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Abstract: The ionic liquid A327H*CI- is generated by reaction of the tertiary amine A327 (industrial
mixture of tri-octil and tri-decyl amines) and hydrochloric acid solutions. Further, the extraction of
Au(Ill) by A327H*CI- ionic liquid under various variables, including metal and ionic liquid con-
centrations, has been investigated. Results indicate that A327H*AuCls is formed, by an exothermic
(AH®= -3 kJ/mol) reaction, in the organic solution. Aqueous ionic strength influences the formation
constants values and the specific interaction theory (SIT) is used to estimate the interaction coeffi-
cient between AuCls and H*. Gold (IIl) is stripped using thiocyanate media, and from the strip
solutions, gold is precipitated as gold nanoparticles.
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1. Introduction

The concept of urban mining becomes of widespread use, because nowadays, recy-
cling is of the foremost importance, and modern life resulted in the generation of wastes
containing a variety of valuable or non-valuable materials.

Including under the term of valuable items, electronic wastes, jewelry scraps, and
similar products are of interest because they contained metals, and among them, gold
pointed out not only by its bright but also, due to its price, in terms of money or profits.
Thus, the separation and recovery of this precious metal, from any of the above materials,
focuses a wide interest, whereas different separation technologies are proposed for this
task: adsorption [1,2], ion exchange [3], liquid membranes [4,5] and liquid-liquid extrac-
tion using ethers [6-8], amides [9], amines [10], ionic liquids [11] or phosphinic acid de-
rivatives [12].

Basically, the procedure of recovery gold begins by as leaching step, normally done
with aqua regia, followed by a number of separation steps, to yield, at the process end,
pure gold. Liquid-liquid extraction or solvent extraction is one of these separation steps,
being currently used in the production of a series of metals, specially copper. The tech-
nology uses an organic extractant, normally diluted in a suitable diluent, which is char-
acteristic to each case, to make the operation selective in relation with the targeted metal.
The advantages of liquid-liquid extraction on other separation technologies (i.e. liquid
membranes, adsorption, ion exchange) rely in its operational characteristics, i.e. short
operational times (often in the few minutes range), possibility of the treatment of great
feed solution volumes at these short times, and selectivity towards gold compounds in
solution.

Including in the organic extractants used in liquid-liquid extraction, ionic liquids
present a further interest due to their inherent properties [13,14], which make of them to

be considered as green solvents. Ionic liquids had been amply used, in the recovery of

© 2021 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202103.0117.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 March 2021 d0i:10.20944/preprints202103.0117.v1

2 of 14

metals, being some recent applications given in the literature, i.e. base metals [15-17], rare
earths [18-20], indium [21,22], gold [23,24] and others [25,26].

This work joins the points mentioned above: i) ionic liquids, ii) gold price and the
opportunity of its recovery from urban wastes, ii) the usefulness of liquid-liquid extrac-
tion in this profitable and environmental field of interest and iii) ionic liquid. A327H*Cl-
ionic liquid, prepared from the reaction of a tertiary amine, A327, and HCJ, is used as
extractant, since no data were apparent available about its use in the recovery of
gold(IlI)-bearing aqueous solutions. In the liquid-liquid extraction operation, different
variables influencing the extraction of Au(Ill) are investigated: contact time, temperature,
gold(IlT), HCI and ionic liquid concentrations in the aqueous and organic phases, respec-
tively, the performance of the organic reagent in presence of other metals in the aqueous
phase, and also the comparison of the performance of A327H*Cl- ionic liquid against that
of other ionic liquids. The stripping step is investigated using different strippants, and
from the gold-bearing strip solution gold nanoparticles are finally yielded.

