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Abstract
This study investigates the use of novel alcoholic ammoniacal systems for the extraction of Cu, Zn, and Pb from Fe-rich 
residue materials as an alternative technology to traditional aqueous ammoniacal extraction. To this purpose, methanol- and 
ethanol-based ammoniacal solutions were prepared with several ammonium salts (ammonium chloride, -acetate, -carbonate, 
and -sulfate) and tested for their metal extraction potential (i.e., metal solubility and selectivity) in synthetic systems with 
metal sulfate salts of Cu, Zn, Pb, and Fe. The obtained metal solubility results were interpreted by modeling the conditions 
of the different alcoholic ammoniacal systems  (NH3 concentration, pH), and used to select the most promising extraction 
systems. Furthermore, the initial alkalinity of these selected ammoniacal systems was adapted with stoichiometric NaOH 
additions, which proved to be a determining factor for the  NH3 concentration and the pH and, thus, also for the metal solubil-
ity and selectivity. Finally, in a case study on the extraction of Cu, Zn, and Pb from a roasted sulfidic tailing, the ammonium 
acetate NaOH methanol solution and the ammonium chloride methanol solution showed promising metal extraction efficien-
cies for Zn (> 40%) and Cu (> 27%), while a very low Fe concentration in the extraction solution was assured (< 0.3 mM). 
These results warrant further research to reveal the full potential of non-aqueous ammoniacal metal extraction.
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Introduction

Ammonia is known to be an effective leaching agent in 
hydrometallurgical processes. Despite being initially used 
to selectively extract Cu, ammoniacal leaching has been 
expanded towards a range of other non-ferrous metals, e.g., 
Zn, Ni, Co, Ag, and Au [1–5]. The performance of ammo-
niacal metal extraction systems is determined by the chem-
istry of ammonia/ammonium in solution. First, ammonia 
can act as a Brønsted-Lowry base (proton acceptor), with 
the acid–base conditions of an aqueous solution defining 
the ammonia speciation, i.e., unionized (ammonia,  NH3) 
or ionized form (ammonium,  NH4

+), according to the dis-
sociation constant (wpKa = 9.25). Second, ammonia can act 
as a Lewis base (free-electron-pair donor) and serve as a 
ligand for a selection of metals, thereby strongly enhanc-
ing the solubility of these metals. A few non-ferrous metal 
cations, such as Cu(II) and Zn(II) can form such soluble 
metal-ammine complexes, while other metals, such as Fe 
and Mn, are not capable of forming stable complexes with 
ammonia [6]. As a result, an ammoniacal solution induces 
a strong selectivity with respect to metal dissolution from 
a complex matrix, which is exploited in hydrometallurgi-
cal processes [7]. In these processes, ammonium chloride, 
ammonium carbonate, and ammonium hydroxide are the 
most common sources of ammonia [8, 9].

Overall, ammoniacal extraction offers several advan-
tages in comparison with other conventional extraction 
systems (e.g., acid extraction): (i) a high extraction selec-
tivity, which limits matrix dissolution and, thus, the need 
for elaborate downstream processing, (ii) a non-corrosive 
character, (iii) reusability of the extraction solution, and 
(iv) relatively mild reaction conditions [10]. Therefore, 
ammoniacal aqueous solutions have proven to be perfor-
mant for the extraction of valuable metals from various 
materials, such as matte, secondary resources (e.g., con-
verter slags), and end-of-life resources (e.g., electronic 
waste, spent lithium-ion batteries) [11–15].

So far, only aqueous ammoniacal leaching has been 
investigated and developed. However, it is hypothesized 
that also non-aqueous solvents can be suitable for this pur-
pose and might even provide benefits compared to the con-
ventional aqueous systems from the perspective of extrac-
tion performance. First, several ammonium salts have been 
reported to be soluble in alcohols and can, therefore, serve 
as a source for ammonia for extraction [16–18]. Second, 
the solvation properties of alcohols for metal salts sug-
gest the potential to further enhance the selectivity char-
acteristics of ammoniacal leaching. The solubility of metal 
salts in pure alcohols is significantly lower in comparison 
with that in pure water [19], which follows from differ-
ences in the dielectric properties of these solvents, and 

thus, the solvents’ capability to stabilize solutes (i.e., 
solvation, complex formation) [20]. In recent studies, the 
benefit of alcoholic solvents (ethanol and octanol) over an 
aqueous solvent was already demonstrated for HCl metal 
extraction systems [21, 22], illustrating that a change in 
solvent can enhance the reactivity of the lixiviant (e.g., 
chloride) toward specific solid metal phases to improve 
the extraction efficiency and/or selectivity. For ammonia-
cal systems, this approach has not been investigated so 
far. It is expected that metal dissolution in non-aqueous 
solvents can be strongly dictated by the metal-ammine 
interaction, even more than in aqueous systems. Hence, 
this has the potential to limit the dissolution of unwanted 
metals in extraction processes (e.g., Fe) and increase the 
metal extraction selectivity compared to aqueous systems. 
Third, with respect to aqueous leaching, light alcohols can 
more easily be recovered through distillation, allowing for 
an easy route to purify and circulate the leaching medium 
in the process. Finally, the exploration of ammonia/ammo-
nium salt–alcohol combinations as extraction agents will 
broaden the routes of solvometallurgy to bring forward 
alternative approaches to conventional hydrometallurgy.

