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ABSTRACT. Critically selected activity coefficients of individual
ions stepwise stability constants, and enthalpy and entropy changes
during formation of metal —ammonia complexes in aqueous salt
solutions are summarised and analysed. Special attention is paid to
the specifics of ammonia complexation in solutions with high
ammonia concentrations (>1 mol dm™), which are of interest in
hydrometallurgy. Certain problems and prospects for use of
metal —ammonia complexation in hydrometallurgy are discussed.
The bibliography includes 154 references.
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1. Introduction

The theoretical principles of ammonia hydrometallurgy have been
formulated by investigating aqueous equilibria:

M(H0Jy + "NHy———= M(NH3), H,0)n.. +nH20, (1)

where n = 1,2,...N, and N is the limiting coordination number of
M?*. These investigations were performed and summarised in the
doctoral dissertation of J Bjerrum, the second printing of which
appeared in Russian.!

The studies of Caron®’ enabled industry to utilise the most
common method of ammonia hydrometallurgy. The Nicaro plant in
Cuba was the first to implement this technology (Ref. 4, p. 129).

However metal—ammonia complexation in aqueous salt solutions
has not yet been sufficiently studied.” Thus, the unique capabilities
of ammonia hydrometallurgy such as the selectivity, mildly
aggressive solutions, reagent recycling and ecological benignity*®’
are not fully appreciated.

The lack of thermodynamic data for the formation of Fe— and
Mn"—NH; complexes represented a large gap in studying equilibria
of type (1).5'2 Ammonia complexation in sulphate and carbonate
solutions,’ in which most processes of ammonia hydrometallurgy are

carried out has not been studied. The position of equilibrium (1) at
temperatures greater than 45 °C is almost completely unknown.
Reliable stability constants and other thermodynamic functions of
P, TI, PbY, Cr™, Li and alkaline-earth complexes with NH; are
not available.512 The possibility of ammonia—ammonium
con:?l:‘xation was not considered in examining equilibria of type
.~

Thermodynamic parameters for the reaction of individual cations
and anions with NH; in aqueous salt solutions have been
calculated’® only assuming that the activity coefficients of
ammonium and chloride are constant. However, this assumption is
incorrect in concentrated aqueous ammonia.’?

Protonation constants of NH; in aqueous ammonium carbonate
and sulphate solutions have not yet been determined.®'%!* These
are the most important salts in ammonia hydrometallurgy.

The present review is written with the intent of reducing the
aforementioned and a number of other wide gaps in the chemistry of
aqueous salt solutions of NH;. The review is based on studies by us
and our co-workers that were published in 1986 —1991.

The applied part of the review involves current problems of
ammonia hydrometallurgy and prospects for broader utilisation of
this chemical technology in the future development of
hydrometallurgy.

II. Aqueous salt solutions of NH;

The dissolution of NH; in water is a two-step process described
by the following equilibria

NHa(gas) 2 NH;(1)
NH;(DH,O() 2 NHs () + OH~(1). 2)
The quantitative characteristics of these reactions are Henry’s

constant (Ky, usually in mol kg™ atm™) and the base dissociation
constant (K%) of NHi. These constants are defined by the

expressions
K = mpy YNy / Prngs A3)
K% =y Ymymon-You- / (mu, Yne, @1,0) @

in which m; are the molalities of the i-th components, Py, is the
partial pressure of NHj, v; are the molal activity coefficients and
ay,o is the activity of water (usually on a mole fraction scale).
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Recently the Pitzer equation'®!” was recommended for a

quantitative description of the solubility data of NHj in water and
multicomponent aqueous salt solutions. This equation enables the
activity coefficients and osmotic coefficients of NH; and salts in its
aqueous solutions to be rather accurately calculated.

It has been demonstrated'®!® that Henry’s constant as defined by
Egn. (3) varies with temperature according to the expression

InKy =a + bT-! + cT, )

where a, b and ¢ are constants equal to —8.09694, 3917.507 and
~0.00314™® or —8.097, 3917.5 and —0.00314,'° respectively, at T =
273-313 K.

The influence of temperature in the range 273—313 K on K 3 as
defined by Eqn. (4) gives the equation'®

Ink® = 169732 + 4411025 / T - 0.0440T. ©)

The molal activity coefficients of NHj; in solutions with
insignificant concentration of ions is expressed as'®

2
'YNH3 = exp(sz}[3)\NH3.NH3 +3m N}]3MNH3,NH3.NH3)’ (7)

where Anp,Nn, and Unw, NH,NH, are the coefficients of paired and
tripled interaction of NHj;. The tripled interaction coefficients in the
temperature range 273 —313 K contribute little to ynu, as defined by
Eqn. (7) up to aqueous ammonia concentrations of 20 —25 mol kg™
H,0. The paired interaction coefficients of NH; (Table 1) vary with
temperature according to the equation

Anpg Nz = 0.033161 - 21.12816 / T + 4665.1461 /T2,

The molal activity coefficients of individual ions for M,.X,_ in
aqueous salt solutions of NH; have been calculated'®?° using the
expressions

viny,=A+2my, (V+)‘x\1~x3.M“-

+V_A )+

ANy XY
2
+3may, (V+p'NH3.NH3.M v V—”mx;‘mh,x“r) +

2
+ by, iy veXv_ (V+“Nn3,M v-mve T

2
+ 2V+V—um3.w-.xv+ + v—“NH;.X"’.XV‘ ) ®)

where 4 are M** —X"~ interionic interaction terms defined by the
Pitzer equation.!!” Experimental data for the average ionic molal
activity coefficients (y.) of salts in aqueous ammonia provided a
basis for calculations using Eqn. (8). These primarily yielded
coefficients of paired and tripled interactions of ions with NHj.
These coefficients were used to calculate y, and y_. The molal
activity coefficients of the ions, like the calculation of the coefficients
of paired and tripled interactions (Table 1), were calculated'®? using
the unconventional thermodynamic assumption that in aqueous
ammonia

i = Ya- =1 (Refs. 15, 18). ®
or

Yos+ = Y1- =1 (Ref.20) 10)

Table 1. Critically selected parameters for reaction of NH; with ions
in aqueous salt (in mol kg H,0) solutions at 25 °C.!%2°

Ton (l) ANH,,;‘ Ton (i) }'N'H,‘l'
cale.*! cale.*? cale.*?! cale.*?
Mg -021 -0268 - -0004 0055
ao; A :
24 -
G -0081 -0438 ao; -0056 -0003
S -4 -0.09%0% - -0.003 010
NO,
10,000437) s
v -
B 0021 -0076# NG; -001 0040
Lt -0038 ~0090 CNS- -0017 0.034
Nat 00175 -0030 s 0174 022
(-0.000311)
K 0054 ~0.003 so§' 0.158 020
(-0.000321)
Rb* -— 0 soi' 0.140 0.19
& - 0 cor 0,180 023
3 0,000625)
00 ~0.049 oF 0.12 0.8
o -000075) 04
F 0.091 0.14 HC0O™ 0.048 0.10
a0 0.048 CH;000~ 0036 0.090
B -002 0.030 OH 0.103 015
Iy -0051 0 NH, 001472 -0035

*1Calculated assuming ynu% = vo- & 1.1° Coefficients of tripled
interaction, i.e. pnw, NH, » are shown in parentheses.

