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Synergistic extraction of zinc from ammoniacal solutions using f-diketone
mixed with CYANEX923 or LIX841
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Abstracts: The extraction behaviors of zinc from ammoniacal solutions were investigated using S-diketone (HA) and their mixtures
with CYANEX923 or LIX84l. The effects of pH, total ammonia concentration, extractant concentration, anion species and
temperature on zinc extraction were examined. The synergistic mechanism was discussed with regard to the structure of extractant
and the extracted zinc complexes. It is found that the increase of total ammonia concentration and pH inhibits zinc extraction for all
extraction systems due to the formation of zinc ammine complexes in aqueous phase. This effect of HA with CYANEX923 is
evidently smaller than that of HA with LIX84I or HA alone system. Effect of anion species on the zinc extraction by HA with
CYANEX923 can be neglected, but this effect of HA alone and the mixture of HA with LIX84I decreases in the order of (NH4),SO,

> NH,NO; > NH,CL
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1 Introduction

Due to the increasing demands of zinc in industry
and the urgent supply of zinc concentrate, exploiting and
utilization of oxidized zinc ores, such as zinc-bearing
low grade feeds [1], tailings [2] and wastes [3], have
greatly attracted the interest of metallurgists. Among
various hydrometallurgical processes, the “ammonia
leaching—solvent extraction—electrowinning” process [4]
is one of the most promising technologies because zinc
can be dissolved easily through the formation of zinc
ammine complexes. Furthermore, the major wasteful
components in ores, such as Fe,03, Si0,, CaO and MgO,
are insoluble in ammoniacal solutions. As a result,
selective recovery of zinc is possible with leaving the
undesirable components in the residues [5].

Among the various separation technologies, solvent
extraction is rapidly reaching extensive commercial
acceptance for the separation and recovery of
non-ferrous metals from leaching liquors, due to the
attractive characteristics including simple operation and
easy large-scale industrial application [6,7]. In the case
of the extraction of zinc, various extractants, such as

carboxylic acid [8], organophosphorus acid [9,10] and
hydroxyoxime [11], have been extensively examined in
acidic solutions. But these extractant cannot be used to
extract zinc from ammoniacal solutions because of
severe emulsification or low extraction efficiency.
f-diketone is the most alternative for recovering zinc
from ammoniacal media [12]. Acetylacetone (Hacac) and
thenoyltrifluoroacetone (Htta) were widely investigated
for preconcentration of transition metal ions in analytical
and hydrometallurgical applications [13]. Several
commercial p-diketone extractants including
Hostarex"DK-16 [14], Henkel®LIX51 [15] and LIX54
[12,16] were developed for technical applications, but
none of them is commercially available. The extraction
behaviors of LIX 54 had systematically studied for
copper [17], nickel [18] and =zinc [12,19] from
ammoniacal solutions. Although exhibiting good
performance in some cases, LIX54 is prone to chemical
deterioration, forming the ketimine at the octanoyl
carbon atom in the presence of high levels of NH;[20].
Reagents with sterically hindered acyl groups show
much greater resistance to chemical deterioration and
better strip kinetics than LIX 54. In our previous work
[4], a sterically hindered f-diketone, 1-(4’-dodecyl)-
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phenyl-3-tertiarybutyl-1,3-octadione, was successfully
developed to overcome the problem of extractant
deterioration in ammoniacal solutions.

