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Fig.3. Temperature dependeﬁce
of the rate of exchange 4.

where D =~ 10~% em? sec™ is the diffusion coefficient of
lithium in the amalgam, Nx=0.3 equiv, litre-? the concen-
tration of the amalgam, ¢ =0.033 sec the time taken by the
drop to traverse a layer of solution 20 mm thick, and F
is the Faraday. Eqn. (5)then yields iat 0.3 A cm™2, The
measured current densittes ¢ in experiments 7-12 (Table 4)
proved to be much greater than ¢ar, which means that mix-
ing in the drop is much more intense than would be accoun-
ted for by diffusion. According to Levich®, mixing in the
amalgam drop takes place under the influence of surface
forces balanced out by viscous forces in the interior of the
drop. The temperature variation of the rate of exchange
of elements determined in our experiments makes its
possible to find the activation energy of the process deter -
mining the rate of exchange. Assuming that in our experi-
ments the rate of exchange is determined by the transport
of material in the drop by viscous flow, we can calculate
the appropriate activation energy. The dependence of the
rate of material transport by diffusion or viscous flow on
the activation energy and temperature is given by the
following equation:

iy = Ae=FIRT, (6
where E is the activation energy and A a constant. From
the plots of Ini against 1/7 for various values of , the
mean activation energy is found to be E=1.1+ 0.2 kcal X
X mole~!, Since the activation energy of viscous flow is
the same as that of diffusion in a Hquid?, the value of E
obtained can be regarded as the activation energy of dif-
fusion as well. Probably our value of E does not differ
appreciably from the corresponding energy for pure mer-
cury because the concentration of the amalgams in our
experiments was small. According to Shishido® the activa-
tion energy of seli-diffusion in mercury is 1.00-0.97 kcal X
X mole-!, i.e. close to our value. Hence it follows that the
values of i found in our experiments characterise trans-
port processes in the amalgam, and therefore the actual
rate of eXchange, which occurs in the reaction zone, is
greater than our values, :

An increase in the current density ¢ with decrease in the
thickness of the solution layer & (Tables 2-4) may be ex-
plained by the fact that in our experiments the entrainment
of aqueous solution by the drop was not completely elimi-
nated. Thus with decrease in & the contribution of the pro-
cess in the entrained liquid increased, resulting in an in-
crease of i. .

SUMMARY

1. A study has been made of the rate of exchange of ele-

ments between two liquid phases (lithium in amalgam
and potassium in aqueous KC1 solution) at various
temperatures and amalgam concentrations.

2. The rate of exchange of elements increases linearly
with amalgam concentration when the latter is varied
from 0.1 to 0.7 equiv. litre-!. .

3. Since the activation energy determined in this work
s close to that for the viscous flow of mercury, the
rate-determining stage of the exchange of elements
in our experiments was probably transport of
material in the interior of the drop.

The rate of electrochemical exchange is greater than
the rate of transport of material under the conditions
of our experiments, its lower limit being 5 A cm=~2

when the amalgam concentration is 0.7 equiv. litre-t,
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THE STATIC THEORY OF SOLUTIONS OF
STRONG ELECTROLYTES .

V. G. Levich and V. A. Kir'yanov

-

Development of a theory of concentrated electrolyte solu-
tions is of great practical interest in view of the important
role which these solutions play in experimental physico
chemical investigations. The lack of a consistent theory
of concentrated electrolyte solutions is to be explained both
by the mathematical difficulties involved in the solution of
this problem and by the absence of sufficiently reliable ex-
perimental data on the nature of short-range ionic interac-
tions. Other aspects of this problem relate to the effect of
the solvent on the thermodynamic properties of the system.

