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A relationship between the distribution coefficient values and the factors determining the isomorphous 
substitution of some metal(II) formates (Mg, Mn, Fe, Co, Ni, Cu, Zn, Cd) has been found, given by 

Dwt = tMz.0J exp R T  ' 

where zkR/R  is the relative difference in the ionic radii of the intersubstituting ions, Ae is the difference 
in the Me-O bond energy, As is the difference in the crystal field stabilization energy. The pre- 
exponential term represents the balance in bonding factors between the ions in the crystal and in the 
aqueous solution, in the case of ideally mixing in the solid state. The exponential term takes into 
account the enthalpy of mixing in the solid state. For the isostructural formate salts in which the 
substitution of a given cation by another one occurs in equivalent octahedral positions, the difference 
in the crystal field stabilization energy exerts the most important influence on the enthalpy of mixing. 
© 1985 Academic Press, Inc. 

Introduction 

Under ordinary conditions, the metal(II) 
formates crystallize from aqueous solutions 
as dihydrates with the general formula 
Me(HCOO)2 • 2H20, where Me(II) = Mg, 
Mn, Fe, Co, Ni, Cu, 1 Zn, and Cd. These 
salts dihydrates are monoclinic with space 
group P2Jc and possess nearly identical lat- 
tice parameters; hence, they should form 
mixed crystals. It was shown previously 
(1-3) that separate pairs of the formate 
combinations form, in most cases, a contin- 

t Cupric formate crystallizes as dihydrate from 
aqueous solution in the temperature range 42-60°C. 
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uous series of mixed crystals. The series 
becomes discontinuous only for large dif- 
ferences in the ionic radii of the participat- 
ing metal ions (Mg 2+ and Cd 2+, for exam- 
ple: the ionic radii differ by about 0.2 A) or 
when one of the ions is a Jahn-Teller ion 
for example, Cu 2+ (4). The quantitative 
measure for the degree of mixing is the dis- 
tribution coefficient for the components be- 
tween the mixed crystals, and the solutions 
from which the mixed crystals are ob- 
tained. 

The purpose of the present work is to find 
a relationship between the distribution co- 
efficient values and the factors determining 
the isomorphous substitution. 
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The available data on the distribution 
coefficients of isomorphous formate co- 
crystallization were insufficient for our 
purposes; for this reason we have stud- 
ied the following three-component systems 
by the method of the physicochemical 
analysis: Fe(HCOO)2-Mn(HCOO)z-H20, 
Fe(HCOO)z-Co(HCOO)z-H20, Fe 
(HCOO)2-Zn(HCOO)2-HzO, Mn(HCOO)~ 
-Co(HCOO)z-H20,  Mn(HCOO)z- 
Ni(HCOO)z-H20, and Mn(HCOO)z-- 
Zn(HCOO)2-HzO at 25°C. 

Experimental 

The Mn, Co, Ni, and Zn formates were 
prepared by neutralization of diluted formic 
acid solutions with the corresponding nor- 
mal or basic metal carbonates. Iron(II) for- 
mate was prepared by dissolving powdered 
iron in diluted formic acid (5). The reagents 
used were of pro analysis grade. 

Equilibrium in these systems was at- 
tained by the Khlopin method of isothermal 
decrease of supersaturation (6). The solu- 
bility of the salt components was deter- 
mined in a slight excess of formic acid 
(about 2%) so as to suppress salt hydroly- 
sis. In order to establish the time necessary 
to attain the equilibrium in the systems, ki- 
netic curves have been drawn. The con- 
stancy of the distribution coefficient values 
with the time was used as a criterion for 
attaining thermodynamic equilibrium be- 
tween the liquid phases and the solid 
phases. It has been shown that the equilib- 
rium between the liquid and solid phases is 
attained in about 15-20 hr. The liquid- 
phase and wet-solid residue compositions 
were determined as follows: the Fe z+ con- 
centration was determined by complexono- 
metry at pH 1.5 using sulfosalicylic acid as 
indicator after preliminary oxidation of 
Fe z+ by hydrogen peroxide. The sum of 
Fe 2+ and Mn 2+, or Co 2+, or Zn 2+, was also 
determined complexonometrically at pH 
5.5 using xylene orange as indicator after 

