Open Access Article. Published on 25 March 2026. Downloaded on 4/8/2026 10:59:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

(3

View Article Online

View Journal | View Issue

{ ") Check for updates ‘

Cite this: RSC Ad\v., 2026, 16, 16672

chemicals

Zhengkun Fang and Paul N. Duchesne

A mild and highly effective method of leaching
metal from chalcopyrite using household

*

While chalcopyrite is the most abundant natural source of Cu on Earth, its chemical inertness hinders the
practical accessibility of this copper. Many current novel leaching methods rely on using relatively hard
(and toxic) compounds (e.g., H>SO4 and ethylene glycol) and/or reaction conditions to overcome this
inertness; however, this results in significant operational hazards and environmental pollution. To address

these concerns and in accordance with Green Chemistry principles, we report an environmentally

benign leaching system using acetic acid and hydrogen peroxide that enables complete copper recovery
at room temperature. Moreover, an environmentally benign planetary ball milling pretreatment was used
to degrade the chemical inertness of chalcopyrite in a sustainable way without the need for additional
chemical reagents. Ball-milling speed, acetic acid volume, reaction temperature, and reaction duration

were varied to achieve optimal leaching conditions for both environmental friendliness and energy
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efficiency. Consequently, a 100% copper recovery rate was achieved under optimal conditions. Notably,

neither inhibition of the leaching nor passivation of the chalcopyrite was observed when employing this

DOI: 10.1039/d6ra00565a
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1. Introduction

Chalcopyrite (CuFeS,), the dominant natural form of copper
(Cu), constitutes 70 wt% of the global Cu supply,® with most
such ores having low Cu concentrations (<0.5 wt%).* In nature,
CuFeS, tends to form alongside other sulfide minerals, such as
pyrite (FeS,), sphalerite (ZnS), and galena (PbS).*'* Both the Cu
and iron (Fe) contained in CuFeS, are indispensable to daily life
and research. In particular, the superior conductivity and
corrosion resistance of Cu are vital in electronic equipment
manufacturing and building construction." Likewise, Fe is an
indispensable precursor for all steels and ferritic magnetic
materials. From a research perspective, both Cu and Fe also
express excellent catalytic activity in specific applications,
including wastewater treatment and CO, conversion.>"
However, due to the high heat resistance and chemical inert-
ness of CuFeS,, both traditional pyrometallurgical and hydro-
metallurgical processes tend to work inefficiently.**7***
Pyrometallurgy, the oldest metallurgical technique, has been
utilized and developed for over 6000 years, with its earliest
recorded implementations dating to the Bronze Age.>”' Pyro-
metallurgical processes involve the thermal treatment of
minerals with reactive elements, with common examples
including calcination using oxygen (O,) and smelting using
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leaching system. Thus, this leaching system offers significant advantages in both safety and efficacy for
the leaching of copper from chalcopyrite.

carbon (C) or hydrogen (H,).*” Despite its widespread industrial
use, such methods demand a minimum concentration of ca.
20 wt% of the desired metal in the mineral, limiting their
usefulness for the great majority of CuFeS, ores.”"” This draw-
back arises mainly from the inherently high refractoriness of
these low-grade ores, which requires great energy input to yield
the same yields as high-grade ores.'® Furthermore, pyrometal-
lurgy operates at elevated temperatures (typically 500 to 2000 °
C), resulting in intense energy consumption and significant
working hazards.'* Finally, pyrometallurgy generates harmful
gases (e.g., H,S, SO,, and CO) that contribute to environmental
pollution, especially when sulfur-containing minerals are
utilized.” Given these numerous shortcomings and challenges,
further optimizing the pyrometallurgy method is far from
trivial.

In comparison to pyrometallurgy, hydrometallurgy has
recently drawn greater research attention by virtue of its rela-
tively low environmental impact and its ability to effectively
recover metals from low-grade ores.” Unlike pyrometallurgical
processes, hydrometallurgical processes run under much
milder temperature conditions (e.g., 25 to 250 °C).*” Hydro-
metallurgical processes extract metals from minerals via
chemical leaching, dissolving minerals directly into solution.
Given that the solubility of metal varies at different pH levels,
the vast majority of hydrometallurgical methods employ pH-
modifying agents. Because the vast majority of metals dissolve
readily under acidic conditions, the acidification reagents are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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implemented to achieve non-selective metal leaching.**'®
Conversely, alkaline compounds are used to achieve the selec-
tive extraction of specific metals.** However, the pH-modifying
reagent along typically results in very limited metal leaching
efficiency from CuFesS,.

For example, Medina Ferrer et al. previously compared the
dissolution of CuFeS, with that of chalcocite (Cu,S) in 3.0 M
ammonia at 25 °C for 40 min™ Under these conditions, roughly
15% of the Cu present was leached from Cu,S; however, only
minimal Cu was released from CuFeS,. Perhaps for this reason,
many publications also emphasize the importance of oxidative
potential within the leaching solution in the extraction of Cu
from this mineral.»*7***° By deliberately introducing oxidizing
agents and tuning oxidative potential, the leaching solution can
more effectively break the metal-sulfur bond. Additionally, the
oxidation of $>~ ions to elemental sulfur (S) or anionic sulfur
compounds (e.g., SO4>7) ensures a high metal recovery rate by
preventing the reprecipitation of Fe or Cu ions by S*". In
addition to initiating the leaching reaction, oxidizing agents are
beneficial in avoiding the generation of air pollutants (e.g., via
the complete oxidation of H,S and SO, gases to SO,>~ ions).
While both Fe**/Fe*" couples and H,0, are commonly used
oxidizing agents in CuFeS, leaching, this research focuses on
H,0, due to its strong oxidative potential and non-polluting
properties.>*%*

On the other hand, a diverse range of assistive compounds is
often introduced to enhance the leaching performance of
CuFeS,. Reducing agents (e.g., metallic Fe) can be introduced to
convert CuFeS, to less recalcitrant species, such as Cu,S, that
are more reactive to subsequent leaching.®>'*?*** More unor-
thodox additives, such as fungi, are detailed by Barton & Hiskey*
and Li et al.® Additionally, ethylene glycol (EG) or similar
compounds may be added to chelate Cu and Fe ions, thereby
weakening their catalytic decomposition of H,O, in solution
and increasing the effectiveness of overall metal leaching.>**

In addition to efficiently leaching metals from CuFesS,, it is
also necessary to address the high toxicity and environmental
impact of these leaching reagents. Although diluting the
aforementioned reagents can help mitigate operational safety
hazards, diluted compounds are less readily available, more
expensive to purchase, and generating more waste, thus
undermining efforts to build an economically and environ-
mentally friendly leaching environment. Therefore, it is best to
focus first on using reagents that are safe and sustainable. In
pursuit of this objective, two key concepts have been integrated
into this study.

