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Abstract

This work examines the physicochemical properties and dissolution kinetics of Itakpe iron ore, Nigeria, to provide insight into its industrial and
environmental applications. The iron ore had a bulk density of 4.22 g/cm3, an apparent density of 3.33 g/cm3, and a pH of 8.3, hence showing
potential in adsorption and environmental remediation. Conductivity of 138.7 µS/cm and specific surface area of 146.81 m2/g showed potential in
catalytic and adsorptive applications. The dissolution rates were significantly higher in acidic media, with a maximum weight loss of 5.65% at 360
minutes compared to 4.38% in basic media and 0.45% in neutral conditions. The zero-order kinetic model, R2 = 0.8819, showed that the dissolution
process was surface-controlled in acidic media, while the Higuchi model, R2 = 0.8797, confirmed dissolution driven by diffusion. These findings
emphasize the need to apply zero-order and Higuchi models in the dissolution kinetics of Itakpe iron ore. This work presents a clear quantitative
comparison across media that was not developed earlier. These results support the optimized utilization of Itakpe iron ore in steel production and
environmental remediation, hence indicating compatibility with various chemical conditions and that sustainable mining will help reduce harmful
environmental impacts.
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1. Introduction

Data recently made available have indicated that Nigeria now has about 2.5 billion metric tonnes of iron ore reserves, making
Nigeria the 12th largest iron ore resource country in the world and the second largest in Africa. About 70 percent of these deposits are
yet to be proven [1]. It is mainly located in the Itakpe Hill, Kogi State, Nigeria, with a geological proven reserve estimated at about
200 million tonnes [2]. The estimate of the reserves was made by wide grid 100 m pre-exploitation drillings; hence, continuous
exploration will be required for the economic exploitation of the deposit [3, 4]. A further deposit of more than 6 million tonnes
has been found in Ajabanoko, about 4 km northwest of Itakpe [5]. Itakpe iron ore, in Kogi State of Nigeria, is one of the peculiar
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deposits that is high in grades of hematite intergrown with magnetite and silica as major impurities. These unique characteristics
make it worth studying in depth for reactivity and versatility under different chemical conditions.

Iron formations tend to occur with many other types of sedimentary rocks which include dolomite, quartz-rich sandstone, and
black shale, and may locally grade into chert or dolomite [6]. These various types of textures are found in limestone which include
micritic, pelleted, intraclastic, peloidal, oolitic, pisolitic, and stromatolitic structures [7]. Low-grade iron formation might contain
various dominant minerals depending on the facies. The oxide facies are dominated by magnetite and hematite, whereas silicate
facies are made up of greenalite, minnesotaite, and glauconite. The carbonate facies are generally siderite, while the sulfide facies are
pyrite [8]. Due to their Precambrian age, most iron formations have undergone either deformation or metamorphism; the chemical
makeup of these iron formations, however, is remarkably distinct even within high metamorphic grades [9, 10]. The higher the
grade, the more metamorphosed the ore becomes; low-grade rocks may show only compaction while high-grade rocks may be
undistinguishable. Itakpe iron ore is a rich hematite ore, some hematite being intergrown with magnetite was obtained from Ref.
[11]. The main impurity is silica, which could easily be removed after liberation by mechanical crushing and physical separation. It
makes the Itakpe ore suitable feedstock material for the direct reduction methods of ironmaking, characterizing ores resulting from
magmatic segregation [12].

The early application of iron for manufacturing tools and weapons was favoured by the widespread distribution of iron ores and
by the facility with which iron compounds may be reduced by carbon. In steelmaking, most of the iron produced is refined and
transformed into steel-a uniquely versatile material exhibiting a wide composition and property range [13, 14].

Rates of mineral dissolution control a wide range of geochemical processes, including soil fertility, aquifer porosity, the transport
and sequestration of contaminants and CO2, metal cycling, and ore deposit genesis [15, 16].

