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SYNOPSIS 

The separation of molybdenum from tungsten can be retrieved if a solution containing molybdate and 
tungstate ions is reacted with sulphide ions, and the molybdV.-num sulphide is extracted with an anion-exchange 
resin. The separation between molybdenum and tungsten is influenced by factors such as the pK value 
of the solution, the concentrations of sulphide and resin in the solution, and the period of contact between 
the resin and the metal ions in solution. 

A fundamental study of the interaction between sulphide ions and molybdate or tungstate ions confirmed 
a mechanism proposed recently in the literature: 

MeOi - + nHS~ +«H + J * M e 0 4 - ^ " +/»H 20, 

where Me = molybdenum or tungsten and n = 1, 2, 3, or 4. In these reaction sequences, each successive 
step in the reaction (sulphur being substituted for oxygen) is slower than the preceding one, and the molybdate 
reactions with sulphide are several orders of magnitude faster than the analogous tungsten reactions. As 
a result, the extent of the complexing of tungsten with sulphide is minimal compared with that of molybdenum 
in the time span of the extraction experiments. 

However, the current investigation shows that this is not the cause of the selectivity of anion-exchange 
resins Tor molybdenum in this system, and that the separation factor between molybdenum and tungsten 
is much the same for the precursor tungstate anion as it is for the various tungsten sulphide anions. The 
selectivity of the resin for molybdenum apparently originates from a thermodynamic preference of the amine 
functional group on the resin for molybdenum sulphide anions over tungstate or tungsten sulphide anions. 

It is shown that, under optimum conditions, a separation factor of about 30 between molybdenum 
and tungsten can be achieved in this system. 

SAMEVATT1NG 

Die skeiding van molibdeen van wolfram kan bcwerkstellig word deur 'n oplossing met molibdaat-
en wolframaatione met sulfiedione te laat reageer en die mcJibdeensulfied met n anioonruilhars te ekstraheer. 
Die skeiding tussen molibdeen en wolfram word beinvloed deur faktore soos die pH-waarde van die oplossing, 
die konsenlrasie van die sulfied en die hars in die oplossing en die kontakperiode tussen die hars en die 
metaalione in oplossing. 

'n Fundamentele studie van die wisselwerking tussen sulfiedione en molibdaat- of wolframaatione 
bevestig 'n meganisme wat onlangs in die literaiuur aan die hand gedoen is: 

MeOi + «HS + nH * ^MeO, „ S j ' + / J H 2 0 , 

waar Me = molibdeen of wolfram en n = 1, 2, 3, of 4. In hierdie reaksievolgordes is elke daaropvolgende 
stap in die reaksie (waarin suurstof deur swawel vervang word) stadiger is die voorafgaande een, en die 
molibdaalreaksics met sulfied is verskeie grootteordes vinniger as die analoë woiframreaksies. Die gevolg 
is dat die omvang van die kompleksering van wolfram met sulfied minimaal is vergeleke met die van 
molibdeen vir die duur van die ekstraksie-eksperimente. 

Die huidige ondersoek toon egter dat dit nie die oorsaak van die selektiwiteit van anioonruilharse vir 
molibdecn in hierdie stelsel is nie en dat die skeidingsfaktor tussen molibdeen en wolfram baie dieselfde 
vir die voorloperwolframaatanioon is as vir die verskillende wolframsulfiedanione. Die selektiwiteit van 
die hars vir molibdeen is blykbaar toe te skryf aan 'n termodinamiese voorkeur van die 
amienfunksionaalgroep op die hars vir molibdeensulfiedanione bo wolframaat- of wolframsulfiedanione. 

Daar word getoon dat 'n skeidingsfaktor van ongeveer 30 tussen molibdeen en wolfram in hierdie stelsel 
bereik kan word. 



1. INTRODUCTION 

CONTENTS 

1 

2. EXPFAIMENTAL PROCEDURE 1 
2.1. Preparation of the Compounds 1 
2.2. Rate of Extraction of Synthetic Compounds by a Weak-base Resin 1 
2.3. Equilibrium Absorption of Synthetic Compounds on a Weak-base Resin 2 
2.4. Batch Extraction with Anion-exchange Resins 3 
2.5. Rate of Formation of Metal Sulphide Complexes 3 

3. RESULTS AND DISCUSSION 3 
3.1. Rates of Formation of Sulphide Complexes 3 

3.1.1. Molybdenum 3 
3.1.2. Tungsten 12 

3.2. Extraction of Synthetic Complexes of Molybdenum and Tungsten Sulphide with DUA7 .. IS 
3.2.1. Equilibrium-loading Isotherms of the Synthetic Complexes IS 
3.2.2. Rates of Extraction of Synthetic Complexes 22 
3.2.3. Elution of Molybdenum and Tungsten Sulphide Complexes from DUA7 24 

3.3. Batch Extraction of Tungsten and Molybdenum with Anion-exchange Resins 24 
3.3.1. Rate of Resin Equilibration 24 
:.3.2. Effect of pH 26 
3.3.3. Effect of Sulphide-to-molybdenum Ratio 30 
3.3.4. Effect of Resin Concentration 30 

4. CONCLUSIONS 31 

5. REFERENCES 34 

LIST OF TABLES 

Table I. Elemental analysis of the sulphide complexes of molybdenum and tungsten 2 
Table 2. Ultraviolet-visible spectra of synthetic complexes of molybdenum and tungsten sulphide 2 
Table 3. Kinetic and stability constants for the reaction between molybdate and sulphide anions 4 
Table 4. The distribution of molybdenum sulphide species as a function of time 6 
Table 5. The effect of the sulphide-to-molybdenum ratio on the rate of formation of molybdenum 

sulphide complexes 7 
Table 6. The effect of the sulphide concentration on the rate of formation of MoOiS2" 10 
Table 7. The effect of the sulphide concentration on the rate of formation of Mo02S§~ II 
Table 8. The effect of pH conditions on the rates of formation of MoOjS2" and M0O2S2" .... 12 
Table 9. The effect of the ammonium chloride concentration on the rates of formation of MoOjS2 ~ 

and MoOjSfr 12 
Table 10. The effects of the concentrations of tungsten, sulphide, and hydrogen ions on the rate of 

formation of WO2S2" 15 
Table 11. The separation factor between molybdenum and tungsten on DUA7 for different sulphide 

complexes 22 
Table 12. The rate of extraction of various molybdenum species from solutions containing mixtures 

of molybdenum and tungsten anions by use of DUA7 23 
Table 13. The rate of extraction of vamus tungsten species from solutions containing mixtures of 

tungsten and molybdenum anions fay use of DUA7 23 
Table 14. Rates of extraction of anionic species of molybdenum and tungsten by use of DUA7.. 23 
Table 15. Elution efficiencies for various sulphide complexes of tungsten and molybdenum 24 



LIST OF ILLUSTRATIONS 
f 

Figure 1. Ultraviolet-visible spectrographs of molybdenum in an aqueous sulphide solution 5 
Figire 2. The effect of the sulphide-to-molybdenum ratio on the rate of formation of molybdenum 

sulphide complexes for the first 6 hours of reaction 8 
Figure 3. The effect of the sulphide-to-molybdenum ratio on the rate of formation of molybdenum 

sulphióe complexes for a period of 6 days 9 
Figure 4. The u'traviolet spectrum of tungsten in sulphide solution 13 
Figure 5. Equilibrium absorption isotherms for tungstate and molybdate anions on DUA7 16 
Figure 6. Equilibrium absorption isotherms for the disulphide complexes of tungsten and 

moiy'.denum on DUA7 16 
Figure 7. Equilibrium absorption isotherms for the trisulphide complexes of tungsten and 

molybdenum on DUA7 17 
Figur • 8. Equilibrium absorption isotherms for the molybdate anion and the di-, tri-, and 

•etrasw'phide complexes of molybdenum on DUA7 17 
Figure 9. Equilibrium absorption isotherms for the molybdate anion on DUA7 in the presence of 

anionic species of tungsten 18 
Figure 10. Equilibrium absorption isotherms for the molybdenum disulphide complex on DUA7 in 

the presence of various anionic species of tungsten 18 
Figure 11. Equilibrium absorption isotherms for the molybdenum trisulphide complex on DUA7 in 

the presence of various anionic species of tungsten 19 
Figure 12. Equilibrium absorption ; otherms for the molybdenum tetrasulphidc complex on DUA7 

in the presence of various mionic species of tungsten 19 
Figure 13. Equilibrium absorption wtherms for the tungstate anion on DUA7 in the presence of 

various anionic species i-: molybdenum 20 
Figure 14. Equilibrium absorption .otherms for the tungsten disulphide anion on DUA7 in the 

presence of various anion, species of molybdenum 20 
Figure 15. Absorption isotherms fo: r.ngsten trisulphide on DUA7 in the presence of various anionic 

species of molybdenum 21 
Figure 16. The rate of extraction o(' ..ngsten and molybdenum from sulphide solution by use of DU A7 25 
Figure 17. The efficiency of elutioi *ith concentrated ammonia of samples of resin that had been 

left in water for incrcav•; periods of time after loading had been compleied 26 
Figure 18. The effect of pH on the e.\i action of molybdenum and tungsten from an aqueous sulphide 

solution by use of DL'A' 27 
Figure 19. Tl.: effect of pH on the o.i action of tungsten and molybdenum, in the absence of sulphide, 

by use of DUA7 27 
Figure 20. The effect of pH on the enaction of molybdenum and tungsten from an aqueous solution 

containing no sulphide b\ use of A101DU 29 
Figure 21. The effect of pH on the extraction of molybdenum and tungsten from an aqueous solution 

containing sulphide by us»' of A101DU 29 
Figure 22. The effect of pH during k-<Jing on the elution efficiency of molybdenum and tungsten 

from DUA7 with concentrated ammonia 30 
Figure 23. The effect of the sulphide concentration on the extraction and separation of molybdenum 

and tungsten by use of DUA7 31 
Figure 24. The effect of resin concentration on the extraction of molybdenum and tungsten from 

sulphide solution by use of DUA7 32 



1. INTRODUCTION 
Interest in the extraction and separation of molybdenum from tungsten in aqueous solutions was 

stimulated recently by a problem that arose in the treatment of effluent at Boart Hardmetals Co. (Pty) 
Ltd. Thu South African company treats a variety of tungsten ores and produces tungsten carbide for drill 
bits for the mining industry. 