Firstly, mechanical ball milling is employed to overcome the
inherent chemical inertness of CuFeS, ore, instead of chemi-
cally converting it to more reactive compounds. The increased
reactivity can be attributed to altering particle size and/or
introducing defects to the original crystal structure.“”*>>’
Overall, this solid-state mechanical treatment eliminates the
use of any other chemicals and solvents, fulfilling Green
Chemistry principles 1 (waste prevention), 3 (less hazardous
chemical synthesis), and 5 (safer solvents & auxiliaries).

Second, concentrated acetic acid (CH;COOH, the principal
component of vinegar) is used instead of harsh acids (e.g,
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H,S0,) to reduce the working hazard and toxicity. This is
possible because CH;COOH (pK, = 4.7) is more acidic than
hydrogen sulfide (H,S, pK, = 7.0), allowing it to break metal-
sulfur bonds in CuFeS, by protonating $*". In addition, the
acidic environment created by CH3;COOH increases both the
oxidation ability and stability of oxidizing agents, which is
especially important for H,O,. Moreover, the use of concen-
trated CH;COOH satisfies Green Chemistry principles 1 (waste
prevention), 3 (less hazardous chemical synthesis), and 12
(inherently safer chemistry for accident prevention).

The utilization of CH;COOH in hydrometallurgy, such as
galena leaching, has been discussed in multiple reports;**
however, there are few reports of CH;COOH use in leaching
CuFeS,. Solis-Marcial and Lapidus first reported in 2014 that
adding CH3;COOH into the H,S0,/03/CuSO, system could
significantly increase the CuFeS, dissolution rate and effi-
ciency.” Later, Chen et al. were the first to use CH;COOH-H,0,
with the assistance of NaCl to achieve an almost 100% Cu
recovery rate from CuFeS,.>* Despite the priority on using
CH3;COOH to achieve high-efficiency CuFeS, leaching, they did
not provide clear and convincing explanations of the accessi-
bility of this combination and the effect of leaching conditions
on the leaching performance. Therefore, it is essential to
perform thorough research to verify the validity of this combi-
nation of reagents.

In this study, the feasibility of using CH;COOH/H,0, to
leach metal from CuFeS, is first assessed. Next, the effects of
ball milling speed, CH;COOH volume, leaching temperature,
and leaching time on metal recovery from CuFeS, were analysed
based on the inductively coupled plasma-optical emission
spectroscopy (ICP-OES), powder X-ray diffraction (PXRD), X-ray
photoelectron spectroscopy (XPS), and Taguchi analyses. Even-
tually, based on these results, optimal set of reaction conditions
is proposed for CuFeS, leaching, and insights are offered into
the mechanisms underlying this reaction.

2. Experimental
2.1 Materials and methods

This study employed reagent-grade chemicals, including acetic
acid (CH3;COOH, =99.7 wt%), hydrogen peroxide (H,O,,
30 wt%), and sodium hydroxide solid (NaOH, 97 wt%),
purchased from Millipore-Sigma. Reagent-grade hydrochloric
acid (HCI, 36.5-38.0 wt%) was purchased from Fisher Scientific.
ACS-grade nitric acid (HNOj;, 68.0-70.0 wt%) was purchased
from Anachemia. Distilled water was obtained from laboratory
supply.

The as-obtained CuFeS, ore particle size ranged from
0.125 mm to 4 mm, confirmed by using laboratory sieves. The
chemical composition of the Ore, obtained using aqua regia
digestion followed by ICP-OES analysis, was 1.24 + 0.12 wt%
Cu, 18.6 £ 1.4 wt% Fe, and 4.58 £ 0.29 wt% Zn. Reported
concentrations are the mean of three independent ICP-OES
replicates, with the error indicating the standard deviation
(10). According to PXRD analysis, as shown in Fig. S1, Cu is
present predominantly in chalcopyrite; Fe exists in chalcopyrite
and pyrite; and Zn is primarily found in a sphalerite phase.
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Other major components included quartz, clinochlore, and
muscovite.

2.2 Experimental

The ore was dry milled in a Retsch planetary ball mill (PM100)
with 10 mm diameter zirconium dioxide balls (#qe : Mpan = 1 :
5). The ball mill was operated at a fixed milling speed (300 rpm,
400 rpm, or 500 rpm) for 1 h. For brevity, “BM-300", “BM-400",
and “BM-500" are used to signify ores milled at 300 rpm,
400 rpm, and 500 rpm, respectively. Next, roughly 1.5 g of milled
ore was transferred to the leaching reactor, as shown in Fig. S2.
A NaOH safety bottle (Fig. S2a) was used to prevent the potential
emissions of SO, or H,S gases from the reactor. Experimental
design and controlled parameters, including leaching temper-
ature, leaching time, ball milling speed, and the volume of
CH;COOH, are shown in Table 1. Distilled water was added to
ensure a consistent mass concentration of 1 g ore per 20 mL
solution for all groups. A 600-rpm stirring speed and 15 mL of
30 wt% H,O, were used for all groups.

The minimum addition amounts of CH;COOH and H,O,
were determined using the ore itself as a limiting reagent. By
assuming that the ore was a pure substance of each of its three
main components (CuFeS,, FeS,, and ZnS), the maximum
consumption of CH;COOH and H,0, was calculated, providing
the basis for the minimum addition amount. To ensure suffi-
cient reagent availability despite undesired side reactions (e.g.,
H,0, decomposition), the amount of CH;COOH and H,0, used
in this research was two to five times greater than this
minimum value.

Following the leaching, vacuum filtration was employed to
separate the ore residue (i.e., the solid material remaining in the
reactor post-leaching) from the leachate. The leachate was then
dried under air at 200 °C overnight, while the ore residue was air
dried at room temperature (ca. 20 °C) overnight.

After quantifying the metal concentration in the leachate,
the metal recovery rate was calculated using eqn (1).

More X CM,orc
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wherein m,, is the initial mass of ore added to the reactor,
Micachate 1S the mass of leachate, ¢y ore is the concentration of
metal (Cu or Fe) in the ore, and ¢y jeachate 1S the concentration of
metal (Cu or Fe) in the leachate.

Subsequently, Taguchi data processing is built upon each
group's signal-to-noise (S/N) ratio.**?* Since the highest
recovery rate is desired in this study, the “larger value is better”
equation is used. The expression of the equation could be
formulated as follows in eqn (2):

S/N = —10 log <1 i( 1)7),
[4) Vi -

(2)
=1

where a is the number of runs per group and y; is data value (in
this case, the metal recovery rate) for the i-th run.*" The S/N ratio
of each level is determined by averaging the S/N ratio of the
groups associated with that level. Finally, range (R, calculated by
subtracting the factor's smallest S/N ratio from its largest S/N
ratio) could be used to determine the relative impact of each
factor on the leaching reaction.

