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344 . UNIT PROCESSES IN HYDROMETALLURGY

lead compounds presented by Professor Forward and his colleagues at l_hc Inter- ~
national Mineral Processing Congress, .M.M., London, 1960. In this dlm 3
the authors refer to the “oxygen carrier’ nature of iron salts to explain their catalyte
effects. Is it possible that a series of nitrogen species of which NH, and NH,’
represent the lowest oxidation state; i.e. NH*, NO;~, NO,~, may also act as oxypes
carriers and account for the difference between NH, and NH,*, since these would K
yield NO,~ at different rates on oxidation by the same partial pressure of oxygen. 24
A. Vizsolyi, H. Veltman, and F. A. Forward: In oxidizing galena and other
sulphides such as sphalerite, chalcopyrite or pentlandite in solutions containing 4%
free NH, we have never detected the formation of NO,~ or NO;~ although su‘lph- ‘& "
mates containing NH, are produced consistently. In view of the irreversibility d =
the oxidation of nitrogen-containing species under the conditions exisung.n:
thought unlikely that those mentioned by Dr. Leja are in effect “oxygen carnen.” Jg
The sulphamate reaction may however play some role, aithough not as an oxype -4
carrier.
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The Gaseous Reduction of Metals
from Aqueous Solutions

B. MEDDINGS* and V. N. MACKIW{

Abstract

This paper deals with the use of gases to reduce aqueous solutions of metal salts.

. While the main emphasis is on systems where the reduced state is the metallic
b element the scope of the paper also embraces those systems where gaseous reduction
produces a precipitate of the metal in a lowered valency state.

The physical-chemical parameters controlling the gaseous reduction of such

. dissolved metal species, thermodynamic feasibility, thermodynamic equilibria,
reaction kinetics, reaction mechanism and catalysis, are discussed within a broad
general framework. More detailed, specific, discussion is given for the hydrogen
reduction of solutions of metals such as cobalt, copper, molybdenum, nickel and
tungsten.

The state of knowledge of the subject is reviewed and particular areas where
future research work would probably be most rewarding are indicated and discussed.

INTRODUCTION

Until recent times metals have been obtained either by direct mining

or by pyrometallurgical processes. It is only comparatively recently
that metal recovery processes based upon the properties of metal ions
in aqueous solution have achieved commercial importance. The first
of these processes was electrolysis and this was introduced as a final
purification step appended to an old-established pyrometallurgical
operation. During the last decade advances in the hydrometallurgical
industry have been made by which the metals are brought into solution,
separated, and precipitated out of solution by more extensive and
specific utilization of the chemical properties of the metal ions in

* Assistant Head, Research Department, Sherritt Gordon Mines Limited, Fort
Saskatchewan, Alberta.

1 Director, Research and Development Division, Sherritt Gordon Mines Limited,
Fort Saskatchewan, Alberta.
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346 ; UNIT PROCESSES IN HYDROMETALLURGY'

aqueous solutions. In general these reactions have been carried out in
aqueous solutions and temperatures above 100°C have been used to
achieve useful reaction rates, as a result pressurized equipment has been
mandatory.

The details of the leaching processes by which useful metals contained
in ores are brought into solution and the solutions purified have been
well described by Mackiw and others.4"17,23

The main emphasis of this paper will be on the use of gaseous
reducing agents to reduce aqueous solutions of metal ions to precipitate
metallic powder. However, some consideration will also be given to
those cases where gaseous reducing agents cause the precipitation of a
chemical species of reduced valency which can then be converted to
metal in no more than one further processing step. .

These reactions will be considered in terms of their thermodynamic
probabilities, their kinetic characteristics, their feasibility on a com-
mercial scale, and the probable extension of such hydrometallurgical
operations. ‘

THERMODYNAMICS

A study of the thermodynamics of a reaction system can decide how
Jar the reaction may proceed, it cannot decide how fast the reaction
will proceed. Such a statement is a truism but it is still worth emphasiz-
ing that although thermodynamics may indicate that gas A can reduce
Me™ to metallic Me it does not necessarily follow that the reduction
can be made to proceed at a useful rate under available conditions.

The Equilibrium Constant

The extent to which a reaction such as

A+B—>C+D VI |
will proceed is given by the equilibrium constant K which is defined as . 3

i) B o 18

[A] [B]

Very often the square bracket terms are equated to the analytical I
~ concentrations of the various species but from the thermodynamic
viewpoint, with which we are now concerned, the square brackets refer

- The interde
- probability

& Precipitating metals from solutions
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¢ . . . .
o the effective chemical concentrations, i.e. the activities

i of th i
Equation (3) should therefore be re-written as © Species.

aca
K ==¢2
axas (3a)

where a; signifies the activity of C, The thermodynamic equilibrium

& const i
- ant K is related to the standard free energy change, AF°, of the

reaction by the van’t Hoff isochore
AF° = —RTInK 4)

;I;he stand.ard free energy change, AF°, for the reaction can also be
: pfessed in another form. If the reaction in (2) is considered to be the
asis of a per‘fectly reversible electrochemical cell then the maximum
net v'vork obtainable from it is n.E.F. where # is the number of F aradays
gilssnng.through the c.ell to complete the reaction, E is the potential of
ne(: t::)l llzl-volts and F is the Faraday (96,487 coulombs). This maximum
r

by must equal the standard free energy change of the reaction,
~AF° = n.F.E. : (5)

(':'ihus ]although the extent to which a reaction will proceed is given most
rectly by the equilibrium constant K there are three equivalent ways

in which this tendency to ¢ i i
ompletion can be assigned i
‘value, these are interrelated by 5nee & mumerica

AF° = —n.FE. = —RTIn K

f:il;: m;;s;{ b'e taken to express the constants F and R in compatible
whicl; o ﬁxs prresscd as 1.987 cal. deg™1. mole~, as is usual, then F
% 480 (;32230 as 96,487 gbs. coul. g. equiv.™! must be expressed as

) 5 Since one international volt-coulomb is equivalent to

. 0.2390 of a st‘andard calorie. Using compatible units,

AF° = —pn.E. 23,060 = —2.303 RT log;, K 6

pendence of these three expressions of the thermodynamic
of a reaction has also been given by Schaufelberger.

The Use of Electrode Potentials

It will be seen later that the most widely used reducing gas for

is hydrogen. For this reason most
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attention will be given to the thermodynamics of the general reaction electrode p

| ) . o reduces to
Me™t + —~ H, — Me + n.H* =
4, Ey, = 0.05916 pH + 0.02958 logyo Py (8d)

at 25°C where P

The equilibrium position of this reaction could be calculated from use . >  atmospheres, H, 1 the partial pressure of hydrogen expressed in

of the standard Gibbs Free Energy values but it is found to be more
convenient to use electrode potentials. In any case much of the tabu-

. ii) The M, .
lated free energy data has been calculated from electrochemical (i) etal Electrode Potential

. The single el i

potentials. o . : gl electrode potential for a metal jon j L

The reaction described by equation (7) can be viewed as two opposing Jellle c@nitrolied by the standard electrode potential Jfl‘l : that fon pon s

. : . . T activity of 1hat jon ; - or that ion and the
reactions, each with their own potential, 4 3 at ron in the solution
Me — Me™ + n.e Potential = Ey, (7a) TREEE E 2.303 RT
’ ) . a ' A Mer+ = EO ny — — .

and H,—2 H+ 4 2e Potential = Ey (70) %S Me™ = Enent o F 10810 Gyens

Clearly if Ey, exceeds Eg, then the metal will liberate hydrogen frorn %
water and pass into solution but if Ey_exceeds Ey, the hydrogen will &
reverse reaction (7a) and precipitate metal Me from solution. The &
potentials denoted by Ey, and Ey, are single electrode potentials and : ﬂ{
are defined in the usual electrochemical nomenclature by,

g; , By definition
. Apfens = Mgt * [Men+]

o where £, ., is the activity coefficient of the jon Me™+

‘v analytical concentration of the ion. Hence at 25°C and [Me"™*] is the

-

2303 RT -
=F° < . 8a) . _ 0.05916
Eg, = Ejy, F log,o ag+ (83) : Eyens = Ejns — — - log,o [Men+] — 0.05916 10gao fyguns
a e"‘ LRI
2.303 RT -
=F° 7T " .} " 8b s
and Exe = Exe n.F 0810 Oagens (&) - [ Atlow concentrations the activit D

Ly coefficient approaches unity and the
BuF in 1 molal solutions, which are com-
urgical operations, it is seldom possible to
hough the log, [Me™] term in (8d) becomes
s the activity coefficient can be 50 much le

) ..', last term in (8d) vanishes,
5 monly used in hydrometall
& Use Eyn = ES .. since alt

(i) The Hydrogen Electrode Potential .

The potential of the hydrogen electrode is governed by the concentra- '.2
tion of hydrogen ions and hydrogen molecules in solution in contact ¥ ;
]

with the electrode and is therefore a function of both pH and hydrogen: @

: 2ero under these condition
: than unity that the last t

gas pressure. Equation (8a) should therefore be re-written as AT 'lOme typical divalent metal sulphates and chlorid
2303 RT 2.303 RT  taken from Latimer.s orices, the values being
—F° . P Rpiiuiubeiiah * # ; : .. .
Ex, = En, F l0guo ag+ + —5F— " 10810 P, (6) Thus if the activity coefficient of a 1 molal solution of divalent meta]

g sulphate is taken to :
where Py * is the fugacity of the hydrogen. -However, between 1 and E J be 0.05 one obtains
100 atmospheres the effect of using fugacity in place of hydrogen partial .28 - E o
pressure is negligible, at 100 Ats hydrogen pressure the fugacity is Js Met+ = Eyp —
=, Which at 25°C gives

2.303 RT

* loglo 0-05

PR

106.1 atmospheres? and this only alters the last term in (8c) by 1%. &

By definition pH is defined as —log,, ag+ and since the standard i
!

EMe“’ = Ef\’Ie + 0.04 (9)

otential of hydrogen, Eg, is defined as Z¢ro, equation (8c) .

<y
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The value of Ey,+ clearly depends upon the value taken for the 3
standard electrode potential and in all that follows the values of Ege *@8
will be those quoted by Latimer? except for those of Nit+ and Co*. Yl
The standard electrode potentials used by Schaufelberger® were also *gi
those of Latimer except for Ni*++ and Co*+. But whereas Schaufel- "Z Sl
berger! used the values of Haring®® for Ni++ and Co** the present- &

{ 3 GASEOUS REDUCTION OF METALS FROM AQUEOUS SOLUTIONS 35]
.

‘

o f

A —
> Ue o Sepriig

: ::(t) to reduccT, cobaltous ions to cobalt it is necessary to maintain a pH
_above 3.6 using 1 atmosphere of hydrogen or above pH 4.4 with 100
atmospheres of hydrogen. It

should be noted that Fig. 1 i
Such as hydrogen overvolta ig. 1 ignores effects

. en ge. Although the hydrogen overvolta
" Will have a definite influence on reduction by hydrogen in heterogeneogz

3
@y

S e

N ladadl]

TABLE I :‘: ) -,- -0 — l-oué’u.m
Activity Coefficients-in Some Metal Salt Solutions " 1es
' Actlvity coeflicients in solutions of molality b .
Sant 0.00t 0002 0005 00l 002 005 01 02 05 10 .ol o4 oo
—rt . oy L
MgSO, - — _ 0.40 0.32 0.22 0.18 0.13 0.088 0.054 -l c
NiSO, — - — - - — 0.18 013  0.075 0081 : I"-
CuSO, 0.74 —_ 0.53 0.41 0.31 0.21 0.16 0.11 0.068 0.047 2 k| o] coze
ZnSO, 0.70 0.61 0.48 0.39 — —_ 0.15 0.11 0.065 0.048 Co - -
. MgCl, - = — — — — 056 053 052 o0& S -
. FeCl, 089 086 080 075 070 0.62 058 055 059 08 N 4 .
{ CuCl, 089 08 078 072 066 058 052 047 042 04 3 P 2o
ZnCl, 0.88 0.84 0.77 0.71 0.64 0.56 0.50 0.45 0.38 0% i -
. . F, L
. . . . a0 N
discussion uses the values for Ni++ and Co** taken from the Nationsl K S e e
Bureau of Standards circular “Selected Values of Chemical Thermo- “ &
dynamic Properties.” The values of these potentials for compansod gag@ -os .
are: :
. NifNi++ Co/Cot+
Haring 0.231 volt. 0.278 volt.
N.B.S. 0.241 0.267 -10 )
Latimer 0.250 0.277 3 DRI y ¥ R~

Fig. 1. Hydrogen and metal electrode potentials.
(iii) The Use of Ey, and Ey,.. Potentials '

_ In Fig. 1 the hydrogen potential at 25°C and 1 and 100 Atmospheres g8
‘ is plotted against pH while the potential ordinates are also used w2
1, plot the values of Eyge+ in 1.0 and 1.0 X 10~ molal solutions. Ths
‘ figure is essentially the same as that used by Schaufelberger! but differs g
from it in that the metal potential values have been calculated takizg &
activities into account. Because these corrections have a much largef 3

From Fig. 1 and Eq. (8d) it is possible to calculate the hydrogen
3 PMSUFC neécessary to reduce a given metal at a given pH. Thus if %h

: gotentlals required to reduce Zn+, Fet+ and Cd++ are. taken to b:
083, 0.50 and 0.47 volts respectively then it follows that these are

0.47, 0.14 and 0.11 volts
£V.47, 0. . above the hydrogen potential at pH 6

A . [+ : H d
st i 1.0 motal solutions the s1opes of the e lines from 10 03 | atmosphere at 25°C. This difference in potential can be mffde upagy

1 .