*2Calculated assuming Yo+ = v = 1.2

*3The contribution of HNH,NH,,: IS Doticeable at cxm, > 8~15 m;
however, the accurate value of pnw, Nu,, ; Was not calculated.

Table 2. Logarithms of molar activity coefficients (y) of ammonium
cations and chloride anions in aqueous ammonia mixtures of
ammonium perchlorate and chloride (1.0 mol dm™) at 25.0 °C 1321

o, mol dm ™ Ig y of the ions
+ Cl"
NH;

20 -0.10 0.10
40 -022 023
6.0 -033 0,36
80 -046 040
100 -0.56 052

Note. It was assumed that Ig ykcio,=lg yx+=Ig yeio; (Ref.13).

Table 1 summarises such calculations that are based on Eqn. (8) as
paired interaction coefficients of ions with NH;. The numerical data
of Table 1 indicate that the unconventional thermodynamic
assumptions (9) and (10) produce different paired interaction
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coefficients of NH; with the ions. However, if the two assumptions
mentioned above are used, these coefficients differ by practically
identical amounts of 0.05—0.06.

However, assumption (9) is not valid for concentrated
aqueous ammonia'® since ammonium and ammonia form the
NH,NH; compelex with a stability constant of 8.0 + 0.5 (taking
into account the water activity in mol dm™) in aqueous solutions
with ionic strength 1.0 at 25.0 °C.2' Chloride in these same solutions
salts out NHj, as indicated by the data in Table 2. Therefore,
adding NH,Cl to aqueous ammonia has no affect on the activity of
dissolved NH; as was proposed on the basis of assumption (9).

The molar activity coefficients (y) have been calculated for a
large number of individual ions'®?? for aqueous ammonia with an
ionic strength of 1.0 held constant with NH4ClO4 at 25.0 °C. The
calculations were performed using the unconventional thermodynamic
assumption that

kao‘:yx*=y00;= 1. an
Assumption (11) for solutions with [NHj] less than 12.0 mol dm™
has been confirmed to be valid by various methods. >’ It was
found®? that, depending on the molar (NH;] (enm, ), these activity
coefficients vary with high correlation coefficients (p) according to
the equation

lg yi= ACNH3 + B, (12)
where A and B are constants with the values given in Table 3. It is
noteworthy that B for all ions (Table 3) is statistically equal to zero
within error limits. Thus, log y,—»0 as cnm,—0 according to
Eqn. (12).

Table 3. The constants A and B in Eqn. (12).**

Tons —[ At3c Bi3c p

a- 0.065 1 0.008 -0031005 0999
Br 0.057 £ 0.008 -005+005 0992
NO; 0.047 £ 0,008 -0,031005 0986
BO; 0091 £ 0.006 005004 0998

- 0,153 1 0,003 -0021002 0999
10,
so 028 005 -02103 0994
C 20; 024 1007 -005+04 0982
cor 0.24 £ 005 -02403 0952
iy - 0,100 £ 0,007 0.06 + 0.04 0998

The equilibrium below has been studied in a series of careful pH
titrations®*30

H*(solv) + NH;(solv).—f—:NHZ (solv), (13)

in aqueous solutions with ionic strengths (I) held constant by
various monotypic salts (MA,) and their mixtures (MA, + BX) at
25.0 °C. It was found in these studies that the equilibrium constants
(K) for Eqn. (13) in MA, salt solutions obey the following linear
relationships with a correlation coefficient greater than 0.999:

1gK = IgK° + bl, 14
where K° are the constants standardised using solutions with zero
fonic strength and b are constants (Table 4). It should be especially
emphasised that data standardised to ammonium sulphate and
carbonate solutions also obey Eqn. (14). These are the most
common salts of ammonia hydrometallurgy for which the
equilibrium constants of Eqn. (13) have not yet been determined.'*
The validity of Eqn. (14) has also been confirmed with correlation
coefficients of 0.99 by other investigators.*?> However, these
studies did not involve all salts (Table 4) and covered a narrower
range of ionic strengths. The results of these studies’>? were
recently the subject of a thorough mathematical analysis.'*

Table 4. Equilibrium constants (13) of Eqn. (14) at 25.0 °C."*

Background salt gK° b Range of I Number of
experimental
K
LiNOg 9.228 £ 0,006 0.168 £ 0.005 01460 14
NaNO; 9.229 + 0,004 0.192 £ 0.001 01160 14
KNOy 9.199 0,004 0.192 £ 0.002 01435 9
Lic0, 9245 1 0003 0210 £ 0.00t 01140 10
NaCl04 9.221 £ 0,004 0,250 £ 0.001 0155 13
NH,CIO4 9,226 + 0,004 0.141 £ 0,004 01115 5
NH,NO3 9.230 + 0,002 0.141 £ 0.001 0.1160 14
(NHy804 938001 0.138 £ 0.003 03160 5
(NHg)003 9,311 0,01 0.131 £ 0,001 03160 5

The equilibrium constants of Eqn. (13) in MA,—BX salt mixtures
with constant ionic strengths lie on the line described by the
following equation with a correlation coefficient greater than 0.99

18Kva, - Bx)= 18KMa,) + ABXCBX. (15)
where Kova Bx) and Kpva) are constants in the mixed and
monotypic salt solutions, cpx are the molar concentrations of BX
salts and Apx are comstants (Table 5).**° It is interesting that the
constants Agx can be calculated from the constants b (Tables 4 and
5) in Eqn. (14). Thus, Apx can be divided into ionic components,
the addivity of which can be used to predict Kpga -px) in mixed
solutions of still unstudied salts.

An analysis of the ionic components of Apx indicates (Table 5)
that the cationic components are less than the anionic ones for the
salts included in Tables 4 and 5. This is due to the fact that the
reagents of equilibrium (13) are cations, the particular behaviour of
which depends more on the nature of the anions than on that of the
cations.
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Table 5. Equilibrium constants (13) of Eqn. (15) at 25.0 °C.1#

Background salt | Tonic strengths [No. of X Aex
from Eqn. (15) from b values

LiNO; - NaCI0, 20; 50 16 0.083 £ 0,007 0.083 £ 0,005

Li(NOy - CI0y) 20, 40 14 0030 0,005 0.043 + 0,006

Na(NO - C10,) 2030 2B 0052 £ 0.005 0.057 £ 0005
50

{Li > Na)NO; 20, 40, i 0,028 £ 0,003 0.026 1 0.004
6.0

(Li - NHgINO3 20, 40, 27 -0.024 1 0.003 -0.023 £ 0,004
60

(Li - Na)Ql04 2.0; 40 14 0.033 £ 0.006 0,040 £ 0,007

The additivity of the ionic components of Agx is not unexpected.
The influence of a large number of alkali and alkaline-earth salts on
the vapour pressure of NH; has been represented and analysed® as
activity parameters of the individual ions. These parameters were
used to predict the analogous functions of unstudied ions. Empirical
laws were used for the prediction for example

AP=a+bz /1, an
where AP are the relative NH; vapour-pressure changes caused by
ions of charge z and radius r and a and b are constants, or

AP = O.ZOAGA_ - 495, 13)
where AG .- is the free energy of hydration of the anions (in J mol™).

It is interesting that the prediction was made using Eqn. 18)*
and later experimentally confirmed'® that cations of the type
Co(en)CO; (en = ethylenediamine) salt out NH; whereas large
anions such as picrate, Hgl3, etc. bind NH; in aqueous salt
solutions.

