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-ABSTRACT

Solvent extraction of tungsten and molybdenum has been
investiéated using tri-n-octylamine (TOA)'aﬁd di-2-ethylhexyl phosphoric
acid (D2EHP) in benzene. Tungsten and molybdenum were very well extracted
by TOA and no problem was encountered from the point of view of the
industrial application of the method.

The lack of extraction of tungsten frém acidified tungstate sclutions
using D2EHP as the extractant confirmed that tungsten dpes not exist as a

cationic form in the acidic solution.

The extraction of molybdenum from acidic solutions using D2EHP
as the extractant confirmed that molybdenum exists in acidic solutions
as both anion and cation species in equilibrium. The results show that

the anionic species are much more predominant in the agueous phase.

The extractability of molybdenum with D2EHP suggested the possibility

of separating tungsten and molybdenum by a solvent extraction method.

The extraction of molybdenum in the presence of tungsten concentrations
of zero, 10, 20, 40 g/i with 109 D2EHP in benzene was investigated.' Full
extraction of molybdenum in a simple extraction system with D2EHP was not

achieved with the higher concentrations of tungsten present.
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1, INTRODUCTION

Pungsten is a metal of great industrial and strategic importance.
It is valued, in particular, for the hardness and wear resistance of its
carbide and as an additive in the manufacture of tool steels to which it

imparts high temperature hardness and tensile strength.

The metal tungéten does not oceur in its elemental state in nature.
The principal raw material for the production of metallic tungsten is

scheelite (Cali0;) and Volframite [(Fe,Mn) wo4].

These minerals are found in many countries. The main scurces are
China, U.S.A., South Korea, U.S.S.R., Canada, Bolivia, Australia and

‘Portugal.

Molybdenum ig obtained principally from molybdenite (EbSQ) ore,
Vulfenite (PbeO4) and powellite[:Ca(Mo,W) 04] are also minor commercial
ores., Molybdemum is also recovered as a by-product of copper and tungsten

mining operations.

Scheelite is vexry abundant in South Korea. It is essentially calcium

tungstate and is the main Bource of tungsten for the industry today.

Briefly the process for the recovery of tungsten from its ore in

the Korea Tungsten Mining Company can be divided into two parts.

Firstly the mineral dressing plant where a large bulk of useless
materials is removed from scheelite by using conventional mineral dressing
procedures such as crushihg, comminution, flotation and tabling, etec.

In this plant the differences in the inherent physical proverties of the
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minerals such as specific gravity and surface chemical reactivity are

exploited.

Scheelite has a high specific gravity (S.6. 6.06) hence particles
of it are readily separated from the large bulk of less dense gangue
minerals (S.G.<(3) by a simple gravity concentrator such as a table. The
gravity method, hovever, is not adequate for the separation of individual
heavy minerals from each othér because of the small difference in their

specific gravities.

The case of fﬁe removal of molybdéﬁum, if present in the form of a
chemical combination with tungsten and calciurx[powellite: Ca (MC,W)O4 ],
présents the most difficulty and so far as is known it is not removable
except by chemical treatment. Molybdemum, if present as molyﬁdenife, can

be removed by the sulphide flotation method.

Molybdenum is recovered as a by-product in the Korea Tungsten llining
Company. It occurs in ore mainly as lolybdenite (Mosz) vhich is easily
recovered by a sulphide flotation process. (Fig. 1.1) and powellite, which

it is impossible to remove in the mineral dressing plant.

The product of the mineral dressing plant is called Hatural scheelite
or scheelite A vhich is basically concentrated by physical methods and
contains a fairly high % of molybdemun (Tablél.l)q This is used for the
manufacture of high speed $o0l steel or ferro~tungsten where molybdemun is -

either required or is quite acceptable.
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Fig, l.1l. Flow sheet for natural scheelite production processes in the

Korean Tungsten Mining Company.
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Table 1,1. Chemical composition of natural scheelite produced by

Korean Tungsten Mining Company.

Flement Typical l Guaranteed
W0y 71.00 % 70.00 ¢
Sn Prace % 0,01 %
As 0.01L % . 0,01 9% .
S © 0,03 % 0.05 %
Cu Trace - 0.01 %
P ' 0.01 % 0.03 %
Sb Trace 0.01 $5°
Mo | 1.50 1.70 55
I 0.03 S5 . 0.075 %
Bi 0.01 %% 0.02 ¢
Pb Trace 0.0l %
Zn 0.02 % 0.02 %
Fe 1.00 _ 1,20 %
Ca 22,14 % 24.05 %
sio 2.68 % 3,82 %
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If scheelite and powellite are present it is necessary to use

chemical methods to separate the molybdenum from the tungsten.

Secondly in the chemical processing plant a synthetic scheelite

(scheelite B) and high purity ammonium paratungstate [S(NH4)20-12w0 -5H20 3

5
hereinafter this will be referred to as AIT} is produced by chemical

methods (Fig. 1.2.).

The chemical processing plant in the Korea Tungsten Mining Company
is basically designed for recovering tungsten and mdlybdenum from low grade
niddling and tailings from the mineral dressing plant and solution and froth

produced during production of scheelite A (Fig. 1.1).

Briefly the chemical processing treatment consists of digestion of
tungsten ore with sodium carbonate under 200 psi pressure, converting
tungsten and molybdenum into soluble sodium tungstate and sodium molybdates
vhereas iron and manganese are precipitated as hydrated oxide, Impurities |
are removed by a series of chemical treatﬁents, finaily resulting in a mixture

of tungsten and molybdenum in the pregnant solution, This usuwally containg

W05 40 ~ 60 g/i,»Mo 1-2 g/,.

In most cases, the element presenting the most serious proﬁlem in
the tungsten industry is molybdenum. To remove this the strongly alkéline
pregnant solution is acidified to pH 2-3% with sulphuric acid and the
molybdenum is removed by precipitation with the sodium sulphide in the

conventional manner,

Molybdenum is separated extremely well from the tungsten by the
sulphide precipitation method (Table 1.2.). However, the author very

reluctantly accepted the post of superviser in this section when he was
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working as a foreman iﬁ the chemical processing plant in'1961. In ordexr

to precipitate insoluble molybdernum trifsulphide, the solid hydrafed

godium sulphide is added to the acidic pregnaﬁt solution vhile the solution

is being heated to about 8000. Hydrogen %ulphide gas is evolved during

this process; It is time consuming tedious work to filter the fine molybdenum
trisulphide precipitate, and since then the author has Dbeen trying to find an
improved alternative for separating molybdenum from the tungsten solution.
This is the main reason for the preéent work reported here. It would be
beneficial to the tungsten industry if the separation of both metals could

be carried out in a commercial plant by solvent extraction methods.

Molybdenum-free pregnaﬂt solution is made alkeline (pH 9-10) again
by adding sodium hydroxide and then tungsten is precipitated and recovered
’as artificial scheelite by adding calcium chloride. This is used fdr.thér
Taw materiél for the mamafacture of high-purity metal poﬁder and is exported
to foreign countries, i.e. Japsn, U.S.A., France, England, WVest Germany,

Sweden, Augtria, etlc,

During the last few years, attenti&n has been given to the wrecovery of'
APT from the purified pregnant solqtion and eventually a commercial operation
for the recovery of tungsten by solvent extraction was successfully installed
at Sang Dong Mine, Korea Tungsten Mining Company, in 1973. This was
deveioped entirely by the engineers of the company and hag great advantages
and the alternative process of taking scheelite, treating it with a mixture
of hydrochloric and nitric acids, washing the tungstic acid vexry thoroughly
to remove all calcium, dissolving the tungstic acid in ammonia, filtering
off solid impurities, and crystallising APT. The savings in reagent and

labour costs is very congiderable.

In addition to a solvent extraction process for producing APT from
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the molybdenum-free pregnant solution, it would also be desirable to

separate the molybdenum from ﬁhe‘tungsﬁen by a solvent extraction process.

Aﬁ important application of solvent extraction is its use in geparating
a mumber of metals occurring together. At the present itime, commercial
plants are in operation for the extraction and separation of Hafnium-Zirconium
(Group IV a periodic table); Niobium-tantalum (Group V a periodic table) and
why should one not be used for Molybdenum~Tungsten (Group VI a periodic table)?

This was another reason for carrying out this work.
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Fig. 1.2. Flow sheet for synthetic scheelite and A.P.T.

production processes in Korea Tungsten Mining Company.
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Table 1.2. Chemical composition of synthetic scheelite produced

by Korea Tungsten lMining Company

Flement Typical Guaranteed.

Wwo, 71,00 ¢ 70.00 %
5n Trace 0.01 %
As. 0.0L % - 0.01 %
8 o 0.30 5§ 0.35 %
Cu trace 0.01 %
P | 0.03 ¢ 0.04 %
5b Trace 0.01 %
Mo 0.02 ¢ 0.03 %5
Mﬁ Trace 0,01 %
Bi 0.01 % 0.02 %
Tb Trace 0.01 ¢
Zn 0,01 % 0.0L %
Fe 0.30 % 0.35 %
a0 22,25 9 24.82 %
8i0 0.40 % 0.70 % |
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Table l.3. Chemical compogsition of APT produced by Korea

Tungsten Mining Company.

Element ical Guaranteed

Ignition loss 11.0 ¢ 11,5 9%
Moisture 1,0 % 1.0 9
wo3 : 89.0 9% - 88.5 %
N, ' 5.4% 5e4 %
Si 30 p.p.m. 40 p.p.m.
Mo A0 M 50 "
Al 10 p.p.m. 20 p.pem.
Fe 30 M 50 "

Cu 5 u 10 »
Ca 10 20 ™
i 5 n 10 "
Na 30 n 50 "

Cr 5 ) 10
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The tungsten market today may be considered as requiring
a) very pure gasten metal for wire in incandescent bulbs and

in other applications where high ductixity is necessary.

b) a reasonably pure tungsten for production of cast or sintered
tungsten carbide for such itemg as oll well tools and high-grade

cutting tools, and

c) a relatively'impu:e tungsten for use in high-gspeed tool steel production.

It can also be pointed out that the element molybdenum is the most
important impurity separating the three grades of tungsten. Specifications
for the tungsten oxide from which the high-purity tungsten metal is produced
usually require less than one ppm molybdenum in the tungsten oxide; the
intermediate oxide for carbide production may specify from 50 to 200 ppm
maximum;molybdenum content; whereas for high-speed tool steel production,

a gstic oxide containing as much as 0.10 to 2.5% molybdenum may be quite

acceptable.

Depending upon the end use, therefore, research effort for improving
tunggten winning technology may be directed in different ways but it is cleax
that as far as the tungsten industry is concermed improved technology of

separating the two metals is needed.

At this point, together with the operation of the commercial soivent ‘
extraction. plant in the Korea Tungsten Mining Company, it is hoped that thé
principal impurity, molybdernum, could be removed from the pregnant solution
by solvent extraction méthods which takes all the potential advantages of a

completely hydraunlic system.

The present work is an attempt to understand some of the aspects - of a-
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commercial operation to separate both metals and to find out difficulties

which have arisen from the practical experimental resultis.

In the wo&k described in the remainder of this thesis particular attention
has been given to the mechanism of the extraction of ca’ionic molybdenum with
organophosphoric acid in weakly acidic solution., It seems difficult to
separate-molybdenum from tungsten by solvept extraction without utilizing

the fact that there exists a cationic form of molybdenum.

The principal parameters of the extraction of pure tungsten or
molybdenum in weakly acidic solution were studied using tri-n-octylamine and
Di~2-ethylhexylphosphoric acid respectively as a firsf investigafion; Then
tungsten and molybdenum were mixed together in the solution to a ratio
near that of presnant solution (W/lo = 20 - 40), exbraction vas carried out by
Di-2-ethylhexylphosphoric acid. It was found that the molybderum distribution
coefficient was significantly decreased in the presence of itungsten; the
more tungsten concentration was increaced the nore the molybdenum distribution
coefficient was decreased.

It was beyond the scope of this work to investigate guantitatively the
decreage in mol¥bdernum distribution coefficient in the presence of tungsten.
This effect was qualitatively exﬁlained in terms of tungsten concentrations

derived from tungsten and molybdenum heteropoly anion complexes.