In this study, the potential of alcoholic ammoniacal sys-
tems for metal extraction was examined for the first time. 
Ammonium salts were used as a source of ammonia in the 
simple alcohols methanol and ethanol, aiming at a funda-
mental exploration of alcoholic ammoniacal leaching sys-
tems. The H-bonding network in these simple alcohols still 
sufficiently resembles that of water, which is required to 
allow the dissolution of ammonia [23]. Yet, with the short 
alkane chains of these alcohols, hydrophobicity is introduced 
in the leaching system, which could further decrease the 
solubility of metals not able to form soluble metal-ammine 
complexes. First, the solubilities of a range of ammonium 
salts were determined in both alcohols. The speciation of the 
dissolved compounds, mainly dictated by acid–base equi-
librium reactions, is of key importance to understand the 
metal extraction properties of these new alcoholic ammo-
niacal solutions. For aqueous systems, the acid–base equi-
librium can easily be measured (i.e., pH measurements) or 
determined via conventional modeling software. For non-
aqueous solvents, however, this is much less straightforward. 
Based on the work by Sager et al., modeling of the different 
ammoniacal systems was performed to gain insight into the 
solution speciation of these systems [24]. Second, the solu-
bilities of four common soluble metal phases in processed 
sulfidic tailings, i.e., Cu, Zn, Pb and Fe sulfate, were deter-
mined experimentally in the different alcoholic ammonia-
cal systems, while also investigating the effect of the initial 
alkalinity of these systems on the metal solubility. The inter-
pretation of these results was also supported by modeling. 
Finally, the most promising alcoholic ammoniacal systems 
were tested for the extraction of valuable metals (Cu, Zn, and 
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Pb) from a sulfidic tailing. High-metal extraction efficiencies 
from sulfidic tailings are typically obtained with the oxida-
tion of the metal sulfide phases, which can be pursued via 
either oxidative ammoniacal extraction [25] or, as performed 
in this study, oxidative microwave-assisted roasting followed 
by the ammoniacal extraction of more soluble metal phases 
(e.g., metal sulfates).

Materials and Methods

Chemicals

The chemicals used in this study include solvents, ammo-
nium salts, metal sulfate salts, and NaOH. The solvents 
were methanol  (CH3OH, water content < 0.1%, VWR), 
ethanol  (CH3CH2OH, water content < 0.1%, VWR), and 
MilliQ™ water. The ammonium salts included ammonium 
acetate  (NH4CH3COOH, VWR, ≥ 98%), ammonium car-
bonate ((NH4)2CO3, Aldrich, ≥ 99.9%), ammonium sulfate 
((NH4)2SO4, VWR, ≥ 99.0), and ammonium chloride  (NH4Cl, 
Merck, ≥ 99.8%). The metal sulfate salts were copper sulfate 
 (CuSO4.5H2O, VWR, ≥ 99.0%), zinc sulfate  (ZnSO4.7H2O, 
Merck, ≥ 99.0%), lead sulfate  (PbSO4, Aldrich, ≥ 98.0%), 
and iron sulfate  (FeSO4.7H2O, VWR, ≥ 99.0%). Finally, also 
sodium hydroxide (NaOH, Merck, ≥ 97.0%) was  used.

Speciation Modeling in Alcoholic and Aqueous 
Ammoniacal Systems

The behavior of ammonium salts in alcoholic and aque-
ous ammoniacal systems was modeled, based on the dis-
solution reactions of the different ammonium salts and the 
acid–base equilibrium reactions of the dissolved  NH4

+ and 
anions (Table 1). The acidic dissociation constants  (Ka) of 
the dissolved  NH4

+ and anions in methanol and ethanol were 
determined according to the work by Sager et al. [24]. Using 
Eq. 1,  Ka values for aqueous systems (wKa) were converted 
to values suitable for a solvent system (sKa), by considering 

the dielectric constant of water (εw) and of the solvent (εs), 
the charge of the acid  (zA) and its respective base  (zB), and 
the radius of the acid  (rA), base  (rB), and proton  (rH) [24]. 
Additional parameters were the elementary charge (e), gas 
constant (R), Avogadro number (N), and temperature (T). 
The parameters considered for each acid–base reaction are 
listed in Table S1. Finally, the calculated  Ka values for the 
three studied solvents were used to determine the speciation 
of acid–base active components as a function of the pH in 
each system.

Solubility of Ammonium Salts in Alcohols

The solubilities of ammonium acetate, ammonium car-
bonate, ammonium sulfate, and ammonium chloride were 
determined in methanol and ethanol at 20 °C, according to 
the procedure depicted in Fig. 1a. Several dosages of these 
ammonium salts were added to 5 mL of solvent. Subse-
quently, the solutions were agitated in a vortex mixer for 
15 min. After agitation, the solutions were visually inspected 
to determine whether the solute was completely dissolved or 
precipitates/suspended particles were present. Subsequently, 
the equilibrium conditions of each ammonium salt-alcohol 
system were derived based on the initial ammonium salt 
concentration at maximum salt solubility, as well as the rel-
evant dissolution and acid–base reaction equations (Table 1) 
and the calculated  pKa values (Table S2).

Solubility of Metal Sulfates in Alcoholic 
and Aqueous Ammoniacal Systems

The solubilities of copper sulfate, zinc sulfate, lead sulfate, 
and iron sulfate were studied in ammoniacal methanol, 
ethanol, and water solutions at 20 °C (duplicate treatment), 

(1)

p(sKa) − p(wKa) =
Ne2

4.6052RT

(

1

�s

−
1

�w

)

(

z2
B

rB
−

z2
A

rA
+

1

rH

)

.

Table 1  The dissolution and 
acid–base reactions considered 
for the use of the ammonium 
salts in water, methanol, and 
ethanol

Ammonium salt Dissolution reaction Acid–base equilibria reactions Acid disso-
ciation constant 
 (Ka)

NH4Cl NH4Cl →  NH4
+ +  Cl− NH4

+ ⇌ NH3 +  H+

HCl ⇌  Cl− +  H+
Ka(NH4

+)
Ka(HCl)

NH4CH3CO2 NH4CH3CO2 →  NH4
+ +  CH3CO2

− NH4
+ ⇌ NH3 +  H+

CH3CO2H ⇌  CH3CO2
− +  H+

Ka(NH4
+)

Ka(CH3COOH)
(NH4)2CO3 (NH4)2CO3 →  2NH4

+ +  CO3
2− NH4

+ ⇌ NH3 +  H+

H2CO3 ⇌  HCO3
− +  H+

HCO3
− ⇌  CO3

2− +  H+

Ka(NH4
+)

Ka1(H2CO3)
Ka2(H2CO3)

(NH4)2SO4 (NH4)2SO4 →  2NH4
+ +  SO4

2− NH4
+ ⇌ NH3 +  H+

H2SO4 ⇌  HSO4
− +  H+

HSO4
− ⇌  SO4

2− +  H+

Ka(NH4
+)