The ionic components are used to calculate Sechenov constants,
which characterise the behaviour of NH; in aqueous solutions of
alkali metal salts.>* It is true that the calculated constants did not
always agree with those found experimentally. However, the
following equation

K, = 0.0532 /rA ~-0.22,

-
where ra.- is the crystallographic radius of A*~ (in nm), rather well
gives the NHj salting-out constants (K, ) by the anions."

Judging from the previous studies,’®*>% NH; is protonated
according to Eqn. (13) owing to a negative enthalpy component of
the Gibbs free energy with a small entropy decrease (Table 6). The
enthalpy and entropy components become more negative as the ionic
strength of the studied solutions increases. Changing from Li to Na
salts slightly decreases the entropic barrier. This barrier for both Li
and Na sats increases in the order ClIO; < NO3 < CI”. However,
these effects are small considering that the determination errors of
the examined entropy changes (+ o) are +1 J mol™ K™

Footnote: No Eqn. (16) in Russian text.

Table 6. Enthalpy and entropy changes of NH; protonation in

aqueous salt solutions at 25.0 °C.30-33.36
Calty Solution
wol dm ™3 T

LiCl LiNO, LiClO, NaCl NaNO; NaClo,

(~AH £0.3) KJ mol™!
050 530 537 531 530 532 532
1.00 538 540 540 540 542 543
200 556 56.7 562 559 56.2 56.4
300 572 584 585 578 583 589
400 59.0 604 — 59.8 60.2 60.7
500 609 625 — 61.8 622 —
(~AS+1.0)J mol™' K™

050 12 21 -03 05 -03 -03
1.00 20 1.7 0 12 10 07
200 79 7.1 33 46 40 33
3.00 100 97 6.1 83 14 54
400 143 131 — 114 10.4 74
5.00 162 16.8 — 147 134 —

Table 7. Molar activity coefficients of NHj3 in 2.0 mol dm™ aqueous
ammonia solutions of NH4NOj; at 25.0 okl

oxm, mol dm ™3 INH, o, mol dm ™ N,

10 1024 001 16.0 190 £ 0.02
(1.01) (1.89)

20 1.07 £ 001 120 2251003
(1.06) (224)

40 1.23 £ 0.01 140 2891004
(123) -

60 1391002 160 355 £ 0.05
(1.40) —

80 1621002 180 420 £ 0.05
(162) (418

*Values of y obtained from extraction of NH; into CHCI; are given
in parentheses.

Many properties of agueous salt solutions of NH; are determined
by their activity coefficients. The coefficients markedly increase in
solution with [NHs] > 1 mol dm=."13143738  The molar NH;
activity coefficients (up to 18 mol dm™) at 25.0 °C in aqueous
NH;NO; (2.0 mol dm™) that were recently measured®” by an
electrochemical method using a glass electrode and by extraction into
CHCl; are presented in Table 7. This salt solution is most
frequently used to study metal —ammonia complexation equilibria.
These activity coefficients have been used in many of our
studies!*373%5! to investigate the processes expressed by Eqn. (1) in
aqueous solutions with a high [NH3].
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Careful measurements of the NH; vapour pressure (Png,) Over an
aqueous NaClO, solution (1.0 mol dm™) containing less than 12 M
NHj at 25.0 °C led to the equation®

Pty = 1.58 + 1240y, — 1.66C 01, +
+0.937C%y, — 0,119}y, + 0.00529¢3.

Up to [NH3] = 2 mol dm™, this function was practically linear and
gave a Henry’s constant of 12.4. Taking this into account, the NHj3
activity in all studied solutions is correctly described by

GNHy = PNH3 /124.

The vapour pressure of NH; over the whole concentration range
(0—100%) of its aqueous solutions has been measured over a wide
temperature range (32—345 °C).>2 The activity coefficients of NHj
that were standardised to its pure state (i.e. liquid NH;) were
determined under these conditions.

The dependences of the standard solvation enthalpies of NH3 on
the charge density of the cations and anions in aqueous calcium,
alkali metal, tetramethyl- and tetraethylammonium chloride solutions
and in sodium halide, nitrate and sulphate solutions have been
analysed.> These functions are nonlinear for the anions and cations
owing to the considerable differences in the hydration mechanism of
the various ions and in the size of the noncoulombic contributions
(covalent, hydrophobic and hydrogen bonds) to the interaction
energy of the ions and molecules in the examined solutions.

II1. Formation of metal —ammonia complexes in
highly concentrated aqueous ammonia

The formation of metal—ammonia complexes in aqueous
solutions according to Eqn. (1) involves the metal ions, NHj
molecules, M(NH,),(H,0)%', and water molecules. Modern
experimental methods for studying equilibria of type (1) in order to
determine » and the overall stability constants (B,) of the complexes
formed are based on measurements of various properties of
M®H,0)%", NH3 and M(NHa),(H,0)3", (the metal ion, ligand and
complex methods, respectively).*  Potentiometry with electrodes
reversible toward M(H,0)%", polarography and the solubility of
salts containing M** are the most common varieties of the metal-
ion methods. Extraction (NH3),NH; vapour-pressure determination
over solutions and pH titrations are varieties of ligand methods.
Electronic spectroscopy, NMR, thermochemistry and extraction of
M(NH3)Z" are examples of complex methods.

Ligand methods have provided the most information on the
composition and stability constants of M(NH3)Z*. Among these
methods, pH titrations have most frequently been used. The
equilibrium [NH,] in aqueous solutions with low total metal
concentrations (cy-+) and various [NH3) (enm,) are usually measured
against a background of practically constant high (>0.1 mol dm™)
concentrations of ammonium salts. These measurements were used
to calculate the formation functions (n).! Calculations of the latter
yielded the equation

7= (cran ~ N /

However, Eqn. (19) is incorrect® for aqueous salt solutions with
[NH;] > 1.0 mol dm™.

8-11

19

Even Bjerrum demonstrated’ that n
calculated for M(NH3)2" using Eqn. (19) are reduced in solutions

with high [NH3]. This reduction of # is mainly due to the salting-out
action of NH; on the reagents of equilibrium (1), to the use of
experimental NH; activities (anm,) and not its equilibrium
concentrations and to a number of less important factors.!> The
effect of all aforementioned factors can formally be ascribed to the
variability of the activity coefficients for the reagents of equilibrium
(1) in solutions with [NH;] > 1.0 mol dm™. Therefore, equilibrium
constants of Eqn. (1) even for aqueous solutions with high and
constant concentrations of ammonium salts but with [NH;] >
1.0 mo! dm™ should be represented only in terms of activity, i.e. by
the expression

[M(NH3),,(H20);,*_,]yM(NH3 N

[M(H2O):]y M(H;0) (NH: "y,

n
ay,0

. (20)

n=

where y are the molar activity coefficients and an,o is the water
activity (usually expressed in mole fractions).

