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Abstract

During hydrometallurgical processing of precious metals, the leaching process is the criti-
cal stage mainly contributing to environmental pollution problems. The most important
process variables affecting leaching kinetics are temperature, lixiviant concentration, solid-
to-liquid ratio, presents of catalysts and synergists, and the type of oxidant. There are
significant efforts to replace harmful lixiviants with environmentally friendly solvents in
leaching of precious metals during hydrometallurgical processing of precious metals. Of
the different lixiviants researched, amino acids demonstrate much potential to compete
with traditional lixiviants like cyanide and aqua regia. We have reviewed the chemistry and
performance of amino acids in leaching of precious metals from primary and secondary
resources and compared them with traditional approaches. The use of different approaches
to enhance the leaching kinetics including starved cyanide, addition of strong oxidant,
addition of synergists and catalysts, concentration and temperature were reviewed. Com-
monly used amino acids were reported and the future for commercialization of amino acids
for precious metal leaching was discussed. The use of amino acids in absence of cyanide
requires the use of strong oxidants and further research is still necessary on green amino
acid–oxidant combinations capable of leaching secondary resources and producing high
leaching efficiencies at a low cost.
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1. Introduction
There is extensive research on green and effective lixiviants aimed at replacing harsh

traditional technologies like cyanide and inorganic acids in leaching of precious metals
such as gold, silver and platinum group metals. Besides their environmental toxicity, other
factors pushing for replacement of these harsh lixiviants includes ineffectiveness in treating
low grade ores (which are now abundant) resulting in high reagent consumption, slow
kinetics [1–3], and the need for low cost lixiviants. Amino acids possess potential properties
required for an effective, green and economical lixiviant for precious metals leaching in
comparison with other lixiviants. For example, the current price of industrial glycine is
about 1700 USD/ton compared to 2380 USD/ton sodium cyanide. Moreover, glycine is
easy to regenerate and reuse. Complexes of amino acids with precious metals have proved
to be stable over a wide pH-Eh and temperature ranges [4] with the added advantage that
the dissolution of major gangue elements like Fe, Mn, Cr, Si and Al is negligible when
operating in an alkaline environment [5,6]. Primary resources for precious metals include

Metals 2026, 16, 724 https://doi.org/10.3390/met16070724

https://crossmark.crossref.org/dialog?doi=10.3390/met16070724&domain=pdf&date_stamp=2026-07-01
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0003-2231-4601
https://doi.org/10.3390/met16070724


Metals 2026, 16, 724 2 of 17

ores, concentrates, oxides, and sulphide minerals, and printed circuit boards (PCBs) are
common secondary resources for precious metals.

Presently, there is no specific literature review focusing on amino acid lixiviants
for leaching precious metals yet this is a critical stage to control and lower the overall
process environmental impact. In this work, a systematic review is made on amino acid
leaching of precious metals from different resources like natural ores, tailings and electronic
waste focusing on performance, leaching mechanisms, challenges and commercialization
potential. We first focused on the leaching chemistry of amino acids before reviewing the
performance of different amino acids on different precious metals from both primary and
secondary resources.

2. Amino Acid Leaching of Precious Metals
Kinetics and Thermodynamics of Leaching with Amino Acids

Early research demonstrated that amino acids can dissolve gold and the dissolution
was favoured by high pH and oxidising conditions [7,8]. High pH enhances the dissociation
of glycine to form glycinate required for complexation of gold as shown in Figure 1.
Comparisons of the performance of amino acids on gold leaching show that leaching
depends on the structure of the amino acid. Korobushkina et al. [8] showed that under the
same conditions, gold dissolution in cysteine (close to 14 mg/L) was twice that in alanine
and glycine (less than 7 mg/L) and the complexing ability was asparagine > glycine >
histidine > cysteine > phenyl alanine > valine > aspartic acid > alanine. Later on, Sarvar
et al. [9] also studied gold solubility of different amino acids and confirmed that high pH
was necessary for enhanced solubility and the order of leaching efficiency observed was
Asparagine > Glycine > Histidine > Cysteine > Phenyl Alanine > Valine > Aspartic acid
> Alanine. The same behavior was confirmed by Eksteen and Oraby in 2014 [10]. It was
proposed that cysteine should be considered in leaching of gold because it can effectively
leach gold at room temperature. However, the challenge with all other amino acids except
glycine is polymerization and degradation. The representation of the dissolution of precious
metals in amino acids is shown by the equation below [10]:

4M + 4(x + 1)HL + 4NaOH + xO2 → 4Na[ML(x+1)] + 2(x + 2)H2O (1)

where M stands for precious metal, L is the amino acid anion e.g., glycine (NH2CH2COO−),
and x is the valence metal ion. To understand the complexation chemistry of amino acids
with gold, Azadi et al. [11] investigated the thermodynamic behaviour of gold_glycine
systems and estimated the equilibrium constants of metal-glycinate formation at room
temperature. Wang et al. [12] studied the thermodynamics of glycine and thiosulfate
systems for gold and copper recovery as an alternative to cyanide. Through Pourbaix
and speciation diagrams, the authors determined the predominant complex species under
certain conditions and found that glycine has a wide availability zone at alkaline and
neutral pH which helps stabilise cupric in thiosulfate solutions. Kanjana Kudpeng et al. [13]
investigated the influence of the structure of amino acid on gold leaching from a silicate
ore. They found that aspartic and glutamic acids were able to extract gold than other
assessed amino acids (glycine, lysine and tryptophan) under neutral pH conditions due to
the absence of aromatic rings and long side chains, and the result was confirmed through
FTIR studies. Recent studies on amino acid and gold bonding or interaction behaviour of
selected amino acids at different pH levels during leaching was investigated by Tapfuma
et al. [14]. A FTIR analysis indicated that gold forms complexes with amino acids through
N–Au, O–Au, and S–Au bonds. The coordination is achieved by using the α-oxygen from
the carboxylate and α-nitrogen from the amino group, as shown in Figure 2.
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Figure 1. Eh-pH diagram for the Au_glycine system at 25 ◦C, [Au] = 10−4 M, [Gly] = 1 M. Adapted
from refs. [12,15].

Figure 2. The organometallic coordination of (a) glycine and (b) alanine. Reprinted with permission
from ref. [14]. 2026 Elsevier.

Moreover, the dissolution trend for the deprotonated amino acids (at high pH) was
found to be cysteine> alanine> glycine> histidine, which corroborated well with FTIR
studies and DFT bonding energy trend for the complexes; the finding agrees with the
works by early researchers discussed in Section 1. Although amino acids can thermody-
namically dissolve gold, the dissolution kinetics observed were far lower than those from
the traditional sodium cyanide leaching.

3. Gold Leaching from Primary and Secondary Resources
After foundational research on amino acid leaching kinetics from pure gold (foils) [5],

subsequent studies focused on extracting gold from primary and secondary sources. Studies
show that amino acids can leach gold at high pH in presence of oxygen and that an increase
in temperature and concentration of amino acid enhance the leaching rate. In addition,
particle size reduction and mechanical activation are beneficial in increasing the leaching
rate [16,17]. The leaching behaviour of gold ores is different from that of electronic waste
because in e-waste, metals are found in pure form or as alloys whereas ores contain oxides
and sulphides [18,19]. Presently, hydrometallurgical processes are directly used in leaching
ore concentrates whereas e-waste metal recovery consists of base metal dissolution with
a weak lixiviant followed by precious metal dissolution with a different lixiviant under
oxidising conditions. The advantages of using amino acids are that the same lixiviant can
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be used in both first and second stage leaching to avoid washing between leaching stages
and that the agitation tanks in both stages can be of the same construction [10].

