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ABSTRACT
Molybdenum (Mo) can exist — in five oxidation states and ity
o extraction chemistry is further complexed by the presence of metal ions
such as nicked (Ni) . cobalt (Co), chromium (Cr) and iron (I'e).
Iffizient extraction of Mo was obtained using Alamine 336% with the
Jollowing conditions:
oepll = -0.30
® 304 giramys perlitre  chloride concentraction
e | 160 millivolt  solution potential
o 3I8°CT- - operating temperature and
o [ minutes - comtact time

Good selectivity for Ni and Cr was realized as co-extraction of Mo, Co
and e occurred under the above conditions.  Selective stripping of the
metal values from the amine solvent was accomplished by varying the
pli,  ¢hloride concentration, solution potential and the degree of
agitcation.  Molybdenum value was recovered through o wo-step
prec.pitation of the strip eluate with NIl

Keywords:  Molvbdenum, superalloy waste, chlovide leach, tertiary
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amiae, extraction,  Alamine  336%,  solution  potential,  selectivity,

temperature, complex ions, active organic and degree of mixing.

INTRODUCTION

Molybdenum is a strategic metal and an important alloying clement in the production of

steel and super alloys. 1t is used in the chemical, nuclear, missile and aircral as well as the
“electronies industries. It is corrosion resistant with good thermal conductivity,
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Twnlogy and other waste from superalloys constitute secondery zources for strategic
metals such as Mo, Co, Cr, N1, ‘T and Pt Eftective and elliciont separstion of the molybdenum
value, in the presence of the above metal ions, was the focus of this investigalion.

‘T'he recovery of Mo from a superalloy waste using a tortlary amine solvent, with specitic
reference to Alamine 336% is presented. The results showed that Mo and other metal valuus can
be recycled using acid digestion and sclective solvent extraction techniques. o

MATERIALS AND METHOD

Solid Materiuls: ‘The feed to the leach . reactor was waspalloy grindings, obtained from
Speciul Mctals Ine; New York. ‘The grindings contained purticle size of ubout 80% finer
than 48 mesh and had an assay ol 56.7% Ni, 18% Cr, 13% Co, 0% Mo, 1% Fe with
some trace levels of AL T, Ta and W by weight

Solutions:

Reagent grade chemicals were used in the pu,pmulmu of various solutions used in
the investigation. 1lydrochloric acid was diluted to nine molar (9M) concentration and
usced for the leaching of the dust. The leach liquor was obtained after leaching and
filtering the undissolved valve mctals from the solution. This solution was then
contacted with a “solvent”, i.e. 30% (volume) Alamine 336%, 40% decyl alcohol and 30%
kerosene. ‘The strip snluuun were various concentrations of IlCl and NaCQ;.

Methods

-
~

The solid grindings were dissolved in a continuous flow reuctor designed by the
authors (Ltte, 1980). Various volumes of the acid solution were heated in the reactor and
the grindings introduced into the hot acid at the desired temperature. The reaction
temperaturc was maintained while samples werce drawn at regular intervals for analysis.
Pregnant liquor was withdrawn continuously when the concentration reached a constant
or steady valuc.

The fiitered leach solution was brought in contact with the sofvent in a mixer --
settler baticry. ‘The metal values were sclectively loaded on the solvent forming the
loaded organic. ‘T'he loaded organic was washed with concentrated hydrochloric acid
solution before stripping. The stripping solution (clectrolyte) contained various
concentration of chloride or carbonate, relative to available Information published In the

literatures. (Ette, 1980; Robinson, 1984; Rcinhardt, 1975; Wigllul 1972; Fujimori, ct al,
1980; Ojanen, 1980)

RESULTS &

The investigation was intended to be a study of the separation and recovery of
molybdenum from the other clements contained in the superalloy. Woirk on leaching and
solvent extraction was nccessary to fully understand the moiybdenum  choemistry.
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Problems ollen encountered by use of solvent extraction techniques include co-extracti
of Mo, Cr, and Fe and the subsequent poisoning of the solvent due to the inability t
completely strip the extractable species of these elements, even when they are present ae
msinor impuritics in the aqueous solution,

