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The pH-dependence of simultaneous metal- and sulfate-
loading of simple salen derivatives demonstrates the feasi-
bility of their application as extractants for recovery of base
metals from the leaching of sulfidic ores. The efficacy of the
ligands depends on the templating of the sulfate binding site
by the attendant metal ion.

We have recently demonstrated the viability of using simple,
inexpensive salen-derivatives L to extract both meta cations
and their attendent anions from aqueous solutions.14 Append-
ing appropriate tertiary amine groups to the salen framework
alows the metal salt to be transported in a zwitterionic form of
theligand (asin [M(L)SO4 Scheme 1). In a solvent-extraction
based process this leaves the pH of the agueous ‘feed’
unchanged and removes the need for inter-stage neutralisation
in a metal recovery circuit.>

The predominant anion in pregnant |each solutions from new
hydrometallurgical processes to treat sulfidic ores is sulfate.6.”
Commercia extraction is undertaken at low pH (<3) where
there is a predominance of HSO,— over SO42—. An extractant
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Scheme 1 Some of the equilibria associated with metal- and sulfate-loading
of the ditopic Schiff base ligands L. R = n-CgHj3 for the CHCl3/H,0
solvent extraction studies reported here, and R = |(CH;)—, 2,2'-biphenyl,
()-trans-1,2-cyclohexyl, 0-CgH,4 for 1, 2, 3, 4, respectively.
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capable of selectively removing SO42— from the aqueous feed
solution is a key requirement to obtain good materials balances
and a high purity electrolyte for the reduction step. To date,
there are only a few systems tailored to bind SO,42—; the most
successful are guanidinium-based ligands®.© that have shown
selectivity for SO42— over HPO,4—.

Direct addition of Ni(i1) or Cu(n) sulfate to the ditopic ligands
L in methanol yields the metal sulfate complexes [M(L)SO,]
which have been described previously.3 The availibility of the
‘metal-only’ [M(L — 2H)] complexes from reaction with
metal (1) acetatesd has allowed us to study the uptake of sulfuric
acid by these complexes in solvent extraction experiments,

eg.
IM(L — 2H)](org) + H2SO0uay = [M(L)SO4l gy~ (1)

as a function of pH, and to determine how this depends on
preorganisation of the ligands. Good chloroform solubility of
both free ligands and complexes is shown by systems 1-4 with
pendant di-n-hexylaminomethyl groups which are readily
prepared by adaption of methods reported previously.t 3

The sulfate uptake by the o-phenylene-bridged ligand 4 and
its copper complex [Cu(4 — 2H)] are compared in Fig. 1. The
uptake by the free ligand is typical, with curves for 1-4 being
almost superimposable.t Very little transfer of sulfate to the
organic phase is observed at pH > 2.0. As the pH is dropped
below this value the uptake increases rapidly, approaching
200% at pH <0.5, which can be attributed to the extraction of
two mono-charged HSO,— anions which are present10 in the
aqueous phasein an excessat pH < 1. The SO42— ionis present
in a similar excess a pH > 3. No loading was seen in this
region.

In contrast, the ‘copper-only’ complex [Cu(4 — 2H)] loads
sulfate at pH values below 4.5, and the loading curve suggests
that the 1:1:1 complex [Cu(4)SO,4] predominates in the pH
range 1.5-3.5. Thisincrease in apparent basicity of the pendant
di-n-hexylaminomethyl groups in the copper complex
favouring protonation and transport of sulfate is consistent with
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Fig. 1 The pH dependence of H,SO, uptake by ligand 4 and
[Cu(4 — 2H)].
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the copper ion templating the pendant tertiary amine groups to
assemble a good sulfate-binding site which is dicationic with
two H-bond donors and a hydrophobic exterior.

An important feature of this loading behaviour is that the
copper complex of 4 is effectively selective for SO42— over
HSO,4—; in contact with an aqueous sulfate solution at pH =
1.92 where the SO42—:HSO,4— ratio is 1:1 the organic phase
contains only the 1:1:1 complex [Cu(4)SQO,4].§ 10

The pH dependence of sulfate-loading by the ditopic ligands
L in CHCl3isclosetoideal for base metal recovery from sulfate
feeds(Fig. 2). At pH = 3.3, >90% loading of MSO, ispossible
without pH adjustment.

L (org) +M SO4(aq) = [M (L)SO4] (org) (2)

A very efficient materials balance for a circuit will result if the
pH,, for the formation of the salen complex,

L (org) * MSOsaqy = [M(L — 2H)](org) + H2SO4(ap  (3)
were ca. 2.0 (as shown in Fig. 2). Acid stripping at pH < 1.5,

[M(L)SO4](org) + H2SO4aq) = [MSO4] (o) +
[(L +2H)(SO4)](org),  (4)

ligand regeneration with base to pH =3.0,
[(L +2H)(SO4)](org) + 2 NHa(ar) = L org) + [NH4]2SO04(aq),
©)

and electrolytic recovery of the metal,
MSO, + H,O = M + H,SO, + 0.5 O, (6)

regenerates the acid for stripping and gives a materias
balance.