However, it should be paid attention that the
extraction efficiency of various f-diketones mentioned
above is still too low for industrial application and
decreases dramatically with the increase of pH or
ammonia concentration [14,18,19]. In order to improve
the extraction and separation ability, several studies
show that co-use of one extractant with another (e.g.,
solvating extractant and chelating extractants) can
effectively enhance both the extractability and extraction
selectivity [21]. For instance, evident synergistic effect
was found when the Zn(II) was extracted from chloride
medium with mixtures of sec-nonylphenoxy acetic acid
(CA-100) and bis(2,4,4-trimethylpentyl) phosphinic acid
(Cyanex 272) [22]. Completed separation of cadmium
over zinc was achieved with a synergistic mixture of
nonylsalicylic acid and triisobutylphosphine sulphide
[23]. And a method for the separation of copper and zinc
during their transfer from hydrochloric acid to sulphuric
acid medium had been developed using the mixed
extractant of Alamine 336 and LIX 54 [24].
CYANEX923 and LIX84l are commercially available
extractants and widely used in solvent extraction for the
separation of various metal ions, such as nickel [25],
copper [26,27] and zinc [28] in ammoniacal solutions. In
the present work, the extraction behaviors of zinc from
ammoniacal solutions with mixtures of sterically
hindered f-diketone with CYANEX923 or LIX841 were
investigated. The effects of the concentrations of total
ammonia and the extractant were examined. The
dependence of extraction efficiency on aqueous phase
pH value, ammonium salts with different anions and
temperature was also studied. The results could provide a
fundamental understanding to design the ‘“ammonia
leaching-solvent extraction-electrowinning” process for
dealing with the low grade oxidized zinc ores.

2 Experimental

2.1 Reagents and feed solutions

Sterically hindered p-diketone, 1-(4’-dodecyl)-
phenyl-3-tertiarybutyl-1,3-octadione (donated as HA)
was made by Claisen condensation as Ref. [29].
Sulphonated kerosene was used as diluent which was
purchased from Shanghai Rare Earth Chemical Co., Ltd.
CYANEX923 (a mixture of four trialkylphosphine
oxides) and LIX84I (2-hydroxy-5-nonylacetophenone
oxime) were supplied by Cytec Corporation and Cognis
Corporation,
as-received. All other chemicals were of analytical grade

respectively. And they were used

and were used without further purification.

Organic solutions including HA with CYANEX923
or LIX84I in sulfonated kerosene were prepared for the
extraction trials. The total concentration of mixed
extractant was kept at 45% (volume fraction), unless
otherwise stated. Synthetic leaching solutions containing
0.2 mol/L Zn(II) were prepared with the corresponding
zinc salt, ammonium salt and aqueous ammonia. The
aqueous pH was adjusted by the addition of acid or
sodium hydroxide.

2.2 General extraction procedure

Extraction experiments were carried out in a
thermostated vessel using a batch technique. The
temperature was maintained at (25+0.5) °C, unless
otherwise stated. Equal volumes (each of 10 mL) of
aqueous solution and organic solution were magnetically
stirred for at least 30 min in order to obtain the extraction
equilibrium. When the emulsification phenomenon
handled by
the metal

occurred, the phase separation was
After phase
concentration in aqueous phase was determined by

EDTA standard titration and the balance of the mass was

centrifugation. separation,

calculated in order to estimate the metal concentration in
organic phase. The pH values of aqueous phase were
measured on a calibrated Shanghai Rex—3C digital pH
meter before and after extraction. The distribution
coefficient (D) was taken as the ratio of the metal
concentration in the organic phase to that in the aqueous
phase.

3 Results and discussion

The extraction of zinc by chelating extractant can be
represented by the following equilibrium [19]:

Zn**(aq)+ 2HA(org) = ZnA , (org) + 2H" (aq) (1

where HA represents the chelating extractant molecules,
i.e. f-diketone or LIX84I; and the subscript aq and org
denote the aqueous phase and organic phase, respectively.
When the neutral extractant is added, the following
equilibrium can be obtained:

Zn**(aq) + 2HA(org) + B(org) = ZnA ,B(org) + 2H" (aq)
()

where B represents the neutral extractant, CY ANEX923.
In ammoniacal solutions, complexation equilibrium

of Zn (II) with ammonia proceeds as the concentration of
free ammonia increases:

Zn*" +iNH,; = Zn(NH;);", i=1-4 3)
The solvent extraction of zinc is obviously

dependent on the concentration of total ammonia,
aqueous pH and the concentration of extractant, etc.
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3.1 Synergistic effect of extractant mixtures