LEACHING

Effect of Temperature on the Kinetics of Dissolution

Tests were. conducted to determine the effect of tempernture on the lenching rate
and the results are summarlzed In Figure 1, 'The concentratlon of NI was used since it
was observed that the concentration of Fe, Cr, Co and Mo in the leach liquor were in the
same proportion as their concentrations in the feed (alloy grindings). At ambient
temperature, very little dissolution was observed afler 300 minutes but up to 20% of the
material Was dissolved at 70°C. Sixty percent dissolution was obtained at 90°C after 200
minutes of leaching. About 85% dissolution was observed in the continuous leach runs at
110°C.  This termperature was achieved in a variation of ‘the Long-Tube Vertical
I vaporator (1.1V) designed by the authors (Ftte, 1980).

Effeet of Particle Size, Pulp Density and Acid Concentration

"article slze did not seem to play a significant role in the dissolution kinetics as
shown in Figure 2,

AL 30 grams per litre (gpl) and 100gpl slurry, equilibrium concentration of nickel
scemed o oceur at 85.71% dissolution of the nickel value in the grindings. Increasing
the pulp density to 200gpl gave only 42.66% dissolution of the nickel content after about
200 minutes reaction in the reactor.

Beyond the stoichiometric amount, acid concentration did not have significant
ellect on the leaching, Minimum stirring was necessary to expose the particle surfaces to
the neid,

Characteristics of the Preguant Leach Solution

The followisig data were obtained at room temperature for the pregnant leach
solution:

Concentration (gpl): 87.50Ni, 32.50Cr,
20.20Co, 6.65Mo, 1.60 Fe, 294.59CI" 11, 2,0 M HICL.
Der:sity (g/ce): 1.28
. Colour Dark green
= _ Potential (mV): 4 177m (pt vs. saturated calomel)

SOLVENT EXTRACTION
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Solvent Selection

The following solvents were screened for use in separating the metai values from
the leach liquor: =

-~
~

- Mecthyl isobutyl kctone (MIBK) ’
- 5% ‘I'ributylphosphate (T'BP)

- Carbon Tetruchloride (CCly) and

- - Alamine 336®

MIBK, TBP and CCly did not exhibit sclectivity and cextracted Ni, Cr, ‘Fe, Co and Mo
from the leach solution (pll = -0.30). Partial solubility of MIBK resulted in significant
loss of the solvent. ‘Third phase formation was a problem with the above solvents.
lHHowever, this problem was not as scevere with Alamine 336.  Further scru,ning of
Alamine 336 to exploit this positive characteristic gave rise to the results shown in Table

1.
“Active Organic” A/C), the ratio of Alamine to isodecanol was varu_d to establish

optimal value for fast phase separation and the climination of cmulsion formation. At
A/C 2 1.0, significant extraction of Ni and Cr occurred. ‘The presence of Ni and Cr
made it difficult to strip the Co value afler five contacts with the clectrolyte. Large
amounts of emulsion was obscrved when basic solution were uscd to strip t!lw' organic.

At A/C ratio of 0.75 was selccted for the extraction based on the restilt of Table 1.
Using this value, Co was found to exhibit the relationship shown in Figure 3. Also -
presented in Figure 3 arce similar plots for extraction of Mo Irom the un-coxidized and
oxidized leach liquor. The slopes of the lines were 2.1 and — 1.6 for Co and Mo in the
un-oxidized solution. The oxidized solution gave 2.1 And 6.0 for Co and Mo,
respectively. The potentials were measured prior to extraction and stripping stages. The
un-oxidized solution was the solution obtained at the end of the leaching process.
Addition of appropriate quantities of the selected oxidant to the *“as leached” solution
gave the oxidized solution

Three extraction stages were required for cobalt in both the as - leached solution
and the oxldized solution decrense In the loading of Mo and Fe was observed with— .
increascd contact of the solvent with the un-oxidized solution. It is Important to note that
a single extraction stage was needed for complete removal of Mo and Fe from the
oxidized solution.