MSO,; + H,O + 2NHz = M + [NH,4],S0, + 050, (7)

Any commercially viable extractant must show high stability
towards hydrolysis or oxidation under operating conditions.
The free ligands 1-4 were amost completely hydrolysed when
CHCI; solutions were contacted with H,SO, at pH <1 for 16 h,
but at pH = 3.0 theligandswere largely intact. Thisimpliesthat
at very low pH the transfer of sulfate to the chloroform phase
involves the HSO,— salt of the protonated 5-tert-butyl-
3-dihexylaminomethyl-2-hydroxybenzaldehyde, rather than
[(L + 2H)(HSO,),] as indicated in Scheme 1.

Development of more hydrophobic hydrocarbon soluble
analogues of 1-4 with enhanced hydrolytic stability isin hand.
The favourable ‘strength’ of sulfate extraction and selectivity
for SO42— over HSO,— demonstrated in this paper providesthe
basis for very efficient recovery of base metals from sulfidic
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Fig. 2 Idealised pH profile for the loading and stripping of Cu(i1) and
SO4

ores. The ‘subtractive’ removal of both the metal and its
attendent sulfate anion could also open up an effective approach
to treating acid mine drainage streams and other effluents prior
to discharge.
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Notes and references

T Example preparation of ligand 4: to a stirred solution of 5-tert-butyl-
3-dihexylaminomethyl-2-hydroxybenzaldehyde (3 g, 0.0080 mal) in etha-
nol (30 ml) was added a solution of phenylene-1,2-diamine (0.43 g, 0.0040
mol) in ethanol (25 ml). The orange solution was stirred overnight and then
concentrated in vacuo to yield an orange oil. The product was then dissolved
in dichloromethane (50 ml) and extracted with water (3 x 25 ml). The
organic fraction was dried with MgSO,, filtered and then evaporated in
vacuo to yield 4 asaviscous orange oil (3.2 g, 98%). Thiswas used without
further purification. Calc. for Cs4HgsN4O5: C, 78.78; H, 10.53; N, 6.81;
Found: C, 78.30; H, 10.54; N, 6.92%. 6y (CDCl3, 250 MHz): 0.89 (t, 12H,
J 6.6 Hz, N(CHy)sCHs), 1.29 (m, 24H, NCH,CH,(CH2)3sCH3), 1.33 (m,
18H, (CH3)sC), 1.53 (m, 8H, NCH,CH,), 2.54 (t, 8H, J 6.8 Hz, NCH,CH,),
3.73 (s, 4H, Ar-CHN), 6.78 (m, 2H, Ar-H), 7.08 (m, 2H, Ar-H), 7.46 (m,
2H, Ar-H), 7.64 (d, 2H, Ar-H), 8.83 (s, 2H, N=CH). éc (CDCly): 14.4
(N(CH2)sCHa), 22.9 (N(CH2)sCH2CHz), 26.6 (N(CH)3sCH,CH,CH3),
27.1 (N(CH2),CH3(CH3)2CHg), 31.9 (C(CHa)3), 32.2 (NCH,CH,), 34.4
(C(CH3)3), 53.9 (NCH,CH,), 54.4 (ArCCHzN), 115.8 (Ar-C), 118.4 (Ar-
C), 119.8 (Ar-CH), 125.4 (Ar-CH), 127.1 (Ar-CH), 130.3 (Ar-CH), 141.4
(Ar-C), 141.7 (Ar-C), 157.8 (Ar-C), 161.1 (N=CH). vinad/cm—1 2954s (C—
H), 1619s (N=CH), 1205s (C—N), 822m, 748s. MS (FAB, NOBA): vz 823
(MH*, 56.9%).

F 10 ml aliquots of H,SO4/Na,SO,4 with pH values in the range 0-6 and a
constant SO42— concentration (0.8 mol dm—3) wereintimately mixed for 16
h with CHCI3 solutions of metal-only complexes (10 ml, 0.01 M). The
organic layer was separated, a 2 ml aliquot removed, evaporated in vacuo,
and then redissolved in butan-1-ol (10 ml). Analysis for M and S was
performed on aThermo Jarrell Ash IRIS |CP-AES spectrometer. Extraction
experiments on the free ligands used the same procedure with 10 ml of a
0.01 M ligand solution in CHCIz and the degree of hydrolysis was
determined by comparison of theintensities of the azomethine and aldehyde
1H NMR signals.

§ Onthe basis of analytical datait is not possible to distinguish thisfrom the
complex [Cu(4 — H)HSO,]. However, this is of no consequence to the
materials balances, the ligand still effectively transports CuSO,.

9 Marked improvements in hydrolytic stability are observed when imine
extractants are used in hydrocarbon solvents, e.g. 5-nonyl-derivatives of
salicylaldoxime show long lifetimes when used in kerosene as extractants
from acidic media. 1t
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