One of the first attempts to get up a quantitative theory
of.solutions of strong electrolytes was made by Debye and
Huckel!. However, experimental studies showed that the

applicability of this theory is limited to ve -
trations 2-%f, ' Ty low concen

t For a number of electrolytes deviations £
Hiickel theory were observed even in the
range”.

rom the Debye-
“Debye concentration ‘
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Attempts to extend the theory to somewhat higher concen-
trations were later made by a number of other workers 8=,
Gronwall et al. gave an analytical solution of the complete
Poisson~Boltzmann equation®, However, the solutions
thus obtained are not self-consistent. Another attempt to
set up a theory of concentrated electrolyte solutions was
made by Bjerrum?, who started from the concept of ion
agsociation. This idea was further developed by Fuoss
and Kraus and Fuoss®,

Guggenheim ? tried to allow for the “specific interaction”
of ions in connection with the present problem. A statisti-
cally consistent approachto the calculation of thermodynamic
properties of electrolyte solutions was made by Bogolyubov %],
who developed the method of correlation functions for the
solution of statistical equilibrium problems, which was free
from the fundamental deficiencies characteristic of the
Debye—Hiickel method. An analogous procedure was also
developed by Born and Green!, The statistical Born—
Green— Bogolyubov method is based on an examination of
distribution functions describing the probability that com-
plexes of 1,2, 3, etc. species are located at given positions,
and on setting up for the complete set of the corresponding
correlation functions of a system of integrodifferential
equations, which can sometimes be solved by successive .
asymptotic expansions in powers of a small parameter.

In view of the difficulties involved in finding the binary
distribution function for systems with coulombic interac-
tion, Tolmachev and Tyablinov?® attempted to improve the
convergence of the binary function for small » and
Bazarov?2! calculated this function for a rigid sphere model.
Somewhat earlier Bazarov made a qualitative allowance for
the repulsive forces on the basis of a “smoothed” interac--
tion potential of the type eqen(l - e~*")/Dgr, which also
eliminates the divergence of Fzp(r) at zero 7§.

It must be emphasised that, because of the complexity
of ionic interactions in solutions, the formulations pro-
posed by the above workers for the interionic interaction
potential cannot be regarded as sufficiently satisfactory.

" Indeed, although at large distances the effect of interionic
interaction is determined mainly by coulombic forces,

@y (r)—> eaey/Dyr

’

(D, is the dielectric constant valid for two ions sufficiently
far apart when their binary interaction is being estimated),
at small distances, together with purely repulsive and
coulombic forces, quantum-mechanical dispersion forces
and forces of other types also play a substantial part.
Short-range interaction in solutions is also considerably
complicated by the effect of ionic solvation, so that an
exact solution must allow for the microscopic structure of
the solvent.

Another deficiency of a number of studies on the theory
of electrolyte solutions is the fact that the non-additivity of
thermodynamic functions of the given systems with respect
to coulombic and short-range forces (see for example
Ref.9) has been ignored.

t Kramers ! and Fowler !* also dealt with the statistical basis
of the Debye-Htickel theory, starting from the general expression

for the partition function.
§ This form of the potential is unsatisfactory apparently even

as a qualitative device since with small # it leads to attractive and
not repulsive forces for charges of the same sign.
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In the present work explicit thermodynamic functions of
the system are sought, on the basis of an interionic poten-
tial of a fairly general type, with a correlation term re-
flecting the non-additivity of the system with respect to
coulombic and “specific” interaction of ions in solution.
Introduction of an appropriate method for the approximation
of the correlation functions makes it also possible toderive
and express in a general form the fundamental equations of
the association theory directly from general statistical

postulates.

Moderately Concentrated Electrolyte Solutions

Consider anelectrolyte solution occupying a macroscopic
volume V. When the concentration of ions is moderate,
then, as in the Debye—Hiickel theory, we can regard the
solvent, to a given approximation, as a continuous medium
with dielectric constant D,, which in general depends on the
distance » between the species and on a number of other
factors.

For the sake of generality we shall also suppose that the
system contain ions, which as regards their charge belong
toM = 2 different classes, and that as a whole it is elec-

trically neutral:

Z Nogg = 0, (1)

(1Ca< M)
where Ny is the total number of species of the given type
with charge eqa = eza (za is the electrovalence of the ion).