L4
' »

Figure 4 presents the cffect of contact time on the extructability of the various
clements. Three minutes seemed o give the highest percentage oxtraction of Co but
extraction of about 24% Cr and Ni was objectionable. Extruction of Cr and Ni dropped

253
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to nbout 20% ten minutes while high values of Co, Mo and I'e were maintained. Beyond
ten minutes, sglectivity was losi as extraction for all the elements increased. Ten minutes
was therelora pelected ns the contnet time,

Effect of Agitation

In order to obtain optimal mixing condition, Repeatability of results using
different mecijariical mixing devices, and the need to scale up the process for commercial
application reeessitated the development of a mixing factor having both the fluid and the
mixer parnmisters factor ealled Degree of Mixing (D,,) was developed based on the
angular velocity of the particles or system of paiticles, and represented by equation 1,

Din ™ 12 MWEIN O et e e ——)

Where r  redding of the mixer blades (¢m)
M = mass of particle or systems of particle (g)
W = angular speed of the particle (rad/sec)
0 = angle of throw of the blades (rad)

Conscquently, a specific mixing factor (I),) is defined as the Degree of mixing per unit
mass and is given by equation 2.

.
-

D, = D S ST 1T | Q—— emnemenna meenenaeas ammecnaass(2)
Muass of Fluid

Using a mechanical shaker the ceffect of mixing on extraction of the elements was
measured nncdidisplayed in ‘T'able 2.

For optima! co-extraction of Co, Mo, Mo, and Fe, sctting 7 was chosen and the
corresponding values of sin 0, w, and r were  substituted in equation (2), The optimal
value of the specific mixing factor 1)y was obtained.

D, =1 §m0
= 8.897 x 200 x 0.16 cm*/min.
w2529 Semimin.

This value ¢uld be obtained by appropriate combination of r, w, and 0 specified for a
. piver ayste ol mixer.

The oot um value of D, was found to be 42.2 cm?/g sec. Since r, w and O are
the mixer pir.oveters, appropriate combinations of their values will yield the optimum
value o Dy o any given system of mixer, This will ensure repeatability during process
scale up or chinnge of the mixing system.
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lffect of Chioride Concentration

- ‘I'he inflience of chloride concentration on the extraction of metal values from the
un-oxidized ledich solution is given in ‘I'nble 3. From Table 3, the extraction of Mo and
Fe are much lower than published values (Reinhardt, 1975). The low values could be due
to the cxistesice of some of these clements in more than one valence state. Chromium
was not extrected at 290 grams per liter of chloride concentration. Hence 300 gpl was
sclected as the operating chloride concentration, to provide a littie excess over the
observed val'Jg‘(Table 3). When the opcrating value was applied to the oxidized solution,
complete extraction of Mo and Fe was realized while 53% Co, 0.15% Cr and 0.85% Ni

were extracted at a single passes as shown in Table 4.

‘Table § presents the effect of temperature on the extragtion precess. Nickel and
chromium were not extracted at 38°C', At this temperature about 60% of Co, Mo and Fe,
were extracted Arom the as-leached solution on a single cortact. ‘The oxidized solution
yielded 100% extraction of Mo and I‘e with about 53% Co in a singlc contact.

+ A summary of the effect of solution potential is given in Figure 5. As the solution
beconits oxidized, selectivity for Cr and Ni is obtained. As the eduction potential
increases, mass extraction ol the species occur with Co remaining unaffected.  The
optimum solution potential was 1 860mV which corresponds to an oxidation value of 1.0
on the scale (Figure 5).

Stripping of Metal Values

Cobalt was stripped from the loaded organic using an clectrolyte (11,0) at pll = 2
and a chloride concentration between 50 and 100 grams per litre. The iron was stripped
using distilled .water. Solution of sodium carbonate (Na;CQO;) at 2-4 M was effective in
stripping the Mo without formatipn of emulsion.  Three stages were required for
complete strinping of the element.

%

A mod.fled reaction between Na;MoO4 and NILCL.  In combination with another
reaction by Sciumb and Hartfold (1934) gave fast and repentable separation of Mo from
the strip eluata,  Additon of stolichoimetric amount of NHLCI precipitated 98.1% of the
_ Mo value. Tte precipitate was highly amendable to filtration with 10.3% being the ratio

ol recovered Mo to the amount of wash water used.