On their own and under mild conditions, amino acids cannot effectively leach gold
from both primary and secondary resources and the leaching rates are much slower than
those of traditional cyanide leaching. Li et al. [20] investigated leaching of gold from
electronic waste solid residue after leaching of base metals using 0.5 M glycine at the initial
pH of 10.2, <2 mm particle size, room temperature, 72 h, and ambient O2 without a strong
oxidant and recovered less than 2% of Au and Ag and 12.6% palladium. Slow leaching
rates were also observed by Oraby and Eksteen [10,21], and Oraby and Eksteen [21], for a
Western Australian paleochannel ore at high operating temperatures although more than
85% of the gold was leached by prolonging leaching time to 336 h. To enhance leaching
kinetics, catalytic synergists, elevated temperatures, high amino acids concentrations and
strong oxidants are effective methods [22]. Altinkaya et al. [23] used an alkaline glycine
only solution at high temperatures of 60 ◦C, with high oxygen flow rate of 1 L per min,
1.25 M glycine (93.8 g/L), pH of 12, high stirring rate (900 rpm), and 10 wt% solids pulp for
24 h, and recovered more than 85% of gold from a gold ore concentrate. However, the high
reagent consumption and use of elevated temperatures poses challenges for commercializa-
tion unless the reagent is regenerated and recycled. The use of high concentrations and
temperatures was also studied in leaching of gold concentrates achieving a high gold recov-
ery rate of 91% with creatine monohydrate amino acid, which is similar to 90% obtained
during cyanide leaching under similar conditions of 300 g/t concentration, temperature of
75 ◦C, pH of 11.5, time of 24 h, pulp density of 30%, and particle size of 53 microns [22]. P.
Altinkaya et al. [24] used pure alkaline glycine with high glycine concentration of 1.25 M,
temperature of 60 ◦C, and pH = 12 to recover 90% of gold from a refractory gold ore which
is high when compared to 80% extracted by the traditional cyanidation process showing
that amino acids are more effective even in refractory ores. The use of bioleaching from
amino_ acid_producing bacteria for gold ores has been attempted and it was shown that the
leaching rates are slow and low pulp density used makes it less economical for industrial
uptake [25–28].

Copper_gold ores pose challenges in the economic recovery of gold using conven-
tional cyanidation, particularly when copper is present at high nuisance levels. The use
of amino acids mixed with other lixiviants has demonstrated to be effective in improving
the leaching rates of gold [29]. The addition of starved levels of cyanide (zero free cyanide)
to glycine was proved by several researchers to be effective in increasing gold leaching
rates [5,30–35] from ores and secondary waste. High gold dissolution rates above 90% com-
peting with cyanide leaching were realised at mild operating conditions. Picazo-Rodríguez
et al. [36] used pre-treatment in gold ores to minimize the effect of gangue such as jarosite
and sulfur and improved the leaching rate of gold from 88% to 94% in glycine_cyanide
solutions. The presence of copper in solution catalyses the leaching rate through freeing
of cyanide ions from copper_cyanide complexes to form copper_glycine [37], contrary to
pure cyanide leaching where copper suppresses gold dissolution by locking cyanide as
copper_cyanide [31,38]. Thus, cyanide consumption is significantly reduced by more than
75%. The proposed reactions [38] are shown in Equations (2)–(5) demonstrating the need
for strict control of stoichiometric ratios for the system to properly function. Moreover, the
benefit of the formation of cupric_glycinate compared to copper_cyanide (in pure cyanide)
is the reduction in detoxification costs [5]. The glycine_cyanide starved process is now
commercialised as GlyCat [5,23,31] and can recover high gold content from refractory
low-grade concentrates containing copper and high levels of sulphides [39].

2CuO + 5CN− + H2O → 2Cu(CN)−2 + OCN− + 2OH− (2)
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Cu2S + 6CN− → 2Cu(CN)2−
3 + S2− (3)

2Au +
1
2

O2 + 4CN− + H2O → 2Au(CN)−2 + 2OH− (4)

2CuCN(s) + 4Gly− +
1
2

O2 + H2O → 2Cu(Gly)2 + 2CN− + 2OH− (5)

The use of strong oxidants, i.e., peroxide and potassium permanganate relaxed the use
of high reagent concentration and made it possible for gold extraction to be possible at room
temperature in absence of toxic cyanide [40]. For example, a study by Oraby et al. [41] for
glycine leaching of gold ores showed that 85.1% gold can be leached from an oxide mineral
by 1.5 kg/t glycine and 3 kg/t permanganate at 30% solid, pH 10.5 and room temperature
for 48 h, compared to 87.4% gold extraction from traditional cyanidation under similar
conditions. This was validated by other works where it was shown that a strong oxidant like
permanganate can increase gold leaching rate to above 95% under mild conditions of low
concentrations and room temperature in alkaline systems of amino acids only [15,42–44].
However, the main challenge is the high oxidant consumption under optimum conditions.
Tapfuma et al. [45] used potassium permanganate pre-treatment on Witwatersrand gold
tailings before leaching with glycine at a pH of 12, glycine concentration of 1.5 M, solid
liquid ratio of 50 g/L and 2 g/L copper ions and dissolved 91.4% of gold in 24 h. The
reaction of glycine amino acid with gold in presence of permanganate can be represented
in Equation (6) below.

Au + 2MnO2−
4 + 4(NH2CH2COO)− + O2 → Au(NH2CH2COO)−2 + 2MnO2 + 2C2O2−

4 + 2NH3 + 2OH− (6)

Amino acid_thiosulphate synergistic solutions in presence of copper and a strong oxi-
dant were used to leach gold concentrates [46] and tailings [47,48], and the decomposition
and consumption of thiosulphate were significantly reduced and an almost complete gold
extraction was observed in 24–48 h. Alex S. Redrovan [47] leached gold using thiosulfate–
glycine–copper–permanganate system using the conditions of 0.7 M sodium thiosulfate,
1.75 M glycine, 5 mM copper sulphate, and 0.012 M potassium permanganate, at pH of
9.3, and 60 ◦C, and achieved a gold recovery of 89.3% within the first 6 h comparable to
cyanidation (89.8% in 24 h) and ammoniacal thiosulfate (58% in 6 h). The system’ superior
performance was attributed to the ability of glycine to prevent thiosulfate degradation
through stabilising of copper ions forming a stable complex compared to that of ammonia.
The main challenge remaining to be solved is the high reagent consumption.

The addition of ammonia in amino acid_synergist systems has been shown by some
researchers to be an effective lixiviant and catalyst for improving gold dissolution rates
in ores and electronic waste [49,50] because of the formation of cupric ammine catalyst.
However, ammonia poses challenges like high reagent loss, toxicity and corrosivity thus
many investigators no longer pursue its usage. The summary on amino acid leaching of
gold researches from primary and secondary waste is shown in Table 1.

Table 1. Summary of amino acid leaching studies on gold using amino acids.

Feed Material Leaching Agent
and Amount

Temperature
and pH Oxidant Duration Leaching

Rate/Au Reference

Gold foil 0.1 M glycine 60 ◦C and
pH 12.8 1% H2O2 96 h 70 mg/L [5]

Gold foil 0.5 M glycine 60 ◦C and
pH 12.5

4 mL/h
continuous

H2O2

96 h 0.054 mg [51]
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Table 1. Cont.