The potential energy of the system with N= ) Ng ions
1€asM

can be written in the following form:

Uy (q;.---.q~>=Z;%(Iq¢—q:l), @)

where &z5(1q - q' |) is the energy of interaction of a pair
of ions located at points ¢ = {¢%} and ¢’ = {g'%}, witha=
=1,2,3. The summation in Eqn. (2) is made over all the
different pairs of ions constituting the system.

Starting from the Gibbs canonical distribution factor,

Dy (@ - - an) = @it exp{— - Un(an .. waw)} @)
and introducing the sequence of distribution functions
Fa” veey @5 in terms of the relations

Fa,...a, (qh ERCIE ] ql) = V'S . '&DN (qu LIS qN) dq.-)-t . " . qu) (4)
\4 f

we obtain in asymptotic approximation (N — ©, ¥V — «,
N/V = 1/v < =) the following systems of equations relating
the distribution functions of different orders:

aoa....a,

aFa....a, 1

o + -5 Fo...ap +

aqy
+ __1_ aoa,a,.H (lg1— Qa1 1)
og3

b (1€, 11 <M) F"‘"-“n+1dqf+l =0, (5)

where ®q,, ..., ag @y ..., 45) represents the potenﬂal
energy of an isolated complex of s ions of a;, ..., as-th
classes respectively.

Approximating the purely repulsive forces in terms of
rigid spheres, it is convenient to adopt the following
scheme for the calculation of the interionic potential ®45(r):

Do (= 00, r<rys Qo (rf = Uy 1o <7< rgi

Doy (r) = €%2a2s / Dory 7> T, (6)
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where 7, is the radius of the ion and # the radius of the sol-
vation shell. The function Ugp () defines the interaction of
lons in the intermediate region between regions where purely
“repulsive” and purely coulombic forces operate.

Eqn. (6) for ®qb(r) can also be put in the form

Qo (1) = OF + Do (), (7
oW __{ 0, r g + o0, r<ry,
w () = 2aty I Doy r >71,, O () = [ U (r), o< r L 1y,
0, r>re
or
Du (1) = ¥ () + Yar (1), , (®)
Tl oy + oo, rre 0, r<r,,
ab (r) = €343y / Dor, 7> 1, Yo (r) = ‘ Un(n), roe < r< 1y,
0, r>n,
where

U = Uy — €235/ Dy,
We shall examine first the representation of potential (6) in

form (8) and solve the problem concerning the behaviour of

this system, which is chardcterised by the binary potential
¥R(r). The corresponding system of correlation functions
will be denoted by F 3 ...,a.. The initial system of equa-
tions then takes the form .

X (k)
aFt(z..)..a, 1 8‘?0....5. F"" +
aq: ) 39: G408y ‘
avl o (la—guql)
1 [ 41 (k)
+ 5 ne ——— F{ oy 80011 = 0. (9)
% J o< T oq; et

We now make use of the expansion in powers of the
dimensionless parametere =v/r%, where v is the specific
volume and 74 the characteristic qength, which is a function
of temperature and solution concentration:

= %—';'%Znazﬁ. ng=Na/N.
@ :

In view of the specific features of the potential \Il% , the

usual form of power expansion is inapplicable and it is con-"

venient to employ a somewhat different method for the
approximation of the correlation functions. For this purpose,
we shall estimate the order of magnitude of the secondand
third terms in Eqn. (9) for large and small distances between
the species. Usinginthe estimates for large [? (Ed. of Trans-
lation)] distances the Debye— Hiickel approximation, i.e. the
following expression in terms of the correlation functions:

©')

we can show that for small distances (r < »,) the integral
term in Eqn.(9) becomes small compared with the second
term. This means that in this region the dependence of the
binary function on distance is determined mainly by the
Boltzmann factor:

sz,
F$)=1—‘T°0—a: e '/’d,

0, r<r,, V
FRO= e {~Fem} n<r<r,
e e B
F¥% =1 —%"—e""‘.