Ka1(H2SO4)
Ka2(H2SO4)
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according to the procedure depicted in Fig. 1b. The dosage 
of ammonium salts in the alcohols was based on their meas-
ured maximum solubility in each solvent (Sect. “Solubil-
ity of Ammonium Salts in Alcohols”), whereas the dosage 
in water was done according to literature solubility values 

(Table 2). Of each ammoniacal solution, 5 mL was mixed 
with an excess of the metal sulfates in an overhead shaker at 
5 rpm for 24 h. Subsequently, the suspensions were filtered 
(chromafil® RC-45/25 – 0.45 µm) to obtain metal-saturated 
solutions. The metal-saturated alcoholic solutions were first 

Fig. 1  A flowchart of the experimental procedure used for the assess-
ment of a the ammonium salt solubility, b the metal sulfate salt sol-
ubility in ammoniacal systems, c the metal sulfate salt solubility in 

alkali-adapted ammoniacal systems, and d the metal leaching from 
microwave-roasted sulfidic tailings using alcoholic ammoniacal sys-
tems
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treated in a DigiPREP digestion system at 60 °C until com-
plete evaporation of the solvent, and the obtained residues 
dissolved using aqua regia and MilliQ water. Finally, all 
samples were analyzed by inductive coupled plasma optical 
emission spectrometry (Perkin Elmer AVIO 500 equipped 
with a PrepFAST Autodilution System) to determine the 
metal concentration. From the molar concentrations of Cu, 
Zn, Pb, and Fe in the different solutions, an apparent separa-
tion factor was calculated for Cu, Zn, and Pb (indicated as 
M) in each leaching system, which was defined as [M]/[Fe].

The Solubility of Metal Sulfates in Alkali‑Adapted 
Ammoniacal Alcoholic Systems

Three ammoniacal systems were selected for further opti-
mization of their metal extraction potential: the ammo-
nium chloride methanol, ammonium acetate methanol, and 
ammonium acetate ethanol systems. Again, the dosage of 
ammonium salts in the alcohols was based on their measured 
maximum solubility in each solvent (Table 2). To 5 mL of 
each of these ammoniacal solvents, NaOH was added as a 
fine powder at a molar  [OH−]o/[amm] ratio of either 0, 0.3 or 
1, with [amm] the total ammonia/ammonium concentration 
in the specific ammoniacal solvent and  [OH−]o the hydroxide 
concentration prior to equilibration (Fig. 1c). Finally, over-
saturated solutions of each metal sulfate were prepared by 
adding a dose of 1  molmetal/Lsolvent and mixing in an overhead 
shaker at 5 rpm for 24 h (duplicate treatment). Subsequently, 
the suspensions were filtered and their metal concentration 
was determined via ICP-OES. Using the above-mentioned 
modeling approach, the effect of NaOH on the equilibrium 
conditions of the ammoniacal solutions, prior to metal addi-
tion, was determined.

Case Study: Metal Extraction from a Roasted Sulfidic 
Tailing Using Ammoniacal Methanol Leaching 
Systems

Alcoholic ammoniacal systems were assessed for metal 
extraction from a roasted sulfidic tailing (0.4% Cu, 1.1% 
Zn, 0.4% Pb), according to the procedure as depicted in 
Fig. 1d. The tailing, originating from the Neves Corvo mine 
(Portugal), was treated at 500 °C for 60 min in a microwave-
assisted roasting process using a PYRO advanced microwave 

furnace (Milestone) (details roasting procedure and mate-
rial characterization in Sect. S1). Subsequently, the roasted 
material was leached in a 0.33 M ammonium chloride meth-
anol solution and in a 4.95 M ammonium acetate methanol 
solution, both with or without NaOH addition at a ratio of 
 [OH−]o/[amm] equal to 1. Next to these alcoholic ammonia-
cal treatments, also extractions from roasted tailing in pure 
water and pure methanol, and from non-roasted tailing in 
water were performed, obtaining seven different leaching 
systems in total. The extraction was performed using a liq-
uid/solid ratio of 10 mL  g−1 in an overhead shaker at 5 rpm 
at 20 °C (duplicate treatment), for either 0.5 h, 3 h, or 24 h. 
After extraction, the leachate was recovered by centrifuga-
tion (3000 rpm for 10 min) and filtration, and subsequently 
analyzed with ICP-OES.

Results and Discussion

Speciation Modeling in Alcoholic Ammoniacal 
Systems

Calculated  pKa values of ammonium and other relevant ions 
in methanol and ethanol (Table S2), derived from Eq. 1, 
were used to model the speciation of these ions as a func-
tion of the pH, allowing comparison with speciation in an 
aqueous system (Fig. 2). For all considered compounds, the 
 pKa values increased according to the series water < metha-
nol < ethanol. This means that in the alcoholic systems, more 
alkaline conditions are required to deprotonate the ions in 
solution. For the  NH4

+/NH3 equilibrium, this effect was lim-
ited, with a  pKa of 9.3 in water and 10.7 in ethanol (Fig. 2a). 
For the  CH3COOH/CH3COO− equilibrium, the solvent has 
a strong effect on the  pKa value, ranging from 4.8 in water 
to 10.8 in ethanol (Fig. 2b). In the modeled  H2SO4 aque-
ous system, the fully deprotonated  SO4

2− became dominant 
from a pH of 3.5, while in ethanol, a pH above 10.6 was 
required (Fig. 2c). In the modeled  H2CO3 aqueous system, 
the fully deprotonated  CO3

2− became dominant from a pH of 
10.3, in methanol from a pH of 16.6 (Fig. 2d). In ethanol, no 
 CO3

2− was present in the established pH range, as a calcu-
lated  pKa2 value of 20.2 was obtained. Finally, the obtained 
 pKa values for HCl in methanol (−4.3) and ethanol (−2.2) 
were higher compared to the  pKa value of −8.0 in water, yet 

Table 2  The solubility ranges 
of the ammonium salts in 
methanol and ethanol at 20 °C 
 (gammonium salt/100  mLsolvent), 
compared to literature values 
of ammonium salt solubility in 
water [18, 19]

Ammonium chloride Ammonium acetate Ammonium 
carbonate

Ammonium sulfate

gammonium salt/100  mLsolvent

Water 37 143 100 75
Methanol [1.8;2.7] [55.0;56.9] [5.5;7.4] [-;0.02]
Ethanol [0.15;0.34] [9.5;11.2] [-;0.04] –
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all  pKa values remained negative (Table S2). As a result, 
 Cl− was considered to be a neglectable proton acceptor in 
all three solvents.