The first part of their process involves a hydrometallurgical route for the production of fairly pure 
tungstic acid, resulting in a number of waste streams that contain appreciable quantities of tungsten. 
Normally, an acidic solution of tungsten that contains small quantities of molybdenum is purified by 
treatment with sulphide so that molybdenum trisulphide is precipitated1,2. However, the method is not 
particularly selective and the precipitate of molybdenum trisulphide can contain up to SO per cent tungsten 
by mass. As a result, molybdenum is not recovered in a pure form, and this is a limitation of the process 
when the concentration (and value) of molybdenum in the tungsten solution is appreciable. An additional 
problem that arises when the concentrations of tungsten and molybdenum are of similar magnitude (as 
occurred at Boart Hardmetals) is that losses of tungsten into the molybdenum precipitate can be appreciable. 

In seeking an alternative method for the extraction and separation of tungsten and molybdenum, the 
Council for Mineral Technology (Mintek) investigated the use of activated carbon initially. Although both 
metals were loaded very efficiently onto carbon from the waste streams at Boart Hardmetals and could 
be effectively stripped from the carbon with ammonia solution, the method did not allow for the two metals 
to be separated. 

In the next stage of the preliminary investigation, the use of anion-exchange resins was examined, and 
a measure of success was obtained. It was shown that molybdenum can be separated from tungsten by 
the selective complexing of molybdenum with sulphide (at pH values at which molybdenum would remain 
in solution as an anionic sulphide complex), followed by extraction of the molybdenum sulphide complex 
with an anion-exchange resin. The use of weak-base rather than strong-base resins was preferred because 
of their ease of elution, weak-base resins being efficiently eluted with ammonia while strong-base resins 
require a strong hypochlorite solution for effective regeneration. A similar method for the separation of 
molybdenum from tungsten, which invokes the selective extraction of molybdenum sulphide with a 
quaternary amine solvent (analogous to a strong-base resin), was patented recently1. The results of the 
investigation on the use of the weak-base resin are presented in this report. 

In addition, a fundamental investigation of the rates of reaction of sulphide with tungsten and 
molybdenum was undertaken, as well as tests on the loading and stripping characteristics of various tungsten 
and molybdenum sulphide complexes when a weak-based resin is used. It was felt that a basic knowledge 
of these reactions would shed light on the selectivity of extraction of molybdenum sulphide by an anion-
exchange resin, and would help to indicate optimum conditions for maximum separation between tungsten 
and molybdenum. The results of these investigations are also presented in this report. 

2. EXPERIMENTAL PROCEDURE 

2.1. Preparation of the Compounds 

The molybdenum complexes (NH.O2M0O2S2, CS2M0OS3, and (NH^MoS.», were prepared by the 
methods outlined by Harmer and Sykes4; the M0O1S2" complex could not be isolated in the solid state. 
The tungsten sulphide complexes (NH^WOzSz, (NH^WOS,, and (NH.»)2WS.i, were prepared by the 
methods outlined by McDonald et al.f. The complexes were analysed for their contents of metal and sulphur 
(Table 1) and by ultraviolet-visible spectroscopy (Table 2). 

2.2. Rate of Extraction of Synthetic Compounds by a Weak-base Resin 

The rate of extraction of the various molybdenum and tungsten sulphide complexes was determined 
by batch extraction under ambient conditions. An aqueous solution of each complex was prepared at a 
metal concentration of approximately I000mg-l ' and with 0,2 M ammonium chloride. In a stirred reaction 
vessel, 10 ml of resin was added to 250ml of the solution, and samples withdrawn from the mixture at 
intervals over a 24-hour period were analysed for tungsten or molybdenum, or both. 

All the experiments were carried out at the natural pH value of the metal sulphide solution (pH 6 to 
7), and little change in the pH value was observed during the extraction. 

1 
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TABLE 1 

Elemental analysis of the sulphide complexes of molybdenum 
and tungsten 

Complex 
Metal Sulphur Ratio 

S : :Melal Complex Obs., V, Calc, V$ Obs , *k Calc., *• 
Ratio 

S : :Melal 

(NH 4) 2Mo0 2S 2 41.7 42,1 26,8 28.1 1.92 

CszMoOS, 19,9 20,2 19,2 20,3 2,89 

(NH4)2MoS4 35,8 36,9 48.1 49,3 4,02 

(NH^WOA 56,6 58,2 20,1 20,3 2,04 

(NH4)jWOS, 53,8 55,4 28.5 29,0 3.04 

(NH4)2WS4 51,9 52,8 36.4 36,8 4,07 

Obs. Observed Calr. Calculated 

TABLE 2 

Ultraviolet-visible spectra of synthetic complexes of molybdenum 
and tungsten sulphide 

Results of present study Results of study by McDonald el at.' 

Complex 
Wavelength 

nm 

Extinction 
coefficient 
M-'-cm ' Complex 

Wavelength 
nm 

Extinction 
coefficient 
M ' cm"' 

(NH 4) 2Mo0 2S 2 

395 
321 
288 

4 065 
7 670 
5 072 

<Et4N)2Mo02S2 

393 
320 

3 140 
7 430 

Cs2MoOS) 

455 
397 
313 
255« 

2 072 
9 548 
8211 
6 293 

(Et4N)2MoOS, 

457 
395 
308 

1 970 
9090 
7 300 

(NH4)2MoS4 

468 
317 
266* 
243 

II 973 
17 085 
3 684 

24 130 

(Et4N)2MoS4 

467 
316 

241 

II 850 
16 750 

24 700 

(NH 4) 2W0 2S 2 

327 
272 
245 

4 655 
8 766 
6 610 

(El 4N) 2W0 2S 2 

326 
272 
246 

4 050 
8 290 
5 700 

(NH4)2WOS) 

373 
332 
267 
238 

3 192 
10 192 
8 236 
9 825 

(El4N)2WOS, 

375 
336 
268 
240 

3 200 
II 400 
2 860 
9900 

(NH4)2WS4 

393 
277 

17 180 
26 350 (u 4N) 2WS 4 

393 
277 

15 710 
24 500 

* Value on 'shoulder' of curve 

2.3. Equilibrium Absorption of Synthetic Compounds on a Weak-base Resin 
Solutions of each of the complexes and mixtures of complexes were prepared at a metal concentration 

of approximately lOOOmg-l"' in 0,2 M ammonium chloride. Each solution was divided into five aliquot 
portions of 100ml to which 0,1,0,2, 0,4, 0,7, and 1,0g of a weak-base resin were added respectively. (This 
resin, DUA7, is manufactured by Duolite International.) The solutions were then rolled at room temperature 
for 72 hours. No adjustments were made to the pH values of the solution or the resin, and in all instances 
the pH value at equilibrium was similar to the initial pH value (6 to 7). 

2 



SEPARATION OF TUNGSTEN AND MOLYBDENUM 

The solution and the resin were analysed for molybdenum or tungsten, or both after equilibrium had 
been attained. The resin of smaller quantity in each experiment (0,1,0,2, and 0,4g) was diluted with fresh 
DUA7 resin so that the quantity would be sufficient for analytical purposes. 

2.4. Batch Extraction with Anion-exchange Resins 
A solution containing 0,01 M molybdenum ( l g l ') as ammonium molybdate, 0,0054 M tungsten 

(1 g-l" ') as sodium tur.gstate, and 2 M ammonium chloride was freshly made up in water froni a Millipore 
purification system at the start of each experiment. Adjustments to the pH value of the solution were made 
with hydrochloric acid or sodium hydroxide, and sulphide was introduced to the solution by the bubbling 
of hydrogen sulphide through the solution (for the experiments at pH values of less than 7) or by the addition 
of sodium sulphide. The pH value of the solution could not be lowered after sodium sulphide had been 
added because the molybdenum trisulphide would have precipitated immediately. Therefore, in the 
experiments at pH values of less than 7, the pH conditions of the molybdate-tungstate solution were adjusted 
before the resin was added, and then the hydrogen sulphide was bubbled into the solution. In each experiment, 
40ml (I4g) of resin was added to 1000ml of solution, and the solution was stirred fairly vigorously with 
an overhead stirrer. The solution and the resin were sampled periodically (the same concentration of resin 
being maintained in the solution) and were analysed for tungsten and for molybdenum. 

In all the extraction experiments, the solutions and resins were analysed for tungsten and molybdenum 
by X-ray fluorescence. Most of the experiments were carried out with the weak-base resin, DUA7. In a 
few experiments, the strong-base resin AI0IDU (manufactured by Sentrachem) was used. All the batch 
extraction experiments were conducted at 22 °C. 

2.5. Rate of Formation of Metal Sulphide Complexes 
The rates of formation of the sulphide complexes of molybdenum and tungsten wtre measured by 

ultraviolet-visible spectroscopy. For the determination of the initial rate of reaction, the spectrometer was 
run at a fixed wavelength, and the rate of increase of absorbance was determined as a function of time. 
The kinetics were measured only at those wavslengtbs at which the absorbancc could be assigned 
unambiguously to a unique metal sulphide complex. 

The effects of the pH value and the sulphide concentration on the rate of complex foimation were 
examined. In these experiments, the background electrolyte was 0,2 M ammonium chloride, and the effect 
of this salt on the rates of reaction was also examined. The pH value of the reaction solution was adjusted 
by the addition of hydrochloric acid or sodium hydroxide to a solution of ^dium sulphide before ammonium 
molybdate or tungstate was added to the solution. After the ammonium molybdate or tungstate had been 
added, the reaction mixture was transferred immediately to a cell in the sample compartment of the ultraviolet 
spectrometer. The rate of reaction was generally sufficiently slow for a lag time of 20 to 30 seconds at 
the start of the reaction to have little influence on the rate of reaction measured. These experiments were 
also cirried out at 22 °C. 