®")

It follows from Eqns.(9’) and (9”) that the expressions for
F&",} for large and small distances are directly intercon-
vertible in the intermediate region, where

oxp (— r/rg) =1,
es, 5, e's, 3,
exp (‘ﬁﬁ')zi—'ﬁo%r_'

We must also note that Eqns.(9') and (9”) can be combined
by means, for example, of an interpolation formula of the
following type¥:

0, r<re,
Fg;’ (r) == { oxp {_ ﬂlal: e—r/rd } , r > o (10)
Transition to the corresponding potential #4 = 'Il"‘g +¥ap

may be effected by Bogolyubov's method by intro&cing a
system of approximations in terms of correlations ®,
Using this method, the following expansion for the energy
of the system can be obtained in the present case:

AF = =-01n@Q (@ = configurational integral);
AF = AF (¥ —3- 3} T"‘"" S/..» (9, 9) F&¥ (¢, ¢")dgdg" + ..., (11)
a b

where F'® is the correlation function defined by Eqn.(10),
and fz5{(q,q’) has the following form:

fon 0, 9) = exp{— - ¥ar(lg — g’} — 1. (12)
Using for the free energy of the system AF(\II"), derived .

from the potential ¥'?(r), the general statistical formula
and introducing explicit expressions for fab(g,4’) and

F®(g,q"), we finally obtain

1

AF = N%g NaNyZaty S S[exp {—:%-?:-”e“""} - 1] rdrdt —

o
r . 15, T
—N 3’:—-0% nahy 'S [exp {——gr‘l’,,b(r')}— 1] exp {_"IR_D"T}""'-
If allowance is made for the fact that

g . 00 r > I".
Vo () = { Ua o (1) — %a3 | Dor

and that in therange r, <7 < 73
PRUL VTN

the above result can be simplified:

(14)

AF. = N%E NaNpSaly SOS [exp {—1%;3?’"" }—.1] rdrdv —‘

—N-27"0§nanb S[OXP (——;—Uca (')) —-“P{—fgg-:—}] ridr,
We shall now examine certain special cases.
If the effect of ion solvation is ignored, i.e.,
Ugp (r) == e8a25 [ Dyr,
and the ionic radii are sufficiently large,

6'3,3
Fo 3> max l B |+ (15)

then the second term disappears and the integrand in the

7 This formula was derived in a different way by Tolmachev
and Tyablinov'®. However, the above derivation shows that it
must be regarded as merely an interpolation formula.
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first term may be expanded in series. In this case we
obtain the result of the Debye—Hiickel theory:

3 re
AFD="“12—:;§("‘T7;‘ )

If condition (15) does not hold, then

ool

S S [exp {_.ﬁi‘ﬂ.e'"/rd} —_ 1] rd rdv. (17)
]

256
l;: : 2;, naNyZaZs T

As shown by Tolmachev and Tyablinov?®, this expression
allows for the effect of ion pairs. Retaining only terms in
v/r4 (raised to the first power only), we obtain the follow-
ing expression for a uni-univalent electrolyte:

(16)

AF =N

1 14 Nov
AF = —— N§ ———— | —,
2 Nea (1 4nrd ) 12705
H [Z RN

1
o ='ZTS exp (e?/ Dofr) 4nr*dr, g = max o

To

This expression for AF is the same as that obtained by
Bjerrum 7 who assumed however that the binary interaction
potential is throughout of purely coulombic character,
whereas the above result is much more general, since it
allows at the same time for the effect of ion solvation.

It is also noteworthy that, when condition (15) holds, we
can, by retaining only the first term in the series expansion
of the exponential in the first integral of Eqn.(17), obtain
Guggenheim's result® for AF, which provides the theoreti-
cal basis for the empirical expression defining the activity

coefficient proposed by Bronsted:

logf = AVc + Bic, (19)

where ¢ is the concentration.

