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Abstract. The overall performance of hydrometallurgical leaching operations can be limited by the
presence of various types of insoluble layers coating the surface of the treated solids. The attrition-
leaching process, which is carried out in a stirred reactor containing millimetric beads, can partially
overcome this problem and increase the extraction yield by physically abrading the layers. Through a
comparative analysis of three different systems, this work develops a constructive discussion of the
attrition-leaching process. The systems of interest are (i) mineral carbonation of ferronickel slag,
(ii) dissolution of a chalcopyrite concentrate in sulfuric media, and (iii) dissolution of spent Ni-MH
battery black mass powder in sulfuric media. In the case of ferronickel slag and chalcopyrite, the
reaction yields are improved by a factor of 10 with attrition-leaching compared to leaching only, while
there is no yield improvement in the case of Ni-MH black mass batteries, highlighting that the layers
observed on the grain surface do not interfere with the leaching reaction. Despite very different system
chemistries and conditions, the particle size distribution is similar for the three materials, showing
that particles’ behavior is controlled by the attrition environment. This work offers a simple setup
for investigating the potential improvements of the kinetics and yields of leaching reaction due to
concomitant attrition. It also allows a fundamental study of the physico-chemical processes involved,
by testing whether a leaching reaction is hindered by an in situ passivation at the surface of a material.
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1. Introduction

Recycling, decarbonization, and energy optimiza-
tion are crucial concerns for both chemical engineer-
ing and environmental conservation. Waste genera-
tion can be reduced by recovering end-of-life prod-
ucts (e.g., battery recycling) more efficiently and val-
orizing industrial and mining by-products (e.g. slags,
mine tailings). Circular hydrometallurgical processes
are promising solutions for these concerns [1]. Opti-
mizing reagents consumption while achieving higher
yields and faster reaction kinetics is therefore essen-
tial. In such hydrometallurgical processes, various
parameters affect the efficiency of the leaching re-
action [2], including the type and concentration of
the leaching agent (e.g. H2SO4, HCl), temperature,
particle size, the agitation and the solid to liquid ra-
tio (S/S+L). During reactions occurring at the solid–
fluid interface, passivating layers may form on mate-
rial surface through dissolution/precipitation mech-
anisms. These layers severely limit reactivity and ap-
plicability by hindering the kinetics of dissolution of
materials, as they hinder the diffusion of the liquid
reactant (e.g. protons) towards the unreacted core [2].

In this frame, mechano-chemical techniques
play an important role in recovery of metals from
wastes [3,4], as well as mineral carbonation [5], a
very promising method for CO2 storage and uti-
lization due to its applicability to large-scale ma-
terials [6–10]. Mechanical activation of materials,
achieved through attrition, amorphization and for-
mation of new phases can, in particular, aid in in-
creasing the reactive surface before or during leach-
ing and enhance the dissolution rate [11].

Among the mechano-chemical processes,
attrition-leaching is a promising option [12–15].
It consists in adding mm-sized beads directly in the
leaching reactor, in order to intensify the leaching
reaction, while improving kinetics and yield by par-
ticle grinding and in situ removal of leached layers.
Attrition-leaching process shows synergy between
two phenomena with very different timescales: at-
trition (time <second) and leaching of the material
(time ∼several hours). The attrition rate needs to be
higher than the rate of passivation layer formation for
an efficient depassivation on material surface. The
leaching rate is related to the typical dissolution reac-
tion time of the material, which is usually long for re-
fractory materials. The main advantages of attrition-

leaching process are: attrition is a proven technology
at large scale with slurry concentrations up to 40 wt%
(msolid/msolid + mliquid; S/S+L); broad feed particle
size distribution, from µm to mm size range; oper-
ating at high temperature and pressure; scalability,
from 4 L to 50 m3 (e.g. IsaMill™ process [16]).

To investigate the applicability and efficiency of
the attrition-leaching process, we have studied re-
actions of three different chemical systems where
formation of layers on surface is observed during
leaching (Figure 1): (i) mineral aqueous carbona-
tion of ferronickel slag, an industrial waste produced
by the primary nickel pyrometallurgical industry in
New Caledonia, whose leaching is hindered by the
formation of amorphous silica layers [13,14,17–20];
(ii) acid leaching of a chalcopyrite concentrate, one
of the most abundant ores for copper primary pro-
duction, in which Cu dissolution is inhibited by
complex combined chemical and electronic phe-
nomena [15,21,22]; (iii) dissolution of spent battery
black mass powder, produced at industrial scale from
nickel-metal hydride (Ni-MH) automotive batteries,
whose particles exhibit a complex superposition of
porous oxide layers [23], which are thought to inhibit
the efficient dissolution of critical metals (Ni, Co,
La, Ce) [24]. The disparity of three systems and its
materials allows us to investigate the potential dif-
ferences and similarities in their reactivity during the
attrition-leaching process.