Solubility of Ammonium Salts in Methanol 
and Ethanol

The solubility of the four tested ammonium salts was by 
far the highest in water, followed by methanol and etha-
nol (Table 2). Both in methanol and ethanol, the highest 

solubility was obtained with ammonium acetate, i.e., 
55.0 g/100 mL in methanol and 9.5 g/100 mL in ethanol. 
Yet, Patnaik reported a much lower ammonium acetate 
solubility in methanol at 15 °C (7.9 g/100 mL), which 
presumably is linked to a different methanol purity [18]. 
Ammonium carbonate showed a reasonable solubility in 
methanol (5.5 g/100 mL), but a very poor solubility in 
ethanol with none of the tested dosages dissolving com-
pletely. Ammonium chloride was soluble in methanol 
to some extent (1.8 g/100 mL), but only very limited in 

Fig. 2  The speciation diagrams of  NH4
+ (a),  CH3COOH (b),  H2SO4 (c), and  H2CO3 (d) derived compounds in water, methanol, and ethanol, 

presented as a function of the solution pH
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ethanol. The determined ammonium chloride solubil-
ity range in methanol was slightly below the solubility 
reported by Seidel et al. (2.76 g/100 mL at 25 °C) [26], 
and also the solubility range in ethanol was slightly below 
values reported by Patnaik (0.6 g/100 mL at 19 °C) and 
Seidel (0.53 g/100 mL at 25 °C) [18, 26]. Finally, ammo-
nium sulfate was very poorly soluble in methanol and was, 
as a result, not further tested in ethanol.

The solubility of ammonium salts in solvents can be 
explained by the principles of dissolution thermodynam-
ics. The strength of the cation–anion attraction in the crys-
tal lattice of the salt is quantified by the lattice enthalpy, 
which is 2153 kJ  mol−1 for ammonium carbonate [27], 
1766 kJ  mol−1 for ammonium sulfate [28], 730 kJ  mol−1 
for ammonium acetate [29, 30], and 700 kJ   mol−1 for 
ammonium chloride [29, 31]. To achieve solvation of a 
salt, the solvent must overcome this energy by liberating 
and stabilizing the salt ions in stronger solvent–ion inter-
actions, e.g., hydrogen bond or ion–dipole interactions. On 
the one hand, the strength of these interactions is deter-
mined by the ability of the solvent to isolate, stabilize, 
and coordinate ions, which is expressed by the dielectric 
constant of the solvent. Water has a dielectric constant 
of 80.20, while this is significantly lower for methanol 
(33.64) and ethanol (25.16) [32]. On the other hand, the 
size and charge of the involved ions also influence the 
interaction strength, as an increasing ion charge and a 
decreasing ionic radius results in a stronger attraction 
(Table S1) [33].

The obtained trend in ammonium salt solubility within 
a single solvent follows from the strength of the cat-
ion–anion attraction in the crystal structure of the salt, 
quantified by the lattice enthalpy, and the charge and 
radius of the obtained ions. In the ammonium salt solu-
tions, the  NH4

+-solvent interaction is based on the forma-
tion of hydrogen bonds between the oxygen atom of the 
solvent and the hydrogen of  NH4

+. The highest ammo-
nium salt solubility was obtained with ammonium acetate, 
which is in line with the low lattice enthalpy value of this 
salt and the low charge and radius of an acetate anion. The 
solubility ranking of the remaining ammonium salts was 
an interplay of the effects of the salt’s lattice enthalpy, the 
ionic radius and the ion charge, of which the latter could 
also be affected by the actual speciation of the dissolved 
acid–base active ions. Next to this, the results showed that 
the solubility of ammonium salts across the different sol-
vents followed the trend of the dielectric constants of those 
solvents, and thus, the solvation capacity of the four tested 
solvents decreased according to the series water > metha-
nol > ethanol. Due to the poor solubility of ammonium sul-
fate in the alcohols, this salt was not further investigated 
as an ammonium source.

Modeling the Equilibrium Conditions of Methanol‑ 
and Ethanol‑Based Ammonium Salt Solutions

The molar concentration of ammonia/ammonium [amm] 
(Table 3), the acid–base equilibrium reactions (Table 1), 
and the calculated  Ka values (Table S1) were used to cal-
culate the pH and the  NH3 concentration at equilibrium 
(Table 3). The ratio of the equilibrium  NH3 concentration 
and the initial ammonium concentration derived from the 
dissolution of the ammonium salt  ([NH3]eq/[amm]) was 
also calculated, with [amm] equal to the sum of  [NH4

+]eq 
and  [NH3]eq.

The modeling showed that the equilibrium pH increased 
according to the series water < methanol < ethanol. 
Although [amm] decreased from water to methanol 
and ethanol system according to the solubility results 
(Table 3), the  [NH3]eq/[amm] ratio increased. For ammo-
nium acetate, this ratio increased from 1% in water to 14% 
in methanol and 52% in ethanol, which resulted in an  NH3 
equilibrium concentration of 0.68 M in methanol, 0.58 M 
in ethanol, and 0.05 M in water. The remarkably high 
 [NH3]eq/[amm] ratio in ethanol was related to the contri-
bution of  CH3COO− as a significant proton acceptor at an 
equilibrium pH of 10.7 (Fig. 2). In the case of ammonium 
chloride,  Cl− did not act as a proton acceptor, resulting 
in relatively low equilibrium pH values and low  [NH3]eq/
[amm] ratios for the three solvents. Finally, for ammonium 
carbonate in water and methanol, comparable equilibrium 
pH values were obtained. Since the ammonium carbonate 
solubility in water was much higher compared to that in 
methanol, this also resulted in a higher equilibrium con-
centration of  NH3 in water. It can be concluded that, via 
this modeling approach, it was possible to conceptual-
ize the equilibrium conditions of the different alcoholic 
ammoniacal systems. The  NH3 concentration in the solu-
tion, which is a determining factor for the formation of 
metal-ammine complexes, depended both on the amount 
of dissolved ammonium salt and the presence of proton-
accepting anions  (CH3COO−,  CO3

2−).