Such dissolution kinetics strongly impact both the chemical and physical characteristics of landscapes and the availability and
quality of potable water and fertile soil to support ecosystems. Iron ore mining activities also result in widespread soil contamination.
This can have an adverse impact on the agricultural sectors of the surrounding areas [17]. In iron ore mining, toxic constituents
such as arsenic, selenium, and other metals can also experience leaching even if acidic conditions are not present [18]. Contents
of cyanide, and nitrogen compounds, like ammonia and nitrate and nitrite, are also reported to be higher in waters around mines
due to heap leaching and blasting processes [19]. Acid drainage and contaminant leaching have been two of the major sources of
water quality degradation associated with metallic ore mining [20]. These dissolution rates control the residence times of minerals
in the soil environment, and thus, the understanding of the rates is essential to the quantitative prediction of the environmental
evolution. Mineral dissolution rate can be influenced by various factors, including chemical composition, temperature, particle size,
acid concentration, pH, and solid-to-liquid ratio [21, 22]. In general, dissolution rates increase with increased temperature and acid
concentration but decrease with larger sizes of particles, increased pH, and solid-to-liquid ratios.

The novelty of this study is that zero-order and Higuchi kinetic models were employed to analyze the dissolution of Itakpe
iron ore. In general, such models provide the full meaning of dissolution mechanisms, wherein the zero-order model describes
a surface-controlled process, while the Higuchi model presents diffusion-driven kinetics. While earlier studies were all about the
characterization of minerals, this work will relate the dissolution behavior to its industrial and environmental implications.

This work, therefore, aims at studying the physicochemical properties and dissolution kinetics of Itakpe iron ore in acidic, basic,
and neutral media as an approach to understanding its impacts on the environment and possibly realizing its industrial applications
in steel production and environmental remediation. Iron ore mining is often associated with environmental degradation, such as
pollution of soil and water by toxic elements like arsenic and selenium. These contaminants degrade the quality of water through
leaching during mining and ore processing, thus adversely affecting the ecosystems. Thus, this work is done to examine the dissolu-
tion kinetics of Itakpe iron ore in acidic, basic, and neutral media for its optimum utilization toward sustainable mining practice and
environmental remediation. Therefore, the study will be useful in integrating quantitative data with environmental impact assessment
for the development of clean and efficient extraction methods that assure minimum ecological disruption with full industrial benefit.

This involves the determination of some physicochemical characteristics of the iron ore sample, such as bulk density, apparent
density, pH, conductivity, and specific surface area. Dissolution experiments in various media allow the comparison of dissolution
rates under different conditions, while zero-order and Higuchi models apply in analyzing the kinetics of dissolution, with a focus on
the influence of diffusion in each medium. In brief, the final results obtained would serve in useful ways for the optimization of the
utilization of Itakpe iron ore amidst or complementary to a sustainable mining method that will reduce environmental hazards.

2. Study area

he sampling area for iron ore is Itakpe iron ore depot of the Nigeria Iron Ore Mining Company located in Okehi Local Government
Area of Kogi States. Itakpe is on the Latitude of 7◦36′ North; Longitude of 6◦16′ East, as shown by the GPS map of Itakpe iron
ore mining site in Figure 1. The people living in these areas are engaged in mining activities due to the existence of the ores at their
disposal. Mining operational mode explored by these inhabitants is not a healthy type but rather at the expense of the environment.
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Figure 1: GPS map of Itakpe iron ore mining site.

3. Materials and methods

The materials involved include thermometer, masking tape, digital pH meter (model PHS-25), conductivity meter (model DDS-
307A Philips conductivity meter), crusher, plastic container with a screw tap, hand gloves and drying oven. Apparatus used include
routine laboratory glassware such as beakers, volumetric flask, test tubes, measuring cylinders, conical flask, pipettes, funnel, hot
plates, weighing balance and filter paper.

3.1. Sampling

The mineral sample was handpicked randomly from the depots and stored, well labeled, and then taken to the laboratory and
store under ambient condition.

3.2. Methods

3.2.1. Iron ore sample pre-treatment
The iron ore sample was washed, air dried, pulverized and sieved into target particle sizes [23, 24] and then labeled with masking

tape for laboratory analysis.