The extraction behaviors of two extractant mixtures,
HA with CYANEX923 and HA with LIX84l, were
examined to elucidate their synergistic effects on the
extraction of Zn(Il) from ammoniacal sulfate solutions
(ct(NH3) = 3 mol/L and pH=8.25). Figure 1 presents the
relationship between the distribution coefficient of zinc
and the molar fraction of HA in the extractant mixtures.
It can be found that the synergistic extraction behavior is
different for two extraction systems. The evident
synergistic effect on zinc extraction was found for the
HA with CYANEX923, but this effect is slight for HA
with LIX841. The maximum distribution coefficient of
HA with CYANEX923 is obtained when the molar ratio
of f-diketone to CYANEX923 is about 2. It means that
the Zn(II) could react with HA and CYANEX923 as a
stoichiometric ratio of 1:2:1 to form the ZnA,B
synergistic adduct. The maximum distribution coefficient
is obtained when the molar ratio of S-diketone to LIX84I
is about 1.

3

*—HA+CYANEX923
= —HA+LIX84l

x(HA)

Fig. 1 Relationship between distribution coefficient (D) of
Zn(II) and molar fraction of HA in extractant mixture

The discrepancy of extraction behavior could be
explained by the different structures of extractants and
the different extraction mechanisms. The evident
synergistic effect by HA with CYANEX923 can be
attributed to the formation of ZnA,B complex (Eq. 2).
Because CYANEX923 1is a neutral extractant, the
formation of synergistic adduct can result in the increase
of the stability and the solubility of zinc complexes in
organic solution [30]. But the LIX84I is a chelating

extractant, its extraction behavior is similar to S-diketone.

The synergistic extraction of HA with LIX84I could be
explained by the structure change of HA induced by the
addition of LIX84I. Due to the keto-enol tautomerism of
f-diketone, the enol configuration is found to play a
crucial role in metal extraction [31]. Because LIX84I
contains hydroxyl group, the content of enol of

f-diketone can be increased by intramolecular hydrogen
bond and intermolecular hydrogen bond when LIX84I is
added. This synergistic role could be similar to that of
alcohols and phenols as modifiers [31-33].

3.2 Effect of extractant concentration
The concentration of mixed
investigated when the

extractant was
extraction of zinc from
ammoniacal sulfate solutions was carried out (ct(NH;)=
3 mol/L and pH=8.25). The molar ratios of f-diketone to
CYANEX923 and LIX84I in extractant mixtures were
kept at 2 and 1, respectively. For comparison, the
dependency of HA concentration on extraction efficiency
was also studied. As shown in Fig. 2, the extraction
efficiency of three extraction systems increases with the
increase of extractant concentration. When the extractant
concentration increases to above 40%, the increment of
extraction efficiency is obviously reduced. The
extraction performance of HA with CYANEX923 is
better than that of the mixture of HA with LIX84I or HA
alone. When the concentrations of HA, HA with LIX841
and HA with CYANEX923 are kept at 45%, the
extraction efficiencies are 75.2%, 48.8% and 30.6%,
respectively. It is necessary to note that emulsification
phenomenon occurs when the concentration of HA with
CYANEX923 increases to beyond 50%.

«—HA+CYANEX923
80w —HA+LIXS841
+—HA

60

El%

40

10 20 30 40 50 60
Concentration of extractant

Fig. 2 Relationship between extraction efficiency (£) and
concentration of extractant (volume ratio)

3.3 Effect of aqueous pH

The extraction behaviors using HA in the absence
and presence of CYANEX923 or LIX84I were examined
on the extraction of zinc from ammoniacal sulfate
solutions (cr(NH3)= 3 mol/L and aqueous initial pH=
7.6—8.8). The total extractant concentrations were kept at
45%. The molar ratio of f-diketone to CYANEX923 or
LIX84I in mixed extractant is kept at 2 or 1. The
relationship between the extraction efficiency and
aqueous initial pH is illustrated in Fig. 3. The extraction



