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Green chemical precipitation of manganese,
cobalt, and nickel from acid mine drainage using
ozone: mechanism and chemical kinetics

Younes Shekarian, Mohammad Rezaee ©* and Sarma Pisupati

Manganese (Mn), cobalt (Co), and nickel (Ni) are designated as critical elements by the U.S. Department of
the Interior. Acid mine drainage (AMD) is a viable secondary source for these metals. Conventional AMD
treatment processes necessitate high pH levels (~pH 9) or costly oxidants to recover these elements.
Building upon prior work, this study utilizes an ozone oxidative precipitation method, currently patent-
pending, to reduce chemical use and recover Mn, Co, and Ni from AMD. Saturation index calculations and
Pourbaix diagram analyses demonstrated that ozone could recover these elements across a broad pH
range (2-8). The effects of process parameters, particularly gas flow rate, stirring rate, and temperature, on
the precipitation of these elements from AMD were investigated. It was found that the recovery of Mn-Co-
Ni is enhanced when there is an increase in these parameters to a certain level, below which no statistically
significant differences were observed. Additionally, a kinetic study on the oxidative precipitation of Mn-Co-
Ni was conducted employing the pseudo-homogeneous model, and the activation energies were
calculated. The effect of the process parameters, along with the calculated activation energy values (E;mn)
= -13.9 kJ mol™; Eyco = 16.3 kI mol™: E,np = 14.5 kI mol™), collectively suggests that the ozone
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1. Introduction

The recognition of manganese (Mn), cobalt (Co), and nickel
(Ni) as critical elements by the U.S. Department of the Interior
highlights the pressing issues over the U.S. dependency on
imported resources for these metals."”> This reliance is
particularly concerning as the demand for Mn-Co-Ni
continues to increase due to the transition to electric vehicles
and renewable energy technologies.”® Given the scarcity of
primary resources for Mn-Co-Ni in the U.S., harnessing these
critical elements from various viable secondary sources is
crucial. One promising alternative is acid mine drainage
(AMD), an effluent associated with coal and sulfide mineral
mining activities, which has recently been of environmental
concern but recently recognized as a viable source of multiple
critical elements, including aluminum (Al), rare earth
elements (REEs), Mn, Co, and Ni.*™®

AMD forms when pyrite in coal and sulfide mineral waste
streams reacts with oxygen and water, releasing ferric iron,
sulfate, and hydrogen ions, creating an acidic effluent. This

John and Willie Leone Family Department of Energy and Mineral Engineering,
Center for Critical Minerals, EMS Energy Institute, College of Earth and Mineral
Sciences, The Pennsylvania State University, University Park, Pennsylvania 16802,
USA. E-mail: m.rezaee@psu.edu

2398 | React. Chem. Eng., 2025, 10, 2398-241

oxidative precipitation process of Mn-Co-Ni is diffusion-controlled.

process involves pyrite oxidation, ferrous iron oxidation, and
subsequent further oxidation of pyrite by ferric iron.*”*
Under the Clean Water Act (Act 33 U.S.C. §1251), these
effluents must be neutralized and treated prior to release into
the environment, incurring significant costs influenced by
AMD's acidity and flow rate. However, recovering critical
elements during the environmental treatment process could
mitigate costs and enhance sustainability by transforming
these waste streams into valuable resources.”*"’

Several chemical processes have been used for extracting
heavy metal ions like Mn-Co-Ni from aqueous solutions,
including chemical precipitation (oxidative, hydroxide, sulfide,
carbonate, etc.), ion-exchange, membranes, solvent extraction,
electrochemical methods (electrodeposition, electrosorption,
and surface e-precipitation), and adsorption.”™'® The
effectiveness of these processes depends on various factors such
as solution pH, temperature, the presence of other ions, and
redox potential. The choice of the most effective chemical
process for Mn, Co, and Ni recovery depends on the application
specifics, solution composition, and desired product purity.'""”
While conventional methods for metal recovery from aqueous
solutions, such as chemical precipitation, ion-exchange,
membranes, solvent extraction, electrochemical techniques,
and adsorption, are widely applied, there is continued interest
in developing more efficient and environmentally sustainable
alternatives for the recovery of valuable metals from complex

This journal is © The Royal Society of Chemistry 2025
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secondary resources. Recent studies have demonstrated various
hydrometallurgical strategies to address the challenges
associated with waste streams. For example, Weshahy et al.®
reported a multi-stage hydrometallurgical process for the
selective recovery of high-purity cadmium, cobalt, and nickel
from spent Ni-Cd batteries, involving sulfuric acid leaching,
followed by solvent extraction and adsorption using a
mesoporous silica-based material. This approach showcases the
potential of combining diverse separation methods for
comprehensive resource recovery from waste.'® In another case,
ultrasound-assisted oxidative acid leaching was applied to
enhance zinc recovery from low-grade residues, significantly
improving leaching kinetics and overall efficiency.'® Similarly,
surfactant-assisted HCl and r-tartaric acid mixed leaching has
been used to enhance impurity removal from diamond wire saw
silicon powder by weakening electrostatic adsorption of metal
%0 Pparallel to these applied developments, mechanistic
studies such as those employing the surface complexation
model (SCM) have improved the understanding of solid-liquid
interface behavior and protonation reactions on mineral
surfaces.”’ These recent advancements highlight the need for
further development of intensified and fundamentally
understood techniques that are grounded in a clear
understanding of reaction mechanisms and interfacial
processes. Such approaches are particularly important for
extracting valuable elements from diverse and complex
secondary waste streams, where recovery often relies on
advanced metal precipitation methods, including oxidative
pathways.