The present work was cohcerned only with the separation of the two metals
by a solvent extraction process from the point of view of industrial applicqtion.
Hio fursther theoxetical treatient of the daba obboived can o carricd ors
because the system proved to be‘highly complex and the lack of data and

literature available.
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2, LITrmAURE SURVEY

2.1, Extraction of sulvrhuric acid in the teriiary amine-benzens system

The use of long chain tertiary aminesg for the extraction of vaxious acids
wes first reported by Smith and Page (1). They were nrimarily concerned with
the develorment of a method for the separation of strong and weal acids, but it
was also suggested that the acidified amine solutions might find other uses
ag liquid anion exchangers, e.z. "in the recovery of meials, such as chromivm

or vanadivm, after oxidation to anions".

Some time later, further tests of amines were made by F.lL. Mooré of
the O.,R.N.L. Analytical Division to determine the genmewal applicability of

these reagents to analytical separation problems (2).

A number of papers concerning the extraction of nitric, hydrochloxic
and sulphuric acids by amines have appeared since then (3), (4) and (5).

Because of the frequent use of sulphuric acid in procesging tungsten
raw materials, most of the literature survey wag concernred with the sulvhate

system,

The first guantitative gtudy of sulphuric acid e"tfwoh¢on by tri-n-octylamin
vas made by Allen (6). The extraction of sulphuric acid by long-chain amines

" has since been studied extensively by various workers (7), (8), (9), (10), (11).

The tronsformation of a tertgwsy anine Lo the corresnonding amine salt,
vhich is accomplished by the equilibration of the free amine with a sulphuric
acid solution, may give rige to either the amine normal sulphate ox the amine

bigulphate. The nature of amine salt present in the orsanic phase in the
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extraction of sulphuricvacid by tri-n-caprylamine was studied by Kim and
Chiola (12). They found that the tri-n-caprylamine in the concentration range
of 0.05 - 0.25 M extracted sulphuric acid to form either the normal sulphate.
or the Bisulphate éalt, depending on the cohcentration of acid in the aqueous
phase., The amine salt formed was studied by vapour-pressure osmometry, by
the extraction isotherm, and by its infra-red spectrum, To determine which
salt form predominated in the organic phase, extraction isotherms of 0,05,
0.10, 0.15, 0.22, and 0.25 amine in benzene were constructed. The extraction
isotherms of the 0.15 M solution is shown‘iﬁ Fig, 2.1.1. This shows three
regions in which the magnitude of the acid-extraction cqefficients diffgr
significantly. Very.high extraction coefficients of acid are obtained when the
equilibrium concentration of acid in the aqueous phase does not exceed about
0.02 M, This is the region where the amine sulphate exigts predoninantly,
The average equilibrium constant (X) was 3.24 x 108 when the émine-r
concentration was 0,05 -~ 0.22 M, When the amine concentration was 0.25 1}, K value
were unusually high (K = 6.78 x 109).

Allen (6), using tri-n-octylamine, xreported K values of 1.90 x 108.
Wilson (12) also obtained K values of 1.4 x 10% for tri-n-octylamine. Verstegen
and Ketelaar (10), using tri-n-octyl and tri-n-hexylamine, found X values of

1.87 x lO7 and 0.45 x 107, respectively.

o Versus (RBHH)z S0 4/(1131\02 for all of the
4 .

amine concentrations examined resulted in essentially straisht lines having

Logaritimic plots of AH
2

slopes equal to about 1, Tig. 2.1.2 shows typical plots for 0.095 and 0.10-U
amine in benzene. TFrom these data, it was concluded that (a) the reaction

takes place according to equation (A)

RN+ H,S0, == (RylH), 50, | (&)
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(b) the predominant species which exists in the region is the amine normal

sulphate,

It can be seen that there is a systematic break in the line when the
acid concentration in the equilibrium aqueous phase exceeds about 0.02 M, This

is the point where amine bisulphate is thought to start to form.

Allen (6) demonstrated that a logaritﬁmic plot of AHZSO4 versus
(RB'HH)2 SO4/(RBN)2 gave a straight line having a unit slope when sulphuric
acid was extracted by tri-n-octylamine of 0.05, 0.1, 0.25 and 0,5 M
concentration in benzene. He found aiso that the formation of normal sulphate
occurs vhen the acidity of the agqueous phase at equilibxium is less than 0,02 I,
Abbve 0.02 MM, it was considered that aggregation of the salt begins. The
conclusion was based on the evidence of the systematic break in the

2
logarithmic plot of AH?SO versus (R3NH)2 SO4/(RBU) .

4
Verstegen and Keﬁelaar (10) also found that tri-n-oectylamine normal

sulphate forms predominently at low acidifies, that is, when the sulphuric

acid concentration of the aqueous phase after equilibration is less than

0.02 M,

Following the region of very efficient acid extraction, the exiraction
coefficient decreases gradually (Fig. 2.1.1). This is the region where
an additional acid molecule is extracted and amine bisulphate starts to form,
The reaction may be represented ag follows :
N 2[(33NH) HSO 4]

(1231m)2 80, + H,80

4 4

Examination of the extraction isotherms show two regions vwhere straight
lines may be drawn. One of these coxresponds to the region where the amine

sulphate exists predominantly and another to the region wvhere amine bisulphate
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is forming.

The mole ratio of amine to acid in the organic phase as determined
from the point of intersection (B) (Fig. 2.1.1) was found to be 2:1 in
all cases. Beyond the intersection point the extraction coefficient decreases

wuntil the mole ratio of acid to determine in the organic phase approaches l.

Tt has been reported by Allen (13), on the basis of a 1ight—scattering
technique, that tri-n-octylamine sulphate is monomeric, while the

tri-n-octylamine bisulphate is dimeric,

Fig. 2.1.% shows the relationship betweenbaggregation mumber and the

ratio of acid concentration to the amine concentration.

Marcus (14) suggested that symnetrical tertiary amine normal
sulphates are usually monomeric, while the bisulphate form is dimeiic.
On the other hand, nonsymmetrical tertiary amine normal sulphates tend to
exhibit larger aggregation numbers, indicating the presence of polymeric

fornms,
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2.2, Bolvent extraction of tungsten and molybdenum

The extraction of metals by amines has been investigated by many workers.
Very little solvent extraction data concerning tungsten are recorded in the
literature. In the published literature, the extraction of molybderum is
oftén considered in conjunctioﬁ with the extraction of wranium. Brown and
Coleman (15) noted that all long-chain amines extract molybdenum from
sulphate solutions. Tits distribution coefficients were higher than those Qf

uranium.

Laskorin (16) and co-workers compared the exitraction of molybdenum and

tungsten, emphasizing the extractability of molybdenum.,

Petrov et al. (17) investigated the extraction of tungsten and
molybderum with tri-n-butylphosphate from strong HC1l solutions with

emphasis on the sepération.of molybdenum from tungsten.

Kim et al. (18) investigated the study of soluble tungstate species
by solvent extraction. Distribution data derived from solvent extraction'
are interpreted in terms of the predominating tungéten specles present in
the aqueoué phase. The nature of the tungstate species extracted by
tri-n-caprylamine changes markedly with the pH of the system, (Fig. 2.2.1).
Thé agueons phase they used was prepared to contain a countable quantity of
radioisotope 181w (half—life 140 days), in a concentration of the order of

1077,

The amine extraction process has been applied recently on a commercial
scale in the tungsten industry. Molybdenum is removed during acidification

by the conventional sulphide precipitation methods (19), (20).
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Sylvania Blectric Products Inc. haﬁe recently instelled a solvent
extraction plant for tungsten (21). Patents bave been granted to the
company for solvent extraction processes for purification of molybdenum by
selective extraction with a trialkylamine (22) and for the separation of
molybdate values from tungstate by selective extraction at pH 2.0 with a
di-2-ethylhexylphosphoric acid-tributyl phosphate modified organic phase
(23). Another patent cites theluse of a 10 to 11% solution of monohexédecyl
phosphoric acid for the recovery of molybdenum from agueous mineral acid '
solutions (24). In both cases the molybdenum is recﬁvered from the organic

phase by stripping with ammonia.

Drobnick and Lewis (26) have reviewed the extracticn end purification
of tungsten by a liquid ion exchange method in expegtation of an increag
'in tungsten; tungsten carbide and tungsten alloy consumption. They coﬁclude'
that Aliquat 3%6 chloride is the most promising reagent for extraction of
tungsten from alkaline soiufions while Alamine 3%3%6 ig the best extractant
from acid solutions and permiis partial removal of molybdenum from tungsten

during re-extraction with ammonia.

The extraction of tungsten from tungstate solutions by trialkylamines
and the effect of fluoride ion on the extraction has been reported by

Zelikman et al. (27).

The nature of the heteropoly complex molybdenum and tungsten species
in acid solutions, which are extractable by anines, have been described by

Petrov et al. (28).

A proceés for separating molybdenum from tungsten was carried out on a
laboratory scale by Esnault et al. (29). It included acidifying the armonium

tungstate solution conbaining a small amount of molybdenum with HCL to
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pH 3-3.5, then contacting with D2EHP diluted in kerosene in the presence

of 2-ethyl-l-hexanol to extract molybdenum. The molybdenum is then stripped
by an aqueous ammonia solution. The mother iiquor, free from molybdenum,

i§ contacted with a primary amine dissolved in kerosene to form a tungsten

amine complex, then tungsten is stripped by aqueous ammonia.

Thé mechanism of the extraction of molybdenum from weakly acidic

solutions (pH range 0.5 - 5) by D2EAP has been studied by Zelikman and
Nerezov (30).
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3. EXPERIMIITAL

3.1 Tuagsten~-Sulvhate system
3.1.1. Materials

(a) Tri-n-octylamine (TOA)

Technical grade tri-n~octylamine was obtained from B. Newton
Maine Ltd. The purity was clecked by dissolving appropriate amounts in
ethanol and titrating against standard 0;1.M hydrochloric acid. The end
point was determined by measuring the pH of the solutiqn after 1 ml. additidns
of acida (or 0,1 ml.vadditions near the end point) and plotting pH‘SV
versus the volume of golutlion added. pH values were measured using a Pye
"Dynacap" pH meter fitted with an Ingold composite glass and saturated

calomel electrode.

The molecular weight of the amine was found to be 334 compared with

a theoreticali wvalue of 353.7, so the TOA was used with no further purification.

The appropriate quantity of amine, based on the measuréd equivalent
welght, was dissolved in A.R. grade benzene and méde up to 1 litre. Amine
solutions were pre-equilibrated, using a mechanical shaker, for 10 minutes
with an equal volume of 0.9 M sulphuric acid, which is the optimum
concentration to convert the whole of the amine into the bisulphate form

(12) and the optimum concentration from the corrosion point of view. (31).

(b) 83y isotope

. 185 - : s .

2.02 m Ci ~ W ( B emitter of half-life 75.8 days) contained in

5.6 ml. of 0,08 M NaoH solution was obtained from the Radiochemical Centre,
Mergham. This was mixed with a solution containing-sodium tungstate and

the volume was made up to 1 litre with distilled water. The resulting
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185W stock solution had the following composition:

v 200 &/ Aotivity = 2.02 uCi %W per ml.

(¢) Other reasents

A11 other reasents used were standard A.R. grade reagents.
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3ele2, Tguilibration

Working solutions were prepared by acidifying stock solution with
0.9 M sulphuric acid. Very slow addition of acid was necessary in oxder

to avoid precipitation of tungsten.

20 ml. of aliquots of working solution and pre-equilibrated TOA
in benzene were placed. in 100 ml. cylindrical separating funnels and
shaﬁen, using a mechanical sﬂaker, at ambient temperature which was
usually within the range 18 to 25°C. Thé contact time with amine sulphate
was 5 minutes. VWhen extracting tungsten with tri-n-octylamine sulphate
this contact time was found to be sufficient for the attainment of

equilibriunm,

After equilibration the phases were allowed to settle overnight,

and were then separated and samples of each were taken for counting.

3¢le3. Analysis of tungsten

The distribution of tungsten was determined by liquid sciﬁtillation
counting of the beta emission of 185w. The principles of scintillation
counting and the statistics of counting are adequately dealt with in the

relevant literature (32), (33), (34), (35), (36), (37), (39), (40).

Very little work has been déne on solvent extraction of tungsten
using radioactive isotopes as tracers. Only one reference has been found
vhich deals with 181w (half—life 140 days) in the study of soluble tungstate

species by solvent extraction (18).