In these chemical systems, different types of lay-
ers can form on particles’ surfaces (Figure 2). In the
case of ferronickel slag, composed mainly of mag-
nesium silicates (amorphous MgSi2O5 and ferrous
forsterite, Mg1.78Fe0.22SiO4, the Mg-rich endmember
of the olivine solid solution series), an hydrated silica
passivation layer (SiO2·xH2O) may form during the
following carbonation reactions [18]:

MgSi2O5(s) +CO2(g) +1.4H2O

= MgCO3(s) +2SiO2 ·0.7H2O(s) (1)

Mg1.78Fe0.22SiO4(s) +2CO2(g) +0.7H2O

= 1.78MgCO3(s) +0.22FeCO3(s) +SiO2 ·0.7H2O(s)

(2)

Ferronickel slag is a promising material for mineral
carbonation, as an industrial by-product [25]. How-
ever, due to the silicate layers, a dissolution plateau is
reached without mechano-chemical activation, lim-
iting the carbonation reaction [26,27].
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Figure 1. Systems used in this study: Ferronickel slag (a), chalcopyrite concentrate (b) and black mass of
Ni-MH battery (c).

Figure 2. Respective phases and elements of interest and their chemical layers hindering the leaching
reaction yields and kinetics: olivine grains ((Mg,Fe)2SiO4) with silica-rich (SiO2) layers [17] (a); chalcopy-
rite grains (CuFeS2) with sulfur (S0) and jarosite (KFe3(SO4)2(OH)6) layers [22] (b); and Ni/Co and REE
(rare-earth elements) rich grains with Ni/Co insoluble layers [23] (c).

In the case of chalcopyrite (CuFeS2), there is no
consensus on the exact cause of passivation, and it
is attributed to the n-type semiconducting nature
of chalcopyrite [28], or formation of various sulfur-
rich passivation layers [15]: elemental sulfur, S0 [29];
jarosite, KFe3(SO4)2(OH)6 [22]; copper polysulfide,
CuSn (n > 2; [30]), through the following reactions:

CuFeS2(s) +4Fe3+
(aq) = Cu2+

(aq) +5Fe2+
(aq) +2S0

(s) (3)

3Fe3+
(aq) +2SO2−

4(aq) +7H2O

= (H3O)Fe3(SO4)2(OH)6(s) +5H+
(aq) (4)

nCuFeS2(s) + (n −1)O2(aq) +4(n −1)H+

= 2CuSn(s) + (n −2)Cu2+
(aq) +nFe2+

(aq) +2(n −1)H2O

(5)

Mechano-chemical applications have been devel-
oped to optimize the chalcopyrite leaching step,
which is very slow at moderate temperatures (∼100 h
at 75 °C; [31]): for example, by grinding the cop-
per concentrate prior to leaching [32], or with a con-
tinuous flow between a leach tank reactor and a
smaller stirred tank reactor (FLS® Rapid Oxidative
Leach (ROL) process [33]).

In the case of black mass Ni-MH powder (BM Ni-
MH), Zielinski [23] observed the presence of an insol-
uble Ni/Co oxide layer (62 at% Ni, 9 at% Co, <0.5 at%
REE) on the surface of leached particles after 22 h in
HCl solution of pH 3 at a temperature of 60 °C, while
the leaching yield of Ni is not complete (<50%). This
layer appears porous due to the hollow core structure
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of the remaining particles after leaching. This raises
a question about the effect of such layers on leach-
ing efficiency, and whether attrition-leaching may
enhance Ni dissolution. This limitation in dissolu-
tion of BM Ni-MH material for nickel has been fre-
quently reported, with leaching yields remaining be-
low 90% even after several hours at mildly acidic con-
centrations (<1 M HCl or H2SO4), as reported in a
review by Cassayre [24]. In contrast, leaching yields
of REE are rapid and high, reaching over 90% in just
a few hours [24]. The limitation for REE leaching is
the precipitation of these elements as double sulfate
salts [24], as shown in the following reactions:

REE3+
(aq) +SO2−

4(aq) +Na2SO4,(aq) +H2O

= NaREE(SO4)2 ·H2O(s) +Na+(aq) (6)

REE3+
(aq) +SO2−

4(aq) +K2SO4,(aq) +H2O

= KREE(SO4)2 ·H2O(s) +K+
(aq) (7)

The potential limitation of Ni dissolution due to
in situ precipitation of REE double sulfate salts has
not been much investigated.

The implementation of mechano-chemical pro-
cesses with mechanical activation prior to leach-
ing has already been reported for these three sys-
tems: silicates carbonation (olivine, [34]; kimber-
lite and wollastonite, [35]; akermanite, [36]), cop-
per ores leaching [32,33,37–41] and Ni-MH battery
leaching [42]. However, only a few recent works
have studied concomitant mechano-dissolution pro-
cesses [12–15,18,20,33,36], calling further studies to
identify and compare the governing mechanisms as
well as the industrial feasibility for a variety of ma-
terials. Specifically, this study examines the case of
BM Ni-MH dissolution, mechanically enhanced by
attrition-leaching, for which leaching yields and ki-
netics may be improved owing to the presence of in-
soluble layers on the grain surface. The results ob-
tained from the BM Ni-MH leaching experiments are
compared to those obtained from previous studies
with ferronickel slags [20] and chalcopyrite [15]. This
comparison examines maximum dissolution yields,
reaction kinetics, and physicochemical properties of
the solid of these three materials, in order to pro-
vide a broader perspective of the synergistic effect
of attrition-leaching and to highlight the potential of
such processs in materials passivation.

2. Materials and methods

2.1. Materials and chemicals

The composition of the materials used in this study is
shown in Table 1.

