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Chapter 7
CHELATING AGENTS AS FLOTAIDS: LIX® — COPPER MINERALS SYSTEMS

D. B. Nagaraj and P. Somasundaran
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1. ABSTRACT

Chelating agents that can form insoluble,
hydrophobic chelates on the surface of minerals
could be potentiai coll..ctors for selective flotation
of minerals. % this study it was found that Lix®
serdes of reagents, which are highly selective
cornmercial coppar-chelating soivent extractants,
function as collecters for the oxidized copper
minzrals. Floisiion of cuprite and chrysocolla has
been carried out with LiX53N as a function of
1IX concentration, pH, conditioning time, ionic
strength, aud :ciution copper concen‘ration.
fliotation was found (o be significantiy affected by
conditions that permit detachment of tae chelaie
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or the reagent from the surfuvx of the winersl.
Important factors govesniag {lctation were
determined to be the :opper -clubility of the
mineral as well as the adheicre of the chelate or
the reagent to the surfuce of = nxiqeral. While
maximum flotation as a {:action =i 98 W
inversely related to solubility wnd was gaiily
accounted for by the chemical siaic of the
chalzting agent, the maxiaum as a function of
¢onditioning time was found to be governed by
both soiudility and the detachment of thz -helate
or ine r2zgznt from the surface. The effecis of
incsease of ionic strength and copper addition in
decreasing flotation have further coafirmed the
role of copper solubility or the solution copper in
the flotation of oxidized copper minerals.
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[ INTRODUCTION

Chelating apents have received attention in the
past for their poiential as collectors with high
selectivity for minerals. As early as 1927, Vivian'
reported the use of cupferron, a well known
analytical chelating agent, as a collector for the
flotation of cassiterite. Since then, there have been
several reports® 7 of the use of chelating agents as
*flotaids" {either as collectors or as promoters} for
minerals. An obvious advantage of using chelating
agents ligs in the selectivity or the specificity that
they possess for metal cations. Of course, this
advantage is based on the assumption that they do
adsorb or form a chelate on surfaces of minerals
with selectivity or specificity similar to what they
exhibit in agueous solutions. In almost all cases of
their use as flotaids. the choice of a particular
chelating agent has been made on the basis of
knowledge in the area of analytical chemistry. In
other waords, chelating agents used in the past have
all been well-known analytical reagents, Some
examples are: dimethylglyoxime'® for nickel
minerals, cupferron®® for iron and tin minerals,
and salicylaldoxime® for copper minerals. 11 is also
2 fact that such analytical reagents have now made
it possible for the process of solvent extraction ta
be one of the most attractive lechniques of metals
geparations and concentration. For example, a
modification of e-benzoin oxime (cupron) was
introduced by General Mills over a decade apo,
under the trade name LIX63, as the first chelating
extractant for wuse in  commercial  solvent
exiraction processing i Later, several
modifications of salicylaldoxime were mtroduced
as aromatic LIX reagents®'® Al present, these
redgents, togathes with a substituted
8-hydroxyquinoline® '  produced by Ashland
Chemicals under the trade name Kelex®, are
commercially available

LIX63 15 a substituted aliphatic a-hydroxy-
axime!

C,H, ©GC,H,
|
CH, (CH, J,CH{[?'-CHCH {CH; 1, CH,

HON OH
5 B-diethy!-T-hydroxy dodecan-6-one oxime

It has the same chelaling group as =-benzoin
oxime (i.e., cupron};

: = & 5
€ —CH
b
HON  OH

Compounds with this chelating group form charac-
teristic green insoluble chelates with Cu®,

LIXG65SN is a substituted 2-hydroxy benzo
phenone oxime

CiHy
OL.
[
HON OH

Thydraxy-S-nanyl-benzophenone oxime

It has the same chelating group as 2-hydroxy
banzophenane oxime (i.e., ZHBPO):

0,0

HON OH

or salicylaldoxime (i.e. SALO):