Metal Sulfate Solubility in Alcoholic and Aqueous 
Ammoniacal Systems

The solubility of copper sulfate, zinc sulfate, lead sulfate, 
and iron sulfate was studied in methanol, ethanol, and 
water systems containing ammonium chloride, ammonium 
carbonate, or ammonium acetate (Fig. 3). The modeled 
conditions  (NH3 concentration, anion concentration, and 
pH) of the initial ammoniacal solutions (Table 3) and the 
colors of the obtained metal solutions (Fig. S1) were used 
for the interpretation of the metal solubility results.
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Pure Solvent Systems

In general, metal solubility decreased according to the 
series of water > methanol > ethanol (Fig. 3), as explained 
by a decreasing dielectric constant of this series. In water, 
metal cations are stabilized by complexation with  H2O 
ligands, e.g., Cu(H2O)6

2+ or Zn(H2O)6
2+. The light-blue 

color of the obtained Cu solution supported the presence 
of the Cu(H2O)6

2+ complex (Fig. S1) [34]. A similar metal 
dissolution mechanism likely takes place in alcohols. In the 
case of methanol and ethanol, metal (M) complexes such as 
M(CH3OH)6

2+ and M(CH3CH2OH)6
2+ could stabilize dis-

solved metal cations (M2+), which for Cu also resulted in 
light-blue alcoholic solutions (Fig. S1). The light-yellow-
colored aqueous Fe solution and the orange-colored metha-
nol Fe solution suggested that Fe in both cases was present 
as a Fe(III) complex (Fe(H2O)6

3+ or Fe(CH3OH)6
3+, respec-

tively), rather than as a Fe(II) complex Fe(H2O)6
2+ with a 

typical pale green color. After the dissolution of  FeSO4,  Fe2+ 
has, thus, been oxidized during the experiment. Finally, it 
should be noted that the obtained Pb concentration in pure 
water was significantly lower compared to the Cu, Zn, and 
Fe concentrations, which was the result of the poor solubil-
ity of  PbSO4. Also in the alcoholic systems, this trend was 
present.

Ammonium Chloride Systems

In an aqueous system, ammonium chloride decreased the Cu, 
Zn, and Fe solubility, whereas it increased the Pb solubil-
ity (Fig. 3). These trends were attributed to the presence of 
 Cl−, rather than that of  NH3, since the modeling indicated a 
very low  NH3 concentration (Table 3). Dissolved  Cl− formed 
complexes with the dissolving metals and, for Cu, this was 
illustrated by the green-colored solution (Fig. S1). Paul-
ing et al. reported that the Cu-Cl complex  CuCl4

2− has a 
pale yellow–brown color and, therefore, the green-colored 
Cu solution related to a mixed dissolved Cu speciation of 
 CuCl4

2− and Cu(H2O)6
2+ complexes [35]. Likely, also dis-

solved Zn (e.g.,  ZnCl+) and Fe (e.g.,  FeCl2+) were present 
as a complex with  Cl− [36, 37]. The decreased Cu, Zn, and 
Fe dissolution in the presence of ammonium chloride, how-
ever, was linked to the formation of metal hydroxide/chlo-
ride precipitates at the modeled initial pH of 4.3, as derived 
from M-Cl-H2O Pourbaix diagrams:  CuCl2.3Cu(OH)2 pre-
cipitates in the pH range from -2 to 6.5 [38], Zn(OH)1.6Cl0.4 
precipitates in the pH range from 2.5 to 8 [39], and  Fe2O3 
precipitates in the pH range from 3 to 10.5 [37]. Finally, the 
increased Pb concentration in this medium was attributed 
to the formation of soluble of Pb-Cl complexes, which are 
dominant species in a pH range from 0 to 7.5 [40].

In the alcoholic systems, the addition of ammonium 
chloride resulted in a very different trend compared to the Ta
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aqueous system. The increased solubility of Cu, Zn, and Fe 
was the result of the near absence of  OH− in the alcoholic 
systems: the presence of  OH− was required in the formation 
of the aforementioned metal hydroxide/chloride precipitates. 
As a result, stable M-Cl complexes could enhance the solu-
bility of Cu, Zn, and Fe in the tested alcohols relative to the 
situation in the pure alcohols.

Ammonium Carbonate Systems

In an aqueous system, the addition of ammonium carbon-
ate resulted for Zn and Fe in a significant reduction of their 
solubility, whereas the Cu and Pb solubility were slightly 
enhanced (Fig. 3). The aqueous ammonium carbonate solu-
tion had a modeled initial pH of 9.2 and a high  NH3 con-
centration of 5.3 M (Table 3). For Cu and Zn, complexation 
with  NH3 to the formation of soluble metal-ammine com-
plexes is dominant in the pH range of 8 to 11, while moving 
outside this range implies the formation of Cu(OH)2 and 
Zn(OH)2 precipitates [41, 42]. It is expected that, in the non-
buffered environment of the Cu and Zn solutions, Cu and Zn 
precipitation was likely to occur and to compete with the 
formation of metal-ammine species. For Zn, this decreased 
the solubility relative to the situation in pure water, while 
for Cu, the complexation capacity of  NH3 dictated the Cu 
speciation and increased Cu solubility. Both Pb and Fe were 
not able to form stable ammine complexes. Therefore, the 
positive effect of ammonium carbonate on the solubility of 
Pb was likely a pH effect, resulting in the formation of solu-
ble Pb(OH)4

2−. Finally, the limited solubility of Fe was the 
result of the presence of  CO3

2−, causing the Fe precipitation 
in the form of Fe-carbonates.

The solubility of metals in ammonium carbonate ethanol 
solutions was omitted, given the low solubility of ammo-
nium carbonate in this system. With ammonium carbonate 
in methanol, however, the modeling indicated relatively 

high concentrations of  NH3, i.e., 0.68 M. Consequently, 
 NH3 could form soluble complexes with Cu and Zn, and the 
dark-blue color of the obtained Cu solution also confirmed 
the presence of the Cu-NH3 complex [35]. However, the 
potential benefit of  NH3 complexation for the solubility of 
Cu and Zn was reduced due to the presence of  HCO3

− and 
 CO3

2−, which could result in the formation of insoluble 
metal carbonate precipitates [18]. As opposed to the effect 
in the aqueous system, ammonium carbonate slightly 
decreased the Pb solubility in methanol, likely because the 
low  OH− concentration limited the formation of soluble Pb 
complexes such as Pb(OH)4

2−. Finally, the limited Fe solu-
bility in ammonium carbonate methanol systems was in line 
with the results obtained with ammonium carbonate aqueous 
systems.