• Ferronickel slags are a by-product of py-
rometallurgical Ni extraction from New
Caledonia’s lateritic nickel ores (see [13] for
more details). They are a mixture of ferrous
forsterite (Fe0.22Mg1.78SiO4) and an amor-
phous magnesium silicate phase (MgSi2O5).

• The chalcopyrite material was a flotation
concentrate from the Aitik Mine in Sweden
(see [15] for more details) which was ho-
mogenized and sampled using riffle splitters.
This material was stored without any spe-
cial precautions, which means that surface
passivation due to air oxidation may have oc-
curred. It consists of two major phases, chal-
copyrite (CuFeS2) and pyrite (FeS2), and two
minor phases, quartz (SiO2) and molybden-
ite (MoS2).

• Spent Ni-MH batteries were collected and
treated by the SNAM Group and they con-
sisted of a mixture of anodes, cathodes, and
casing materials [43]. To obtain the result-
ing BM powder for use, these batteries were
dismantled, thermolyzed in an oven and
crushed by knife milling. BM was stored
without any specific precautions until it was
homogenized and sampled several years
later using riffle splitters. It was then sieved
to produce two different fractions: <100 µm
and 100–500 µm. The material is a complex
mixture of NiO, Ni and LaNi5 particles. The
presence of potassium (3–6 wt% K) is attrib-
uted to residual KOH electrolyte contained
in the batteries.

Two types of beads were used as grinding me-
dia based on the chemistry of the aqueous solu-
tion, the operating conditions and the products to
be valorized [44]: (i) glass beads (GlassBeads 1.5 type
from Netzsch Group), with a density of 2.5 g/cm3,
diameters between 1.2 and 1.6 mm and a chemical
composition of 72.5 wt% SiO2, 13 wt% Na2O, 9 wt%
CaO, and 4 wt% MgO; (ii) yttriated zirconia beads
(Netzsch ZetaBeads Plus), with a density of 6.0 g/cm3

and a diameter of 1.0 mm. The glass beads were used
for BM Ni-MH and chalcopyrite leaching to avoid
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Table 1. Average chemical and mineralogical compositions of the materials

Ferronickel slaga

Chemical composition (wt% as oxides)

SiO2 MgO Fe2O3 Al2O3 Cr2O3 CaO MnO

52.6 31.2 12.4 2.7 1.1 0.7 0.2

Phase distribution (wt%)

Amorphous phaseb Mg1.78Fe0.22SiO4 FeCr2O4 MgSiO3

54–56 42–44 1.6 0.1–0.4

Chalcopyritec

Elemental composition (wt%)

Fe Cu Si Al K Na Zn Mo Ca SSO4 Ssulfide S0

30.60
± 0.17

28.57
± 0.23

2.90 ±
0.20

0.83 ±
0.05

0.37 ±
0.02

0.21 ±
0.02

0.25 ±
0.01

0.17 ±
0.01

0.13 ±
0.01

0.21 ±
0.01

33.27
± 0.32

0.01 ±
0.01

Phase distribution (wt%)

CuFeS2 FeS2 SiO2 MoS2 KAlSi3O8 NaAlSi3O8 Fe3O4

76.72 11.88 2.83 0.28 2.63 2.43 2.38

BM Ni-MH

Elemental composition (wt%)

Ni La K Na Co Ce Fe Al

<100 µm 45 ± 5d 8.6 ± 1.8d 5.2 ± 2.1d 1.0 5.6 3.7 0.53 0.14

100–500 µm 47 10.8 3.6 0.31 —f —f —f —f

Main phasese Ni, NiO, CeO2, graphite

Minor phasese Co3La2, La7Ni16

aData taken from [20].
bAmorphous phase is mainly composed of amorphous MgSiO5 [18].
cData taken from [15].
dUncertainties are derived from the standard deviation of a set of 5 samples, demonstrating the light
inhomogeneity of this material due to the low amount used (0.2 g) for mineralization.
eAccording to [23].

f“—” means not measured.

breaking the glass reactor used to process these ma-
terials. The potential reactivity of the beads was also
evaluated. Zirconia beads were used instead of glass
beads in ferronickel slag experiments to avoid in-
troducing an additional silica source in the reactor.
Zirconia beads were also preferred to stainless steel
beads to avoid corrosion of the beads and contam-
ination of the solid products. Each system requires
different attrition-leaching conditions, and notably
the properties of the beads (nature, density, size, and

hardness) were adapted to the reactor used. This
study focuses on the influence of attrition-leaching
on the chemical reactions and potential passivation,
without investigating the nature of the beads and the
influence it can have on the reactions for each differ-
ent system, which is beyond the scope of this study
and would require additional experiments.

The chemicals used for chalcopyrite dissolution
were sulfuric acid (95 wt%, VWR international) and
hydrogen peroxide (30 wt%, VWR international). For
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BM Ni-MH leaching, sulfuric acid was diluted in
deionized water (0.05 µS/cm) to reach a concentra-
tion of 4.0 M. In the case of slag carbonation, the
source of protons was the dissolution of CO2 into
water.