3. RESULTS AND DISCUSSION 

3.1. Rates of Formation of Sulphide Complexes 

3.1.1. Molybdenum 

Work by Harn>er and Sykes4 has shown that the reaction between molybdate and sulphide ions proceeds 
via the stepwise formation of four molybdenum sulphide complexes, as follows: 

*' 
MoO2. +HS~ + H + - MoO,S 2 _ + H 2 0 (1) 

k- i 

Mo0 3S 2 +HS + H + ,^ Mo02S2

2 + H 2 0 (2) 
k i 

Mo0 2 Si _ +HS' +H* ,=± MoOS2r + H 20, then (3) 
k-i 

i 
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MoOS2r +HS" +H* ^ MoSj- + H 2 0 (4) 

They interpreted their rate data in terms of the pathway M0O4H + HS~, rather than the alternative 
M0O4" + H2S. The basis of their preference was that reactions of M0O4 ~ appeared to be slow unless prior 
proton it ion had occurred, with consequent weakening of the Mo-O bond, protonation having activated 
the rrolyhdenum(Vi) coordination sphere to substitution and to addition. 

Reactions (1) to (4) are all reversible and relatively slow. The distribution of the various species, which 
depends on the pH value of the solution and the sulphide concentration, therefore changes continuously 
over the sort of time period that would be of practical interest to the hydrometallurgist. The kinetic and 
thermodynamic results obtained by Harmer and Sykes4 are reported in Table 3. In Uicir investigation, by 
ultraviolet spectroscopy, the rate constants, k2 and k ~ >, were not determined. The present study indicates 
that \Í2 can be determined by ultraviolet spectroscopy, and a value for this constant is reported for the 
first time. 

TABLE 3 

Kinetic and stability constants for the reaction between 
molybdate and sulphide anions (after Harmer and Sykes4) 

Conditions: 
[NH3/NH4I 0,25 M Temperature 25 °C 
I (NaCl) 0,5 pH 9,2 to 10,2 

Rale constant?» I, Equilibrium constanc. 
M : M 2 -s - ' s ' 

I, Equilibrium constanc. 
M : 

k, 4x10 ' 
k, 1.2x10' 
k 4 < 1.6x10" 

k , 6.5 x 10 ' 
k , 4,5 x 10 ' 
k j 1.6x 10 * 

20-70 Ik,) 

10' (k 4) 

K, 5,8x 10" 
K; 4 x l ( ) " 
K4 = I 0 1 2 

The mechanistic study by Harmer and Sykes4 indicated thai, although high concentrations of H * favour 
the formation of the labile M0O4H" species, HS ~ is more effective than H2S (pKa = 7) as an incoming 
nucleophile, and that the reaction is therefore best carried oui at a compromise pH value of about 7,3. 
At pH values below about 6,5, molybdenum precipitates from solution as ihe M0S1 species. 

The species MoOjS2", MoC^S2:", MoOS2", and M0S4 have been known for some time, and all 
except MoOjS2", which is not easily isolated in the pure state4, have been well identified4"6 as crystalline 
solids (Table 2). In addition, owing to the difference in the rates of formation of MoO»S2 and M0O2S2 , 
the ultraviolet spectrum of the MoOjS2" species has been identified in aqueous solution. The species4 has 
a single absorption peak at 292nm, with an extinction coefficient of 7400M ' cm '. The precursor 
molybdate ion does not absorb light in the range 240 to 500 nm, and since each of the four molybdenum 
sulphide complexes has a unique and characteristic spectrum in this range, the system lends itself well 10 
kinetic and equilibrium study by ultraviolet spectroscopy. 

Further kinetic studies were carried out in the present investigation into the relative rates cf formation 
of the various molybdenum sulphide complexes under practical conditions, so that these rates could be 
compared with the rates of formation of tungsten sulphide complexes under the same conditions. 

A slight excess of sodium sulphide (1,5x10 ' M) was added to a solution of ammonium molybdatc 
(3,2 x 10 4M)in 0,2 M ammonium chloride that had previously been treated for the removal of dissolved 
oxygen. The solution, which had a pH value of 7,7, was kept in an air-tight I cm ultraviolet cuvette, and 
spectra were recorded in the range 250 to 550nm at intervals over a period of one week. These spectra 
are shown in Figure I, and the following conclusions can be drawn from the results. 

4 
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2 , 0 -

1 , 0 -
.c < 

Conditions: 
|Mo) 3 ,20xlO~ 4 M 
|Na2SJ l ,50x lO" J M 
|NH 4Cl) 0.2 M 
pH 7,70 

! \ Reaction time, min 
——> 2 

\ 

Isosbestic 
point 

3,0-1 b 

2 , 0 -

I 
1,0-

Reaction time, mm 
. . . . . . 40 
— - 110 
- — 360 

Wavelength, nm 

FIGURE 1. Ultraviolet-visible soectographs of molybdenum in an aqueous sulphide solution 
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(i) A complex that absorbs at 292 nm is formed at the start of the reaction. Maximum absorbance 
is attained within 2 minutes and corresponds to an extinction coefficient of 7500 M "' • cm "'. There 
is no absorbance elsewhere in the 250 to 550nm range during this period, and these facts are all 
consistent with the formation of MoOjS2 ~. 

(ii) Over the next 40 minutes of reaction, the absorbance at 292 nm diminishes, and new peaks are 
formed at 320 and 395 nm. A single isosbestic point at 305 nm suggests that only two species are 
present in solution during this period. These observations are consistent with the conversion of 
MoOjS2 ~ to Mo0 2Sl". The absorbance at 395 nm after reaction for 40 minutes corresponds to 
an extinction coefficient (c) of 3750M"' -cm "'; this is somewhat higher than the value given in 
the literature5 for Mo02S§ " («395 = 3200 M "' • 1 m "'), which indicates that part of the M0O2S2" 
has been converted to MoOSj - during this period. A solution containing 90 per cent of the 
molybdenum as M0O2SI- and 10 per cent as M0OS3" («395 = 9000 M~'-cm - 1 ) would have an 
apparent extinction coefficient of 3750M"' -cm "'. 

(iii) The period from 40 minutes to 6 hours (Figure lb) is characterized by a small shift in the peak 
at 320 to 313 nm, disappearance of the peak at 292 nm, increasing absorbance at 395 nm, and the 
formation of a new peak at 460nm. Moreover, three isosbestic points are present: at 295, 318, 
and 366 nm. These observations are consistent with the disappearance of M0O3S2" initial'y. 
followed by the slow conversion of M0O2S2 ~ to M0OS3 ~ , with the lauer two complexes 
predominating in the solution over the period. The absorption spectrum after 6 hours of reaction 
is characteristic of almost pure M0OS3" in solution: C3io = 7800M~ l -cm~ l , «395 = 
8750M~'-cm _ l , and t4*o = 2300M"'-cm _ l . (These should be compared with the results for 
M0OS2,- in Table 2.) 

(iv) The period from 6 to 168 hours (Figure 1c) is characterized by increasing absorbance at 310 and 
460 nm, and the disappearance of the peak at 395 nm. Two isosbestic points are present, one at 
366 nm and the other at 428 nm. These changes are consistent with the conversion of MoOSj" 
to M0S4 ~ (which does not absorb at 395 nm). The absorption spectrum after 48 hours of reaction 
corresponds to a solution containing 40 per cent of the molybdenum as MoOSi ~ and 60 per cent 
as M0S4"~, and this approximate rate of conversion agrees with the published value for the half-
life of this reaction (r, more than 28 hours as shown in Table 3). 

These conclusions are summarized in Table 4. 

TABLE 4 

The distribution of molybdenum sulphide species as a function 
of time 

Conditions: 
[Mo] 3,2xlO" 4M 
[Na2S] I , 5 x l 0 - J M 
pH 7,7 
[NH4CI] 0.2 M 

Time 
h min 

Approximate distribution of specie», % Time 
h min MoOi MoOjS 2" MoOjSj MoOSj MoSÍ 

0 0 
0 2 
0 6 
0 40 
1 50 
6 0 

48 0 
168 0 

100 
0 
0 
0 
0 
0 
0 
0 

0 
100 
50 
0 
0 
0 
0 
0 

0 
0 

50 
9C 
60 
0 
0 
0 

0 
0 
0 

10 
40 

100 
40 
0 

0 
0 
0 
0 
0 
0 

60 
100 

6 
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Similar experiments were carried out at different sulphide-to-molybdenum ratios, and the distributions 
of the ..secies und;r the various chemical conditions are shown graphically in Figures 2 and 3 for the first 
6 hours of reaction and for a period of 6 days respectively. The results are summarized in Table 5, from 
which it can be seen that, under appropriate chemical and kinetic conditions, each of the four sulphide 
complexes can be isolated in an almost pure form in solution, it should be borne in mind, however, that 
the formation of the tri- and tetrasulptrde complexes is probably too slow at ambient temperature to be 
of practical significance, and attention is therefore focused on the mono- and di- substituted species. 

TABLE . 

The effect of the sulphide-to-molybdenum ratio on the rate 
of formation of molybdenum sulphide complexes 

Conditions: 
[Mo] 10" 4 M 
INH4C1] 0,2 M 
pH 7,90 

Ratio of 
sulphide to 

molybdenum 

Approximate reaction time required to convert 90% 
of the molybdenum to sulphide complexes 

Ratio of 
sulphide to 

molybdenum MoO,S2" Mo02Si MOS2," MoSj 

1 
3 
5 
8 

12 
25 
50 

2 min* 
2 min 
30 s 

I2h 
2h 

40 min 
* lOmin 

72 h 
48 h 
24 h 

«I2h 
3h 
2h 

>l44h 
>144h 

' Only 50 per cent of the molybdenum was converted from M0O4' to 
!>4oO,S2 

For the effect of the sulphide concentration on the rate of formation of molybdenum sulphide complexes 
to be determined, the sulphide-to-molybdenum ratio was varied from 2 to 14, and the initial rate of increase 
in absorbance was measured at two of the wavelengths corresponding to peak maxima, namely 290 and 
395 nni. During the first minute or so of reaction, the rate of increase in absorbance at 290nm is characteristic 
of the kinetics of formation of MoOjS2" , whereas the absorbance changes at 395 nm in the early stages 
of reaction are characteristic of the kinetics of formation of M0O2S2 ~ . Useful kinetic information from 
the absorbance at 320 nm could not be obtained because of the close proximity of the peak at 290 nm and 
the additive interference of this peak on the absorbance changes at 320 nm. Moreover, the absorbance changes 
ai 460 nm were (00 slow to be measured with any confidence, anJ a reliable laboratory study of the r3'e 
of absorbance change in this region (which would yield information on the constants k -2, kj, k - 3, and 
k )̂ would probably require the use of elevated lemperatures. 