, 1.0 x 10-3 molal are much flatter than indicated by Schaufelberger. JU.E ™ c251ng the hydrogen pressure but the pressure required is given b
It is thermodynamically possible to reduce a metal from solution by o - OE = 0.02958 log,, P y

hydrogen if the Ey_line in Fig. 1 lies above the Eygons line. Thusit b, H,

-.‘ Hence to reduce Zn++
. o - at pH = 6 wh =
clearly possible to reduce cupric ions to copper at all normal pH val [ 8 hydrogen partial pressurg of 8 x Yozrstﬁgsphgr.:z ,wlc?fllg :f ;e:u;rij ’
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The corresponding pressures for reduction of Fet++ and Cd*‘*hat:s p:}
of 6 would be 5.4 x 10* atmospheres and 5.2 X 108 atmosf}? e : .[hnl 4
the same reductions were attempted at p_H = 10 it would beoozugr; ool 3
Eq, > Egg++ Or Eggs+ but that Eg . still exceeded Eg byf 283 v
which corresponds to a required hydrogen pressure o ) . e 20
atmospheres. Clearly it is most improbable that Zn can eyelr terredwe 3
from aqueous solutions by hydrogen. It may l?e possible Ohasimd 3
ferrous solutions with hydrogen above pH 8.5 b1'1t.1t. must be emp i
that this is more of a thermodynamic possibility than a t}{)l‘ispd X
chemical possibility. At pH 8.5 ferrous ion§ are unstable wxh al; pee 3
to hydrolysis and it will probably not be possible to reduce suc .ny i
even by attempting to reduce the small amount of ferr.o'ushlon i \;1 3
librium with the hydroxide and so displacing the equnhbnurp.l of the -9
the ferrous jon concentration becomes very low the potelntna s
Fe/Fet+ couple is rapidly raised by the term —0:0295§ o.glgreascm /
and this could only be counterbalanced by a corresponding mt e
the pressure term +4-0.02958 log,, PH'. fo'r the hydrogenbpo]teg14 x. ot
solubility product of ferrous hydroxide is rf,ported to be 1. X b
and hence at pH 9 (pOH = 5) the ferrous ion concent_ratlonthe o
about 10~® molar, this would increase the metal potential to 'regofor ®
where about 105-10% atmospheres of hydrogen would be requi E
fe(;;‘::]? :' combination of Fig. 1 and the expressions for E,,.+ and Eg, E -

0.05916

Eygorr = Efo — logio yrer+

Ey, = 0.05916 pH + 0.02958 log;, Py, :
it is possible to derive a. great deal of information about the thermo-
. S 4 . tions.
dynamic possibility of various reduction reac ‘ 3
yThe pI-}{) at which reduction is carried out detemees_ the mmm}ll;: |
concentration of metallic ions which can be obtained since at equi 2
rium Ey must equal Epne. o 4
Thus at 1 atmosphere H, and 25°C .

EH = 0.05916 pH = E';Ie - 0.05916 loglo aMen-l- = EMB""
2

Since we are now considering equilibria in which the metal ion c;t;nto;: 3
tration is low we may replace ay.+ by [Me™t], rearrangeme

ives
g ? n.E:(eiﬁ'

—logy [Me™] = n. pH — 0.05916

commercial hydrometallurgy metal concentrations

: - for log,, [Me™+]

solution is to be reduced to 10-2
to prevent the n moles of H*
B the equilibrium values shown
& Metals with negative E° values can be reduced without such
B but that metals with positive E°
b neutralizing agents to maintain the pH values above the equilibrium

value. This requirement becomes i
& once again it seems that the reduction of Zn*+ to Zp by hydrogen
k. from aqueous solutions s a practical impossibility. From the practical

- Pressure of 1 atmosphere:
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This identity is also given by Dobrochotov® who plots log,, [Men+]
against pH down to values of log,y [Me™] = —14. However in

below 10~? molar
useful to solve (11)
= —2 and tabulate the pH values so obtained. These
are given in Table II. From Table II jt s obvious that if a 1.0 molal

are not of significant interest and hence it js equally

TABLE 11
Equilibrium pH Values at Men+ = 10-2 Molar

Ion

E° pH
Zn++ 0.762 13.9
Fet+ 0.440 8.5
Cd++ 0.403 7.8
Co++ 0.267 5.5
Ni++ 0.241 51
Cut+ —0.337 —-4.7
Agtt —0.799 —11.5

molal then precautions must be taken
produced from decreasing the pH below
in Table II. In general it is clear that
precautions
values will require the addition of

ncreasingly severe as E° increases and

-+ Viewpoint, solutions of uncomplexed Zn++ or Fe*+ jons in solutions of

than 6-7 are not possible and the mathematical solution

g of (11) does not correspond to chemical reality,

Itis also possible to calculate how far hydrogen will reduce a solution

* of a metal salt.

Consider the following reaction of 25°C -and a constant hydrogen

Me"++;H3—>Me+nH+

24
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Let the fraction of Me™* reduced be x, then
Me™+ +gH3—>Me + nH*

l=—x)—>x+n-x

0.05916

©
(]

logye [1 — x] (neglecting activity coefficients)

and Ey, =-—0.05916 logy, (1 * x)
and for equilibrium

0.05916

“logye [1 — x]) = 0.05916 logyo nx (12)

o
EMe -

Equation (12) can then be solved to give a quadratic. in x from wh%ch B
x can be determined. Solution of (12) for Cutt gives x = 1 which -

agrees with Fig. 1 and Table II. Solution for the case of Nit++ proceeds

as follows:
Ego= +0.24l,n=2

Hence

0.241 — 0.02958 logy, (I — x) = —0.05916 logyq * 2x

0.241
= 8.15 = logo (1 — x) — 2 logyy 2%
0.02958 Buo ( 10(1 .
-_X
= loglo _4xT = ]Oglo P
o x 141 = =%
P = 10 X . —— 4x‘3
564 % 108-x2+x—1=0, /. x=421X 10-5

This value of x corresponds to a hydrogen ion concentration of 8.4 %

105 i.e. a pH of 4.075 and from Fig. 1 it will be seen that at this pH -
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indicated by (8d). It is of interest that Schaufelberger and Roy!:? also

found that cobalt could be reduced down to a pH of 3.3. This difference

between pH 2.75 and 3.3 corresponds to a difference in hydrogen
potential, from Fig. 1, of 0.033 volt and this should then be equal to

the difference between the E° values for nickel and cobalt. The N.B.S.

values!® used in this paper give a difference for E3, — E3; of 0.026

v, the values of Latimer® give a difference of 0.027 v while the values

of Haring®® give a difference of 0.048 v. Hence the results of Schaufel-

berger and Roy® seem to indicate some inaccuracy in the results of

Haring, most probably in the value of E° for nickel.

It is clear from Fig. 1 that the driving force for reduction increases
as the pH increases and on this basis the conditions for reduction
become more favourable as the solution becomes more alkaline. How-
ever, above pH 7 the rate of hydrolysis of transition metal cations
becomes appreciable and in order to retain homogeneous solutions it

 is necessary to complex these ions. But the potentials of the metal-
bearing species in such complexed solutions are not those shown in
Fig. 1, those were calculated on the basis of the bare metal cations,
Me"+ (actually, hydrated Me™*). As a result Fig. 1 must be modified
to take account of the altered metal potentials arising from the use of
complexing agents.

For metals such as cobalt, nickel, copper and zinc, the simplest
method of both raising the pH and complexing the metal ions is the
addition of ammonia which causes the formation of the metal am-
mines [Me(NH,),J**. This effect is best exemplified by the case of
" nickel.

B The addition of ammonia to a solution of a nickel salt results in the
‘M- scquential formation of ammines as follows:

Nitt + NH, = [Ni(NHy)J*
[NIQNH)J + NH, < [Ni(NH,),J*

.............................

the hydrogen potential is 0.42 i.e. the same as E° for nickel. However, ‘i

Schaufelberger and Roy® have shown that nickel can be reduced by

hydrogen from acid-sulphate systems of .
very probably another result of the influence of activity coefficients,
the activity coefficient of H,SO, is markedly low, being only 0.54 1o

0.01 molar solutions,* hence the production of Ht ions by the reduction
of Ni*++ does not decrease the hydrogen potential by the amount 1

down to a pH of 2.75. This is JHE-

[Ni(NHg)s]** + NHy = [Ni(NHg)]*+

E For each of these step-equilibria there is a corresponding equilibrium

S constant given by: :

i _ [Ni(NHp), I+
(Ni(NHy),.., ] - [NH,]
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The standard electrode potential for the couple Ni®/[Ni(NHg),]*+is
given by the sum of the standard electrode potentials for the two
separate stages .

Ni°—+Nitt +2.¢

x - NH; + Ni++ — [Ni(NHy),J*

The first is merely the standard electrode potential for nickgl while the
other is the standard electrode potential for the complex [Ni(NHg),]**
and is derived from the equilibrium constant by the use of

n. E. 23,060 = 2.303 RT log,o &
The equilibrium constant for the reaction
x - NH; + Nitt = [Ni(NHy), J**

is the product of all the equilibrium constants &, k, . . . k.- »

The equilibrium constants for the Ni**—NHj, system have been
determined by Bjerrum?! and are given below together with 'the standz.md
electrode potentials calculated for each ammine. To szmd confusion .
Eje Will always refer to the standard electrode potential of the metal :7f

Me while *Ej, will refer to the standard electrode potential of the g

ammine [Me(NHg),I*.

TABLE III

Potentials for the Nickel Ammines
ES = 0.241 v1°

Equilibrium constant!! “Exy

GASEOUS REDUCTION OF METALS FROM AQUEOUS SOLUTIONS 357

.The potential of a solution of any ammine, such as [Ni(NH,) ]+, is
given by o

“Eyi = *E3, — 0.02958 log,, Zammins

axm,)”
Where g, represents the activity of the ammine [Ni(NH,),]*++ and
9ym, Tepresents the activity of ammonia in solution. Since no activity
coefﬁc:ent data are available for the nickel ammines the usual approxi-
Mation of substituting concentrations for activities must be made and

hence
i +
Eyi = Exy — 0.02958 log,, w
ayp,)®
" Bjerrum™ has determined the variation of concentration of each

f'in‘)mine §pecies with the overall NH,/Ni ratio and from these results
it is possible to calculate the potential of a 1 molal nickel solution as

fiml;'r_)on;'a is added. These results are tabulated in Table IV and shown
k- in Fig. 2,

(K. B

HYDROGEN POTENTIAL

Logy, K, = 2.80
Logy, Ky = 2.24
Logy, Ky = 1.73
Loglo K‘ = 1-19
Log,, K, = 0.75
Logi, K, = 0.03

1Y, = 0324 v
*EZ, = 0.390 v
3ES, = 0.441v
‘E%, = 0.47Tv
SE3, = 0.499 v
SE3, = 0.499 v

VOLTS =

For any given ammoniacal nickel solution, in which all the nickd ,.
ammine species are necessarily in equilibrium, there will be only one
nickel ammine potential but the absolute values will depend upon !)olh ;
the absolute nickel concentration and the ratio of ammonia to mckd-
present in the solution. '

J POTENTIALS OF NICKEL AMMINE SYSTEM.