1220 HU Jiu-gang, et al/Trans. Nonferrous Met. Soc. China 22(2012) 1217-1223

efficiencies of three extraction systems decrease as initial
aqueous pH increases. The extraction efficiency of HA
with CYANEX923 is evidently greater than that of HA or
HA with LIX84I, especially at higher pH. It still reaches
about 68% at pH 8.8. The similar phenomenon was also
observed in other works [14,19], which suggests that the
extraction efficiency of zinc with f-diketone from
ammoniacal solutions increases with increasing the
initial aqueous pH and reaches a maximum at pH=
7.8-8.1 and then declines. The maximum extraction
efficiency is not observed in the present work, due to the
different structures of p-diketone and the different
conditions of aqueous solutions. Compared with the
extraction of zinc in acidic solutions using the similar
extractants, this phenomenon is mainly attributed to the
complicated zinc ammine complexation reaction (Eq.
(3)). Ammonia in the aqueous solution as a competitive
ligand coordinates with Zn(Il) to form the zinc ammine
complexes, which could not be extracted, resulting in a
decrease of the extraction of zinc.

100 *—HA+CYANEX923
s —HA+LIX84]

‘0F +—HA
. O0F
S
=

401

20+

76 7.8 8.0 8.2 84 8.6 8.8
pH

Fig. 3 Relationship between extraction efficiency and initial pH

of aqueous solution

3.4 Effect of total ammonia concentration

The concentration of total ammonia is a key factor
that affects the recovery of zinc from oxidized ores. So,
the extraction behaviors of zinc from ammoniacal sulfate
solutions with different total ammonia concentrations
(0.2 mol/L Zn(IT), cr(NH;3)= 2—6 mol/L) at fixed pH 8.25
were examined. In Fig. 4, the relationship between the
extraction efficiency and total ammonia concentration
shows that the extraction performance of three extractant
systems decreases as the total ammonia concentration
increases. It is worth noting that zinc is hardly extracted
by HA alone when total ammonia concentration
increases to 6 mol/L, but the extraction percentage of Zn
(IT) by HA with CYANEX923 still reaches 42%. Similar
to the effect of aqueous solution pH, the increase of total

*—HA+CYANEX923
=—HA+LIX84l
+—HA

El%

2 3 4 5 6
Concentration of total ammonia/(mol*L™")

Fig. 4 Relationship between extraction efficiency and total

ammonia concentration

ammonia concentration at fixed pH can promote the zinc
ammine complexation reaction and reduce accordingly
the concentration of free zinc ion. Although high
ammonia concentration and pH are generally beneficial
to increasing the leaching ratio of oxidized zinc ores [4],
the extraction performance of the present extractant
systems are obviously restricted under these conditions.

3.5 Effect of temperature

The extraction behavior of zinc (II) with three
extractant systems from ammoniacal sulfate solution has
been studied in the temperature range from 298 K to 323
K. 10 mL of aqueous phase (0.2 mol/L Zn(II), 3 mol/L
total ammonia and pH 8.25) was balanced for 1 h with an
equal volume of organic phase (45% extractant
concentration). The actual temperature of reaction
system was measured after extraction equilibrium was
reached. As shown in Table 1, the extraction performance
of three
temperature increases. The effect of temperature on zinc
extraction for HA system and HA with LIX84I system is
more evident than that for HA with CYANEX923.