Feed Material Leaching Agent
and Amount

Temperature
and pH Oxidant Duration Leaching

Rate/Au Reference

Gold foil 0.5 M glycine 40 ◦C and
pH 11 0.01 M KMnO4 24 h 4% [15]

50% Au-50%
Ag foil I M glycine 60 ◦C and

pH 11 1% H2O2 167 h 38 mg/L [52]

Au-Cu
concentrate 0.5 M glycine 60 ◦C and

pH 11
O2 sparged

continuously 96 h 15.4% [31]

Au-Cu
concentrate

10 g/L glycine,
0.8 g/L NaCN

22 ◦C and
pH 11 air 48 h 99.5% [31]

e-waste 0.5 g/L glycine,
0.5 g/L NaCN

23 ◦C and
pH 11 air 24 h 37.6% [53]

Copper_gold ore
13.2 g/t grade 0.5 M glycine 60 ◦C and

pH 11.5
4 L/min

continuous O2
96 h 32% [54]

Copper_ gold ore
1.96 g/t grade 0.5 M glycine 25 ◦C and

pH 10
4 L/min

continuous O2
168 h 51.44% [54]

Gold ore
3.74 g/t grade 2.0 g/L glycine 23 ◦C and

pH 10.5 KMnO4 (1 g/L) 48 h 85% [41]

Gold ore
2.5 g/t grade 7.5 g/L glycine 22.1 ◦C and

pH 10.5
1 kg KMnO4
per tonne ore 48 h 83.2% [41]

Gold ore
5.4 g/t grade 93.75 g/L glycine 60 ◦C and

pH 12
1 L/min

continuous O2
24 h 90% [24]

e-waste 0.5 M glycine 55 ◦C and
pH 11

0.16 M
permanganate 96 h 88.6% [44]

Gold Concentrate 0.53 M glycine 30 ◦C and
pH 10.5

0.25 M
permanganate 48 h 76% [44]

Gold Ore 1.0 M glycine 55 ◦C and
pH 10.5 2.5% H2O2 48 h 91.7% [33]

e-waste 0.045 M glycine
360 ppm cyanide

Room and
pH 12 None 96 h 90.1% [30]

Gold Ore 1 M glycine
cyanide

Room and
pH 11 10% H2O2 - 89% [32]

Sphalerite
leaching residue 1 M glycine 50 ◦C and

pH 10.5 2% H2O2 24 h 88% [36]

Gold Ore 0.1 M glycine Room and
pH 10.5 KMnO4 (2 g/L) 48 h 85% [36]

Gold Concentrate 2 M glycine 60 ◦C and
pH 12 None 24 h 90% [16]

e-waste
0.4 M glycine and

small amounts
of cyanide

23 ◦C and
pH 11 None 24 h 92.1% [55]

Gold Tailings 0.27 M glycine
and thiosulphate

25 ◦C and
pH 9.4 None 48 h 80% [48]

Gold ore 0.2 M glycine Room and
pH 12.5 None 336 h 85% [21]

Gold ore 1.5 M glycine 75 ◦C and
pH 12 0.56% H2O2 12 h - [11]
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Table 1. Cont.

Feed Material Leaching Agent
and Amount

Temperature
and pH Oxidant Duration Leaching

Rate/Au Reference

Gold concentrate 0.07 M glycine
0.6 M thiocyanate

25 ◦C and
pH 2.0 0.05 M oxidant 3 h 93.2% [50]

e-waste 0.5 M glycine
0.6 M thiocyanate

25 ◦C and
pH 11

30% H2O2
and

permanganate
24 h 1.8% [15]

4. Amino Acid Leaching of Silver and Platinum Group Metals
Most of the research in the literature on amino acid leaching of silver and PGMs was

performed on electronic waste and reports on leaching from ores are few. PGMs contains
precious and costly metals like platinum and palladium of importance in items like jew-
ellery. Electronic waste consists of base metals and precious metals and the most effective
separation process involves two_steps: the first includes leaching base metals, which occurs
before leaching the residue of precious metals under highly oxidising environments as
shown in Figure 3 [56–58]. Different leaching systems including glycine with starved
cyanide, glycine-synergistic system and a free glycine system with a strong oxidant have
been researched for leaching silver and PGMs. The leaching chemistry and mechanisms of
silver and palladium with amino acids is not yet well studied. The summary of amino acid
leaching of Ag and PGMs from primary and secondary waste is shown in Table 2.

 

Figure 3. Schematic of two stage leaching of base metals before leaching of gold from the residue.
PLS stands for pregnant leach solution. Reprinted with permission from ref. [42]. 2026 Elsevier.

Table 2. Summary of amino acid leaching of silver and gold.

Feed Material Leaching Agent
and Amount

Temperature
and pH Oxidant Duration Leaching

Rate Reference

e-waste 0.5 M glycine 55 ◦C and
pH 11

0.16 M per-
manganate 96 h 70.2% Ag,

89.3% Pd [44]

e-waste 0.045 M glycine
360 ppm cyanide

Room and
pH 12 None 96 h 89.4% Ag

70.1% Pd [4]
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Table 2. Cont.

Feed Material Leaching Agent
and Amount

Temperature
and pH Oxidant Duration Leaching

Rate Reference

Sphalerite
leaching residue 1 M glycine 50 ◦C and

pH 10.5 2% H2O2 24 h 94.3% Ag [59]

e-waste
0.4 M glycine and

small amounts
of cyanide

23 ◦C and
pH 11 None 24 h 85.3% Ag [60]

Gold tailings 0.27 M glycine
and thiosulphate

25 ◦C and
pH 9.4 None 48 h - [48]

Sulfide ore

Heterophic
bacteria

Thiosulfate and
copper ions

Heap leaching
pH 10 - 30 days 59% Ag [61]

e-waste Cyanide_glycine
solution - - 65–94% Ag [36,59]

e-waste
1 M glycine-
ferricyanide

(0.08–0.16 M)
55 ◦C, pH 11.5 Permanganate 96 h 69% Ag,

68.5% Pd [56]

Oxide gold ore 3 M glycine 60 ◦C Air flow rate
of 1 Lmin−1 60 h 44.5% Ag [62]

Sulfidic ore 0.5 M cysteine,
0.25 M Na2SO3

70 ◦C,
pH 11.5. - - 20% Ag [29]

50% Au-50%
Ag foil IM glycine 60 ◦C and

pH 11 1% H2O2 167 h 55 mg/L
Ag [52]

e-waste 0.5 g/L glycine,
0.5 g/L NaCN

23 ◦C and
pH 11 air 24 h 8.8%Ag [53]

4.1. Silver Leaching

A two-stage leaching of precious metals from electronic waste in glycine at starved lev-
els of cyanide (e.g., NaCN or ferricyanide) can dissolve from around 70–90% silver [30–33]
depending on operating conditions like time, temperature and particle size. These dissolu-
tion rates are comparable to those obtained from pure NaCN leaching solutions but with
a much greater reduction in cyanide consumption 70% [63]. To improve silver recovery
rates at mild operating conditions, Picazo-Rodríguez et al. [36] investigated the effect of
pre-treatment on gold and silver recovery from a residue obtained after base metal leaching,
pure cyanide and cyanide-glycine solutions were compared and it was found that the
recovery rates of silver improved from 65% to 94% without prolonging extraction times
and using elevated temperatures. A study by Chegeni [22] compared leaching rates of pure
cyanide with different amino acids on dissolution rates of gold ore and obtained optimum
leaching rates of silver at 55% and 47.18% for pure cyanide and creatine monohydrate
amino acid, respectively, which are closer. Low leaching rates experienced from ores com-
pared to those from e-waste occur due to pre-treatment of e-waste performed to remove
base metals before leaching whereas ores contain substantial amounts of gangue even after
concentration. This agrees well with findings from Oraby et al. [60] who showed that a two-
stage leaching recovered about 92.1% gold and 85.3% silver, which values are much higher
than those obtained from directly leaching in single stage with cyanide, glycine_cyanide
or ammonium.
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The use of cyanide_free amino acids with strong oxidants like permanganate can pro-
duce high silver extraction rates. For example, Huan Li et al. [44] obtained silver extraction
rates of 70.2% in a glycine_permanganate system, which is comparable to 69% extracted
from glycine_ferricyanide synergistic system. The main challenge is the use of high oxidant
concentration of about 632 kg/t potassium permanganate making the process expensive
and showing that further studies are necessary to minimise oxidant consumption.