preliminary oxidation of Fe 2+ by hydrogen 
peroxide. The Mn 2+ concentration was de- 
termined in the presence of Co 2+, Ni z+, and 
Zn z+ complexonometrically at pH 9.5-10 
using Eryochrome black as indicator, after 
masking Co 2+, Ni 2+, and Zn 2+ in advance, 
as cyanides. The sum of Mn 2+ and Co 2+, or 
Ni 2+, or Zn z+ was also determined com- 
plexonometrically at pH 5.5 using xylene 
orange as indicator (7). The composition of 
the ideally dried solid phase was calculated 
by the variant of Schreinemakers' method 
for algebraic indirect identification of the 
solid-phase composition (8). The systems 
with Fe 2+ formate were studied in an argon 
atmosphere so as to prevent Fe z+ oxida- 
tion. 

Results 

The results of the systems: Fe(HCOO)z- 
Mn(HCOO)2-HzO, Fe(HCOO)z-Co 
(HCOO)2-H20; Fe(HCOO)z-Zn(HCOO)z- 
H20, Mn(HCOO)2-Co(HCOO)2-H20, 
Mn(HCOO)z--Ni(HCOO)2-H20, and 
Mn(HCOO)2-Zn(HCOO)2-H20 at 25°C are 
listed in Tables I-VI.  The experimental 
results show that continuous series of 
mixed crystals are formed in these systems. 
The formation of continuous series of 
mixed crystals in the formate systems was 
proven using X-ray diffraction method. As 
an example in Fig. 1, stick diagrams of the 
simple salts and the mixed crystals formed 
in the Mn(HCOO)z--Zn(HCOO)z-H20 sys- 
tem are shown. 

Discussion 

It was shown (9) that when mixed crys- 
tals are formed on the basis of isodimorph- 
ous substitution, the distribution coefficient 
obey, with a high degree of accuracy, the 
relation 

[ M''°12A -AC~'--'I] (I) 
D2a = l_M-~2,0] ~ exp [ ~-~ -], 
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TABLE I 

SOLUBILITY IN THE Fe(HCOO)z-Mn(HCOO)z-H20 SYSTEM AT 25°C 

Liquid phase, wt% 

Fe(HCOO)z Mn(HCOO)2 

Ideally dried 
solid phase, wt% 

Fe(HCOO)2 Mn(HCOO)2 DFe/Mn DMn/Fe 

4.20 . . . . .  
3.64 0.63 74.37 5.83 2.32 0.43 
3.16 1.33 63.91 16.29 1.64 0.61 
2.96 1.67 61.32 18.88 1.82 0.55 
2.26 2.87 47.06 33.14 1.80 0.56 
1.56 3.87 33.85 43.01 1.95 0.51 
0.67 5.15 13.59 66.62 1.57 0.64 

- -  6.28 . . . .  

TABLE II 

SOLUBILITY IN THE Fe(HCOO)2-Co(HCOO)z-HzO SYSTEM AT 25°C 

Liquid phase, wt% 

Fe(HCOO)2 Co(HCOO)2 

Ideally dried 
solid phase, wt% 

Fe(HCOO)2 Co(HCOO)2 DFe/Co DCo/Fe 

4.20 . . . . .  
3.51 0.44 66.78 13.39 0.62 1.61 
2.47 0.97 48.15 32.05 0.59 1.70 
2.01 1.25 39.69 40.51 0.61 1.64 
1.51 1.57 27.56 52.64 0.54 1.85 
1.17 1.74 22.04 58.15 0.56 1.79 
0.90 1.79 15.90 64.30 0.49 2.04 
0.51 2.45 8.81 71.38 0.52 1.92 

- -  2.44 . . . .  