2.3 Characterization

PXRD measurements were performed at the Queen's Facility for
Isotope Research (QFIR) using a Malvern Panalytical Empyrean
diffractometer. Ore samples were ground to a fine, uniform
powder in a quartz mortar and packed into sample holders prior
to analysis. Samples were analysed at 26 angles ranging from 5
to 100° with a dwell time of 180 s using Cu Ko radiation (A =
1.54 A). The X-ray tube was operated at a voltage of 45 kv and
a current of 40 mA. Mineral identification was performed using
Highscore Pro 4.9 software and the International Center for
Diffraction Data PDF-4 + 2024 database.***

Particle sizes of milled ores were measured using a Master-
sizer 3000 from Malvern Panalytical and a Hydro LV dispersion
unit. The milled samples were first dispersed in 100 mL of 0.5%
sodium hexametaphosphate solution and left for 24 hours.
Before measurement, solutions were sonicated for 10 min to

Recovery rate = ————————, (1) deflocculate the suspended material. Each sample was
leachate CM Jleachate
measured in triplicate. Samples were analysed as non-spherical
Table 1 Design of experiment (L9 orthogonal array)
Taguchi design - L9 orthogonal array
Milling Leaching Volume of 17 M Leaching
Experiment speed (rpm) temperature (°C) CH;3;COOH (mL) time (h)
1 300 RT (~20) 5 3
2 300 40 10 4
3 300 60 15 5
4 400 RT (~20) 10 5
5 400 40 15 3
6 400 60 5 4
7 500 RT (~20) 15 4
8 500 40 5 5
9 500 60 10 3
8 500 40 5 5
9 500 60 10 3
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Table 2 Operating conditions for ICP-OES

Parameter Operating conditions

Spray chamber
Nebulizer flow
Plasma view Axial

Measurement mode iFR (167.021 to 852.145 nm)
Exposure time 2s

Sample repeats 15

Cyclonic (Thermo Scientific)
0.5 L min~*

particles with a presumed refractive index of 1.6 and a density of
4.2 gmL ",

ICP-OES was performed at QFIR using a Thermo Scientific
iCAP PRO Series ICP-OES coupled with a 4DX Elemental
Scientific prepFAST M5 autosampler for sample introduction
and dilution. Ore samples were digested in aqua regia solution
(VHNO; to VHCI ratio = 1: 3), whereas leaching products were
digested in concentrated HNOj;. The entire digestion was per-
formed at 110 °C until near dryness, following which digested
samples were diluted to 100 ppm with 2 vol% HNO;.

ICP-OES operating conditions and sample introduction
information are shown in Table 2. Calibration curves were
calculated using single-element Spex CertiPrep Claritas PPT
standards diluted to a 2 to 100 pg L' range. Reference material
CCu-1c, certified by the Government of Canada, and blanks
were measured to determine background concentrations,
instrument drift, and verify results.

XPS spectra were measured on a Kratos Axis Nova spec-
trometer equipped with an Al Ko X-ray source (1486.69 eV,
150 W, 10 mA), a charge neutralizer, and a delay-line detector
(DLD) consisting of three multi-channel plates. Tests were
performed in an ultrahigh vacuum analysis chamber (107°
Torr), and spectra were measured in the range of —5 to 1200 eV
with a pass energy of 160 eV (scans: 1, dwell time: 100 ms) and
an energy step size of 1 eV. The incident angle (X-ray source to
sample) was the magic angle (54.75°), and the take-off angle
(sample to detector) was 90 °C.

In preparation for XPS testing, samples were first ground to
a fine powder in a quartz mortar and then affixed to an SEM
mount (with pins cut off) using double-sided adhesive Cu tape.
Next, loose powder was removed using compressed air, followed

0.4000| A 0.3775g 1
S
‘© 0.3000} :
=)
©
e
o
& 0.2000 ]
o
a
< 0.1000} ]

0.0000 . . . .

Acid Acid + p id Acid +
“ Water eroxiae Peroxide

Fig. 1
treatment solutions (acid, acid + water, and peroxide) groups.
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by application of a second double-sided adhesive Cu tape to
affix the SEM mount to a coated aluminum plate. Samples were
left in the preparation chamber under high vacuum (10~® Torr)
overnight prior to measurement.

XPS peak fitting was performed in CasaXPS 2.3.26,°® with the
photoelectron binding energy was calibrated by assigning the C
1s C-C/C-H peak an energy of 284.4 eV. A Shirley background
and blended Gaussian-Lorentzian peak shapes were used to fit
all spectra.

Ultraviolet-visible (UV-vis) absorption spectra were recorded
at room temperature using a PerkinElmer Lambda XLS UV/VIS
absorbance spectrometer. All sample solutions were placed in
standard quartz cuvettes with an optical path length of 1 cm.
Prior to sample analysis, a baseline correction was performed
using MilliQ water as the blank reference. Absorption spectra
were collected across a wavelength range of 200 to 900 nm.

3. Results
3.1 Feasibility of the CH;COOH/H,O0, system

Control experiments were first conducted to test the feasibility
of the combined CH;COOH/H,0, leaching system for CuFeS,
and ascertain the role of each component. Yields in this section
are reported based on the mass of precipitated leached recov-
ered from 1 g of ore. The presence of Cu and Fe in the product is
supported by qualitative observations presented in Fig. S3.
Notably, a red-brown precipitate was acquired after adding
NaOH to the leachate, indicating the presence of Fe*" ions. A
blue colour was also observed upon increasing the pH of the
leachate solution to 12, highlighting the presence of Cu®" ions.

Fig. 1a and b show that no product was obtained using
CH;3;COOH alone (i.e., “acid”). Notably, the high concentration
of 17 M CH;COOH results in a minimal concentration of H*
ions, due to its limited ability to auto-dissociate, explaining the
low yield of this test. To investigate whether this was a limiting
factor, CH;COOH was also diluted with distilled water (“acid +
water”) to encourage its ionization, resulting in a very small
quantity (0.0015 g) of obtained product. In both of these cases,
re-precipitation of metal sulfides and the minimal oxidizing
ability of CH;COOH limit its reactivity.

0.0016 | 0.0015 g .
)
s 0.0012 J
=}
°
2
a. 0.0008 i
e
)
a
©
s 0.0004 E
0.0000
~0.0000 g 7 OARE
0.0000 L L L
Acid Acid + Water Peroxide

(a) Demonstration of the requirement for both CH3zCOOH and H,O, used in combination, and (b) magnification of the three ineffective
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Fig. 2 Averaged Cu and Fe recovery rates for each group used in the
Taguchi analysis.