When a minute amount of 185W is added to some of its normally
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occurring isotope solufions, its radicactivity (B ) acts as an indicator
of the concentration of the tungsten in the soluitions before and after

solvent extraction.

The equipment used for measuring the radiocactivity of 185w was
an Fkco N612 liquid scintillation counter, coupled with an Ekco H530G

scaler, .The scintillation counter comprises a specially chosen fourteen
o

fa

stage photo-multiplier tube which, together with & novel source coupling
unit, is contained in a lead shield fittsd with a spring counter-balance
1id. The shielded counter assembly is mounted in a steel case, which

also contains a five valve wide band linecar amplifier. The source coupling
unit is an aluminium alloy casting fitlted with a Pyrex glass window in

its lower face, Immediately above the wiﬁdow is a light~-proof sghutter

énd abo#e this a tray to hold the special Pyrex glass sample holder. A
1ight—proof 1lid covers the sample holder and interlocks with the shuttef

to prevent extraneous light from reaching the P.M. tube. To improve the
light collecting efficiency, MS.200 silicone fluid was used between the sample
holder and the window as a liguid coupling medium.

The principle (52) of operation ig that the energy of the beta
particles emitted by the test sample‘is converted to light energy by the
liquid phogphor solution., The resﬂlting light photons impinge upon the
cathode of the P.il, tube and releage photo~electrons, which are then
accelerated towards the first dynode. Each dynode emits some three or
four secondary eleétrons.for each primary electron reaching it., This
results in an overall gain of about one hundred million between the
photo cathode and the collector. The signal at the collector is
then amplified still further, by the builtmin linear amplifier, to a
level sufficient to operate any conventiﬁnal scaler ox counting rate

meter requiring a positive going input sirmal of five voltg minimum,
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The phosphor solution (34), (35), (36) consisted of Bg of 2,5
diphenyl oxazole (P.B.0) and 0.36 g of 1,4-bis—-(2 -[5-phenyloxazolyl] ) - benzene
(P.O.P.O.P) dissolved in a litre of sulphur-free toluene. The function of
the P.P.0. was that 6f primary scintillator whilst P.0.P.0.P. acted as a
wavelength shifter to alter the wavelensth of the fluorescence nearer to
that of the maximum sensitivity of the photomuliiplier tube (35), (38), (41).‘
Sulphur-free toluene was used bécause sulphur compounds have the effecf of
queriching the energy transfer process in the scintillator. These scintillation
solutions are sensitive to light so that it was necegsary to acclimatise
them in the dark of the sample chamber for several minutes before coﬁnting.
To avoid deterioration of the scintillation solutions, they were stored

in the dark,

The Fkco 530G automatic scaler vhich is coupled with the
gcintillation counter performs ag a complete counting instrument.
It ig a combined six~decade scaler and timer, It may be used to time a
pre~determined count, to count a pre-determined time, or as a manuall&
operated scaler., For recording the time taken to achieve a count, the
instrument can be. set to the following ranges: 100, 300, 1000, 3000,
10,000, 30,000, 100,000, 300,000 and 1,000,000 counts. Vhen counting
for a pre-determined time, the settings available are: 100, 300, 1,000,

3,000, 10,000, 7%0,000 and 100,000 seconds.

- External connections between countex and scaler are as follows.
The 'HV! plug on the N612 counter to the 'HV! plug on the rear of N530 G
gcaler, with one of the coaxial comnectors. The 'output! plug on the
counter to the 'Direct INPUT' on the scaler with the second coaxial
connector, The 'power' plug on the counter to the 'probe'! plug on the

gecaler,
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The counter was refrigerated at ~20°C to reduce thermal noise

and all samples were‘eqﬁilibrated to this temperature before counting.

I+ was found necessary to test the scaler by using main frequency
to count 5000 pulses per 100 seconds before every counting. The reason
was that some decades in the scaler sometimes jumped which led to incorrect
results, seems as abnormal mass balances. When this was found, the eléctronic

bulbs were changed.

Counting was actually performed by timing a pre-determined count of
10,000 to give 96%5 chance of the percentage error being less than 1294, Tor

the more concentrated samples, background counts were neglected.

The best operating condition of'the counter was that which would
determine the activity of any sample to a given accuracy, in the sho:%esf
possible time. It has been shown that the optimum signal to noise ratio
is obtained when RSZ/E:BI is a maximm (32), (39). (Fig. 3.1.3.1. and

3.1.3.2. )

Where]% is the count rate from the sample alone and Rp is the
background count rate. The most favourable opexating conditions will
differ according to the energy of the isotope being used and once the
settings have been determined for one isotope, they are independent of

the amount of activity present (32).

. . . ~ . 185
Optirn instiunment settings for ~ W were fcund to be BJH.T =

12C0 V, discriminator bias = 20 V and amplifier gain = 250 X.

Vhen a solution for counting was made up with an aqueous phase

‘containing tungsten the duenching effect reduced counting efficiency
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by about 50% compared with the same amount of tungsten added in an organic

phase,

Hence, all the counting solutions were made up in single homogeneous
organic phases so that the background,reference and sample solutiong of

each phase were of similar compositions except for the tungsten content.

The concentration of amihe sulphate was not the same in each counting
solution, but the difference was shown to have no effect on the counting

efficiency for 185W.

After each equilibration experiment the concentration of tungsten
was determined in both phases. The organic phase is identified below as the
equilibrated organic phase. A sample of the agueous phase waé treafed with‘
0.1 M amine sulphate, the pH heing between 2 and 3, so as to extract the
whole of the tungsten into the organic phase. This organic solution was
added to the scintillation solution for the determinationm of tungsten in

the equilibrated aqueous phase.

The counting solutions were made up as follows :

Agqueous background

10 ml, scintillation solution, 1 ml. amine sulphate.

Agueous reference

10 ml. scintillation solution, 1 ml. amine sulphate containing
tungsten extracted from a sample of the aqueous phase before equilibration.

Aqueous sample

10 ml. scintillation solution, 1 ml. amine sulphate containing

tungsten extracted from the aqueous phase after equilibration.
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Organic background

10 ml. scintillation solution, 1 ml., amine sulphate,

Organic reference

10 ml, scintillation solution, 1 ml. 6rganic reference solution,

Organic sample

10 ml. scintillation solution, 1 ml. organic phase after equilibration.

An organic reference solution was prepared by extracting known
concentrations of tungsten with amine sulphéte and diluting to appropriate

concentrations,
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Table 3.1.3.1 (a) Countings of Rg and Rg

Conditions:

Amplifer Gain

250

B, 0. T. = 1200V

X

Discriminator Bias

%@fﬁ)R&QR@

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
20
35
40

8.27

- 6.94
_ 5.63
5,51
4.02
4.07
3.49
3,00
2,72
2:36
1.91
2.07
2,05
1.78
1.75
1.82
1.21
1.04
0.96-

25,706
24,630

23,584 -

22,727
21,739
20,790
19,801
i8,852
17,953
17,064
16,181
15,197
14,184
13,513
12,610

11,834

8,368

5,868

4,625

N W W W R R T U O Oy

.60 x

.06 x

.56 x

.18 x

.12 x

.32 X

.92 x

.54 x

22 X

.91 x

.61 x

.30 x

01 x

.82 x

.h9 x
40 x

.70 x

34 x

.21 x

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

10

1.18
1.23
1.36
1.11 .
0.98
1.02
0.90
0.76
0.57
0.32

0.21
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Table 3.1.3.1 (b) Counting of Ry and Rg

Conditions: Amplifier Gain = 250 x
E. Ho T. = 1,150 ¥
Discrininator Bias  Rp(C.P.5.) Rg(C.P.S5.) Ry RSZ/R% x 1078

10 3.77 21,141 4.46 x 10° 1.18
11 3,32 19,379 3.75 x 10° 1.12
12 ' 2.83 18,348 3.36 x.108 '1.18
13 - 2.75 16,949 2.87 x 10° 1.04
14 2.08 15,822 2,50 x 10° 1.20
15 2.17 14,749 2.17 x 108 1.00
16 1.86 13,458 1.81 x 10° 0.97
17 1.62 12,437 1.54 x 10° 0.95
18 1.55 11,325 1.28 x 10° 0.82
19 1.55 10,438 1.08 x 10° 0.69
20 1.36 9,596 0.92 x 10° 0.67
21 1.32 8,613 0.74 x 10° 0.56
22 1.34 7,849 0.61 x 10° 0.45

. 23 0.86 7,097 0.50 x 108 0.58
24 1.15 6,293 0.39 x 10° 0.33
25 1.03 5,711 0.32 x 10° 0.31
30 0.74 3,168 0.10 x 10° 0.13
35 0.63 1,751 0.03 x 10° 0.04
40 0.62 - - -
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3.1.4. Statistical analysis of B counting

A statisticél analysis was carried oﬁt on gsome results obtained
for liquid scintillation counting of 185w at the beginning of the
experimental work. At that time attempts were being made to determine the
tungsten concentration in aqueous solutions directly, by_adding saumples
together with absolute alcohol to the secintillation solution. The results
are presented here to show that.satisfactory results were obtained, even
though the subsequent developﬁent 6f complete extraction of tungsten and

uge of wholly organic counting solutions gave considerable improvement.

10 ml. of scintillation solution and 10 ml. of absolute alcohol
were placed in a sample holder with 1 ml. of aqueous 0.232 M 185w
golution and made fifty observations of 100 seconds duration. ‘The
‘observations were taken in a continmuous series without long interruptions,
and the source, counter, and the conditions of the experiment were not

disturbed throughout. The total count in each observation, uncorrected

for background, dead-time, etc., was used to compute the standard deviation.
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Table 3.1.4..1 Counting of 185W

Number of  di (a1)>  Number of  di (a1)?
counts = X=X =(x;-X )2 counts =X =% =[x-X)
124,032 121 14,641 124,133 222 49,284
123,626 -285 81,225 124,442 531 281,961
123,322 =589 346,921 123,884 =27 729
124,083 172 29,584 124,888 977 954,529
123,934 23 529 . 123,953 42 1,764
124,259 348 121,104 124,307 396 156,816
123,874 =37 1,369 123,946 35 1,225
123,415 -496 246,016 124,051 140 19,600
123,853 ~58 3,364 123,838 -73 5,329
123,950 39 1,521 124,735 824 678,976
124,489 578 334,084 123,856 ~55 3,025
123,663 -248 61,504 123,337 -574 329,476
123,559 -352 123,904 123,788 -123 15,129
123,338 =573 328,329 123,522 ~389 151,321
124,382 471 . 221,841 123,757 -154 23,716
124,314 403 162,409 123,541 ~370 136,900
124,106 195 38,025 123,927 16 256
124,596 685 469,225 123,400 -511 261,121
122,875 -1036 1,073,296 123,714 -197 38,809
125,071 1160 1,345,600 124,329 418 174,724
123,311 -600 360,000 124,067 156 24,336
124,135 224 50,176 123,318 -593 351,649
123,526 -385 148,225 123,965 54 2,916
123,135 =776 602,176 123,640 =271 73,441
124,075 164 26,896 124,300 389 151,321




a) POISSON distribution tests

1) Square Root of Mean Value and the Standard Deviation

From the Table 3.1.4.1.

The sum of all the counts obtained in all the observations is

N
Zx = 6,195,561

The mean count (__Zx ) = = 123,911
The sum of all the squares of dev1atlons

d::: Z‘Xi";) ] = 10,080,317
=

. Hence,
' j 1 N 2 1 A 2
Standard deviation o = _ E d, = I— (XX} = 449
N & pq:%; i
The square root of the mean value = = 1 o= 2
! q ' l X _—N S_ X, 35

In this case, the standard deviation does not equal to the square root
of the mean, and the question arises whether the difference is significant
or merely due to the finite number of observations used. This is
agcertained from the theory of statistics using x2__ distribution in

section b).

2) The ratio of the mean deviation to the standard deviation should

be approximately four fifths (0.7979)
From the Table 3.1.4.1.
] 1 N -
The mean deviation a = —_— = e -l =
, N };ldll L Ixe X1 = 30

%

the theoretical value of 0.7979,

=1
0.78l7 which is in reasonable agreement with

3) The average of the error should be zero

|N-\ | N - - IYN“ =
LD IR o Dk PPl

i2] i*1 i<l
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From Table 3.1.4.1, N

d; =11
=]

—

Hence 1 d, = 0.22 which is in reasonable agreement

with the theoretical value '=c'af %ZeT0.