TABLE III 

SOLUBILITY IN THE Fe(HCOO)2-Zn(HCOO)E-H20 SYSTEM AT 25°C 

Liquid phase, wt% 

Fe(HCOO)2 Zn(HCOO)2 

Ideally dried 
solid phase, wt% 

Fe(HCOO)2 Zn(HCOOh Dr~e/z, Dzn/Fe 

4.20 . . . . .  
3.72 0.78 64.96 14.91 0.92 1.09 
3.09 1.53 53.40 16.56 1.00 1.00 
2.36 2.37 39.13 41.55 0.94 1.06 
1.52 3.33 28.45 53.23 1.18 0.85 
1.07 4.04 18.09 62.73 1.09 0.92 
0.64 4.52 11.09 73.07 1.08 0.92 

- -  5 , 3 8  . . . .  
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TABLE IV 

SOLUBILITY IN THE Mn(HCOO)z-Co(HCOO)2-H20 SYSTEM AT 25°C 
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Liquid phase, wt% 
Ideally dried 

solid phase, wt% 

Mn(HCOO)2 Co(HCOO)2 Mn(HCOO)2 Co(HCOO)2 DMn/Co DCo/Mn 

6 . 2 8  . . . . .  
5.38 1.29 51.42 18.53 0.24 4.17 
3.95 1.00 41.35 39.16 0.27 3.74 
3.84 1.11 39.62 40.88 0.28 3.57 
2.28 1.49 19.12 61.61 0.21 4.93 
- -  2 . 4 4  . . . .  

TABLE V 

SOLUBILITY IN THE Mn(HCOO)2-Ni(HCOO)E-H20 SYSTEM AT 25°C 

Liquid phase, wt% 
Ideally dried 

solid phase, wt% 

Mn(HCOO)2 Ni(HCOO)2 Mn(HCOO)2 Ni(HCOO)2 DMn/Ni DNi/Mn 

6 . 2 8  . . . . .  
4.59 0.46 53.59 26.52 0.20 5.00 
3.55 0.76 44.42 35.69 0.27 3.75 
1.77 1.34 21.31 58.81 0.27 3.75 

- -  2 . 1 3  . . . .  

TABLE VI 

SOLUBILITY IN THE Mn(HCOO)2-Zn(HCOO)2-H20 SYSTEM AT 25°C 

Liquid phase, wt% 
Ideally dried 

solid phase, wt% 

Mn(HCOO)z Z n ( H C O O ) z  M n ( H C O O ) 2  Zn(HCOO)2 DM~zn DZ~M. 

6 . 2 8  . . . . .  
5.38 1.29 59.32 20.99 0.68 1.47 
4.20 2.02 48.60 31.82 0.74 1.36 
2.50 3.20 25.41 55.26 0.59 1.70 

- -  5 . 3 8  . . . .  

where  D2/! is the d i s t r ibu t ion  coefficient  of  
c o m p o n e n t  2 b e t w e e n  the so lu t ion  and  the 

crys ta l  phase  of  c o m p o n e n t  1; M1,0 and  MR,0 
are the solubi l i t ies  in molal i t ies  of the two 
salts in their  b i n a r y  so lu t ions ;  f l  and  fz are 

the ra t ional  act ivi ty  coefficients  of the com-  
pone n t s  in the mixed  crys ta l s ;  A G n ~  is the 
free energy  of  the phase  t rans i t ion  of  the 
crys ta ls  of  the c o m p o n e n t  2 with crys ta l  lat- 
t ice II  into crys ta l  lat t ice I, typical  for com- 



264 BALAREW, STOILOVA, AND VASSILEVA 

5 

4 

3 

FIG. 1. Stick diagrams of  the simple salts and the 
mixed crystals formed in the Mn(HCOO)~- 
Zn(HCOO)2-H20 system. 1--Mn(HCOO)2 • 2H20; 
2--59.32% Mn(HCOO)2, 20.99% Zn(HCOO)2; 3 - -  
48.60% Mn(HCOO)2, 31.82% Zn(HCOO)2; 4--25.41% 
Mn(HCOO), 55.26% Zn(HCOO)2; 5--Zn(HCOO)2 
• 2H20. 