Synergistic solutions of amino acid with other lixiviants were investigated to improve
the leaching kinetics of silver because of low extraction rates in ores. Silver leaching rate
of 20% was obtained from a sulphide ore in cysteine_sulphite leaching solutions with
0.5 M cysteine and, 0.25 M Na2SO3, at pH of 11.5 and 70 ◦C. Ahmet Turan et al. [62] used
3 M glycine to extract gold and silver from an oxide gold ore of average particle size
70.7 µm; at 48 h, pH of 11–12, stirring rate of 350 rpm and air flow rate of 1 L·min−1, 81.41%
gold extraction and 44.5% silver extraction rates were obtained. Munive et al. [48] used
a glycine_thiosulphate synergistic leaching solution to leach gold and silver from mine
tailings using CuSO4 and H2O2 as oxidants, and almost complete extraction rates of gold
and silver were obtained using 20 g/L thiosulfate and 5 g/L glycine at pH 11 and 30 ◦C
for 48 h, although the reagents concentrations were very high for economic recovery of
low metal tailings (0.05 g/t Au, 0.76% Cu). Khezri et al. [64] showed that glycine has a
higher affinity for gold compared to silver and this explains lower dissolution rates of silver
compared to gold in leaching from both e-waste and ores.

4.2. Palladium Leaching

Almost all research work on amino acid leaching of PGMs is focused on the recovery
of palladium from e-waste. This is likely because of harsh conditions required for leaching
of PGMs like platinum from virgin ores, thus further research is necessary to investigate the
applicability of amino acids in this area [65,66]. Palladium has been successfully recovered
from e-waste using two_stage leaching. The extraction efficiencies of solid residue after
one step leaching of base metals show that the affinities of amino acids to palladium
are comparable to silver although they are lower than those for gold. A free solution
of glycine with a strong permanganate oxidant [30,44] proved to be more effective for
palladium leaching with dissolution rates above 89% in comparison with glycine_cyanide
starved solutions where low leaching rates of around 68–70% [30] were reported. It shows
that an oxidant is very important in palladium leaching when compared to synergism;
however, the mechanism should be investigated for comprehensive conclusions to be made.
The importance of a strong oxidant was shown by Li et al. 2020 [20] through leaching
of solid residues with 0.5 M glycine at the initial pH of 10.2, <2 mm particle size, room
temperature, 72 h, and ambient O2 without a strong oxidant, where recoveries under 2% of
Au and Ag and palladium of 12.6% were reported. After leaching, the solutions are sent to
further processes like cementation, solvent extraction, electrodeposition and adsorption for
recovery of pure metals.

5. Major Factors Influencing Precious Metals Recovery
Most work on leaching of precious metals with amino acids was performed on gold

in ore concentrates and electronic waste using glycine as the main amino acid. Further
research is still necessary for other precious metals like silver and PGMs, and for other
amino acids for comprehensive conclusion to be made on the influence of parameters on
leaching rate.
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5.1. Effect of Glycine Concentration

Many researchers studied the effect of glycine concentration on leaching of pure gold
ores [5,21,31,54], mine tailings and electronic waste. Eksteen and Oraby [5] investigated
glycine leaching of pure gold and varied the concentration between 0.3 M and 1.0 M with
other conditions fixed, i.e., pH 10, temperature 60 ◦C, 1% hydrogen peroxide and agitation
rate of 350 rpm. The rate of gold dissolution increased by approximately four times with
changing concentration. This finding agrees well with the research by Tanda 2017 [34]
who observed a significant increase in leaching rate from 13.5% to 40.5% by increasing
glycine concentration from 0.5 M to 1.0 M at leaching time of 192 h. In their work on
leaching of paleochannel ores, Oraby et al. [21] fixed pH at 12.5, temperature at 55 ◦C
and pulp density at 30% and observed the leaching rate, which increased from 50% at a
glycine concentration of 3.75 g/L to 85% at a higher glycine concentration of 37.5 g/L.
The influence of glycine leaching rate at a low glycine concentration range of 0.025 M to
0.1 M in presence of hydrogen peroxide (concentration 0–2%) and 4 mM cupric ions was
also investigated by Eksteen and Oraby [5] while other conditions were systematically
varied i.e., temperature (23–60 ◦C), and pH (10–12.8), as shown in Figure 4. Gold leaching
rate increased significantly with an increase in concentration, temperature and pH. The
influence of glycine concentration in presence of H2O2 on the leaching rate of a gold_silver
alloy (50% Au–50% Ag) was performed by Oraby and Eksteen [5]. It was found that at a
glycine concentration of (0.3–1 M), pH of (5.8–11) and temperature of (23–60 ◦C) there is an
increase in gold leaching rate. In conclusion, an increase in glycine concentration results
in high gold-to-glycine interaction and, resulting in high gold leaching being observed. A
high concentration of glycine also helps to stoichiometrically balance the lixiviant used up
by the gangue material of the ore, thus facilitating high leaching rates. Although glycine
concentration enhances gold dissolution, the use of low reagent concentration is preferable
to reduce reagent costs.

Figure 4. The influence of glycine concentration on gold leaching rate at, 20 ppm Cu2+, O2, pH 10.5–11,
70 ◦C, after 48 h (redrawn). Reprinted with permission from ref. [41]. 2026 Elsevier.

5.2. Effect of pH

There is an agreement in almost all studies that the leaching of gold is low in acidic
and high in alkaline amino acids [5,23,24,54]. This has to do with the change in amino acid
structure as the pH is changed; i.e., the structure at high pH is more active for leaching
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gold [9]. The influence of pH on leaching of pure gold foils was carried by Oraby and
Eksteen [52]. The gold dissolution rate increased from 1 mg/L to 28 mg/L upon an increase
in pH from 10 to 11 while glycine concentration was fixed at 0.5 M glycine, temperature
at 60 ◦C and hydrogen peroxide concentration of 1%. Similar behaviour was found by
Tanda et al. [54], who observed that gold extraction rate increased by 31% by increasing
pH from 10 to 11; the other operation conditions used were temperature of 25 ◦C and 50%
volume of solids. Moreover, a further increase in pH to 12.4 resulted in a further increase
of 14% in gold dissolution. Other works confirming the influence of pH on ores include
the works by Altinkaya et al. [23] and Oraby et al. [21]. A study by Oraby and Eksteen [5]
on glycine leaching of 50% Au—50% Ag alloy also confirmed that gold leaching rate is
higher at an alkaline pH of 9 and less at a lower pH of 5.8. The explanation is that at a high
pH, glycinate ligand becomes predominant, facilitating the formation of metal complexes.
However, specific investigations on the influence of pH on other precious metals (Ag,
PGMs) is still scarce.