4) The number of counts in which the deviations are greater than -

twice the standard deviation should be about one observation

in twenty (4.6%)

S X#20 = 123,911 + 898
that is the number of counts which are larger than 124,809 and the
mmber of counts which are smaller than 12%,013%. The numbexr of the

former is 2 and that of the latter is 1, of which total numbers are 3.

Hence 3/50 x 100 = 6% which is in reasonable agreement with

the theoretical value of 4.‘6%«..

5) The number of counts which the deviations are greater

than the ctendard deviation should be approximately one

third of the observations (31.8%)

X+ o = 123,911 + 449
tha:b is the mumbers of counts which are larger than 124,360 and the
mumbers of counts which are smaller than 123,462, The number of the

former is 7 and that of the latter is 9, the total being 16 counts.
Hence 16/50 x 100 = 32% which is very close to the theoretical

value of 31.8%.

¥rom the above tests we can conclude that the observations follow

the Poisson distribution well.
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b) x* - distribution tests

The signific;a.nce of the difference ob‘i:ained between the standard
deviation and the square root of the mean value can be assessed from the
statistical theory of x2- digtribution which is used for comparing the
deviations from the average value obtained experimentally with those
| predicted from theory (37), (42), (43), (44). This may be done for a
Poisson distribution by detemining the frequency of occurrence of deviations

within given intervals which may be chogen as desired.

In radioactive counting it is usually convenient to choose six
intervals equal to the standard deviation., Thus in the range from X
to % +0 (or X to X-0 ) the theoretical frequency is 34.1%, from X+o¢
to X+20 (or Xx-0 to X -20) it is 13.6%, and for greater than 3'(+20 (or
less than X-20) it is 2.3%. The differences between the theoretical |

(f t) and observed (fo) frequencies are determined in each case, squaxed,

and divided by the theoretical frequency. The value of

TN (£, - f 2
x2 =) (£, 5 ) ig then calculated from the

by
t
Table 3.1.4.2, from which the value of P is interpolated from Fig. 3.1l.4.1.
P is the probability of a similar set of obgervations giving a value of X 2
2

as great ag or greater than that obtained from the set used to compute X©,
In practice, if P lies between 5 and 95%, the difference between the observed
and the theoretical distribution (and consequently the difference between the
standard deviation and the square xoot of the average number of counts) may

be regarded as reasonable.

In the experiment given here, X = 123,911 and o = ' X = 352, Hence

we take intervals of 352 on both sgides of the mean, as shown in Table %.1.4.2.
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Table 3.1.4.2. Caleulation of X° Value

Observed Theoretical
Range frequency frequency lfo - fbl !fo -ft l?/f
(£0) - (£4) t
{123,207 2 1.15 (2.2% 0.85 0.628
123,207 - 123,559 11 6.80 (13.6%) 4.2 2.594 .
123,559 - 123,911 11 17.05 (34.1%) 6.05 , 2,147
123,911 - 124,263 15 ©17.05 (34.1%) 2.05 j 0.246
124.263 - 124,615 8 6.8 (13.60%) 1.2 0.212
S 124,615 3 1.5 (2.3%) 1.85 2.976
Total 50 50 (1002%) - 8.803%

Thus ‘X2'= 8.803, and from Fig., 3.1l.4.1, P ig seen to be equal to

19%, i.e. there is a 19% chance that a similar set of 50 observations of

the same counting rgte wou;d-have given a value of X2 greater than ox

equal to 8.803. Hence the discrepancy between the observed results and
theoretical expectation cannot be reéérded-as gignificant, and the difference
obtained between the standard deviation and the square root of the mean is
not unreasonsble., If P had been less than 5%, it would have been likely
that spasmodic fluctuations in the counting rate had occurred, probably due
to some fault in the operation of the scintillation assembly., If P had
been greater than 95%, a systematic variation in counting rate throughout

the experiment would have been suggested (37), (42), (43), (44).

Table 3.1l.4.3. Percentage points of Xz-Distribution

a

4 995 -.990 .975 ..950 .900 .750 .500 .250 ,100 .050 ,025 .010 .OOH

6 |.676 4872 1.24 1.64 2.20 3.45 5.35 T.84 10,6 12.6 14.4 16.8 18,5

Where v is the mumber of degrees of freedom and a the probability of exceeding

the tabular value (45).




Data from Table 31.4.3
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3.2, Molybdenum = Sulphate system

3.2.1.Materials

(a) Tri-n-octylamine (TOA)

The TOA used has been described in section 3.1.1.(a)

(b) Di- 2 - ethylhexylphosphoric acid (D2EHP)

Pure grade‘DQEHP was obtained from Koch-Light Laboratories ILtd.
A sample of the acid was weighed out and diluted with ethanol., 10 ml.,
aliquots were titrated with standard 1IN sbdium hydroxide solution (B.D.H.)
and the end point was detected using a Pye "Dynacap" pH meter fitted with
an Ingold composite glass and saturated calomel electrode. A purity of

99% was measured and the DZEHP was used without any further purification.

(¢) Molybdenum solution
Na2M004 2H20, amular grade was used for the experiments. A
stock solution containing 100 gMo/l wag made up and analysed by

atomic absorption spectrophotometry.

(a) Other reagents

A1l other reagents used were standard A.R. grade reagents.

3.2.2., FEguilibration

Stock solution was acidified with O.9M_su1phuric acid. 20 ml.
aliquots of working solution and pre-equilibrated TOA or D2EHP in benzene
were placed in 100 ml. cylindrical separating funnels and shaken using a
mechanical shaker at ambient temperature which was usually within the range
18 to 2500. Contact time with TOA was 5 minutes and with DZ2EHP 10 minutes.
When working solutions were equilibrated with D2EHP emulsification were

often encountered.

Vhen the pH of a working solution wes less than 3, emulsificatjon hardly
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occurred, Arouﬁd pH 5, when two phases were mixed together, complete
emilsion occurreq immediately shaking was started. This problem vasg
overcome by adding appropriate amounts of a salt. For example, when the
DZEHP and working golution were completely emulsified, addition of ammonium

sulphate to the system produced a separation into two clear phase layers.

3.2+.%. Stripping of organic phase

Extraction‘and stripping of molybdenum working solution with TOA

alwvays produced two clear phase layers.
Stripping of Mo-loaded D2EHP, however, produced a stable emulsion.

With the cation extracting solvents, like D2EHP, stripping takes
place generally in strong acidic media to replace Mt in the organic phasé by'H+.
in the case of molybdenum, the mechanism can be more complex and acids do
not seem to be very good stripping reagents. Stripping of Mo-loaded D2EHP
with basic solution was rapid and complete. The species M0022+ was not able
to exist in basic media. But if D2BHP was stripped with 5% NH#OH, as -soon
as the two phases were contacted, they emulsified, This problem can be
completely overcome by stripping with 1M ammonium carbonate solution.

Modification of the organic phase with 2% (V/V) ethyl 2- hexanol 1 caused good

phase separation.

3.2.4. Analysis of Molybdenum

A Perkin-Elmer (Model 290B) Atomic Absorption Spectrophotometer with
Perkin-Elmer Multi~Element Hollow-Cathode lamp (Co, Cu, Fe, Mn, lMo) was

used for analyzis of molybdenum.

The instrument conditions used throughout were: slit width, 7&;
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VWavelength, 3133& (259 in Perkin-Elmer Mbdel 290B instrument settings);
lamp current 10 mA. As the hollow-cathode lamp is stamped with a maximum

current rating, it should not exceed this limit.

The usual air-acetylene burner was replaced by a nitrous oxide burner
head. This system requires more acetylene consumption to provide fuel-rich
reducing conditions compared with an air-acetylene burner and flame. The

acetylene cylinder should be renewed when the cylinder pressure reaches 80 psi.

Nitrous oxide pressure was regulated to 40 psi by a cylinder

regulator wvhich was connected to the Model 290B through a T junction valve.

Under no circumstances should nitrous oxide be introduced into gas
‘lines oi eqﬁipment contaminated with oil., Like oxygen, nitrous oxide
can cause spontaneous combustion of oil, with dangerously explosive results.
Acetylene and copper form an explosive combination. Copper tubing or fittings

for acetylene gas must therefore be stringently avoided.

The nitrous. oxide flow was controlled by a flow controller to produﬁe
the maximum height of red “"feather" in the flame without luminogity. The
burner height was adjusted so that as much as possible of the converging
light beam from the hollow-cathode lamp passed through the red "feather"
above the primary reaction zone. The strongest absorbance for molybdenum
is always obtained in this band, which is highly characteristic of the

nitrous oxide-acetylene flame.

The flame was first ignited using an air-acetylene mixture, and

the air was iﬁmediately replaced by nitrous oxide via the T-junction valves.

Vhen first ignited, the flame split and produced a high pitched
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noise, forming a "V" along the entire slot. As the burmer head warmed up
and the fuel flow was adjusted, the "V" configuration closed up and formed
a normal flame suitable for analysis. Continuous operation of the nitrous
oxide burner head produced deposits near the slot which caused a ragged
flame, A badly clogged slot may cause a flashback with possible damage

to the mixing chamber. In this case, with the flame off, the surface of the

slot was scraped with sharp edged knives.
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3.3, Tungsten — Molybdenum Mixed System

3.3.1. Materials
(a) Di-2-ethylhexylphosphoric acid (D2EHP)

The D2EHP used has been described in section 3.2.1(b),

(b) Tungsten solutions

Na2W042H20, analar grade was used for the experimeni:s. A stock
solution contgining 100g W/l was made up and a.na.lyseci gravinetrically
by precipitation with cinchonine solution from acidic tungsten solution,

followed by ignition to WO3'

This stock solution was used for mixing tungsten and molybdenum together
to inveétiga:te the effect of the presence of tungsten on the extraction of

molybdenum with D2EHP.
As molybderum was analysed by atomic absorption spectrophotometry, non-
radioactiwe tungsten stock solution was added to the molybdenum working

solution.

(c) 185\-! isotope

The use of L0°W was described in section 3.1.1.(db)

(4) Molybderum solutions

The molybdenum solutions used were described in section 3.2.1.(c)

(e) Other reagents

A1l othér reagents used were standard A.R. grade reagents.
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3+3.2. Preparation of working solution of tungsten and molybdenum

mixed system,

Appropriate quantities of tungsten solution and molybdenum were
placed in 100 ml. flasks and 0.9M stO4 was added very slowly to adjust the

PH of the mixed solution to pH 2-3.

The investigation of the extraction of tungsten in acidiec solution

by D3EHP was carried out with 185w isotope.
The investigation of the effect of the presence of tungsten in the
extraction of molybdenum with D2EHP was carried out with normal tungsten

solution.

3e3e3. ;guilibration

20 ml. aliquots of tungsten-molybdenum sulphate solution and D2EHP
in benzene were placed in 100 ml. cylindrical separating fumnels and
shaken using a mechanical shaker at dmbient temperature of 18 to 25°C for
10 minutes. As the pH of working solutions was between 2 and 3, no emulsions

were encountered..

3.3.4. Stripping
HMolybdenum~loaded D2EHP solutions were stripped with 1M ammonium

carbonate solution and produced very clear phase separation. No emulsion

occurred.

3.3.5. Analysis of Tungsten in W-Mo-sulphate system

The’analysis of tungsten was described in section 3%.1.3. The

presence of molybdemum in the organic phase did not interfere with the

185

counting of . However, samples and standards were prepared using

exactly the same backgrounds throvghout the work,
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3.3.6. Analysis of molybdenum in W-Mo-sulphate system

The analysis of molybdenum was described in section 3.2.4. Tungsten
at concentration in the range 1-2 gy& did not interfere with the absorbance

of molybdenum using the nitrous oxide-acetylene flame.

Higher concentrations of tungsten, however, did cause interference.
The same amount of molybdenum in a mixed solution gave a different

absorbance compared with that of a standard molybdemum solution.

Depending updn the other ions present, the interference was either an

enhancement or a depression in the molybdenum absorption.