The complex concentrations from Eqn. (20) are defined by the
equation

[M(NH,), (B,0);7, ] = B.[M(B,0); [INH, |" sy aiito,  (21)

if it is assumed that the ratio of M(H,O)%" and MWH;),
.(H,0) %%, activity coefficients is equal to unity and does not change
with increasing [NH3). To a first approximation this assumption is
valid since the charges of these ions are identical and their sizes are
very similar.*

The following equation is obtained by combining Eqns. (19) and
(21) and making simple transformations

Z(7 - n)B, [NH;)" ¥, 0130 = O, 2)
and can be used to find 7 and B,. However, 7 should be corrected
for the variable activity of the molecular—salt solution after their
determination in solutions with [NHs] > 1.0 mol dm™ ** in order
accurately to calculate n and B, using Eqn. (22). Bjerrum attempted
to determine the size of this effect in terms of corrections (An ) to
the n functions. However, the scatter of An in solutions with
[NH;] = 7—10 mol dm™>, according to his data (Ref. 1, p. 149),
reached 300%. The reasons for such a scatter were recently
discussed.’®'*¥7  The neglect of the formation of Ba—NH;
complexes,'> the existence of Ag(NH3); # and the nature of the
anion in determining An%° produced such a scatter.

The quantities An for 1—10 mol dm™ (Refs. 13, 57, 58) and even
1-20 mol dm™> (Refs. 14, 37, 43) for NH; solutions of ammonium
perchlorate, chloride or nitrate with constant ionic strengths of 1.0
and 2.0 have recently been determined in a series of studies. The
most accurate An were determined for Znl —NH; complexes.’” The
Zn" cation is completely converted to the tetrahedral coordinatively
saturated Zn(NH3)3" complex even in 0.5 M aqueous ammonia.'
Increasing [NH;] further up to 20 mol dm™ causes n to decrease
from 4.0 to 1.2—1.5."%%3 Use of the expression

AR=4-7 (23)
for Zn(NH3)2" in solutions with [NHs) = 1—20 mol dm™ yielded
An over the widest range of [NH;] (Table 8). Analogous An were
obtained during a study of the formation in concentrated aqueous
ammonia salt solutions of NH; complexes of Ag' and Cu” [taking
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into account formation of Ag(NH;); and Cu(NH3)3"]>™* It is
noteworthy that the An found by us (Table 8) are very close to those
obtained by Bjerrum using the behaviour of Cu™ —NHj complexes.

Table 8. Average corrections (An) to the Bjerrum function for
M(NH;)2" in aqueous NH4NO; (2.0 mol dm™) with high [NH;] at
25.0 °C.#

* - * _ *

-pNH, 4R -pNH, 47 -pNH, &
0 005 075 o 150 170
025 022 100 106 175 bhY)
050 050 125 138 200 250

Note. Data for the ammonia complexes of Zn"”, Cu", and Ag' were
averaged.

*pNH; = -log([NHj3]ynu,/ow,0), Where ayo is in mole fraction
and [NHs3] is in mol dm™,

The averaged An (Table 8) were used to calculate the corrected
(Meor) values of the Bjerrum function.!>¥7*"% The latter were
calculated using

Acore =R+ AR 24)
The Bjerrum functions corrected by An were substituted into
Eqn. (22) during a study of the formation of Li—NHj; complexes
(Table 9)*' and Mg—, Ca— and Cd—NH; complexes
(Table 10)'**7 in addition to those of TI' (Refs. 13, 54) and alkaline
earths (Table 11)*° in solutions with cnH, < 18 mol dm™. These
studies were carried out using a pH-titration ligand method!*3747:54
or NH; extraction into CHCl3.'**75%  Some of these complexes
were also studied by a thermochemical method, """ i.e. by one of
the complex methods. The composition and stability constants were
calculated using
— N
AH = EAH"(!,‘,

n=0

25

where AH are the enthalpy changes from Eqn. (1), AH, are the
enthalpy changes on formation of M(NH,)2" and «, are the mole
fractions of the complexes, i.e.

z+ ” -n
a,= BR[M ]amaaﬂzo/cm,,, .

Table 9. Logarithms of stepwise stability constants (log K, ) of NH;
complexes of Li in aqueous NH,NO; (2.0 mol dm™) at 25.0 °C.¥

Study method lgKpatn
1 2 3 L 4
pH titration 028+ 0;05 0.76 + 0.09 11101 15102
Extraction 032+ 008 08102 12103 16404
Thermochemistry 0301 07202 12103 15105

Table 10. Logarithms of stepwise stability constants (log K,) of
NH; complexes of Mg, Ca and Cd in aqueous NH4NO,
(2.0 mol dm™) at 25.0 °C.1*%"

M+ IgK,atn
1 l 2 ‘ 3 J 4 l 5 ( 6
Mg;* 025+001 -013£001 -040+002 066£002 0924003 -140%009
G*  -023:002 061002 -087+004 -102£008 -149£008 -180£0.12
G 2683001  220£001  147:001 0951002 -030£003 -17401
R69+001) (216:002) (149£003) (0961004) (-028+0.18)  —

*Log K, obtained from thermochemical data’®® are given in
parentheses.

Table 11. Logarithms of stepwise stability constants of NHj;
complexes of alkaline earths in aqueous NH4CIO,4 (1 mol dm™) at
25.0 °C.®

Cation I, gK,atn
! dm™
T T T
Cal 0 -0131£002 0.26 £ 0.03 052 £ 0.03 0.77 £ 005
050 -005£002 0.3310.03 0,60 £ 04 0,85 1 0.04
10 0.03 £ 0.02 0.42 £ 0.03 0.69 + 0.04 0.93 £ 0.05
15 0121002 049003 0,76 £ 0.04 101005
20+ 0,19 058 034 1.09
st 0 0.04 £ 0.03 0.42 £ 0.04 0.70 £ 0,04 —_
050 0.12 £ 0.02 0.50 £ 0.04 077 £ 0,04 -
10 0,19 1003 0.58 £ 0.04 0851003 —
15 0274003 0.65 0,05 093 £ 003 —
Ball 0 0.11 £ 0.03 050 £ 0,05 0.76 £ 0,05 —
050 020+ 0,04 0.58 1 0.05 0,85 £ 0.05 —
10 027 £ 0.03 0.66 £ 0.04 092 £ 0.04 -
15 0.36 1 0.03 0.74 £ 0.05 1.00 £ 0.05 —

*From Eqn. (26).

The ligand method with a correction for An and the complex
method (thermochemistry) without corrections for the solvent effect
gave identical stability constants for the NH; complexes of Li
(Table 9), Cd (Table 10) and TP (Table 10).** This fact and results
from a number of other investigations'? indicate that the solvent
effect for M(NH,)Z ™, like for complexes of anions,**S! are decreased
on going from a metal method to a ligand method and a complex
method.

It should be emphasised that the correct stepwise stability
constants for a number of weak ammonia complexes that are formed
in highly concentrated NHj solutions are summarised for the first
time in Tables 9—11. It is interesting that all stepwise stability
constants of Ca—, Sr— and Ba—NHj; complexes (Table 11)
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decrease with increaéing ionic strength (I) using NH4ClO, according
to

18K, = 1gK + Al 26)

where KO are the constants at 7 = 0 and 4 is a constant equal to
0.16.37%

The stability constants of Ca(NH;)2* with n = 1—4 that are
calculated using Eqgn. (26) agree with those found for 2.0 M
ammonium nitrate (Table 10) and perchlorate (Table 11). Even
before the stability of NH,; complexes of alkaline earths was
studied,>” it had been demonstrated"® that Eqn. (26) is valid for
Mg—NHj; complexes in 0—2.0 M aqueous NH4;NO;.

Table 12. Constants 4 and B of Eqns. (26) and (30) for aqueous
NHNO; (I, mol dm™3).