H
s

HON 0

LIX65N forms a yvellowish-brown chelate with
Cu®*,

The chelating agents must meet certain require-
menis to function as collectors, The most impor-
tant requirement is that they should form insol-
uble chelates (or inmer complexes) with the metal
cation on the surface of minerals. There 15 no
direct proof for this requirement, but it has
generally been found to he truet 25T A few
other requirements are (a) the chelating agent
must form a surface chelate that is bound to the
surface of the mineral sufficiently strongly; (b) the
Hgand, or the chelate, must induce sufficient
hydrophobicity to the mineral to facilitate favor-
able bubble attachment to the mineral; (¢} the
chelation must be specific over a wide pH range;
and (d) common requirements such as ease of
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synthesis of the chelating agent, low cost, low chelating agents |

for copper and their application
toxpenty, high stabihiy, ete for copper minerals.
A perusal of the published literature of the LIX
[ 50 L S i . i i
TEARERTS indicated that they do meet several 1. MATERIALS
of the ghove requirements and, accordingly, they

st Tunction 3s collectors for copper mingaals The two oxidized munerals, cupote and chresn

The present study marks, to our knowledge. the golla, weed for this study were obtammed from
first -attemptl (o investigate the application of the Ward's Natural Science Establishment (New York)
LIX reagents as collectors. Flotaton tests were anidd Black Hills Minetals (S5outh Dakora), respec

carried oul using LIX63N and LIXGI. The results tively. The minerals, received an the form of

nousing LIXG3 are discussed  else- lgmps, were hand-crushed to approximately Ya-in
where *7 This paper descrbes the Hallimond cell pieces, ind the hand-picked pieces from these were
flotation of cupnte and chrvsocolls using LIX&65N, ground to the desired size range inoa poreelain
which forms a (verv) siabl The

festls were carned out munerals prepared an this way were apprecizhly

and inscluble chelate mortar and  dry-stored moope

with cupric ons. Flotation

under varying conditians of pH. concentration o pure {see Tahle 1) Table 1 also pives the size

the reagent, etc. It wassuspected, as also indicated fractton and the amount of mineral used for a
by @ few initgal 18405, that under certain conditeans flatation test, both of which were selected vn the

there was a preference For LIX o exist an the form basis of the specific gravity of the mineral

chelate an the bulk agueous phase The sample of commercial-grade LIXAEN used

Ha, The asv-receved

rather than on the maineral, thereby affecting the was supplied by General b
flatation. This prompred an mvestigation into the samples mvanably coantain an inerl diluent {pos
effect on flotation of the copper in solution (o of sithhv up 1o 4071 which 1 added 1o tacihitare

e

solabifity of tie mineral ), and of the paramet

bandhng Because m alse contain

such as condinomngtime and e streagth whicn tmpurtties; the flotation Test resulis obta

aousing

i luence the solub

commarcial reagents maght b 10 amier
The present study I the predictions prel. However, the imual tests were carned out

that LIX reagents

as eodlecross fon with  the assteceived sample ol LEsbEN: bui

copper munerals solubthty ol the subteguently, it was: purtfied by the procedure

mineral will mfluence the eration. The study ised by Ashbrook!® amd Atwood 1 Wiiller.
available The commercial LIXGEN wa

chrysa température with 10 M NaOH 1o précipits

discusses the results in the ligh

knowledge of the nulure ol

colla and of the properties of LIX reagents and pure LEX6SN o the form of 2 vellow-orange

then chelates with copper. The study alio e pelatinows substance, leaving the diluent and the

visages the recent and future developments ol impunties untouched. The precipitate was then

lABLI
Minerals
Cuptine Chrysocolla
Appearance Reddish-baoswn crvstillme Elug to Bluei green

5.0 61 =35

Chermucal-analyvas E47 Cu:1.97% msolubles; 367 Cu, 447 sthica

&

T a-quariy, resd

la-with & small

%oof malachate

for flotativs 5%+ 150 mesh -35+ 65 mesh
o wsed [or
evach Rotation test g 07k
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treated with geveral portions of hexane to remove
the organic matter. Finally, the pure oxime was
released from the precipitate by treating it with
15% H;50, in the presence of s layer of hexarie
which collected the free oxime. After several
contacts with fresh Hy 50,4, the pure oxime in the
hexane phase was washed with water 1o remove
traces of acid and vacuum-desiccated for shout 8
hr to obtain the pure LIX6SN as & mixture of
crystals and a yellow-brown liquid, corresponding
to the two isomers'*+'® of LIX6SN, No attempt
was made to isolate the isomers. Table 2 gives the
physical properties of the two reagents, LIX63 and
LIX&5N, and Table 3 gives information on the
isomers of LINGSN. It 15 to be noted that pure
LIXESN contains about 807 of the active (anti}
isomer. '