Among various methods, metal precipitation has been widely
used in water treatment and metal recovery and involves adding
chemicals to react with dissolved metal ions, forming insoluble
compounds that precipitate as solid particles.”>** This process
forms a solid phase in a saturated solution, driven by
supersaturation, and includes sub-processes like crystal
nucleation, growth, ripening, and agglomeration, though these
are not always distinct in practical applications.>* Precipitation
has several defining characteristics. Firstly, the resulting

ions.

precipitates are often scarcely soluble, forming under
conditions of substantial supersaturation, and rapid
precipitation usually results from homogeneous or

heterogeneous nucleation without secondary nucleation. Due to
high supersaturation, nucleation dominates, producing a
multitude of small crystals, typically ranging from 0.1 to 10
micrometers in size and with particle concentrations between
10" and 10'® particles per cm®. Second, the high particle
concentration and small crystal size facilitate secondary
processes like Ostwald ripening and aggregation, which can
significantly affect precipitate properties. Lastly, supersaturation
—often triggered by a chemical reaction—is generally required
to initiate precipitation.*®

Staged precipitation has emerged as a promising technique
for selective recovery of elements from AMD. A patented staged
carbonate precipitation process, developed by the authors,
effectively recovers Fe, Al, and REEs from AMD at pH levels up
to the conventional treatment threshold of pH 7.>> However, the

This journal is © The Royal Society of Chemistry 2025
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recovery of Mn-Co-Ni presents challenges due to the high pH
requirements or the expensive oxidants needed for their
precipitation. Conventional hydroxide or ammoniacal AMD
treatments initiate the precipitation of these metals around a
pH of 9, with optimal recovery often requiring pH levels as high
as 10.5.7*° Alternatively, oxidative precipitation has proven
highly effective in the hydrometallurgical processing of Mn-Co-
Ni, employing various oxidants, such as hydrogen peroxide,
SO,/O, mixture, ozone, Caro's acid, peroxydisulfuric acid,
hypochlorite and chlorite, sodium persulfate and potassium
permanganate, to recover these elements from aqueous
solutions.”'!71317:27

Among these oxidants, ozone is one of the most effective
oxidizing agents.”**° Due to its high reactivity, ozone facilitates
rapid treatment processes with shorter contact times compared
to other oxidants. The double-film theory, also known as gas-
liquid mass transfer theory, is a conceptual framework used to
describe the mass transfer of ozone from the gas phase to the
liquid phase during ozone-water reactions. This theory
proposes that ozone transfer across the gas-liquid interface
occurs in two distinct steps: mass transfer through the gas
phase and subsequent chemical reaction within the liquid
phase.’’™* In the context of Mn-Co-Ni precipitation, once
ozone molecules diffuse into the bulk liquid, they undergo an
irreversible reaction to the dissolved metal ions, forming
insoluble oxides or oxyhydroxides. Calzado et al. investigated
the feasibility of using ozone for nickel recovery from dilute
aqueous solutions, identifying three main steps: ozone transfer
from gas to liquid, ozone decomposition by hydroxyl ions, and
oxidative-precipitation of nickel. X-ray diffraction analysis
identified the resulting nickel precipitates as Ni(OH),, NiOOH,
Niz;O,(OH),, and Ni,O,(OH),, suggesting a reaction sequence of
hydrolysis—precipitation-oxidation of nickel in aqueous sulfate
solutions."" Additionally, research by Tian et al. highlighted that
variables such as flow rate, ion concentration, ozone partial
pressure, and temperature significantly affect Co recovery in
chloride solutions when using ozone.** Previous research by the
authors’ identified ozone as an exceptionally effective oxidant
for extracting Co and Mn from AMD at neutral pH, offering a
greener and more chemical-efficient extraction method. Ozone
also facilitates the recovery of other critical transition elements
such as Pb, Cu, Ni, Ag, and Pd from aqueous solutions,
including AMD and brine sources.”"!

To effectively control the oxidative precipitation process,
both thermodynamics and kinetics of the process should be
understood.”> However, the impact of various process
parameters such as flow rate, stirring rate, and temperature on
the oxidative precipitation of Mn-Co-Ni by ozone remains
understudied, with limited kinetic studies available.’*338
Consequently, a comprehensive kinetic study is crucial to
advance the understanding of ozone-based recovery
mechanisms.

Therefore, this study investigates the effects of oxygen flow
rate, stirring rate, and temperature on the ozone oxidative
precipitation of Mn-Co-Ni to identify the significant parameters
and optimize them to maximize the elemental recovery. Kinetic
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Table 1 Elemental content of the AMD sample
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Element Al Fe Mg Mn Cr Co Ni Cu Zn TREE“
Concentration (mg L) 27.1 4.2 304.2 33.8 0.9 0.8 1.1 0.1 2.1 0.5
“ TREE denotes total rare earth elements (Y, Sc, and lanthanides).
analyses were conducted to assess precipitation rates, applying
various models—linear, Higbie, and pseudo-homogeneous—to
» Higole, and p 5 040, +M— 0% +M—0; +M (3)

fit kinetic data and calculate activation energies. The results of
this research have substantial implications for the development,
design, and scale-up the ozone oxidative precipitation process
to recover Mn-Co-Ni from aqueous solutions including AMD.