5.3. Oxidising Agent

Leaching of precious metals operates in the presence of oxygen or other oxidants
at high pH because of their inertness compared to leaching of base metals [5,37]. The
use of natural oxygen in early research showed that gold leaching rates were kinetically
slow for industrial applications demonstrating that strong oxidants were necessary [5].
Strong oxidants in leaching of precious metals have been used to make it possible to
leach PGMs (Au, Ag and Pd) at room temperature and atmospheric pressure. Commonly
considered strong oxidants for precious metal leaching are hydrogen peroxide (commonly
used in gold leaching) and potassium permanganate [5,15,34,41]. Eksteen and Oraby [5]
investigated the influence of an oxidant on glycine leaching of pure gold foil with 0.1 M
glycine, pH 11.5 and temperature of 60 ◦C and time of 48 h. It was observed that an increase
in hydrogen peroxide concentration from 0.1% to 2% results in an increase in gold leaching
rate from 2.5 mg/L to 15 mg/L. Research by Aksu et al. [67] showed that the presence of
hydrogen peroxide inhibits copper dissolution because of the formation of an oxide film
on copper surface. On the contrary, Tanda et al. [34,54] found that hydrogen peroxide had
a negative effect on low_grade gold leaching where gold content decreased from 42.5%
in absence of oxidant to 4.7% in presence of 1% hydrogen peroxide. There is a possibility
that the amino acid was oxidises demonstrating that proper stoichiometric ratios should be
maintained for effective leaching in presence of oxidants.

Oraby, Eksteen and Connor [41] compared the gold leaching performance of different
oxidants, including permanganate, hydrogen peroxide, chlorate ions, ferricyanide ions and
iodide ions under conditions of pH 10.5, 30% pulp density and 1 g/L glycine concentration.
The results proved that permanganate was a stronger oxidant in gold glycine solution as
shown in Figure 5. It was found that adding 1.0 g/L permanganate to glycine solution even
in absence of cyanide enhances gold leaching rate (85.1%) to the same level as those obtained
in cyanide leaching (87.4%) at the same period of 48 h. It was also found that some amino
acid was oxidised by permanganate, thus the amino acid concentration should be properly
adjusted to cater to oxidation and other side reactions originating from the reactions with
ore gangue. Perea and Restrepo, 2018 [15] and Tapfuma et al. [14,45] found that potassium
permanganate was the best oxidant for glycine, alanine and cysteine, whereas hydrogen
peroxide was the best oxidant for histidine.
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Figure 5. Effects of oxidants on gold extraction from gold oxide ore using glycine (redrawn).
Reprinted with permission from ref. [41]. 2026 Elsevier.

5.4. Effect of Catalysis

The presence of other metals in solution during amino acid leaching of precious
metals has been shown to be beneficial when it comes to increasing the leaching rate. Tests
conducted by Oraby and Eksteen [37] showed that the rate of dissolution of gold from
gold_silver alloys (50% Au, 50% Ag) increased by six times compared to the dissolution of
pure gold. A similar behaviour was observed for gold_silver alloys during cyanide [68] and
thiosulphate leaching [10,69]. Many researchers showed that copper ions act as catalysts
for glycine leaching and, in their absence, leaching is difficult [52]. Perea and Restrepo [15]
observed double the leaching rate of gold when the solution contains copper ions compared
to a solution without copper ions. Catalytic effect has also been observed in presence of
small amount of lixiviants (synergism) in the solution as discussed in the precious metal
leaching section. Thus, the presence of metal ions in amino acid leaching solution has a
beneficial effect and should be further investigated for many amino acid systems.

5.5. Effect of Temperature

Favourable leaching conditions for precious metals, enabling faster kinetics, occur
at high temperatures and in oxidative environments. However, these conditions should
be optimised to lower the plant operating costs. Early research demonstrated that low
temperatures achieve low gold leaching rates. Thus, several investigators studied the
influence of temperature on gold dissolution from various sources [5,23,24,52]. Low gold
dissolution rates were reported by Eksteen and Oraby [5] at temperatures lower than 60 ◦C
and under conditions of 0.1 M glycine, 1% H2O2 and pH 11.5. Upon increasing temperature
from 60 ◦C to 75 ◦C, the concentration of gold in leachate increased from 8 mg/L to 15 mg/L
after 48 h of leaching (Figure 6). Altinkaya et al. [23] reported an increase in leachate gold
concentration from 0.3 mg/L at room temperature to 0.55 mg/L at 60 ◦C after 24 h of
leaching. Leaching was performed in absence of copper, at pH 10–12, with 0.2 M glycine
and 100 g/L solid_liquid ratio and stirring rate of 100 rpm. The work by J.J. Eksteen and E.A.
Oraby [37] showed that the presence of oxidants reduces the operation temperatures of gold
dissolution. Temperatures of around 40–60 ◦C in presence of hydrogen peroxide and a high
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pH were adequate for high gold dissolution. Thus, high temperatures are favourable for
high dissolution; however, implementing high temperatures is economically challenging in
commercial plants. The use of a strong oxidant, such as potassium permanganate, can be a
better method for enhancing kinetics and reducing operation temperatures [41].

Figure 6. Effect of temperature on gold dissolution with glycine, under 20 ppm Cu2+, O2, pH 10.5–11,
70 ◦C, after 48 h (redrawn). Reprinted with permission from ref. [41]. 2026 Elsevier.

6. Conclusions and Future Perspectives
We have reviewed the use of amino acids for leaching of precious metals from both

natural and secondary resources. The review focused on the leaching chemistry and
performance of different amino acids in natural and secondary leaching. The use of amino
acids proved to be more effective for refractory and high-copper ores than traditional
processes. Although preliminary research clearly demonstrated that alkaline amino acids
especially glycine can be used for effective leaching of precious metals from ore concentrates,
tailings, and electronic waste, much research is required before full commercialization. The
leaching performance is influenced by several factors including amino acid type, ore type,
pre-treatment, and operating conditions, all affecting reagents consumptions differently.
Important operational conditions include temperature, pH, particle sizes, agitation speeds,
solid–liquid ratios, concentrations of amino acids and oxidants, and redox potential. Most
work is restricted to gold extraction from ore concentrates while work on recovery from
secondary resources or recovery of other precious metals like silver and PGMs is still scarce.
Aspects that should be addressed include slow leaching kinetics compared to inorganic
acids or cyanide, lack proper understanding of extraction mechanisms, incomplete research
of most amino acids (only glycine is intensively studied), and leaching performance in
different types of ores and secondary materials. To fully commercialise the amino acid
agitation leaching process in gold concentrates and secondary resources, the following
aspects should be resolved:

(1) The leaching kinetics of precious (gold, silver, PGMs) metals from natural and
secondary resources is slow. Amino acids in presence of strong oxidants, catalysts and
synergists can compete and surpass traditional leaching approaches. Amino acids are
more effective in leaching gold than silver and palladium and the use of strong oxidants
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is more important in gold leaching than in palladium leaching. The use of stringent
conditions, such as high temperatures and high amino acid concentrations, is unacceptable
in the industry because of high costs. Much work should be done to reduce operating
temperatures and amino acid concentrations through processes like pre-treatment, uses
of green synergists like thiosulfate and low concentrations of powerful oxidising agents
like potassium permanganate to improve extraction rates while keeping the operation
costs low.

(2) Amino acid leaching of secondary wastes demonstrated higher leaching perfor-
mance than leaching from natural ores because of the use of a two-step leaching process.
The use of amino acids in two-step leaching is beneficial in construction of the same leach-
ing tanks and modifying the conditions for precious metals leaching to include oxidants
and synergists.