2.2. Experimental reactors and analytical proto-
cols

Two different leaching reactors with a similar oper-
ating principle were used (Figure 3): (1) loading of
water and the beads into the reactor vessel, start of
stirring and setting the experimental conditions of
pressure, temperature and possibly pH, redox poten-
tial (Eh) and CO2 pressure; (2) loading of the ma-
terial to be leached, marking the start of the reac-
tion; (3) maintaining all conditions constant during
the reaction time; (4) end of the reaction by stop-
ping the stirring, cooling, emptying the reactor and
separating the beads from the suspension by siev-
ing. The different experimental configurations tested
in this study were: leaching only—without beads (L),
attrition by particle pre-grinding followed by leach-
ing (A-L), and concomitant attrition and leaching, re-
ferred to as attrition-leaching (AL). The particle pre-
grinding was carried out in the same reactor as the
leaching, at similar loading and stirring rate (see be-
low), but only with water and beads, for 24 h for fer-
ronickel slag and 3 h for chalcopyrite materials, rela-
tive to the difference in material hardness.

The operating conditions of the three chemical
systems used in this study are presented in Table 2. It
should be noted that the glass reactor was designed
for industrial level scalability. For chalcopyrite con-
centrate experiments, the suspension was 3.25 wt%
by mass, and for BM Ni-MH experiments the suspen-
sion was 1–10 wt%. Various amounts (from 0.25 to
3 kg) of 1 mm glass beads were introduced in the re-
actor yielding a filling rate of 3–10 vol%. The reac-
tor was equipped with a four-blade Teflon stirrer and
a torque meter (MK2 ETH model, PM Instrumenta-
tion) to measure torque and rotational speed. No baf-
fles were present in the reactor because the creation
of a vortex was desired to increase the contact be-
tween the material and the beads. A cryostat (AC200,
Thermofisher) was used to maintain a uniform tem-
perature by circulating water through the double
jacket. The mechanical stirrer was set at ∼560 rpm
during the experiments. A platinum temperature

Figure 3. Schematic of an attrition-leaching
(AL) experiment, showing the successive steps
(1–4) of the experiment.

probe (Pt100 Duplex Probe, TC Direct) and a com-
bined pH electrode (LL-Unitrode SC, Metrohm) were
immersed in the solution to measure the tempera-
ture and pH, respectively, throughout the reaction.
The combined pH electrode was protected by a thin
SS grid to prevent the glass beads from damaging
the probes. The pH was regulated using an auto-
matic titrator (Titrando, Metrohm) by adding H2SO4.
The installation was connected to a computer which
displayed and recorded the temperature, torque and
stirring rate every minute. The acquisition and reg-
ulation of pH were carried out by the Tiamo soft-
ware (at 0.1 Hz). The leaching rate for chalcopyrite
and BM Ni-MH was measured by sample analysis of
dissolved metal concentrations in the solution and
by on-line monitoring of acid consumption. Dur-
ing a test run, the slurry was sampled with a 0.8 mm
tube to prevent picking up beads. The sampled slurry
was then filtered through a 0.25 µm syringe filter
and the leachate samples obtained were analyzed by
inductively coupled plasma-optical emission spec-
troscopy (ICP-OES; PerkinElmer Optima 8300) for the
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Table 2. Operating parameters of the three chemical systems

System Reactor
material

Vreactor

(L)
T

(°C)
P

(bar)
pH Eh (mV

vs SHE)
Stirring

rate (rpm)
Beads

material
Reference

Ferronickel
slags

Stainless steel
(peek liner)

0.3 150 10 (CO2) 5 — 500 Yttriated
zirconia

[20]

Chalcopyrite Glass 6 42 1 1.3 700 556 Glass [15]

BM Ni-MH Glass 6 40 1 1.0 — 560 Glass This study

quantification of Cu, Ni, La, K and Na. The leaching
yield Y L

i (t )(%) for the species at the time t of the ex-
periment was obtained from the analysis of the liq-
uid samples:

Y L
i (t )(%) = cm,i (t ) ·Vtot(t )

m0ω0
i

(8)

where cm,i (t ) is the concentration of species i in the
leachate sample at the time t , m0 is the initial mass
of the material, ω0

i is the mass fraction of species i in
the starting material, and Vtot(t ) is expressed as:

Vtot(t ) =VH2O+VH2SO4 (t )+VH2O2 (t )−
n(t )∑
i=1

Vsample,i (9)

where VH2O is the initial volume of water added into
the reactor, VH2SO4 (t ) is the volume of sulfuric acid
added into the reactor at time t , VH2O2 (t ) is the vol-
ume of hydrogen peroxide added into the reactor at
time t , Vsample,i is the volume of sample i and n(t )
is the number of samples at time t . Solid samples
were also collected during the experiments for anal-
ysis. The beads were separated from the slurry at
the end of each test run using an 850 µm RETSCH
SS sieve. For BM Ni-MH experiments, 40 mL slurry
samples were taken from the reactor during the ex-
periment and the solid was then recovered in 2 dif-
ferent ways: (i) by solid filtration through a Büchner
funnel with 0.2 µm filters (Whatman, mixed cellu-
lose ester); (ii) by centrifugation (SIGMA Laboratory
Centrifuges) at 6000 rpm for 5 min. In each case, the
solid was then rinsed with 10 mL of deionized water
to remove the residual leaching solution in the filter
cake. Further details of the reactor and experimental
protocol used for chalcopyrite experiments has been
elaborated in Dakkoune [15]. In the carbonation ex-
periments with ferronickel slags, leaching of Mg was
followed indirectly by measuring the CO2 consump-
tion resulting from the rapid carbonation reaction
between Mg2+ and aqueous HCO−

3 species. Further

details of the reactor and experimental protocol used
has been elucidated in Dufourny [20].