3.2.2. Physicochemical analysis
a. Bulk density: A 10 cm3 Cylinder was filled to 8 cm3 with the grinded powder of coal, iron ore and limestone samples. The

weight in gram (g) of the sample was recorded from weighing balance. The bulk Density was calculated as in the formula in
equation (1) [25]:

Bulk Density (g/cm3) =
Mass (g)

Volume (cm3)
. (1)

b. Apparent density: A 25 cm3 cylinder was filled with distilled water up to its 15 cm3 marked point after which 5 g of the samples
was weighed and added into the cylinder containing the distilled water. The change in volume of the content was recorded
from the cylinder. The apparent density was calculated using the formula below [25]:

Apparent Density (g/cm3) =
Mass (g)

Apparent Volume (cm3)
. (2)

c. pH: For the pH determination, 1 g of each of the samples (Coal, Iron Ore and Limestone) was weighed and dissolved in 20 cm3 of
deionized water, then warmed and allowed to cool. The pH electrode was dipped into the solution and the value read from the
meter until a desirable pH is reached [25, 26].

d. Conductivity: For conductivity test, 1 g of the samples each was weighed and dissolved in 20 cm3 of de-ionized water. The
samples warmed each and the conductivity electrode dipped into the mixture and the readings were taken from the meter
[25, 26].
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Figure 2: Pulverized Itakpe iron ore from Itakpe mining site.

e. Specific surface area: Saers’ method was used for the determination of porosity/surface area. A sample of each of coal, iron ore
and limestone of 0.5 g was acidified with 0.1M HCl to pH 3-3.5; the volume was made up to 50 cm3 with de-ionized water
after addition of 10.0 g of NaCl. The titration was carried out with standard 0.1M NaOH in a thermostatic bath at 298±0.5
K to pH 4.0, and then to pH 9.0. The volume V required to raise the pH from 4.0 to 9.0 was noted and the surface area was
computed from the following equation [27]:

S (m2/g) = 32V − 25. (3)

3.2.3. Dissolution studies (Gravimetry)
The dissolution kinetics of modified iron ore (as shown in Figure 2) in acid and base was studied. One g amount of iron ore

sample was added to the 5 reactor vessels containing 100 mL 0.1 M HCl and 0.1 M NaOH separately. The temperature, solid-to-
liquid ratio, particle size and pH were kept at constant at stirring speed of 200 rpm for 1, 2, 3, 4 and 5 hours. This was done using
a temperature controlled magnetic stirrer. The sample was removed, filtered and dried in the oven and weighed till constant weight
was obtained. Dissolution in distilled water was set as control experiment [28].

3.2.4. Experimental conditions
The dissolution experiments were performed under controlled laboratory conditions in order to ensure that the experiments would

be reproducible and identical. The temperature was kept constant at 298 ± 0.5 K using a thermostatically controlled magnetic stirrer,
which ensured uniform heat distribution throughout the reaction mixture. All experiments were conducted in a sealed system to
prevent contamination or evaporation of the reactants. During the different experiments, the solid-to-liquid ratio was the same, as
was the similar particle size with a stirring speed of 200 rpm. All experimental conditions were run with their own replicates for
confirming the reliability of the obtained results.

3.2.5. Dissolution kinetics models
The kinetic models adopted will be the zero-order and Higuchi kinetic models, because usually mineral dissolution includes

surface-controlled and diffusion-driven processes. A zero-order model was selected for test conditions whereby the rate of dissolution
is independent of concentration and as such will represent a surface reaction [29]. On the other hand, a Higuchi model was selected
to test dissolution that is controlled by diffusion, more relevant in systems that contain complex matrices, like iron ore [30]. Other
alternative models, such as first-order or pseudo-second-order kinetics, were not considered appropriate since they describe mainly
adsorption phenomena or chemical reactions, while the process studied here was physical and limited by diffusion. The selected
models provided a robust framework for understanding the dissolution behavior under the experimental conditions.

i. Zero-order model: Solid dissolution from dosage forms that do not disaggregate and release the substance slowly can be repre-
sented by the equation:

Q0 − Qt = K0t. (4)
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Rearrangement of equation above yields:
Qt + Q0 = K0t, (5)

where Qt is the amount of solid dissolved in time t, Q0 is the initial amount of the substance in the solution (most of the times,
Q0 = 0) and K0 is the zero order release constant expressed in units of concentration per time [29].

ii. Higuchi model: Higuchi developed models to study the release of water soluble and low soluble substances incorporated in semi-
solid and solid matrices. To study the dissolution from a planer system having a homogeneous matrix, the relation obtained is
shown in equation below [30].

