KINETIC MODEL OF BIOLEACHING OF WASTE FROM THE
NICKEL INDUSTRY WITH ACIDITHIOBACILLUS
THIOOXIDANS

ABSTRACT

The improper disposal of nickel mining waste represents a major environmental concern,
especially in countries like Cuba with significant nickel and cobalt reserves. This study
investigates the bioleaching potential of the sulfur-oxidizing bacterium Acidithiobacillus
thiooxidans applied to Cuban nickel industry waste. Experimental procedures included growth
media preparation, physical-chemical and mineralogical characterization of mining residue, and
bioleaching trials at varying temperatures (27°C, 32°C, and 37°C) and sulfur concentrations
(0.5%, 1%, and 2% as pyrite). Bacterial growth and leaching efficiency were monitored through
pH control and cell counts. The best metal recovery was obtained using 1.1% sulfur, with
extraction efficiencies of 59.46% for Ni, 78.13% for Co, 24.80% for Fe, and 81.26% for Mg.
Kinetic analysis using the Michaelis-Menten model yielded constants of K = 0.589°C and Vmax
= 0.73 cells/mL-day. These results highlight the adaptability and effectiveness of A. thiooxidans
in the biotechnological treatment of mining waste, offering a sustainable solution for mitigating

environmental impact.
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1. INTRODUCTION

The Initial research on the bioleaching of nickel minerals was conducted using heterotrophic
microorganisms such as fungi (e.g., Aspergillus niger and Penicillium). However, their use led to
reduced efficiency in metal recovery due to reabsorption by the biomass and spore production.
These spores dispersed easily through the air, contaminating plants, animals, and humans

(Decheng J. et al., 2019; Han W. et al., 2021).

To overcome these disadvantages, recent studies have explored the use of autotrophic
microorganisms in the bioleaching of nickel ores (laterites), particularly sulfur-oxidizing bacteria
like A. thiooxidans, which pose no health risks. Research by Mohammad J. et al. (2019) and Rory
A. etal. (2021) demonstrated that thermoacidophilic microorganisms adapted well to the pulp and

enabled high recovery rates of copper and cobalt.

A. thiooxidans, characterized by Waksman and Joffe (1921), belongs to a family of autotrophic
bacteria that obtain energy from inorganic substances and carbon from atmospheric CO>. It is
believed to be among the earliest life forms on Earth, potentially contributing to the foundation

of organic life. This genus comprises several Gram-negative, rod-shaped bacteria, known for their



sulfur chemolithotrophic metabolism. Electron donors include compounds like H,S, S°, and S,0;
(Gholamreza K. et al., 2022; Meicen L. et al., 2023). MDPI reviews and pure-culture studies
between 2020-2023 demonstrate that A. thiooxidans, alone or in consortia with A. ferrooxidans,

can recover >80 % of Ni and Co from PCBs under optimized pH and aeration regimes.

Studies focused on bioleaching of spent Ni-based catalysts using A. thiooxidans show extraction
efficiencies between 90-95 %. For example, Tayar et al. (2020) reported up to 94.4 % Ni recovery
from Ni/Al-O; catalysts using A. thiooxidans in a two-step leaching process, highlighting its

potential for industrial residue valorization.

Frontier studies apply shrinking-core and Michaelis—Menten models to describe Ni dissolution
rates. Yi etal. (2021) describe thiosulfate-mediated pathways, noting ferric diffusion as rate-

limiting. Such models facilitate scale-up from bench to pilot reactors.

Beyond single cultures, combining A. thiooxidans with thermoacidophiles like Acidithiobacillus
caldus improves leaching of metallurgical slags and steelmaking dust. Novel consortia recover Ni
along with Mo and V, with >60 % extraction in lab columns. Studies applying spent-media
bioleaching address metal-ion stress in Li-ion waste. They show that controlling metal toxicity

via periodic medium renewal significantly enhances Ni and Co recovery in acidophiles.

Another prominent application of A. thiooxidans is in the bioleaching of mining waste, where the
residue is pre-treated with stoichiometric sulfur. Lingkai W. (2023) and Guanglin C. (2023)
studied the kinetics and transformation of waste containing Ni, Zn, Mn, Fe, and Cu, establishing

Michaelis-Menten constants for bacterial growth.

