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Abstract
This research is focused on evaluating the suitability of an unconventional binary lixiviants in the leaching of iron from ilmenite. Batch dissolution studies was conducted to examine the influence of some independent process variables: particle size, acid concentration, oxidant concentration, solution temperature, stirring speed and liquid-to-solid ratio on the % iron recovery from ilmenite. A three-layered (5:n:1) feedforward architecture of artificial neural network trained by the Levenberg–Marquard back-propagation algorithm were developed to model and predict the leaching process parameters. The batch dissolution study results reveal that examined process variables significantly affected the response variable. A maximum % iron recovery of 96.08% was achieved at 75 μm particle size, 1M acid concentration, 0.6M oxidant concentration, 75˚C solution temperature, 300rpm stirring speed and 30L/g liquid-to-solid ratio. A machine learning model, artificial neural network (ANN) results show the robustness of ANN model in capturing the nonlinear behaviour of the leaching system. The outcome of this study reveal that the unconventional lixiviant, HCl-KClO3 has the potential of leaching iron from ilmenite.
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Introduction
The world's growing need for metals and metallic compounds has made much research on the extraction of metals from ores necessary (Seyed-Ghasemi and Azizi, et. al., 2017). According to the Nigerian Extractive Industries and Transparency Initiative (NEITI) report, there are approximately forty different types of solid minerals and precious metals buried in Nigerian soil that are just waiting to be explored. These include molydenite, chalcopyrite, galena, sphalerite, quatz, pyrite, ilmenite, among others. Ilmenite, a black iron-titanium oxide with a chemical composition of FeTiO3, is a common accessory mineral found in igneous rocks, sediments, and sedimentary rocks worldwide (King, 2018). Iron frequently makes it difficult to produce TiO2 pigment from ilmenite ore. Given the growing scarcity of natural rutile, numerous studies have recently focused on the beneficiation of ilmenite into synthetic rutile (Okoye et al, 2019).

Pyrometallurgical and hydrometallurgical processes, or a mixture of both, are used to produce metal from any metal source, including ore, concentrate, and secondary sources (such as various industrial wastes including metals and scrap metals, etc.) (Ekmekyapar et al., 2015). Yakoumis et al. (2021) concluded that hydrometallurgical processes have the potential to become more widely used in industrial recycling through sustainable leaching design, which prioritizes gentler conditions, greener solvents, and high solid mass leaching due to the shortcomings of the pyrometallurgical process (Mvokwe et al., 2025). Iron removal from ilmenite has been well studied using hydrometallurgical methods, especially acid leaching. Because hydrochloric acid dissolves iron phases so well, it is frequently utilized (Sun et al., 2025). By dissolving target components in aqua regia and acids like HNO3, H2SO4, HCl, or basic solution when oxidizing agents are present, the hydrometallurgical method removes metals from solid matrices (Mvokwe et al., 2025). Slow kinetics and multi-stage dissolving behaviour linked to surface passivation effects frequently limit the leaching process. By encouraging oxidation reactions and minimizing surface passivation, the addition of oxidizing chemicals can improve iron dissolution even further. KClO3 was investigated as an oxidizing agent in this study.

Prior research has mostly concentrated on reductive leaching techniques or single-acid systems, paying little attention to oxidative systems like HCl–KClO3. A variety of methodological approaches, each with distinct strengths and limitations, have been employed to model and evaluate the effectiveness of lixiviants in different media. These approaches include, but are not limited to, the one-factor-at-a-time (OFAT) method, response surface methodology (RSM), and machine learning techniques such as the adaptive neuro-fuzzy inference system (ANFIS) and artificial neural networks (ANN). In the present study, both OFAT and ANN were adopted to investigate and predict leaching efficiency. The OFAT approach offers advantages in terms of simplicity, operational flexibility, and ease of analysis and interpretation. However, its principal limitation lies in its inability to capture interaction effects among process variables. This limitation is effectively addressed by the ANN model. ANNs possess strong nonlinear mapping and universal approximation capabilities, enabling them to represent complex relationships between input and output variables without prior specification of the functional form. Consequently, they are well suited for modeling highly nonlinear systems, including those exhibiting quadratic and higher-order interactions.