Q = [D(2C −Cs)Cst]1/2, (6)

where Q is the amount of substance released in time t per unit area, C is the initial substance concentration, Cs is the substance
solubility in the matrix media and D is the diffusivity of substance molecules in the matrix substance.

In general Higuchi model can be simplified as,
Q = KHt1/2, (7)

where, KH is the Higuchi dissolution constant [29]. Higuchi describes substances release as a diffusion process based in the
Fick’s law, square root time dependent. For diffusion-controlled process a plot of Q versus square root of time is linear. The
integral form of Higuchi equation is employed in seeking to establish whether mixed order release kinetics exists: In general
Higuchi model can be simplified as,

LogQ = logKH +
1
2

log t. (8)

A confirmation of Higuchi diffusion is provided by the equation above; diffusion-controlled process dominates when the
logarithm plot approaches 0.5 [30].

3.2.6. Statistical analysis of kinetic models
In order to validate the kinetic models (Zero-Order and Higuchi) and assess the significance of differences in dissolution kinetics

across media (acid, base and water) using ANOVA, the following hypotheses were defined:

i. Null Hypothesis (H0): There is no significant difference in the kinetic constants (k0 for zero-order and kH for Higuchi) across the
media (acid, base, and water).

ii. Alternative Hypothesis (Ha): There is a significant difference in the kinetic constants across the media.

The One-Way ANOVA formula for validating kinetic models across the media in the context of this investigation compares
variations in dissolution rates and constants under different chemical environments (acidic, basic, and aqueous). It employs the
following general formula:

MS T
MS E

, (9)

where:

• MST (Mean Square Between Groups): Measures variance between media (acid, base, water).

• MSE (Mean Square Within Groups): Measures variance within the same medium across experimental conditions (e.g., tem-
perature, time).

This allows assessment of whether the variations in dissolution rates are statistically significant across the different media. For
this study, the kinetics models (zero-order and Higuchi) involve constants (k0 and kH) and regression values (R2) that serve as input
data for ANOVA to determine the influence of the media.

4. Results and discussion

4.1. Physicochemical analysis

4.1.1. Bulk density
The bulk density value of 4.22 g/cm3 in Table 1, is an indication that the Itakpe iron ore is quite dense and probably would be

relevant for a wide variety of industries, especially in areas where high structural integrity and possibly very high adsorption capacity
are required. High bulk density is a characteristic of materials whose particles are closely packed. A high bulk density enhances the
mechanical strength and stability, hence advantageously influences adsorption efficiency due to smaller pore spaces with higher mass
per unit volume. Hence, such characteristics facilitate their application in, say, water treatment processes due to the fact that density
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Table 1: Physico-chemical parameters of iron ore samples from Itakpe.

Parameters Values
Bulk density (g/cm3) 4.22±0.01
Apparent density (g/cm3) 3.33±0.00
pH 8.3±0.00
Conductivity (µs/cm) 138.7±0.16
Specific surface area (m2/g) 146.81±0.01

ensures a good rate of adsorption. Further, durability and long-term stability are ensured, especially where operations are required to
run at high throughputs [31, 32].

In adsorption studies, denser materials are preferred since they can handle larger pollutant loads with minimal volume expansion.
This high density further makes Itakpe iron ore suitable for heavy-duty applications in steel production, where dense ore is beneficial
for attaining high iron yields during its reduction processes. Similar studies carried out on similar high-density ores, like hematite
and magnetite, have shown that the higher the bulk density of any such ores, the higher their reduction efficiency, since the fact is
that denser materials are more likely to contain a more concentrated iron content, hence reducing use in iron-making furnaces [23].