3 4
RATIO NH3 / N —o

Fig. 2. Potential of Ni++—NH, system.
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Figure 2 also shows the hydrogen potential line, this being derived
= No®mOO =gt from the observed pH of ammoniacal nickel solutions. From this figure
gz ILEE e SRS i it is clear that the greatest driving force for the reduction occurs at about
g |cocsccess8°9°° an ammonia/nickel ratio of 2.0-2.5. This is in agreement with the
& findings of Wadsworth® that in the hydrogen reduction of cobaltous

N - sulphate solutions the maximum rate of reduction occurs at a ratio of
3 388 88 §z NH,/Co = 2, it is also the ratio of NH,/Ni chosen in commercial
2 °2333scs hydrometallurgy.
Z Bjerrum has also determined the equilibrium constants for the Cot*+-
NH, system and the same calculations of the change of metal potential
¥ " with ammonia/metal ratio have been carried out and tabulated in
- ol o000 WV < =
2 = -8585809%%8
o Z ssseeeS TABLE V
o =
£ Z Potentials for Cobaltous Ammines
23 ES, = 0.267 vio
(71\—25 g 1 OO vl N =
o B -~ e o= -
:ZE p % 2 °©825823353 a8 Equilibrium constant <Eg,
o= i o= ]
% c % z logi Ky = 2.1 1S, = 0.329v
> £ % ° logw Kg= 1.63 Ego = 0378 v
N logio Kg = 1.05 *Ego = 0.409 v
w = *u o 10 3 Co
225 | E €] 2g8FRBEREE8, logiw K= 0.76 ‘E3, = 0.431 v
225 | < 7 1°°8Sccscsoc99 logio Ky = 0.8 SEZ, = 0.436 v
a R Z logyo Ky = —0.62 BEZ, = 0.418 v
o4
2]
© ..
g z E: P amUNEN®ETOAD Tables V and VI. These results are very similar to those for the
[ rlg8nrmnn w888 i
23 Z|2929232333cs0 Ni*+—NHj system.
% g|°°° In general the use of alkaline solutions for hydrogen reduction of
2 “ metals from such solutions is thermodynamically justifiable only for
8 % those metals whose standard electrode potentials exceed 0.25 volt.
[#] ~ — - P e O . .
© 788888233580 The use of complexing agents to suppress hydrolysis above pH 7 or 8
Z |occdocccoceceS can also prevent hydrogen reduction by increasing the metal potential
z to too high a level. Thus if ethylenediamminetetracetic was used to
VR complex nickel salts in order to operate in alkaline solutions it is clear
1 |§85323580 # from the Ni+*EDTA equilibrium constant, log;, K = 18,62, that the
Z|occsceecoee metal potential would be increased to 0.77 v and this is only exceeded
by the hydrogen potential at a pH of 12 and a pressure of 100 At.
= Also, the corrosive conditions encountered when using hydrogen
3 AN = R R ’ " . . >
%% % °:'_ i ‘:" ‘-P? RRAN2GRS 2 atmospheres under acid conditions in stainless steel equipment are
z

. Severe enough that in commercial practice alkaline conditions are
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always preferred. The solutions are usually made alkaline with am-
s O M MmO NS D 0O D monia. For metals with negative potentials, such as copper, the use
s 8 SERadmovaDagesa r . e ;
g | SadgooanaseIsan of a base such as ammonia is solely to counteract the acid produced
4 4 XE". during reduction so as to maintain non-corrosive conditions within the
3 . 9 equipment. )
3 5 I, ,?" From the foregoing thermodynamic considerations it is clear that
‘ = Sa3 3 i i
d - 2885888°% § 23 3 hydrogen reduction of metals such as Cu+*, Ni*+ and Co*+ should
'y o o0 — ] z
i % eeceez33s383s8s o proceed at 25°C under a pressure of one atmosphere of hydrogen.
'k O -3% . That these reactions do not proceed under these conditions shows that
HY . thermodynamic arguments cannot indicate how fast these reactions
XH O *o - will proceed and that kinetic factors must now be considered.
23 o T 222838938388
1§ N Z|eoe833=2883ISARS
RE 5 = P R - - R R-R-E~] KINETICS
N - o . . .
381 E Consideration of the reaction
. $ 23 + n
wn e =] +
s o2 g = “tonoanTnVwgwLY M€“++§H3—>MC+HH+ (13)
4 1} Z21E|E|co83588855°522¢
11 E|& SRR R A enables the equilibrium constant to be formulated as
- :' O g § O a a
- * +n
YR 5 g% o K= ﬂ'_n_ (14)
' E w '5 ‘E E 1"'. ) ablen-l- aH’n/I
- = P 8 E < o § 5 8528 8823 3 g ‘8" § and the value of the K can be calculated from a knowledge of the free
. & % S8 %, SSdocccodceTSoo energies of formation of the species involved or the heats of formation
' g = 0 and entropy values. This is thermodynamics.
& é . The rate at which the reaction proceeds is given by the rate constant &,
~
53 S locssmseeyecss Rt-——d[MeM]—k( function of reactants) 15)
a3 T 852%2ﬁ::§.5588o ate = ———-— = k. (some function of reactants (
: i-Ra Z|cccssscocososoo . . e .
| 3 3 which is not calculable from equation (13). This is kinetics.
\ 'g The value of the rate constant k is determined by experiment and is
% g i expressed as a function of the factors and concentrations involved in
3 \O N « . . . . .
© L | SRIRSES=88. the rate-determining step. For the reaction summarized in equation 13
gj' % coococoosos the rate constant might be expressed by any of the following;
i &
» . dMe™] 2 d[H
4 Rate = [ ] =-- dlHy] = k[Me"+¥]
L |88885885, “@on
f, S|sdsscc8os or = k[Me"] - [H,]
v
‘u ; k[Me™*][H,]
~‘ 3 ‘ T T
2 |2288R5325928838% Mo TEL
%e SoomnnANmMmEF R NE GO fe [Me™+][H,)]
1; |

[H*)
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In general
Rate = k[Me™+]* - [Hp) - [H*]° - (Me]?

where the values of a, b, ¢, and d must be determined by experiment and - :

usually lie within the range 2 and may, less often, include fractional
terms such as 4 or 2. The hydrogen reduction of metal ions frqm
solution to produce elemental metal often involves highty spemﬁc
factors, such as surface area, which cannot be generalised. For this
reason some of the kinetic factors in the hydrogen reduction of Agh
Cu*+, Ni++ and Cot+ species will be considered separately and com-
pared and contrasted. '

SILVER SALTS

It has been shown by Halpern and Webster*® that aqueous solutions
of silver salts can be reduced to metallic silver by hydrogen. Usn.ng
solutions of silver acetate it was found that the rate was first order with
respect to silver concentration. The rate with respect to hydrogen was

not determined but was assumed to be first order and the rate law

was therefore expressed as

AR _ poas
—1 5550 = KAgIHY)

d[Hs) _

(16)
dt

The use of Ag' indicates that univalent silver is involved in the rate

determining step but the precise nature of the species involved_is not -
specified. When using acetate solutions the possible Ag® species are &

Agt, AgOAC and Ag(OAC),~. Halpern and Webster®® found that

the rate of reduction to silver was increased by the addition of sodiut.n 3

acetate but not by the addition of the very weakly dissociated aceuc'
acid. They therefore concluded that acetate ions increased the rate g
complexing of the Agt ions more complletc': d
the AgOAC and/or Ag(OAC),™ species being more readily reducible . =8

by making the acetate

than Agt.
COPPER SALTS

Like the Agt ion, cupric ions have a negative electrode ppteﬁtial .
(—0.337v) and should therefore be reducible by hydrogen in both "SR

acidic and alkaline solutions.

The hydrogen reduction of cupric salts in aqueous solutions has been

studied by a number of workers.!:14,1%:16

—“éi}ll::;zﬂh- SiETees

FERE
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Halpern and Macgregor® studied the reduction of cupric perchlorate
in perchloric acid solution for the overall reaction
Cutt + Hy —» Cu 4+ 2 H*
t  and derived a rate expression given by

—d{Cut]  k[H,][Cut+]?
dt [Cu™] + (k_y/K)(HY]

/ and deduced the following reaction mechanism:

Cu* + H, :';T‘: CuH* + H* an
- -1
," CuH*+ + Cu+ 25 2 cut + H* (18)
: 2 Cut — Cu + Cu'* (19)

k- In this scheme (19) is rapid while (17) and (18) are rate controlling.
This reaction path and rate equation is thus able to account for the
" observed fact that the reduction slows down very rapidly and virtually
. ceases at little more than 50%, reduction even although thermodynamic
© considerations, as given in the preceding section, clearly indicate that
g the equilibrium position corresponds essentially to 100% reduction.
These workers also studied the reduction of cupric sulphate in sulphuric
¢ acid solution and obtained a rate expression of the same form as above
v but in this case the reduction was both more rapid and more complete.
g Addition of sodium sulphate to the system pushed the equilibrium
g position even further towards complete reaction and it was concluded
- that the hydrogen ions produced in the reduction were being bound up
¢ by the sulphate ions to form the weakly dissociated bisulphate ion and
& this therefore retarded the back reaction of equation (17). In these
. acidic conditions it was also found that the rate of reaction was inde-
pendent of the amount of copper powder in suspension in the system
@ and the reduction was therefore a homogeneous reduction as opposed
- 1o a heterogeneous one.

The reduction of acidic cupric sulphate solutions has also been
g described by Schaufelberger! in some detail. No rate expression was
e derived but it was determined that the rate of reduction was increased
g byanincrease in temperature, hydrogen partial pressure and ammonium
" sulphate concentration and was independent of the available surface.
B area of copper powder. These results are in full qualitative agreement
¢ with those of Halpern and Macgregor described above.
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The reduction of cupric sulphate solutions by hydrogen under am-
moniacal conditions has been described by Evans, Romanchuk and
Mackiw.}® Under these conditions various insoluble species are pre-
cipitated from the reacting solution at various times and the whole
system becomes too complex for detailed kinetic interpretation. How-
ever the effects of certain variables on the rate of reduction and final
equilibrium position can be studied in isolation.

As in the acidic system the rate of reduction was increased by' an
increase in temperature and in sulphate salt concentration, ammonium
sulphate in this case. It was also found that after an initial fast red_uc-
tion, which reduced approximately half the copper, the rate of reaction
slowed considerably and became independent of the copper concentra-
tion and proportional to the hydrogen pressure.

The amount of ammonia added to the system also influenced the rate
of reduction. 'High NH;/Cu molar ratios i.e. 2.5-3.0/1 resulted 1:n
slow reductions and high equilibrium concentrations of copper in
solution. Ratios of NH,/Cu below 2/1 resulted in faster reductions
and complete reduction of the cupric ions to copper metal. However the
most marked difference between the acidic and ammoniacal systems
was that in the ammoniacal solutions the rate of reduction was ac-
celerated by an increase in the amount of copper powder in suspension
in the solution. It was determined that nucleation of copper particles
also occurred throughout the reduction and that therefore the reduction
was both homogeneous and heterogeneous.