Ammonium Acetate Systems

The presence of ammonium acetate in water decreased 
the Cu, Zn, and Fe solubility, whereas the Pb solubility 
drastically increased (Fig. 3). The modeled initial condi-
tions of the ammonium acetate aqueous solution showed 
an  NH3 concentration of 0.05 M, a  CH3COO− concentra-
tion of 0.05 M, and a pH of 7.0. The speciation of Cu in 
the aqueous ammonium acetate solution was perceived as a 
mixture of Cu-CH3COO− and Cu-NH3 complexes, the latter 
resulting in a dark-blue color (Fig. S1). Yet, due to a rela-
tively low initial pH (Table 3), the contribution of Cu-NH3 
complex formation was limited while the formation of 
Cu(OH)2 precipitation was promoted [42]. A comparable 
mechanism likely explains the limited Zn solubility, since 
the pH of the Zn solution was also outside the pH range for 
stable Zn-NH3 complexes [41]. Next to this, the Pb solu-
bility increased as a result of the formation of soluble Pb-
CH3COO− complexes. Finally, the obtained Fe ammonium 
acetate solution was dark brown of color, which indicated 

Fig. 3  The Cu, Zn, Pb, and Fe concentration in a methanol, etha-
nol, or water-based solution, containing either ammonium chloride, 
ammonium carbonate, ammonium acetate, or no ammonium salt. 

These ammonium salts were added at their maximum solubility 
(Table 2). Error bars represent the standard deviation (n = 2)



1546 Journal of Sustainable Metallurgy (2021) 7:1537–1551

1 3

the presence of Fe(III)-CH3COO− complexes (Fig. 2) [43]. 
Nevertheless, also a lower Fe solubility was obtained in the 
presence of ammonium acetate as a result of the precipita-
tion of Fe-oxyhydroxides.

The addition of ammonium acetate to alcoholic systems 
resulted for all four tested metals in a higher solubility com-
pared to the pure alcohol solvents, which can be linked to 
the complexation of metals with  CH3COO− and/or  NH3. 
In the case of Cu and Zn, metal-ammine complexes were 
formed, with the presence of Cu-NH3 complexes supported 
by the dark-blue color of the Cu solutions. Next to that, 
 CH3COO− could form soluble complexes with all four met-
als [18] and, in the case of Fe, this resulted in red/brown-
colored solutions (Fig. S1) [43].

The Selectivity of Metal Solubility in Alcoholic Ammoniacal 
Systems

Two main aspects need to be considered to identify the most 
performant alcoholic ammoniacal extraction system: on the 
one hand, a high Cu, Zn, and Pb solubility is required (i.e., 
molar concentration) while, on the other hand, also a high 
leaching selectivity with respect to Fe is needed (i.e., apparent 
separation factor). Both aspects are assessed in Fig. 4. Here, it 
can be concluded that (i) ammonium acetate in methanol, (ii) 
ammonium acetate in ethanol, and (iii) ammonium chloride in 

methanol were overall the most promising alcoholic media for 
a high and selective dissolution of Cu, Zn, and Pb. However, 
it was hypothesized that the performance of these extraction 
systems could be improved by increasing their initial alkalinity 
(addition of a strong base) and, thus, increasing the initial con-
centration of metal-complexing  NH3 and  CH3COO− ligands.

The Effect of Alkalinity on Alcoholic Ammoniacal 
Leaching Systems

Modeling the Effect of Initial Alkalinity of Alcoholic 
Ammoniacal Systems

The effect of alkalinity in three selected alcoholic ammo-
niacal systems (ammonium chloride–methanol, ammonium 
acetate–ethanol, and ammonium acetate–methanol) was 
determined by modeling the addition of  OH− at  [OH−]o/[amm] 
ratios of 0, 0.3 and 1 (Table 4). Furthermore, modeling was 
based on the dissolution reactions of the ammonium salts 
(Table 2), the acid–base equilibrium reactions of the involved 
ions  (pKa values in each solvent in Table S2) and the neutrali-
zation reaction of  NH4

+ with  OH−:

(2)NH
+

4
+ OH

−
⇌ NH

3
+ H

2
O.

Fig. 4  The apparent separation factor of Cu, Zn, and Pb relative to Fe (ratio of molar concentration of Cu, Zn, and Pb and molar concentration of 
Fe) in alcoholic or aqueous ammoniacal solutions, presented as a function of the molar Cu, Zn, or Pb concentration in that solution

Table 4  The modeled equilibrium conditions of the different ammonium salts dissolved in methanol and ethanol. The added ammonium in the 
system [amm] was determined from the dissolved amount of the ammonium salts

[OH−]o/[amm] = 0 [OH−]o/[amm] = 0.3 [OH−]o/[amm] = 1

[amm] pHeq [NH3]eq [anion]eq pHeq pOHeq [NH3]eq [anion]eq pHeq pOHeq [NH3]eq [anion]eq

Ammonium salt M – M M – – M M – – M M
Ammonium chloride–methanol 0.33 5.3 10–5.32 0.33 9.8 6.9 0.10 0.33 14.7 2.0 0.33 0.33
Ammonium acetate–ethanol 1.11 10.7 0.58 0.54 11.0 5.8 0.76 0.72 16.0 3.3 1.11 1.11
Ammonium acetate–methanol 4.95 9.4 0.68 4.27 10.1 6.6 2.28 4.80 13.8 2.9 4.94 4.95
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The modeling indicated that an increased  [OH−]o/[amm] 
ratio enhanced the deprotonation of  NH4

+ and  CH3COOH 
(Fig. 5, Table 4) and that a nearly full deprotonation of both 
compounds was obtained at  [OH−]o/[amm] equal to 1. The 
highest deprotonation of  NH4

+ as a result of NaOH addition 
was obtained in the ammonium chloride methanol solution, 
for which the  NH3 concentration evolved from 4.8 0.10–6 
to 0.33 M and the pH from 5.3 to 14.7. As expected, Cl 
speciation was not affected by NaOH addition. Concerning 
the ammonium acetate alcoholic solutions, a  [OH−]o/[amm] 
ratio of both 0 and 0.3 resulted in higher  NH4

+ deprotona-
tion in ethanol compared to in methanol, while at a  [OH−]o/
[amm] ratio of 1,  NH4

+ and  CH3COOH were fully deproto-
nated in both alcohols. In conclusion, a higher initial alkalin-
ity enhanced the metal complexation potential.