(3) Researchers are only basing their work on glycine because of its availability. To
optimise performance, understanding of coordination chemistry between leaching agents
and different metals is necessary and thermodynamic phase stability diagrams should be
generated. For now, there are only a couple of studies on interactions between glycine and
gold yet work on silver and PGMs is not available. Although glycine is readily available
and cheap, priority in research should be given to other better performing amino acids
depending on the precious metal to be extracted and conditions need to be optimised for a
particular system depending on the appropriate amino acid, e.g., cysteine was shown to be
better than gold but is not attractive to researchers because of high cost.

(4) Although many researchers mention that amino acids are easier to regenerate and
recycle, this should be validated by using more leaching cycles to confirm the claim. In addi-
tion, it is also necessary to perform life cycle evaluations to assess the environmental impacts
of different amino acids to understand their potential for replacing traditional technologies.

(5) Research on bioleaching using secreted amino acids is still very scarce and although
slow kinetics were observed, they should be researched for economical metallurgical
extractions like heap and vat leaching and tested at pilot scale aimed at commercialization.

Author Contributions: Conceptualization, S.F. and A.M.; methodology, S.F.; validation, S.F.; formal
analysis, A.M.; investigation, Q.K.; writing—original draft preparation, S.F.; writing—review and
editing, A.M.; visualisation, Q.K.; supervision, Q.K. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors would like to thank Harare Institute of Technology for the funding to publish
this work.

Data Availability Statement: The data used in this review is available in referenced material and has
been properly cited throughout the entire manuscript.

Acknowledgments: Simbarashe Fashu would like to thank Anthony Tapfuma from Mintek, South
Africa for discussions that inspired the idea to write a review on leaching of precious metals using
amino acids.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Brent Hiskey, J.; Atluri, V.P. Dissolution chemistry of gold and silver in different lixiviants. Miner. Procesing Extr. Metall. Rev. 1988,

4, 95–134. [CrossRef]
2. Hilson, G.; Monhemius, A.J. Alternatives to cyanide in the gold mining industry: What prospects for the future? J. Clean. Prod.

2006, 14, 1158–1167. [CrossRef]
3. Oke, E.A.; Potgieter, H. Recent chemical methods for metals recovery from printed circuit boards: A review. J. Mater. Cycles Waste

Manag. 2024, 26, 1349–1368. [CrossRef]

https://doi.org/10.3390/met16070724

https://doi.org/10.1080/08827508808952634
https://doi.org/10.1016/j.jclepro.2004.09.005
https://doi.org/10.1007/s10163-024-01944-4
https://doi.org/10.3390/met16070724


Metals 2026, 16, 724 15 of 17

4. Li, H.; Oraby, E.; Eksteen, J. Recovery of copper and the deportment of other base metals from alkaline glycine leachates derived
from waste printed circuit boards (WPCBs). Hydrometallurgy 2021, 199, 105540. [CrossRef]

5. Eksteen, J.J.; Oraby, E.A. The leaching and adsorption of gold using low concentration amino acids and hydrogen peroxide: Effect
of catalytic ions, sulphide minerals and amino acid type. Miner. Eng. 2015, 70, 36–42. [CrossRef]

6. Li, H.; Deng, Z.; Oraby, E.; Eksteen, J. Amino acids as lixiviants for metals extraction from natural and secondary resources with
emphasis on glycine: A literature review. Hydrometallurgy 2023, 216, 106008.

7. Brown, D.H.; Smith, W.E.; Fox, P.; Sturrock, R.D. The reactions of gold (0) with amino acids and the significance of these reactions
in the biochemistry of gold. Inorg. Chim. Acta 1982, 67, 27–30.

8. Korobushkina, E.D.; Karavaiko, G.I.; Korobushkin, I.M. Biochemistry of gold. Ecol. Bull. 1983, 35, 325–333.
9. Sarvar, M.; Tonkaboni, Z.S.; Noaparast, M.; Badiei, A.R.; Amiri, A. Application of amino acids for gold leaching: Effective

parameters and the role of amino acid structure. J. Clean. Prod. 2023, 391, 136123. [CrossRef]
10. Oraby, E.A.; Eksteen, J.J. The selective leaching of copper from a gold–copper concentrate in glycine solutions. Hydrometallurgy

2014, 150, 14–19. [CrossRef]
11. Azadi, M.R.; Karrech, A.; Elchalakani, M.; Attar, M. Microfluidic study of sustainable gold leaching using glycine solution.

Hydrometallurgy 2019, 185, 186–193. [CrossRef]
12. Wang, J.; Wang, R.; Pan, Y.; Liu, F.; Xu, Z. Thermodynamic analysis of gold leaching by copper-glycine-thiosulfate solutions using

Eh-pH and species distribution diagrams. Miner. Eng. 2022, 179, 107438.
13. Kudpeng, K.; Thiravetyan, P. Influence of amino and organic acid structure on the extraction of gold from silicate ore. Min. Metall.

Explor. 2021, 38, 2185–2194. [CrossRef]
14. Tapfuma, A.; Akdogan, G.; Luckay, R.C.; Tadie, M. Investigation of gold-amino acid interactions using Fourier Transform Infrared

spectroscopy and correlation with gold dissolution; Studies at different pH values. Miner. Eng. 2024, 209, 108633.
15. Perea, C.G.; Restrepo, O.J. Use of amino acids for gold dissolution. Hydrometallurgy 2018, 177, 79–85. [CrossRef]
16. Khezri, M.; Rezai, B.; Abdollahzadeh, A.A.; Wilson, B.P.; Molaeinasab, M.; Lundström, M. Investigation into the effect of

mechanical activation on the leaching of chalcopyrite in a glycine medium. Hydrometallurgy 2021, 203, 105492. [CrossRef]
17. Tapfuma, A.; Mutimutema, P.; Bazhko, O.; Nkabinde, S.; Ledwaba, M.; Kabangu, J.M.; Chiwaye, N.; Muller, E.; Ndlovu, G. Gold

tailing metal extraction and sustainable end-use: A closed-loop review. Miner. Eng. 2026, 239, 110075.
18. Tuncuk, A.; Stazi, V.; Akcil, A.; Yazici, E.Y.; Deveci, H. Aqueous metal recovery techniques from e-scrap: Hydrometallurgy in

recycling. Miner. Eng. 2012, 25, 28–37. [CrossRef]
19. Ghosh, B.; Ghosh, M.K.; Parhi, P.; Mukherjee, P.S.; Mishra, B.K. Waste printed circuit boards recycling: An extensive assessment

of current status. J. Clean. Prod. 2015, 94, 5–19. [CrossRef]
20. Li, H.; Oraby, E.; Eksteen, J. Extraction of copper and the co-leaching behaviour of other metals from waste printed circuit boards

using alkaline glycine solutions. Resour. Conserv. Recycl. 2020, 154, 104624. [CrossRef]
21. Oraby, E.A.; Eksteen, J.J.; Karrech, A.; Attar, M. Gold extraction from paleochannel ores using an aerated alkaline glycine lixiviant

for consideration in heap and in-situ leaching applications. Miner. Eng. 2019, 138, 112–118. [CrossRef]
22. Tahmasebi Naderi Chegeni, Z.; Ganji, S.A.; Mohammad, S. Optimizing the Amino Acid Leaching Parameters of Gold from the

Mobile Phone Printed Circuit Boards. Iran. J. Chem. Chem. Eng. Res. Artic. 2023, 42, 2675–2686.
23. Altinkaya, P.; Wang, Z.; Korolev, I.; Hamuyuni, J.; Haapalainen, M.; Kolehmainen, E.; Yliniemi, K.; Lundström, M. Leaching and

recovery of gold from ore in cyanide-free glycine media. Miner. Eng. 2020, 158, 106610. [CrossRef]
24. Altinkaya, P. Leaching and Recovery of Gold from Low Grade Raw Materials in Cyanide-Free Media. Ph.D. Thesis, Aalto

University, Espoo, Finland, 2021.
25. Saneie, R.; Dixon, D.G.; Asselin, E. Effect of organic surfactant TRITON CG-110 on bioleaching of chalcopyrite. Miner. Eng. 2025,

232, 109467. [CrossRef]
26. Kumar, P.S.; Yaashikaa, P.R. Recent trends and challenges in bioleaching technologies. Biovaloris. Wastes Renew. Chem. Biofuels

2020, 9A, 373–388. [CrossRef]
27. Khetwunchai, N.; Akeprathumchai, S.; Thiravetyan, P. Comparison of Gold Extraction from Silicate Ores using Two-Step

Bioleaching and Spent Medium of Co-Culture/Mixing Cell-Free Suspensions of Amino Acid-Producing Bacteria. J. Sustain.
Metall. 2025, 11, 1319–1332.