The effect of sulphide concentration on the rate of absorbance change at 290nm is shown in Table 6. 
Only VtoOtS2 absorbs strongly at 290 nm in the initial stages of reaction, and ihe rate of complex formation 
'far from equilibrium) was calculated from the expression 

dlMoOíS' ^ 2 9 0 

(29<|/ 
M (5) 

'.n equation (5), Alw is the initial rate of change of absorbance at 290 nm, f 2w is the extinction coefficient 
of MoOjS2 ai 290 nni (7400 M '-cm ') and /is the path length in the sample cell (I cm). Based on the 
work by Harmer and Sykes\ the equation for the formation of MoOjS2 can be written 

M0O2, + HS + H 4 , - - MoO,S2 + H 2 0, ( I ) 
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100 - I 

75-

! 

C/l 
25-

Conditions: 
|MoJ 10" 4 M 
|: H4CI] 0,2 M 
pH 7,90 

HS:Mo=l 

MoO,S 

HS :Mo=3 

Time, h 

FIGURE 2. The jffect of the sulphirie-to-molybdeniim ratio on the rate of formation of 
molybdenum sulphide complexes for the first 6 hours of reaction 
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Conditions: 
IMol 10 4 M 
INH4CI] 0,2 M 
pH 7,90 

Time, (.lays Time, days 

FIGURE3. The effect of the sulphideto-molybdenum ratio on the rate of formation of 
moiybdenum sulphide complexes for a period of 6 days 
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and, since M0O3S2" * 0 in the initial stages of reaction, the back reaction can be ignored and the rate constant 
ki can be calculated from the expression 

dr «290« 
(6) 

The results presented in Table 6 show the effect o r the sulphide concentration on the rate of formation 
of MoOjS2". 

TABLE 6 

The effect of the sulphide concentration on the rate of 
formation of A/oOjS2" 

Conditions: 
IMoJ 3 , 6 x I 0 " 4 M 
pH 9,0 
[NH4CI] 0,2 M 

lNa2S] 
M |HS | : |Mo) d|MoOjS 2" ]/d/ 

M-s" ' 
k, 

M 2 s - ' 

6 . 2 5 x 1 0 " 
1.25x10"' 
2,50x10"' 
5,00x10"' 

1,7 
3,5 
7.0 

14.0 

0 , 5 6 x 1 0 " 
1 .05x10" 
1 ,82x10" 
3 , 7 2 x 1 0 " 

2.5 x10' 
2,3 x 10' 
2,1x10* 
2,1x10' 

The observed first-order dependence of the rate on sulphide concentration (Table 6), together with 
the fairly good agreement between the value of ki obtained here and that given in the literature 
(4x 109M " 2 s ', Table 3), confirm that the absorbance at 290 nm, in the initial stages of reaction, is due 
to the formation of M0O3S2". 

The results illustrated in Figurer 1 and 2 indicate that the absorbance at 395 nm, in the initial stages 
of reaction, is predominantly due to the formation of M0O2S2". For the two-step reaction pathway, 

1, 

MoO2, +HS +H + , ^ MoOjS2- + H 2 0 and 
k - i 

(1) 

* 2 
M0O3S2 + HS" + H + , ^ M0O2SÍ + H 2 0, 

k-2 
(2) 

the rate of formation of M0O2S2 is given by: 

át = k2[MoO,S i-l[HS-]{H t, (7) 

(8) 

when M0O2SÍ" «0. 

A rigorous derivation of equation (7) involves the use of a complex integral to define the concentration 
of MoOjS2", and is beyond the scope of this report. However, assumptions can be made thai simplify 
the analysis of the kinetic data. For example, the results presented in Table 5 indicate that MoOtS2 is 
formed about a hundred times faster than M0O2SÍ , and that it can therefore be assumed that reaction 
(1) will be in equilibrium. Under these conditions, the concentration of M0O1S2 ~ is given by Ihe following: 

10 
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I M O O J S 2 - ] = K,[IVIO05- | [HS-]IH + ) (9) 

K,[MoMHS-]tH»] 
I + K,|HS1|H + ) 

where K t = 5,8 x 10" M : (from Table 3) and [Mo]T :s the total of molybdenum in solution. Substitution 
of this expression for the concentration of MoOjS2 ~ in c a t i o n (7) permits the calculation of a value 
for the rate constant k2. The results presented in Table 7 show the effect of the sulphide concentration 
on the rate of formation of M0O2S2 ~. 

TABLE 7 

The effect of the sulphide concentration 
on the rale of formation of M0O1& ' 

Conditions: 
IMOJT 3 , 6 X 1 0 " 4 M 
pH 9,0 
[NH4CII 0,2 M 

[Na2SJ d|Mo0 2Si )/d/ k j 

M M s " ' M 2 - s " ' 

6,25x10 4 1,14x10 * 1,9x10* 
1,25x10 ' 4,03 x 10 * 2,1x10* 
2,50x10 ' 9,62x10 * 1.8x10* 
5,00x10 ' 2,85x10 T 2,1x10" 

A value for the rate constant k: has not previously been published, and comparison with the data in 
Table 3 shows that V.2 is ten to twenty times slower than k\ and k*, but about a hundred times faster than 
k4. The observed decreasing order in the four rate constants, namely k,, k,, k2. and k4, is contrary to 
previously repor ed effects observed for other octahedral complexes of transition metals, where the presence 
of sulphur-donor ligands generally results in a labilization of other ligands7. Harmcr and Sykes4 have 
suggested that crowding of the molybdenum(Vi) site by sulphide ligands is the most realistic explanation 
of the trends observed, and have proposed a mechanism of associative addition of HS to tetrahedral, 
protonated molybdate ions rather than direct substitution. The fact that k.t is greater than k» suggests that 
the trans- effect mav also be important in this mechanism. 

The effect of pH on the rate of formation of molybdenum sulphide complexes was also examined. 
Once again, the rate of absorbance change was monitored at 290 and 395 nm, and the pH value was varied 
between 7,9 and 9,8. (At pH values below 8,5, the rate of absorbance change at 290 nm was too fast to 
be measured accurately by ultraviolet spectroscopy, whereas the rate of change at 395 nm was too slow 
at pH values above 9,8.) It was assumed ;hat HS" was the only labile sulphide reactant, and the concentration 
of HS" was calculated by substitution in equation (II): 

m , - , (Total sulphide} 

where Kd=\(f for HS +H*i=H 2S. 

The rates of formation of M0O1S2 and the rate constant k, were determined by substitution in equation 
(6), whereas the rates of formation of M0O2S2" and the rate constant k: were determined by substitution 
in equations (7), (8), and (10). The results are presented in Table 8. It can be seen that (he rate of formation 
of M0O1S2" exhibits a good first-order dependence on the hydrogen-ion concentration over the chosen 
pH range, and that the value of the rate constant agrees well with (hat found earlier (Table 6). Moreover, 
the value of the rate constant k: agrees reasonably well with (hat found earlier (Table 7), although t!ic rate 
was slightly lower than expected at the upper and lower extremes of the pH range studied. 

11 
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TABLE 8 

The effect of pH conditions on the rates of formation of MoOtS2' and 

Conditions: 
|Moh 3 . 6 x H T 4 M 
[Total sulphide] 2,5 x 10 " J M 
[NH4CI] 0,2 V 

PH |HS | d|MoO,S2 | / d / k, d(MoO>S; I'd/ k-
value M M s ' M- ' - s ' M s 1 M s ' 

9.7» - 2 . 5 x 1 0 ' 3.69x10 2.5 x 10* 3.49 x 10 * 1.2 x 10* 
9,60 - 2 . 5 x 1 0 ' 3,95-10 1.7 x 10* 7 .94 x 10 * 1.3 x 10" 
9,39 - 2 , 5 x 1 0 ' 7.55x10 -* 2.0 x 10* 2.10x10 •" 1.5 x 10" 
9,27 - 2 . 5 x 1 0 " ' 1.23x10 * 2.5 x 10* 2.97 x 10 * 1.4 x 10" 
9,02 2,48x10 » 1,82x10"' 2.1 x 10* 9.62 x 10 * 1.9 x 10* 
8.57 2.43x10 ' 5.02x10 * 2.1 x 10* 5.09x10 2.6 x 10* 
8.33 2.39x10 ' n.d. n.d. 5.07 x 10"" l.5x 10* 
8.11 2,32x10 ' n.d. n.d. 9.84 x 10 l.8x 10* 
7,90 2.22x10 ' n.d. n.d. 1,19x10 •* 1,4 x 10* 

n.d. Not determined 

Finally, it is a well-known phenomenon that the rate of reaction between ions of sim lar charge (as 
occurs in this study) usually increases with an increase of ionic strength. This was examined by variation 
of the concentration of ammonium chloride, and the effect on the rates of formation of MoOjS2"" and 
M0O2S2 ~ is shown in Table 9. The results indicate that the rate increases almost tenfold as the concentration 
of ammonium chloride increases from 0,05 to 2 M . 