A scanning electron microscope-field emission
gun (SEM-FEG, JEOL JSM 7100F) equipped with an
energy dispersive X-ray analyzer (EDX, Oxford ASDD
X-Max detector) was used for particle observation,
with an accelerating voltage of 10 kV and a work-
ing distance of 10 mm. The particle size distribution
(PSD) was obtained by laser diffraction in wet disper-
sion mode using a Malvern Mastersizer 3000. Slurry
samples were taken from the glass reactor in the
same manner as liquid samples, but without filtra-
tion, and were diluted in deionized water to quench
the reaction. For analysis of solids, we set the refrac-
tive index at 1.52, the absorption at 0.1 and the stir-
ring rate at 1800 rpm. Five successive analyses were
carried out for each sample.

The operating conditions used for these experi-
ments are shown in Table 3. These conditions were
chosen independently for each system to achieve
sufficiently high reaction yields with leaching only
mode. Temperature of 150 °C and CO2 pressure of
10 bar used for carbonation of ferronickel slags were
chosen to overcome the thermodynamic limitations
of carbonation reaction [12]. Temperature of 42 °C for
chalcopyrite leaching experiments was chosen to be
compatible with bioleaching conditions [45]. Tem-
perature for BM Ni-MH was set below the optimized
temperature of 60 °C [46,47], to permit observation of
potential effects of concomitant attrition and leach-
ing on the reactions’ kinetics and yields, as both in-
crease with temperature.

3. Results and discussion

3.1. Yields and kinetics of reactions

As illustrated in Figure 4 and Table 3, the presence
of beads in the reactor has a significant effect on the
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Figure 4. Reaction yields of reference (leaching only, L), two-step (attrition followed by leaching, A-L) and
concomitant (attrition-leaching, AL) processes for ferronickel slag carbonation (a), chalcopyrite leaching
(b) and BM Ni-MH leaching (c). Experimental data for ferronickel slag and chalcopyrite are taken from
Dufourny [20] and Dakkoune [15], respectively.

Table 3. Summary of leaching experiments performed on ferronickel slags, chalcopyrite and BM Ni-MH

Material Initial configuration Final configuration

msolid (g) mbeads (g) S/S + L initial
(wt%)

Solid fraction
(µm)

Time (h) H+ (mol) H2O2 (mol)

Ferronickel slaga

FS 1-L 8.0 — 9.1 <100 24 — —

FS 1-A-L 8.1 — 9.4 <100 24 — —

FS 1-AL 8.2 540 9.3 <100 24 — —

Chalcopyriteb

Ch-L 84 — 3.3 <200 96 0.1 0.08

Ch-A-L 84 — 3.3 <200 120 0.8 0.9

Ch-AL 84 1000 3.3 <200 216 1.2 1.5

BM Ni-MH

BM2-L 306 — 10.0 <100 25 5.5 —

BM3-AL 298 1000 10.4 <100 20 5.8 —

BM4-L 30 — 1.2 <100 24 0.7 —

BM5-AL 30 1000 1.2 <100 22 0.7 —

BM6-AL 305 3000 9.7 <100 53 5.9 —

BM7-L 100 — 3.7 <100 20 1.8 —

BM8-AL 100 1000 3.8 <100 22 1.7 —

BM9-L 100 — 3.8 100–500 21 2.1 —

BM10-AL 100 1000 3.9 100–500 21 1.8 —
aData taken from [20].
bData taken from [15].
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carbonation yield of ferrronickel slags (Figure 4a) and
on chalcopyrite dissolution (Figure 4b). However,
this effect is negligible on Ni dissolution yield from
BM Ni-MH (Figure 4c), where the Ni extraction yield
is the same with the AL and L modes, reaching only
∼50% after 20 h.

Several experimental conditions (size fraction,
S/S+L ratio, amount of beads) have been investi-
gated in BM Ni-MH leaching experiments, but the
extraction yield always remained very similar, in the
range 50–70% (Figure 5). Such yields are quite low
compared to other Ni dissolution yields reported
in literature at a similar pH of 1 (>80%; [24,46]). It
is hypothesized that production (including thermal
treatment) and storage conditions (long term storage
in air) [23] may account for the yield variations of
comparable BM Ni-MH materials due to the exis-
tence of Ni in two redox states and several phases
(see Table 1), including a difficult-to-leach oxide
phase [46].

Reaction kinetics are very different for the three
systems used in our study. If we consider the reac-
tion as a whole, in the case of ferronickel slags, the re-
action stopped after ∼2 h in L and A-L modes, while
the yield increases and reaches a plateau after ∼20 h
in AL mode (Figure 4a). For chalcopyrite leaching,
the kinetics are higher in the first 50 h of reaction
for the AL mode, reaching a 60% Cu extraction yield.
Furthermore, even if the yield continues to increase
with time for the three modes, the highest dissolution
rate is with the AL mode (Figure 4b). For BM Ni-MH
leaching, as mentioned earlier, the kinetics are glob-
ally similar for L and AL modes and the dissolution
rate starts to decrease after ∼5 h.