2. Materials and methods
2.1. Materials

Approximately 800 L of AMD was collected at the feed point
of a treatment facility in Pennsylvania operated by the
Pennsylvania Department of Environmental Protection
(PADEP). The AMD, sourced from the Lower Kittanning coal
seam, contained an elevated concentration of critical
elements, including Al, REEs, Mn, Co, and Ni with a pH and
Eh of 3.5 and 589 mV, respectively (Table 1). These findings
highlight the potential of AMD as a valuable secondary

source of multiple critical elements.

2.2. Methods

2.2.1. Solution chemistry. The saturation index (SI) is a key
concept in aqueous processing, useful for evaluating the
dissolution or precipitation of a solid within an aqueous
solution. It indicates whether a solution is at equilibrium,
undersaturated, or supersaturated with respect to a particular
mineral product, such as CoOOH or MnO,. This study
calculated the SI values for Mn-Co-Ni across various pH levels
using Visual MINTEQ software. Additionally, MEDUSA software
generated Pourbaix diagrams for Mn-Co-Ni at 25 °C to identify
their stability zones. At the same time, the Gibbs free energy
change (AG) for relevant reactions was calculated using HSC
Chemistry software. The Mn-Co-Ni concentrations used in this
study mirrored those found in an AMD sample treated at pH 7
through a staged carbonate precipitation process.’

2.2.2. Ozone oxidative precipitation. Ozone (0O;), also
known as tri-atomic oxygen, is a reactive gas and an allotrope
of oxygen, which is less stable than diatomic oxygen and can
decompose under various conditions. Commercially, large
quantities of ozone are produced using corona discharges,
where ionized oxygen molecules (O,) react to form ozone
(O3). The production process involves the dissociation of
excited states of oxygen (O%) according to reaction (1) and
(2), therefore the formation of ozone through a three-body
reaction (reaction (3)).**

02+67*Oﬂ2<+67 (1)

0% — 20 @)
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where M represents a colliding molecule, typically nitrogen
or oxygen, and O% denotes the initial transient excited state
of ozone. The ozone generation (reaction (3)) competes with
other reactions (reaction (4)-(6)) that also involve oxygen
atoms.*>"?

0O+0+M—0,+M (4)
0O+0;+M — 20,+M (5)
O0+0%+M~—20,+M (6)

This study investigated the impact of key process parameters,
including stirring rate, gas flow rate, and temperature, on the
oxidative precipitation of Mn-Co-Ni from AMD using ozone.
These parameters are known to significantly influence the
mass transfer of ozone, reaction kinetics, and overall
precipitation efficiency. Therefore, understanding their effect
was crucial to enhance the recovery of critical elements while
treating AMD effectively for environmental compliance.
Initially, the AMD underwent a patented carbonate staged
precipitation process to selectively precipitate Fe, Al, and
REEs at pH levels of 4, 5, and 7.>>** Subsequently, the
neutralized AMD (pH 7) was processed through ozone
oxidative precipitation to recover Mn-Co-Ni.”** During the
oxidative precipitation process, ACS grade NaOH was used to
maintain the pH of the solutions at 7.

The experimental setup involved a 1000 mg h™ ozone
generator (T-king Enaly model), utilizing 99% pure oxygen as
the feed gas to generate ozone. High-purity, dry oxygen was
used to ensure efficient ozone generation and stability, as
impurities such as moisture and nitrogen in air-fed systems
promote ozone decomposition and side reactions that reduce
ozone yield, impairing oxidative precipitation efficiency.*'
The ozone was sparged into the solution through a porous
bubble sparger, with the oxygen flow rate precisely controlled
by a flowmeter. The system configuration included potential
measurement, as illustrated in Fig. 1. Oxygen flow to the
generators was manually controlled by a flowmeter, and the
0,/0; mixture was then introduced into a 500 ml reactor
through the diffuser.

Throughout the experiment, the pH and redox potential
were continuously monitored within the reactor. 5 ml
samples were collected at various intervals—0 seconds, 5
seconds, 15 seconds, 30 seconds, 45 seconds, 60 seconds, 90
seconds, 120 seconds, 5 minutes, 10 minutes, 15 minutes, 20

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic experimental setup for ozone oxidative precipitation of Mn-Co-Ni from AMD.

minutes, and 30 minutes—to assess the concentrations of
Mn-Co-Ni. Each 5 ml sample was immediately filtered
through EZFlow® syringe filters with a 0.22 um pore, and
then quickly acidified using 70% HNO; to achieve a final
concentration of 5% HNO; in the solutions, preventing
further precipitation.

The experiments were conducted in triplicate, and the
average results are presented with a 95% confidence interval.
Each experiment was conducted using a 500 ml solution at
pH 7. The methodology, including selecting process
parameters and reagents, was based on previous research®>*
and a patented method.** The experimental setup is shown
schematically in Fig. 1.

2.2.3. Kinetics of precipitation. To conduct the kinetic
study, experiments were undertaken initially by varying one
parameter at the same time (30 min) while maintaining
others constant to determine their optimal values. These
values were then used in subsequent tests. A series of 13
triplicate experiments were performed using 500 ml AMD
samples to analyze the impact of each parameter individually.
The parameters investigated included flow rate (@ 200, 800,
1400, and 2000 cc min’l), stirring rate (@ 0, 400, 800, 1200,
and 1500 rpm), and temperatures (20 °C, 40 °C, 60 °C, and
80 °C). The experiments examining flow rate and stirring rate
effects were conducted at a controlled room temperature (20
+ 2.5 °C). Additionally, kinetic rate experiments and
activation energy measurements were carried out at four
different temperatures to explore temperature effects on the
precipitation rates of Mn-Co-Ni.