Next, testing H,0, alone (“peroxide”) yielded a trace amount
of products (visible in the reaction vessel); however, the quantity
so obtained was too small to register on a standard laboratory
balance. Notably, a vigorous H,0, decomposition occurred
within 1 h of beginning the leaching reaction, indicated by the
rapid generation of abundant bubbles. Finally, when
combining both CH3COOH and H,0, (“acid + peroxide”),
0.3775 g of product was obtained, with the H,O, visibly reacting
over the course of at least 4 h.

It can thus be concluded that the CH;COOH/H,0, combi-
nation is capable of leaching metal from CuFeS, ore with H"
ions and H,0, being the key reagents. Here, water present in the
added H,0, solution facilitates the generation of H' by
promoting CH3;COOH dissociation. Additionally, compared
with the peroxide group, the acid + peroxide group revealed
markedly lower H,0, decomposition, allowing for greater H,O,
participation in CuFeS, leaching. Thus, suggests that, in addi-
tion to directly protonating sulfide to H,S, H' ions could

Table 3 Deep analysis of orthogonal experiments for Cu and Fe
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significantly inhibit H,O, decomposition. These highlight the
synergistic effect between H' ions and H,0, in enhancing
CuFeS, leaching efficiency.

3.2 Taguchi analysis

Having confirmed the feasibility of the CH;COOH/H,0, system,
the optimal leaching conditions were explored in detail. Four
key factors (ball milling speed, CH;COOH volume, leaching
time, and leaching temperature) were selected based on the
results of preliminary experiments. Cu and Fe recovery rates,
obtained for each parameter combination in the Taguchi
analysis and averaged across three sets of experiments, are
shown in Fig. 2. Recovery rates exceeding 100% reflect an
inherent inhomogeneity in the mineral material that was not
resolved by the processing methods employed in this study.
Error bars indicated the standard deviation (1¢) of metal
recovery under each set of reaction conditions. The relative
standard deviation across all ICP-OES measurements was
consistently lower than 3.6%. Note that the Fe recovery rate
includes leaching from both FeS, and CuFesS,.

Table 3 shows the depth analysis results of orthogonal
Taguchi experiments and the predicted optimal leaching
conditions for Cu and Fe based on their S/N ratio. Among all
experimental parameters, leaching temperature had the great-
est influence on both Cu and Fe recovery, followed by CH;-
COOH volume, leaching time, and, finally, milling speed. The
optimal combination of these four factors for Cu recovery was
found to be: BM-300 particles, 15 mL of 17 M CH;COOH, and
leaching at room temperature for 5 h. Similarly, those for
optimal Fe recovery were BM-300 particles, 10 mL of 17 M
CH;COOH, and leaching at 40 °C for 5 h. To validate these
results, CuFeS, leaching was performed three times under each
of these two optimal conditions. ICP-OES was used to analyse
Cu and Fe concentrations in the resulting leachates, and PXRD

Milling speed

Leaching temperature

Volume of acetic Leaching time

Level (rpm) (°C) acid (mL) (h)
Cu

1 39.74 39.80 38.98 39.15
2 39.29 39.60 39.41 39.27
3 39.21 38.84 39.86 39.82
Maximum value 39.74 39.80 39.86 39.82
Minimum value 39.21 38.84 38.98 39.15
Range 0.52 0.96 0.88 0.67
Rank 4 1 2 3
Optimal BM-300 RT 15 5

Fe

1 34.56 33.44 33.16 34.22
2 33.91 35.46 34.80 33.27
3 33.91 33.48 34.43 34.90
Maximum value 34.56 35.46 34.80 34.90
Minimum value 33.91 33.44 33.16 33.27
Range 0.65 2.02 1.65 1.63
Rank 4 1 2 3
Optimal BM-300 40 10 5
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Fig. 3 The PXRD pattern of the ore residue under optimal leaching conditions for (a) Cu and (b) Fe, each performed in triplicate. (OC: optimal

condition; CH: CuFeS,; P: FeS..)

was used to characterize the ore residue collected after the
leaching reaction.

Impressively, a 100 = 8% Cu recovery rate was achieved
under Cu recovery optimal conditions, and no CuFeS, peak was
visible in the PXRD pattern of the ore residue (Fig. 3a and S4a).

The Fe recovery rate, obtained under Fe recovery optimal
conditions, was 55 + 2%. Again, the PXRD results further

corroborated those from ICP-OES. Most Fe in the ore exists in
the form of FeS,; therefore, regarding Fe recovery, the main
focus should be placed upon the intensities of characteristic
FeS, peaks. As shown in Fig. 4b and S4b, relative to that of the
raw ore, the characteristic FeS, peak intensity in the ore residue
significantly decreased following leaching.
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— Ore Residue

165 170
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Fig. 4
leaching conditions.
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Unexpectedly, the recovery rate of Fe under optimal condi-
tions is smaller than the highest observed recovery rate
(Experiment 4) in the orthogonal array (61 £+ 1%). However, the
heterogeneous distribution of Fe in the ores alone (having
a variation of 1.37 wt%) could result in as much as 4% uncer-
tainty in the Fe recovery rate. By considering additional exper-
imental sources of uncertainty (e.g., temperature fluctuations
and the inherent uncertainty of the analytical balance), it can be
concluded that the difference between the two sets of condi-
tions is within acceptable error.

XPS was performed to analyse both the raw ore and ore
residue, in order to ascertain the unique benefits of the CH;-
COOH/H,0, leaching system. Fig. 4 shows the Cu 2p, Fe 2p, and
S 2p spectra of the ore residue of Cu-OC1 and BM-300 particles,
while Table 4 shows the peak-fitting parameters for each
element. The Cu 2p spectrum for the BM-300 particles was fitted
using a pair of peaks at 931.9 and 952.0 eV with a 2 : 1 areal ratio
between Cu 2p;, and 2p;, and identical full width at half-
maximum (FWHM) values. This paired Cu peak analysis is
consistent with the Cu 2p peak in previous XPS studies of
CuFeS,.** In contrast, no Cu peaks were detectable in the ore
residues, corroborating the ICP-OES and PXRD results. A
similar phenomenon was observed in the S 2p spectrum; the S
2p peak was fitted with the spin-orbital splitting with a 2 : 1 area
ratio and equal FWHM values.*® The S 2p spectrum for the BM-
300 particles was fitted using three pairs of peaks corresponding
to monosulfide (161.4 and 162.5 eV), polysulfide (164.4 and
165.4 eV), and sulfate (168.4 and 169.6 eV), respectively.®** The
sulfate in BM-300 particles is likely due to air oxidation, as it was
stored for several weeks without specific precautions to prevent
oxidation.”® No S 2p peaks were detected in the spectrum of ore
residue. Additionally, the Fe 2p spectra of both BM-300 particles
and ore residue were similar and included both Fe** (710.3/
723.5 eV and 710.2/723.5 eV, respectively) and Fe*'peaks (712.1/
725.5 eV and 713.1/726.7 eV, respectively); however, the inten-
sity of the peaks in the ore residue was lower than that in the
BM-300 samples.