If the universal function of the system AF is known, we
can, for a given Ugp(7), find the equation of state, the
activity coefficients, the integral heats of dilution, and
other thermochemical characteristics. On the other hand,
‘relations of the type of (14) make it possible in principle to
estimate the order of magnitude of Uap (») from experimen-
tal data on activity coefficients and other thermodynamic

properties of the system,

Some Further Improvements

To determine more exactly the behaviour of Fzp (r) at
small » (r < 7,), we shall now examine the representation
of the corresponding potential &gp () in form (7). Since -
Q;’fz () can be converted to &a5(r) by the method described
above (a system of approximations in terms of correla-
~ tions), it is necessary to examine first a system of speties
interacting with each other, the interaction being deter-

mined by a binary potential:

0, rr,,
o (r) = { o*z,3, <"
D r>r,.

or *

(20)

As before, the distribution functions of such a system are
defined by the set of equations (9), where, however, ¥
must be replaced by ', as defined in Eqn.(20),

By extending Tolmachev and Tyablinov's method *® to the
present case, we can show that the binary correlation func-
tion F;’g’(r), corresponding to potential (20), is defined in

890

(18)

this case, up to terms with the Debye dimensionless para-
metere = v/rf, (raised to the first power only), by the

integral equation
n A9 (g, ¢) + 5 Jne {010, ) 10 O ) " = 508 (@ 9.
(c. .
(21)
This can be solved, for example, by the method of three~-
-dimensional Fourier integrals:

F% (z) = exp {— Ga (1)}, (22)
where
G (r) = Z);:,:z % S kcosrgksinryk dk 23)
* 0

k4 uT' co8 rk -

If, in particular, we assume here that v, = 0, then it is
readily seen from Eqn.(23) that when r is large, F3(r)
becomes the Bogolyubov distribution function:

o
AF (@) == — % S .g- S Z RanyZaz0e 00 rdr, (24)

o
vy a4, b

In the general case the free energy of the system AF, due

-to interionic interaction, is defined by an expansion of the

type

AF = AF (@4 + S35 18 2 NolVy —
a,

]

~ 22 g}b NolVy g' exp [— G (7)) {exp [—.I{.ESL_')] _1},sd,+ ... (25)

where the missing terms correspond to approximations ofa
higher order, in terms of correlations and in terms of the
dimensionless Debye parameter v/rg, for the function
F®(r). The function Gas (r) in Eqn.(25) is defined by
Eqn.(23), and Ugs(7) is an arbitrary function characterising
the interionic interaction potential in the region ro <7 < 7s.

Depending on the conditions, an explicit expression for

" AF(®*) in Eqn.(25) may be obtained either by introducing an

equivalent reversible charging process or by integratingthe
expression for the electrostatic part of the interaction
energy E(&") with respect to temperature (Gibbs—Helm-

holtz integral):

AP (@) = —1 [ Z§ ar. (26)

For example, if »s can be regarded as a function of tem-
perature only, it is more convenient to introduce a rever-
sible charging process, when an explicit expression for
AF(#%) is found from the relation

1 N .
AR @Y =N 2 5 n,.n.r,r.,g \ texp (—Can (s W) — 1y rdrd, (27)
ab 00

where
P 20y %
o (3 %) = s ;
ab ) _"ODO r,§ k‘%mr,k , .
whereas calculation of AF(@” ) from the Gibbs—Helmholtz
relation leads to the following result: '
- thﬁ:’T S_‘;‘T-S Zb Ry zazye o2 Ordr,
rg G
In the integration of E(@") with respect to T it is necessary
to take into account the possible temperature dependence of

the parameter 7.

1t should be noted that in the general case the above inte-
grals are not employed in a finite form. In the limiting

k cos rpk sin rk

dk, (28) .

AF (@Y = (29)
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case of very dilute solutions the following relatio;;( (sym-
metrical binary electrolyte) is obtained for AF(®*):

AF (0 = ;Jg’g;:-lvs* (1+ o T )

(30)

which passes into the limiting Debye— Hiickel equation when
rs = 0. If the difference between the real potential &3 (r)
and the coulombic potential is disregarded in the region -
7o < v < rs (model of completely rigid spheres), then as-
suming that », = 7, throughout and expanding exp{-Gas (r}]
in series, we obtain from Eqns.(25)—(30) the following
expression for dilute solutions:

2xe?