2. Materials and Methods

The ionic liquid used in this investigation was generated from the tertiary amine
Hostarex A327 (Sanofi), with molecular weight: 395 and density 20° C: 0.82 g/cm3), being
an ad hoc industrial mixture of tri-isooctyl (CsHi7)sN and tri-decyl (Ci0H21)sN) amines. The
reagent used without further purification. Toluene (AR grade) was used to dilute the
amine. It was claimed in the literature, that organic diluents were of no necessity when
ionic liquids were used in the extraction of metal, but the experience of the author of this
work showed that the use of an organic diluent was needed in this particular use (lig-
uid-liquid extraction) of the ionic liquids because: i) the high viscosity of the ionic liquids
makes doubtful an easy and quick phases separation, moreover, this viscosity will causes
flowing problem in the eve of scaling-up to mixer-settlers the process, and ii) the use of a
diluent allowed to use the correct concentration of the ionic liquid in each case (and this
work is an example of the extreme low ionic concentrations that can be used to extract
gold from the feed solution). Being the extractant one of the most, if not the most, ex-
pensive input in the circuit, it had no sense to work with a concentration of non-used
extractant in the liquid-liquid extraction circuit.

Other chemicals are of AR grade, with the exception of Cyphos IL101 (Solvay), Al-
iquat 336 (Fluka) Hostarex A324 (Sanofi) and Primene 81R (Rohm and Haas), which were
used without further purification. The active groups of these reagents were given in Ta-
ble 6.

Extraction-stripping tests were carried out in jacketed separation funnels using
mechanical shaking, via a flour blades impeller. The process normally works with dis-
persed aqueous phases and continuous organic ones. In extraction tests, 20 mL of the
corresponding phases were used, and after phase separation (in the order of 5 min time),
hydrochloric acid concentrations in the organic phases were analyzed by titration, in
ethanol medium and using bromothymol blue as indicator, with standard NaOH solu-
tions and the HCI concentrations in the aqueous phases were estimated by the mass
balance; metals were analyzed in the raffinate (associated error +3%) by AAS (Perkin
Elmer 1100B spectrophotometer); and the corresponding concentration in the extracted
phase was calculated also by the mass balance. Stripping experiments were carried out
following the same procedure than above, except in the case of using different Vorg/Vaq
relationships.

Gold precipitation was done in a glass reactor containing, under gentle stirring, the
gold-bearing strip solution to which a weighed amount (0.1 g) of sodium borohydride
were sequentally added. After filtration, gold nanoparticles were visualized using a
magnifier, whereas microstructural characterization had been carried out using a Hitachi
5-4800 Scanning Electron Microscope equipped with an Oxford Instrument energy dis-
persive X-ray (EDX) microanalyzer.
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3. Results

3.1. Preparation of A327H*ClI- ionic liquid

This ionic liquid was prepared by reaction of the tertiary amine A327 diluted in toluene
and 1M HCI solutions, and the results were estimated by the distribution coefficient D,
defined as:

__ [HCllorg
T [HCllaq 1)
where [HCl]org and [HCl]aq were the HCl concentrations in the extracted phase and in the
raffinate, at the equilibrium, respectively. A plot of log D versus log [A327]ors was shown

in Fig.1.
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Figure 1. Variation of log Dua with log [A327]ors. Aqueous phases: 1 M HCL. Organic
phase: 0.05-0.4 M amine A327 in toluene. Temperature: 20° C. Time: 10 min. Vorg/Vaq: 1.
Dotted line showed 95% confidence interval of the regression line.

3.2. Gold extraction

3.2.1. Influence of the equilibration time

The influence of this variable on gold extraction was investigated with an aqueous solu-
tion of 1.0x10+ M Au(Ill) in 2 M HC], and an organic solution containing 2.1x10 M ionic
liquid in toluene, temperature was of 20° C, and a Vorg/Vaq ratio of 1 was used.

3.2.2. Influence of the temperature

The variation of this variable in the 20-50° C range on gold extraction was investigated. In
this case the aqueous solution was of 5.1x10* M gold(IIl) in 4 M HCl, whereas the organic

solution was a 5.3x10 M ionic liquid in toluene solution. Equilibration time was 10 min
and again using a Vorg/Vaq ratio of 1. The experimental results were given in Table 1.
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Table 1. Influence of the temperature on gold extraction

Temperature, Gold extraction log Dau
O (%)
20 66 0.28
30 59 0.15
40 52 0.04
50 40 -0.17

3.2.3. Influence of the HCl concentration in the aqueous solution

The extraction of gold at various HCI concentrations in the aqueous solution was inves-
tigated, and the experimental results were shown in Fig. 2, which represented the per-
centage of gold extraction versus the HCI concentration in the raffinate phase.
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Figure 2. Gold extraction at different HCl and ionic liquid concentrations. Aqueous

phase: 5.1x10° M gold in HCL. Organic phase: different ionic liquid concentrations in
toluene. Temperature: 20° C. Time: 10 min. Vorg/Vaq: 1.