2.2.3.1. Kinetic models. In this study, oxidative
precipitation experiments using ozone were conducted by
varying the temperature while collecting incremental samples
over time and precipitation kinetics were modeled using the
following three kinetic models:

e Linear model: the linear model is a simple kinetic
model that assumes the reaction rate is proportional to the
concentration of a reactant (e.g., Mn, Co, or Ni). The linear

This journal is © The Royal Society of Chemistry 2025

model neglects any potential mass transfer limitations and
any fluctuations in ozone concentration, assuming a uniform
concentration instead. The linear model serves as an
approximation and provides a baseline to understand the
primary behavior of the system.*® The reaction rate in the
linear model is calculated using eqn (1).

Ct/CO =kxt (1)

where k is the rate constant, and C; and C, are Mn-Co-Ni
concentrations at time ¢ from the beginning and at the start
of the reaction, respectively.

e Higbie model: the Higbie model, based on film theory,
is primarily used to describe mass transfer processes. This
model assumes that the boundary layer thickness controls
the kinetic reaction.”® This model was initially developed to
describe the rate at which a solute in a gas is mixed with a
solvent in a liquid, where the process is controlled by
diffusion through a stagnant film at the gas-liquid
interface.”® By considering the effect of concentration
gradients, the Higbie model (described using eqn (2)) can
provide a more accurate description of the mass transfer-
controlled reaction kinetics at the gas-liquid interface
compared to the linear model.*®

In(C,) = 2k't*> + In(C,) (2)

where k' is the precipitation rate, and C, and C, are elemental
concentrations (e.g., Mn, Co, and Ni) at time ¢ from the
beginning and at the start of the reaction, respectively.

¢ Pseudo-homogeneous model: the pseudo-homogeneous
model is a more complex model that attempts to bridge the
linear and Higbie models. It considers the reaction kinetics
(similar to the linear model) and mass transfer limitations
(as in the Higbie model). In this model, the resistance to
mass transfer from the gas phase to the liquid phase is
considered negligible, and the amount of ozone dissolved in

React. Chem. Eng., 2025, 10, 2398-2411 | 2401
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the liquid is assumed to be in ample supply.’”** Eqn (3)
describes the corresponding rate equation.

In(C/Cy) = k" x t 3)

where k" is the precipitation rate, and C, and C, are
elemental concentrations (e.g., Mn, Co, and Ni) at time ¢ from
the beginning and at the start of the reaction, respectively.
The activation energy (E;) of the reaction was calculated
based on the rate constants derived from these experiments,
using the Arrhenius equation (eqn (4)):

ky = Aexp(~Eg/RT) (4)

where A denotes the frequency factor representing the rate of
collisions that result in a reaction, R is the gas constant, T
represents the temperature in Kelvin, and k, refers to the
temperature-dependent constant.*®*’

2.2.4. Characterization and data analysis. Elemental analysis
of the precipitates collected at each pH level during the staged
precipitation process and filtrates from each step was
conducted using an Agilent 7800 inductively coupled plasma
mass spectrometry (ICP-MS) at Penn State Center for critical
Minerals (C*M). To ensure the accuracy and reliability of the
ICP analyses, blanks, duplicate samples, standard checks,
internal standards, and various dilutions were meticulously
examined. Mn-Co-Ni precipitates were then thoroughly
characterized using X-Ray Diffraction (XRD), and Scanning
Electron Microscopy with Energy Dispersive X-ray Spectroscopy
(SEM-EDS) at Penn State Material Characterization Laboratories
(MCL). The recovery values of the elements were calculated
based on their concentrations in the solutions post-filtration,
using eqn (5), where C; represents the concentration (mg L")
of the target element post-filtration, and Cr is the concentration
of the same element in the initial AMD at pH 7 (used as the
feed to the ozone oxidative precipitation process). The results
are presented with error bars representing the 95% confidence
interval, calculated from triplicate experiments to verify the
reliability and consistency of the results.

Recovery (%) = 100 x (1 - %) (5)
f

3. Results and discussion

3.1. Solution chemistry study

The saturation index (SI) was utilized to determine the
likelihood of precipitation for Mn—-Co-Ni hydroxides or oxides.
The formula for calculating the saturation index is as follows:

SI = log(IAP/K,) (6)
where:
e IAP is the ion activity product, representing the product

of the dissolved metal and oxide/hydroxide ions' activities (or
concentrations) in the solution.

2402 | React. Chem. Eng., 2025, 10, 2398-2411
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* Ky, is the solubility product constant for the metal
hydroxide or oxide at the given temperature.

The oxidation of manganese(u), cobalt(n), and nickel(u) by
ozone in water, resulting in the formation of manganese(ur)
oxide, cobalt(ur) oxide, and nickel(m) oxide can be expressed
by the following reactions (reaction (7)-(9)):

Mn>'(aq) + 1/20;(aq) + H,O(I) — 1/2Mn,05(s) + 2H"(aq)
+1/20,(g) (7)

2Co0*"(aq) + Os(aq) + H,O(1) — Co,04(s) + 2H'(aq)
+1/20,(g) (8)

2Ni2+(aq) + 03(3(]] + 3H20(l) — ZNiOOH(S] + 4H+(aQ)
+ O,(g) ©)

When SI > 0, the solution is supersaturated, indicating a
potential for the precipitation of Mn,0;, NiOOH, and Co0,0;.
An SI = 0 suggests equilibrium, while SI < 0 indicates
undersaturation, meaning further dissolution of Mn,O3,
NiOOH, and Co,0; is possible.