30, (1 + ’istT': """“’) ’2511‘72’3?-"””0”“

which is identical with Bazarov's result 2,

AF = —

(31)

Further analysis of the above results and the calculation
of activity coefficients, integralheats of dilution, and other
thermochemical characteristics of solutions of strong
electrolytes are described in another paper.

Calculation of the Heat of Dilution

On the basis of the above results, it is possible to cal-
culate the thermodynamic characteristics of a system, such
as activity coefficients, integral heats of dilution, etc.
From the definition of the total heat of dilution}, we have

=1 (4F),

T (32)

where the derivatives are obtained at constant N andp, i.e.,

. ] aD @ v 9 ory, @
A =15+ sroptaw o e

+ a2 (4. (63)

As before, here 7, is the radius of an unsolvated ion, 7,

the radius of the solvation shell, and ¢ the association
parameter. Evaluation of AH in the general case requires
numerical calculations; the expression for AH also de-
pends on the particular type of potential of short-range
forces. For a z-z-valent electrolyte and low concentra=
tions, the calculation simplifies, since it can be readily
shown that in this case the general expression for AF yields

AF = — L Noa (1 — v/ 4ard) — NOw /1200 —

—N _2_;i 0 l% Ty :S’ [oxp {— %— Ua (r)} —oxp {_c’Druz":}] rdr, (34)

In the third term the components determined by ion pairs of
the same sign are small compared with those arising from
ion pairs of opposite signs. This term is formally identi-
cal with the corresponding expression in Guggenheim's
theory®. However, it must be emphasised that Guggen-
heim's result for AF does not take intoaccountthe influence
of long-range (coulombic) forces on the effect of ion pairs,
the concentration dependence of the free energy of solvation

t This expression is correct provided that the effect of the
compressibility of the solution and the pressure dependence of the
dielectric constant are neglected.

also being neglected. The expression for AH, correspond-
ing to AF as defined in Eqn.(25), may be put in the follow-
ing form: :

AH = AHp + AH, + AH, (35)

where AHp is the Debye term, AHp represents Bjerrum's
correction, and AHp characterises the influence of short-
-range forces:
8 1n D, -
o= L1 4 a8t T0) 1y V7,
- i D & drg 93 . Or
AHy = RI'N0™ (98 — g — 51 55 — 5 30 — 31 15 ) € == At

1 X aa aD da 8V du Ory O dq du .
AH, = — 2 NKT* (37 + 57 55 + 57 37 + 3T o7 T 57 37 ) € 2= Aee.

Here ¢ = (1/V)(9V/3T) is the coefficient of thermal expan-
sion, and @ and B are respectively defined by the following
formulae:

%= ‘zi?i exp (et / Dgbr) 4nr*dr, B = S 4aurt (¢VaUVKT _ #rIDSYy g,
(386)

Te Te

SUMMARY

1. Thermodynamic functions of a system in an explicit
form have been sought on the basis of an interionic
potential of a fairly general type.

2. The present systematic statistical theory follows direct-
ly from Gibbs' distribution for a system of interacting
species. '

3. Introduction of a general potential, which at large
distances approximates to Coulomb's law and at small
distances to the potential of short-range forces, makes
it possible to extend the theory to concentrations higher
than the “Debye concentrations”.

4, In particular the theory provides a theoretical basis for
the activity coefficient expression given by Bronsted.

5. On the basis of the theory, it is possible to calculate the
activity coefficients and heats of dilution of solutions of
any structure.

1. P.Debye and W.Hiickel, Phys.Z., 4, 185 (1923).

2. H.Falkenhagen, “Electrolytes” (Translated into Russian),

" ONTI, Leningrad, 1935,

3. H.S.Harned and B.B.Owen, “Physical Chemistry of Elec-
trolytic Solutions” (Translated into Russian), Moscow, 1952,

4. R.H,Fowler and E.A.Guggenheim, “Statistical Thermo-
dynamics” (Translated into Russian), Inostr. Lit., 1949,

5. E.Lange and J.Monheim, Z.phys.Chem., 150, 349 (1930);

‘ H,S.Harned and M, A.Cook, J.Amer,Chem.Soc., 59, 1290
(1937); E.Cohen and J.Koay, Z.phys.Chem., }3_9,_273 (1928);
E.A.Grilbransen and A.L.Robinson, J.Amer.Chem.Soc.;
A.M.Sukhotin, Thesis, Leningrad, 1952; Yu.M.Kesler and
A.1.Gorbanev, Dokl.Akad,Nauk SSSR, 117,(1957), etc.