Recent work (2025) by Li et al. optimized spent-medium bioleaching under high pulp density (up
to 40 g/L) with A. thiooxidans, achieving ~40 g/L sulfate and ApH ~1.87. This study emphasized

the need for sulfur dosage and inoculum tuning to sustain bacterial activity under stress

Cuba ranks sixth globally in nickel and cobalt reserves, generating approximately 70 million tons
of mining waste annually. This untreated waste poses a severe environmental threat, impacting
soil, flora, and fauna (Rodriguez Y. et al., 2001). This study aims to evaluate the feasibility of
using A. thiooxidans for the bioleaching of Cuban nickel industry waste to mitigate environmental

damage.

2. MATERIALS AND METHODS

This study involves examining the microorganism, its growth medium, nickel mining residue,

and pyrite concentrate, which serves as a sulfur source.



2.1 PREPARATION OF THE GROWTH MEDIUM
According to Samir P. et al. (2020) and Guanglin C. et al. (2023), A. thiooxidans requires specific

conditions for optimal growth. One of the most effective media is the 0K medium (iron-free),
which contains essential nutrients and the necessary acidity. Table 1 lists its chemical
composition. The reagents are dissolved in one liter of distilled water acidified with H,SO4 to pH

2.5, sterilized at atmospheric pressure, and supplemented with 0.5% to 2% sulfur.

Table 1 Chemical Composition of 0K growth medium
Chemical Compounds Concentracion (g/L)
(NH4)2S04 3,0
KCl 0,1
K;HPO; 0,5
MgS04.7H,0 0,5
Ca (NO3), 0,01

2.2 MINING WASTE CHARACTERIZATION

The success of the bioleaching process largely depends on the characteristics of the waste
material. Therefore, physical, chemical, and mineralogical analyses are conducted as a baseline.
Samples are collected from 69 wells based on the geological prospecting method outlined by

Rodriguez Y. et al. (2001).

2.3 PHYSICAL, CHEMICAL AND MINERALOGICAL CHARACTERIZATION

The Samples are subjected to particle size analysis per ISO 4701:2019 for iron ores, covering
particles from 36 pm to 55 mm. The mass retained on each screen is measured to generate a
granulometric curve. To determine the elemental distribution before and after bioleaching,

chemical characterization is performed using an ICP-AES Spectroflame model.

Mineralogical analysis involves X-ray diffraction to identify fine mineral components not
easily detectable by other methods. Diffractograms are obtained using the powder method, with
a 0.050° angular pitch and 3-second measurement intervals. Mineralogical characterization, are
used and roentgenographic analyses are carried out to identify more precisely the nature of the
mineral components of the deposit, especially those that, due to their small grain size, are not
easily identifiable with other techniques. Diffractograms are performed by the powder method
and recorded according to the point-to-point measurement variant; with angular pitch of 0,05°, at

a measurement time of 3 seconds at each angular position.

2.4 MICROORGANISM GROWTH METHOD

An inoculum is prepared from an active culture in the exponential phase (108 cells/mL). Twelve
mL are added to 90 mL of 0K medium adjusted to pH 2.5 in 300 mL Erlenmeyer flasks. Tests are
conducted at room temperature (27°C), and at 32°C and 37°C using an orbital shaker and

thermostatic control, with 1% pre-sterilized elemental sulfur. Samples are shaken at 2.5 s (150



rpm) and monitored for pH and cell count until exponential growth is observed. Figure 1 lists the

equipment used.

Figure 1. Equipment used: (1) Bioreactors, (2) reactor, (3) Stirrer screen, (4) Orbital screen with
thermostat, (5) Analytical balance, (6) Optical microscope. Source: authors

2.5 WASTE BIOLEACHING METHOD
10% solid pulp samples are placed in three agitated batch tanks (TK1 to TK3) at 27°C, 32°C,

and 37°C, respectively. A. thiooxidans inoculum and pyrite (0.93 g, 1.87 g, and 3.77 g,
corresponding to 0.5%, 1%, and 2% sulfur) are added. The tanks operate discontinuously until
exponential growth is reached, maintaining a constant pH of ~1.8. pH and cell counts are
monitored daily and every 30 days, respectively. To determine microbial growth kinetics, the
Michaelis-Menten model is applied. The kinetic constant (K) and maximum growth rate (Vmax)

are derived from the slope and intercept of the exponential growth curve. (Eq.1).

1 K 1
— = +
14 VmaxT Vmax

(M

3. ANALYSIS AND DISCUSSION OF RESULTS

3.1 PHYSICAL, CHEMICAL AND MINERALOGICAL CHARACTERIZATION
RESULTS

Grinding and classification result in a fine black powder with 100% particle size < 0.074 mm,
within the optimal range (< 0.2 mm) for bioleaching with A. thiooxidans. Table 2 presents the

chemical composition of the glue samples. The waste exhibits low concentrations of Ni, Co, and



Mg, but high Fe content, which supports bioleaching. Notably, rare earth minerals (7R) are present
at approximately 3%.