Furthermore, the obtained bulk density of greater than 4 g/cm3 is within acceptable limits, based on the industrial requirements
for adsorbents. More so, densities falling in this range were observed with commercial adsorbents, like activated carbon and various
mineral-based adsorbents. A high bulk density of 4.22 g/cm3 is promising for mechanical stability, hence applicable in maintaining
structural integrity for adsorbent beds in various water treatment processes.

A comparison with global iron ore deposits will place it in a wider perspective. Brazilian hematite, with a bulk density of about
5.0 g/cm3, shows better efficiency in direct steelmaking because of its higher density. However, the fact that Itakpe has a lower density
and higher specific surface area makes it more suitable for adsorption-based applications, especially in environmental remediation
[23].

It has also been reported that adsorbents of higher bulk density tend to work more effectively during contaminant treatments
applied to water and air due to a higher amount of adsorptive material being involved per unit volume, thereby enabling longer
practical lives with reduced frequencies of replacements [31].

4.1.2. Apparent density
An apparent density value of 3.33 g/cm3 in Table 1, represents an important characteristic of Itakpe iron ore, helpful in assessing

its suitability for industrial and environmental use with respect to adsorption and heavy metal removal. While apparent density reflects
the stability of an adsorbent, meaning thereby not porous and leading to breakdowns, the Itakpe iron ore could, on many counts,
prove suitable for applications that need a robust adsorbent which should be long-lasting. Studies undertaken on dense materials,
including mineral ores and activated carbon, reveal the apparent density of adsorbents with higher apparent density usually exhibits
more physical stability-an important component in repetitive cycles of adsorption-desorption when the use is for environmental
remediation [32].

Apparent density relates to adsorption in water treatment because it gives an indication of the settling rate that will take place
and provides an overall insight into filtration efficiency. More dense materials exhibit quicker rates of settling and, therefore, are less
likely to form suspensions, thereby affecting the clarity of the treated water. This is indicative of the fact that apparent density tends
to be inversely proportional to leaching, allowing for a more predictable and controlled process of adsorption, hence possibly relating
to heavy metals and other contaminants’ removal in water treatment. The same can be said for Itodo et al. [32].

In contrast, South African magnetite, with its somewhat higher apparent density of 3.8 g/cm3 and more neutral pH, will not be as
versatile in adsorption processes compared to Itakpe’s mildly alkaline profile, which thus favors heavy metal removal [33–35].

Apparent density in this case also speaks to the fact that for industrial use, Itakpe iron ore tends to have a relatively higher mineral
content with respect to volume, hence its usefulness in such processes as metal extraction. In general, higher apparent density means
a higher purity level mineral ore, therefore more efficient in metallurgical applications such as in a blast furnace or reduction process.
Such high densities support efficient reduction and melting due to a higher content of iron, which would reduce the volume of waste
and increase yields when smelted.

Another typical characteristic of materials with higher apparent density is that their compactness often allows for better mechan-
ical properties-resistance to abrasion and crushing are among the key features for industrial reactors or adsorptive columns. In this
regard, such durability would allow multiple uses of Itakpe iron ore without losing structural integrity, especially under conditions of
high stress. Studies have found that materials of the same apparent densities are more resistant under mechanical stress, hence best
suitable for continuous flow systems as well as for industrial processes wherein adsorbents or reactants are subjected to strenuous
physical conditions [31].
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4.1.3. pH
The pH of 8.3 in Table 1, which means a mild alkaline, further underlines the suitability of Itakpe iron ore for environmental
applications, especially in water treatments and pollutant removal. Generally, adsorbents that have alkaline pH values are favoured
for the removal of acid contaminants due to the buffering effect and the neutralization they would exert on the acid solutions to
facilitate the adsorption processes. Indeed, research studies have proved that a mildly alkaline pH material, of characteristics similar
to the Itakpe iron ore material, is quite effective in adsorbing heavy metals and other impurities from wastewater since these conditions
favor increased electrostatic attraction between the negatively charged surface of the adsorbent and positively charged metal ions.