3.2.4 Influence of the ionic liquid concentration in the organic phase

The investigation about the influence of this variable on gold(Ill) extraction was per-
formed using the same conditions as described in Fig. 2, showing this same Figure the
results derived from this investigation.

3.2.5. Influence of the initial gold concentration

The effect of this variable on the extraction of gold, by A327H*Cl ionic liquid in toluene,
using aqueous phases containing different metal concentrations in 4 M HCl and organic
phases of 1.1x10 M ionic liquid in the diluent, was investigated, being the results sum-
marized in Table 2.
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Table 2. Influence of the initial metal concentration on gold extraction
[Aulo log
M) Dau
2.5x10% 0.96
5.1x10% 0.95
1.0x10+ 0.95

Temperature: 20°C. Equilibration time: 10 min. Vorg/Vaq: 1
3.2.6. Gold extraction from multielemental solutions

In the recycling of, i.e electronic wastes, gold can be accompanied in the solution by a se-
ries of base metals, being the most commonly found Fe(IIl), Cu(Il) and Ni(Il), thus, their
possible influence on gold extraction was also investigated, and in this case, metal
equimolar concentrations were used. The results from these investigations were summa-
rized in Table 4. Taking into consideration the definition of the separation factor, Baum:

— DAu
Baum = 12 @)

where Dau and Dwm represented to the experimental values of the distribution coefficients
(see eq. (1)), of gold and the corresponding metals, respectively, Table 5 showed the val-
ues of these separation factors.

Table 4. Percentages of metals extraction from multielemental solution

System HCl Au Fe Cu Ni
™M) (%) (%) (%) (%)
Au-Fe-Cu-Ni 2 89 19 - -
Au-Fe-Cu-Ni 4 91 15 3 -

Aqueous phase: 5.1x10° M (each) Au(lll), Fe(Ill), Cu(ll), Ni(Il) in HCl solutions. Organic phase:
1.1x10** M ionic liquid in toluene. Temperature: 20° C. Time: 10 min. Vorg/Vaq: 1

Table 5. Values of {3 for the present system

Pair HC1 Pawm
™)
Au-Fe 2 37
4 59
Au-Cu 2 quantitative
4 >300
Au-Ni 2 quantitative
4 quantitative

3.2.7. Gold extraction using various ionic liquids

The performance of A327H*Cl- ionic liquid towards gold extraction was also compared
against the extraction of this precious metal by other ionic liquids. In these experiments,
the aqueous solutions were of 5.1x10° M gold in 1 or 6 M HCl, and the organic solutions
were of 1.1x10+ M of the extractant in toluene. The results were shown in Table 6.
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Table 6. Gold extraction using various ionic liquids

Ionic liquid Active group HC1 gold ex-
™M) traction
(%)
Cyphos IL101 QPS-chloride form 1 98
6 96
Aliquat 336 QAS-chloride form 1 10
6 10
A324HCl- QAS-chloride form 1 78
6 60
P81RH*CI- QAS-chloride form 1 15
6 8
A327H+CI- QAS-chloride form 1 20
6 90

Temperature; 20° C. Time; 10 min. Vorg/Vaq: 1. QPS: quaternary phosphonium salt. QAS:
quaternary ammonium salt. A324: tertiary amine, precursor of the ionic liquid. P81R:
primary amine, precursor of the ionic liquid.

3.3. Gold stripping

The stripping of gold from loaded organic phases was accomplished by the use of
thiocyanate solutions, as the matrix component of the solution, due to the great affinity
that Au(Ill) had on thyocianate ion, forming the Au(SCN)« in the solution with log B4 of
43.66 [27].

3.3.1. Influence of the equilibration time

Experiments were carried out with organic phases of 2.1x10+ M of the ionic liquid
in toluene loaded with 5.1x10 M gold at 20° C and using a Vorg/Vaq ratio of 1. A 0.5 M
NaSCN solution was used as strippant.