28. Khetwunchai, N.; Akeprathumchai, S.; Anusaraporn, S.; Krobthong, S.; Yingchutrakul, Y.; Thiravetyan, P. Enhanced bioleaching
of copper and gold from waste printed circuit boards: Stepwise process, pretreatment strategies, metabolomics analysis, and the
role of N8-acetylspermidine. Process Saf. Environ. Prot. 2025, 194, 289–305.

29. Konadu, K.T.; Sasaki, K. Sulfidic gold ore leaching by cysteine in the presence of Na2SO3. Hydrometallurgy 2023, 216, 106018.
[CrossRef]

30. Li, H.; Oraby, E.; Eksteen, J. Cyanide consumption minimisation and concomitant toxic effluent minimisation during precious
metals extraction from waste printed circuit boards. Waste Manag. 2021, 125, 87–97. [CrossRef] [PubMed]

https://doi.org/10.3390/met16070724

https://doi.org/10.1016/j.hydromet.2020.105540
https://doi.org/10.1016/j.mineng.2014.08.020
https://doi.org/10.1016/j.jclepro.2023.136123
https://doi.org/10.1016/j.hydromet.2014.09.005
https://doi.org/10.1016/j.hydromet.2019.02.009
https://doi.org/10.1007/s42461-021-00460-5
https://doi.org/10.1016/j.hydromet.2018.03.002
https://doi.org/10.1016/j.hydromet.2020.105492
https://doi.org/10.1016/j.mineng.2011.09.019
https://doi.org/10.1016/j.jclepro.2015.02.024
https://doi.org/10.1016/j.resconrec.2019.104624
https://doi.org/10.1016/j.mineng.2019.04.023
https://doi.org/10.1016/j.mineng.2020.106610
https://doi.org/10.1016/j.mineng.2025.109467
https://doi.org/10.1016/b978-0-12-817951-2.00020-1
https://doi.org/10.1016/j.hydromet.2022.106018
https://doi.org/10.1016/j.wasman.2021.02.033
https://www.ncbi.nlm.nih.gov/pubmed/33684667
https://doi.org/10.3390/met16070724


Metals 2026, 16, 724 16 of 17

31. Oraby, E.A.; Eksteen, J.J.; Tanda, B.C. Gold and copper leaching from gold-copper ores and concentrates using a synergistic
lixiviant mixture of glycine and cyanide. Hydrometallurgy 2017, 169, 339–345. [CrossRef]

32. Barani, K.; Dehghani, M.; Azadi, M.R.; Karrech, A. Leaching of a polymetal gold ore and reducing cyanide consumption using
cyanide-glycine solutions. Miner. Eng. 2021, 163, 106802. [CrossRef]

33. Barani, K.; Kogani, Y.; Nazarian, F. Leaching of complex gold ore using a cyanide-glycine solution. Miner. Eng. 2022, 180, 107475.
[CrossRef]

34. Tanda, B.C. Glycine as a Lixiviant for the Leaching of Low Grade Copper-Gold Ores. Ph.D. Thesis, Curtin University, Perth,
Australia, 2017.

35. Kenzhaliyev, B.; Surkova, T.; Koizhanova, A.; Yessimova, D.; Amanzholova, L.; Dosymbayeva, Z. Study of the cyanide leaching
of gold from low-grade raw materials in the presence of amino acids. Inorganics 2023, 11, 461. [CrossRef]

36. Picazo-Rodríguez, N.G.; Carrillo-Pedroza, F.R.; Martínez, L.A.; Soria-Aguilar, M.J.; Almaguer-Guzmán, I. So and jarosite behavior
during recovery of values from the direct leaching residue of sphalerite using cyanide and glycine. J. Min. Metall. Sect. B Metall.
2021, 57, 349–358. [CrossRef]

37. Oraby, E.A.; Eksteen, J.J. The leaching of gold, silver and their alloys in alkaline glycine–peroxide solutions and their adsorption
on carbon. Hydrometallurgy 2015, 152, 199–203. [CrossRef]

38. Haghdadi, A.; Mohammadnejad, S. The role of glycine in cyanidation of copper bearing gold ores: An experimental and molecular
modeling study. J. Min. Environ. 2023, 14, 999–1009.

39. Seaman, B.; Newton, T.; Oraby, E.A. Development of a glycine-cyanide leach process for gold-copper concentrate. In Proceedings
of the Alta 2019, Perth, Australia, 18–25 May 2019.

40. Khetwunchai, N.; Akeprathumchai, S.; Thiravetyan, P. Recovery of copper and gold from waste printed circuit boards using
monosodium glutamate supplemented with hydrogen peroxide. Minerals 2023, 13, 321. [CrossRef]

41. Oraby, E.A.; Eksteen, J.J.; O’Connor, G.M. Gold leaching from oxide ores in alkaline glycine solutions in the presence of
permanganate. Hydrometallurgy 2020, 198, 105527. [CrossRef]

42. Rezaee, M.; Saneie, R.; Mohammadzadeh, A.; Abdollahi, H.; Kordloo, M.; Rezaee, A.; Vahidi, E. Eco-friendly recovery of base and
precious metals from waste printed circuit boards by step-wise glycine leaching: Process optimization, kinetics modeling, and
comparative life cycle assessment. J. Clean. Prod. 2023, 389, 136016.

43. Li, J.; Sun, C.; Kou, J.; Wang, P.; Jiang, Y. Gold leaching performance of amino acids under alkaline conditions. Sep. Sci. Technol.
2025, 60, 549–560. [CrossRef]

44. Li, H.; Oraby, E.; Eksteen, J. Extraction of precious metals from waste printed circuit boards using cyanide-free alkaline glycine
solution in the presence of an oxidant. Miner. Eng. 2022, 181, 107501. [CrossRef]

45. Tapfuma, A.; Akdogan, G.; Tadie, M. Investigation of glycine leaching for gold extraction from Witwatersrand gold mine tailings
with permanganate pre-treatment. J. S. Afr. Inst. Min. Metall. 2024, 124, 219–229. [CrossRef]

46. Feng, D.; Van Deventer, J.S.J. The role of amino acids in the thiosulphate leaching of gold. Miner. Eng. 2011, 24, 1022–1024.
[CrossRef]

47. Redrovan, A.S.; Torre, E.d.l.; Aragón-Tobar, C.F. Gold Leaching from an Auriferous Ore by Alkaline Thiosulfate–Glycine–Copper
Solution. Metals 2025, 15, 204.