Metal Dissolution

The dissolution of copper, zinc, lead, and iron sulfate was 
examined in a 0.33 M ammonium chloride methanol solu-
tion, a 1.11 M ammonium acetate ethanol solution, and a 
4.95 M ammonium acetate methanol solution, to which 
NaOH was added at  [OH−]o/[amm] ratios of 0, 0.3, or 1. 
For the ammonium chloride methanol system, the dissolu-
tion of all studied metals decreased with NaOH addition 
(Fig. 6a). This effect was very pronounced for Fe, for which 
the concentration decreased from 0.28 M to  10–3.6 M, and a 
clear solution was obtained at the  [OH−]o/[amm] ratio of 1 

(Fig. S1). With the  [OH−]o/[amm] ratio increasing from 0 to 
1, the modeled  NH3 concentration increased from  10–5.32 M 
to 0.33 M (Table 4), while the color of Cu-containing solu-
tions turned from green to dark blue as a result of a more 
pronounced Cu-NH3 and a diminished Cu-Cl complex for-
mation (Fig. S1). Therefore, upon increasing alkalinity, the 
formation of M-NH3 complexes was favored, but at the same 
time, insoluble metal hydroxides precipitated.

For the ammonium acetate ethanol solution, NaOH addi-
tion generally reduced the dissolution of the target metals, 
whereas the Fe solubility was strongly increased (Fig. 6b). 
The modeling indicated that the  NH3 and  CH3COO− concen-
trations at a  [OH−]o/[amm] ratio of 0 were around 0.50 M, 
whereas at a  [OH−]o/[amm] ratio of 1, these concentrations 
were both 1.11 M. The increase in the  CH3COO− concen-
tration, favoring Fe-acetate complex formation, strongly 
enhanced the Fe solubility to finally obtain dark-brown-
colored Fe solutions (Fig. S1). However, this increase of 
the  CH3COO− concentration did not have the same posi-
tive effect on Pb solubility, which was likely compromised 
by Pb-hydroxide precipitation. Finally, the increased  NH3 
concentration with NaOH addition did not enhance the dis-
solution of Cu and Zn, which was likely also linked to Cu-
hydroxide and Zn-hydroxide precipitation due to high initial 
alkalinity.

For the ammonium acetate ethanol solution, increased 
alkalinity enhanced the Cu and Zn solubility, while it 
decreased the Fe and Pb solubility (Fig. 6c). Modeling 

Fig. 5  The speciation diagrams for the ammonium chloride methanol (a), the ammonium acetate ethanol (b), and the ammonium acetate metha-
nol (c) solutions, each indicating the equilibrium conditions obtained with NaOH addition at a  [OH−]o/[amm] ratio of 0, 0.3, or 1.0
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showed that changing the  [OH−]o/[amm] ratio from 0 to 
1 strongly increased the  NH3 concertation from 0.68 M to 
4.95 M, while the already high  CH3COO− concentration 
was affected to a much lesser extent. The Cu dissolution 
was facilitated via enhanced formation of soluble Cu-NH3 
complexes, as confirmed by the obtained dark-blue-colored 
Cu solutions (Fig. S1). Enhanced Zn-NH3 complex forma-
tion also benefitted the Zn solubility. Finally, NaOH addition 
enhanced the formation of insoluble hydroxide precipitates 
for Fe and Pb, as the benefit of additional  CH3COOH depro-
tonation remained limited.

It can be concluded that increasing the initial alkalinity of 
an alcoholic ammoniacal solution does not always improve 
the potential for target metal extraction, either in terms of 
absolute target metal solubility or leaching selectivity over 
Fe. Yet, these solubility tests with synthetic metal salts were 
able to identify alcoholic ammoniacal solutions promising 
for further testing in a leaching experiment with mineral 
residues containing Cu, Zn, Pb, and Fe phases. First, the 
ammonium chloride methanol solution remained of interest 
because (i) the relative high Cu and Zn solubility obtained in 
the absence of NaOH, and (ii) the very low Fe solubility in 
the presence of NaOH at  [OH−]o/[amm] equal to, which fur-
thermore suggested a selective Zn dissolution. Second, the 
ammonium acetate methanol solution was promising only in 
the presence of NaOH at  [OH−]o/[amm] equal to 1, obtaining 
a high Cu and Zn solubility of 0.7 M while diminishing the 
Fe dissolution.

Metal Leaching from Microwave‑Roasted Sulfidic 
Tailings Using Alcoholic Ammoniacal Systems

The potential of ammoniacal-methanol systems was demon-
strated with the metal extraction from roasted sulfidic tailing, 
using ammonium acetate and ammonium chloride methanol 
solutions, with or without a stoichiometric NaOH addition 

at  [OH−]o/[amm] of 1 (Fig. 7). As reference treatments, also 
unroasted tailing and roasted tailing were treated in water 
(Fig. S3), next to roasted tailing in methanol (Fig. 7). Con-
sistent with earlier studies on the roasting of sulfidic tailings 
and aqueous extraction, the metal extraction from unroasted 
tailing in water was very limited, with extraction efficien-
cies < 5% and metal concentrations < 0.8 mM [44]. Roast-
ing of the sulfidic tailing caused the thermal oxidation of 
poorly soluble sulfide minerals, which strongly increased 
target metal extraction in water, reaching 33% Cu extrac-
tion (2.2 mM Cu) and 47% Zn extraction (8.4 mM Zn) after 
0.5 h. However, also a high Fe concentration of 1.2 mM was 
obtained in this system.