COBALT SALTS

The hydrogen reduction of cobaltous salt solutions has been practised
on a commercial scale by several companies i.e. National Lead Corp-
pany of Fredericktown, Calera Mining Company of Garfield, Sherritt
Gordon Mines of Canada and the Freeport Nickel Company. The
operations of these companies have been surveyed in a paper by Benz
and Mackiw?? but very little detailed work appears to have been .done
on this system. It is usually assumed that it is so similar to the n‘lckell
hydrogen reduction system that the results for nickel can be aPplxed to
cobalt with very little inaccuracy. Some detailed kinetic studies of the
cobalt system have, however, been carried out by Wadsworth and
co-workers!?1® and Courtney'®, apart from the work reported by
Schaufelberger and Roy.? e

Kaneko and Wadsworth?? reported on the hydrogen reduction of
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ammoniacal cobaltous sulphate solutions using colloidal graphite as a
nucleation catalyst. It is found experimentally that in ammoniacal
solutions nickel and cobalt will only reduce at a solid surface. This
pre-requisite for reduction means that either some solid nuclei must be
provided in the reaction system at the start or else the system must be
caused to nucleate by some chemical means. Kaneko and Wadsworth
used colloidal graphite as a source of nuclei for reduction. These
workers found that the maximum rate of reduction occurred when a
molar ratio of NH,/Co = 2/1 was employed and therefore concluded
that the cobaltous diammine sulphate complex was the most readily
reducible. The rate of reduction in any experiment was constant at a
constant hydrogen pressure, indicating a reaction of zero order with
respect to cobalt. The dependence of rate on hydrogen pressure was
unusual and was an exponential function of the gas pressure.

The rate of reduction was proportional to the amount of colloidal
graphite present and a reaction mechanism was proposed in which a
cobalt species was adsorbed on to a phenolic site on the graphite and
then transformed to a cobalt species containing two added hydrogen
atoms which decomposed to cobalt metal.

The results of Kaneko and Wadsworth were commented upon by
Courtney.1®

Wimber and Wadsworth'® later studied the hydrogen reduction of
cobalt sulphate—ammonium acetate solution and obtained results
indicating catalysis of the reduction reaction by stainless steel and
pyrex glass.

NICKEL SALTS

Nickel is produced in larger quantities and greater purity than any
other metal by hydrogen reduction and a great deal of knowledge has
been accumulated about this reaction.1®20.%,22,23,24,25,26

Schaufelberger and Roy have shown® that nickel can be reduced
from slightly acidic solutions but because of the relatively unfavourable
thermodynamics of acid reduction for nickel most work on this reduc-
tion has been carried out in ammoniacal solution and it is this work
which will now be discussed.

The hydrogen reduction of nickel, like that of cobalt, is strictly
heterogeneous and solid nuclei must be present for the reduction and
deposition of nickel from solution. Accordingly it is possible to differ-
entiate three cases of reduction according to whether the initial reduc-
tion solution contains pre-existing nickel nuclei, nuclei other than
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nickel, or is induced to nucleate during the reduction reaction. The
latter case will be dealt with later and because the second case reverts
to the first case at some time during the reduction/deposition reaction
only the first case will be considered in some detail.

When an ammoniacal solution of a nickel salt is reduced by hydrogen
in the presence of nickel nuclei the overall reaction is

Ni(NHy), + H, 225 Ni + 2 NH* 4 (x — 2)NH,  (20)

From equation (20) it is clear that if x = 2 the molar ratio NH,/Ni
will not change during reduction. In normal commercial practice x is
maintained in the range 1.9~2.2 and in all subsequent discussion it will
be assumed that x = 2 unless otherwise specified.

If such ammoniacal solutions are reduced by hydrogen in the presence
of nickel powder suspendéd in the agitated solution it is found that the
reaction is strictly heterogeneous, the reduced metal being depositefi
upon the surface of the pre-existing nickel seed. The kinetics of this
relatively simple reduction-depasition reaction will now be considered.

The rate of reduction is found to be independent of the nickel con-
centration, at least down to 85% reduction, and first order with
respect to both the hydrogen pressure and nickel seed surface area.®
The reaction is therefore fitted by the rate expression

—d[Nitt] _ —d[H,]
da
where A is the surface area of the nickel seed and [H,] is a measure of

the hydrogen concentration, the partial pressure of hydrogen in the gas
phase being almost invariably used, while k is the specific rate constant.

Rate = = k.A.[H,]

The variation of k with temperature had also been determined® and - 3¢
the apparent activation energy found to be 10.2 K.cal. mole™. It "

should be noted that in this determination of the activation energy, E
the variation of Henry’s Law constant, relating hydrogen partial pres-
sure to the solubility of hydrogen, with temperature was taken into

account. The data for this correction were taken from the paper by &

Pray, Schweickert and Minnich®® on the solubilities of hydrogen,
oxygen, nitrogen and helium in water.
From the rate expression
—d[H,]
di

it follows that if the reduction is carried out within a closed and

Rate = = k.A.[H,]
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isolated autoclave the pressure within thé autoclave will fall according
to the above expression. Integration of that expression gives

kAt = 2.303 log,, [Hy]™!! —2.303 log,, [Hy]

where [H,}'"™!"e! js the starting hydrogen pressure. From this a plot of
logie [H,] against ¢ will give a straight line whose slope, log,, [H,l/¢,
gives k.4.{2.303 from which & can be evaluated if 4 is known.

It therefore follows that no further analysis of the kinetic data is
possible until the surface area, A4, of the nickel seed is known. Unfor-
tunately the area A refers to the surface area on which deposition
actually occurs and this is not necessarily the same as the surface area of
the nickel powder measured by some arbitrary means such as the
B.E.T. method. It is in this context that the discovery of a class of
catalysts which accelerate the hydrogen reduction of nickel offers hope
of circumventing the difficulty of evaluating 4.

It has been found that anthraquinone, and a number of structurally
related compounds, will accelerate the rate of hydrogen reduction of
nickel solutions. This is true for- both solutions containing nickel
nuclei and solutions containing “foreign” nuclei. Moreover, it is found
that the deposition of reduced nickel on to both classes of nuclei is.
remarkably uniform, the whole surface of the nuclei being evenly
covered with freshly reduced nickel. The difference between the depo-
sition of nickel in the absence or presence of anthraquinone is shown by
Figs. 3 and 4. Figure 3 shows a cross-section through a nickel particle
which has been produced by approximately forty successive depositions
of nickel by hydrogen reduction of nickel solutions. Figure 4 shows a
nickel particle produced in the same manner but with anthraquinone
present during each deposition. Clearly the use of anthraquinone has
led to a very uniform rate of nickel deposition over the whole surface
of the particle shown in Fig. 4. Rather surprisingly the use of anthra-
quinone does not alter either the rate expression or the apparent acti-
vation energy, which remains at 10.2 K.cal. mole~! even although the
rate may be increased by a factor of twenty when using anthraquinone.

On the basis of these observations the following crude physical model
may be proposed. It is assumed that the surface of the nickel nuclei
is covered by a strongly adsorbed layer of nickel ions (or nickel ammine
ions) and that these are so strongly adsorbed that the number of ad-
sorbed ions only begins to fall off appreciably when more than 85% of
the nickel ions originally in solution has been reduced. Under these
conditions the rate of reduction will be governed by the rate at which
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hydrogen molecules can be adsorbed on to the nickel nuclei surface
and this will be proportional to both the hydrogen partial pressure and
the nickel nuclei surface area. The form of the rate equation fits such
a model. It is further assumed that the actual rate determining step,
probably between an adsorbed nickel ion and an adsorbed hydrogen
molecule, can only take place at certain unusually reactive sites i.e. at
“active centres”. The function of the anthraquinone is then to increase
the number of these active centres and thereby increase the observed
rate of reduction without altering either the rate expression or the
apparent energy of activation.

In conformity with this model it has been found that the acceleration
in reduction rate brought about by anthraquinone varies with the
nickel powder used as nuclei. For some very fine and highly active
nickel powders the ratio “Rate with anthraquinone”/*Rate without
anthraquinone” can be as low as 1.04 while the same ratio can be as
high as twenty for some relatively coarse and poorly active nickel
powders. If it is assumed that 1009, of the exposed nickel surface acts
as “active centres” when anthraquinone is present then the above range

2,74
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Fig. 5. Reduction rates at various temperatures.
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of ratios would indicate that the fraction of total surface covered by
active centres is about 959%, for very fine, active powders and decreases
to about 5%, for poorly active powders. Such a range seems reasonable.

The above model also suggests that for a relatively inactive nickel
powder there should be a range of anthraquinone additions in which
the rate of reduction increases as the anthraquinone addition is in-
creased but that above a certain level, corresponding to complete

20

/

Laglo k.AA(Sccondl-l')

/

22 10ag 2:4

Fig. 6. Arrhenius plot Ex = 10.2 K.cal. mole~!,

activation of the nickel nuclei surface, the addition of further anthra- B 0 3
quinone should fail to increase the reduction rate. Such a situation 3§l

has been found.

Figures 5 and 6 show some typical reduction plots obtained by 4§ J
following the fall in pressure within a sealed autoclave and plotting AN
log, [H,] against time. Figure 6 then shows the Arrhenius plot obtained FI8g

from these results.

Figures 7 and 8 show some results obtained with a special nickel ';:‘
powder as nuclei. Figure 7 shows the rate plots, log,, [H,] versus ¢, for ‘S
fixed conditions of temperature, initial hydrogen pressure, initial nickel J¥
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ion concentration and weight of nickel powder nuclei while the amount
of anthraquinone catalyst is varied. From this plot the slopes are used
lo obtain values of k.A4. which are then plotted against the anthraqui-
none addition in Fig. 8. By making the assumption that the maximum
value of k.4. in Fig. 8 corresponds to a value of A4 equal to the exposed
surface area of the nickel powder it is now possible to proceed further
with the kinetic analysis of the hydrogen reduction of nickel solutions.

25

100

]
(Mmures) —

Fig. 7. Reduction curves at various anthraquinone concentrations.

Under normal conditions even the value of k.4. at the plateau in
Fig. 8 would be insufficient to fix the effective surface area since the
area measured by a method such as the B.E.T. adsorption would
probably include fine pores and capillaries which would not be available
to nickel ammine ions in solution. However the nickel powder used as
nuclei in the experiments represented in Figs. 7 and 8 consisted of the

- Vvery smooth, spherical powder whose cross section is shown in Fig. 4.
" The particle size in this powder was very uniform and the average
¥B. diameter was 198 microns (1.98 x 10-2 cm.) giving a surface area of
"34.0 cm?g-1, It seems improbable from the appearance of this powder
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in Fig. 4 that the “surface roughness™ correction factor would be large
enough to alter significantly this value of the surface area per gram of
powder. The amount of this powder used as nuclei was 100 g. per
litre and the amount of nickel nuclei surface in the solution was there-
fore 3.4 cm? per cc. However, in the presence of anthraquinone the
stainless steel interior surfaces of an autoclave are uniformly pla‘ted
with nickel during a reduction and the total surface area for reduction

407
g . -3 aQ
30
204
[4
=
.s .
5 INITIAL (R0 251230 gpt 100 gp! SPHERICAL WICKEL POWOAR
i INITIAL pc’]-aoo " TEMPERATUAR « 3SO o F
<
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Fig. 8. Values of k.4. versus anthraquinone concentration.

and deposition of nickel in the experiments shown in Figs. 7 and 8

was therefore 3.9 cm? per cc. of nickel solution. l
From Fig. 8 the maximum value of £.4. was 3.4 x 10-? seconds™

and if A = 3.9 cm™ it follows that k = 0.872 x 103 cm. seconds™.
From the relationship '

—d[H,] _
— = kA ]

Rate =

it follows that the rate of reaction of hydrogen molecules,,under;he
standard conditions of 1 gm. mole of hydrogen per cc. and 1 cm? of

GASEOUS REDUCTION QOF METALS FROM AQUEQUS SOLUTIONS 373

nickel surface per cc., would be 0.872 x 10-3 gm. moles per cc. per
second. Expressing this rate in molecules reacting per cm? of surface
per second the rate is 5.25 x 10% molecules per cm? per second. Mak-
ing the assumption that one surface nickel atom can act as a site for
the adsorption of one hydrogen molecule the number of adsorption
sites per square centimetre of nickel surface is 2.07 x 101 since the
radius of the nickel atom is 1.24 x 10~ cm. The rate of reaction is
therefore 2.54 X 10° molecules site~! second™!. By using equation (178)
in Chapter 1V and Eq. (114) in Chapter VII of Glasstone, Laidler and
Eyring’s “Theory of Rate Processes”™ the above specific rate constant
can be equated to

k= e- R_}; . e—EalRT , ,astR

By substituting k, = 2.54 x 105, E, = 10.2 K.cal. mole~? and T =

450°K (350°F) the entropy of activation can be evaluated and is found
to be AST = —13.9e..