TABLE 9 

The effect of the ammonium chloride 
concentration on the rates of formation of 

MoOiS1- andMo02S\-

Conditions: 
|MO)T 3.6X10" 4 

pH 9,02 
[Total sulphide) 2 . 5 x K T ' M 

|NH,CI) d(MnO,S'-J/d/ d|Mo0 2Si )/d/ 
M M s " ' M-s"' 

0.05 0.97x10 * 4,23x10 * 
0,1 I . JSx IO - * 7,31x10 " 
0,2 1 , 8 2 x 1 0 * 9,62x10 " 
0.5 2.43 x 10 * 1,65x10 7 

1,0 6.31x10 "* 2,77x10"' 
2.0 9,57x10 "* 3,23x10 ' 

3.1.2. Tu gsten 

The literature contains little information on the rate of reaction between tungstate anions and sulphide 
apart from a report* stating that WOjS2~ and \VO2S2~ are formed more slowly than MoO»S2 and 
M0O2S?", but not giving any rate constants. This seems to be supported by the far stronger chemical 
environment that is required to produce tungsten sulphide complexes in the solid state' than that required 
to produce comparable molybdenum sulphide species* \ 

12 
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Preiiminaiy experiments at Mintek confirmed that the rate of reaction between tungstate and suiphide 
ions was considerably slower than that between molybdau and sulphide ions, and that the formation of 
the tetrasulphide complexes in solution (WS5 ~) could not be observed In a reasonable time period, even 
under extreme chemical conditions. Spectral changes occurring in solution over the first 138 hours of reaction 
are shown in Figure 4, and arc consistent with the formation of predominantly WO2S2 ~ during that period. 
The graph shows that, after the first few hours of reaction, a 'shoulder' formed at 370 to 400 nm. indicating 
the presence of some WOS, in the solution but, with the exception of the highest ammonium chloride 
concentration, the increase in the rate of absorbance in that region was too slow to be measured with 
confidence. For an extinction coefficient of 4050 M 'cm ' for the complex WO2S2' at 327 nm (Table 
2), the absorbance corresponding to SO per cent reaction would be 1,02. The times taken to reach that 
absorbance were 2, 20, 74, and 140 hours for 2,0. 1,0, OS and 0,2M ammonium chloride respectively. 
The 1 for the formation of M0O2S2" in 0,2M ammonium chloride is, by contrast, only about 10 
minutes (Figure la), which indicates that the tungsten reaction is about 800 times slower than the analogous 
molybdenum reaction. 

Conditions: 
|WJ 
(Total sulphide] 
[NH4CI] 

3,0-1 P H 

5 x H T 4 M 
5 x l 0 J M 
2.0 M 
7.20 

< 

350 

Wavelength, nm 

r 
400 

FIGURE 4. The ultraviolet spectrum of tungsten in sulphide solution 
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Conclusions cannot be drawn from the rapid formation of the absorption peak at 255 nm, because 
sodium sulphide (t?-2 being 540M "' -cm " ') and ammonium tungstate («221 being 410M ~ ' cm " ') absorb 
strongly in ihh region. Althougr part of the absorbance at 255 nm may be due to WO3S2" , the contribution 
of this complex cannot be isoteted from that of the precursors. 

Since the kinetics of the WO3S2" reaction cannot be characterized by ultraviolet spectroscopy, a value 
for the rate constant k2 cannot be determined directly by this method. However, useful information can 
be obtained if certain assumptions are made. For example, the rate of formation of WO2S2 ~ can be 
determined under various conditions by substitution in equation (12): 

d[W0 2 SJ] Ai2„ 
át " ( W ' { U i 

where ÍM* is equal to 4050 M " ' • cm " ' (Table 2). Moreover, if it is assumed that the formation of WO3S2" 
is fast and in equilibrium. 

d[W02Sl - ] K7k2[WlT • [HS ' 12[H * ]2 

d/ 1 + KÍ[HS1(H + 1 

where KT is the equilibrium constant for the formation of WO3S2" , and [W ] T is the total concentration 
of tungsten in solution. If, at high pH values and low sulphide concentrations, 

l>K7[HS-]|H + ], 

the rate should tend to second-order dependence on (HS ~ | and [H *), and allow a value for the constant 
K",k2 to be calculated. If, on the other hand, at low pH values and high sulphide concentrations, 

K 7 I H S - ] i m > l . 

the rate should tend to first-order dependence on (HS ~) and [H * J, and allow a value for the rate constant 
k2 to be determined. 

The effects oi pH and of ..ulphide and tungsten concentrations on the rate of formation of WO2S2" 
are presented in Table 10. These results show that the rate of formation of WO2S2" is first order in the 
concentration of tungsten, tends to second order in [HS~J and [H + J when [HS"J[H + J is less than 
3x 10" 1 2 M 2 , and tends to first order in [HS'] and (H*) when (HS HH'] is greater than 5 x 10 '' M2. 
On the basis of these results, the following approximate values of the constants k2 and KT can be reported: 

k 2 ^ 5 x l O s M - 2 s - ' 

k 2 KT>2,2x l0" , M- 4 s - 1 

K7«4,4xl0*M- 2 . 

The equilibrium constant KT is approximately three orders of magnitude smaller than the analogous 
molybdenum monosulphide complex, and the rate constant k2 is about 400 times slower than the analogous 
molybdenum rate constant—a value that agrees reasonably well with the relative / values for the two 
reactions. 
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TABLE 10 

The effects of the concentrations of tungsten, sulphide, and hydrogen ions on the rate of 
formation of WOz!&~ 

Conditions: 
(Total sulphide] 2,5 x 10 ' M 
[NH4CIJ 0,2 M 

|W| T IHS | pH IHS H H l d|W0 2 S|"l /d/ KTk2 W2 
M M value 10 , 2 M 2 1 0 ' M s 1 I 0 " M 4 - 5 " ' Ifr'M 2 s ' 

2 ,5x lO" 2 2,5 x l O " ' 9,50 0.8 0.35 22,5 0.7. 
2 ,5x lO" 2 5,0 xlO ' 9,50 1.6 1,36 2Ï.8 C. 1 

2,5x10 2 2,5 x l O " ' 9,14 1.8 1.74 2 i , l 0,4 
2 . 5 x l 0 " 2 :,5 x lO ' 8.90 3.1 5,61 :2,7 0.7 
2,5x10 2 2,5 x l O " ' 8,81 3.9 6,71 7,9 0,7 
2 . 5 x 1 0 ' ' 2,44x10 ' 8.59 6.3 1,61 16.4 '•,0 

2,5x10 2 2,43x10" ' 8,58 6,4 16.5 15.8 1.0 
2,5x10 2 2,40x10" ' 8,40 9.6 28,4 12,5 1.2 
2 .5x10" ' 2 ,38x10" ' 8.31 11,7 5,1 14,8 1.8 
2 ,5x10" ' 2 30x10 ' 8,06 20 12,4 12.1 2,4 
2 ,5x10" ' 2,12x10 ' 7,75 38 22,0 6.3 2,4 
2.5x10 ' 2 ,00x10" ' 7,60 50 41.0 6,5 3.3 
2,5x10 ' 1.95x10"' 7,55 55 62,7 8.4 4,6 
2,5x10 ' 1,66x10"' 7.25 93 119 5.5 5.1 
2,5x10 ' 1.39x10"' 7,10 110 141 4,6 5,1 

3.2. Extraction of Synthetic Complexes of Molybdenum and Tungsten Sulphide with DUA7 

3.2.1. Equilibrium-loading Isotherms of the Synthetic Complexes 

The equilibrium loading of the species McOj ", MeC^S*", and MeOS*" (Me = Mo, W) are shown in 
Figures 5, 6, and 7 respectively. The loading of each anion was examined on its own and in the presence 
of the analogous competing anion. From the isotherms for tungstate and molybdate (Figure 5), it can be 
seen that tungsten loading (in the absence of molybdenum) is higher than molybdenum loading. (This is 
merely a function of the higher atomic mass of tungsten, and the loading expressed in units of molar 
concentration is, in fact, almost identical for tungstate and molyMate, i.e. approximately 1,1 mol-kg''.) 
However, when both metals are present in the same solution, tungsten loading decreases by about 30 per 
cent, whereas molybdenum loading remains unaffected or even increases slightly. The weak-base resin DU A7 
is therefoie slightly selective for molybdenum over tungsten in the absence of sulphide. 

The selectivity for molybdenum improves significantly upon complexing with sulphide, however, as 
shown in Figures 6 and 7. The met?! sulphide complexes are loaded to about the same concentration as 
tungstate (approximately 20 per cent tungsten) and molybdate anions (approximately 12 per cent 
molybdenum) in the absence of competition from each other, but, when the two complexes are present 
in the same solution, tungsten loading decreases by a factor of almost 10 whereas molybdenum loading 
is largely unaffected. The complexing with sulphide therefore results in an approximate tenfold improvement 
in selectivity, similar results being obtained with the di- and trisulphide complexes. (A comparison between 
the tetrasulphide complexes was not possible because (NH4hWS4 was produced in only small amounts.) 

The series of isotherms presented in Figures 8 to 12 show the absorption equilibria of MoOS". M0O2S2", 
MoOSj", and MoSÍ" on their own or in the presence of WO«" , WO2S2", or WOSj". In each instance, 
there was either a single molybdenum species in solution or a mixture of one molybdenum and one tungsten 
species. Figure 8 shows the absorption isotherms of the foui molybdenum species studied, and it can be 
seen that the isotherms for the di-, tri-, and tetrasulphide complexes are almost superimposed upon one 
another, and that their loading is about 10 to 20 per cent higher than that of the precursor molybdate ion. 
The isotherms in Figures 9 to 12 show the effects that competition from the various tungsten species has 
on the absorption of molybdenum. Although no clear trends emerge, the presence of tungsten anions generally 
lowers the absorption of molybdenum by about 10 to 30 per cent, and the tungstate anion seems to have 
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FIGURE 5 Fquilibrium absorption isotherms for tungstate and 
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FIGURE 6. Equilibrium absorption isotherms for the disulphide 
complexes of tungsten and molybdenum on DUA7 
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FIGURE 7. Equilibrium absorption isotherms for the trisulphide 
complexes of tungsten and molybdenum on DUA7 
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FIGURE 9. Equilibrium absorption isotherms for the molybdate anion 
on DUA7 in the presence of anionic species of tungsten 
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FIGURE 10. Equilibrium absorption isotherms for the molybdenum 
disulphide complex on DUA7 in the presence of various 
anionic species of tungsten 
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FIGURE 11. Equilibrium absorption isotherms for the molybdenum 
trisulphide complex on DUA7 in the presence of various 
anionic species of tungsten 
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FIGURE 12. Equilibrium absorption isotherms for the molybdenum 
tetrasulphide complex on DUA7 in the presence of 
various anionic species of tungsten 
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FIGURE 15. Absorption isotherms for tungsten trisulphide on DUA7 in the presence of various 
anionic species of molybdenum 

a more adverse effect than any of the tungsten sulphide complexes. This is probably because WO4 ~ competes 
with the molybdenum anions not only for active sites on the resin, but also for the available sulphide ions. 