M+ 4 Range of J, B Tempersture Refs.
mol dm ™= range, °C

Agt ~0010 05—50 0017 2-30 n

by ~0.065 0.1—40 0.004 1545 13
Mg -016 05-20 - % (13
(e% -0.16 05—15+ - % ]
s -0.16 05—154 - 2 159
: % -0.6 05—154 - 2% 553
/el 0095 05—5.0 0,008 2-3% m

cat 0070 05—50° 0.008 230 )

ot 0080 05-50 0013 2% [

Co 0080 1060 0013 10—40 62
ot 0080 1060 0027 6098 621
F* 0,060 2060 0,045 1555 164
Mn?* 0060 10-50 0031 10—40 63
N2t 0061 05-50 0.0075 2-30 m

Nit - 5,002 00080 550 m
Nit - 5042 00170 75—125 m
o 0,080 10-404 0014 5—50 (4
o 0080 10404 0031 75—125 4
Tn?* 010 10404 0075 550 74
I 0.10 10404 022 75—125 4
ca* 0072 10404 0078 550 4
ca 0072 1040043 019 75125 )

*1Values of I in NH4C1O, solutions are given.
*?The same in 5.0 mol l(g‘1 H,0 NH4NO; solutions.
*3Values of I in mol kg™! H,0 in (NH,),SO, solutions.

It is important that Eqn. (26) is consistent with decreased stability
of the alkaline-earth—ammonia complexes as the ionic strength
increases whereas this phenomenon is not observed for NHj
complexes of other metals"?*52%* with the exception of TI\? Pb"

(Ref. 65) and Agl,! for which Eqn. (26) is applicable with negative 4
(Table 12).

The influence of [NH3;] on the equilibrium constant for the
hydrolysis (Ky) of hexaamminecobalt(III) has been studied.5%® It
follows the equation

Co(NH3)% + H,0 Co(NH3)sOH?" + NHj. @n

The ammonia molecule does not explicitly appear in Eqn. (27).
However, it has been established’®® that K in 1.0 M NH,NO,

decreases with increasing [NHs] (cnu, = 2—14 mol dm™) at 25.0 °C
according to

—1gK,=1.32+0.070 (cnn,—2.0), (28)
which is valid with a correlation coefficient of 0.996. This equation
indicates that NH3 has little influence on equilibrium (27) at cxm, <
2.0 mol dm™. However, it decreases the hydrolysis of hexa-
amminecobalt(IlI) at cng, > 2.0 mol dm™. This fact is important
for ammonia hydrometallurgy*® where hexaamminecobalt(IIl) is
salted out by NH; from aqueous solutions in order to separate Ni
and Cu. )

Equation (28) was quantitatively explained®® by analysing the
effect of [NH;] on the molar activity coefficients of Co(NH3):",
Co(NH3)sOH?>" and NH{. The dependence of log(ycoquu,),oma+
JYNHYYconi,)??) on Cny, Within error limits agrees with the change
of K, from Eqn. (28).

Changing the concentration of background NH4;NO; from 0.25 to
6.0 mol dm™ decreases log K, from -1.18 to —2.54 (Table 13).57
Changing NH4;NO; to the sulphate has no noticeable effect on
logK,. Changing the temperature has a substantial effect on
equilibrium (27) (Table 13).

Table 13. Effect of ionic strength, nature of background salt and
temperature on equilibrium (27).5

Background | lonic T,°C -igK, Background | Ionic .°C |-lgk,
salt streagth salt strength

NH,NO; 025 250 118 (NHg,S04 10 250 133
050 250 125 20 250 165
10 250 135 30 25.0 189
20 250 169 49 250 250
30 250 191 10 150 170
40 250 212 10 350 098
50 250 233 NH;NOy 10 150 168
60 250 254 10 350 100

It is noteworthy that the effect of NH; defined by Eqn. (28) is
practically identical for all conditions given in Table 13.57
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Table 14. Stepwise thermodynamic functions for formation of NH;
complexes M(NH3),(H,0)3", in aqueous NH,NO; (2.0 mol dm™)
at 25.0 °C. 570

M n gk, —AG,, —AH,, —AS,,
k) mol™! mol~! Tmol P Kt

Ma! 1 0% 5.48—0.06 5202 -06-09

2052 226006 48-03 8512

3025 143011 5205 13-2

4 -0 -0.11—006 5007 173

5 030 -11—0.16 4308 03

6 (07 (40 SO fe
Fe? 1153 8731010 81102 ~2t1

2 098 558+ 0.10 79405 812

3056 32102 8007 1613

4 019 11402 751038 213

5 -031 -18103 721 3014

6 (-0 (-40)* @0 (4o
Ca® 1 20600 12301 11802 -2t1

2 1654002 94101 120402 911

3 110003 62702 11904 1942

4 0751005 428403 123106 2743

5 024005 125403 118109 514

6 -06+01 -34106 142 819
Nt 1 2811002 160101 159102 ~03110

2 227100 128101 15004 712

3 17100 10.1 £ 0.1 160+ 05 2012

4 1271002 7251011 155105 812

5 0711003 40502 17407 4113

6 0151004 086102 1782 60+7
Cul 1 4241002 242401 239102 -1¢1

2 3591002 204101 236402 171

3 2971002 170102 28103 042

4 220£015 125402 25103 3342

5 -06£01 ~34106 16 11 219
Zn" 1 24101 137106 1212 ~619

2 25401 143106 1343 -4112

3 26102 15¢1 1613 3113

4 23102 131 2043 24113
ot 1 2721002 155401 14602 -3t

2 2181002 124401 140402 511

3 142100 8110, 139104 1912

4 096003 548402 145+ 04 3412

5 -036103 -205102 14009 5414

6 -161106 -92130 1843 9120
auf 1 578004 330402 3411 314

1 4801004 274102 11 %14

3 -13102 -74111 312 35£10
Ad 1 33101 18806 242 1119

2 3501001 2241006 3511 4215

3 -148£005 -85109 212 35110
Lif 1 -0281005 -16103 10103 942

2 -076£009 ~42105 11404 1813

3 -11t0] -63106 09105 Ut4

4 -15102 -84110 1206 3215
He" 1 875009 500 £ 05 5142 -318

2 84711005 484103 5211 124

3 10101 57106 8:1 815

4 08:01 46106 81 115

*Extrapolated values.

IV. Thermodynamic functions of metal —ammonia
complexation

Much handbook data is available for the composition and
stability constants of metal—ammonia complexes in aqueous
solutions.®'? A significant part of this information in addition to
data for the enthalpy and entropy changes on formation of
M(NH3),(H,0)a» is contained in tables of critically selected,
i.e. recommended values.!®!! However, many mistakes were found
through a comparison of these tables. For example, the critical
values for an unknown reason include the incorrect stability constant
of the TI' monoammine complex (Ref. 10, p. 41), which varies with
increasing [NHj] in 2.0 mol dm™ aqueous NH4NO; (Ref. 1, p. 183).
Approximate stability constants of Li,°! Mg and Ca*’ ammonia
complexes are found in these same tables.' The enthalpy and
entropy changes for formation of Mg(NH;)2" that are included in
the critical tables are also inaccurate.'®

Unfortunately, it is difficult to select reliable information for the
thermodynamics of complexation in solutions even by analysing in
detail recent original results®® since the experimental and
mathematical details are not given in many publications.