Besides that, the fact that the ore pH was mildly alkaline would imply that for the most part, the material could be quite stable
and resilient to different environmental conditions without altering the pH of water systems greatly; hence, it may work well for
long-term applications. One of the key added advantages of alkaline adsorbents is preventing the acidification of treated water, an
important ecological balance in natural water bodies. This has been quite significant in regions so far affected by mining, considering
that their acid leachates are common and the existence of such alkaline adsorbents can help mitigate the impacts of acid drainage
[26], among other areas, corroborate this assertion.

In terms of industrial applicability, a pH near neutral or slightly alkaline, about 8.3, is considered optimal because the ore reacts
well with acids in certain processes, like acid leaching. This condition optimizes dissolution of metals, given that the acid environment
ensures adequate deconstruction of the ore structure without being at much resistance from the material. Slightly alkaline pH of 8.3
supports electrostatic attraction between the negatively charged ore surface and positively charged ions, hence favors the removal of
positively charged contaminants. Such conditions have been observed to facilitate higher extraction efficiencies in leaching studies
of metal ores, especially in processes in which a controlled alkaline environment is imposed to prevent premature precipitation of
dissolved ions [33].

4.1.4. Conductivity
esults from the conductivity measurement for Itakpe iron ore (as shown in Table 1) gave a value of 138.7 µS/cm, indicating high

free ions and, therefore, a high ionic exchange potential. This, therefore, improves this ore in its ability with regard to adsorption,
catalytic applications, and environmental remediation purposes. High values of conductivity in materials suggest that their contents
include free-moving ions such as iron, silica, and other trace metals that contribute to their potential engagement in ionic reactions.
In environmental applications, more conductive materials are helpful in the adsorption of pollutants during water treatment. This is
because free ions can participate in ion exchange mechanisms where effective inhibition of contaminants from solution occurs by
binding [26].

More so, conductive materials find an excellent application in catalysis, where ion availability enhances the rate of chemical
reactions. Research has indicated that adsorbents exhibiting increased conductivity tend to be more efficient in the decontamination
of heavy metal-laden water due to the fact that the heightened levels of ionic content tend to support mechanisms of electron transfer
involved in the processes of adsorption and oxidation-reduction reactions. This attribute is, therefore, vital in such industrial appli-
cations as acid leaching, where the dissolution of certain minerals such as iron results from increased ionic mobility that aids in the
extraction of metals from ore [33].

Apart from that, the high conductivity value in Itakpe iron ore would enhance its potential in industrial processing, such as steel
production, wherein it is more general to work with ores containing high ionic levels and conductivity. These ores offer smoother
electron flow during the reduction process, hence giving better overall efficiency and lowering energy costs. High conductivity of
138.7 µS/cm shows the existence of free ions, facilitating ionic interaction in leaching and enhancing it with regard to extraction
[33]. Conductivity also extends to the activities of electrometallurgical treatment, whereby ores with electric conductivity give some
advantages in running the smelting and refining works efficiently.

4.1.5. Specific surface area (SSA)
The result obtained in Table 1, is therefore an indication of the high adsorption capacity thus efficiency in the industrial and

environmental applications as depicted by the value of specific surface area obtained for Itakpe iron ore to be 145.81 m2/g. Specific
surface area is generally the most important parameter governing the adsorptive properties of a material, giving detailed information
on the amount of surface that can be engaged in interactions with other materials. The SSA of 145.81 m2/g is an indication of high
surface area, hence increasing the adsorption capacity of the ore. This property facilitates efficient interaction with pollutants like
heavy metals in water treatment. Consequently, materials with high SSA, such as activated carbon, have over the years found wide
applications in pollution control due to their larger surfaces that provide higher adsorption of contaminants [31].

A high SSA in water treatment will increase the capacity of iron ore to adsorb all forms of pollutants including heavy metals by
mechanisms involving direct contact with the surface. Larger SSA provides sites for adsorption at which efficient adsorption occurs
in environmental applications, including those involving rapid removal of contaminants. It has been determined that high SSA
adsorbents can effectively decrease pollutant levels in wastewater because of the high degree of interaction between the adsorbate
and the adsorbent surface provided [31].