The effect of tungsten on molybdenum loading is, however, small when compared with the opposite 
effect of molybdenum on tungsten loading as shown by the tungsten-loading isotherms in Figures 13 to 
15. In these, a clearer trend emerges: MoOSj" and M0O2S2 depress the tungsten loading to the greatest 
extent (75 10 90 per cent), followed by M0S4" (70 to 80 per cent) and then M0O4" (30 to 50 per cent). 

These results suggest that the selectivity cf anion-exchange resins for molybdenum over tungsten should 
improve with increasing sulphide concentration until the stoichiometric amount of sulphide in solution is 
sufficient to complex all the molybdenum as M0O2S2 and all the tungsten as WO2S2 . Any major 
improvement in selectivity at higher concentrations of sulphide would be due to the kinetic, and not the 
(hemodynamic, properties of the system, "ihe kinetic experiments of the previous section showed that, 
perhaps fortuitously, the M0O2S2", WOj", and WO2S2 species will in any evt-nt predominate in the solution 
during the first 1 to 2 hours of reaction. 

This prediction is supported by the results in Tahle 11, which show the separation factors for various 
'pairs' of molybdenum and tungsten ions. The separation factor is given by the expression 
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OiMo/W = 
|Mo] r[W], 
[Mo],[W] r ' 

(14) 

where JMo], and [W]r refer to the concentrations of the metals on the resin, and |MoK and (W]s to those 
in the solution. The separation factor is not a constant parameter, but varies with the position on the isotherm, 
and the values in Table 11 therefore represent the average separation factors for the five experimental points 
on each isotherm. The absolute values are consequently not as impoitant as the trend exhibited, which 
is clearly towards increasing selectivity for molybdenum with increasing sulphide concentration, the best 
results being achieved at a molar ratio of sulphide to molybdenum *•* about 4. This is achieved when 
molybdenum is in the form of either the M0O2S2" or MoOSj" complex, and tungsten is in the form of 
the WO2S2 or WOS3~ complex. The results also show ihat molybdate does not compete well with WO2S2" 
or WOSj", both having a separation factor of less than 1. 

TABLE 11 

The separation factor between molybdenum 
and tungsten on DVA7 for different 

sulphide complexes 

Complexes in solution 

(Total sulphide] 

« M , , V» Complexes in solution (Mo! « M , , V» 

MoOi" +WOi 
Mo02S!" +WOi 
MoOSr +WOÍ" 
MoSi" + WOÍ 

0 
2 
3 
4 

1,5 
5 

I) 
14 

M0OÍ+WO2SÍ Moo 2 sr+wo 2 sr 
M0OS2,- +W0 2 S^ Mosj +wo 2sr 

1 
3 
4 
5 

0,8 
19 
23 
20 

MoOi + WOS2. 
Mo02S§ + WOS2,' 
MoOSl + WOS2, 
MoSj + WOS2, 

1.5 
3,5 
4.5 
5,5 

0,7 
25 
9 

II 

3.2.2. Rates of Extraction of Synthetic Complexes 

The results of batch extraction tests arc shown in Tables 12 and 13. Table 12 records concent rations 
of molybdenum in solution at intervals over a 6-hour period, and Tabic 13 records the tungsten 
concentrations. Each experiment involved a single molybdenum or tungsten species in solution, or a mixture 
of one molybdenum and one tungsten complex. The results in Table 12 show that the rates of extraction 
for the four anionic molybdenum species M0O4 ~, Mo02S:: , MoOSi , and M0S4 are similar in the absence 
of competing ions. In the presence of competing tungsten ions, the rate of molybdenum extraction is retarded, 
molybdate (50 per cent retardation) being retarded more than the three molybdenum sulphide complexes 
(average 30 per cent retardation). This parallels th; thermodynamic trerds described in the previous section. 

The trends are similar with tungsten, except thai ii.c rate of extraction of tungsten in the absence of 
competing molybdenum species is somewhat faster than the converse situation. The retardation of this rate 
upon the addition of molybdenum species to the system (average 70 per cent retardation) is greater than 
the converse effect of tungsten anions on the rate of molybdenum extraction. These results therefore indicate 
that there is an additional small kinetic component in the Hectivity of weak-base resins for molybdenum 
over tungsten in sulphide solution. 

The kinetic trends are summarized in Table 14, for which the rate constants were calculated on the 
assumption that first-order kinetics were obeyed for the first hour of reaction. 
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TABLE 12 

The rate of extraction of various molybdenum species from solutions 
containing mixtures of molybdenum and tungsten anions by use ofDUA 7 

Conditions: 
ÍNH4CI] 0,2 M 
pH value 6 to 7 

Complexes in solution 

Molybdenum remainitti in solution, mg-l~ '(p.p.m.) 

Complexes in solution At start After Ih After 2h After 4h After 6 h 

MoOi" 
MoOi +WOJ-
MoOi +W02S§" 

1069 
1084 
1080 

70 
207 
308 

<20 
113 
127 

<20 
50 
89 

<20 
76 
30 

MoOjSi" 
M0O2SÏ + W O Í " 
MoO,SJ-+W02Si-

330 
b?6 
861 

65 
183 
146 

<2C 
110 
38 

<20 
50 

<20 

<20 
<20 
<20 

MoOS5" 
M o O S i ' + W O i " 
M0OSJ-+WO2S}-

835 
840 
825 

60 
107 
90 

<20 
49 
35 

<20 
25 

<20 

<20 
<20 
<20 

MoSi" 
MoSi +WOJ-
M o S i ' + W O i S i " 

880 
910 
892 

74 
118 
135 

<20 
45 
45 

<20 
20 
25 

<20 
<20 
<20 

TABLE 13 
The rate of extraction of various tungsten species from solutions containing 

mixtures of tungsten and molybdenum anions by use of DUA 7 

Conditions: 
[NH4CI] 0,2 M 
pH value 6 to 7 

1 

Complexes in solution 

Tungsteii remaining in solution, mg-l" ' (p.p.m.) 
1 

Complexes in solution At start After 1 h After 2h After 4h After 6h 

W O j -
W O i ' + M o O J -
W O Í + M 0 O 2 S Í 
W O j - MoOS?-
W O i + M o S j -

854 
1015 
963 

1045 
1009 

25 
283 
262 
270 
357 

< I 5 
79 

170 
145 
194 

< I 5 
<15 

61 
45 

115 

< I 5 
<15 

24 
:.o 
56 

WO2SJ-
W O 2 S Í + M 0 O J -
WO2S! +M0O2SÍ-
W 0 2 S - + M o O S r 
W O 2 S Í + M 0 S Í -

1018 
1029 
1046 
1020 
1036 

20 
441 
303 
265 
"ÍI5 

< I 5 
244 
167 
115 
150 

< I 5 
31 
55 
35 
45 

< I 5 
<15 

30 
< I 5 

20 

TABLE 14 

Rates of extraction of anionic species of 
molybdenum and tungsten by use of DUA 7 

Species in solution 

Firsl-order rate constant, h ' 

Species in solution ^Mo *w 

Mo04-„Si-
M o O i - + W 0 4 - „ S j -
M o 0 4 „ s ; - + W O < - „ S i 
W04- ,S Í " 
W O 4 - „ S i + M o 0 < - » S i -

2,6 
1,4 
1,9 

3,7 
1,1 
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3.2.3. Elution of Molybdenum and Tungsten Sulphide Complexes from DUA7 

Samples of DUA7 were loaded from aqueous solutions containing one of the following complexes: 
M0O2S2*, M0OS3", M0S4", WChSi", or WOSj". After the loading, the resin was transferred to an elution 
column, where it was treated with six bed volumes of concentrated ammonia solution at a flowrate of two 
bed volumes per heir. Two experiments were carried out with each complex: in one the resin was loaded 
for a period of 2 hours prior to elution, and in the second it was loaded for 24 hours prior to elution. 
The elution efficiencies for the various complexes are presented in Table 15. 

TABLE 15 
Elution efficiencies for various sulphide complexes of tungsten 

and molybdenum 

_ ,. . Volume of eluate , 
Conditions: ——, — = 6 Volume of resin 

Complex 

Loading 
lime 

h 

|Me| on 
loaded resin 

W» 

[Me) in 
eluled resin 

0?, 

Elulion 
efficiency 

1, 

MoOiSl 2 
24 

4,02 
4.54 

0,89 
1,35 

78 
70 

MoOS? 2 
24 

4,45 
4,43 

1,99 
2.17 

54 
51 

MoS4~ 2 
24 

4,47 
4,63 

1,48 
1.38 

67 
70 

W0 2 Si 
2 

24 
4,91 
4,34 

0.05 
0,08 

99 
98 

WOSÍ 
2 

24 
4,61 
4,50 

0.06 
0,19 

99 
96 

It can be seen that the two tungsten complexes are eluted far more readily than the three molybdenum 
complexes, and that the increasing order of efficiency for the three molybdenum complexes is M0OS1 , 
M0S4 ~ , and M0O1S2 *". These trends are the opposite of those seen in the loading isotherms, as would 
be expected for a reversible system. 

In addition, the elution efficiency deteriorates whenever time is allowed to elapse between the loading 
and the elution. 