DISCUSSIONS

Lenching
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Direct use of hydrochloric acid has proven to be cffective in the dissolution of the
superalloy grindings. = No additional chloride injection was required {o enable the
extraction of cobult. The dissolution process could be represented by the reaction,

MY 4 211CT E‘}A(,‘Jz 1] & PL—— SIC . S— REC— SESE—)

= . | : ia. i
Where MY is the divalent metal and MC'15 is the corresponding, chloride formed.

" e .
The pulp density affected the leaching reaction as well as the termperature,. At 86
gram per litre staery, 100% dissolution was realized in 200 minutes at 110°C. Only 95%
was dissolved i FLOgpl under similar conditions.

. Acid coneentration above one stichiometric amount had no significant effect on
the leaching rate. Particle size between 120 mesh and - 200 mesh did not. have much
elfect on the leaehing process. g% ¥

The valse metals, Ti, Ta, Woand P where not diss Ived but formed “fine black
materinls”™ (FBMY No attempt was made to analyze this =+ due which constituted 0.6%
weight of the eriginal dust fed into the reactor.

Hydrogen produced form equation (3) was ignited to prevent explosion in the
laboratory. This gas could be utilized for reduction at subsequent process steps where
= reduction wouid be required.

haans

Solvent Extraciion and Stripping

The sol vcni extraction step was the essence of the project, and therefore extensive
studies of the peinmeters were carried out. ‘The effects of temperature, sgitation, chloride
coneentration gt'ui solvent composition were in general agreement with the results
published in the literature for the Alamine system.  Special mention of the solvent
composition is warranted, since it was found that proper rationing of alaminc-decanol and
kerosene allowed very rapid phase’separation  during extraction. Such a result has not
been previously recorded.  Neutralization from the very strong acid solution (4MHCI)
would not have been economic, so pll was not used as a variable, but this strong acid was
the main reascn for the phase ratio studies. Ratios reported in the literature gave serious
emulsion prnhlaﬁ}s.

In othe '~lud|w Mo and Fe were largely removed prior to Co extraction, but even
minor remaining goncentrations were reported to poison the organic . lence the mutual
internction of aff the elements (Co, Mo, e, Ni, and C'r) were followed in detail in this
work. ‘The ultiinate remedy to internction problems was determined to be ccmlrol of the
state of oxidat2n in the solution going into extraction. Notably, Fe as Fe*t! and Mo as
Mo'® were vit:il 1o the overall control of the system. The as-lcached solution, with a
potential of +177 mV (pt vs. Calomel) gave complete extraction of Co in 3 stages, but
only partial exraction of Fe and Mo. In the continuous cxtractions, repeated cycling of
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organic seemed to decreased the extraction of Fe and Mo relitive ‘o Co. The negative
slope in Figure 3 confirms this observation in respect of Mo. Conversely, when the leach
sulmlon was oxldized to +860 mV (pt vs. Calomel), Co was still extracted in 3 stages but

¢ and Mo were ¢oripletely extracted in one stage. The oxidation therefore gave rise to
the reversal of the plot of the distribution ratio versus amine concentration for Mo, as
reflected in Figurs 3. 'the changc of slope from - 1.6 (un-oxidized leach solutlon) to 6.0
(oxidized solution) oceurred in the highly acidic solution (pH = -0.30). The cobalt curved
remained the same in both solutions showing that the expected Co'? state of oxidization
is maintained in ‘both solution. The probable extractable specic for cobait is CoCly and
for Molybdenum, it is MoO,CI™ 4 in the oxidized solution. When the leach solution was
reduced with SnCl;, Co again was extracted in 3 stages, but Mo and Fe were even less
extracted than in the as-leached solution. In this reduced solution sequence, it might be
important to note:that Ni and Cr were extracted to about 30% of their concentration.
This result s unexpected since neither Ni ' nor Cr'? is known to exist as an anion and
alamine is supposedly selective to anion extraction,  Oxidation did not affect Co
extraction, and ihis result is supported by de Barbadillo et al (1975) who reported 3 —
stage extraction at” +550 mV, ()unlilnllvoly, it was observed that the reduced and ns-
lcached solution -yielded a blue organic, characteristic of cobalt loading, while the
oxidized solution yiclded a green organic apparently due to the mutual presence of Fe,
Co, and Mo. :