Although the chemical inertness of CuFeS, has been di-
scussed intensively in recent literature, there is no clear
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consensus as to its origin. In recent discussions, a sulfur-rich
passivation layer, formed during leaching, and hindered elec-
tron transfer by the semiconducting nature of CuFeS, are
considered among the most likely explanations."»%71437:40
However, the ICP-OES and XPS results of the present study show
neither a slowing of leaching nor any sign of passivation layer
formation in the CH;COOH/H,0, leaching system. All sulfur
content was apparently removed from the ore surface during the
leaching, indicating that no sulfur-rich passivation layer formed
on the surface. Additionally, the average Cu recovery rate for all
tested groups was ca. 90%, and the leaching reaction was
finished within 5 h, proving that CuFeS, is highly reactive under
CH;COOH/H,0, environments. These observations agree with
the observation of Solis-Marcial and Lapidus that no passiv-
ation properties were found when introducing CH;COOH into
their H,SO,/O; system.?® This evidence suggests that CH;COOH
works in conjunction with H,O, to overcome the chemical
inertness of CuFeS,, though it remains to be determined
whether this is due to complexation of metal ions by acetate
ions or some other chemical mechanism.

3.3 The effect of leaching temperature

Before delving into a detailed analysis, it is worth noting that,
because of the exothermic nature of this leaching reaction, the
temperature of the solution is expected to increase as it
proceeds. The exothermic nature was confirmed by an obser-
vation that the oil bath and hotplate at ca. 35 °C can heat up the
leaching solution to ca. 40 °C rapidly.

As illustrated in Fig. 5a and b, the Cu recovery rate was
inversely proportional to leaching temperature, whereas the Fe
recovery rate increased before decreasing. The changing trend
of Fe and Cu recovery rates from RT to 40 °C can be explained by
the tendency of FeS, to dissolve at higher temperatures and the
catalytic effect of ferric (Fe®") ions on the decomposition of
H,0,, respectively.

FeS, dissolution requires more thermal energy input than
CuFeS, dissolution (activation energy of 68 kJ mol ',** versus
60 k] mol™ " (ref. 42) for CuFeS,), explaining an increased Fe

Table 4 Peak fitting parameter for the S 2p, Fe 2p, and Cu 2p spectra for BM-300 (left) and ore residue (right). “N/A" indicates that no such peak

was observed in the XPS spectrum of this sample

BM-300 Ore residue

Binding FWHM Peak area Binding energy FWHM Peak area
Component energy (eV) (eV) (%) (eV) (ev) (%)
Monosulfide 2p3., 161.4 1.82 14.69 N/A N/A N/A
Monosulfide 2p;/, 162.5 1.82 7.34 N/A N/A N/A
Polysulfide 2p3, 164.4 2.67 6.34 N/A N/A N/A
Polysulfide 2p;, 165.4 2.67 3.17 N/A N/A N/A
Sulfate 2p3, 168.4 1.75 45.65 N/A N/A N/A
Sulfate 2p; 169.6 1.75 22.81 N/A N/A N/A
Fe(u) 2ps/2 710.3 2.78 26.09 710.2 3.35 36.32
Fe(m) 2ps/2 712.1 5.72 40.51 713.1 6.01 30.28
Fe(u) 2Py 723.5 2.78 13.08 723.5 3.35 18.21
Fe(m) 2ps/» 725.5 5.72 20.32 726.7 6.01 15.19
Cu 2pz)2 931.9 2.29 75.04 N/A N/A N/A
Cu 2py, 952.0 2.29 24.96 N/A N/A N/A
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Fig.5 The effect of leaching temperature, CHzCOOH volume, leaching time, and the milling speed on the recovery rate of (a, ¢, e, and g) Cu and

(b, d, f, and h) Fe recovery.

recovery rate from RT to 40 °C. To validate this, BM-400 particles
were mixed with 15 mL of CH;COOH and 15 mL of H,O, for 3 h
at RT and at 40 °C, and PXRD was performed on the ore residue.
As shown in Fig. 6a and S5, the FeS, peak intensity in the ore
residue leached at RT is higher than that in the residue leached
at 40 °C. The FeS, proportion in un-leached BM-400 particles
was measured at 9.9%, but only 3.3% in the ore residue
collected at RT, and 2.4% collected at 40 °C.

Additionally, the catalytic effect of Fe®* ions on H,O,
decomposition can be used to explain the decreasing trend in
Cu recovery rate from RT to 40 °C. Previous studies have proven
that Fe is dissolved preferentially over Cu and expresses a rela-
tively fast reaction rate.®*'®** This suggests that the leaching
system already contains a considerable amount of Fe*' ions
when Cu begins dissolving. Increasing temperature further
increases the ability of Fe*" jons to catalyse H,0, decomposition
and causes a substantial amount of H,0O, to decompose before

© 2026 The Author(s). Published by the Royal Society of Chemistry

the dissolution of Cu, explaining a decreased Cu recovery rate
from RT to 40 °C.

On the other hand, the observed decrease in recovery rate
from 40 to 60 °C for Fe and Cu can be explained by the low
thermal stability of H,O, in this temperature range. As the
temperature approaches 60 °C, H,O, decomposes increasingly
rapidly, especially under the catalytic action of Fe** ions. This
decomposition results in a H,0,-deficient environment, thereby
impairing the leaching reaction.

3.4 The effect of CH;COOH volume

Fig. 5c and d show the impact of CH;COOH volume on the
recovery rate of each element. The Cu recovery rate correlated
positively with CH3;COOH volume, while the Fe recovery
performance exhibited a rise followed by a slight fall. As high-
lighted previously, Fe distribution in the raw ore is heteroge-
neous. Therefore, it is reasonable to suggest that such a small
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra00565a

Open Access Article. Published on 25 March 2026. Downloaded on 4/8/2026 10:59:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

25000 2. S
a ! 5
Lo ! ?