extractant systems decreases when the

Table 1 Effect of temperature on extraction of zinc

HA HA with LIX841 HA with CYANEX923

T/K E/% T/K E/% T/K El%
29735 3032 29795 53.29 298.75 73.19
30295 2699  303.75 50.81 303.85 72.50
306.95 24.51 307.65 49.36 307.95 71.82
313.65 2246  312.05 48.08 313.65 71.05
318.65 2092  317.45 46.29 318.75 70.20
32235 2032 32285 4424 323.55 69.34
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The data were subjected to least square analysis and
the fitting straight lines were obtained. The enthalpy
change of extraction reaction in each case was evaluated
using Van’t Hoff’s equation given below:

dlgD  AH
a(/T)  2.303R

“

As shown in Fig. 5, an increase of temperature
decreases the zinc extraction from ammoniacal sulfate
solutions. The calculated AH values for the extraction
reaction of HA, HA with LIX841 and HA with
CYANEX923 are -16.98, -11.37, —6.06 kJ/mol,
respectively. This suggests that these extraction reactions
proceed exothermically. The enthalpy change values of
HA with CYANEX923 are 10.92 kJ/mol and 5.31 kJ/mol
which are greater than those of HA and HA with LIX84l,
indicating that the extracted complex, ZnA,, is prone to
reaction with CYANEX923 to form the synergistic
product, ZnA,B.

0.6
Slope=0.3163
0.3
Slope=0.5940
Q 0r
zb
*—HA+CYANEX923
—03F  s—HA+LIX84] Slope=0.8870
a—HA
-0.6F

300 3.5 320 325 330 335
T/103K

Fig. 5 Arrhenius plots for Zn(IT) extraction

3.6 Effect of anion species

As ammoniacal solutions with various anions are
usually used for leaching of oxidized zinc ores in
hydrometallurgical industry, zinc extraction was carried
out from different ammoniacal solutions to determine the
extraction dependence on the nature of the counter
anions of ammonium salts. Ammonium sulfate,
ammonium chloride and ammonium nitrate were used to
prepare the feed solutions at pH=8.25, which contain 0.2
mol/L Zn (II) and 3 mol/L total ammonia. Extractant
concentrations in organic phase were kept at 45%. As
shown in Fig. 6, the extraction of Zn(Il) by HA with
CYANEX923 is slight dependence on the anions in
different ammonium salt solutions. However, the
discrepancy was observed for HA alone or HA with

LIX84I in the order of (NH4),SO,> NH4NO; > NH,CI.

This may be attributed to the different complexation
abilities of anions with zinc in aqueous solutions. As
chloride ion can coordinate with zinc to form zinc
chloride complexes [5], the effect of chloride ion is more
evident than that of sulfate or nitrate ion. The results
further confirm that HA with CYANEX923 is more
efficient than HA with LIX84I or HA alone for Zn(II)
extraction from ammoniacal solutions.

100
Il HA+CYANEX923
CIHA+LIX 841
80 E HA
60
S
[$5]
40
20

NH,CI NH NO; (NH,),50,
Fig. 6 Effect of anion species on extraction efficiency of Zn(II)

4 Conclusions

1) Synergistic effect on the zinc extraction from
ammoniacal solutions was found by co-use of S-diketone
with other commercial extractants, i.e., CYANEX923
and LIX84I. HA with CYANEX923 is more effective for
the zinc extraction than HA with LIX84I, especially at a
higher total ammonia concentration or aqueous solution
pH. The synergistic effect for HA with CYANEX923 can
be attributed to the formation of more stable synergistic
adduct.

2) The extraction efficiencies of HA, HA with
CYANEX923 and HA with LIX84I decrease with the
increase of total ammonia concentration and pH in the
aqueous phase. This can be attributed to the formation of
nonextractable zinc ammine complexes.

3) The extraction reactions proceed exothermically
for three extractant systems. The more positive enthalpy
change of HA with CYANEX923 indicates that the
extracted complex, ZnA,, is prone to reaction with
CYANEX923 to form the synergistic adduct, ZnA,B,
which increases the stability and the solubility of zinc
complex in organic solution.

4) Effect of ammonium salts with different anion
species on the extraction of HA with CYANEX923 can
be neglected but this effect for HA alone or the mixture
of HA with LIX84I systems decreases in the order of
(NH4),SO4> NH4NO; > NH,CL
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