Table 2. Chemical composition of waste

Elements Fe Ni Mg Co TR
(%) 45 0,35 2,82 0,081 <3
Figure 2 shows the waste diffractogram, indicating magnetite (M), chromite (C), and forsterite-

fayalite (F), with minor antigorite and quartz (Q). According to Samir P. et al. (2020), magnetite

and chromite favor bioleaching, while the others remain inert.
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Figure 2. Diffractogram of waste. Source: authors

3.2 BACTERIAL GROWTH RESULTS
Figure 3 illustrates bacterial growth curves at 27°C, 32°C, and 37°C, simulating local seasonal
temperatures. Exponential growth begins between days 6 and 8, with faster progression at 27°C

and 32°C, aligning with regional climate data (Barcia S. et al., 2022).
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Figure 3. Growth curve at different temperatures Source: authors

3.3 WASTE BIOLEACHING PROCESS RESULTS

The Bacterial growth is evidenced by increased cell counts and decreased pH. Figure 4 shows pH
variation during the tests. TK1 and TK2 exhibit a consistent pH decline, falling sharply after day
10. TK3 maintains higher pH levels initially, followed by a similar drop. This indicates a 10-day
adaptation period to tank agitation conditions. The steady pH decline confirms that cell rupture

due to impeller motion was not significant.
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Figure 4. Behavior of pH vs. Date tests with Sulphur. Source: authors

3.4 KINETIC MODEL

Table 3 presents results for six samples from each tank, with sulfur concentration and temperature

directly influencing bioleaching efficiency (Effic%). The best Ni, Co, and Fe extraction



efficiencies occurred with 1.1% pyrite. Temperature had minimal effect on Ni and Co, with Co

reaching 78.13% recovery in test 6. Fe recovery peaked at 26.40% in test 4. For Mg, optimal

recovery occurred at 1% sulfur.

Table 3. Efficiency of the bioleaching process
#Sample S (%) T(°C)

TK1.A
TK1.B
TK2.A
TK2.B
TK3.A
TK3.B

1
1,1
1
1,1
1
1,1

27
27
29
29
32
32

53,21
58,68
56,70
59,46
54,01
58,44

Effic%

61,34
73,31
65,76
72,29
68,38
78,13

18,72
24,18
24,68
26,40
22,99
24,80

Ni Co Fe Mg

80,51
78,53
79,04
76,16
81,26
78,40

Each experiment was replicated twice. Simple regression analysis was performed using

STATGRAPHICS 16.3 software, after confirming the normal distribution of the data. This

resulted in four equations to estimate the leaching efficiency for each element, along with the

corresponding coefficients of determination (R?) and standard deviations (SD). Analysis of the

influence of each variable on the models indicates that the bioleaching efficiency is more strongly

dependent on the percentage of sulfur added than on the temperature of the medium, which is

favorable for potential future scaling of the research. (Eq.2-5)

%Ni = 12,358 + 42,20-S + 0,0028-T, R*=0,78, SD = 2,61

%Co = —64,314 + 94,166 -S + 1,203 -T, R? = 0,954, SD = 5,96
%Fe = —19,778 + 29,967 -S + 0,407 - T, R?> = 0,68, SD = 2,64

%Mg = 102,606 — 25,333-S +0,116-T, R? = 0,64, SD = 1,79

2
)
“)
)

Finally, Michaelis-Menten constants under the tested conditions were K = 0.589 °C and Vmax =

0.73 cells/mL-day (Table 4).

Table 4. Michaelis-Menten constants

Growth curve Growth Velocity
(cel/mL- d)
27°C 5,5.107
32°C 3,6 .107
37°C 2,4.107
4. FINAL THOUGHTS

Inverse of the
Temperature (1/T)

0,03703
0,02941
0,02702

Inverse of the
Velocity (1/V)

The Michaelis-Menten model effectively describes microorganism growth in nickel industry

waste. Although higher temperatures reduce microbial growth rates, they do not impede

bioleaching. Using A. thiooxidans, extraction efficiencies of 59.46% Ni, 78.13% Co, 24.80% Fe,

and 81.26% Mg were achieved with 1.1% sulfur (as pyrite) at room temperature. The bacterium



adapts well under appropriate temperature and acidity, suggesting its potential application for

treating Cuban nickel industry waste.
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