20000 | | ; .
) B ‘ | i :

c | '

15000} | | . ]
Sl T T
2 AL LA l L
E ! ! had \,‘:Jw wv‘ddw“w/
‘G10000F ¢ 1 ———40°C ! o
o | | ' '
) i | | |
g Lo ! :
s b o :

5000f ' Vol v

1 ! :
ML wa l‘\\w“:-\\w““w—"&“vd}wf
0 ——RT ool
30 50 60 70
26 (°)

Fig. 6

decrease for Fe could be due, at least in part, to natural variation
in Fe abundance within the ore.

Le Chatelier's Principle can be used to explain the effect of
CH;COOH volume. A simplified reaction equation is used to
illustrate this in eqn (3). According to Le Chatelier's Principle,
adding more CH3;COOH drives the reaction toward more
complete CuFeS, dissolution. Both sulfite and sulfate ions are
included in this equation, as they were detected in sulfur XPS
spectra of the leachate in Fig. S6. Pairs of peaks fitted at 168.3
and 169.5 eV, and 168.9 and 170.0 eV correspond to sulfite and
sulfate ions, respectively.

2CuFeS, + 2CH;COOH + 15H,0, — 2Cu?* + 2Fe*
+2804%" + 2S0;*~ + 2CH;COO™ + 16H,0 (3)

3.5 The effect of leaching time

As shown in Fig. 5e and f, the Fe recovery rate initially declined
with leaching time, then increased. In contrast, the Cu recovery
rate exhibited a continuously positive correlation with the
leaching time, with the rate of change (k) increasing from 0.16
h™' between 3 and 4 h to 0.47 h™" between 4 and 5 h. Both
phenomena indicate that the concentration of certain reagents
was initially depleted and then later restored. Because excess
amounts of both CH;COOH and H,0, were used during
leaching, and were found to remain in the solution afterward,
their concentrations cannot account for the observed trends.
Instead, it is proposed that radicals generated by H,O, disso-
ciation significantly contribute to CuFeS, leaching and drive the
observed trend. Alone, however, this Taguchi analysis is insuf-
ficient to explain such a radical leaching mechanism with
respect to time; thus, further validation experiments were
performed.

The existence of radicals has been demonstrated in similarly
oxidative systems applied to CuFeS,, in which Fenton or
Fenton-like reactions are the primary source of radicals via
H,O0, dissociation.****** Furthermore, recent publications have
reported that direct interaction between CuFeS, and H,0, can
promote radical generation.* Phenol red (a dye commonly used
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to investigate the action of radical species) is resistant to direct
oxidation by H,0,,* but is rapidly degraded by radical species,
such as those generated via Fenton (or Fenton-like) reactions.
To experimentally validate the role of radical species in chal-
copyrite leaching, the degradation of phenol red was monitored
using UV-vis spectroscopy. As a commonly used pH indicator,
phenol red appears yellow under acidic conditions (pH < 6.8),
orange/red under neutral conditions (6.8 < pH < 8.2), and pink/
fuchsia under alkaline conditions (pH > 8.2). Once degraded,
however, the characteristic absorptions peaks (appearing at 430
or 555 nm, depending upon pH)* disappear, resulting in a col-
ourless solution.

As illustrated in Fig. S8, no significant loss of colouration
was observed when phenol red was mixed with either H,O, or
chalcopyrite leachate individually, though a redshift in the
absorption peak was observed during leachate-only treatment,
resulting from coordination of the dye to solvated ferric
ions.*”*® Upon simultaneous addition of H,O, and leachate,
however, the solution rapidly became colourless. This is further
reflected in this sample's featureless UV-vis spectrum (Fig. S9),
supporting the conclusion that Fenton (or Fenton-like) reac-
tions drive the increased leaching rate of metals from chalco-
pyrite during longer leaching times.

Besides aiding in breaking the metal-sulfide bonds in the
CuFeS,, oxidizing agents can also oxidize sulfide ions in the
leaching thereby preventing
precipitating metal ions. Inspired by this, the leaching
process can be divided into three stages. In the first stage,
occurring during the first 3 h of leaching, H,0, concentration
principally controls the dynamics of the leaching reaction. As
a result, the metal-sulfide bond cleavage rate (Vpond—cicavage) iS
slower than the sulfide-oxidation rate (Vsuifide oxidation); thereby
guaranteeing that the metal ions remain dissolved. Addition-
ally, H,O, also interacted with CuFeS,, leached Cu ions, and
leached Fe ions to generate radicals. These reactions result in
a declining concentration of H,0,, thereby lowering its activity

reaction, them from re-

in the solution. Though the resulting radicals possess a greater
intrinsic oxidative activity than H,O,, their concentration is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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initially very low, and their influence on the leaching is not yet
predominant.

In the second stage (3 to 4 h), the increased concentration of
Cu and Fe ions boosts the radical concentration, thus
strengthening the influence of radicals on leaching and further
weakening the activity of H,O,. However, the concentration of
radicals between 3 and 4 h is limited, being enough to break the
metal-sulfide bonds but not to oxidize all the released sulfide
ions. This eventually results in vpond—cleavage OCCUITING mMore
rapidly than vguifde_oxidation- AS @ result, some released sulfide
ions remain unoxidized in the solution, causing the re-
precipitation of leached Cu and Fe ions. Considering the
higher Fe content in the ore, the collision frequency of Fe with
sulfide ions is higher than that of Cu with sulfide ions; thus, this
negative impact of insufficient oxidation activity is stronger and
more obvious for Fe than for Cu.

In the third stage (4 to 5 h), the concentration of Cu ions
gradually increases, amplifying the catalytic dissociation of
H,0, and promoting the generation of radicals. Ultimately, the
activity of radicals exceeds the activity of H,0, in the leaching
reaction, enabling radicals to fulfill the role of primary oxidant
in the leaching system. At this point, radicals dominate the
leaching process. They ensure the vhond—cleavage iS slower than
the vsuifide—oxidation While making CuFeS,, as well as precipitated
Fe and Cu ions, dissolve more readily. Overall, this leads to
a significant increase in both Cu and Fe recovery rates between
4 and 5 h.

3.6 The effect of milling speed on the ore

Before discussing the effect of ball milling on leaching, the
impact of milling speed on the ore itself should be examined.
The average particle size is shown in Fig. 7a. As the milling
speed increases, the average particle size is reduced, with the
difference between BM-400 and BM-500 particles being smaller
than that between BM-400 and BM-300. As discussed in the
introduction, in addition to reducing particle diameter via
attrition, ball milling can also introduce structural/surface
defects to the sample, potentially increasing its susceptibility
to leaching. Therefore, it is essential to ascertain whether such
effects exist in the present method.
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Fig. 7b shows the comparison of the PXRD patterns of raw
mineral ore (labeled “RM”) and ball-milled ore. Diffraction
patterns from BM-300 and BM-400 particles were similar to
those of as-received ores, suggesting the major outcome under
these conditions was reduction in particle size. BM-500 parti-
cles still maintained sharp characteristic peaks, though the
intensity of each peak was lower than that in the as-obtained
ores. This emphasizes that BM-500 particles largely retain
their crystalline structure, but some defects (e.g., surface
defects) do form in their structure, reducing their long-range
crystalline ordering.