3.3.2. Influence of the composition of the stripping solution

Gold stripping was accomplished using various strippants and organic phases of
2.1x10* M of the ionic liquid in toluene loaded with 5.1x10- M gold. Table 7 resumed the
results from these experiments. Moreover, the addition of LiCl or HCI to the NaSCN
solution was investigated. A second stripping step was done on the organic solution re-
sulting from the first strip, using fresh strippant solutions. The results were given in Ta-
ble 8.

Table 7. Gold stripping using various strippants

Strip solution % gold stripping
0.5M NaSCN 47
0.5 M NaSCN+0.5 M LiCl 61
0.5 M NaSCN+0.5M HCl 55
aqueous solution of pH 2.5 (HCl) 3

aqueous solution of pH 5 -
Temperature: 202 C. Time: 15 min. Vorg/Vag: 1
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Table 8. Gold stripping after two steps

Strip solution % gold strip- % gold stripping
ping (2nd step)
(1st step)
0.5 M NaSCN+0.5 M LiCl 61 >99
0.5M NaSCN-0.5 M HCI 55 >99

Operational conditions as in Table 7. The percentage of gold stripped in the second step
was calculated on the basis of the residual gold concentration in the organic phase after
1st step

The influence of the NaSCN or LiCl concentrations, in the strip solution, on gold
stripping was also investigated with the same organic phase as described above. The

results from this investigation were shown in Tables 9 and 10, respectively.

Table 9. Influence of the NaSCN concentration on gold stripping

Strip solution % gold strip-
ping
0.1 M NaSCN+0.5 M LiCl 26
0.25 M NaSCN+0.5 M LiCl 47
0.5 M NaSCN+0.5 M LiCl 61
0.75 M NaSCN+0.5 M LiCl 70
1 M NaSCN+0.5 M LiCl 68

Operational conditions as in Table 7

Table 10. Effect of LiCl concentration on gold stripping

Strip solution % gold strip-
ping
0.75 M NaSCN 75
0.75 M NaSCN+0.25 M LiCl 79
0.75 M NaSCN+0.5 M LiCl 70
0.75 M NaSCN+0.75 M LiCl 70
0.75 M NaSCN+1 M LiCl 67

Operational conditions as in Table 7.

3.3.3. Influence of the temperature
The influence of the temperature on gold stripping was also investigated using the
same gold-loaded solutions as in previous investigations, and aqueous strip solutions of

0.75 M NaSCN+0.25 M LiCl. The results were summarized in Table 11.

Table 11. Influence of temperature on gold stripping

Temperature % gold
(°C) stripping
20 79
50 93

Time: 10 min. Vorg/Vagq: 1
3.3.4. Influence of varying the Vorg/Vaq relationship

The effect of varying the Vorg/Vaq relationship, on gold stripping, was investigated
using the same strip and organic phases that in subsection 3.3.3.; the results from these
tests were shown in Table 12, whereas a stripping isotherm was also generated (Fig. 3).

Table 12. Gold stripping under various Vorg/Vaq ratios
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Vorg/Vaq % gold
stripping
0.5 88
1 79
2 59
4 33

Temperature: 20° C. Time: 15 min
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Figure 3. Gold stripping isotherm. Data from results showed in Table 12.

3.4. Precipitation of gold nanoparticles

It was recognized elsewhere [28], the importance of gold recovering as some type of
nanomaterial. In the present investigation, to the strip solution of 0.75 M NaSCN+0.25 M
LiCl containing 5.1x104 M gold, 0.1 g of sodium borohydride was slowly added under
gentle (50 min™) stirring. Almost immediately a dark precipitate appeared, this was fil-
tered and washed with distilled water. The dry as-obtained solid, resulted in gold na-
noparticles (Fig. 4).

4. Discussion

4.1. Preparation of A327H*ClI- ionic liquid

The plot showed in Fig. 1 resulted in a straight line of slope 1.08 (r?= 0.986), thus, the
ionic liquid was formed (99.8% amine conversion) accordingly to the equilibrium:

H +aq+ Cl —aq+ A327,rg & A327HCly, ©)
org and aq subscripts were the extracted phase and the raffinate, respectively.