If we consider the first instants of the reactions
for the three materials (plotted in the inserts of Fig-
ure 4a–c), we can observe some similarities. Dur-
ing the initial moments of the reactions, AL mode
exhibits a higher dissolution rate than L mode for all
materials, including BM Ni-MH (Figure 4a–c). In the
experiments with ferronickel slags and chalcopyrite,
the kinetics of A-L mode are initially higher than that
of AL mode (Figure 4a,b), due to preliminary grind-
ing resulting in enhanced reactive surface area. Af-
ter 20 min for carbonation and 5 h for Cu leaching,
the AL mode leads to faster kinetics. As discussed in
previous studies [15,20], the formation of passivation
layers quickly limits the reaction in the A-L mode,
while these layers are peeled off in AL mode. AL mode

Figure 5. Leaching yields of Ni in aqueous
H2SO4 solution at pH 1.0, T = 40 °C, P = 1 bar
for BM Ni-MH leaching experiments, with dif-
ferent solid fractions (<100 and 100–500 µm),
S/S+L ratios (1–10%), and amounts of beads
(1–3 kg). Experimental conditions for each run
are detailed in Table 3.

ability to depassivate particles during the reaction is
the main advantage of in situ attrition compared to
the mechanical activation implemented before the
addition of the reactant in the A-L mode. It is impor-
tant to note that each material presents its own char-
acteristics, resulting in different choices of operating
conditions (size fraction, S/S+L ratio, and amount
of beads), as illustrated in Figure 4. Furthermore,
parameters such as the ratio m(beads)/m(solid) and
S/S+L were investigated for the BM Ni-MH in this
study, and the kinetics and yields (Table 3 and Fig-
ure 5) were similar.

Regarding leaching of BM Ni-MH, we analyzed the
progression of acid consumption (thanks to 0.1 Hz
monitoring) to better follow reaction kinetics during
the initial 2-h period of leaching (see Figure 6). We
assumed that acid consumption was proportional
to the concentration of Ni in the aqueous phase,
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Figure 6. Acid consumption during the early stage of BM Ni-MH leaching experiments, with (L; leaching)
and without beads (AL; attrition-leaching), for the size fraction <100 µm with S/S+L = 10 wt% (a) and
S/S+L = 1 wt% (b) and for the size fraction 100–500 µm with S/S+L = 4 wt% (c).

as determined by the main dissolution reactions:

NiO(s) +2H+
(aq) → Ni2+

(aq) +H2O (10)

Ni(s) +2H+
(aq) → Ni2+

(aq) +H2(g) (11)

Based on data, it can be inferred that the dissolution
reaction is faster with attrition-leaching than leach-
ing only in the first hour, whatever the size fraction
used (<100 or 100–500 µm, Figure 6b,c). Addition-
ally, using a larger amount of beads (1 kg or 3 kg of
beads, Figure 6a) did not show any impact.

3.2. Particle size distribution

Particle size was investigated for each system, based
on the Malvern’s PSD measurements and direct SEM
observations of the particles recovered at the end of
the experiments or sampled during the runs. For
the three materials, SEM micrographs at the end of
the experiments show that large grains (>10 µm)
are still present in the L mode experiments (Fig-
ure 7a,c,e), and the particles consisted of agglomer-
ates (5–50 µm) of very fine grains (<100 nm) in the
AL mode experiments (Figure 7b,d,f). The AL mode
thus led to the formation of a large quantity of par-
ticles with a mean size below 1 µm, while the initial
size was ∼50 µm.

As dissolution reactions are surface dependent,
particle surface area distribution was estimated from
the measured particle volume distribution (Fig-
ure 8a–c). The distributions were deconvoluted for
similar reaction times (20–26 h) for the three materi-
als by using a combination of 2 lognormal distribu-
tions fi (x) as shown below:

f (x) =λ f1(x)+ (1−λ) f2(x)

where x = Lognormal(µi ,σi ) (12)

where µi is the mean value andσi is the standard de-
viation of the i th lognormal distribution and λ is the
proportion of the first distribution. The deconvolu-
tion with 2 lognormal distributions was deemed suf-
ficient as it was clearly seen in most cases and it fit-
ted rather well the particle surface area distributions
at all selected reaction times for all three materials.
As illustrated in Figure 8a–c, a significant size change
occurred during the attrition-leaching process with
the occurrence of a bimodal distribution for the three
materials. The first mode (mode 1) corresponds to
small agglomerates (0.5–0.7 µm) that are likely due
to the binding of smaller particles (<100 nm), which
is evidenced in the SEM pictures for the three mate-
rials (Figure 7b,d,f). The second mode (mode 2) cor-
responds to medium sized agglomerates (∼1–10µm).
Initially, they include the original particles which are
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Figure 7. SEM micrographs of: ferronickel slag (<100 µm) after leaching (a) and attrition-leaching (540 g
of 1 mm beads) (b), at 150 °C, P(CO2) = 10 bar, t = 24 h; raw chalcopyrite concentrate (c) and after 168 h
of attrition-leaching (500 g of beads) (d) at pH = 1.3, Eh = 700 mV vs SHE, T = 42 °C, t = 168 h; BM Ni-MH
(<100 µm) after leaching (e) and attrition-leaching (1 kg of beads) (f) at pH = 1.0, T = 40 °C, t = 24 h.

eventually subjected to abrasion and/or dissolution
over time. In Figure 8b,c it can be seen that the pro-
portion of the first mode compared to the second
mode increases through time for chalcopyrite and
BM Ni-MH materials. The particle size of the second
mode also decreases through time, with a more pro-
nounced effect for BM Ni-MH than for chalcopyrite.
On the contrary, the proportion between these two

modes is quite constant for the experiments with fer-
ronickel slags.