Mo frather was used in the study. KOH and
HNOy were used for changing the pH. and KNG,
was wsed to maintain lonic strength. All the
chermcals were of reagent grade. Acerone was of
speciroscopic grade

IV. METHOD

As noted in Table 2. the LIX reagents are
insoluble in water. Ashbrook™ gives a saturation
solubility of less than 107% M for both LIX&3 and
LIX6SN. One way to introduce such reagents into
the conditioning solution would be in the form of

The conditioning method consisted of de.
sliming the mineral twice with triply distilled
water (TDW) in a 100-ml volumetnc flask, filling
the flask with 100 ml of TEW whose pH and|ot
ionic strength has been adjusied to required values,
introducing | ml of an acetone solution of LIX of
required concentration, filling the flask nearly
completely with more of the TDW, securely
stoppenng the flask, and rumbling at 15 pm for
requited time. Instantaneous emulsification was
observed when the acetone solution of LIX came
into contact with the agueous phase.

After conditioning, the mineral with the solu.
tion was transferred into the Hallimond cell, and
floration was carned out for the required length of
ume by passing nitrogen at 20 co/min, while the
mineral was kepl in suspension by 2 magnetic
stirnng bar.

TABLE 2

The LIX®™ Reagents (Chelating Solvent Extraction
Keagents by General Mills)

Commercial Light yellow-brown liguid
LIX&3 5.G.0.92 (up 1o 707 ipert dduentd
(19631 insoluble in water
Pure LIXG3 Ofl-white wany material
Commercral Amber liquid

| LIXa5N (containing up 1o 407 napoleum
£ - AR . P :
gn emulsion in water. However, it was found to be (1970-71} ATOB): $.G. 09 insoluble in water
more convenient in this case 1o introdoce the Pure LIXESN Yellow-brown viscaus Tiquid
reggent as an aceione 'E'i_‘||'1_|'|]|_'||'| (activel

TABLE 3

The lsomers of Pure LIXASNT

2l
Active 1somi

rintel
Tellow-brown viscous
liguad

Rapidly forms a brown-calored comples

with Cu*?

C.H.,

20

Inactive isomer
(syn-]

Whaite crystalline

Na comples with Cu'*

—_—

OH
OH

Z
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#Cu A, Effect of LIX Concentration
Flatanon of cuprite and chrysacolla was carsied
out 25 a funcoon of LIX65N concentration at the
[E; naturgl pH of the svstem. Only the resulis ob-
N-C tatned for cupnte flotation are givenn Fugure [ 10
COPPER A ¥ 15 oseen that the flotation curve s the familiar
MINERAL fEU\‘ s-shaped one, found commonly for flotation sys.
z a O terns: The: collector action of LIXGIN can be
g visualized as the result of a surface chelation,
/ shown in the simple schematic picture, Figure 2
: (whicl is drawn on the assumption that LIXGSN
i forms i surface chelate)
) When cuprite i5 contacted with the aguebus
< solution, there will be a spontaneous concentra-
_Cu tion of Cu’ jons in the interfacial region. Cu’ ions,
being unstable in the absence of siabtlizers such as
chioride, thiocyanate, etc., will be oxidized im-
mediately to Cu® ions; consequently . the mineral
PIGURE 2. Schemazne dadgramt showiiig o possible sur wll i;er:‘l_\-' Cxpase a distribution of Cu’ and Cu™
lave vhelae siructure ions, The LIX molecules will now be able to form
A ¥ T ‘i':l-“i-,:““"-'-'.: e _‘-A.-.;E.- fq-_;.f: wF
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H—0
3 \
R R n] N=C
T
Cu
=N
cu + -2 I "\
i
C 0O—H
| OH ORG-
HON ORG.
LIXGB5N CulLIX65N), CHELATE IN
THE BULK AQUEOUWS PHASE
ROl B Scheniaiey digeriam <how g stiuctuee of chelaie formed moshe bulk phase away from the
fitet ] siaf doe o