To verify the above, the experimental data were treated by a tailored computer
program with minimizes the U function, defined as:

U= E(]Og Dcal - IOg DeXP)Z) (4)
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being Dexp and Dt the experimental distribution coefficients and the corresponding val-
ues calculated by the program. The results indicated that the ionic liquid was formed as
indicated in eq.(2), with log K= 2.65 (K being the equilibrium constant related to eq.(3))
and U 2.3x10°.

Figure 4. View of the precipitated gold nanoparticles under a magnifier.

4.2. Gold extraction
4.2.1. Influence of the equilibration time

The results showed that equilibrium was reached (93% gold extraction) after 5 min
contact time between both phases. Thus, gold extraction equilibrium was achieved in a
relatively short time, which it can be a demonstration about the affinity that this ionic
liquid had towards gold(III)-chloride complex.

4.2.2. Influence of the temperature

As it was shown in Table 1, the experimental results indicated that an increase of the
temperature resulted in a decrease in the percentage of gold extracted into the organic
phase.

A plot of log Dau (D defined as in eq. (1), but considering metal concentrations in the
equilibrated organic solution and in the raffinate versus 1000/T (T in Kelvin degrees) re-
sulted in a straight line (r2= 0.979), allowing to estimate AH® (-3 kJ/mol) and AS® (-0.1
kJ/mol K) for the present extraction process, indicating an exothermic reaction. From the
above, AG? resulted as -0.07 kJ/mol.

4.2.3. Influence of the HCI concentration in the aqueous solution
As it was observed in Fig. 2, the variation in the HCI concentration had little if any
influence in the percentage of gold extraction for every ionic liquid concentration used in

the experiments.

4.2.4 Influence of the ionic liquid concentration in the organic phase
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The experimental results represented in Fig. 2 showed that, the increment in the
ionic liquid concentration was associated with an increment in the percentage of gold
extracted into the organic phase, and for every HCl concentration used in the experi-
ments. It was worth to note here, that almost quantitative gold extraction (99%) resulted
for an ionic liquid concentration as low as 2.1x10* M (equivalent to a 0.01 % v/v ionic
liquid concentration) in toluene.

4.2.5. Influence of the initial gold concentration

From the results showed in Table 2, it was deducted that the variation in the initial
gold concentration had not effect on gold extraction (in therms of the distribution coeffi-
cient Dau), this should be an indication about the non-existence of polynuclear complexes
in the corresponding gold-loaded organic phases, that should be indicative about the
formation of A327H*AuCls species in this phase.

4.2.6. Determination of the extraction constant and estimation of the AuCls,H* interaction
coefficient

Based in the results, the next equilibrium should be representative of the gold ex-
traction by the present extractant:

A327H*Clye + AuCly, & A327H*AuCly,  + Clg (5)

equilibrium where the subscripts org and aq represented the species in the organic solu-
tion and in the raffinate, respectively. Thus, the extraction of gold was associated to an
anion exchange reaction.

By the use of the same computer calculation that showed in eq.(4), it was shown that,
gold extraction under various HCI concentrations was represented by eq.(5); however,
the value of the extraction constant vary with the acid concentration, and thus, with the
ionic strength (I) of the raffinate (Table 3).

The extraction constant, K corresponding to the equilibrium represented in eq.(5)
can be correlated with the value of Im (aqueous ionic strength in the molal scale.). Thus:

Yasz27H*Auciy YCI™
KC = K, 23277 fubla - (6)

m -
Yasz27H+c1-YAuCly

If ideal behaviour in the organic phase was considered, the following equation re-
sulted:

logK® = log Ky, + logyci- —10g Yauci; )

In solutions with a given ionic strength, Im, the activity coefficient, y, of a given ion
of charge Z, is:
logy = —z2Dy + Zel,, (8)

where D1 was the Debye-Hiickel term (in the molality scale), and & was the interaction
coefficient between the charged species of the given system. Considering eq.(8) for any of
the charged species of the present system, that is AuCls, Cl-, and including it in eq.(7), a
final equation was derived as:

log K = logK® + (eaycizu — €ci-ut)Im )
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thus, plotting log Km versus In (Fig.5), a line of intercept log K° and slope eaucu-, 5+ -eci- b+
should be obtained. In the present case, such plot gives log K= 5.5 and slope 0.13 (r?>=

0.900), since ear,n+was 0.12 [29,30], eaucis- b+ was estimated as 0.25.