For the ammoniacal-methanol systems, the obtained 
metal extraction mostly confirmed the metal solubility trends 
from the previous section (Fig. 7). In the absence of ammo-
nium salts, methanol was a poor solvent for all four metals, 
with only Zn reaching a noticeable extraction of 17%. On 
the contrary, highest metal extraction values in the tested 
methanol systems were obtained in the presence of ammo-
nium acetate: the presence of  NH3 allowed metal-ammine 
complex formation with Cu (blue color) and Zn, while 
acetate likely formed complexes with all four investigated 
metals, including Fe (yellow color) originating from  Fe2O3. 
As a result, a green-colored solution was obtained after 24 h 
extraction (Fig. 7b), containing 1.8 mM Fe. This obtained 
Fe concentration in tailing leachate was significantly lower 
than that in the solubility experiment with  FeSO4. This was 
explained by difference in the initial Fe speciation of both 
experiments, i.e., pure  FeSO4  (pKsp of 2.2 in water) in the 
solubility experiment and the poorly soluble  Fe2O3 phase 
 (pKsp of 42.2 in water) of the roasted sulfidic tailing in the 
tailing leaching experiment (Fig. S4) [45, 46]. It should be 
noted that also a high Pb extraction of 60% was obtained 
with this ammonium acetate solution. The addition of NaOH 
with ammonium acetate strongly decreased the Fe and Pb 

Fig. 6  The Cu, Zn, Pb, or Fe concentration in a 0.33 M ammonium 
chloride methanol (a), a 1.11 M ammonium acetate ethanol (b), and a 
4.95 M ammonium acetate methanol solution (c), presenting for each 

of these systems the effect of NaOH addition at different  [OH−]o/
[amm] molar ratios. Error bars represent the standard deviation 
(n = 2)
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extraction, which was consistent with results from the syn-
thetic ammonium acetate system (Fig. 6c). The Fe concen-
tration only reached 0.07 mM after 24 h, while the extraction 
efficiency of Cu and Zn remained comparable to that of the 
ammonium acetate system without NaOH. This resulted in 
a blue-colored extraction solution (Fig. 7b).

For the ammonium chloride methanol solution, good 
extraction efficiencies for Zn (40%) and Cu (27%) were 
obtained, while the Pb and Fe extraction remained limited. 
Especially the low Fe concentration in this system after 24 h 
(0.3 mM) was remarkable, following the high Fe solubil-
ity obtained earlier in the same system (Fig. 6). This was 
explained by the fact that the ammonium chloride methanol 
solution allowed a reasonably good solvation of the soluble 
 FeSO4 form, yet the Fe-Cl interaction was, in comparison with 
an interaction with, e.g., acetate, not strong enough to dis-
solve Fe from the poorly soluble  Fe2O3 phase. The obtained 
solution had a light-yellow color (Fig. 7b), which was attrib-
uted to the presence of Cu-Cl complexes. Finally, also in the 
ammonium chloride methanol solution with NaOH addition, 
the Pb and Fe extraction remained low. The modeling of the 
ammonium chloride system indicated that the NaOH addi-
tion strongly increased the  NH3 concentration (Fig. 5a). Con-
sequently, Cu-NH3 complexes could be formed, which was 
confirmed by the blue color of the obtained solution (Fig. 7a). 

Notwithstanding the presence of ammonia, the Cu extraction 
slightly decreased in comparison with the ammonium chlo-
ride system without NaOH addition, while the Zn extraction 
dropped significantly. Both these trends were also in line with 
the results obtained from the synthetic metal systems (Fig. 6a).

In this case study, both the ammonium acetate methanol 
solution with stoichiometric NaOH and the ammonium chlo-
ride methanol solution without NaOH addition were identi-
fied as the most promising systems for selective extraction of 
the target metals from roasted sulfidic tailing. Yet, it should 
be noted that this result likely depends on the content and 
the speciation of the four investigated metals in this specific 
residue material. Consequently, to further explore alcoholic 
ammoniacal extraction for other tailings or other Fe-rich 
residue materials, it remains important to continue gaining 
knowledge on the solubility of a variety of common metal 
phases in alcohols, e.g., metal oxides or dehydrated metal 
salts.

Conclusion

This study described the design of alcoholic ammoniacal 
systems for the selective extraction of valuable metals (Cu, 
Zn, Pb) from Fe-rich residue materials, e.g., roasted sulfidic 

Fig. 7  a The extraction efficiencies and the metal concentrations 
obtained in methanol-based extraction solutions with microwave-
roasted tailings, presented as a function of the extraction time. b 

Pictures of the corresponding solutions obtained after 24  h extrac-
tion (duplicate treatment). Error bars represent the standard deviation 
(n = 2)
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tailings. As these leaching systems are novel, basic insights 
and knowledge needed to be gained to understand and subse-
quently optimize such systems.

• The ammonium salt solubilities in methanol and ethanol 
were highest for ammonium acetate, followed by ammo-
nium carbonate and ammonium chloride. The leachability 
of Cu, Zn, Pb, and Fe sulfate salts in the ammonium acetate 
methanol/ethanol systems and ammonium chloride metha-
nol system were promising in terms of metal concentration 
and target metal selectivity, compared to the correspond-
ing aqueous systems. Increasing the initial alkalinity of the 
alcoholic ammoniacal systems by NaOH addition strongly 
increased the concentration of metal ligands  (NH3, acetate) 
but did not always result in higher target metal solubility/
selectivity.

• A model of the initial equilibrium conditions of saturated 
ammonium salt solutions was developed to calculate the 
speciation of  NH3/NH4

+ and anions.
• The ammonium acetate methanol and the ammonium 

chloride methanol systems were selected to be tested on a 
roasted sulfidic tailing material with the aim to selectively 
extract Cu, Zn, and Pb in respect to Fe. Both solutions 
showed promising metal extraction efficiencies for Zn 
(> 40%) and Cu (> 27%), while a very low Fe concentra-
tion in the extraction solution was maintained (< 0.3 mM).

This study lays the basis to further explore solvomet-
allurgical ammoniacal extraction systems in environ-
mental friendly alcohols (ethanol, but also butanol and 
ethylene glycol) in the future [47, 48].

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s40831- 021- 00382-y.
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