Rietveld refinement (Fig. S7) further revealed that the
proportion of FeS, increased after grinding; however, the
proportions of CuFeS, and ZnS did not exhibit a significant
change. Additionally, the proportion of muscovite and clino-
chlore decreased after the milling treatment. The changing of
the proportion of those compounds is not significant compared
with the inherent systematic error. Therefore, it can be safely
concluded that the difference is within acceptable errors.

3.7 The effect of milling speed on metal recovery
performance

As illustrated in Fig. 5g and h, both Cu and Fe recovery
performance demonstrate a negative correlation with the ball
milling speed. As discussed in the preceding section, this
observation could also be related to the exothermic nature of
the leaching reaction and the low thermal stability of H,O,. As
the particle size goes down and defects start forming in the ore
structure, the reactivity of the CuFeS, surface increases, trig-
gering a more vigorous reaction. Considering the low stability of
H,0, at high temperatures, the concentration of H,O, would
then decrease faster as particle size goes down and/or defects
form. Drawing from the preceding section, we know that
CuFeS, leaching is less effective under a H,0,-deficient envi-
ronment. Therefore, the Cu and Fe recovery performance
presents an intuitive inverse correlation with ball-milling speed.

Although the metal recovery rate decreased as the grinding
speed increased, pre-processing ores with ball milling was still
necessary. Based on the preliminary result obtained by using
energy dispersive spectroscopy (EDS), only a 14 + 2% Cu

4%0tb, | — )
400} ]
- 350} :
C
3 300 i_LLLu ——— BM-400
< 250} :
2 200} :
E 150 MJJ_LJLM it BM-300 4
£ 100t 1
50} :
TR VT et

20 40 60 80
26 (%)

Fig. 7 The effect of milling speed on the (a) particle size and (b) the crystal structure of the ore sample.
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recovery rate was achieved when using un-milled ores at RT for
4 h, while a 27 £ 2% Cu recovery rate was achieved when using
BM-500 particles run under the same reaction conditions.
Notably, since the EDS is a surface-sensitive technique, the
recovery rate obtained from EDS will be less accurate than the
result we reported in ICP-OES. However, this 93% increase in Cu
recovery performance can effectively highlight the importance
of ball milling treatment in efficient CuFeS, leaching.

3.8 Extending the CH;COOH/H,0,, system to other minerals

It is also useful to consider the feasibility of the CH;COOH/
H,0, combination in leaching other natural minerals. Taking
advantage of the presence of ZnS in the ore, the performance of
Zn leaching was also assessed. Based on the result (shown in
Fig. S10 and Table S1), the highest Zn recovery rate is 96 + 1%
when using BM-300 particles and 10 mL of 17 M CH;COOH at
40 °C for 5 h. It was also found that the response of Zn to each
influence factor was similar to that of Fe, as shown in Fig. S11.
As a result, it is very likely that this CH;COOH/H,O, leaching
system will be useful in extracting metals from a diverse range
of minerals.

4. Discussion

Experimental observations revealed that each component of the
CH;COOH/H,0, leaching system played multiple roles. While
the broader role of CH;COOH in hydrometallurgy remains
a subject of some debate, experimental results presented in this
work reveal some critical information regarding its function in
the CH;COOH/H,0, system. First, it plays an important role as
a proton donor, as shown by the preliminary leaching results
presented in Fig. 1. In this role, it facilitates protonation of
sulfide groups at the ore surface, aiding in cleavage the metal-
sulfide bond and oxidation of sulfur; thus, it ensures a contin-
uous supply of exposed metal ion sites for further leaching.
Second, the acidity of CH;COOH also helps ensure consistently
acidic conditions (pH = 1) to stabilize Fe**/Fe*" ions in

Table 5 Comparative analysis of study findings with existing literature
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solution, as a pH greater than 3 induces precipitation of
FeOOH, which could deposit onto the ore surface and inhibit
further leaching. Third, and equally critical is the role of acetate
in complex formation with Fe ions. This interaction was
revealed by the characteristic red-brown colour of the leaching
solution (Fig. S12), reflecting the formation of Fe**-acetate
complexes (e.g., [Fe;0(CH3;COO)s(H,0);]"). This complexation
lowers the concentration (and, thus, chemical activity) of free
ions such as Fe*" and Cu** in the system, thereby shifting the
reaction toward the CuFeS, dissolution in accordance with Le
Chatelier's principle.

Apart from its initial role as an oxidizing agent, H,O,
contributes additional functionality by catalytically dissociating
to form radicals that promote the more rapid leaching of
CuFeS,. These complex interactions, including radical genera-
tion and varying rates of reaction, cannot be fully explained by
the results of Taguchi analysis alone; however, the key role of
radical species is clearly supported by phenol red dye degra-
dation experiments, highlighting the importance of Fenton and
Fenton-like reactions in driving high metal recovery yields.

To provide a clearer demonstration of the method's superior
performance, Table 5 provides a detailed comparison against
several recent reported approaches. Given that Cu in the as-
obtained ore is present only in CuFeS,, the Cu recovery rate
was used to make this comparison. The proposed CH;COOH/
H,0, system outperforms other recently developed methods in
both leaching efficiency and environmental friendliness,
demonstrating its potential as a more sustainable alternative
for practical applications. In addition, the CH3;COOH/H,0,
leaching system can achieve full Cu recovery under ambient
conditions, compared with other studies. This property could
significantly lower the carbon footprint associated with heat
treatment and eliminate the thermal risk of the instrument and
chemicals, fulfilling the current expectations of building
a sustainable society. Moreover, the leaching duration is only
5 h, which is a substantial improvement over previous processes
that typically required several tens of hours.