The dependence of the specific rate constant on temperature can be
expressed in three ways, two of which are equivalent.

k = A*.o—EuRT

k = P.Z. e~Fa/RT

where A* = Frequency factor

where Z = Collision number

P = “Probability” factor
RT
k=e- N eAS'IR . p=BAIRT yhore AST = Entropy of activation

These relationships can be used to discuss the effect of anthraquinone
on the hydrogen reduction of nickel solutions. ‘Using frequency factors,
the rates derived from Fig. 8 for the reductions without anthraquinone
and with sufficient anthraquinone to give the maximum rate yield
frequency factors of 5.78 x 10%and 0.93 x 10 respectively. The corre-
sponding probability factors are 1.06 x 10~ and 1.7 x 10~3 while if
the effective surface area, 4, is assumed to be constant irrespective of
anthraquinone concentration then the entropies of activation are
—19.5eu.and —139 e.u.

The acceleration of the rate of nickel reduction by anthraquinone
can therefore be correlated either to an increase in the Probability
factor, using the collisional theory of chemical kinetics, or by an in-
crease in the entropy of activation using the absolute theory of reaction
rates. The former correlation can be interpreted as an alternative
formulation of the crude physical model in which anthraquinone is
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envisaged as rendering the whole of the nickel seed surface active for
reduction-deposition of nickel. The correlation of rate with entropy
of activation is, however, deficient in this instance in that there is no
immediately obvious reason why increasing amounts of anthraquinone
should increase AS' up to a certain level and then cease to have any
further effect upon the activation entropy. It seems therefore that the
most satisfactory explanation of the effect of anthraquinone is that it
increases the effective surface area of the nickel seed surface. How ever
this increase in effective surface is achieved is not clear from the data
at present available. From Fig. 8 the maximum rate of reduction occurs
at 0.030 gpl of anthraquinone for 3.9 x 10° cm?litre of seed surface.
The amount of seed surface is therefore only about 0.5 sq. Angstrom
per anthraquinone molecules and it therefore seems unlikely that ad-
sorption of the anthraquinone on to the seed surface is responsible for
the catalysis. Adsorption of anthraquinone could account for the
catalysis if the area of seed surface was increased to give about 50 sq.
Angstroms per catalyst molecule but it seems unlikely that the observed
surface of the very smooth nickel spheres used as seed is only one per
cent of the true surface area. It should also be noted that 0.030 gpl of
anthraquinone for 3.9 x 10® cm? /litre of seed surface corresponds to
about ten anthraquinone molecules per adsorption site. However one
of the most remarkable aspects of the catalytic effect of anthraquinone
is that it appears to be without effect on the hydrogen reduction of
cobalt solutions. Apart from the possibility of a very specific inter-
action between anthraquinone and nickel the simplest explanation
would be that a cobalt surface is always 1009, effective for the reduction-
deposition of cobalt. This seems rather unlikely even if only because
hydrogen reduction of cobalt solutions is appreciably slower than that
for nickel solutions. It seems probable that an elucidation of the
detailed mechanism by which anthraquinone, and similar catalysts,
accelerate nickel reductions would be most useful.,

It has already been stressed that the hydrogen reduction of nickel is
heterogeneous and proceeds at a solid surface, this solid surface being
nickel powder in normal commercial production of nickel metal by
hydrogen reduction. However, ammoniacal solutions of nickel can be
reduced by hydrogen if the solutions can be induced to nucleate, the
reduction ‘then proceeding heterogeneously on these nuclei. One of
the simplest and most efficient nucleating agents for the nucleation of
nickel solutions is ferrous sulphate and the kinetics of this system have
been described by Mackiw, Lin and Kunda.? ’
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When ferrous sulphate is used as the nucleating agent and hydrogen
reduction of nickel solutions carried out it is found that the reduction
curves i.e. gpl Ni*+ versus time, are parabolic in shape. This was
explained by these workers on the hypothesis that during these reduc-
tions the rate of formation of nuclei was constant and the rate of nickel

reduction was proportional to the number of nuclei present.
Thus

dN —d[Nit¥]
E = kl and T = k2 N
where N = number of nuclei present.
N=kt and ——d[:' b kyt

Integration of this and substitution of [Ni++]"ital at t = Q gives

ky ky- 22
2

and a plot of Ni** versus ¢ will therefore be parabolic, as is found by
experiment.

Studies of various nucleating agents for the reduction of nickel
solutions have been carried out by Schaufelberger and Courtney? who
f:onclude, “nucleation of the Ni (II)—H, reaction usually seems to
involve a mixed salt of Ni (II) and the reducing agent with only transient
n.ucleation effectiveness, and the elucidation of the nucleation mecha-
nisms will be difficult.” The over-riding difficulty in any study of the
kinetics of the nucleation of the Ni (II)—H, reduction lies in the diffi-
culty of differentiating between reduction of nickel to form nuclei and
the reduction of nickel on to existing nuclei. Until an adequate experi-
mental technique is developed very few definite conclusions can be
drawn about the nucleation of ammoniacal nickel solutions under
hydrogen pressure.

. In contrast to the heterogeneous nature of ammoniacal reductions,
it has been found? that acidic solutions of nickel salts can be reduced
by .hydrogen without the necessity of adding specific nucleating agents
to induce the formation of nuclei. This may indicate that the reluctant
nucleation of ammoniacal nickel solutions is related to the lower con-
cefltration of uncomplexed Ni*+ ions in these solutions compared to
acidic solutions. However the extreme corrosion problems encountered

Ni+ = [Ni-H.]Inlual —
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with acidic solutions under hydrogen pressure make commercial opera-
tion under these conditions much less favourable than the use of am-
moniacal solutions even though special nucleation techniques must be
employed.

So far the hydrogen reduction of aqueous solutions to precipitate
metallic powders has been considered. In the next section the use of
gaseous reducing gases other than hydrogen and the recovery of reduced
metallic compounds other than elemental metal will be considered.

REDUCING GASES OTHER THAN HYDROGEN AND
INDIRECT METAL PRODUCTION

For all practical purposes the only alternatives to hydrogen on a
commercial scale are carbon monoxide and sulphur dioxide. Of these
it is normally easier to produce carbon monoxide pure, or mixed with
other gases, normally hydrogen and nitrogen. One of the first processes
outlined for the recovery of metal values from solution by reducing
gases under pressure was described in patents issued to Mueller,
Schlect and Schubardt in 1927 and assigned to I. G. Farbinindustrie.*

This patent claimed that silver, copper, nickel, cobalt and zinc could .

be precipitated from solution as the metals by water gas or carbon
monoxide or hydrogen or mixtures thereof under conditions of elevated
temperature and pressure. While it is highly doubtful that zinc was
ever reduced by this method or nickel or cobalt metal produced by gases
containing carbon monoxide the patent examples do exemplify the
reduction of silver and copper solutions, to metal, by the use of water
gas under 130 atmospheres and various temperatures.

The use of carbon monoxide, and the kinetics involved, in the re-
duction of silver and copper solutions have been described by F.
Pawlek and his co-workers.3233 These workers® found that the use of
solutions buffered by 5% ammonium acetate resulted in a much faster
reduction and lower activation energy than the use of unbuffered
solutions for the carbon monoxide reduction of silver sulphate solutions.
However the form of the rate expression was unchanged and in each
case was

~2B k- ager- co)

= A [Ag] - [CO] - e /R
where 4 = 12.8.x 10%-for unbuffered solutions; = 6.02 x 10* for
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buffered solutions. E, = 14.1 K.cal. mole™? for unbuffered solutions;
= 9.3 K.cal. mole for buffered solutions.

Unfortunately a lack of knowledge of the solubility of carbon mon-
oxide in the silver solutions employed precludes any estimations of any
of the more fundamental equantities associated with the rate constant
k, activation energy E,, and rate of reaction. All that can be done is
to designate the nurerical value of & after specifying [Ag+], usually in
gm. moles per litre, and [COJ usually as the partial pressure in atmos-
pheres, from this the rate is then known for all other combinations of
silver concentration, gas pressure and temperature. It should be noted
that there is no indication that Pawlek, Bauch and Plieth® found the
rate of reaction to be increased by the silver metal produced, the
reaction is therefore presumably a true homogeneous reduction as was
the case for the hydrogen reduction of silver solutions as studied by
Halpern and Webster.13

Pawlek, Bauch and Plieth® also studied the use of carbon monoxide
to reduce solutions of cupric sulphate but found that technical diffi-
culties, such as the deposition of cupric oxide and copper deposits and
corrosion of agitators, compelled them to use dilute unbuffered solu-
tiox;s of CuSO,. Under these conditions they found the rate expression
to be

—d[Cu]
dt

= 2.56 x 1013 . [Cu]?[{CQ] : ¢—33.500/RT

where —d[Cu]/dt represents the rate of decrease of ionic copper in

- . solution and [Cu] represents the concentration of ionic copper in solu-

tion. Again the solubility of CO in the solutions is unknown and hence
k can only be expressed in arbitrary units. These workers also found
that reproducible kinetic measurements could not be obtained unless
the autoclave contained a sheet of etched copper sheet throughout the
reduction. This strongly suggests that, as in the hydrogen reduction
of ammoniacal CuSO, investigated by Evans et al.’ the reduction of

. €opper solutions by carbon monoxide is both homogeneous and heter-

ogeneous and that the variable results obtained in the absence of the
copper sheet were due to differences in the rate and extent of nucleation
in each experiment.

The relative rates of reduction of silver and copper solutions using -
carbon monoxide, hydrogen and mixtures of the two gases were also
determined by Pawlek and his co-workers.® For both metals the rate
of reduction with carbon monoxide was only about 20%, of the rate
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with hydrogen but the decrease of rate with increasing CO content in
hydrogen was much more rapid for copper than for silver. Thusa gas |
mixture containing 50 volume %, CO still gave a rate of reduction 85%
of that for pure hydrogen in silver reduction but in copper reduction 3
a 50 volume % CO gas mixture gave a rate of reduction only 22% of 3
that with pure hydrogen. These observations correlate well with some =
unpublished work carried out by Sherritt Gordon Mines on the effect .
of carbon monoxide on the hydrogen reduction of nickel solutionsin ¥
which it was found that only 19 of CO in the hydrogen was sufficient -

to halt the reduction reaction under normal commercial conditions.
Carbon monoxide can be utilized to obtain metallic nickel from

aqueous ammoniacal solutions of nickel salts by an indirect route
involving nickel tetracarbonyl. The very thorough researches of Reppe -

on the chemistry of acetylene and carbon monoxide during the Second

World War have'been summarized by Reppe.* In that summary, and ~
a subsequent reply to a criticism by Prof. Fierz-David.% Reppe de-
scribed the production of nickel tetracarbonyl by the action of carbon *
monoxide under 100 atmospheres pressure, on highly ammoniacal -

solutions of nickel salts at 150°C. Reppe dissolved nickel salts in 30%
ammonia solutions and obtained quantitative conversion to Ni(CO)
according to the following equation
[Ni(NH,)]Cl, + 5 CO + 2 H,O —
Ni(CO), + 2 NH,Cl + (NH,),CO4 + 2 NH,.

Reppe was convinced that if the carbonyl formation proceeded via . __
metallic nickel, as postulated by Prof. Fierz-David,3¢ this intermediate :§
would have been noticed by himself and his co-workers. Since metallic

nickel was not detected in these experiments Reppe believed that the

conversion to Ni(CO), did not involve the formation of metallic nickel
as an intermediate. Clearly this use of carbon monoxide to convert 3
solutions of nickelous saits to nickel tetracarbonyl could form the basis 2
of a method for winning nickel metal from solution by decomposing .
the tetracarbonyl to metal and recycling the carbon monoxide. Rather i
similar reactions with iron and cobalt salts were also described by 3¥M
Reppe.?+¥ Both iron and cobalt salts in aqueous 309, ammonia -
solutions react at 80°C under 100 At. of CO to give the dihydride of ¥g

the tetracarbonyl or its ammonium salt
i.e. [Fe(NH;)4]SO, + 6 CO 4 4 H;,0 —
FC(CO)4 " H2 + (NH4)3S04 + 2(NH4)2C03

-

=P e T f'v- ST

7004
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" However the iron carbonyl decomposes in excess CO to yield hydrogen
3 z.md volatile iron pentacarbonyl while the cobalt analogue is stable
% In alkaline solutions. The cobalt derivative can be recovered from
& the reaction solution by cautious acidification followed by vacuum

distillation to collect the tetracarbonyl hydride in a cold trap. If this

condensate is allowed to warm up slowly it melts and below 0°C it de-
g €omposes to yield hydrogen and the solid dimer of cobalt tetracarbonyl

2 Co(CO), - Hy — 2 H, + [Co(CO),]s

Attention should also be drawn to a note published by Harkness and
Halpern®? on the reduction of various cationic species by CO in aqueous
solution although these reductions do not result in metal powder
production.