Calculated saturation indices based on the concentrations of
Mn-Co-Ni in AMD (shown in Fig. 2) showed positive SI values
for Co and Mn oxides at a pH of around 2 when ozone was
incorporated, while it was around pH 7 for NiOOH, suggesting
favorable precipitation conditions. Notably, precipitation of these
elements with ligands required a pH above 9. Across all tested
pH levels, SI values for Mn(OH),, Co(OH),, and Ni(OH), remained
lower than those for Mn,0;, Co,0;, and NiOOH, reflecting the
higher solubility of Mn-Co-Ni(n) hydroxides in aqueous
solutions. These saturation index results corroborate the findings
from previous experiments, which demonstrated that over 95%
of Mn-Co-Ni could be recovered from AMD using ozone as an
oxidizing agent under either acidic or neutral pH conditions.”**

These pH-Eh diagrams provide baselines to determine the
solution parameters (such as potential, pH, and temperature)
for precipitation specific elements of interest. Mn
predominantly exists in oxidation states II, III, and IV in
nature, while Co and Ni occur in states II and III. The stability
of each oxidation state in aqueous solutions is significantly
governed by the oxidation-reduction potential (ORP) and pH,
as illustrated in Fig. 3. Changes in Eh-pH conditions facilitate

60
—Mn:O:

50 | —co(OH):

>< 40 —C0304

£ 30 | —Ni©OH:

§ g | T MnOH:

2 —NiOOH

210

<

174}

Fig. 2 Saturation indices of Mn-Co-Ni as a function of solution pH.
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Fig. 3 Eh-pH diagrams for (a) Mn (1 mM), (b) Co (0.1 mM), and (c) Ni (0.1 mM), showing the predominant species in the H,O system at 25 °C.

the transformation of Mn-Co-Ni into their most stable phase
under new conditions, provided that thermodynamically
favorable pathways exist (Fig. 3 and Table 2). Kinetic analyses
are essential to predict these transformation rates.*®*’

In conventional AMD treatment, the removal of metals
like Mn through precipitation is typically achieved by raising
the pH to above 9, with agents such as lime (Ca(OH),),
sodium hydroxide (NaOH), or ammonium hydroxide (NH,-
OH). As such basic conditions, Mn, Co and Ni precipitate as
Co(OH),, Mn(OH),, and Ni(OH), (following paths A1 in
Fig. 3a, B1 in Fig. 3b, and C1 in Fig. 3c).

Mn-Co-Ni ions in solution can be oxidized by strong
oxidants, such as ozone, to form unstable species that
subsequently react with hydroxyl ions (OH") to form stable
oxides and hydroxides, as summarized in Table 2. The Gibbs
free energy calculations support the feasibility of oxidizing

and precipitating these elements with ozone, as the negative
AG  values indicate that these reactions are
thermodynamically favorable and can occur spontaneously.*
The oxidation of Mn(u)-Co(u)-Ni(u) in AMD to Mn(ur), Mn(1v),
Co(m), and Ni(m) can be achieved through oxidative
precipitation across a pH range from highly acidic (e.g,
MnO, formation via path A4 in Fig. 3a) to circumneutral pH
(following paths A3 and A2 (Fig. 3a), B2 (Fig. 3b), and C2
(Fig. 3c) to form Mn,O; Mnz0, Co030,, and NiOOH,
correspondingly) with high Eh values above 700 mV.

This study followed the pathways A4 (Fig. 3a), B2 (Fig. 3b),
and C2 (Fig. 3c) to produce high-grade precipitates at
circumneutral pH, providing a chemical-less precipitation
process for the Mn-Co-Ni recovery from AMD. In the
oxidation-precipitation process, the production of H' ions
can lower the solution's pH. To manage the system's

Table 2 Thermodynamic pathways for the oxidative and ligand-based precipitation of Mn-Co-Ni

Pathway Reaction Precipitation method AG° (K])
Al Mn?" + 20H" = Mn(OH), Ligand -74.165
A2 Mn*" + 0; + H,0 = 0.3Mn;0, + 2H" + 1.30, Oxidative -636.322
A3 Mn** + 0.50; + H,O = 0.5Mn,0; + 2H" + 0.50, Oxidative -470.491
Mn?' + 1.50; + 1.5H,0 = MnO*OH + 2H" + 20, —-243.440
A4 Mn** + 0; + H,0 = MnO, + 2H" + O, Oxidative -173.493
B1 Co*" + 20H" = Co(OH), Ligand -83.085
B2 Co*" + 0; + H,0 = 0.3C0;04 + 2H" + 1.30, Oxidative -136.514
Cc1 Ni** + 20H™ = Ni(OH), Ligand -86.328
C2 Ni*" + O3 + 1.5H,0 = NiOOH + 2H" + 1.20, Oxidative -175.159

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Mn-Co-Ni recovery and ORP values as a function of time at different gas flow rates.

potential and maintain the pH, NaOH was added to
neutralize the generated H' ions.

3.2. Effect of process parameters

The effect of individual parameters, including flow rate, stirring
rate, and temperature, on the ozone oxidative precipitation of
Mn-Co-Ni was investigated.