As schematized in Figure 9, our hypothesis to ex-
plain the formation of such similar agglomerates in
each system is that a balance between the agglomer-
ation of small particles and the breakage of large ag-
glomerates is taking place. At the very beginning of
the attrition-leaching process (between t = 0 h and
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Figure 8. Surface area density distribution of particles sampled from the reactor at different reaction
times during attrition-leaching (AL) of ferronickel slags (a), chalcopyrite (b) and BM Ni-MH (c), and their
respective PSD surface deconvolution (d), (e) and (f), with corresponding distribution parameters, for
similar reaction times (20–26 h).

t = 0.3–0.8 h), the particles larger than 10 µm are
fragmented, leading to their disappearance, as can be
seen in surface area density distribution of Figure 8a–
c. It is worth noting that the first mode is very similar
for the three materials, while the second mode dif-
fers significantly, highlighting a possible influence of
the materials’ nature on the breaking efficiency of the
beads and on the cohesion of the nanometer-sized
grains together to form more or less resistant agglom-
erates.

The following steps illustrate the successive and
continuous synergistic mechanisms during the
attrition-leaching process (Figure 9): (i) comminu-
tion increases the specific surface area; (ii) if a pas-
sivation layer forms, it is removed from the particle
surface by attrition; (iii) re-agglomeration of the par-
ticles, leading to a decrease in the reactive surface
and/or to diffusional effects; (iv) the re-agglomerated
particles reach a size limit as they are partially frag-
mented by the beads.
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Figure 9. Scheme of concomitant particles’ attrition and agglomeration to explain the particle size
distribution and multi-scale aggregates.

3.3. A material-dependent synergy

Although the three processes considered in this work
occur at different reaction timescales due to their
chemical differences, the combination of leaching
and attrition significantly enhances the extraction
yields of both ferronickel slag carbonation and chal-
copyrite leaching. Conversely, in the case of BM Ni-
MH, no quantitative effect of attrition-leaching on
the time-extraction yield of Ni was observed com-
pared to leaching only (Figure 4 and Table 3). No
particular effect of the amount of beads (1 or 3 kg
of beads) or S/S+L ratio on the BM Ni-MH dissolu-
tion yield was observed either (Table 3). Neverthe-
less, similar attrition and particle breakage mecha-
nism was observed for the three materials (Figure 8),
as confirmed by the similarity of their PSD modes.
The observed synergy in the attrition-leaching mode
is a complex phenomenon likely caused by the con-
tinuous attrition of the reactive surface. An observa-
tion by transmission electron microscopy (TEM) of
thin sections prepared with a focused ion beam (FIB)
by Dufourny [20] showed that a potential source of
the attrition-leaching synergy is the continuous de-

passivation of the reaction front. It was also found
that the ratio of micropore to mesopore volume was
4 times lower for AL mode than for A-L and L modes,
showing that the specific surface area also controls
the kinetics and yields of the reaction.

In the case of BM Ni-MH material, we expected
the porous insoluble layers to hinder the reac-
tion rate. However, as attrition-leaching was only
marginally beneficial to the dissolution of Ni in the
initial moments of reaction due to particle grinding,
our work showed that there was no passivation of BM
grains, and thus the limitation in Ni leaching yield is
due to other causes. The precipitation of potassium-
REE double sulfate salts KREE(SO4)2·H2O(s) (see
Equation (7)) may be responsible for Ni leaching
inhibition. Such precipitation reaction takes place at
high S/S+L ratios, when REE concentrations reach
the solubility limit of the salts. As shown in Figure 10,
we reached the REE solubility limit in some of our
experiments, when the initial S/S+L was equal to
10 wt%, with a simultaneous decrease in La and K
leaching yields in the fluid. The La extraction yields
then remained below 40% after 5 hours of reaction,
while La extraction yields were >70% with S/S+L
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Figure 10. Leaching yields of La (a) and K (b) in aqueous H2SO4 solution at pH 1.0, T = 40 °C, P = 1 bar
for BM Ni-MH leaching experiments. Experimental conditions for each run are detailed in Table 3. At
S/S+L = 10% the double sulfate KREE(SO4)2·H2O(s) precipitates. K leaching yields above 100% are due to
a light leak from the pH electrode (filled with KCl 3 M).

ratios of 4 wt% and 1 wt%. However, the precipita-
tion of La did not interfere with the Ni dissolution
yields as shown in experiments with S/S+L ratios of
10% (BM2-L, BM3-AL and BM6-AL) plotted in Fig-
ure 5, which have similar Ni dissolution yields than
other experiments with S/S+L ratios lower than 4%.
Furthermore, in the case of REE salts precipitation,
the La extraction yields are similar for both AL and
L modes with an S/S+L ratio of 10% (BM2-L and
BM3-AL; Figure 10a). Since the presence of beads
has no significant effect on the extraction yields of
Ni, with and without REE salts precipitation, the lim-
iting mechanisms are thus not related to diffusion
through surface layers. Other hypotheses must be
investigated to explain the limited Ni dissolution
yield, which may be due to chemical limitations,
such as limited dissolution of the different Ni phases
in the black mass, specifically the nickel metal and
the nickel oxide [23,46].