7.0
6.5
O
).{E
5 601
0 0
554 ©
SO 1 1 | 1 1] ]
0 1 2 3 4 S5 6 7

Figure 5. Plot of log Km versus Im. Dotted line showed 95% confidence interval of the
regression line.

4.2.7. Gold extraction from multielemental solutions

The results from Table 4 demonstrated that gold was extracted in greater percent-
ages than these of the accompanying metals, whereas the value of Table 5 showed the
gold can be separated from these metals, since 3>1, by the use of the present experimental
conditions.

It was observed that gold was separated quantitatively from Ni(II) at both HCl
concentrations of the aqueous phase, this was due to that nickel(Il) did not form any type
of anionic complex in chloride medium, and thus, and anion exchange reaction as shown
in eq.(4), it was not possible to occur.

4.2.8. Gold extraction using various ionic liquids

The results from Table 6 indicated that Cyphos IL101 responded slightly better than
A327H+Cl- towards gold extraction, and that the latter performed much better than the
others ionic liquids tested in this investigation and under these experimental conditions.
4.3. Gold stripping

4.3.1. Influence of the equilibration time

Results showed that equilibrium was reached after 10 min of contact time, indicating
the great affinity that gold(III) had to form a stable complex with thiocyanate ion.
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4.3.2. Influence of the composition of the stripping solution

Results from Table 7 showed that the use of NaSCN solutions was adequate to strip
gold from the loaded organic solution, whereas the presence of LiCl or HCI in the strip
solution favoured gold stripping, being the above attributable to an increment of the
ionic strength in the strip phase when these chemicals were added to the phase. Results
from Table 8 indicated that near complete gold recovery was achieved after the second
step, at the same time the ionic liquid was regenerated:

A327HTAuCly , + 4SCNzq & A327HCl5,g + Au(SCN)g,, + 3Clg (10)
where org and aq subscripts represented the organic and strip phases, respectively.

The results presented in this Table 9 showed that there was an increment in the
percentage of gold stripped with the increase of the NaSCN concentration, in the strip
solution, up to 0.75 M and then levels off. The effect of adding LiCl to the strip solution
(0.75 M NaSCN), showed in Table 10, indicated that from 0.25 M LiCl, an increase in the
LiClI concentration of the strip solution decreased the percentage of gold stripping in the
first step. However, in the case of 0.75 M NaSCN solutions, the use of LiCl in the strip
solution was not as evident, with respect to gold stripping, that in the case of using 0.5 M
NaSCN solution (Table 7).

4.3.3. Influence of the temperature

Table 11 showed an increment in the percentage of gold stripping as the tempera-
ture increased to 50° C. The strip reaction had an endothermic character.

4.3.4. Influence of varying the Vorg/Vaq relationship

Results presented in Table 12 indicated that the increase of the Vorg/Vaq relationship
led to a decrease in the percentage of gold stripping. From these results, a stripping iso-
therm was generated and showed in Figure 4.

4.4. Precipitation of gold nanoparticles

Gold particles presented various sizes in the nano-range, i.e. 9.3-13.2 nm (SEM de-
rived results). The reduction of gold(III) to zero valent gold responded to the formation
of Hz in the hydrolysis of sodium borohydride and the subsequent next reaction:

2Au(SCN); + 3H, — 2Au® + 6H* + 8SCN~ 1)
5. Conclusions

The results indicated that the ionic liquid A327H*Clis effectively formed by reaction of
the tertiary amine and HCI solutions. This ionic liquid extracts gold(III) in HCI solutions.
The extraction mechanism are related to an anion exchange, in which the complex with
A327H*AuCls stoichiometry in the organic phase is formed, releasing chloride ions in the
aqueous solution. The process is exothermic (AH®= -3 kJ/mol) and log K° for the extrac-
tion equilibrium of 5.5. By the use of the specific interaction theory approach the interac-
tion coefficient was estimated for the pair (AuCls, H*), the value being 0.25. Gold is ef-
fectively recovered from gold-loaded organic phases using thiocyanate solutions, and
from these strip solutions, zero valent gold nanoparticles are yielded.
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