The best results were obtained when the standard solutions and
working.solﬁtions had the same background composition, regardless of
vhether the absorbance-concentration plot line is straight or curved. The
strict adherence to Beer's law in a highly concentrated background solution

was not necessary for successful analytical utilization.
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4. Experimental Results

4.1, Tungsten Extraction

4.1.1. Extraction of Tungsten with TOA-Sulphate (TOAS)

The extraction isotherm of tungsten with 0.01M TOAS in benzene
is plotted in Fig. 4.1.1.1. The extraction reaction wasbra.pid and complete,

TOAS proved to be an excellent eéxtractant for tungsten.

Fig. 4.1.1.2 shows a plot of TOAS concentration versus log D\J s
the cause of the non linearity can be ascribed to the pH change due to

the extraction.

The saturation of various strengths of TOAS in benzene with respe_ct
to tungsten is plotted in Fig. 4.1.1.3. Regardless of concentration of
TOAS in the benzene it can be seen that they all reach the same value of

[’I'OAS] on saturat ing.
[W ]org

4.1.2. Extraction of tungsten with D2EHP

Extraction of tungsten in acidic solutions with 109 D2EHP in benzene
are recorded in Table 4 (p. 107 ), and it was confirmed that tungsten
does not exist as an extracfable cationic form in acidic solufions. The
disfribution coefficients of tungsten were very low and were less than the

% error of the analytical accuracy.

laskorin (16) and co-workers found that in contrast to molybdenum,

tungsten is not extracted to any appreciable extent by D2FEHP at pH = 2.
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They found that the distribution coefficient of tungsten with DZEHP at
pH 2-3 is 0.005 - 0.003, vwhich is in good agreement with the results
shown here. It was given by them an approximate value, as small
distribution coefficients were difficult to determine by analytical

methods at the time their work was carried out.



4.2, Molybdenum Extraction

4.2.1, Extraction of Molybdenum with TOAS

Extraction isotherm of molybdenum. from sulphate solutions by

TOAS in benzene is plotted in Fig. 4.2.1.1.(a).
It is noted that the isotherms are S-shaped.

This is attributed to a change in the chemical state of molybdenum in

the organic phase.

Log versus log NkJ ' is plotted in Fig. 4.2.1.1.(b).

B ' [ aq.initial

Up to the saturation point, the molybdenum distribution coefficient increases
with the increase of molybdenum concentration in initial agueous solutions.

After the saturation point, log qma decreases very sharply.

Coleman, Brown et al. (46) note that at complete saturation of the
organic phase, the molybdemim-amine mole ratio is 2 : 1. The saturation of

$OAS with molybdenum is plotted in Fig. 4.2.1.2 in terms of ‘DPOAS]

[0 Jorg
In the case of 0.1 M TOAS, at the saturation point the value of
%?;ﬁs% is 0.437, wvhich is equivalent to a molybdenum-amine ratio of
org - L
2.28 : 1, in good agreement with the literature value.

The extraction of molybdenum was lowered by addition of sulphate
iohs to the initial working solutions. The distribution coefficients are
plotted against the sulphate concentrations in Fig. 4.2.1.3. The distribution
coefficients should decrease with increasing sulfate concentration because
any increase in the sulphate ion‘concentration of the solution shifts the '
equilibrium toward formation of the amine sulphate, and thﬁs lowexrs the

molybdenum concentration in the organic phase.
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The hydrogen ion concentration of the aqueous phase is the major factor
influencing the distribution of molybdenum beitween the two phases. The
distribution coefficients of molybdenuﬁ are plotted against the aquecus pH
(after extraction) in Pig. 4.2.1.4. The main reason for the decrease of the
distriﬁution coefficients in the pH range of 3 - 6 is hydrolysis of the

amine salt, which begins at 3 (16), The extraction maximum is in the pH

range 2 ~ 3,

In strongly acidic media (pH = 1) the concentration of molybdenum in the -
cationic form increases (especially in nitrate solutions), as does that of
the non extractable polymerized uncharged molecules (16). This accounts for

the decreased extraction of molybdenum in acid solutions.

At high acid concentrations molybdenmum can be extracted in the form
of negatively charged complexes, e.g. with sulphate ions. This could account
for the first slope of the distribution coefficient - pH curve in the acid
region for sulphate solutions. This extraction mechanism is probably analogéus

to that of uranium (47).

4.2.2. ZExtraction of molyhdenum with D2EHP

Elements present as cations in solutions can be extracted by D2EHP.
Tig. 4.2.2.1 and Fig. 4.2.2.2, show that the extraction isotherm for distribution
of molybdenum between the aqueous and organic phases. Fig. 4.2.2.1, where
concentration of molybdenum are very low, shows that the slope of the
molyhdenum extraction isotherm in the‘region far from satvration is close to
1. This indicates that under these conditions virtually only one type of
molybdenum cation is extracted, otherwise the isotherm would be concave or
convex (this refers to the initial regions of the isotherm, when

saturation of the organic phase does not influence the concentration of

L
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free D2EHP). It is most probable that the extracted cation is M0022+.
Fig. 4.2.2.3 shows that concentrations of sulphates héve virtually

no effect on the extraction of molybdemrum Sy D2EHP, In Fig. 4.2.2.4 and

Fig. 4.2.2.5, the molybdemum distribution coefficients are plotted against

the equilibrium pH of the agueous solutions. In the strongly acid region

the distribution coefficient decreases. With an increase in pH the

distribution coefficient curve passes through a maximum around pH = 2, With

a further fall of the hydrogen ion concentration the distribution coefficients

decrease sharply owing to the predominance of the anionic form of molybdenum

which is not extracted by D2EHP.

pH changes of aqueous phase before and after extraction_with various
strengths of D2FEHP and TOAS are tabulated in Table 14. When they were |
plotted against the idle line (i.e. same pH before and after extraction),
D2EHP deviates positively and TOAS negatively and both the deviations were
random because the pH changes were a function of molybdenum concentration
and of the strength of the organic phases.' The pH change was divided
by the molarity of the initial molybdenum concentration and plotted in
terms of AFG?(MO) initial against initial molybdenum concentrations _(Mol/i).
Fig. 4.2.2.6 shows that the lower the concentration of molybdenum in the initial
working solution, and the higher the strength of the extractants in the
organic phase, the larger the deviation is from the ideal line.

Log D versus log D2EHP were plotted in Fig. 4.2.2.7 and Fig. 4.2.2.8.

Mo
The slope varied according to the pH of the initial working solutions,
with an initial pH2, the slopes were 1.4 -~ 2 and with initial pH3, the

glopes were l.

The effects of initial pH and initial molybdermum concentration on

the @¢igyribution coefficient are plotted in Fig. 4.2.2.9. DMO valyes for
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initial pH2 are always higher than Dy, for initial pH3.

Saturation of D2FHP with molybdenum from solutions with initial pH2
is plotted in texrms of (1).21«:'&113)/(1»«:0)org versys (Mo) initial in Fig. 4.2.2.10.
At complete saturation, the value of (D2EHP)/ (Mo)org approaches 4 regardless
of the strengbh_of organic phase. This is in good agreement with the woxk

done by A.N. Zelikman and VM. Nerezov (30).

The values (1)213113:9)/(Mu)01_g from initial working solutions of pH3
are much higher and the saturation point cannot be reached, due to the
decrease in the hydrogen ion concentration and thus a decrease of the value

of the distribution coefficient. TFig. 5.2.2.11 shows this effect.
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4.3. Separation of Tungsten and Molybdenum with D2EHP

Fig. 4.3.1 shows that % extraction of molybdenum decreases with an

increase of the W/Mo ratio in the initial working solution,

Fig. 4.3.2 shows that the molybdenum distribution coefficlent

decreases with the increase of W/Mo ratio.

Figs. 4.3.3, 4.3.4, 4.5.5 show the effectTof the presence of tungsten |
on the extraction power of D2EHP for molybdenum. Extraction isotherm are
shown for molybdenum with various background concentrations of tungsten;
the effect of the presence of tungsten-on the saturation of D2EHP

with molybdenum is also ghowm.

 The effect of tungstén on the molybdenum distribution coefficient

with 1095 D2ERP is plotted in Fig. 4.3.6.

Fig. 4.3.7 shows the effect of various background concentration of
tungsten on the distribution coefficient of molyb&enum with 10% D2EHP.
Tungsten-free and 10 g‘Mé and 20g‘w/1 solutions were used and showed
distribution coefficients of molybdenum which decreased with increasing

initial molybdenum concentration,

With 40g wyi background concentration of tungsten, however, the
molybdenum distribution coefficient increased with increasing molybdenum
concentration up to around Sg/l in the initial working solution and then

~very slowly decreased. This effect is amplified in Fig. 4.3.8.

The effect of tungsten concentration (40g WAL ) on the % extraction

of molybdenum with 1095 D2EHP is plotted in Fig, 4.3.9.

Fig. 4.3.10 and 4.3.11 show the results of successive batchyise
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extractions of molybdenum in the presence of 40 g wyi background

concentration of tungsten.

Addition of fluorine (F-) did not improve the molybdenum distribution

coefficient.
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5 Discussion of Resgults

5.1. TOAS System

A typical isotherm for the extraction of tungsten by 0.01M TOAS in
benzene from aqueous sulphuric acid is shown in Fig. 4.1.1.1 (page 63 ).
Extraction isotherms obtained using other conditions are generally similar

to the one shown.

The linearity and .zero slope of these curves at higher agueous tungsten
levels show that the organic phase is saturated with respect to tungsten.
. The extremely steep slope of these curves at the lower tungsten levels

shows that the TOAS has an extremely.strong extraction power for tungsten.

AAtypibal isotherm for the extraction of molybdenum by O.iM TOAS
in benzene from agueous sulphuric acid is shown in Fig. 4.2.1.1a{p 66 ).
The shape of the isotherms ié very different from those of tungsten. The S~
shape of the molybdemum is due to the polymerization of molybdenum in the
organic phase. In the region of lower molybdenmum concentration ( ugﬁﬁl),
the slope of the igotherm is close to 1., This is due to the fact that thé

molybdenum is not polymerized in dilute solutions.

It is certain that tungsten and molybdermum exist in alkaline agueous
solutions as W042- and M0042-, which have the tetrahedral configuration.
When solutions of molybdates and tungstate are made weakly acidic, hovever, .
polymeric anions are formed (50). In spite of the fact that much work has

been done to determine the species present in the solutions of tungstic and

molybdic acid, no general agreement has been reached.

In very dilute solutions molybdic acid is not polymerized; the

stort of polymerization isAcontrolled by the two factors, copcentration and pH,
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Yatsimirgkii and Alekseeva (48) showed that the acid is not polymerized
in a 1074 solution, or in solutions of pH above 6.5. In the pH range

1 ~ 4 polymerization was found to begin to occur when the concenfration
of molybdic acid was about 10-3M.‘ At the 1ower values of pH the complex

species were homonuclear.

The poly-acids of molybdenum and tungsten are of two types

(a) the iso—po,lyl acids which contain only molybdenum or tungsten
together with oxygen and hydrogen, and .

(b) the hetero-poly acids which contain one or two atoms of another

element in addition to the molybderum or tungsten, oxygen and hydrogen.

All of the polyanions contain octahedral groups, so that their
formation from Moog_ or woi‘ requires an increase in coordination number.

It is not clear why only certain metal oxo-ions can polymerize, or why

for those metals which ca.n,'ohly certain species, for example lio,0 -

T724..
and Hw60215- predominant under a given set of conditions (50). The
experimental results show that the distribution coefficient for molybdenum
(DMO) is lower than that for tungsten (Dw ) with the same strength of TOAS

but is much higher than that for molybdenum when D2EHP is used.

DW and DMo from sulphate solutions at pH 2 - 3 were found to be
proportional to the concentration of amine in the organic phase.

Fig. 4.1.1.2 (p 64 ) shows the dependence of the D, on total

W
amine concentration, at constant initial pH and constant initial
concentration of tungsten. On such a plot, since the TOAS extracts

almost all of “the tungsten from the équeous phase into 0,1M amine sblution
it ig difficult to measure the activity of 'Eungsten remaining in the aqueous

phase. The very low concentration of tungsten remzining in the aqueous

phase when 0,01 and O0.1M TOAS was used caused very high values of I{\,, and
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this is the Teason vhy the line in Fig. 4.1.1.2 (p. 64 ) is curved

and why the pH changed after extraction. With 107 and 10%M T0AS
solutions, the loading mumbers (equivalents of amine per mole of tungsten
in the saturated organic phase).are around 0.4. The lO—QM and 10'1M
 solutions of TOAS were not saturated with.tungsten, and so deviated from

the straight line in Pig. 4.1.1.2 (p. 64 ).