Y

a chelate by deprotonation with either or both of
the ions, depending both on the prevailing elec-
tronic configurations and on the stereochemical
restraints. |t may be recognized that this chelate
need not be identical to the chelate formed with
Cu® ions in agueous solutions which 15 repre:
sented as follows in Fipure 3. Onee formed. the
surface chelate can expose a hydrophobic surface
and a long chain, both of which favor attachment
of the bubble to the mineral surlace,

During the conditioning of chrysocolla with
LIX65N, the color of the particles was abserved 1o
change from blue to a dull green. A similar result
has been reported with hydroxamate as a col-
lector.® 11 was not possible to observe such a color
change on cuprite. Also, dark yellowish-green to
brown globules very much resembling the LIX-Cu
complex collected at the surface of the solution
during conditioning of cuprite or chrysocolia. In
some cases, even the entire agueous phase turmed
more turbid with a yellowish-green or brown tinge,
the color change or amount of globules being more
noticeable for prolonged conditioning and higher
ionic strengths and LIX concentrations.

These observations could be explained by con-
sidering one «r more of the following processes
which might be occurring during conditioning: (1)
adsorption of LIX at the minerzl-solution inter-
phase, and [omation of a surface chelate; (2}
formation of a LIX-Cu chelate in the bulk agueous
phase; (3) precipitation on the surface of mineral
of the chelate formed in the bulk; and (4)
detachment of the reagent or the chelate from the
surface of the mineral,

The ohserved bulk phase LIX-Cu complex can

be accounted for partly by its formation in the
bulk phase and partly by the peeling off of the
chelate from the surface (Processes 2 and 4).
might be pointed out here that the LIX-Lu
complex was in fact ohserved in the bulk aqueous
phase during prolonged conditioning. for [0 min
or longer; and correspondingly, a stain {vellowish
green or brown) was observed on the filter paper
that was used for filtering the floated solids. 111y
to be noted that the LIX appearing in the bulk in
this’ manner becomes essenuially unavailable for
Motation. Also, of either or both of these two
processes (2 and 4) occcurs to any sigmificant
extent, the flotation can be expecred 1o be
affected by the solubility of the minerals ot by the
amount of copper species in the bulk agueous
phase, and, therefore, by the extent of condi
tioning.

B, Effect of Conditioning

The flotation of cuprite 25 a function of
conditioning time was carried out at different
concentrations of LIXASN. The resulls are shown
in Figure 4, A1 very low concentrations of LIX (—
0.0064 g/l). conditioning time has Intle influence
At higher concentrations (0.016 g/l}, flotation
récovery appears lo be going through  maximum
2 a function of conditioning time. At very high
concentrations {0.026 g/l), not only is there a
maximum, but it appears to have been shifted Lo 2
longer conditioning time.

Duting the initial stape of conditioning, LIX
can undergo adsorption (Process 1), while, simul-
taneously, copper ions will be released from the
mineral. These ions can then form a complex with

the
e A
friv
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the bulk (Process 2). In

on, detaclunent of the reagsal o chielate

the surface (Progess 4§ maght also be ocour-
owing Process 1 The i5 4 gradual

station 1o reach a maximum, at which

tage the latter two processes take over Process ||

and decrease 0 flotanon occurs. Qocurrence of 4
flonatian masunuem has also been explained i the
[iteEatira by i 3 Bilaver a1 the surface

witly the polar part of the outermnst layer ariented

towards the butk solution' 7 o by @ decreasc

18 - -
tiomn The {oamer resson appeirs to be 3 en
possthility mm the syster i

Iand, |‘E| i

1ol conditioning

tesponsible for the Totation bebivior as o Tuncton

It 45 seen in Figure 4 thar ata higher concer
al D026 g/l LIX} the
and there wil

sorption ol LIx
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cencentration of LIX remaining after complexing
the copper released into solution. This might
account for the shift of the maximum to 2 longer
conditioning time