3.3. Batch Extraction of Tungsten and Molybdenum with Anion-exchange Resins 

3.3.1. Rate of Resin Equilibration 

Since the rates of formation of tungsten and molybdenum sulphide complexes are slow and the rate 
of extraction of these complexes by an anion-exchange resin is also probably relatively slow, one wo'jld 
predict that the separation factor between molybdenum and tungsten («M„ W) would change continuously 
during the approach to equilibrium. In the determination of the contact time between the resin and the 
sulphide solution that gives the greatest selectivity for molybdenum, a batch extraction experiment was 
continued for a period o( 168 hours, with periodic sampling of the resin and the solution. The results arc 
illustrated in Figure 16 and indicate that about 6 hours of contact time is required for maximum selectivity. 
This is the time taken lor molybdenum to reach its loading capacity, the loading of tungsten remaining 
fairly constant over this period. The results presented in Sections 3.1.1 and 3.2 indicate that Mo()>S? 
is formed rapidly in solution (/ approximately 10 minutes», and that the loading characteristics of this 
species on a weak-base resin are the same as those of the higher sulphide complexes (MoOSi and M0S3 ), 
which are formed far more slowly. Therefore, 'he slow rate of attainment of maximum selectivity cannot 
be a function of the rate of the reactions taking plate in solution, but must rather be a function of the 
slow rate of diffusion of the molybdenum sulphide species into the resin matrix. The tungsten loading of 
0,4 per cent is similar to the value shown in Figure 19 for the extraction of tungstate, W0 4 , onto the 
weak-base resin in (he absence of sulphide. 
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Conditions: 
IMoJ l x l < r 2 M 
|W1 0 , 5 x l ( r 2 M 
[Total sulphide] 2 x 10 ~ 2 M 
[NH4CI] 2M 

Time, h 
FIGURE 16. The rate of extraction of tungsten and molybdenum from sulphide solution by use 

of DUA7 

It is not clear why molybdenum is stripped from the resin in the period from 48 to 168 hours. Certainly, 
the increase in the loading of tungsten over the same period is too small to account for the displacement 
of molybdenum on thermodynamic grounds, and one would not, on the basis of the absorption isotherms, 
expect such displacement in any event (Figures 10 to 12). A more likely explanation is that either molybdenum 
trisulphide (which is neutral and will not be bound ionically in the resin) or polarized ion pairs M2 * M0S4 ~ 
are formed, and that these species are not strongly held in the resin phase. Both of these reactions are enhanced 
by a loss of sulphide from the system, and this occurred to a certain extent under the conditions in these 
experiments. 

Samples of loaded resin that had been left in water for from 2 hours to 18 days were eluted with ten 
bed volumes of concentrated ammonia solution. The elution efficiencies arc shown ;n Figure 17 and indicate 
that the efficiei of molybdenum elution deteriorates with an increase in the time that the resin is left 
in water. This could be due to slow precipitation of molybdenum trisulphide within the pores of 1!',; resin: 

M0S4" + 2 F T - M o S , + H2S (15) 

The detrimental effects of oven-drying of the resin on the elution efficiency of both molybdenum and 
tungsten is also shown in Figure 17. These effects, coupled with the progressive deterioration in the selectivity 
for molybdenum after longer contact times, stress (hat the operation must be at the optimum contact time, 
and that the resin must be moved expeditiously to elution once the loading cycle has been completed. 
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Conditions: 

Volume of eluate 
Volume of resin = 10 

100-1 

80-

6 0 -o 
o 
2 
O 
>> u e 2 40H 

§ 
E 2 0 -

Sample 
• oven-dried 

for 48 hours 

T 
4 12 

Delay between loading and elution, day 

FIGURE 17. The efficiency of elution with concentrated ammonia of samples of resin that had 
been left in water for increasing periods of time after loading had been completed 

3.3.2. Effect of pH 

A solution containing 1 g l ~ ' each of molybdenum and tungsten and 2M ammonium chloride as a 
pH-buffering electrolyte was adjusted to the pH range 5 to 10. Sulphide was then introduced by the bubbling 
of hydrogen sulphide through the solution at a constant flowrate for a fixed period of time. Finally, DUA7 
was added (at a concentration of 40ml per litre of solution), and the solution and the resin were sampled 
every hour for 6 hours and analysed for tungsten and molybdenum. Each experiment confirmed the earlier 
result that the loading of tungsten remained approximately constant over this period, whereas the loading 
of molybdenum and the separation factor, a M o w, gradually increased. Figure 18 shows the results after 
6 hours. It can be seen that the selectivity improves with increasing pH, but that the loading on the resin 
decreases. This imposes a measure of compromise in the selection of an optimum pH value for extraction, 
which will probably lie somewhere in the range 7,5 to 8,5. 

It is interesting that molybdenum and tungsten are also extracted by weak-base resins in the absence 
of sulphide, at pH values below 6 (Figure 19). The extraction is via the molybdate (M0O4") and tungstate 
(WOÍ ~) anions or via polymeric compositions of the two metals. 

In each of the four isotherms in Figures 18 and 19, the extraction efficiency for both metals decreases 
with increasing pH. 

This decrease can be attributed to a combination of three factors: 
(i) a decrease in the formation of sulphide complexes, i.e. 

MeSj + 40H -^ MeOi" + 4HS (16) 
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Conditions: 
(Mo) 1x10" 2 M 
(W) 5x10" *M 
(Total sulphide] 2x10 >M 
(NH..CI] 2M 
Contact time 6h 

7,0-, 

FIGURE 18. The effect of pH on the extraction of molybdenum and 
tungsten from an aqueous sulphide solution by use of 
DUA7 

mrn^ 

Conditions: 
(Mo] IxlO J M 
(W] 0,5xlO" 2 M 
(NH4CII 2M 
Contact time 6h 

I/) m •v > 
JO > 
H 
0 
z 

c z 
5. 
H ffl 
z > z D 

r 
CO 

I 

PH 
FIGURE 19. The effect of pH on the extraction of tungsten and 

molybdenum, in the absence of sulphide, by use of 
DUA7 
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(ii) the dissociation of polymolybdates and polytungstates to form monomers in solution, i.e. 

M07OÍ4" +4H 2 0-7Mo05 _ + 8 H \ (17) 

W, 2 OiV+7H 2 0-12W05- + 14H + , and (18) 

(iii) a decrease in the ion-exchange capacity of the resin, which results from deprotonation of the 
functional groups, NR2, on the resin, Re, i.e. 

Re-N + HR2 + OH -Re-NR 2 +H 2 0 (19) 

The pKa of reaction (17) is 9 between 4 and 5. 

These factors were isolated and examined separately in this work by consideration of the effect of 
pH on the extraction of molybdenum and tungsten by strong-base resins (in the presence and absence of 
sulphide in solution). The extraction properties of strong-base resins are not influenced by pH, aiid this 
allows the elimination of factor (iii). The isotherms in Figure 20 illustrate the extraction of molybdatt and 
tungstate by a strong-base resin in the absence of sulphide. The loading properties of the two metals are 
very similar, and both are strongly influenced by pH, the extraction falling from 100 per cent at pH 3 to 
less than 10 per cent at pH 6. This is the pH range in which reactions (17) and (18) take place, i.e. when 
the pH value is decreased from 6 to 3, monomeric molybdate is converted to the polymeric species M07O24 • 
The loading isotherms therefore indicate that the polymer is strongly extracted whereas the monomer is 
only weakly extracted. This is consistent with anion-exchange theory, which predicts that the extractability 
of an anion increases with its size, charge, and polarizability. 

The isotherms in Figure 21 show the extraction of the two metals by a strong-base resin in the presence 
of sulphide, and it can be seen that the extraction of molybdenum is greatly improved between pH 5 and 
9. At pH values greater than 9, the efficiency of the molybdenum extraction decreases rapidly, falling to 
less than 5 per cent at pH 11. This is due to the contribution from reaction (16), i.e. at high pH values, 
the molybdenum sulphide complexes are formed extremely slowly, and the extraction behaviour parallels 
that of the monomeric molybdate anion, M0O4 . The shape of the isotherm indicates that a strong-base 
resin could be loaded with molybdenum sulphide between pH 5 and 8, and then stripped at pH II by the 
simple conversion of molybdenum sulphide back to molybdate. If this is so, the only appreciable advantage 
of weak-base resins (namely, that they can be eluted by adjustment of the pH value to above 10) is lost. 
In fact, molybdenum sulphide cannot be stripped from a strong-base resin at high pH values, and experiments 
showed that an elution efficiency of less than 5 per cent is achieved with ten bed volumes of either concentrated 
ammonia or 5 M sodium hydroxide. This indicates that the electrostatic interaction between the strong-
base resin an,d the molybdenum sulphide anion inhibits reaction (16) in the resin phase. 

One would predict, on the basis of the kinetic and thermodynamic evidence presented above (Sections 
3.1 and 3.2), that the addition of sulphide would have little effect on the loading of tungsten, and a 
comparison of Figures 20 and 21 shows that this is indeed so. 

A comparison of Figures 18 and 21 shows that the strong-base resin is far more selective for molybdenum 
than the weak-base resin is, owing to the higher loading of tungsten on the weak-base resin in the pH range 
5 to 8. The reason for this is not known. 

