the
vidual components are, in general, not linear. To calcy
them, itis necessary to formulate additional equations, w
represent the relations between the concentrations o
components in the diffusion layer.

If reactions (1)-(3) proceed at a rate not notably excee
the rate of the diffusive mass transfer, the only way
calculate the concentration of the individual species i
solve the system of differential equations given in the Apy
dix. For this purpose, it is necessary to have informatio
thek values, which are not known for all the reactidiYet
the situation fundamentally changes when the rate o
indicated reactions is high.€., when the equilibria ar
mobile). Thereupon, no significant deviations from equi
rium should be expected in the diffusion layer. The argun
to support this assumption could be the kinetic data on th
of (1)-(3)-type reactions. Accordingly, the required mg

Values of Extrapolated | =0 Equiibium  Constants*
Process log K
Cr®+ OH - CrOH™ 10.1
Cr'3+ 20H - Cr(OH)," 17.8
2Cr? + 20H - Cr(OH),™ 22.9
Cr3+ SQ? - CrSQ; + 4H0 3.2
2Cr3 + 20H + 2SQ? - Cr,(OH),S0, 25.8
2Cr? + 40H + 2SQ?2 - Cr,(OH),(SO), 29.2
Zn*2+ OH - Zn(OH) 5.04
Zn*?+ 20H - Zn(OH), 111
Zn**+ 30H - Zn(OH); 13.6
Zn"2 + 40H - Zn(OH),? 14.8
Zn? + SO? - ZnSQ, 3.1
H*+ SQ? - HSO; 1.99

* Based on analysis of data from the literature.

CF L, %

dfig. 4—Corrosion of Znin solution: Cr(VI), 0.2,,€, 0.4 mol/L. Distribution
of equilibrium concentration of Cr(VI) species in the diffusion layer.

t ematical relations between concentrations of components may
hibe described in terms of constants of respective equilibria:
] on

ich K, = [H,CrQ,] / [HCrO,][H"] 9)
(1.
bn of K, = [HCrQ,]/[CrO,?[H"] (10)
nine

K, = [Cr,0,?] / [HCrO,]? (11)

or values equivalent to them.
ay b8olution of the system of equations (4),(5),(9)-(11) at
nduidwn values o€ ., C,” and respectiv values allows
ndalculation of the concentrations of Cr(VI)-containing spe-
llafies, as well as the concentration of & any value of
highke x/d.
f the
Stoichiometry of Reacton of Cr(Vl) Reduction
diAg mentioned, the protons, which are necessary for binding
toe released oxygen into,@, participate in the process of
s étectroreduction of Cr(VI) to Cr(Ill). In this process, a part of
petie oxygen may be bound into O&hions, yielding Cr(l11)
n bydroxo complexes of Cr(OHY™ type. Accordingly, for
each CrO, .. ?species, a respective charge transfer reaction
timay be written. The number of such reactions, each of which
e has its own stoichiometry, depends on the dimensions of the
itarray (, n. It may be considerddsm< 3,n< 3. It can be
nesftown that the stoichiometric coefficient, of the specific
> @detial process equalsré+ 2/m. The average stoichiom-
tretry coefficienty,, depends on the mole fractions of both
Cr(V1l) and OH, bonded into hydroxocomplexes with
Cr(Ill) species.

Although the distribution of Cr(VI) anions may be calcu-
lated on the basis of the model of chromic acid soltitfain,
does not concern the distribution of complexes of Cr(lll) at
the Zn electrode surface. The latter data can only be obtained
after calculation of the surface concentrations and can be
used for checking the correctness of the assumptions. The
experimental method, therefore, is best for establishment of
they, value.

We used the method outlined in Ref. 14, the essence of
which is measurement of the dependence of density of the
limiting cathodic current,, on the concentration of oxidized
forms in the solution. The value pfmay be determined by
the diffusion flow of species containing Cr(VI) or by species
containing a labile proton. So, for example, keeping the value
of C_,, constant and increasing the acidity of the solution, it
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is possible to establish the composition of the solutio

whichi, becomes independent Gf+ (or pH). Under such

conditions, hereinafter referred to as the equivalent p

Cr(VI) and the donors of protons are in the stoichiome

relationship.

As an example, Fig. 2 shows a typical dependence

tained from the voltamperometric data, a rotating grap

electrod&having been employed. The equivalent point g

respondsto the ratio of bulk concentrati@ps/C,,,,,, which

equals 5.9. Similar values were obtained for other comp

tions of solutions. The analysis shows that the estim
theoreticaly, value depends to a greater extent on the
sumed scheme of Cr(VI) reduction to Cr(lll),e(, on the
value ofnin the hydroxo- complex, Cr(OH¥™), than on the
composition of the solution of Cr(VI).

A comparison of the theoretiég], value with the experi
mental onéleads to the conclusion that the formed specie
Cr(lll) may contain 1-2 OHons. It should be noted that,
the course of experiment, such composition of the solutj
was used where no conversion coatings on Zn are for
This allowed minimization of the passivation phenomen
the graphite electrode. Moreover, it was taken into acc
that the protonized particles, such as H3@ns, are the
donors of protons as wefl.

Concentration Profles

Of the Species Containng  Cr(lll)
The reverse flow of species containing the reduced pro
[(i.e., ions of Cr(ll)] can be analyzed in a similar way. T
latter are formed in the process, which, for HCr@or
instance, can be written according to the following geneg
ized scheme:

HCrO, + (7)H* + 3e - Cr(OH) "+ (4-n)H,0. (12)

Obviously, other species containing Cr(VI) can participat
such reactions. Without a detailed study of the mechanis
the process Cr(VI) + 3e. Cr(lll), we will only note that, in
accordance with the above discussed concepts, the
concentration of species containing Cr(I.(,,) is a linear
function of coordinate. Moreover, the dependence®f, ,
onxis linear, too, as Zn in the investigated corrosion pro
oxidizes, and the species containing Zn(ll) can go into
solution and diffuse into its bulk.