The experimental results show that the loading number of tungsten
with TOAS (Fig. 4.1.1.3-(p. 65 )) is lower than that of molybdenum (Fig.
4.2,1.2.(p. 68 ). This means that the chemical affinity between tungsten

and TOAS is stronger than that of molybdenum and TOAS.

However the separation of tungsten and molybdenum using TOAS was
impossible because when molybdenum and tungsten were present together in
solution both were extracted together, Molybdenum was totally coextracted

vhen tungsten was totally extracted.

From a practical industrial point of view, the extraction of tungsten
or molybdenum with a long chain aliphatic tertiary amine sulphate is

rapid and easy. No problems have been found.
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5.2. D2EHP System

Molybdenum, like uranium, can exist'in acidic solutions as both anion
and cation species in equlibrium, so that either eationic types of organic
extractants (e.g. TOAS) or anionic types of extractants (e.g. D2EHP) may be
used for recovering the metal from the aqueous phase. Tungsten, however,
does not exhibit this property of forming cations asg far as its recovery by

solvent extraction is congerned.

The solvent extraction process can take advantage of this difference
and it is posgible to separate molybdenum from tungsten when bdth are

present in acidié .solutions, by extracting the molybdenum with D2EHP,

D2EHP shows little or no extraction power for tungsten from
acidic sulphate solutions (Table 4. (p.107 )). This confirms that tungsten
ﬁever exigts in a cationic foxm in the acidic sulphate solutions. The
negatively charged tungsten species are particularly easy to extract

solutions with TOAS as was shown above.

At low concentrations of hydrogen ions in the aqueous phase, D2EHP
behaves as a typical cation - exchange extracting agent, and the complexes
extracted are usually,co-ordinatively solvated metal salts with general formula

+ . ' s
M (R2P04)2.61HRZPO , where q is the number of D2EHP molecules solvating

the metal cation, and where H32P04 is fhe acid D2EHP.

It has been demonstrated that the experimental data can be explained
in a satisfactory manner by considering that the molybdenum is extracted by
D2EHP predominantly in the form M0022+, the complex present in the organic

phase being mainly MoOa(RQPO 4)2.2HR2P,0 anhidrides (30).

4

Fig. 4.2.2.10.(p.80’ ) shows that saturation of D2EHP with molybdemam
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occurred with. 4 molecules of D2EHP per atom of molybdenum, which is in
good agreement with formula of the complex MoO2.(R2PO4)2.2HR2PO4. The
dimerisation of D2EHP moleculeg in the organic phase has been established

by a number of authors.(49).

The fundamental reaction taking place between D2EHP and Moog+ can

be described by equation (5.1)..

Mo0, 2+ 2(AR,0,), = MoO0,(R,P0,),.2HRPO, + on*

o+ (5.1.)

for which the equilibrium constant is (in terms of éoncentration rather

than activity) ~ L1712
[M002(R2PO4)2.2H32P04] {H ]

-[140022+:' [(HZR2PO e ] 2

[rolopg [

[Mo]aq [kHR2PO4)2 ] 2
=]

[(mzzpo 4)2}2

and log Dyo = log K+ 2 log [(HR2PO4)2] + 2pH

K

1=

D

Mo e

Fig, 4.2.2.4 (p. T4 ) and Fig. 4.2.2.5 (p. 75.) show the effect of
pH on the thj They show that the cation M0022+ can be extracted to a
maximim extent between pH2-and 3, and Mb022+ can exist at least to pH 4 - 5

although undoubtedly at a very low concentration.

According to equation (5.1), the pH of the aqueous phase after extraction

of M0022+ should have decreased because two hydrogen ions (2H+) are rcleased

per molybdenum extracted. Practical results showed, however, that the pH
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after extraction with D2EHP had always increased. These results can be

explained as follows.

As molybdenum co-exists in anion and cation forms we can explain

possible anion ...~ cation equilibriums:

- 2+
' (a) M004_ + 4H+ ~ MbO2 + 2H20
- + . 2+
(b) HMoO, + 3H _.» MoO, + 2H,

4 :
(c) M 0.6 + 20 . TMo0?T 4 10 H,0
Or¥eq4 TV V= 2 2

To convert anionic mglybdenum to the cationic form, the system
consumes considerable guantity of hydrogen ions. Egquations (a) and (b),
where the molybdenum exists in a monomeric state (at low concentration),
show that conversion of an anion to a cation so as to replace a cation
extracted, and so re-establish equilibrium, consumes more hydrogen ions

than are reieased by the extraction process, equation (5.1).

Ag it is well known that molybdenum is polymerized in weakly acidic
solutions, it is better to take equation (c) as representing the cation ——..

T

anion equilibrium equation.

22+ is always much

larger than the amount of hydrogen ions released according to eguation

Thus consumption of hydrogen ions to produce MoO

(5.1). This is assumed to be the reason for the increase of pi after

extraction with D2EHP (pH positive deviation).

nH negative deviation can obviously be explained in an analogous
way, because TOAS extracts anions only and the equiliﬁrium should ﬁove to the

left hand side of equations (a), (b) and (c), where large numbers of

hydrogen ions are releassd to lower the pH of the system. Pig. 4.2.2.6 (p 76

D ver



shows thisg effect.

Cationic molybdenum distribution coefficients were much lower than
those 6f anionic molybdenum. The extractibn isotherms of Fig. 4.2,1.1.2
(p. 66 )and 4.2.2.1. (p.71 ) may be compared. The latter shows that the
_extraction isotherm is linear to the saturation point, which means that

the cation does not polymerize.

The over-all extraction equation with D2EHP can therefore be

described as follows. -

6 cemt +14 (HR2P04)2 _— T 11002(32Pq4)2.2m121>o4

qu O2 4

2

for which the equilibrium constant is

v gﬂqooz B,2P04)2.2H“RZPO4].alngo

2

+ 10 H,0 . - (5.2)

a 6 +. _14
Mo, 0oy QB J [HR2P04]2
(ionic charges of species are ignored in éctivity'and concentration
expressions)
7
Mo. QoY
org . H,0 Mo, org.
¢ ' 6 . ‘4' LN
MO .aq aH+ [HR2PO4]2 yorg- ﬂYMO"aci

If we assume that D2EHP in the organic phase is in large excess and
at constant concentration, the pH is constant, and the activity of H20
and activity coefficients of molybdenum in both organic (VMO;org.) and

~aqueous (7Y lMo ,aq) phases are constants

7 :
c
K 3 = Mo, org
CMo, aq
/7 -
= K L)
CI-To, org 4 ° CMO’ aq , (5.3)
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1/7 | - =6/7

DMO = CMO,CI‘E = K4. CMo,aq =K4.CMO,8.Q ( )
e 5.4
CMb,aq _ QMo,aq‘

DME is the distribution coefficient of the molybdenum being extracted

by D2EHP. Equatiom (5.3) indicates that the concentration of molybdenum
in the organic phase does not depend very much on its concentration in the
aqueous phase, and this must be the good féason vhy the distribution
coefficients'with DZ2EHP aie so low compared with those of TOAS extractions.

These are good agreement with the results obtained.

Equation (5.4) indicates that the distribution coefficient increases
in proportion to the decrease in concentration of molybdenum in the
agueous phase and is independent of éhe molybdenum concentration in orgaﬂic
phase; the smaller CMo,aq, the larger the DMb value, which is in good
agreément with the results obtained.



~101-

5.3. Separation of Tungsten and Molybdenum with IREHP

When molybdenum and tungsten were present together in solution,
and molybdenum was extracted by D2EHP, the molybdenum distribution
coefficient decreased significantly as the tungsten concentration

was inereased.

When the concentratién of tﬁngsten is much larger than that of
molybdenum ( C_>> CMo.) and if it is assumed that in weakly acidic
medium the predominant fungsten polyanion is wizozg_ , the
corresponding tungsten - molybdenum polyanion can be expressed

10~
WX'MOIZ_XO4l .

The concentration of molybdenmum which is not bound with tungsten
(free molybdenum), is determined by the dissociation equilibriuﬁ of the
hetero-polysnions and the ratio of the concentrations of tungsten and
molybdenumn.

Since

(WM0),,0,," +7H,0 == 12(W0;7,M00,”) +14H*

—
12 214 + (5'5>
where K 5= a'( WO,,MoO, ) H
7
EaW“M°h2C§| Eino
vhen 7 and Eino are constants
: 112
= (5.6)
‘ a(WOA,MoOA) Kba (W,Mo)‘204] .
and since
~ CMO . a
MoO Cu +C WO, ,MoO
therefore N Mo = W (W 2
C 112 .
a ~_ Mo . Kb . a (5 7)
MoOy CMo +Cw (WeMo )59,
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If the concgntration of tungsten in the solution is much higher

than that of molybdenum, i.e. Cw_?>> CMo

EHTVWPkmE%fu Eivv S

12741
and
CMo ~ CMo
and Cro*Cw Cw |
. . "Q ' CPb 2 (5.8)
aMoo4 ~ Ke Cwy aw 241 | )

In acidic solutions tungsten is almbst completely in the form of

polymeric ions and

1 .
aW12041 ~ 7 Cw s (5.9)
taking activity coefficient of ions Wi, CQFD as constant
from (5.8) and (5.9) we get

= -11/12 , ‘
Amoo, = K Cug Cw (5.10)

Assuming that the molybdenum is not polymerized when in dilute
solutions and is present in the form of M0042" , the extraction of
molybdenum with D2EHP can be given as following:

235yt —_ . .
MoQ,*2H*+ 2(HR,PO,), Mo0,;(R,PO,); 2HR PO, +2H,0

where 2
A Mo04(R, PO, ), 2HR,PO, * A0

Amoo,” aH+ a(HR POy},

or 2
CMo org. . a~H70 ) ’YMO org.

8~MoO4 a~H"' E_{R PO] org

Ke

when the activities of water and hydrogen ions and the concentration
and activity coefficient of the organic phase are constant,

then - CMO.O"&: Kg aM004

or substituting the value a, . from equation (5.10)
T4
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~11A2
c Mo,org. =K CML‘; CW

o ~ ~N2
o KIO CW

we get

and DM

Equation (5.,11) and (5.12) indicate that the concentration of
molybdenum in the organic phase is proportional to the concentration
of molybdenum in the agueous phase and it decreases in proportion

to the increase of tungsten concentration to the power of 11/12-

The distribution coefficient of molybdenum in the presence of
tungsten is inversally proportional 1o the concentration of tungsten
in the solution to the power of 11/12 and it does not depend upon the

molybdenum concentration in the aqueous phase.

Both of these deductions are in good agreement with the results

obtained experimentally.

(5.11)
(5.12)
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6. Conclusions
The following cecnclusions may be drawn from the experimental
results,

(1)

(2)

(3)

(4)

(5)

(6)

TOAS in benzene has been shown to be a remarkably effective

extractant for tungsten or molybdenum from acidic sulphate liguors.

Tungsten distribution coefficients wére higher than those of

molybdenum with the same strength of TOAS.

When the agueous solution contained tungsten and molybdenum
together, and was extracted by TOAS, molybdenum was totally
3 .

coextracted when tungsten vas totally extracted. Tungsten and

molybdenum separation, therefore, depends on the preliminary

extraction of molybdenum.

I2EHP showed little or no extraction ﬁower for tungsten from
sulphate solutions. This confirms that tungsten does not exist

in a cationic state in the solution.

The extraction maximum for molybdenum with DZEHP or TOAS was in

the pH range 2 - 3.

Molybdenum distribution coefficients with TOAS were higher than
those with D2FEHP under the same extraction conditions. This is
due to the fact that in the acid aqueous phase, the anionic state

of molybdenum is much more predominant than the cationic state of

molybdenum.



(7)

(8)

(9)

(10)

(11)

(12)

(13)

~105-~

The saturation of DZEHP with molybdenum was in good agreecment
with a formula for the complex, MOOZ(R PO4)2 « 2HR, P04,

corresponding to 4 molecules of IREIP per atom of molybdenum.

When molybdenum is extracted with TOAS or D2EHP, the pH of the
initial working éolutions should be 2 for I2EHP and 3 for TOAS,
because D2EHP deviates positively and TOAS negatively, so that
the pH after extraction Qill reach that corresponding to maximum

extraction.