It is also believed that the high SSA could enhance the catalytic performance of Itakpe iron ore because the large surface area
increases the availability of reactive sites in catalytic processes. This, therefore, makes the ore particularly useful in areas such as
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Table 2: Dissolution of iron ore in different media (acid, base and water).

Time (min)
Media/Weight (g) 60 120 180 240 300 360 Mean ± SD
Acid WtAi 1.0040 1.0022 1.0010 1.0011 1.0007 1.0013 1.0017±0.001

WtA f 0.9761 0.9701 0.9691 0.9623 0.9575 0.9447 0.9633±0.011
WtAd 0.0279 0.0321 0.0319 0.0388 0.0432 0.0566 0.0384±0.010

% diss A 2.7788 3.2029 3.1829 3.8757 4.3169 5.6527 3.8349±1.05
Base WtBi 1.0031 1.0025 1.0012 1.0010 1.0008 1.0030 1.0019±0.001

WtB f 0.9628 0.9686 0.9669 0.9572 0.9641 0.9606 0.9633±0.004
WtBd 0.0403 0.0339 0.0343 0.0438 0.0367 0.0424 0.0386±0.004

% diss B 4.0175 3.3815 3.4259 4.3758 3.6671 4.2273 3.8492±0.42
Water WtWi 1.0011 1.0020 1.0005 1.0014 1.0024 1.0009 1.0014±0.0007

WtW f 1.0001 0.9981 0.9976 0.9995 0.9989 0.9964 0.9984±0.001
WtWd 0.0010 0.0039 0.0029 0.0019 0.0035 0.0045 0.00295±0.001

% diss W 0.09989 0.3892 0.2898 0.1897 0.3492 0.4496 0.2946±0.13
Key: Wt A =Weight of Iron Ore in Acid, Wt B =Weight of Iron Ore in Base, Wt W =Weight of Iron Ore in Water, Wt Xi = initial
weights, WtX f = Final weights and WtXd = Difference in Weight between Initial and Final, % diss X = Percentage Weight Dissolved

Table 3: Experimental constants and parameters for the dissolution of Itakpe iron ore.

Dissolution model Constants Medium
A B W

Zero Order R2 0.8819 0.1301 0.3927
k0 (g/min) 9.0 × 10−5 1.09 × 10−5 7.0 × 10−6

Higuchi Model R2 0.8797 1.50 × 10−5 7.0 × 10−6

kH (g/min) 8.0 × 10−5 1.10 × 10−5 7.0 × 10−6

Key: A = Acid, B = Base and W =Water

acid leaching, in which an increase in surface contact increases the rate and extent of dissolution of metals in order to maximize
metal recoveries.

In industrial applications of steelmaking, the ores with higher SSA are more reactive. This means they provide faster reduction
reactions during smelting. This results in savings in energy costs and optimization of reaction conditions in the blast furnace hence
more efficient processing with higher yields. Similar studies dealing with materials possessing similar SSA values, for example,
modified adsorbents, have reported enormous advantages in industrial applications, and hence Itakpe iron ore is considered an
effective raw material for high-demanding processes [34].

4.2. Dissolution studies in different media

1. Acidic Medium (A): In the case of acidic media (as revealed in Table 2 and Figure 3), the increased dissolution rate could
be related to more availability of hydrogen ions, which help in the breakdown of minerals. Ghosh et al. [35] reported that
the acid media cause dissolution of iron-bearing minerals through ion exchange and hydrolysis, which increases the % of iron
solubilized from the neutral and basic media. This is further ascertained by a high zero-order rate constant in this study, k0 =

9.0 × 10−5 g/min, which indicates that the dissolution process is very rapid.
Kinetic analyses indicate that Australian deposits exhibit faster dissolution rates in neutral conditions due to the higher reactive
mineral content, whereas the significant dissolution of Itakpe in acidic media underscores its suitability for applications like
acid leaching and pollutant neutralization [19, 36].

2. Basic Medium (B): The reduction of dissolution rate in basic medium can (as shown in Table 2 and Figure 3) perhaps be
explained by the precipitation of hydroxide complexes which may stabilize iron and impede its dissolution; Li et al. [36] noted
that alkaline conditions may precipitate iron hydroxides that block further dissolution pathways, hence accounting for a lower
R² value in basic conditions of 0.1301 in the zero-order plot.