Elution efficiencies (based on assays of the resin after its treatment with six bed volumes of ammonia) 
are shown in Figure 22, and it can be seen that the elution of molybdenum deteriorates as the pH value 
at which resin loading took place is reduced. This provides further evidence of the precipitation of 
molybdenum trisulphide within the matrix of the resin. The spurious point at pH 6, at which the efficiency 
of molybdenum elution was particularly poor, represented a sample of resin that, after being loaded, had 
been left in water for 72 hours before the start of elution. 
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Conditions: 
|Mo] 1x10 2 M 
[Wj 5 x l O ' M 
(NH4CIJ 2 M 
Contact time 6h 

Conditions: 
[Mo] 1x10" 2M 
[W] 5x10" 'M 
[Total sulphide] 2x10 2 M 
[NH4CI] 2M 
Contact time 6h 

7,0-

6 . 0 -
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PH 

FIGURE 20. The effect of pH on the extraction of molybdenum and 
tungsten from an aqueous solution containing no 
sulphide by use of A101DU 

pH value 

FIGURE 21. The effect of pH on the extraction of molybdenum and 
tungsten from an aqueous solution containing sulphide 
by use of A101DU 
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Conditions: 
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Volume of resin = 6 
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FIGURE 22. The effect of pH during loading on the elution efficiency of molybdenum and 
tungsten from DUA7 with concenfated ammonia 

It is interesting that sodium hydroxide is far more effective than ammonia at stripping molybdenum 
from the resin after MoSj has precipitated. Thus, a sample of resin that was very badly poisoned with MoSt 
yielded only 21 per cent of the molybdenum on the resin after being treateJ with ten bed volumes of 
concentrated ammonia, but yielded nearly 85 per cent of the molybdenum after being treated with ten bed 
volumes of 4 M sodium hydroxide. 

3.3.3. Effect of Sulphide-tomolybdenum Ratio 

The concentration of sulphide in the rtiolybdate-tungstate solution was varied from zero to a molar 
ratio of 6 relative to the molybdenum concentration, and its effect on the extraction of molybdenum and 
tungsten by the weak-base resin was examined. The results are presented in Figure 23, and show that the 
molybdenum loading increases initially with sulphide concentration and then levels off at a sulphide-te-
molybdenum ratio of abou' 3; on the other hand, the tungsten loading decreases initially (owing to 
unfavourable competition from molybdenum sulphide) and then remains fairly constant. As a result of 
these trends, the separation factor between molybdenum r.nd tungsten reaches a maximum at a sulphide-
to-molybdenum ratio of 3. In terms of the thermodynamic data presented in Section 3.2, this corresponds 
to the sulphide conemtration necessary for the maximum concentration of MoO ŜÍ " in solution to be reached 
within the duration of these experiments and under the chemical conditions employed. 

3.3.4. Effect of Resin Concentration 

In these experiments, the concentration of the resin was varied from 20 to 100ml per litre of solution. 
The concentration of the two metals on the resin as a function of the resin concentration is presented in 
Figure 24, and it can be seen that, as the loading of molybdenum decreases at higher concentrations of 
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Conditions: 
[Mol I x ! 0 " 2 M 
IWJ 0 , ? x l O _ 2 M 
lNH,ai 2M 
PH «.» 
Cntact time 2h 

• X 
6,0-

o 

Molar ratio, S z" :Mo 

FIGURE 23. The effect of the sulphide concentration on the extraction and separation of 
molybdenum and tungsten by use of DUA7 

resin, the tungsten loading increases. This is due to a decrease in competition from molybdenum sulphide 
for active sites on the resin. 

Obviously, therefore, the resin concentration should be kept as low as possible if the ratio cf 
molybdenum to tungsten on the resin is to be maximized. However, the extraction efficiency in a batch 
extraction decreases as the resin concentration decreases and, for the simultaneous achievement of a high 
efficiency of molybdenum extraction and good selectivity, a system of continuous countercurrent extraction 
is necessary. However, in such a system the optimization of sulphide concentration, pH, and resin contact 
times from one stage to the next is more difficult. 

4. CONCLUSIONS 
(i) The maximum selectivity of a weak-base resin for molybdenum over tungsten is achieved about 

6 hours after the resin has been added to a solution containing molybdate, tungstate, and sulphide 
ions. During this period, tungsten is loaded predominantly via the tungstate anion WOi ", whereas 
molybdenum is loaded via the sulphide complexes (predominantly MOOJSJ" arrf MoOSj"). 

The time taken for maximum selectivity to be attained is governed by the time taken for 
equilibrium loading on the resin, i.e. selectivity is controlled by the resin equilibration process 
and not by the rates of the reactions taking place in the aqueous phase. Therefore, the time taken 
for optimum selectivity can be shortened only if the particle diffusion coefficient of molybdenum 
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Conditions: 
|M6| i x 10 J M 
{W| 5x10 l M 
[Total «ulphidel 3x10 -M 
pH 8.50 
Contact time 6h 
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FIGURE 24. The effect of resin concentration on the extraction of molybdenum and tungsten 
from sulphide solution by use of DUA7 

sulphide in the re>in is improved, i.e. by alteration of (he resin matrix and an increase in the 
mean pore size. 

(ii) Initially, the equilibrium loading of molybdenum increases with increasing sulphide concentration, 
whereas that of tungsten decreases initially. The loading ol both metals 'evd'. off at a sulphide-
'o-molybdenum ratio of about 3. and any further increase in the sulphide concentration has little 
effec: on the selectivity of tnc molybdenum extraction. 

(iii) The loading characteristics of molybdenum and tungsten are a sensitive function of pll. At pH 
values of less than 5. both metal ions are loaded very strongly, even if no r.ulph:dc is added to 
the solution, and the resin shows little preference for either meta!. Between pH 5 and 9, the loading 
of ti'iigsten and molybdenum decreases with increasing pH and the selectivity of the resin for 
molybdenum increases. The best compromise between loading capacity and selectivity is achieved 
at a pH value of about 8. At pH values greater than 9, neither of the metal ions is loaded (a) 
because the resin is in the free-bjse form in strongly a'.kalinc solution, and (b) because the rates 
of formation of the sulphide complexes of molybdenum and tungsten arc extremely slow at high 
pH values, and the precursor anions, the monomcric species MoOÍ and WOi , arc not loaded 
strongly. 
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(iv) The rates of formation of the sulphide complexes of molybdenum and tungsten in solution increase 
with increasing acidity (in the pH range 7 to 10*) and sulphide concentration, and conform to 
a mechanistic pathway of the form 

MeOi + «HS + « H \ ^ Me04-„SÏ_ + wH20, 
k-rt 

where n = I, 2, 3, or 4. Each successive step in the reaction sequence (sulphur being substituted 
for oxygen) is slower than the preceding one. For example, the approximate I values for the 
formation of the four complexes of molybdenum sulphide, under a given set of chemical conditions 
were, respectively (for increasing values of n), 1,10, 120, and 2900 minutes. The rate of formation 
of the disulphide complex of tungsten under the same set of conditions was about 400 to 800 
times slower than the analogous molybdenum reaction. So slow are the tungsten reactions, in 
fact, that very little sulphide complexing of tungsten would have occurred in the 6-hour duration 
of the resin-extraction experiments under the conditions adopted. 

As seen in (iii) above, the pH value of the solution also influences the extraction characteristics 
of the resin, and that effect is the more important of the two in determining the overall recovery 
and separation of tungsten and molybdenum. 

(v) The loading equilibria of MoChSj", MoOSj , and MoSj" on a weak-base resin are almost 
identical, and only 10 to 20 per cent higher than the loading of the precursor molybdate anion, 
M0O4 . Similarly, the equilibrium isotherms for WO4 ~, WO^Si", and WOSj are almost 
superimposed on one another, and therefore the sulphurization of molybdate and 'ungstate has 
little etfect on the equilibrium-extraction propertie of the two metals in the absence of competition 
from each other. 

When the two metals are present in the same solution, however, anion-exchange resins are 
selective for molybdenum over tungsten, and the selectivity improves from a factor of 1 to 2 
for molybdaie over tungstate, to a factor of 10 to 20 for molybdenum sulphide complexes over 
tungsten sulphide complexes. The selectivity does not change much with the degree of 
sulphurization of molybdenum and tungsten, and i'ttle would be gained in a practical application 
if long conu'c' times were employed and the higher sulphide complexes, such as M0S4 and 
WS4", were formed. 

Since the selectivity for molybdenum is due predominantly to the thermodynamics of the 
interaction between the resin and the molybdenum sulphide, it can be maximized if the 
concentration of resin in solution is decreased and molybdenum is allowed to 'squeeze' tungsten 
off the resin. This requires the contact between the resin and the solution to be continuous and 
countercurrent, rather than as in batch extraction. 

(vi) The rates of extraction of M0O4", M0O2S5" , MoOSj" , and MoSj by a weak-base resin are 
very similar. In the presence of tungstate cr tungsten sulphide anions, the rate of molybdenum 
extraction decreases by 25 to 50 per cent. 

The rates of extraction of WO4" and WO2S2 are similar and faster than the rates of 
extraction of the analogous molybdenum species. However, in the presence of molybdenum 
anions, the rate of tungsten extraction decreases by about 70 per cent. There is, therefore, a small 
kinetic component in the selectivity of amon-exchange resins for molybdenum over tungsten. 

* Ai pH values greater than 10, the ra'cs of formation of the sulphide • oinpl»xes are so slow that ihev are of no practical significant-.: 
and. al pH values of less than 7, the conversion of HS to the kir.eiically inert H:S (with the loss of H;S fro.n the system as a 
ga.ï) bei-omes important. 
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(vii) The optimum conditions for the simultaneous achievement of the maximum loading of 
molybdenum and the separation of molybdenim from tungsten on a weak-base resin are as 
follows: 
(1) pK value of solution =8 
(2) sulphide-to-molybdenum ratio 

(the concentration of tungsten is irrelevant) =3 
(3) resin contact time 6h 
(4) method of contact Countercurrent 
(5) background electrolyte (NH4CI, optional) 0,2 to 2M. 
Under these conditions, the separation factor between molybdenum and tungsten on a weak-
base resin such as DUA7 should be between 20 and 30. The method can therefore be used in 
the upgrading of either a tungsten or a molybdenum solution, but does not allow the total 
separation of the two metals. 

(viii) Molybdate, tungstate, and the various sulphide complexes o' the two metals are stripped efficiently 
f rom a weak-base resin by conversion of the functional groi is on the resin to the free-base form 
with ammonia. Stripping efficiencies of over 90 per cent can be achieved with six bed volumes 
of concentrated ammonia solution. The eiution efficiency of molybdenum deteriorate-, it the resin 
is heated, dried, aged in water, or loaded from a solution of low pH, and this is probably due 
to precipitation of MoSj within the pores of the resin. 
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