Comparatively little work has been carried out on the use of sulphur
dioxide to reduce solutions of metals and it is not proposed here to
do more than indicate some typical patents utilizing SO, as a re-
ducing gas.’.3%,40,41,42 Early unpublished work in the laboratories of
Sherritt Gordon showed that copper solutions could be completely
reduced to the metal by SO, from ammoniacal solutions of controlled
composition.23

In some cases the reduction of solutions of some metal species
results in the formation of insoluble oxide or hydroxide species of
lower valencies. Solutions of hexavalent molybdenum and tungsten
exhibit this form of reduction and it is possible that a hydrometallurgical
process for the separation and recovery of these metals can be based
upon this reaction. It was first shown by Schaufelberger and his co-

- workers of Chemical Construction Company that hydrogen would
e reduce solutions of hexavalent uranium and pentavalent vanadium.
- Some studies on the kinetics of these reductions were subsequently

published by Forward and Halpern®® and O’Brien, Forward and Hal-

_ pern.¥ In both these cases the reduction was heterogeneous and the
. fate of reduction was proportional to the amount of heterogeneous

catalyst added, this catalyst being nickel powder. The uranium solutions

. contained the uranium carbonate complex UQ,(CO,),*~ and were

buffered with sodium carbonate. The vanadium solutions contained
sodium metavanadate and were also buffered by sodium carbonate.
For both metals the rate of reduction was independent of metal con-

centration in solution but while the reduction of uranium was first order
with respect to hydrogen the vanadium reduction was proportional to
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the square root of the hydrogen pressure. The rate expressions obtained
for these reductions were; -

—_d_[gs_osl = k1 . [N,] . [Hg] . e—osoomr
dt :
and ,
_ZEV] = k- [Ni]- [Ha]* . g~ T850/RT

where [U,0¢] and [V] are the concentrations of uranium and vanadium
in solution expressed as grams per litre of U;Og or vanadium respec-
tively and [Ni] represents the surface area of the nickel catalyst usgd in
cm2. per litre. It should be noted that the surface area of the nickel
catalyst is the surface area as measured by the B.E.T. method and the
effective catalytic area may differ from this so that any given value of
the rate constants k, or k, may be valid for only one sample of nickel
powder. -

The essential characteristic of these two reductions is that relatively
dilute leach solutions can be used and the metal values obtained in 8
convenient and pure form by the simple application of heat a'nd
hydrogen pressure. The uranium reduction yielded uranium dioxide
according to the following equation,

UO,(CO,)*~ + H, — U0, + COy*~ + 2 HCO4~
while the vanadium reduction was claimed to produce V,QO4 by;
2V0,~ 4+ 2H,— V,0; + 2 OH™ + H,0

The vanadium solutions were observed to change from colourless to
deep reddish brown colour before precipitation occurred and .it was
postulated that the reduction of pentavalent vanadium to the mvalfznt
state proceeded in two stages, the first reduction from VY to V1V ben;ﬁ‘é
fast and accounting for the initial colour change and the final step, V
to VI, being rate determining.

Following this early work on uranium and .vanadium by Halpgm
and his co-workers the same type of hydrogen reduction was applied
to molybdenum and tungsten solutions by Soviet workers. The use of
hydrogen reduction to precipitate molybdenum. dioxide from. SOdlUﬂ:
molybdate solutions has been studied by Lyapina and Zelikman.*
These workers used solutions of sodium molybdenum made acid by
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the addition of sulphuric acid in order to neutralize the alkali produced
during the reaction ’

MoOg2~ + H, — MoO, + 2 OH-

No precise kinetic data were presented for the reaction but it was
shown that the reduction was accelerated by the addition of molyb-
denum or molybdenum dioxide powder to the solution before reduc-
tion. In other respects the rate of reduction varied with conditions in
a manner to be expected from the overall equation given above, the
rate was increased by an increase in hydrogen pressure and temperature
and by a decrease in the pH of the solution. This work has been largely
confirmed and extended to ammoniacal solutions within the research
laboratories of Sherritt Gordon Mines and fuller details of the hydro-
gen reduction stage will be given in a later paper. The molybdenum
dioxide produced by this. hydrometallurgical. process can be reduced to
metallic molybdenum very.conveniently by reduction with hydrogen in
4 furnace.

CONCLUSION

At the end of a survey of this nature it is possible to look back and
see that the most commonly used reducing gas in modern hydro-
metallurgy is hydrogen. The reasons for this are not difficult to dis-
cover. Hydrogen is simple and cheap to produce on a large scale and
can be readily purified. Because of its molecular weight a reduction
can be carried out with less weight of reducing gas using hydrogen
than any other reducing gas and this is reflected in all the mass transfer
machinery within a plant designed to utilize gaseous reduction of
aqueous solutions to recover metals. From the chemical point of view
the reaction products from aqueous hydrogen reductions are either
hydrogen or hydroxyl ions so that in effect there are no by-products to
contaminate the product or solution. Other reducing gases such as
CO or SO, either produce gaseous or aqueous reaction products which
must be recovered or separated and in specific cases may tend to
contaminate the product.

The .great advantage of gaseous reduction of metal solutions lies in
the high reaction rate with which solutions of even low metal contents
can be rapidly depleted of metal values and processed. The method
also offers the very attractive possibility of separating two or more
metals from the same solution if their reduction potentials are suf-
ficiently far apart. It should be noted that the pure nickel powder
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produced by Sherritt and which contains oaly 0.07% cobalt is o‘bta‘ined
by hydrogen reduction of solutions in which the cobalt content is 2.5%
of the total metal concentration. .
The. future potential of gaseous reduction of aqueous soluti.o_r!s in
hydrometalturgical operations stems from its inherent amenability to

the methods "of process control, methods of analysis, research and

‘modification which are employed in the chemical industry. ‘

" One of the major limitations of gaseous reduction of metal SOlut!ons
is that it is not applicable to all metals. The prospects of obtaining iron
powder by hydrogen reduction-of aqueous ferrous or-ferric solutions
scem remote. On the other hand metals such as copper, silver, gold,
platinum and palladium which can -easily be reduced to the me:tal b}’
hydrogen reduction from aqueous. solutions are not prodlléed in this
manner to any significant extent at the present. It is r’eaysona‘ble to
expect that the application of gaseous metal réduction will*find more
extensive application in this-field of metallurgy. B

It is also probable that some of the more amphoteric transition
metals, such as molybdenum and tungsten, will be produced by pro-
cesses involving hyd;ometallurgy and hydrogen reduction techniques.
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Discussion

F. E. Pawlek:* I congratulate the authors on their excellent presentation of the
theoretical foundation, especially that of thermodynamics and the pressure reduc-
tion of metal salt solutions. It is consoling for us on the other side of the ocean to
hear that in spite of so many efforts the kinetics of the reduction is not completely
solved yet. In the case of acceleration of the reduction by Anthraquinone one
perhaps would think of a true interreaction catalysis which could be determined by
the quantity of hydrogen dissolved and by the velocity of the H,fanthraquinone
reaction.

B. Meddings and V. N. Mackiw: There is no doubt that the anthraquinone is
itself reduced during the course of reaction. In some cases it has been possible to
isolate some of the degradation products from the reduction solution and to deter-
mine that the solid so isolated contains Anthrone (by X-ray diffraction) and some
other, as yet unidentified, material. But whether this Hyfanthraquinone reaction is
a necessary, or the only, condition for the acceleration of the reduction process is
another question. It is difficult to believe that anthraquinone, added to a cobalt
solution under the same conditions as a nickel solution, should not react with
hydrogen as it does in a nickel solution—yet it has not been convincingly shown that
anthraquinone accelerates the rate of reduction of a cobalt solution.

‘* F. E. Pawlek, Institut fur Metallhuttenkunde, Technische Universtat, Berlin,
Germany.
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PART III
LIQUID-SOLID SEPARATION
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Introduction

The history of gold and silver analyses
shows an interesting duality. On one hand,
classical chemical and instrumental methods

have evolved to meet changing needs, but on

the other hand, the age-old and somewhat
empirical fire assay has remained a popular
tool. Inasmuch as gold and silver generally

have been present in ores at low concentra-
tions, methods have been challenged by a need
for sensitivity and selectivity coupled with
reasonable assay time. A progressive increase
in the importance of low grade materials as ore
sources has led to the need for improved
methods. Assays of these materials are
required for process control and accounting in
operating plants as well as for guiding
research and development activities. The
analytical response to these needs is avidenced
by numerous reviews published through 1977--
e.g., cf Kolthoff and Elving {1966), Beamish
and Van Loon {1966, 1972, and 1977), Young
(1971), Mallett (1970), and Sen Cupta (1973).

In this paper we present a Drief sketch of
the history and status of various gold and
silver methods. A more detailed summary of
atomic absorption spectroscopy (AAS) is given,
as this method has gained in popularity more
than other assay methods. AAS methods
currently in use are summarized and discussed

briefly. This paper is not meant to be a
detailed review, as are the above mentioned
publications. Rather, we borrow from those

works and more recent papers to report trends
in gold and silver analyses (particularly in
AAS). Also, we discuss some selected poten-
tial problems, and probilems that have been
experienced by this laboratory.

Status of Au and Ag Methods

Table 1 summarizes the status of the more
important gold and silver methods. All of
these have found use in the industry at some
time, and most are probably used occasionally
by those laboratories which are set up for
ready application. However, fire assay and
AAS account for most quantitative work at
present.

Fire assay has been the time-honored
method for gold and silver determinations.
Applied properly, it combines a very efficient
metal collection or preconcentration technique
with the primary detection method of weighing
tme gold bead. Other methods can be used to
ascertain its purity. Accuracy for gold assays
is usually acknowledged to be high, even
though the claim is made occasionally that an
ore contains values which fire assay has
missed. (After forty years of research in the
field, Beamish (1972) claimed that he had not
experienced a single example of failure of the
classical assays to find a paying ore!). By
combining lead buttons from various sampie
collections, very large samples can be anaiyzed
with acceptable precision and good representa-
tion of heterogeneous materials. The vitality
of fire assay is attested to by the fact that it
is still the most used method for umpire and
accounting purposes. Also, a book has been
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published very recently by Smith (1979) which
details procedures for fire assay.

Additional and newer methods have been and
are important to laboratories which have appli-
cable instrumentation, which have no fire assay
equipment or analyst, or which find fire assay
cumbersome--e.g., as in the case of liguids,
few samples per day, or very low grade solid
samples. These methods also have contributed
significantly to the general state of analytical
quality control, by proving the accuracy of the
more routine methods with changing sample
type. Thus, most laboratories at gold and
silver mines use atomic absorption as well as
fire assay.

Unless the fire assay losses are determined
(which is quite lengthy), silver assays are more
accurately made by other means. These fire
assay losses, which are of the order of several
percent for typical ores [(see references in
Mattett [1970] and Waiton [1973]), have been
accepted possibly because toll smelters expect
to lose a comparable fraction of the siiver
during processing. With  hydrometaliurgical
processes, toleration of these errors cannot be
justified.

Fire assay is not sensitive enough for the
practical assaying of many low grade ores or of
small samples of nominally low grade material,
which result from many laboratory or explora-
tion studies. In these cases, fire assay collec-
tion is often combined with the more sensitive
detection methods of atomic absorption or emis-
sion spectrography.