In order to confirm the existence of a maxi-
mum, flotation tesis were carried out at a few
more conditioning times than indicated on Figure
4 for a concentration of LIX65N slightly less than
0.016 g/l. The results of these tests are given in

Flatation of cuprite as'a function of conditioning time a0 0126 gp! LINGEN

Figure 5: The maximum occurs at about 2 min of
conditioning time. Il can be concluded lrom the
presence of the maximum that the process of bulk
chelation followed by precipitation (Process 3) is
not playving a governing rale in the preseént system,
since such a phenomenon cannot be expected o
produce a decrease in flotation as that observed in
this case under conditioning times higher than that
corresponding to the maximum
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CONCENTRATION OF KNO,, M/L

O Effect of lonic Strength

The solubility of 3 mine

ks

1= general beheve
[ ELE

Ly an important eole sn Qotation

The resulbts discussed above indic 1 passible
rale of solubality of the minesal or the amount of

o7 in selution in the Hotation of cuprite and
LIxesN, Tt thal

solubility s also influenced by changing the o

"-"1'-"-.1" o 15 Ir.'l':l'\lk"ll

Bsing

'-ll’"f'l_EI! In thas HiveEs Tl iom. stcl .I'..;r.'!':~ wWeTe

k. The

flovation o beth cupnire and chrvsocalla are RIVET

made using resitlts  obtained oo
i Figure & as a funchion of KNO, congentration,
AN 1 of KNGS

creases the from the muneral into

increase i the congentrat:

copper ridezsed

solution, which in tuen will merease the consump-
ton of LIX by bulk chelaton and thereby de-
crease flotation, as is'seen in Figure &0 Also, the
formaton of globules of LIXN-Cu complex, and an

in turbidity of the agueous phase, weie
shierved 1o be more pronounced at higher yonic

strengths. Hois recognized that an increase in ionic

[ ne LTSNAES 0 av g fansior

gTh can alse have effects on other propertes

of the svsterm such a¢ solubdiy of LIX ia srrl utio

and |ts adsarption on the mi

eral, Al'this.stage, it
Is nol passible 1o wdentify the ynportance of these

eirects

1} Effect of Addition of Copper

1ol copper concentration i solutien on

1can also be tested by adding a copper salt
directdy to the solution. Coppen
duced i the forn of a Co (NOy s solutiop of

1S WEre Intio-
known concentration, before introducimg LIX

The eesults oblained Tor flotation of both coprite

and chrvsncolla a5 a function of comcentration of
adde T. I can be seen
I even small additings ol copper

h.|I|:

frre

in the figure thas
markedly flotation of the
| The ef LR pro

mnerals
naunced for chrysocolla: this ts probably due tooa

cdan desrease

fect 15 seen b

stow adsorpuion of LIX on chrysogolly, theehy
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FIGLRE = Flawation of coprite and chovsocolla using LINASS ¢ av a function o mitial concemration of added
copper insolunion

increasing the extent of bulk agueous phase
chelation

E. Effect of pH

From the results discussed above, 1t 1s clear that
solubility, or amount of copper species in solution,
has a role 1o play 1n flotation using LIX. This role
can be further examined by studying the data
given in Figure 8 for [lotation of cuprite as a
function of pH. The solubility curve shown in
Figure 8 is the result of leaching tests carried out
in TDW at different pH values under the same
conditions as those used for conditioning of
cuprite befere [otation, except that in the
leaching tests LIX was absent. It appears from
Figure 8 that at low and high pH values, solubility
can explain the flotation of cuprite — namely, the
higher the solubility, the lower the flotation, and
vice versa. The decrease in flotation below pH 6
could also be due to a decrease, after reaching a
maximum around pH 60, in concentration of

surface hydroxyl species such as CuDH". The role
of such species in flotation has been previously
reported.' ?

The decrease in flatation in the intermediate
pH range of 6 to 9 is not, however, easily
explained on the basis of the solubility data alone
{Figure 8). This decrease, on the other hand, could
be due to the formation of Cu{OH); on the
surface and the inability of LIX to form a chelate
on thiz surface. Unfortunately, there is little
information available in the literature on the
properties of LIX in this pH range.