It is necessary to note that, in the course of such reac
as (12), hydroxocomplexes of Cr(lll) are formed, which
acceptors of protons. Similar species may be formed du
the oxidation of zinc. In this connection, the concentrati
of the indicated species with negative sign should be inclt
in such equations as (5). The analysis shows that
corrections are insignificant because of the negligible am
of hydroxocomplexes formed in acid solutidridoreover,
the Cr(lll) hydroxocomplexes can hardly be regarded
labile.

When the profile o€, is known, there is no problem i
constructing profiles of total concentrations of the redu
species. These relationships may be used for this purp

ac

cr(iny

Jdy =15

/dy = -aC.. ., /dy (13)

Cr(vI)

/dy (14)

Zn(ll) Cr(lity

which follow from consideration of the material balance

h @incentrations of Cr(lll) and Zn(ll) are established for every
fixed value ofy = x/d. Subsequently, the solution of the
biptpblem is similar to that used for calculation of concentra-
tions of the oxidized species—the equations of material
balance, together with the expressions of equilibrium con-
ahants, give unambiguous solutions for concentration profiles

hité the components of the system.

or-
Results  &Discussion

obhe possibility of the existence of a considerably greater

auhount of species than discussed above was considered in the
asurse of the calculations. As in the case of chromium acid
solutions}” the analysis of literature data on the equilibrium
constants for reactions involving various Zn(ll)- and Cr(ll1)-
containing species was performed. This was done with the
aim of establishing the dependences of those constants on the

siofic strength of the solutions and, in particular, to establish

nthe value oK related to ionic strength= 0. The details of

ahss analysis are given in Refs. 6 and 9, as wédh\aues for

med(VI1)-containing species. The other data employed are

ag@iten in the table.

bunCalculations were made of the concentration profiles at
Cewy = 0.2 M and different values of G as well as at

different concentrations of §@ons. An additional relation-

ship written for the total concentration of S@ns was used

in this case.

As an example, we offer a part of the results obtained. The
dpoodfiles of total concentrations have been shown in Fig. 1.
h&hey are linear; however, the profiles of concentrations of

individual components are obviously non-linear. The higher
réthe general acidity of the solution, the closer to the surface of

the corroding electrode the abrupt change of the free acidity

(pH) (Fig. 3). The shape and the pH interval of those

curves are actually the same as in the case of the analog

curves obtained for alkalimetric titration of chromium
eactid solutior?

m ofhe concentration profiles of other components are also
rather complicated. Actually, all species containing Cr(VI)
total be found in considerable amounts in the diffusion layer

(Fig. 4). The amount of Cr@ions decreases withwhile the
concentration of protonated anions and polychromates in-
cageases. These changes are mainly caused by the peculiar
tbkanges of pH (Fig. 3). Naturally, when the acidity increases,
the fraction of protonated anions increases as well (Fig. 4).
tidine general nature of the concentration profiles, however,
aremains the same.
ringrhe data in Fig. 4 should be considered as a first approxi-
ongation. These results deserve some further corrections relat-
Idad to the interplay between the diffusive flows of reactants
s(ich., species involving Cr(VI) and *f and products of
bineterogeneous reactiongg(, species involving Cr(lll) and
Zn(ID]. It must be emphasized that the total concentrations of
#we indicated components do not depend on such interactions
and are unambiguously determined by Egs. (8), (13) and (14).
nAccordingly, the primary distribution of products in the
céldfusion layer can be obtained on the basis of linear profiles
bsdrown in Fig. 1, with the procedures described above. Once
such a simulation is made, Eq. (5) for#Ghould be supple-
mented by the negative terms representing the concentrations
of generated hydroxocomplexes (see table). Because some
species involving SgFions may be produced (see table), the
analogous corrections are also desirable for the total concen-
rication of sulfate. The simulation should then be repeated

the charge conservation. Consequently, the values of ltdtam the very beginning several times until the next result is
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obtained. The calculations showed, however, that the fiszmencIature

approximation works quite well at sufficiently low pH. iy Caryr G - total (analytical) concentrations of
The results obtained by such a procedure have a phy sspﬁmes contalnlng Cr(ll), Cr(VI) and zZn(ll), respectively

aspect when the calculated concentrations of species doQgt- total concentration of donors and acceptors of protons

exceed the values determined by the respective solupility effective diffusion coefficient

constants. This is not the case for solutions applied 19r- individual diffusion coefficient of certain species

obtaining chromate conversion coatings. Those coatirgs electrode potential

consist of a number of low-solubility compounds and |are current density

formed in the process of oversaturation of the adjacéntionic strength

electrode layer with particular components. The data| db- rate constant of chemical reaction

tained by this method may serve as the basis for constryctiagequilibrium constant

hypotheses on the thermodynamic probability of conversi#n - equilibrium constant at zero ionic strength

coatings formation. This problem requires special analysistime

and will be the subject of our next publication. x - coordinate perpendicular to the electrode surface

y - dimensionless coordinate (y =dx/

Acknowledgment J - diffusion layer thickness

The authors thank Dr. V. Stasiukaitis for assistance in prepgy- stoichiometric coefficient

ing the calculation program.

Appendix
Editor’s note: Manuscript received, May 1997. Analysis of the following equilibria:
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