Before the development of AAS, most of the
methods in Table 1 found some mining or metai-
lurgical aplication. Gravimetric and titrimetric

methods were used when richer ores were
considered. They stili find some use for higher
grade intermediate and end metallurgical

products when good precision is needed (e.g.,
copper anode sludges). Spectrophotometric
{i.e., colorimetric) methods were very popular
for trace levels of Au and Ag in the 1950's and
1960's.  Electrometric methods also are very
sensitive and are also very precise, but require
more sophisticated instrumentation, so are used
mostly where equipment is available and used
for other purposes. X-ray methods and emis-
sion spectrography are useful, where applica-
bie, because of their multi-element capabilities
and accommodation of solid samples. Both
suffer from wvariable matrix interference and,
therefore, are quantitative only if complemented
by adequate standards. Emission spectrography
has been used as a quantitative method both for
fire assay products and for noble metais which
were separated from the base metals by precipi-
tation. It continues to be used for semiquanti-
tative determinations of noble metals in many
materials, and for quantitative assays in rela-
tively simple matrices for which enough reliable
standards are available (e.g., in copper).
Neutron activation is uniquely applicable to
small (e.qg., 1 q) samples which contain ultra-
trace levels of Ag or Au. As such, it appears
to have more application in geologic than mining
and metatlurgical applications.

Atomic absorption started to find application
in the early and middle 1960's. Since that time
it has gained wide usage for all ‘types of mining



and metallurgy samples. Today it is the
mainstay method for gold and silver in many or
most laboratories and is important with regard
to these assays in nearly all faboratories.

Some laboratories use rapid but probably
incomplete sample digestions coupled with AAS
procedures o vyield quick, semiquantitative
results. However, with the appropriate sample
and standard preparation, AAS regularly gives
gold results rivaling fire assay accuracy, and
silver results which exceed it, considering the
slag and cupel losses in fire assay (e.g., see
Aallett [1970], Tendall {1965], and Fishkova,
et al. [1972)). Atthough fire assay is
heralded for its greater precision than other
methods, proper sample preparation coupied
with AAS vyields equal or better precision on
typical ores. This was demonstrated by
Brandvoid (1979) and in other recent litera-
ture. SBrandvoid's tests involved eight com-
mercial laboratories which used fire assay and
seven laboratories {(commerciai, industriai, and
overnment} which used AAS. Both inter-
aboratory and intralaboratory results, for qold
and silver (at 0.25 oz/ton and 17 oz/ton,
respectively) were at least as precise for AAS
as for fire assay. At much higher ore grades,
it is recognized that fire assay has the advan-
tage over AAS, Tests conducted by our
laboratory confirmed this conclusion in assays
of copper refinery slimes, which contained gold
and silver at leveis several orders of magni-
tude higher than those in ores. The fire
assays were up to several hundred percent
more precise than AAS in this test.

Au and Ag Atomic Absorption Methods

Generat

AAS gained in pooularity over other nonfire
methods because of its low cost, versatility,
simplicity of operation, and specificity. Many
aqueous samples can be aspirated into the
flame with no pretreatment or with just a water
dilution, and many solids require little more
than a simple mixed acid digestion. Matrix
effects from base metals and the solvents are
usually much less than in the case of other
instrumental methods. Modifications to the
direct AAS procedures came about largely for
low grade materials in which the gold or silver
signal was nearly the same as background.
Table 2 gives an overview of atomic absorption
methods for the most frequently encountered
sample types, over a wide range of silver and
gold concentrations. Table 3 details some
solvent extraction methods.

Discussion of Methods and Potential Problems

Sample Preparation: Aqua regia with,
occasionally, the addition of hydrofluoric acid
is the most-used lixiviant, and is applicable to
most ore types. Other combinations of acids
as well as cyanides are also used, and pre-
roasting is sometimes applied.

Digestion time and amount of reagent vary,
quite naturally, with the amount of acid-
consuming materials in the sample. Thus, raw
ores are usually simpler than base meta! and
pyrite concentrates. In the latter case,
reagents in addition to aqua reaia are often
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added to completely oxidize the sulfide; other-
wise, sulfur beads may form on the reaction
mixture. However, tests in this laboratory with

such concentrates, at fow Au and Ag levels, .

showed that destruction of the sulfur was not
necessary in order to achieve recovery of the
Au and Ag.

Detailed digestion procedures vary with the
sample type, size of gold particulate, and
laboratory. No one precedure or even reagent
combination is optimum for all types of samples.
This was demonstrated within our laboratory,
where aqua regia is the standard lixiviant for
most solid samples. However, silver in a car-
bon bed (used to remove the Ag from cyanide
leach liquors) could not be dissolved quantita-
tively with either an agua regia or a cyanide
leach. It was finally dissolved quantitatively
after the carbon was completely destroyed with
hot, concentrated, HCIO, .

After digestion, the sample is redissolved in
the solvent from which AAS measurements or
solvent extraction is to take place. The sample
is wusually boiled or baked before the final
solution makeup. General consensus is that
this is done to remove NO_. The reasons for
this are not altonether clear, but it has been
reported that NO_ interferes with AAS silver
readings (Tindaff, 1977), and some gold
methods also have included baking. However,
methods for both Au and Ag are used which do
not include such baking, and the excess nitric
acid does not interfere with subsequent extrac-
tion of gold into MIBK (ichinose, 1971). There-
fore, the general need for baking appears to be
an unresolved question at present.

Independent of the above question, it has
been reported that boiling samples to dryness
and then baking at high temperatures can
reduce Au(ill) to Aull) and Au, which do not
extract into ketones such as MIBK ({Tindal!
[1977}). Therefore, Tindall recommends that
the sample be kept moist and NO_  be removed
by boiling from, e.g., 50% HCI. *Some authors
add oxidants such as bromine or permanganate
to the final makeup solution to counteract any
prior reduction of Au(llf).

Both AAS measurements and extraction can
be performed from HC! or 2qua regia solutions,
the same components wused in digestion.
Although Au (U1} is sufficiently soluble in even
dilute HCl, silver may be lost to precipitation if
the HCI is not concentrated enough. Figure 1
gives the solubility of Ag+ ions as a function of
HCl concentration. This figure does not take
into consideration chioride,usedjn complex‘zr)_g
other metal ions such as Fe” , A", and Pb" .
Common practice is to make the final dissolution
in 25 to 50% HC! which, according to the litera-
ture, is sufficient to hold at feast 50 ppm Ag in
solution. Ammonium acetate (NH,Ac) is often
added to the HCI solution when sﬁver is deter-
mined in the presence of high lead. Although
this improves the solubility of silver slightly
(cf. Fig. 1) and prevents PbCl  precipitation
(which can coprecipitate silvef, c¢f Tindall
[{1965])), the wvalue of ammonium acetate is not
accepted by many,

Leach solutions such as cyanides may be
aspirated directly into the flame. Standards
should match the samples quite closely both in



the case of solution samples and digest-makeup
sampies. Reliable background correction is
essential for quantitative work, especially in the
case of gold, unless both the standards and
sampie matrices are nearly identical. This is
difficult to accomplish inasmuch as different
samples usually contain different, unknown
levels of the base metals and solvents. Sack-
ground correction is practically a necessity with
flameless AAS.

Air-acetylene flames and wavelengths of
328.1 nm (for Ag) and 242.3 nm (for Au) are
employed almost universally. Typical sensitiv-
ities* are approximately 0.05 ppm for Ag and
0.3 ppm for Au.

Solvent Extraction: As Au and Ag concen-
trations decrease and additional sensitivity is
needed, solvent extraction (SX)} is wusually
empioyed. This serves to concentrate the
sample, remove interferences (discussed later),
and enhance the AAS signal for a combined
sensitivity increase of up to 200 times. A
suitable organic solvent provides quantitative
extraction from the digestate or solution sample
at a small organic/aqueous ratio, low solubility
in the aqueous phase, selective extraction of Au
or Ag over the other ions present, a flame
transparent at the wavelengths involved, and
enhancement of the absorption. The better and

more popular solvents in these respects are
listed in Table 3. Many others have been
studied, however, as evidenced by the more

than 100 SX schemes for gold and more than 20
for silver which were published from 1970-80.%*
Most of these references can be found readily
in the reviews by Sen Gupta (1973) and Das
and Bhattacharyya (1976), and in the biannual
bibliographies of Atomic Absorption Newsletter.
The great differences in these numbers is no
doubt due to the greater sensitivity of the AAS
response for silver, coupled with the fact that
commercially interesting silver deposits are of
higher grade than their gold counterparts.

Most gold extraction is done from HCl or
aqua regia solutions containing chloride, 10 to
60%, but a few extractants function in cyanide
or both cyanide and acid solutions. Silver may
be extracted from similar sofutions, but often
requires additional treatment. Although the
TOPO " method of Burke (1974) was originally
developed for Ag in metallic nickel, the authors
have successfully applied it to ores and other
mining materials. Cyanide leachates have been
converted to HCl systems, preceded by oxida-
tion of the Au(l) to Au(lll) with such oxidants
asiKMnO,, aqua regia, and RBr,.

Although pre-equilibration ‘of the extraction
solution and the aqueous acidic media is deemed
advisable by some authors, it has not been
practiced universally (e.g., cf Tindall [1965]).
Pre-equilibration, however, ensures constant
recovery of the organic phase, when the sol-
vent system solubility is not negligible--e.qg.,
MIBK.,

*The sensitivity 1s usually defined as the
concentration which produces a 1% absorption.

**Not all of these schemes are coupled with
AAS detection,
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lon Exchange: Resins also have been used
for  purifying and concentrating Au and Ag
solutions prior- to AAS analysis. A review of
silver work is given by Koithoff and Elving
(1966) and one for gold work is given by
Beamish and Van Loon (1977). This laboratory
has recently used Rohm and Haas' XAD-7 to
concentrate gold from mining samples, dissolved
in aqua regia and brought up in HC! solutions.
The gold was then stripped with an acetone-
ethanol mixture or 40% HMO3 and aspirated into
the flame.

Flameless AAS

Flameless AAS provdes a means to increase
flame AAS sensitivity, by up to 200 times.
Interferences from aqueous leachates and
digestates are so great, however, that flameless
AAS has found application mainly after organic
extraction. Thereby, the analytical sensitivity
is increased far beyond that of the SX/flame-
AAS methods.

Interferences: Interferences from other ele-
ments have been reported as minimal in many
cases, but matrix difficulties and precautionary
steps to avoid them are also prevalent in the
literature (see Mallett {1970} and Sen Gupta,
{1973]1). High salt content, from some elements
more than others, causes AAS interferences
from broad band spectra and light scattering--
i.e., Fe>”, NaCN, KCN, In, Se,,Te, Ni, Co,
and Cu in the case of gold and Fe” ', NaCN and
KCN in the case of silver. Unless the salts are
very concentrated, e.g., as when several grams
of soluble sample are dissolved in 100 ml, we
have found that background correction elimi-
nates such interferences. Without background
correction, we have found that quantitative
results are difficult to attain. As reliable
background correctors were not common until
the late 1960's, it may be assumed that many

problems reported were, in fact, due to the
lack of this. important AAS accessory. Even
when a background corrector is used, we
strongly recommend that its functionality be

tested frequently with a matrix blank which
matches the sample. This sould read zero if
the background corrector is working.

At very high salt concentrations, the back-
ground corrector often cannot do its job: the

high viscosity of concentrated solutions also
impedes aspiration. In the extreme, salts may
collect on the burner head. Aithough com-

plexing agents have sometimes been added to
increase solubilities of some species, solvent
extraction appears the more common remedy.
Even then, some species, e.g., Fe, may extract
into the organic, rendering its properties
unsuitable for aspiration. For this reason, the
MIBK is given several washes with dilute {e.g.,
1.5 M) HCl to remove interferent, the gold
remaining in the organic phase.

Determination of Gold and Silver from a
Single Sample Preparation: Gold and silver are
often determined from the same sample, so a
single sample preparation prior to AAS measure-
ment offers substantial time savings. Single
sample preparation is, of course, easily accomp-
lished when both metals dissolve in the digest




(e.g., aqua regia) or the leach solution (e.g.,
cyanide) at levels measurable with flame AAS.