6. T.H.Gronwall, N,K.LaMer, and J.Sandved, Phys.Z., 29,
358 (1928). -

7. N.Bjerrum, Danske Vid,Selsk.Fys,Medd., 7 (1926),

8. R.M.Fuoss, Trans.Faraday Soc., 30, 967 (1934),

9. E.A.Guggenheim, Phil.Mag., 19, 988 (1935); J.C. Turgedn,
Trans.Faraday Soc., 51, 747 (1955),

10, W.Nernst, Z.Elektrochem., Trans.Faraday Soc., 50, 710(1954),

8N



Vol.36 No.8

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY

August 1962

11, L.Onsager, Phys.Z., 28, 277 (1927).

12, M.Dutta and 8.Bagshi, Indian J. Phys., 24, 61 (1950).

13. J.N.Bronsted, J,Amer.Chem,Soc., 44, 877 (1922),

14, M.Eigen and E.Wicke, Naturwiss., 38, 453 (1951).

15. N.N.Bogolyubov, “Problemy Dinamicheskoi Teorii v Statis-
ticheskoi Fizike” (Problems of Dynamic Theory in Statistical
Physics), Gostekhizdat, 1946; Vestnik Moskov. Univ., 115
(1955),

16. M.Born and H.S.Green, Proc.Roy.Soc., 1884, 10 (1946);
1894, 455 (1947).

17. H.A.Kramers; Proc.Amsterdam, 30, 145 (1927).

18, R.H.Fowler, Proc.Cambridge Phil.Soc., 22, 861 (1925).

19, V.V.Tolmachev and 8.V, Tyablinov, Dokl, Akad.Nauk SSSR,
119(1958).

20, H.Falkenhagen and G.Kelb, Naturwiss., 42, 10 (1955).

21. [I.B.Bazarov, Zhur,Eksper.Teor.Fiz., 32 (1957).

22, A.E.Glauberman and I.R. Yukhnovskii, Zhur, Eksper. Teor.
Fiz., 22, 563 (1952).

Institute of Electrochemistry, Received 3rd August 1960

USSR Academy of Sciences,

Moscow

ISOMORPHISM OF THE CRYSTALS OF
PHOSPHATE COATINGS

V.S.Lapatukhin

A solution containing the preparation “Mazhef”, sodium

. nitrate, and sodium fluoride was suggested? for the cold phos-
phatising of ferrous and non-ferrous metals, and subsequently
investigated in detail2™¢, Although the composition of the
phosphatising solution may be similar, the properties of
coatings formed on different metals and by different chem-
ical and electrolytic methods are not identical. They differ
in structure and in their strength, as well as surface, pro-
tective, andother properties2. It could be supposed that
the variation in the properties of the coatings was due to
differences in their chemical and phase constitution asso-
ciated with variations in the conditions of crystallisation of
the insoluble phosphates.

The phase constitution of phosphate coatings has been
quite inadequately studied, the literature on thistopic being
very limited3~8, A study has been made of the chemical
and phase constitution of phosphate coatings obtained under
optimum operating conditions? on iron, zinc, aluminium,
and magnesium by the methods of cold chemical and elec-
trolytic phosphatising in a solution of Mazhef containing
activating additives, The spectra were determined by
G.S.Karetnikov on an ISP-22 quartz spectrograph with an
a.c. arc generator as exciting source, The slit width was
0.05 mm, and the time of exposure on a photographic plate
of spectral type was 3—20 sec. The analysis was based
on the ultra-violet emission spectra.