4. Conclusions and perspectives

Attrition-leaching is a simple and widely-applicable
mechanochemical method for investigating leaching

reaction hindered by the formation of surface lay-
ers. In this study, the cases of three different ma-
terials were compared: ferronickel slags and chal-
copyrite concentrates on one hand, using data from
previous works, and BM Ni-MH on the other hand,
based on a dedicated experimental study. The com-
parison shows that, at the very beginning of the reac-
tion, the kinetics of the attrition-leaching process in-
creases compared to leaching only, for all three ma-
terials. This is very likely due to the increase in re-
active surface provoked by particles fragmentation.
However, the subsequent influence of attrition on the
yield depends directly on the material considered: in
the case of ferronickel slag and chalcopyrite, a high
gain is obtained with concomitant attrition, while in
the case of BM Ni-MH there is no improvement.

Attrition-leaching appears to involve a synergis-
tic mechanism that relies on the continuous abra-
sion of the surface layer. This layer can be a genuine
passivation layer formed in situ, during the leach-
ing reaction, due to the poor solubility of some sec-
ondary compounds, as in the case of ferronickel slag
or chalcopyrite materials. It can also consist of an
insoluble porous layer, as in the case of BM Ni-MH,
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that does not control the leaching rate. The PSD
analyses showed that, despite their very different
leaching behavior, the three materials exhibited sim-
ilar fragmentation effects, with comparable particle
size distribution modes observed after sustained at-
trition. Furthermore, we showed that carrying out
the leaching reactions in AL mode has a great po-
tential to be studied further, including the potential
mechano-chemical activation of refractory minerals,
whose leaching may be inhibited by the formation of
a passivation layer.

It is also important to note that attrition leaching
experiments considered in this study were not opti-
mized in terms of energy consumption. Indeed, the
continuous energy-intensive agitation of the beads
contained in the reactors lead to significant energy
consumptions (e.g. 3.3 kWh/m3 for the glass reac-
tor with 1 kg of glass beads). Therefore, if reac-
tion times remain long, improvement of the system’s
efficiency and reduction of its energy consumption
are required, for instance by utilizing a combination
of short attrition-leaching steps and longer leaching
only steps (e.g. [33]).

Acronyms

BM Black mass

Ni-MH Nickel-metal hydride

L Leaching only

A-L Attrition followed by leaching

AL Attrition-leaching

S/S+L Solid to liquid ratio

PSD Particle size distribution

Declaration of interests

The authors do not work for, advise, own shares in, or
receive funds from any organization that could bene-
fit from this article, and have declared no affiliations
other than their research organizations.

Funding

This work was funded by the French National Re-
search Agency project BIOMECALIX (Grant No. ANR-
18-CE07-003101), project Carmex (Grant No. ANR-
08-PCO2-002), the New Caledonian Energy Agency

ACE (Grant No. CS17-3160-00) and the French En-
vironment and Energy Management Agency ADEME
(Grant No. 1894C0021).

Acknowledgments

We thank Boliden for the supply of chalcopyrite con-
centrate and we thank SNAM Group for the supply
of black mass powder prepared from Ni-MH batter-
ies. We also thank BRGM for collaboration with A.-
G. Guezennec. The authors acknowledge the techni-
cal support at LGC Toulouse of M.-L. De Solan Beth-
male, C. Rey-Rouch and A. Moreau for their contribu-
tion to chemical analyses and solid characterization.
The contribution of J.-L. Labat, M. Riodel, L. Farhi,
and Q. Ribière for the design and assembly of the ex-
perimental setup is gratefully acknowledged.

References

[1] K. Binnemans, P. T. Jones, J. Sustain. Metal., 2023, 9, 1-25.
[2] F. Faraji, A. Alizadeh, F. Rashchi, N. Mostoufi, Rev. Chem. Eng.,

2022, 38, 113-148.
[3] Q. Tan, J. Li, Environ. Sci. Technol., 2015, 49, 5849-5861.
[4] O. S. Odebiyi, H. Du, B. Liu, S. Wang, J. Sustain. Metal., 2022,

8, 1393-1421.
[5] J. Li, M. Hitch, Miner. Eng., 2018, 128, 69-83.
[6] J. Pronost, G. Beaudoin, J. Tremblay, F. Larachi, J. Duchesne,

R. Hébert, M. Constantin, Environ. Sci. Technol., 2011, 45,
9413-9420.

[7] A. B. Ghacham, L.-C. Pasquier, E. Cecchi, J.-F. Blais, G. Mercier,
Environ. Sci. Pollut. Res., 2016, 23, 17635-17646.

[8] A. Ben Ghacham, L.-C. Pasquier, E. Cecchi, J.-F. Blais,
G. Mercier, J. Cleaner Prod., 2017, 166, 869-878.

[9] S. Ó. Snæbjörnsdóttir, B. Sigfússon, C. Marieni, D. Goldberg,
S. R. Gislason, E. H. Oelkers, Nat. Rev. Earth Environ., 2020, 1,
90-102.

[10] N. Thonemann, L. Zacharopoulos, F. Fromme, J. Nühlen,
J. Cleaner Prod., 2022, 332, article no. 130067.
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