ponent 1. In the case of isomorphous salts 
such as the formate dihydrates AGII-ol = 0 
and Eq. (1) assumes the form 

[m, ,012  f l  
D2/1 = /M-~2,oJ f2" (2) 

For a number of metal(II) salt crystal hy- 
drates, such as sulfates, acetates, nitrates, 
double salts--shoenites and alums, for ex- 
ample, it was found (9) that the activity co- 
efficient ratio remains close to 1 and the 
mixed crystals of these salts may be consid- 
ered as being close to ideal solid solutions• 
The calculated distribution coefficients are 
satisfactory if only the solubilities appear in 
the formula 

[ M I , o ]  2 
DE~1 ~ LM-~2,oJ " (3) 

Some deviations, however, are observed 
for the formates. The main experimental 
distribution coefficients values as well as 
the theoretical ones obtained by Eq. (3) are 
given in Table VII. In the table, the devia- 
tion of the highest and lowest distribution 
coefficients from the mean values are listed 
for every system• 

In systems where deviation from the 
ideal behavior is observed, the activity co- 
efficients differ substantially from unity. In 
cases where the activity coefficient are in- 
dependent of the composition, i.e., where 
they maintain a constant value along the 
solubility isotherm, the ratio fl/f2 is also 
constant. For the formates studied here the 

TABLE VII 

INFLUENCE OF THE CFSE ON THE DISTRIBUTION COEFFICIENT VALUES 

[M, 0] 2 AS Dth~r 
Impurity/host ion Dex p [ ~ ]  (kJ • mole -q  (c/2.3RT = 0.0034) 

Mg/Mn 0.12 --- 0.05 0.15 0 0.15 
Mg/Co 0.02 +- 0.01 0.015 88.90 0.03 
Mg/Ni 0.04 -+ 0.01 0.015 a 121.88 0.04 
Mg/Zn 0.08 -+ 0.03 0.09 0 0.09 
MrdFe 0.54 - 0.10 0•42 ~ 49.71 0.61 
Mn/Co 0.25 -+ 0.03 0.13 a 88.90 0.26 
Mn/Ni 0.25 -+ 0.04 0.10 a 121.88 0.26 
Mn/Zn 0.67 -+ 0.08 0.63 0 0.63 
Fe/Co 0.52 -+ 0.10 0.314 39.19 0.45 
Fe/Zn 1.05 -+ 0.13 1.49" -49.71 1.00 

a Cases in which the deviations of  the distribution coefficients calculated from the solubilities of the salts do 
not lie within the experimental  error limits. 
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distribution coefficients were found to be 
not changed considerably in the entire solu- 
bility diagram, which provides the basis to 
claim that the fl/f2 ratio remains constant. 
In such a case, assuming the regular solu- 
tion approximation, the activity coefficients 
may be expressed by the partial molar en- 
thalpy of mixing: 

RTln f l  = AHj 

R Tin f2 = AH2 

hence, we obtain 

= exp . (4) 

Then the differences in the partial molar 
enthalpies of mixing AHI - AH2 is also a 
constant value. In this case, a linear depen- 
dence of the AHmix vs Xi (i = 1,2) is re- 
quired. 

Substituting Eq. (4) into Eq. (2) we obtain 

[M2,oj[M"°]2 [AH, AH2] D2/1 = exp RT . (5) 

Thus, the difference in the partial molar 
enthalpies of mixing should account for the 
difference in the coordination environment 
around the two intersubstituting ions. The 
current theory for the energetics of isomor- 
phous mixing takes into account only the 
effect of ionic size differences, and of the 
M - L  bond energy differences with respect 
to the enthalpy of mixing (10). For ions 
possessing nonzero crystal field stabiliza- 
tion energy (CFSE), the effect of the spatial 
M - L  bond orientation in the crystal field 
should be taken into account (9). Then 

_ 

A H 1 -  AH2 = a . f  

+ b • ~(A~) + c • t0(AS). (6) 

Here AR/R is the relative difference in 
the ionic radii, Ae is the chemical bond en- 
ergy difference, and AS is the difference in 
CFSE. The constants a, b, c at this stage of 
our knowledge should be considered as em- 

pirical constants. The constant a is semiem- 
pirical since the effect of size differences of 
the isomorphic intersubstituting ions on the 
enthalpy of mixing has been studied on a 
theoretical basis in a number of investiga- 
tions (10). 