The X-ray diffraction phase analysis of the coatings was
carried out by the present writer together with 1.S.Strel’-
tsov, using a URS-70k-1 general-purpose X-ray diffraction
apparatus and a camera of diameter 90.2 mm with copper
radiation (nickel filter). The current was 14-15 mA, the
voltage 30-32 kV, the diameter of the specimen 0.6 mm,
the exposure time 2% h, and the conditions of development
standard.
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It was of ‘interest to determine the content of manganese,
iron, and zinc in the phosphate coatings and also aluminium
and magnesium in the case of coatings on these two metals.
Table 1 shows the results of a chemical analysis of the coat-
ings carried out in collaboration with N. A.Kiseleva, while
Figs.1-3 reproduce the spectrograms of the coatings,
Fig.4 gives for comparison the spectrogram of a phos-

phatising solution containing (per litre) 60 g of Mazhef,
50 g of zinc nitrate, and 4g of sodium fluoride. The results

of the spectroscopic and chemical analyses show that the
composition of the coatings is different on different metals
and depends on the method of phosphatising. All coatings
have a large content of manganese and zinc.

Ions of the metals subjected to phosphatising are pre-
sent in least amount in coatings obtained by cathodic phos-
phatising, and in greatest amount in those obtained by a.c.
electrolytic phosphatising.

From the analytical results, these phosphate coatings
could be expected to contain a series of phosphates: phos-
phates (all hydrogen replaced by metal) and hydrogen phos-
phates of manganese, zinc, and iron, and also the phos-
phates (all hydrogen replaced) of aluminium and magnesium
in the case of coatings on these two metals. Table2 gives
data on the interplanar spacings and the intensities of the
three strongest lines for some insoluble phosphates of the

above metals.

Chemical composition of coatings obtained by

TABLE 1,
cold phosphatising methods (%)*.

Matal, phosphatising method Fe Mn Zn Al Mg P

Al, chemical - 6.0]22,4111.5| — |21.2
Al, cathodic — 9.0128.7] 3.7 — 171
Fe, a,c. electrolytic 59| 7.0(3.7| — - 112.6
Fe, chemical 2.2 | 44.1 ]300 — — | 10.5
Fe, cathodic 1.2 1104 [ 32,0 — — [ 12.0
Mg, chemical - [19.0| 21,6 | — [ 2,3 |11.2
Zn, chemical — 9.2]1320f — - | 13.0

* Composition of phosphatising solution (in g Iitre™)):
Mazhef 60, zinc nitrate 25—-50, sodium fluoride 0.5-8
(depending on the nature of the metal to be phosphatised)®.

TABLE 2, Interplanar spacings of the three
most intense lines for crystals of
various insoluble phosphates %10,

Interplanar spacings, Intensities {on

Compound 1100 scale)

Mny PO.;. 3.28 2,87 253|100 75 80
Mn, (PO4)g 3HsO 3.35 2,60 3,00 [100 100 80
MnHPO,-3H,0 3.50 475 2,77 1100 80 80
FePO, 3.47 3,02 4.39 [100 40 23
Fe,éPO.).-ﬂhO no data — — — _
FeHPO, ' ditto - —_— = -
FePOy:2HsO 4.36 5.50 3,42 {400 . 80 80
» 8.30 3.65 4.20 [100 60 50

Zny }POc)a 3.60 3.07 3.99 {100 82
Zng (POg)s-4H,0 2,86 4,58 4,93 [400 75 50
» 2,85 9,40 3,47 {100+ 40 40

Zny s)PO.),-ZH,O 1.8¢ 2,93 3.49 |100 40 33
AlIPO, 3.32 1,38 4,27 [ 100 400 80
» 3.32 1,38 1,82 | 100 88

» 2,48 1,71 1,39 [ 100 100 100
AlPO,.2H;0 2,72 196 2,22 1 2 3
Mgs(POd)s no data — — — —_
Mgs (POs)s-3H:O 3.45 . 3.05 5,90 {100 40
Mga (POg)s4H:0 410 5,20 3.23 {100 8 80