3.2.1. Gas flow rate. The influence of the gas flow rate
(oxygen flow rate) on the oxidative precipitation of Mn-Co-Ni
using ozone was investigated. This parameter's impact on the
recovery of these metals from AMD was analyzed at pH 7, room
temperature (25 °C), and a stirring speed of 400 rpm (Fig. 4).
Results from the first five minutes showed that increasing the
gas flow rate from 200 cc min™ to 1400 cc min™" initially
enhanced Co and Ni precipitation, due to greater availability of
ozone. However, beyond this range, the recovery and ORP
declined, due to ozone decomposition back to oxygen,
facilitated by its reaction with atomic oxygen or through
spontaneous decomposition (see reaction (5) and (6)). For Mn,
the precipitation did not significantly change because the ORP
of the system remained within the range facilitating rapid Mn
oxidation (Fig. 4). Thermodynamic data from prior studies also
confirm that the oxidative precipitation of Mn proceeds more
preferentially than Co and Ni, even though Mn-Co-Ni are
eventually stabilized in solid forms via selective oxidation."
This finding aligns with the thermodynamic predictions for the

2404 | React. Chem. Eng., 2025, 10, 2398-241

oxidative precipitation of divalent Mn, Co and Ni, as illustrated
in Table 2.

3.2.2. Effect of stirring speed. The stirring rate influences
the mass transfer of ozone by enhancing the mixing within
the reaction system, which affects the ozone oxidative
precipitation process.®® This effect was studied at room
temperature of 25 °C, neutral solution pH, and a low gas flow
rate of 250 cc min™' (Fig. 5). The results indicated that
increasing the stirring speed from 0 to 1500 rpm significantly
enhanced Mn-Co-Ni precipitation within the initial five
minutes. However, no significant difference in precipitation
was observed between stirring rates of 0 and 1200 rpm in the
first minute. The improved recovery at higher stirring rates is
attributed to enhanced mixing and dispersion of ozone
throughout the solution, increasing the interaction between
ozone and Mn-Co-Ni ions, accelerating their oxidation and
precipitation. These results are consistent with the observed
ORP changes at different stirring rates.

3.2.3. Effect of temperature. Temperature plays a crucial
role in the oxidative precipitation of Mn-Co-Ni, affecting the
mass transfer of ozone in aqueous solutions.**?*** This
study examined the impact of temperature on the ozone
oxidative precipitation process of Mn-Co-Ni from AMD at a
neutral pH, room temperature, a stirring rate of 400 cc
min~!, and a gas flow rate of 1100 cc min™" (Fig. 6). Three
kinetic models were evaluated to analyze the data, and the
activation energy was calculated using eqn (4) to elucidate
the mechanism governing the ozone oxidative precipitation

This journal is © The Royal Society of Chemistry 2025
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of these elements. The results, shown in Fig. 6, indicated that
the precipitation reaction proceeded rapidly, with more than
50% of Mn-Co-Ni ions in the solution precipitated in the
first two minutes at all temperatures. Furthermore,
increasing the temperature enhanced Mn-Co-Ni recovery, as
higher temperatures accelerate reaction kinetics, leading to a
faster precipitation rate. This behavior aligns with the
Arrhenius equation eqn (4), which predicts that reaction rates
increase with temperature due to the greater energy available
for molecular interactions. Additionally, the observed ORP
values align well with elemental recovery values, indicating
that Mn-Co-Ni ions reached the required oxidation states for
precipitation through controlling the redox potential.

During the oxidative precipitation of manganese using
ozone, other ions, such as Ni and Co, can be incorporated into
the manganese precipitate through adsorption and co-
precipitation processes as manganese dioxide is an effective
adsorption material.***® During precipitation, other ions
present in the solution can be adsorbed onto the surface of the
growing MnO, particles. The extent of cobalt co-precipitation is
influenced by temperature as increasing the temperature
enhances mass transfer within the system, leading to more
contact between Co-Ni ions and MnO,, and increasing the
adsorption of Co-Ni lost in the manganese precipitate.

The observed rapid precipitation reactions indicate that
the Mn-Co-Ni ions quickly interact with ozone, reflecting the
kinetic favorability of the reaction. This rapid interaction is
attributed to the strong oxidizing property of ozone, allowing
it to readily react with Mn-Co-Ni ions. As the temperature
increases, the kinetic energy of the molecules also rises,
leading to an accelerated reaction rate (Fig. 7), as predicted
by the Arrhenius equation. The data revealed a substantial
precipitation of these elements within the first 120 seconds
following ozone introduction, while maintaining a pH of 7.
Increasing the concentration of a precipitant or oxidizer in a
supersaturated solution enhances the precipitation rate,
shifts the equilibrium, increases supersaturation levels, and
thereby promotes a high rate of nucleation for Mn-Co-Ni.
These findings are consistent with previous studies showing
that elements tend to precipitate more rapidly under higher
supersaturation levels.”>**

0.03
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After the initial seconds of reaction, a slight decrease in the
precipitation of Mn, Co, and Ni was observed, followed by a
gradual increase as the experiments progressed (Fig. 7). This
pattern suggests the occurrence of Ostwald ripening, where
smaller particles dissolve due to their higher chemical potential
compared to larger particles.”>**! This dissolution of smaller
particles continues throughout the oxidative precipitation.
Notably, significant precipitation occurred within the first five
minutes but continued gradually until the experiment
concluded at 30 minutes. The variation in precipitation rates of
Mn-Co-Ni with temperature changes can be attributed to
several factors, including differences in their solubility, the role
of ozone in facilitating precipitation, the required ORP levels in
the solution, metal ion concentrations, and the presence of
other compounds (Fig. 7).">**

The activation energy values were determined to explore the
mechanisms driving the ozone oxidative precipitation of Mn-
Co-Ni within the initial 30 seconds, using three different
models. The analysis demonstrated that the pseudo-
homogeneous model aligned most accurately with the
precipitation data, as shown in Fig. 8.