3. Water (for control experiment): The recorded results show slight dissolution in water (as shown in Figure 3), with ko = 7.0
× 10−6 g/min (Table 3). This is in good agreement with the results obtained by Sarma et al. [37], who observed that water
has a very limited capability to solubilize iron minerals because of its neutral pH value, which cannot provide the right ionic
environment for better mineral dissolution. This enhances the need for acid or base conditions for better dissolution.
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Figure 3: Dissolution profile of Itakpe iron ore in acid and base using water as control.

Figure 4: Zero order plots for dissolution of Itakpe iron ore in Acid (A), Base (B) and Water (W).

Figure 5: Higuchi plots for dissolution kinetics of Itakpe iron ore in Acid (A), Base (B) and Water (W).
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4.3. Dissolution kinetic modelling

4.3.1. Zero-order
The zero-order kinetics obtained in the acidic medium (with R2 of 0.8819 and ko of 9.0 × 10−5 ko g/min) in Table 3 and Figure

4, shows that the dissolution rate is independent of the concentration of dissolved iron. This usually characterizes surface-controlled
reactions. According to Faraji et al. [38], in this type of kinetics, the dissolution of solids-liquid usually takes place when the surface
area controls the reaction kinetics rather than the concentration of the reactant. In this respect, this behavior confirms the results of
this study, indicating that dissolution in acid media is a surface-controlled process.

4.3.2. Higuchi model
The dissolution data in Table 3 and Figure 5 obtained in the acidic medium (R2 = 0.8797 and ko = 8.0 × 10−5 g/min) suggests

applicability for the Higuchi model and indicates that the process is highly controlled by diffusion. As stated by Siepmann and Peppas
[39], the model “represents dissolution processes from when the rate-controlling mechanism of the process is the phenomenon of
diffusion.” It means that ion migration through the liquid medium plays a key role in determining the overall dissolution rate of the
precipitate.

4.3.3. Comparison of constants
Large variations in dissolution rates and constants among the three media (Table 3) indicate that the chemical environment is

a very major factor in dissolution kinetics. According to Das et al. [40], acid can be highly enriched with reactive ions, which is
responsible for a sharp increase in the minerals’ solubility. On the other hand, in neutral water, the availability of reactive ions is less;
hence, dissolution rates are significantly lower.

4.3.4. Statistical analysis and interpretation of kinetic models
i. Zero-Order model (ko)

F – statistic = 870.53

P – statistic = 1.03 × 10−13

ii Higuchi model (kH)
F – statistic = 750.12

P – statistic = 2.50 × 10−13

Interpretation
The p – value for both models is significantly less than 0.05, indicating that there are statistically significant differences in the

kinetic constants (ko and kH) across the media (acid, base and water). This supports the hypothesis that the chemical environment
(medium) significantly impacts the dissolution kinetics of Itakpe iron ore [41].

5. Conclusion

The present work provide insight into dissolution kinetics, an important aspect when considering industrial applications and en-
vironmental behaviour of Itakpe iron ore. The study has shown clearly that the rates increase reasonably at low pH of the solution
to allow the ore be useful in applications like steel and environment decontamination among others. A zero-order model as well as
the Higuchi model described surface-controlled and diffusion-driven kinetic processes, respectively. These models allow for a quan-
titative basis in view of optimizing ore use under different chemical conditions. This is nevertheless a limited laboratory study that
might not take into consideration specific complexities that occur at the natural field environment. Narrow attention was possible on
other kinetic models than zero-order and Higuchi to the detriment of considering other relevant kinetic frameworks. Further research
is needed to determine the effectiveness of these results under practical conditions, like field-scale mining or industrial operation.
The ore applicability could be further increased by studying it for a broader range of environmental remediation activities, such as
heavy metal adsorption and wastewater treatment. Besides this, long-term environmental impacts of mining and ore processing under
various different chemical conditions would also extend the concept of sustainable mining.

Data availability

The data that support the findings of this study are available on request from the corresponding author. The data are not publicly
available due to privacy or ethical restrictions.
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