Then, from Eqs. (5) and (6) we obtain 

[MI,0] 2 
D2/1 = /~--~2,0 j 

a 

exp 
+ b • 9(Ae) + c" t0(As) 

RT 
(7) 

The first term of Eq. (7) represents the 
balance in bonding factors between the ions 
in the crystal and in the aqueous solution 
for the case of ideally mixing in solid state 
(Eq. (3)). The exponential term in Eq. (7) 
takes into account the enthalpy of mixing in 
the solid state. 

From Table VII it is seen that the experi- 
mental distribution coefficients essentially 
coincide with those calculated by Eq. (3) 
for the MgZ+/Mn z+ (AR has a maximum 
value), Mg2+/Zn 2+ (Ae has a maximum 
value) and Mn2+/Zn 2+ mixed formate crys- 
tals, i.e., for ions having p6, d 5 (high spin), 
and d I° electronic configuration. In such 
cases, the CFSE is zero and consequently 
the electronic configuration of the metal ion 
should not affect additionally the distribu- 
tion coefficient determined from the solu- 
bility ratio only (Eq. (3)). The systems in 
which the distribution coefficient values 
calculated by Eq. (3) differ from the experi- 
mental ones and do not lie within the exper- 
imental error limits are indicated by the 
footnote. It is obvious that in these systems 
at least one of the metal ions is an open- 
shell d-ion, for example, Fe2+(d6), 
Co2+(d7), or Ni2+(d8). 

The data in Table VII are an indication of 
an important contribution of the CFSE. It is 
probably connected with the crystal lattices 
of formates which represent two kinds of 
alternating metal octahedra linked by bridg- 
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FIG. 2. Crystal structure of Mg(HCOO)2 • 2H20. 

ing formate groups (Fig. 2). The structures 
are additionally stabilized by a network of 
hydrogen bonds (11-18). The presence of 
the formate bridges makes it difficult to dis- 
tort the structure which may, in fact, be the 
reason for the isostructure of  the formate 
salts. This fact shows that the differences in 
the dimensional factor (fiR~R) and M-L 
bond energy differences (Ae) weakly affect 
the formate dihydrate crystal structure. 

Thus, from Eq. (7) and assuming that the 
function ~ is linear, we obtain 

log D211 = log LM2,0] + 2 . ~  AS, (8) 

where As is the CFSE-difference for the 
host ion and the impurity ion, and c is an 
empirical constant.  

The incorporation of  Fe z+ (d6), for exam- 
ple, into the Zn(HCOO)2 • 2H20 (Zn 2+, 
CFSE = 0) crystals would require more en- 
ergy; as a result, the distribution coefficient 
of  Fe z+ formate would be lower as com- 
pared with the one calculated from the solu- 
bilities only: ~xp c,1 DF,TZn = 1.03, DFe/Zn = 1.49. 

T o  calculate As, we have used the fol- 
lowing CFSE values of  the high-spin octa- 
hedral complexes  (•9): 

Fe z+ 49.71 kJ mole -1 

Co 2÷ 88.90 kJ mole -I 

Ni  2+ 121.88 kJ mole -1. 

Table VII lists the distribution coeffi- 

cients calculated by formula (8). The value 
c/2.3RT = 0.0034 has been chosen because 
for this value, the coincidence between the 
experimental and calculated distribution 
coefficient values for every Dexp and As is 
greatest. It is seen from the table that the 
values thus obtained are very close to the 
experimental ones,  and in all cases they do 
lie within the limits of the experimental er- 
ror. 
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