Providing a specific mechanism for Mn-Co-Ni precipitation
using ozone is challenging as it involves several concurrent
processes (i.e., mass transfer of ozone, induction period for
precipitation, ozone conversion to oxygen, co-precipitation and
adsorption effects on precipitates of elements, and competing
reactions), making it difficult to deconvolute these processes.
Mn-Co-Ni-(OOH) precipitation occurs through a series of sub-
processes. For example, Co oxidation and subsequent
precipitation can be represented by the following reactions
(reaction (10)—-(12)), which highlight the induction period and
interdependencies within these processes:

2Co*" + 0, + 2H' = 2C0*" + O, + H,0 (10)
2Co”" + 4H,0 = 2CoOOH + 6H" (11)

The overall reaction can be written as:
2C0*" + 05 + 3H,0 = 2CoOO0H + 4H' + O, (12)

Additionally, the redox potential of the Mn**/Mn*" and Mn*"
reactions are lower than that of the Co®>"/Co®" and Ni**/Ni**
reactions (Fig. 3 and Table 2), facilitating the preferential
oxidation of Mn ions. Co®*, possessing a higher redox potential,
acts as a potent oxidant, enabling the oxidation of Mn*" to
Mn**, and Mn*". Consequently, Mn>" is oxidized by Co®*" into
MnOOH/Mn;0,/Mn,0;/Mn0O,, as explained by reactions A2-A4
in Table 2. Theoretically, the introduction of ozone initiates the
selective separation of Mn by reducing its ion concentration,
potentially leading to a polarization effect and a gradual
increase in system potential.'>** As the Mn concentration
decreases below a critical threshold, Co and, subsequently Ni
begin to oxidize, further elevating the system potential.
Furthermore, the transfer of ozone across the gas-liquid
interface significantly influences the reaction, as it is

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Activation energy for Mn, Co, and Ni precipitation during the first 30 seconds of the reaction.

continuously injected throughout the process. At the interface,
ozone must dissolve into the aqueous phase, with its
dissolution rate affected by factors such as temperature,
pressure, and ozone's solubility in the liquid, along with the
convective and diffusive transport of gaseous species from the
bubble surface. Once dissolved, ozone engages in various
chemical reactions depending on the aqueous solution's
composition.

In this study, the activation energy for ozone oxidative
precipitation of Mn-Co-Ni was assessed during the initial
30 seconds, a period in which nucleation occurs at a high
rate. This is followed by the growth phase, overtaking the
rate of nucleation. The influence of process parameters and
the activation energy values for Mn-Co-Ni, listed in Fig. 8,
suggest that Mn, Co, and Ni reactions are predominantly
diffusion-controlled. This implies that the reaction rate is
more influenced by the diffusion coefficient, which governs
the rate at which reactants mix, than by temperature
variations. Consequently, the diffusion of ozone molecules
to the surface of the Co and Mn nuclei is a critical
determinant of the reaction rate, underscoring the
importance of ozone mass transfer in the oxidative
precipitation of Mn-Co-Ni. Although negative activation
energy is not feasible for an individual elementary reaction,
the precipitation process involves multiple sub-processes.
These include the mass transfer of ozone, which limits the
reaction rate as ozone diffuses into the solution, and ozone
decomposition, especially at higher gas flow rates, where
the rapid breakdown of ozone reduces its availability for
oxidation, thereby impacting the recovery and ORP.
Additionally, co-precipitation and adsorption play a
significant role, as MnO,, a key product of Mn oxidation,
acts as an adsorbent for Co and Ni, facilitating their
incorporation into the precipitate. Furthermore, the Ostwald
ripening phenomenon, where smaller particles dissolve and
larger ones grow, further complicates the kinetic profile by
reducing precipitation initially, followed by a gradual
increase. This complexity allows for negative apparent
overall activation energy in the complete precipitation
process, as documented in studies by Vaziri Hassas et al.,”"
Meshram et al.,>® Vyazovkin,>* and Wang et al.>

This journal is © The Royal Society of Chemistry 2025

These findings indicate that while elevated temperatures
improve the kinetics of oxidative precipitation, industrial
applications may benefit from operating at ambient
temperature due to cost constraints. Notably, as shown in
Fig. 6, high recovery of Mn, Co, and Ni was achieved within
three minutes even at ~20 °C, demonstrating that efficient
recovery is feasible without heating. In this context, the
slightly slower kinetics observed at lower temperatures may
be an acceptable or even advantageous trade-off,
particularly when longer residence times are operationally
manageable. Overall, the ability to maintain high recovery
rates under ambient conditions shows the practicality and
scalability of the process for real-world AMD treatment
scenarios. To further assess the formation and morphology
of the precipitates formed, the products of Mn-Co-Ni
precipitation via ozone treatment at two distinct
temperatures (20 °C and 80 °C) were analyzed using SEM-
EDS, as shown in Fig. 9. SEM-EDS images revealed that the
precipitated Mn-Co-Ni particles predominantly ranged from
micron to submicron sizes, exhibiting irregular shapes and
rough surfaces. No clear differences in crystallization were
observed in the SEM micrographs. The presence of a
significant amount of Mn-oxygen detected in the EDS
analysis suggests the formation of Mn oxide, corroborating
the solution chemistry results and XRD findings reported in
previous research by the authors.” The processes of co-
precipitation and adsorption play significant roles in the
oxidative precipitation of metals like Mn, Co, and Ni when
using ozone. However, these processes complicate the
characterization of precipitation products due to their
intertwined nature.