The fotation increase above pH 9 again is in
agreement with what is expected on the basis'of
the observed decrease in solubility. In addition,
there are other contributing factors that arise from
changes in properties of LIXG65N. As discussed
earlier, LIX65N can exist as the anfti- or active
isomer and the syn- or inactive isomer. The latter,
which was inactive in the acidic region, is re-
ported® to become very active at higher pH values,
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espratally above pH B, The result of thiswil] be ar
meregse e the effective LIX concentranion and
comsequenily an ncrease in flotaton: Ie s alw
actovity of LEX&SN 13
singe propounced

fronhing and an appreciable decrease in buhble size

were ubsérved sbove pH 95 and these

gontrnbute 1o a highes Aatation.

(= H

At thissigge, the decrease in flodation above pH

10 could only be attrithbured o the markedls

mcreasing solublility of cuprite above
|||I.

copper concenfrabions teported in Flgure 8 oane

1al |‘] |

Te 15 o be noted here that wh

the solution

thise obtamed g1 the end of a total of 10 mun

of LIX dunng reagentizing 15 taking
place under increasing coppes concentration from
U te 10 min. Unless the: LIX adsorphion s

onsidered a totally and  mstantly  reversible

Arocess, flataton obtamed due to such

Orprion

i iy T

a 10-nmun penod cannot be expected (o
correlate with the solubility daes obttaned at te

end of the sume period
W1 CONCLUSIONS

Fotution of cupnte and chrysatolla was carned

oul using LIXOSN, which is a chelating extractant
wsed commercially for the solventl extraction of

copper. The results have demonstoa

115 abdliey

to funetion as @ collector m flotation systems. The
present dnterpretation of the results obtamed 13
hised on the httle-known nature of these 11K
copper mneral systems; dand ol chelaung agent
mineral flotation systems in general

A senultaneous study of the solubdity behavior

of the copper minerzls wnde: vanous cond

has clearly  shown the mmponant role o

sofubiliny of the muineral in these flotation sysiems.
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Thus, an merease in-solubility of the minerals was
found 1o correspond to a decrease in the flotation,
and vice versa. Similarly, increase in ionic strength
{which enhances solubility of the minezral) or
addition of copper decreased flotanen of both
minerals. These findings have been attrbuted to
the abstraction of LIX in the bulk aqueous phase
in the form of a Cu-LIX chelate which may have
no collecting property. The flotation tendéncy of
chrysocolla was weaker compared to that of

cuprite, possibly due to the refractory nature of

chrysocolla. which is a silicate.

The flotation was maxumum around pHs 5.5
and 10, which is in general agreement with what
can be predicted on the basis of the solubility
dependence on pH, and flotation was low in the
range of pH 6.5 10 9,

L]

II. FUTURE WORK

The work of foremost importance to be carried
oul next 5 the demonstration of the selectivity of
these chelating agents for copper minerals, and
their applicability to all the copper minerals. The
initial tests in this study which were performed
using sulfides of copper (chalcocite and chalcopy
rite} demonstrated that LIX reagents were able 1o
foar sulfides also

Although it has been confimned qualitatively
that a surface chelate does form through the
interaction of the chelating agent with the mineral

surface, no conclusive evidence has appeared in the
literature in favor of . It is believed that a
rigorous and systematic spectroscopic work is
necessary, not only to confirm the surface chela-
tion but also to find out the structure and
composition of the chelate. This information will
be invaluable in designing chelating agents with
suitable carbon-chmin substituents which offer
minimum steric hinderance to the formation of a
chelate with the surface metal ion whose coordina-
tion is already partially satisfied

Finally, there has been a surge of mterest in
new and very specific chelating agents, especially
for copper Fm:np!es are the fELEﬂ[]} dr:\-:ioped
reagents such as SME® 529 14 Acorga® p | and p
17/* OMG® (Russian).'® and LIX 347% in
addition to the already existing ones such as Kelex
100 and LIX 70. Data collected using such
reagents as collectors should facilitate design of
the “best™ collectors with respect to the organic
malecule in general and the chelating group in
particular
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