Stripping of molybdenum from D2EHP must itake place in an ammonium
carbonate medium, since direct stripping of the D2EHP with ammonia

solution forms a stable emulsion.

The molybdenum distribution coefficient with IREHP was significantly

decreaéed when the tungsten was introduced into the solution.

Separation of molybdenum from tungsten.by T2EHP seems to be
applicable to solutions where the WYMb ratio is not too great. In

that case molybdenum is comparatively easily separated from tungsten.

Tor solutions with greater tungsten concentrations and small amounts
of molybdenum it was not possible to exiract all of the molybdenum
in a simple extraction system. An infinite number of theoretical

stages is necessary.

Addition of fluorine (F ) into a molybderum - tungsten solution

as a depolymerization agent did not give any improvement of the

molybdenum distribution coefficient.
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7. Appendix (Tables of Dét@)

Table 1. Extraction isotherm of tungsten with 0.011M TOAS in benzene

(Initial working solution pH 2.5)

Fe'y

(e/1)

0.23
0.606
1.066
5.58
15.54
35.62

Yw Dw
(e/y)

3.677 -
4.36 18,957
4.36 7.195
4.45 4.174
4.42 0.792
4.46 0.287
4.38 0.123

Table 2. Extraction of W (5 g/l) with various strength of TOAS

(Data for log TOAS v log Dw)

pH TOA; log X Yw log Du 9% Mass
Before After (Y1) TOAS (&/y) (&/1) balance
2,47 1.56 0.1 -1 0.,0003 5.1160 17053 4.2317 102.32
2.47 2.20 0.01 -2 0.6064 4.3598 7.1896 0.8567 99.32
2.47 2.49 0.001 =3 4.5167 0.4645 0,1028 -0.9887 99.62
2.47 2.49 0.0001 -4 4.9070 0.0540 0.0110 '-1.9587 99.22
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Table 3, Saturation of TOAS with W

(411 working solutions pH 2.5 initial)

Initial 0.01M TOAS 0.02M TOAS 0.04M TOAS 0.08M TOAS
working @ _ ; ( ) N
Ges ) (o (w%gﬁS) (Yo e e (»Tv(;is (e e
. . g

1 (M/] ) (M/l) ( /'[/1 ) (I I/1 )
10 0.024 -0.417 0.0515 0.3988 0.0573 0.698 0.0559 1.4311
20 0.024 0.417 0.04999 0.4001 0.1063 0.3763 0.1114 0.7181
40 0.0238 0.42 0.04939 0.4049 0.1044 0.3881 0.2151 0.3719
Table 4. Extraction of W with 10f6 D2EHP in benzene
Initial working soln. Xw Yv Dw % Mass balance

v (g/7) P quit,’ (/1)  (&/7)

10 2.46 10.26 0.029 0.0026 102.88
20 2.34 20,128 0,045 0.0022 - 100.87

40 2.34 41.430  0.037 0.0009 103.67
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Table 5. Extraction Isotherm of Mo with 0.1M TOAS in Tbenzene

Initial working soln. X log X ' T, log¥ Dy, Log Dy
ub(ngQl) log(Mo),  pe/p ugygl

5 0.6990 0.5 -0.301 4.5 0.65 9 0.95
10 1 0.67 -0.1T4  9.33 1.14 13.9 1.14
20 1.3010 1 0 19 © 1.28 19 1.28
50 1.6990 1.17  0.07 48.53 1.69 41.7 1.62
100 2 1.17  0.07  98.83 1.99 84.5 1.93
200 2.3010 1.34  0.13 198.66 2.30  148.3 2.17
400 2.6021 1.67 ° 0.22 398.%3 2.60 238.5 2.38
800 2.9031 2,16  0.33. T97.84 2.90 369.4 2.57
1000 3 2.5 0.39  975.5 2.99 399 2.60
2000 | 3.3010 3 0.48 1997 3.29 665 2.82
5000 3.6990 7.6 0.88 4992.4 3.69 656.9 2.82
10, 000 4 11.6 1.06 9988.4 3.99 861.1 2.94
20,000 4.3010 2500 3.39 17500 4.24 7 0.85
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Table 6 © Saturation of TOAS with Mo
(A1l working solution pH 3 initial)
‘s 0.01M TOAS 0.0211 TOAS 0.04M TOAS 0.01M TOAS
Initial
VWorking

Solutions (Mo)org. (TOAS)

(o g/y) (W/y)

(Mo)org.

(o) org. (/)

(TOAs)

fMoi org.

(Mo)org. (TOAS)

(Mo)org. (TOAS)

(1%/4) (o) ore. (/1) (o) org.

i 0.0104
2.2 0.0224
3.8 0.0249
5.294 0.0291
6.28 _0.0262
13.5
23

0.96
'0.446
0.402

0.34
0.382

0.0104

0.0228

10.0395

0.0541

0.0514

1.923-
0.877
0.506

0.370

£ 0.389

0.01042 3.839
0.0229  1.747
0.04145 0.965
0.0551  0.726

0.0654 0.611

0.0843 9.474

0.01042 9.597
0.0229  4.367
0.0396 2.52

0.0551  1.815
0.0654 0.529
0.1407 0.711

0.2287  0.437
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Table 7 The effect of sulphate ions on the extraction of
' Mo with 0.1 M TOAS in benzene.

Aqueous Initial x Yo D

Mo Mo . Mo
Mo (g/y) 80, (/) beforggéfter 36/ ) Gie/)
1 0.1 2.00 1.60  0.69 999.31 1448.28
1 0.5 2,02 1.78  1.39 998. 61 718. 42
1 1.0 2.07 1.87  2.50 997.50 399
1 1.5 2.02  1.87  4.17 995.83 238. 81
1 2.0 2,00 1.86  7.78 992.22 127.53
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Table 8. vH effect on the extraction of Mo with TOAS
a) * Aqueous 1g Mo/1 , organic 0.0125 M TOAS
pH ‘ L Mo Yl;ro' Dy
Before After ©e/ ) (me/, 1)
2.09  1.92 3.35 996. 65 297.51
2.46 2,10 2.1 ©997.9 475.19
2, 0 2.20 2.1 997.9 475.19
3.57 2.23 1.85 _ 998.15 239.54
D39 2.92 2.1 997.9 475.19
9.12 3.74 4.54 . 995. 46 219.26
10. 40 5.38 667 333 - 0.50
b). Aqueous = 2.25 g Mo/1 , organic 0.018 M TOAS
pi - o Tyo Dito

Before  After (re/m) (me/ )

- 0.8 . 0.8 275 1975 7.18
1.0 1.0 165 2160 13.09
1.2 1.2 70 2330 33.29
1.6 1.6 26 | 2299 88.42
1,76 1.76 18 2482 180
2.0 2.0 12,5 2487.5 : 199
2,36 2,10 9.5 2490.5 ‘ 262.2
2.87 2.30 7.5 2442.5 325.7
3.08 2.38 9 - 2391 265.67
3.88 2.42 6 2394 399
4.10 245 T 2493 356.,1
D.24 4.94 410 - 1790 4.357

5.42 5.14 900 1400 1.56
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Table 9 Extraction isotherm of Mo with 0.1 M D2EHP in benzene

Aqueous: pH 2 initial
1 u/ 1 frH 4 )ZSO 4 background
Mo conc, 10 - 2000 pg/m1

X Mo (pg log X . i ng/..
o (pe/ ) loe Xy, Yy Wely)  log Yy

1 0 9 0.95
2 0.30 18 1.25
5 0.69 45 1,65
10 1 90 1.95
40 1.60 160 2,20
63 1.80 337 2,52
163 2,21 637 2.80
384 - 2.58 616 2.79

1275 3.11 725 2.86
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Table 10. Extn. Isotherm of Mo with 10% D2EHP in benzene

Mo initial | pH_ quil. X0 V Ym_Q Do
»e/n : &/ -7

1310 2.12 220 1048 4.76
2400 2.62 525 1875 3.57
4800 | 2.45 1900 2.900 1.53
6100 2.38 3000 3100 | 1.03

Table 11, The effect of sulphate ions on the extraction of Mo

with 0.1M D2EHP in benzene

Aqueous initial pH XMo YMo DMo

Mg(g/l) 'SOA, (M/l) Before After (ug/ml) .(ug/ml)

1 0.1 2.0 2.0 400 600 1.5
1 0.5 n " 470 530 1.1
1 1.0 n o 510 490 0.96
1 1.5 " " 520 480 0.92

1 2.0 n y 515 485 0.94
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Table 12 The effect of pH on the extraction of Mo

(Aqueous 1 g/l Mo)

pH equil. 0.3 I D2EHP -

D log D

Mo Mo
0.68 6.69  0.825
1.14 18.20  1.260
2.24 57.82  1.762
2.80 = 34,71 1.540
5.40 11.50  1.060
4.02 1 0

(hqueous 1 g/l Mo)

pH equil., 0.5 M D2EHP
D log D
Mo ° Mo
0.68 19 1.279
1.14 32.33  1.509
2.24 124.0 2.093%

3.12 65.7 1.818
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Table 13 The effect of pH on Mo extraction with 0.1M D2EHP

(Ammonium paramolybdate)

(Aqueous 1g/1 Mo)

PH equil DMo
1 1.5
2 ' . 1.85
3.40 0.357
3.88 0.141

4.46 0,066
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Table 14. pH change with D2EHP and TOAS
a) pH change in the extraction of various concentrations of
molybdenum with initial pH2 with.various concentrations of

D2EHP (positive pH change)

WORKTNG SOLN , .. ~ O.1M DOEHP 0.2M D2EHP
Mo ‘ ApH ApH
H . .. pH H : pH ApH +
(/) P anig Pleg AP Mo)init -8 (o) 5154
0.0141  2.16 2.24 0.08  5.67 2.3l  0.15  10.64
0.0283  2.16  2.28 .0.12  4.24  2.40 0.24  8.48

0.0425 2,20 2.30  0.10 2.35 2.44  0.24 5.65
0.0550 2.10 2.18  0.08  1.45 2.29  0.19 3.45
0.0730 2,08  2.14  0.06 0.82 .2.24 0.16 2.19
0.1695 2,18 2.23  0.45 0.30 2.37  0.19 1.13

0.2680 2.16 2.18 0.02 0.09  2.25 0.09 - 0.34

0.4M D2EHP 1M D2EHP

WORKTNG SOLHN init
M

pH. . pH ApH ApH pH ApH A pH
?Wl) init eq mt eq (m):np_{b

0.0141  2.16  2.36  0.20 .14.18  2.35  0.19 13.48
0.0283 2,16 | 2.48  0.32 11.31 2,52 0.36 12.72
0.0425 2.20 2.66 0.46 10.82 2.68 0.48 11.29
0.0550  2.10  2.50  0.40 7.27 2.56  0.46 8.76
0.0730  2.08  2.46  0.38 5.21 2.60  0.52 T.12
0.1695 2.18  2.76  0.58 3.46 3.39 1.2 7.22
0.2680 2,16  2.53  0.37 . 1.38 3.56  1.40 5,22




b) pH change in the extraction of various concentrations of
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molybdenum with initial pH3 with various concentrations of TOAS

(negative pH change)

WORKING SOLI, ., O.OLH TOAS 0.02M TOAS

M(ZM/ 1) Pintt Peq At MA"DI;; it .PHeq A P8 mégg}ji.nit
0.0104  3.00 2,34 -0.66  -63.46 2,12  -0.88  -84.62
0.0229  3.18 2,36  -0.82  =35.81 2.24  ~0.94  =41.05
0.0396  3.04 2.41  -0.63  -15.91 2.24  =0.80  -20.20
0.0552  3.02  2.48  =0.54 ~8.24  2.22  =0.80  =14.49
0,0655  2.98  2.46  =0.52  =7.94  2.23  -0.75 =11.45
0.14017 2.89  2.54 =0.35 ~2,49  2.34  -0.55  -3.91
0.3023  3.06 2,77 =0.29 =0.96 2.57 =0.49  =1.62
WORKING SOLN; st 0.0411 TOAS .0.1M TOAS