The analysis of the oxidative precipitation of Mn-Co-Ni
using ozone highlights the significant roles of solution
chemistry and process parameters, such as stirring rate, gas
flow rate, and temperature. These parameters crucially affect
the efficiency of metal recovery from AMD. This study
demonstrates that adjustments to these parameters can
significantly enhance the precipitation process, as evidenced
by the rapid and high recovery of metals within the first few
minutes of reaction initiation. Moreover, the findings reveal
the complexity of the precipitation process, which involves

React. Chem. Eng., 2025, 10, 2398-2411 | 2407
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Fig. 9 SEM micrographs of precipitated solids from ozone oxidative precipitation and EDS mapping of precipitates at (a) 20 °C and (b) 80 °C

temperatures.

not just simple chemical reactions but a series of
interconnected sub-processes, including mass transfer,
nucleation, and growth of precipitates. Given these

complexities, a fundamental study focusing on the effect of
process parameters in pure solutions of Co, Ni, and Mn
is recommended. Such studies could offer a clearer
understanding of the specific roles and interactions of each
metal during the precipitation process. This approach could
provide valuable insights into how each metal contributes to
the co-precipitation and adsorption processes and would be
instrumental in optimizing conditions for selective recovery
and purification of each metal from mixed metal solutions.
For the process scale-up, various factors, including reactor
design, gas flow rate, stirring time, and other process
parameters should be identified to enhance the mass
transfer and reaction kinetics for the recovery of these
elements. Therefore, further studies on the interactive
effects of process parameters are recommended for future
research.

3.3. Validation of the integrated staged precipitation process

To validate the results for application in AMD treatment, the
AMD was continuously fed at a rate of 150 mL min™" to the
combined staged carbonate precipitation and ozone oxidative
precipitation process.>>** The ozone oxidative precipitation was
conducted at room temperature, with a stirring rate of 400 rpm,
and an air flow rate of 800 cc min™ supplied to the ozone

2408 | React. Chem. Eng., 2025, 10, 2398-2411

generator. A schematic of the process, along with the grade of
the main product in each stream and the corresponding
elemental recovery values, is presented in Fig. 10. The recovery
values and elemental content of the treated AMD confirm the
technical feasibility and effectiveness of the process in
recovering multiple critical minerals while achieving

Staged precipitation o
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Fig. 10 Result of the integrated staged precipitation process

developed for continuous AMD treatment at 150 mL min™* flow rate
for Fe removal and selective recovery of Al, REEs, and Mn-Co-Ni.

This journal is © The Royal Society of Chemistry 2025
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environmental compliance. The product streams can be further
processed through our previously developed purification
process to achieve high-purity products.”® Further techno-
economic assessment and life cycle analysis comparing this
method with conventional treatment approaches will elucidate
its economic and environmental advantages.

4. Conclusions

This research investigated the effect of gas flow rate, stirring
rate, and temperature on the oxidative precipitation of Mn-
Co-Ni from AMD using ozone, as these parameters
significantly affect the mass transfer of ozone and resulting
reaction kinetics. By reducing mass transfer resistance
through improved mixing and higher ozone availability,
higher recovery rates of Mn-Co-Ni were expected. Saturation
index calculations and Pourbaix diagram analyses
demonstrated that the recovery of Mn-Co-Ni using ozone is
feasible across a wide pH range (pH 2-8 for Mn and Co, and
pH > 6 for Ni). Detailed experimental analyses and solution
chemistry revealed that increased gas flow rate was not
significant for Mn recovery as the ORP was within the range
of rapid oxidation of Mn even at low flow rate. However,
increased flow rate till 1400 cc min~", beyond which ozone
started decomposing, enhanced Co and Ni recovery due to
the increased volumetric transfer of ozone into the solution,
thereby elevating the concentration of dissolved ozone
available for reaction with metal ions. Temperature and
stirring rates significantly improved Mn-Co-Ni recovery in
general due to enhanced mass transfer of ozone, thereby
improving the Mn-Co-Ni oxidation and precipitation.
However, these increases were not statistically significant at a
95% confidence level within the lower range of these
parameters (i.e., a gas flow rate of 800 cc min", a stirring rate
up to 400, and a temperature up to 40 °C). Activation energy
and kinetic rate measurements, conducted during the initial
30 seconds of the reaction, showed that the reaction kinetics,
with activation energies of 16.3 k] mol™* for Co, 14.5 k] mol ™"
for Ni, and -13.9 kJ mol™ for Mn, are best described by the
pseudo-homogeneous model. These findings suggest that the
oxidative precipitation of Mn-Co-Ni predominantly follows a
diffusion-controlled reaction mechanism. Despite these
findings, the specific mechanisms underlying the oxidative
precipitation of Mn-Co-Ni using ozone were not definitively
identified due to the complexity of the process and the
interaction of various phenomena, including the mass
transfer of ozone, co-precipitation, adsorption effects on
precipitates, and competing reactions. This study provides a
foundation for further research to unravel the interaction
effects among process parameters and metal ions.

Data availability

All data supporting the findings of this study are presented
within the article as figures and tables. No additional
datasets were generated or deposited in external repositories.
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