Leaching Leaching Cu recovery
Author Year Reagent temperature (°C) duration (h) rate (%)
This study 2025 CH;COOH RT (~20) 5 100
H,O0,
Dakkoune et al.” 2023 H,0, 42 216 85
H,S0,
Glass beads
Liu et al.>* 2023 HCI 85 15 95
FeCl;
Tartrate
Li et al.>* 2019 FeCl; (CH,OH), 90 24 100
Zhong & Li* 2019 H,SO, 75 150 100
NaCl
Solis-Marcial & Lapidus®’ 2014 H,SO, 40 5 65
CH;COOH
O3
CuSO,
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The CH3;COOH/H,0, leaching system reduces hazardous
emissions relative to traditional H,SO, methods, as it produces
much lower concentrations for sulfates in the resulting aqueous
waste (due to the absence of H,SO, as a reagent); by compar-
ison, acetic acid is both biodegradable and a significantly
weaker acid (pK, = 4.75) than H,SO, (pK, < 0), resulting in less-
acidic tailings material that can be more easily remediated.
While concentrated CH3;COOH still poses chemical hazards,
safe handling procedures are already available, due to its
widespread use in industrial processes ranging from plastic
manufacturing to food preservation.*** (For example, vinyl
acetate monomer, a common polymer synthesis material, is
synthesized exclusively using concentrated CH;COOH rather
than its dilute form.*)

However, while the toxicity of acetic acid is lower than that of
strong acids (e.g., H,SO,), its use at high (17 M) concentrations
warrants certain precautions. This is especially true if this
reaction is to be performed on significantly larger scales. As
indicated by its Safety Data Sheet, acetic acid is a severe corro-
sive (Category 1A), posing a risk of damage to body tissues,
mucous membranes, and vulnerable materials (metals, plastics,
etc.). As such, small quantities should be handled while wearing
protective gloves (nitrile, neoprene, or butyl rubber, with veri-
fied break-through times), proper eye protection (e.g., laboratory
goggles), and protective clothing (e.g:, flame-resistant lab coat),
and kept away from acid-sensitive materials. Handling large
volumes (tens to hundreds of litres) requires the use of addi-
tional respiratory protections, such as an acid gas respirator and
goggles, to prevent acute eye damage and/or respiratory
distress. As it is combustible (Category 3c, flash point: 40 °C),
acetic acid should be maintained in a well-ventilated environ-
ment away from sources of heat and ignition.

While the mechanical ball milling process employed in this
study plays an important role in activating the ore material and
reducing solvent waste, it does represent a significant input of
energy. At the laboratory scale, a very rough estimate of the
specific energy consumption associated with planetary ball
milling results in an astronomical estimate of ca. 390 000 kWh
t~!, economy of scale means that energy consumption during
industrial-scale ball milling of such materials is closer to 15-150
kWh ton~".** According to a systematic analysis by Celis et al.,
transitioning to an industrial-grade setup reduces energy
requirements to 150 kWh t ' (batch ball milling test) or 18 kWh
ton™' (continuous ball milling test) while obtaining a similar
chalcopyrite particle size, thereby consistent with the
commercial feasibility standards.>® Even at these more realistic
levels of energy consumption, it would be necessary to weight
the advantages off ball milling (i.e., increased metal recovery)
against the additional required energy consumption.

In terms of material cost, the substitution of CH;COOH for
H,S0, is unlikely to offer an immediate cost advantage. At the
200 L scale, CH;COOH is approximately twice the cost of H,SO,
(39 CAD L~ " versus 17 CAD L") at similar level of purity (ACS
Reagent Grade); however, at industrial scales, the increasingly
lower cost of sulfuric acid leads to a 4- to 5-times greater cost for
acetic acid (638 USD t " versus 137 USD t '). Furthermore,
hydrogen peroxide costs come in even higher at 921 USD t™*,
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resulting in considerably higher consumable costs relative to
simple sulfuric acid. At best, an argument might be made, that
this material cost could be at least partially offset by the less-
toxic nature of CH;COOH and H,O,, thereby reducing the
need for such heightened safety equipment and measures as
necessitated by H,SO,, though a full technoeconomic assess-
ment would be required to accurately quantify such factors.
Combined with reduced risk to infrastructure and facility
workers handling such materials, it is plausible that the CH;-
COOH/H,0, system could be an appealing option in a suffi-
ciently safety/environment-conscious setting but comes at
a higher financial cost.

Unfortunately, greener reagents do not necessarily translate
into a green leaching process. It is necessary to consider
downstream purification and waste treatment should be
considered. Increasing the pH of the waste stream is a common
method or preventing acidification of the local environment
and should also help to precipitate metal ions, thereby
decreasing their concentration (and toxicity). Highly soluble
metal ions could be further removed via chelation/adsorption
and physical separation from solution. Fortunately, CHj;-
COOH is biodegradable; therefore, neutralization and biore-
mediation of waste leachate could be considered. Additionally,
while sulfates and sulfites are likely to be present, the absence
of H,S0, as a leaching agent means that they would be present
in significantly lower concentrations, thereby reducing their
environmental impact.

Collectively, the combination of low-toxicity compounds,
minimized waste, and energy-saving operation underscores that
the presented method firmly aligns with the 12 Principles of
Green Chemistry, particularly emphasizing waste prevention,
energy efficiency, less hazard, and safer solvents. The proposed
strategic modification enhances the environmental compati-
bility of the hydrometallurgical process while maintaining
a high metal recovery rate and efficiency.

5. Conclusion

In conclusion, the applicability of a CH;COOH/H,O, leaching
system has been corroborated in this study by characterizing
both ore residues and leachate under a wide range of conditions
and using orthogonal (Taguchi) experimental design. This
method could offer a safer alternative to the use of strong
oxidizing acids, such as sulfuric acid, in hydrometallurgy.
Additionally, neither the slowing down of the leaching reaction
nor the formation of passivation layers on the ore surface were
observed using these reagents. Optimal leaching conditions
were found for the leaching temperature, leaching time, ball
milling speed, and volume of CH;COOH. Mixing 1.5 g BM-300
particles with 15 mL of 17 M CH3COOH and 15 mL of 30 wt%
H,0, for 5 h at RT resulted in a nearly 100% Cu recovery rate
while mixing 1.5 g BM-300 particles with 10 mL of 17 M CH;-
COOH, 5 mL of distilled water, and 15 mL of 30 wt% of H,O, for
5 h at 40 °C could realize a Fe recovery rate of ca. 60%.
Furthermore, the leaching temperature was found to alter
the leaching reaction by influencing the behavior of FeS, and
H,0,. The leaching time effect highlighted that radicals,
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generated by H,0,, joined the leaching reaction and played
a significant role. Moreover, the CH;COOH volume effect could
be explained by Le Chatelier's Principle. Finally, while some ball
milling treatment was beneficial (affording a 93% increase in
Cu recovery rate), higher ball milling speeds reduced the
particle size and introduced defects to the original crystal
structure, to the point that they negatively impacted Cu and Fe
recovery rates.

Future work will focus on fully identifying a more compre-
hensive mechanism and testing the feasibility of the CH;COOH/
H,O0, leaching system on other minerals. Ultimately, this work
contributes to a deeper understanding of hydrometallurgical
leaching, particularly in CuFeS,, and offers valuable insights
into means of advancing green chemistry without sacrificing
chemical efficacy.
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