CONCLUSIONS

A study uf the recovery of molybdenum values from super alloy scraps was made
using waspalloy: grindings. The areas of investigation included alloy dissolution and
solvent extracticn of Co, I'e, and Mo,

The foltewing conclusions may be drawn from the rescarch project,

it |
> gt "o ' . ' \ \ ' i
i Iydrocitorle acid can be used to effectively dissolve Ni, Cr, Co, Fe, and Mo from |
“the alloy jeaving a precipitate of what might bc AL O3, Ti20;, W,0s, and Ia205,_
and that icachmg can be done at a potential of about + 180 mV. '

2. Under ﬂpproprmlc mass transfer and kinetic conditions, Co, Fe and Mo could be
removedd from the leach solution by solvent extraction with a tertiary amine .
At low salution potential (I, < 1 410 mV) poor extraction of Mo would result
And selectivity on stripping would not be realized. :

3. The.efficiency of extraction and stripping on Mo is greatly enhanced at high
Solutien potential and 100% extraction would be obtained in a single stage
Extraction at - 860 mV. Lffcective stripping of Mo requires solution potential of
About + 225 mV.
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“Table 1: 1} llu,i uf!)ilucm on Lxtraction

% fVqumc of [ Co [ Mo e Ni Cr Cone, |
Aclive Kcmumc %l | Yl Yals Yli Yoli Amine
Organic | Ml =, - E M)

100 0§ 72.5|382 |64 182 [162 [0.99
9 |5 gy |645:407 1156 1150 | 17.9 10.89
70 NS _noo (585401376 (222 1129 173 {0.69
40 |30 imss 1250]335. |21.6 126 |5.4 0.39
0 45 |48 1397 1182 128 | I1L5 1010
0 50 3.7 [ 152 |48 4.8 5.9 0.00
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Table 2: I} l‘!nct of/\g_mlion on Lixtraction

Ette

' Scmng lom i [sino ® R Percentage Extraction -
Theow (RPM) | (cm)
(cmy) .
: Co Mo Fe Ni Cr:
I 10762 10.04285 | 200 8.89 |55.0 |20.5 |49.4 |443 |42.2
3 |1 1.6:6 10.091431200 | 889 (648 [40.0 429 (314 |33.1
5 2.337 [0.13130 | 200 8.89 62.8 41.8 42.2 223 23.3
7_ 12845 10.16000 200 1889 [64.1 |46.6 |53.1 21,8 [232
10 J.505 O 19714 | 200 889 1599 |46.6 (488 |12.7 |14.3
Table 3: I¥ “‘v“i.‘i‘..&.'lﬁ’.' ide Concentration on Extraction
Coiie,, (I I Metal Iixtraction (%)
Wb R e i s
Mo Co I'e Ni Cr
112.229 5.66 25.00 2.65 31.85 3.26
147394 745 3500 _|0.56 _|30.03 7.14
166.931 11.01 39.17 1055  134.00 5.36
206.004 1541 42.51 1514 - 34.63 0.00
258,100 '23:32° 18.79 867 _129.86 0.00
291,253 2027 5521 1038 ] 35.10 0,00
3 I2 2()5_ Bl o 49.98 ) IS 44 33.45 _|.2.98
331,036 34,62 50,02 24,09 13735 517 -
“Lable 4: _.Sm&,lc Stage Lxtraction in Oxidized Solution -
Iluu:l ‘Mo (gpl)  Fe(gpl) Co (bpl)  Cr(gph) _Ni(gp)
I.each i;x:_(}::___ _ B0 . .Z(,’,,(_?Q_u..,_. " 24 50 59.63
l(ullmulc 0.00 =] 0 00 7 10.80 24.46 59.13
Organic_ 665 1275 920 0.04 0.50
Yo 100 100 53 0.15 0.85
Lxtraction s s
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