Often the gold/silver ratio dictates that gold
must be extracted but that silver can be deter-
mined directly from the digest. Tindall (19653)
accomplished this from an aqua regia digest
with 25% HC! makeup, and soivent extraction of
gold into MIBK. Silver was determined from
the HCI before the qold extraction (this is
necessary as silver extracts incompletely into
the MIBK), and gold was determined from the
MIBK. The gold standards were prepared by
extraction into the ketone from 25% HCI.

it would be advantageous to extract both the
gold and silver from a common lixiviant (e.g..
aqua regia), and aspirate them from a common
organic solvent. This has been done ({see
Konovalov and Gureva, 1979) for high levels of
Au and Ag in Sb-Pb alloys using petroleum
sulfides in toluene as the extractant. Consid-
ering flame characteristics of this solvent, it
would appear more suitable for ores to use some
of the extractants in Table 3 which are common
to both silver and gold--e.g., TOPO in MIBK
or Aliquat 336 in DIBK. Such a method could
not be found in the literature. It also appears
possible to dissolve these metals, after aqua
regia digestion and baking, with a NaCN solu-
tion and to either extract both metais in
Aliquat 336/DIBK from that solution or directly
aspirate the silver and extract the goid.

RECENT TRENDS IN SILVER AND
COLD METHODS

Literature of the last several years shows
that strong effort is continuing in expanding,
improving, optimizing, and evaluating analytical
methods for gold and silver in mining and
metallurgical applications. Well over 100 articles
have been published since 1973 dealing just
with atomic spectroscopy. A complete listing is
beyond the scope of this article; again the
reader is referred to the biannual bibliographies

of At. Absorpt. Newsl. and Atomic Spectroscopy.

The accuracy, sensitivity and precision of
AAS, applied properly, are at least as qood as
those for fire assay. Therefore, the choice
betwean these methods would appear mainly to
be one of assay time and available analyst
skills. Flameless AAS is receiving more atten-
tion, and the result is nanogram or picogram
sensitivities. Most separation techniques are
still being considered——i.e., conrventional ones
such as solvent extraction, precipitation and
fire assay, and also recent ones (e.g., see
Kahn and Van Loon, 1978, who used ion
exchange chromatography).

The state of present methods probably leaves
assay time 2s a more important problem in the
mining industry than sensitivity or method
availability, per se. Therefore, innovations to
eliminate assay steps are being pursued. For
example, the organic extractant has been mixed
directly with the dissolution reagent. In a
more exploratory vein, both flame and flameless
AAS have been attempted directly on solid
sampies.
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in the flame AAS case, see Karmenova and
Pogrebuysk, 1979, the sample was diluted with
powdered graphite and this mixture aspirated
into the flame.

Multielement analysis from both the raw
sample, digests, and digest/extracts of the
sample are probably the most considered time-
saving procedure. Emission spectrography is
far from dead, and several recent publications
have applied it to the raw samples, so as to
omit time-consuming separations. As discussed
previously, single solvent extractions and also
precipitations are developed to separate and
concentrate several elements simultaneously.
Publications applying this procedure are most
prevalent for gold in conjunction with the
platinum metals.

Perhaps the greatest time saving innovation
developed during the '70's will be inductively
coupled plasma (ICP) spectroscopy. Although
applications to gold and silver are still sparse
(e.g., see Motooka, et al., 1979, and Wemyss,
et al., 1978), increased use is expected. ICP
offers linear response over a much wider con-
centration range than AAS and, with the higher
temperature, offers added spectral lines and
sensitivity. Therefore, it is conceivable that
samples soon may be determired by reading
them with ICP after a simple digestion, and
later the solids may be determined directly.
With such capabilities the high cost of ICP
equipment  could be justified for many
laboratories.
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Table 1. Status of Major Gold and Silver
Analytical Methods
Method Status
Fire Assay Routine quantitative for most

Atomic Absorp-

tion Spectro-
scopy (AAS)

Emission
Spectrography

Inductively
Coupled Plasma
Spectroscopy

Spectrophoto-
metric

X-ray (XRF,
EDX)

Neutron
Activation

Gravimetric

Titrimetric

Electrometric

(polarographic,
amperometric

sample types; umpire; also
used as collector for AAS
and spectrographic methods.

Routine quantitative for all
sample types; probably
most-used method.

Quantitative for some appli-
cations; semiquantitative for
others; more popular before
AAS developed.

Just getting started; great
potentiai.

Popular trace-level method
in 's0's and '60's; backup
and confirmatory.

Special applications; usually
qualitative

Best method for ultra-trace

levels in small samples;
preseparations make method
slow.

Formerly used for higher
grade samples.

Formerly used for higher
grade samples; some high
grade applications (e.g.,
anode sludges).

Special applications; good
sensitivity and  precision.

and coulometric)
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Table 2. Selected Atomic Absorption Methodology for the Determination of Gold and Silver

Flame AAS Flameless AAS
Minimum HMinimum
Concen- Concen- Concen- Concen-
tration tration tration tration
Sample in in Final in . of Final
Size Sample Original Solution Original Solution c
Sample {9) Preparation Sample ( mg/L) Sample (mg/L) Reference
Au/solids 1-10 Aq. Reg.d/} g/ 0.5-2 - — M, SG
Ag/solids 1-2 1-6 MHCI 10 g/t 0.05-4 0.1 g/t 0.001-0.025 M, SC
Au/solids 1-10 Roast/ 3 g/t 0.5-2 0.3f g/t 0.05-1.5 M, SG
CN leach
Ag/solids 1-2 HNO,/ 10 g/t 0.05-4 0.1 g/t 0.001-0.025 M, SG
53 NICN- :
0.2% NaOH
Ag/solids 0.1-0.2 Aqg. reg./ 10 g/t 0.05-4 0.1 g/t 0.001-0.025 P
NH OH
y
Au/solids 1-10 Ag.,reg./ 0.2 g/t 0.5-2 0.02° g/t 0.005-0.5 T3
Xtn
Ag/solids 1-2 or Aq. reg./| 0.6 g/t 0.05-1 0.001 g/t 0.001-0.025 T3
HCi/xtn
Au/solids 1-10 Aq. reg./ 3 g/t 0.5-2 0.3 grt 0.05-1.5 s
1-4 MHCY/
resin sep'n
Au/CN™ {g) Ditution 0.5 mg/L 0.5-2 0.005 mg/L  0.05-1.5 M, SG
Ag/CN™  (qg) Dilution 0.05 mg/L 0.05-2 0.005 mg/L  0.001-0.025 M, SG
Au/ <250 Ditution or 0.5 mg/L  0.5-2 0.005 mg/L  0.05-1.5 M, SG
aq. reg. evap/HCl/xtn 0.01 mg/L 0.5-2 0.001 mg/L  0.005-0.5 M, T3
Ag/aq. <250 HNO. to 0.01 mg/L 0.05-2 0.001 mg/L 0.001-0.025 M, SG
pastéls%
NaCN-0.2% !
NaOH
Au/CN~ <250 Acid/oxidant/ 0.01 mg/L 0.5-2 0.0001 mg/L 0.005-0.5 M, SG
xtn
Au/other €250 Dilution or 0.5 mg/L  0.5-2 0.005 mg/L.  0.005-1.5 M, SG
aqg. sol'ns oxdn/vol 0.01 mg/L 0.5-2 0.0001 mg/L 0.005-0.5 T3
{thiourea, redn/HCI/
thiocyanates, xtn
etc.
Au/ (g) Dilute with 0.5 mg/L  0.5-2 0.005 mg/L  0.005-0.5 M, SG, T3
olganics solvent

a)ppm = mg/L divided by the specific gravity of the solution at ambient temperatures.

b}Values assume single injection of 25 u L.

¢)M = Mallett(1970); SC = Sen Gupta (1973); T3 refers to Table 3 references: S = Sukiman (1976):
P = Perushottam, et al. (1972)

d)Aqg. reg. = agua regia; xtn = extraction.

e)1 g/t = 1 ppm = 0.0292 troy-oz/short-ton.

f}Based on 10 g sample and 50 ml final volume.

g)Needs only enough liquid for aspiration.
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Table 3. Gold and Silver Extraction Methods

Metal
Solvent Extractant Agueous Phases Reported Extracted Selected References
MIBK MIBK-CI~ Aqua Regia; 3-8 M HCI; Au Tindall (1965 and 1966),
5% HCI+HBr+Br2: Agua Hall (1979), Greaves (1963}
Regia + permanganate
+ 3-8 M HCI
DiBK D8S Agqua Regia; 1-3 M HCl Au Rubeska, et al. (1977)
Toluene Parkes and Smith (1979)
Xylene
MI8K T3P Aqua Regia; 1-8 M HCi Ay Das and 3hattacharyya (1976)
DiIBK g8 M HN03
MIBK TOPO HCI Au Das and B8hattacharyya (1976)
DiBK
Toluene
DIBK TOA NaCN, Aqua Regia Au Groenewald (1968, 1969),
Mallett, et al. (1966)
DIBK TOMA NaCN, Aqua Regia Au, Ag Viets (1978), Groenewaid
{1968, 1969)
MIBK Aliquat 336 Tsukahara (1980)
MIBK 5% TOPO Aqua Regia + Ki Ag Burke (1974)
DIBK + ascorbic acid
MIBK 308 TOTP Nitric acid Ag Bratzel, et al. (1972)
DiBK
MIBK 0.5% DPT in HCIO,, HNO,, AF digest Ag Aruscavage and Campbel! {1979)
Butyl Acetone in 20% tartar?’uc acid
Acetate
Aliquot 336 = tricapryimethylammonium chloride T8P = tributyl phosphate
D8S = dibutyl sulfide TOA = trioctyl amine
DIBK = disobutyl ketone TOMA = tri-n-octyl methyl ammonium chloride
DPT = dipheny! thiourea TOPO = tri-n-octyl phosphine oxide
TAA = isoamyl alcohol TOTP = triisooctylthiophosphate
MIBK = methyl sobutyl ketone
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Figura 1. Solubility of silver in HCl—ammonium acetate solutions as determined experimentaily
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3old and Silver Extraction

from Sulfide Ores

253 . .
~z‘g‘ahe allure of gold and silver to the mining industry has
become more pronounced in recent years, primarily
as a result of exceptionally high prices but also, in part, be-
cause of generally uninspiring base metal prices. Finding new
ore bodies which are easily amenable to direct gravity and
cyanide processing has not been that successful. Many of the
newer precious metal ore finds are in sulfide ores, and such
ores often present considerable resistance to metal recovery.
Assessment of ore treatment viability of these sulfide ores is
difficult, particularly the category of complex sulfides. Such
ores are seldom uniform and ore.within any particular zone
may often require more than one form of process procedure.
To develop a process scheme necessitates an understanding of
the relationship of ore type of current commercial processes
and also of the particular difficulties that can occur in each unit
process. ’ ’

ORETYPES

From a mineral processing standpoint, it is not possible to
group both gold and silver ores together in one classification.
Thus. gold and silver ores are grouped separately for the pur-

poses of this discussion although there is some limited overlap -

of the two groups. Classification of an ore as belonging to ei-
ther the gold or silver category is dependent on the value of
the contained metal in the ore rather than the weight or vol-
uine proportion of the respective metals. A listing of ore types
is presented in tabie 1.

Gold ores

A useful classification for gold ores was published by
McQuiston and Shoemaker.! An abbreviated summary of
those categories which apply to sulfide ores follows:

Free gold ores. These are ores in which the gold is in the
elemsntal state and not locked in other sulfide minerals. Part
of the gold may be sufficiently coarse to require the appli-
cation of gravity separation. Cyanidation is normally used in
conjunction with gravity separation or,.if the precious metals

Goid ores Silver ores

1) Silver with copper porphyrys
2) Silver with lead and zinc

1) Free gold ores
2) Gold with iron sulfides

3) Gold with arsenic and/or antimony minerals
minerals 3) Silver with vein copper
4) Gold teflurides minerals

4) Silver with cobalt and
nickel minerals
5) Silver with minor gold

5) Gold with copper porphyries

6) Gold with lead and zinc
minerals

7) Carbonaceous ores

Table 1. Types of gold and silver ores categorized accordmg to min-
eralogy and processing method

Octoher 1980
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are particularly fine, as the only process of precious metal ex-
traction. Content of sulfides is low (usually less than 2 per-
cent) and generally limited to pyrite.

Gold with iron sulfides. Gold occurs external to and dissemi-
nated within sulfides. Some sulfides, particularly pyrrhotite,
tend to decompose in solution, consuming cyanide and inhib-

' iting precious metal extraction. Aeration with lime prior to cy-

anidation is often practiced. Pyritic flotation concentrates are
sometimes made and this concentrate may be shi