The most correct, in our opinion, recent stepwise thermodynamic
functions for formation of ammonia complexes of various metals are
collected in Table 14. Several of these values appear in the critical
tables'® and have additionally been verified or first determined in
our new studies,'428:43-51.70

Requirements set for recommended, preliminary, dubious and
incorrect complex stability constants in addition to enthalpy and
entropy changes during their formation are clearly formulated in the
literature.”! However, these requirements are not fulfilled and are
sometimes meaningless for some systems. For example, accurate
enthalpy changes during complexation cannot be determined by two
different methods, as previously recommended.”* The correct values
of these functions can only be calculated from thermochemical data.
This condition is also partially valid for determining the entropy
changes during complexation. It is sometimes meaningless to use
two methods to determine the stepwise stability constants if the
errors in one of the methods are much less than those of all others.
The reasons listed above and several others produced the already
noted glaring mistakes in selecting the recommended thermodynamic
functions of ammonia complexes.!® In our opinion, the number of
such mistakes was held to the minimal possible in Table 14. Almost
all (except Pd*" and Au®*) cations that stepwise form labile and
comparatively stable (log K; > 1.0) ammonia complexes are included
in Table 14. All these complexes are formed through Eqn. (1) owing
to the negative enthalpy component of the Gibbs free energy with
(in the first coordination step) or without an entropy barrier.

The stepwise enthalpy changes of M(NH3):" (Table 14) do not
depend on n. The enthalpies for adding a fifth NH; to CuY, a third
and fourth to Hg", and a third to Ag' and Cu’ are exceptions. The
quantity AH, for M(NH3)2* is considered to be constant for the
characteristic coordination number, which is four for Cu® and two
for Hg", Cu® and Agl.

The entropy changes of almost all stepwise changes (within
experimental uncertainty) for dications (Table 14) (except Zn) are
well described by

AS, = AS, + a(n- 1), (29)

where a is a constant in the range 7—11 and AS, is in J mol™! K.,
The constant ¢ increases in the order Mn?* < Fe?* < Co ~ Nij <
Cu ~ Cd, being 7, 9, 10 and 11, respectively. The entropy barrier
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increases (Table 14) as n in M(NHj)2" increases. The quantity
log K, decreases smoothly as n increases for all complexes listed in
Table 14 (except the Zn compounds). This decrease for most systems
is close to the statistical one’ taking into account that N = 6.

The cation Zn™ exhibits an anomalous ability to complex NH,.
The stepwise stability constants for it within error limits are identical
for n = 1—4 (Table 14). For this reason, it is practically impossible
accurately to determine all of its stepwise thermodynamic functions.

Evidence has appeared® that addition of the fifth NH; to Cd", in
contrast with the first four molecules, occurs with a much more
negative entropy change. However, this assertion has not been
verified.

Recently, the formation of ammonia complexes of Cu,
Co'(Ref. 73) and Zn and Cd**™* in aqueous solutions at
temperatures from 5 to 100—125 °C has been studied.
Semiquantitative data’>’® have been obtained for the stability of the
ammonia complexes of Ag' up to 160 °C and for Ni up to 180 °C.
These polythermal investigations of NH; complexation were
standardised to 2.0 mol dm=,*¢27576 2.0 mol kg™ H,O (Ref. 48) or
5.0 mol kg™! (Refs. 72, 73) aqueous NH,NO3;. Ammonia complexes
of Zn, Cd and Cu® (Ref. 74) were only studied in 0.33, 0.66, 1.0 and
1.33 mol kg™ H,0 solutions of (NH4),SO,, i.c. at constant ionic
strengths of 1.0, 2.0, 3.0 and 4.0 at temperatures of 5—125 °C.

In the temperature range 5—125 °C, it was found that the
dependence of log K, on T' is nonlinear for the ammonia
complexes of Cul®? Ni'y’2 Co® (Ref. 73) and Zn and Cd.*®
Therefore, the enthalpy changes during NH; complexation are
variable in this temperature range. The enthalpy and entropy
changes for formation of ammonia complexes of Co™ and Ni¥ in
aqueous salt solutions at 100 °C are given in Table 15. The
experimental errors of the thermodynamic functions (Table 15) are
large since these quantities were obtained from the temperature
dependence of the stability constants.”” However, a comparison of
the numerical data (Tables 14 and 15) unambiguously indicates that
a temperature increase causes the enthalpy component of the Gibbs
energy for the NH3 complexes of Co™ and Ni to become more
negative. The entropy becomes more negative with increasing
temperature than the enthalpy. Hence, a temperature increase
decreases the stepwise stability constants of M(NH;):* and causes n
to decrease. The conclusions about the effect of heat on the
formation of ammonia complexes of CulL, %2 Ni' (Ref. 72) and
Co™! (Ref. 73) were validated using ammonia complexes of Zn and
Cd in ammonium nitrate*® and sulphate™ solutions as examples.

An equation of the type

1gK, = 1gK° + Al + B(T - 298),

46,62 NII 72
s

(30)

Table 15. Enthalpy (AH,, kJ mol™') and entropy (AS,, J mol* K™)
changes for stepwise formation of M(NH;)2* in 5.0 mol kg™ H,0
NH,NO; solutions at 100 °C.”%"3

n —AH, for M** AS, at M**

Co L Ni Co -[ Ni
1 %13 518 4118 100 £ 21
2 Ni4 40110 3811 8+27
3 20t4 48+8 42111 110421
4 256 401 10 63116 97127
H 2%t6 38110 64116 —
Aver. %13 “u+s

where K, and K 9 are stepwise stability constants of M(NH3):* in
solutions with ionic strengths 7 and at 7 = 0, T is the temperature
and 4 and B are constants used in many studies (Table 12) to
characterise the effect of the ammonium salt concentrations and the
solution temperature on equilibrium (1). The value of 4 was usually
constant up to I < 6. The constant B did not vary in the range
20—50 °C. The constants 4 and B for complexes of various metals
are summarised in Table 12. An analysis of these constants indicates
that changing from ammonium nitrate to perchlorate or sulphate or
from a molar to a molal concentration scale has little effect on their
values. In all systems for which data appear in Table 12,
temperature increases substantially increase B.

V. Outer-sphere metal —ammonia complexes

Larsson’®*° first studied the formation of outer-sphere ammonia
complexes in aqueous solutions using Co™ complexes as examples

[CO(NH3)6](HZO)3+ +qNH; [Co(NHs)6] (NH3)¢(H20)g.4 + gH20,

(31)
where ¢ = 1, 2...0 and Q is the limiting coordination number of the
second sphere of Co™. The increase of solubility of hexaammine-
cobalt(III) in 1.0 M aqueous NH,CIO, containing 0—3.5 M NH;
was used to demonstrate the formation of outer-sphere ammonia
complexes with ¢ = 1 and 2. The overall stability constants of these
complexes at 20 °C are 0.24 + 0.05 (¢ = 1) and 0.05 (g = 2). Only
K, equal to 0.3 + 0.2 for an aqueous solution with 7 = 0.1, was
determined using electronic spectroscopy.”

Equilibria of the type (31) have often been studied using hexa-
ammine, anionopentaammine, tris-ethylenediamine, and 2,2’-bipyridyl
complexes of Co™ and Cr'™ as examples.®*3> However, all these
investigations were carried out in dilute (usually <1.0 M) NH;
solutions. Hydrolysis of the anionopentaammine complexes was not
considered. The small outer-sphere interactions enabled formation
constants to be calculated only for the monoammine complexes.
These often had large uncertainties that have already been discussed
in detail."