48. Munive, G.T.; Encinas, M.A.; Salazar Campoy, M.M.; Álvarez, V.E.; Vazquez, V.M.; Choque, D.C. Leaching Gold and Silver with
an Alternative System: Glycine and Thiosulfate from Mineral Tailings: Munive, Encinas, Salazar Campoy, Álvarez, Vazquez, and
Choque. JOM 2020, 72, 918–924.

49. Li, H.; Oraby, E.; Eksteen, J.; Mali, T. Extraction of gold and copper from flotation tailings using glycine-ammonia solutions in the
presence of permanganate. Minerals 2022, 12, 612. [CrossRef]

50. Wu, H.; Feng, Y.; Huang, W.; Li, H.; Liao, S. The role of glycine in the ammonium thiocyanate leaching of gold. Hydrometallurgy
2019, 185, 111–116. [CrossRef]

51. Broeksma, C.P. Evaluating the Applicability of an Alkaline Amino Acid Leaching Process for Base and Precious Metal Leaching
from Printed Circuit Board Waste. Master’s Thesis, Stellenbosh University, Stellenbosch, South Africa, 2018.

52. Oraby, E.A.; Eksteen, J.J. Gold leaching in cyanide-starved copper solutions in the presence of glycine. Hydrometallurgy 2015, 156,
81–88. [CrossRef]

53. Oraby, E.A.; Eksteen, J.J. Gold dissolution and copper suppression during leaching of copper–gold gravity concentrates in caustic
soda-low free cyanide solutions. Miner. Eng. 2016, 87, 10–17.

54. Tanda, B.C.; Eksteen, J.J.; Oraby, E.A. An investigation into the leaching behaviour of copper oxide minerals in aqueous alkaline
glycine solutions. Hydrometallurgy 2017, 167, 153–162. [CrossRef]

55. Deng, Z.; Oraby, E.A.; Eksteen, J.J. Gold recovery from cyanide-starved glycine solutions in the presence of Cu using a molecularly
imprinted resin (IXOS-AuC). Hydrometallurgy 2020, 196, 105425. [CrossRef]

56. Li, H.; Eksteen, J.; Oraby, E. Hydrometallurgical recovery of metals from waste printed circuit boards (WPCBs): Current status
and perspectives—A review. Resour. Conserv. Recycl. 2018, 139, 122–139.

https://doi.org/10.3390/met16070724

https://doi.org/10.1016/j.hydromet.2017.02.019
https://doi.org/10.1016/j.mineng.2021.106802
https://doi.org/10.1016/j.mineng.2022.107475
https://doi.org/10.3390/inorganics11120461
https://doi.org/10.2298/jmmb191221031p
https://doi.org/10.1016/j.hydromet.2014.12.015
https://doi.org/10.3390/min13030321
https://doi.org/10.1016/j.hydromet.2020.105527
https://doi.org/10.1080/01496395.2024.2447308
https://doi.org/10.1016/j.mineng.2022.107501
https://doi.org/10.17159/2411-9717/2967/2024
https://doi.org/10.1016/j.mineng.2011.04.017
https://doi.org/10.3390/min12050612
https://doi.org/10.1016/j.hydromet.2019.01.019
https://doi.org/10.1016/j.hydromet.2015.05.012
https://doi.org/10.1016/j.hydromet.2016.11.011
https://doi.org/10.1016/j.hydromet.2020.105425
https://doi.org/10.3390/met16070724


Metals 2026, 16, 724 17 of 17

57. Rao, M.D.; Singh, K.K.; Morrison, C.A.; Love, J.B. Recycling copper and gold from e-waste by a two-stage leaching and solvent
extraction process. Sep. Purif. Technol. 2021, 263, 118400.

58. De, A.K.; Gautam, P.; Singh, K.K. Selective gold recovery from electronic waste: A review of modern trends in recycling. Can.
Metall. Q. 2026, 65, 1118–1139.

59. Picazo-Rodríguez, N.G.; Soria-Aguilar, M.J.; Martínez-Luévanos, A.; Almaguer-Guzmán, I.; Chaidez-Félix, J.; Carrillo-Pedroza,
F.R. Direct acid leaching of sphalerite: An approach comparative and kinetics analysis. Minerals 2020, 10, 359. [CrossRef]

60. Oraby, E.A.; Li, H.; Eksteen, J.J. An alkaline glycine-based leach process of base and precious metals from powdered waste printed
circuit boards. Waste Biomass Valorization 2020, 11, 3897–3909.

61. Eksteen, J.J.; Oraby, E.A.; Tanda, B.C.; Tauetsile, P.J.; Bezuidenhout, G.A.; Newton, T.; Trask, F.; Bryan, I. Towards industrial
implementation of glycine-based leach and adsorption technologies for gold-copper ores. Can. Metall. Q. 2018, 57, 390–398.

62. Turan, A.; Daryal, M.B.; Morcali, M.H.; Yavas, U.C. Gold extraction from oxide gold ores through glycine leaching. Rev. Metal.
2024, 60, e266.

63. Xie, W.X.; Li, H.L.; Xie, J.; Gu, J.; Yuan, H.; Eksteen, J. Green Hydrometallurgical Extraction of Silver Using α-Amino Acids:
Mechanism Study and the Effect of Side Chains. Sep. Purif. Technol. 2026, 529, 130292.

64. Khezri, M.; Rezai, B.; Abdollahzadeh, A.A.; Molaeinasab, M.; Wilson, B.P.; Lundström, M. Glycine leaching of Sarcheshmeh
chalcopyrite concentrate at high pulp densities in a stirred tank reactor. Miner. Eng. 2020, 157, 106555. [CrossRef]

65. Kinas, S.; Jermakowicz-Bartkowiak, D.; Pohl, P.; Dzimitrowicz, A.; Cyganowski, P. On the path of recovering platinum-group
metals and rhenium: A review on the recent advances in secondary-source and waste materials processing. Hydrometallurgy 2024,
223, 106222.

66. Acuña, C.R.; Oraby, E.A.; Bezuidenhout, G.A.; Beh, C.C.; Eksteen, J.J. Palladium adsorption from alkaline glycine-cyanide
solutions using activated carbon. Hydrometallurgy 2025, 238, 106575. [CrossRef]

67. Aksu, S.; Wang, L.; Doyle, F.M. Effect of hydrogen peroxide on oxidation of copper in CMP slurries containing glycine. J.
Electrochem. Soc. 2003, 150, G718–G723. [CrossRef]

68. Wadsworth, M.E.; Zhu, X. Kinetics of enhanced gold dissolution: Activation by dissolved silver. Int. J. Miner. Process. 2003, 72,
301–310. [CrossRef]

69. Chandra, I.; Jeffrey, M.I. An electrochemical study of the effect of additives and electrolyte on the dissolution of gold in thiosulfate
solutions. Hydrometallurgy 2004, 73, 305–312. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/met16070724

https://doi.org/10.3390/min10040359
https://doi.org/10.1016/j.mineng.2020.106555
https://doi.org/10.1016/j.hydromet.2025.106575
https://doi.org/10.1149/1.1615611
https://doi.org/10.1016/s0301-7516(03)00106-6
https://doi.org/10.1016/j.hydromet.2003.12.002
https://doi.org/10.3390/met16070724

	Introduction 
	Amino Acid Leaching of Precious Metals 
	Gold Leaching from Primary and Secondary Resources 
	Amino Acid Leaching of Silver and Platinum Group Metals 
	Silver Leaching 
	Palladium Leaching 

	Major Factors Influencing Precious Metals Recovery 
	Effect of Glycine Concentration 
	Effect of pH 
	Oxidising Agent 
	Effect of Catalysis 
	Effect of Temperature 

	Conclusions and Future Perspectives 
	References