Igf/ 1) Pingg P ¥ MAO i{n it Hea o (ﬁ‘%lillit
0.0104  3.00 1.96  ~1.04 =100 1.24  -1.26  -121.15
0.0229 3,18  2.02  -1.16 =50.66  1.76 -1.42 = 62
0.0396  3.04  2.06  =0.98 -24.75  1.77 =1.27 = 32
0.0552  3.02  2.14  -0.88 -15.94  1.80 -1.22  -22.1
0.0655  2.98 2,16  -0.82 -12.12 1.8l  -1.17 -17.8
0.1407  2.89  2.12  =0.77 =5.49 2,02 -0.89  ~6.18
0.3023  3.06  2.31  =0.75 =2.48 1.96  =1.08  ~3.57
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Table 15. log D2EHP Vv 1log I%o:

(411 working solutions initial'pHZ)

log (D2EHP) log Dy, .
Mo 2.71l4g/; Mo 4.075g sy Mo 5.295¢/, Mo 7 g/l Mo 16.071g/, Mo 25.714g/

-1.0 -0.2366  -0.4089  =0.4949 -0.5850 -0.8239  -1,2218
~0,6990 | 0.4346 0.1072 0 - -0.1427 -0.,4437  ~0.6990
-0.3979 (1.9685) 1.0212 0.8759 0.6201 ~0.0969 -0.3010

0 2.1492 1.9232 2.4378 2.5611 0.5441 0.2227

Table 16. log D2EHP v 1log IMo

(A11 working solutions initial pH3)

log (D2EHP) log Dyyq
Mo 2.680 &/, Mo 3.925 Mo 5.2 g/; Mo 6.857g/; Mo 15.714 e/y

~1,0 -0,6778 0.7212 -0.8239 -0.8386 (-0.8928)
-0.6990 ~0.3768 ~0.4318  =0.4949 -0,5850 ~0.7959
-0.3979 0.1523 -0,0809 ~0.1367 ~0,2596 ~0.4815

0 (2.0492) 1.2%8 1.009 0.7324 0.1614
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Table 17 The effects of initial pH and concentrations of molybdenum

on the DMo with D2EHP.

wonx1¥gn§2?g§§0N Do |
Mo (g/l) pH 0.1M D2EHP 0.2M D2EHP 0.4¥ D2EHP
1.357 - 2.16 2.16 4.07 -
2.714  2.16 0.58 ' . 2,72 9%
4.075 2,20 0.39 1.28 10.49
5.275 2.10 0.32 1 7.21
7.000 2,08 0.26 0.72 4.17
16.071 2.18 0.15 0.36 0.80
1.286 2.92 0.64 - 1.37 31,97
2.680  3.23 0.21 0.42 1.42
3.925 3.10 0.19 | 0.37 | 0.83
5.200 3.06 0.15 0.32 ' 0.73
6.875 3.00 " 0.145 | 0.26 0.55

15.714 2.85 0.128 0.16 | 0.3%
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Table 18. Saturation of D2EHP with Mo

(A1l working solutions pH 2 initial)

0.1M D2EHF 0.2M D2EHP

Initial
ot G, Gmm Ge),, g
(Mo &/;) ;) org /) org
1.357 0.0097 10.31 0.0114 17.54
2.714 0.0104 9.52 0.0207 9.66
4.075 0.0119 8.40 0;0239 8.37
5.275 0.0133 - 7.52 ~0.0274 7.30
7 0.0149 6.71 0.0305 6.56
16.071 0.0223 4.48 0.0447 4.47
25.7.14 0.0149 6.71 " 0.0447 4.47
Initial 0.44 DOEHP 1M D2EHP
e Go,  Gmm Gel, gl
(Mo g/y) (/) o) org /) o) org
1.357 0.0115 34.78 0.0118 84.75
2.714 0.0279 14.34 0.0281 35.59
4.075 0.0388 10.31 0.0419 23,87
5.275 0.0483 8.28 0.0548 18.25
7 0.0588 6.80 . 0.0728 13.74
16.071 0.0745 5.37 0.1303 7.67

25.714 0.0893 4.48 0.1675 5.97
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(A11 working solutions pH3 initial)

Toitial 0.1M DREHP . 0.2) D2EHP
- Mo IEIE Mo DoEED
%gg%%s EMZC))rg " T’fg EM/:)Jrg " ore
1.286 0.0052 19.23 0.0077 25.84
2.680 0.0049 20.59 0.0083 24.21
3.925 0.0067 15.02 ' 0.0111 18.02
5.2 0.0070 14.21 0.0130 15.38
6.857 0.0082 12.21 0.0149 13.42
15.714 0.0186 5.38 0.0223 8.95
Initial 0.4} D2EHP 1 M D2EHP
gg;ﬁ?fﬂs (MO ) org (%Z%I‘Pl (MO ) org II')IgEEP
(Mo g/ 1) (M/l ) org (r/. 1 ) org
1.286 0.0130 30,77 0.0131 76.34
2.680 0.0164 24.39 0.0277 36,17
3.925 0,0186 21.51 0.0387 25.85
5.2 0.0229 17.44 0.0494 20.26
6.857 0.0253 15.81 0.0603 16.58
15.714 0.0410 9.768 0.0968 10.33
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Table 20. Extraction of molybdenum with D2EHP in the presence of tungsten.
Aqueous Mo lg/l throughout

W o, 10, 20, 40 g/l

organic 0.1, 0.29 M D2EHP

(1) % Extraction of Mo in the presence of W

9 ok '
Working soln. % Extraction of Mo

WAto 0.1M D2EHP 0.29M D2EHP
0 48.50 ) 80
10 18.40 45
20 9.80 28,6
40 3.60 13.6
(B) Effect of W presence on Dy
Working soln. Do
W/Mo 0.1 D2EHP 0.29M D2EHP
0 0.924 4.764
10 0.229 0.8182
20 0.123 0.4005

40 0.040 0.1574
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of Mo -
Table 21. Extn/ with 10% D2EHP at various concentrations of tungsten

backeground.

Initial Working Soln. X0 Yy Yy ﬁiEHP
Mo (&/1y W &/y  PHagusn  (&/)) (/) V) oTe
.31 0 2.12 0.220 1.048 0.01092 26.56
2.4 0 2.62 0.525 1.875 0.01954 14.84
4.8 0 2.45 1.900 2.:900 0.03023 9.59
6.1 0 2.38 3,000 3,100 0.0%231 8,98
1 10 1.28 0.550 0.450 0.00469 61.8%
p) 10 1.80 1.128 0.872 0.00909 31,90 .
10 10 2.60 7.760 2.220 0.02314 12.53
1 20 1.47 0.714 0.286 0.00298 97.31
2 20 2.44 1.376 0.624 0.00650 44.62
5 20 2.50 3.560 1.440 0.01501 19.32
10 20 2.50 8 2 0.02084 13.92
1 40 2.52 0.664 0.136 0.00142 204.23
2 40 2.48 1.6 0.4 0.00417 69.54
5 40 2.53 4.570 1.430 0.01490 19.46
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Table 22. Extraction of W and Mo with 1096 D2EHP

Y.

Initial Working Soln. W Y e o Bﬁiﬁiiz 5 5

Mo W Wy PHog of W W Mo ( Do )
(8/1) i

0 10 2,46 10.26 0,027 102.86  0.0026

1 10 10 1.28 10.23 0.077 0.55 = 0.45  103.27 0.0075 0.8182 108
2 10 5 1.80 9.799 0.092 1.128 0.872  98.91 0.0094 0.7930 82
10 10 1  4.18 10.082 0.0038 9.624 0,376 100.86  0.0004 0.0391 103
10 10 1  2.60 10,092 0.041 7.780 2.220 101.33  0.0041 0.2853 70.2
0 20 2.34 20,128 0.045 100.87  0,0022

1 20 20 1.47 20.997 0.0462 0.7i4 0.286 105.10  0,0022 0.4005 182
2 20 10 2.44 20,196 0.033 1.376 0.624 101,14  0.0016 0.4535 278
5 20 4  5.17 20.459 0.0051 4.900 0.010 102.32  0,0002 0.0204 82
5 20 4  2.50 20.148 0,045 3.560 1.440 100.96  0.0022 0.4045 184
10 20 2 2.50 19.564 0.046 8,000 2,000 98.05  0.0023 0.250 106
0 40 2.34 41.430 0.037 103.67  0.0009

1 40 40 2.52 40.172 0.0304 0.864 0.136 100.51  0.0007 0.1574 208
5 40 20 2.48 39.350 0.0299 1.6 0.40  98.45  0.0007 0.250 329
5 40 8 2.53 38.564 0.055 4.570 1,430 96.39  0.0013 0.3129 239
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Table 23. The effect of W background on the DMb with 109% D2EHP

Aqueous initial

Mo W D
AN M"
1.31 0 - 476
2.4 0 3.57
4.8 0 1.53
6.1 0 1.03
1 10 0.8182
2 10 0.7730
10 10 0.2853
1 20 0.4005
2 20 . 0.4535
5 20 0.4045
10 20 0.250
1 40 0.1574
2 40 0.250
5 40 0.3129

10 40 0.2853
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Table 24. The effect of W concentration (40 g/i) on DM0 with 109 D2EHP

Aqueous initial

Mo W
D
(a/y) (e/) -
0.460 40 0.068
0.500 40 » 0.087
0.560 40 0.110
| 0.62 40 0.125
0.68 40 0.145
0.75 . 40 0.147
0.84 40 0.160
1.0 40 ‘ . 0.150
2.0 40 0.250

5 40 0.3129
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Table 25, The effect of tungsten concentration (40 g/l) on the

Aqueous initial

extraction % of Mo with 10% D2EHP.

Mo W W/Mo % Extraction

(&/7) (e/1) ratio

0.460 40 86.96 - 6.52

0.500 40 80 8.00

0.560 40 T1.43 9.82

0.620 40 64.52 11.29

0.68 40 58.62 13.24

0.75 40 53.33 13.33

0.84 40 47.62 14.29

1 40 40 12.5

2 40 20 20

5 40 8 28.6

Aqueous initial

Mo v F ¥/t % Extn.
(&/7) (e/7) W/ ratio

0.59 - 40 0.01 67.8 5.08
0.62 40 0.0L 64.5 4.84
0.67 40 0.01 59.7 5.97
0.72 40 0.01 55.6 8.33
0.74 40 0,01 54 6.76
0.84 40 0.01 47.6 8.33
0.92 40 0.01 43.5 10,87
1.02 40 0.01 0 12
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Table 26. Successive batchwise extraction of 1 g/i Mo (4Cg w/i background )

with 109% D2EHP,

D

Initial pH Yo Yo Mo % Mass Yo D2EHP
Mo ?;?ii Before After (&1)  (&/7) balance - (Hol/;) Tito

1 2,50 2.50 0.840 0.125 0.15 96.5 0.00130 223
0.84 ‘2.50 2.54 0.750 0.120 0.16 103.57  0.00125 232
10.75 2,54  2.54 0.680 0,100 0.147 104.00  0.00104 278.85
0.68 2,54  2.56 0.620 0.090 0.145 104.41  0.00094 309.17
0.62 2.56  2.60 0.560 0.070 0.125 101.61  0.00073 397.26
0.56 2,56  2.62 0.500 0,055 0,11 99.11  0.00057 508. 77
0.50 2,62  2.66 0.460 0.040 0,087 100.00  0.00042 695.44
0.46 2.66  2.70 0.440 0.030 0.068 102.17  0.00031 9%5.48
Table 27. Successive batchwise extraction of 1 g/i Mo (40gVM(1)and 0.01 MF~

in working solution) with 10% D2EHP.

Initial 0 ) D % Mass Y DPEHP
M?a;;gco Befoie After ?2?&) (g?i) * iglance (M°¥?i) %?ﬁ;j‘l'
1.02 2.70 2,70 0.920 0.120 0.13 101,96  0.001251 231.82
0.92 | 2,70  2.72 0.840 0.100 0.12 102.17  0.001042 278.31
0.84 2.72  2.74 0.740 0.070 0.095 96.43  0.,000730 397.26
0.74 2.74  2.78 0.720 0.050 0.07 104.05  0.,000521 556.62
0.72 2,78  2.82 0.670 0.060 0.09 101.39  0.000625 464
0.67 2,82  2.88 0.62  0.040 0.065 98.51  0.000417 69544
0.62 2.88  2.92 0.59 | 0.030 0.05 100.00  0.000313 926.52
0.59 2.92  2.96 0.56  0.030 0.05 100.00  0.000313 926.52
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