Wide-ranging studies of the formation of outer-sphere
ammonia complexes of Co'™, Cr'™ and PtV in solutions with [NH;]
reaching 10—12 mol dm™ have recently been completed. The
solubility of the complexes, pH titration, electronic spectroscopy and
NMR were used in the investigations. A part of the new data for
the logarithms of the stepwise stability constants of the outer-sphere
ammonia complexes are summarised in Table 16.

The numerical data (Table 16) indicate that the experimental data
obtained by the various experimental methods (solubility, pH
titration, electronic spectroscopy and NMR) that differ in principle
give practically identical stepwise stability constants for the outer-
sphere ammonia complexes of Co™, Cr' and Pt". Unfortunately,
complexes of this type with other metals have not yet been
quantitatively studied. In our opinion, the lack of data on the outer-
sphere coordination of NH3 by Rh™, Ir™, 11"V, Ru", Ru™ and Os™
in aqueous solutions of various inner-sphere complexes of these
cations represents a particular gap.

It can be seen from the stepwise stability constants (Table 16) that
changing from hexaammine to tris-ethylenediamine Co™ and Cr™
complexes slightly decreases the stability of the outer-sphere
ammonia complexes. An analogous effect is observed on replacing
Co™ by Cr™. These differences in the stepwise stability constants

13,58,86-91
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Table 16. Logarithms of stepwise stability constants (K,) of outer-
sphere NH; complexes in aqueous solutions with constant ionic
strength (I) at 25.0 °C.%!

Inner sphere Ig K;‘ atg I'set by salt |Dew-
mination
1 2 3 4 method *2
3 095:004 059005 028006 0.02:001 10 s
CofNHy); NH,CI0,
152$006 1134005 082004 0661010 29 s
N NEQNO;
Cofenly 1464004  100£006 0642006 0281009 20 #
NH,CL
090£005  050£007 02101 — 10 sp
NHCI
14101 10201 06102 031002 29 NMR®Co
NH,CI
12:0.1 08101 04101 — 20 NMR®Co**
NH,CI
CiNHy 08401 05£01 0201 — 19 §
NH,CI0,
09101 0501  03:02 — 10 s
NH{GO,
13101 10802 06102 — 20 sP
, NH,CI
Cfeny 07101 04:01 01:01 — 19 sP
NH,QI0;
06401 04102 0101 — 10 B
NH,CI
12402 09102 05%02 — 20 sp
NHCl

» 12%01 0902 — - 19 s
PN )N NILNO,

% 11101 08401 — - 10 H
PUNH)NH NHNO, P
Penpfep* 10101 06£02 — - 10 s

NHNO3
09102 06102 — - 10 sp
NH,NO;
05408 53015 — - 10 M
NHgNO3

*1For Co™ and Cr'™ complexes taking into account [H,O] in
equilibria (31), log K, are given on a molar scale; for Pt complexes,
in mole fractions.

*25  solubility; pH, pH titration; SP,
NMR*°Co, **Co chemical shift in NMR spectra.
**Ignoring the dependence of the Co chemical shift in
Co(en);(H,0)5" on [NHj).

spectrophotometry;

are probably due to a change of the size of the coordination spheres,
i.e. the inner spheres. Increasing the crystallographic radii of the
inner spheres apparently decreases the stability of the outer-sphere
ammonia complexes.

It should be especially emphasised that neither hexaammine- nor
tris(ethylenediamine)Pt™ in aqueous solutions is capable of forming
outer-sphere ammonia complexes. Adding NH; to aqueous
solutions of these compounds leads firstly to deprotonisation of one
of the inner-sphere NH; or the ethylenediamine.®*¥” Only the triply
charged Pt(NH3)sNH3* and Pt(en),(enH)** that result from the
deprotonisation from mono- and probably diammine outer-sphere
complexes. Tri- and tetraammine outer-sphere complexes of PtV in
aqueous solutions have not been detected, in contrast with Co'™.

The cation Pt(NH3)sNH3* binds NH; more strongly than
Pt(en)(enH)**°! It should be emphasised that log K, for outer-
sphere Pt™Y —NH; complexes are greater than those of outer-sphere
complexes of Co™ and Cr™. It should also be emphasised that
log K, (Table 16) for the last ones were calculated taking into
account the molar concentration of H,O and not the mole fractions
as for the other complexes examined in the present review and in the
bulk of the handbooks.**?

Therefore, the stability data for outer-sphere ammonia complexes
given in Table 16 decrease as a function of the nature of the metal in
the order PtV > Co™ > Cr™. It is possible that the asymmetry of
the inner sphere is responsible for the higher strength of the outer-
sphere ammonia complexes of Pt(NH3)sNH3" and Pt(en)y(enH)*".
However, we think that this assertion needs more thorough
verification.

Existing data for the enthalpy and entropy changes during
formation of outer-sphere ammonia complexes and for the influence
of ionic strength on log K, are extremely contradictory. Judging
from the new data,'>*” Eqn. (26), in which 4 is 0.54 (I = 0.1—1.0)
and -0.10 (/ = 0.5—6.0), is valid for monoammine complexes of
hexaamminecobalt(III) and Pt(en),(enH)>". Such ionic strengths are
maintained by ammonium perchlorate and nitrate.

VI. Problems and prospects of ammonia
hydrometallurgy

The thermodynamics of formation and dissociation of
metal —ammonia complexes in aqueous solutions determines the
specifics of most industrial processes of ammonia hydrometallurgy,
i.e. the leaching, purification, separation and isolation of metals.

Few cations can form labile and comparatively stable (log K; >
1.0) ammonia complexes in aqueous solutions.’> These include such
cations as Zn, Cu, Cull, Ni'!, Co™, Fe™, Mn", Cd", Ag’, Pd" and
Hg" (see Table 14). The elements forming these cations occupy a
triangle in the expanded periodic table. The corners are occupied by
Mn, Cu and Hg. The elements inside this triangle are leached into
aqueous salt solutions of ammonia.

Ammonia hydrometallurgy is presently used to produce a large
part of the Ni and Co. This is considered to be the most feasible
method of treating oxidised Ni ores.”*** ‘Such ores contain ~85%
of the world reserves of Ni.® Ammonia hydrometallurgy has been
used to prepare Cu,”**® Mn,'® Zn!'®! and Ag.10%103

One of the most important advantages of ammonia hydro-
metallurgy is the high selectivity of extracting Cu, Ni, Co, Zn and
Cd over Fe and gangue. Iron extracts into ammonia —ammonium
solutions only after reductive leaching as Fe(NH3)§+.14 Under
oxidative conditions,- which are usually present for ammonia
leaching, this cation decomposes into insoluble Fe,O3. xH,0.

However, the ease and completeness of separating precious metals
from iron by ammonia leaching entails low (50—70%) Co
extraction. This is observed during processing of both sulphide!®
and oxidised!> ores and secondary raw materials. It was found!%
that Co during ammonia leaching is first dissolved and then sorbed
on Fe'™ hydroxide.

The ammonia complexes of Ni'' and Co™ exhibit the same
capability to be sorbed on Fe'! hydroxide. However, the losses of
Co due to this are much greater than those of Ni. The principal
reason for these differences involves the oxidation of sorbed Co! to
Co™ and conversion to Co(NH3)sOH2"* and Co(NH3)2*. These are
sorbed much more strongly than ammonia complexes of Col.
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Studies of Co sorption’®'!! led to development of a feasible
method for releasing Co sorbed by Fe™ hydroxide.''> This method
significantly increases Co leaching in ammonia —carbonate solutions,
ie. solves one of the most important problems of ammonia
hydrometallurgy.

Contradictory data have been obtained for the optimal ratio of
[NH;]) and [CO;] and the process temperatures for autoclave winning
of ores and secondary materials containing Cu, Co and Ni.%!12-116
Changing the type of starting material probably has the largest effect
on optimising these factors. However, careful investigations and
computer analysis of the data!'? enabled this problem of ammonia
hydrometallurgy to be solved for arsenide —arsenate ores of Cu, Co
and Ni by increasing the dissolution of these metals.

Distillation of NHj; and Co23!1%117%.118 precipitation of the
sulphides,>®>%  extraction,”'*%  sorption'>*'? and electrol-
ysis>**1?7 have been used to separate and isolate metals from
ammonia solutions. For the last 20 years, the capabilities of
ammonia hydrometallurgy have sharply increased owing to the
incorporation of extraction methods involving new types of specific
extractants for Cu, Ni, Co'*! and Ag!® in addition to the
combination of extraction with electrolysis.!*® The latter can
produce high-quality Cu, Co and Ni powders if the ammonia
complexes are used.'?®

In our country, the ammonia —carbonate scheme was successfully
used to process high-magnesium oxidised ores of the Buruktalsk
deposit.>* This same scheme was used to process arsenide —arsenate
polymetallic ores at the Tuvakobalt plant,!'>!3® where a collective
carbonate concentrate containing Cu, Co and Ni was produced. The
Tuvakobalt plant is the only installation in our country at which
ammonia hydrometallurgy is used on an industrial scale. The poor
knowledge of the formation and decomposition processes of
M(NH3)%* have prevented all the capabilities of ammonia
hydrometallurgy from being used. Our studies and those of our
co-workers!®1451:62.6472.73,12.131-138 410+ have been carried out in the
last few years have certainly contributed to a deeper understanding
of the chemistry of ammonia hydrometallurgy and have led to
operating procedures at the Tuvakobalt plant that are new in
principle.

It has been demonstrated'® that As¥ can be separated from Co in
ammonia —carbonate solutions using the Fe found in the ore. Thus,
the leaching can at first be carried out in a reducing and then in an
oxidising solvent. The complex Fe(NH3)2* forms in the reducing
solvent. This converts to Fe™ in the oxidising solvent. The Fe
then completely precipitates the arsenate. This original and simple
method for highly purifying Co from As has not yet been
implemented. Furthermore, a method for preparing analytically-
pure grade hexaamminecobalt(III) oxalate from the distilled liquid of
the Tuvakobalt plant has been found.!> Synthesis methods of
various Co salts and As compounds''>!*136 have been developed on
the basis of process solutions of this plant. The ability to prepare
reactive salts of Co, Ni and Cu from the ammonia complexes by
avoiding isolation of the free metals has been demonstrated. This
represents the great promise of ammonia hydrometallurgy.

The combination of ammonia—carbonate distillation with
sulphide precipitation of metals opened the way to produce selective
Cu, Ni and Co concentrates instead of their mixture at the
Tuvakobalt plant.!’? Thus, Co is practically completely separated
from As, i.e. one of the important problems of hydrometallurgy was
serendipitously solved.

VII. Conclusion

Stability constants and other thermodynamic functions of the
ammonia complexes of many metals in aqueous solutions are
experimentally difficult or impossible to determine owing to the
relatively weak affinity of the cations for ligands containing nitrogen
and to their comparatively high propensity to hydrolyse.”> However,
these cations form complexes suitable for studies in aqueous
solutions with a number of other ligands containing nitrogen (N —L)
and oxygen (O—L). Glycolate, glycinate, hydroxyacetate, imino-
diacetate, maleate, asparaginate, [(2-hydroxyethyl)imino]diacetate,
[(2-aminoethyl)imino]diacetate,  dihydroxyethylenediacetate = and
ethylenediamine-N,N'-diacetate are some of the O—L and N—L
ligands for which stability constants have been determined.’'?
Formation constants of many unstudied monoammine complexes
(Table 17) were calculated® on the basis of linear dependences of the
differences of the logarithms of the first stability constants of
complexes with N—L and O—L ligands on the logarithms of the
stability constants of the monoammine complexes (assuming the
same structure for the compared complexes). The quantities log K;
for certain of these complexes have recently been experimentally
determined.>63%% The calculated and experimentally determined log
K, (Table 17) are in good agreement. The predicted stability
constants of the monoammine complexes are interesting for
ammonia hydrometallurgy, for modelling the acid —base behaviour
of metals in aqueous solutions,'> and for a deeper understanding of
the chelate'*® and macrocyclic'*! effects.

An analysis of a large body of critically selected stepwise stability
constants of the ammonia complexes of Mg, Mn", Fe!, Co", Ni''
and Cull in aqueous solutions with ionic strengths 0—6.0 (using
ammonium nitrate or sulphate) in the range 5—55 °C and in a
number of systems up to 125 °C yielded the empircal equation’*

IgK? =(0.751- 0.0611n)E, + 0.597n — 10.468 + al — b(T — 298), (32)

in which n = 1—6 (for Cu** n = 1—4) and E, are the second
ionisation potentials of the analysed metals. This equation enables
the stepwise stability constants to be calculated under any of the
aforementioned conditions using the constants a and b from
Table 12. Reliable information on the mole fraction of
M(NH;)2" can be obtained from stability constants calculated using
Eqn. (32) under conditions encountered in processes of ammonia
hydrometallurgy.*%3

It is thought (Ref. 121, p. 7) that ammonia processing of ores
(at least those containing Cu, Co and Ni) will soon become one of

Table 17. Predicted (log K1')°? and experimental (log K ) stability
constants of M(NH3)*" in aqueous solutions at 25 °C.

M 18] Iek; e 1gK]
Ba¥ -015 ~0.11£0.03 (Ref.59) G 41
o 151+ - In** 40
Mn?* 08 0.844.0.01 (Ref63) La* 02
Fe 14 140£0.02 (Ref.64) Lo 0.7
Rt 38 - St 07
P 16 1.66:£0.03 (Re£.65) N 0.4
B 50 - 2 20

uo,

*log KT are calculated using Eqn. (32).*
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the most important methods of hydrometallurgy. In our 6pinion,
such thinking is hardly justified. However, the appearance of many
studies’®*!5! with novel approaches attests to the promise of
ammonia hydrometallurgy for solving problems connected with
processing of secondary raw materials and oxidised ores.
Unfortunately, the unique capabilities of ammonia hydrometallurgy
are not fully utilised although 60% of Ni is obtained using ammonia
solutions in hydrometallurgy.'4?

Construction of “M”* activity—pH” graphs, where M** is Co,
Ni, Cu,’®? Mn!%® and Fe,'** enabled the mechanism of many
processes of ammonia hydrometallurgy in aqueous salt solutions to
be unravelled and a number of improvements to be made in them.
The separation of metals through the production of two phases in
solutions of ammonium sulphate and carbonate after their saturation
with NHj, ie. in effect “extraction without an extractant”,'’® the
leaching of metals by NH; in sulphite —carbonate solutions,'* the
widespread use of Caron processes'® in combination with
extraction!?"'*® and the application of autoclaves'*® may become
very fruitful directions for future development of ammonia
hydrometallurgy.
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