This research aims to determine the efficacy of a non-conventional binary solution, HCl-KClO3, as lixiviant, in the recovery of iron from ilmenite of Nigerian origin (Egon mine). To the best of the researchers’ knowledge, there is no published work that addressed this. 

Methods
Ilmenite used for this study was obtained from the northern part of Nigeria specifically in a mine in Egon town, Egon Local Government Area, Nassarawa state.  Ilmenite was thoroughly sorted to separate desired ore from extraneous materials by looking at its physical characteristics in order to increase the proportion of the intended mineral ore. The sorted sample was crushed and size reduced to different particle sizes using standard test sieve.  X-ray Fluorescence spectroscopy, X-ray Diffractometry and Scanning Electron Microscopy were conducted to investigate elemental, mineralogical and morphological properties of the mineral ore respectively. All chemicals used in this study were of analytical grade. The leaching tests were carried out in a 500 ml borosilicate glass reactor that was equipped with a condenser to keep the volume of the solution in the reactor constant throughout the duration of the experiment. For temperature and stirring speed control, the reactor setup was placed on a magnetic stirrer with a hot plate. To study the effects of particle size, acid concentration, oxidant concentration, solution temperature, stirring speed and liquid-to-solid ratio on leaching process, experiments were carried out in batches. Under predetermined experimental conditions, 2g of ilmenite was introduced to the reactor containing 100ml of the lixiviant. The magnetic stirrer agitated the solution at the set experimental condition in the design table. At the end of the set time, the solution was filtered using Whatman No. 1 filter paper. Iron concentrations in the supernatant solutions were analyzed using atomic absorption spectrometer (model FS 240AA) after suitable dilutions of the leach liquor.  

The percentage of metal dissolution into the solution from the mineral ore was calculated by the formula given in Equation (1):





Results and Discussion 
Characterization of Ilmenite
X-ray fluorescence (XRF), scanning electron microscopy (SEM) and X-ray diffractometeric (XRD) characterization results for Ilmenite of Egon mine origin has been earlier published in our work (Okoye et al, 2019). XRF result shows that titanium and iron are dominant elements while other elements appeared in traces. SEM result suggests that the mineral ore is highly crystalline with irregular shapes and rough edges. XRD result reveal that ilmenite exist mainly as FeTiO2. 

Effect of Acid Concentration
Figure 1 showed how the amounts of hydrochloric acid affected the rates at which the ores under study dissolved. According to the findings, iron dissolved up to about 67.22% in 150 minutes at concentrations as low as 1M, whereas the mineral dissolved up to about 80.11% at the same residence time and 4M. The figures clearly show that when acid concentration rises, so does the fraction of dissolved iron. When the acid concentration was increased from 3M to 4M, it was found that the effect was less severe. According to Olanipekun (1999), precipitation could be one of the reasons for the observation in this area. Therefore, the leaching of ores is significantly impacted by the leachant's concentration. The percentage of dissolved minerals increases with increasing HCl concentration, which may indicate that the concentration of hydrogen ions [H+] directly influences the rate of mineral dissolution. Adekola et al. (2018) and Baba et al. (2005) reported similar results.
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Effect of Oxidant Concentration
Fig 2 reveal the effect of oxidant (KClO3) on the leaching efficiency of ilmenite. The oxidant was varied between 0.15M to 0.60M at 1M acid concentration, 60˚C solution temperature, 75μm particle size, 20L/g liquid-to-solid ratio and 300rpm stirring speed. A relatively low leaching efficiency of 67.22% was observed for ilmenite ore prior to the addition of the oxidant. At 0.6M KClO3 81.09% was recorded for ilmenite. The visible difference in the leaching efficiency observed suggests that addition of the oxidants under investigation to hydrochloric acid have synergetic effect on the leaching rates of ilmenite. This may be due to the high oxidation potential of the selected oxidants which considerably contributes to increasing in the dissolution of the ore by partially converting the sulfide to elemental sulphur and subsequently to sulphate. Xian et al., 2012 recorded similar observations in their research, leaching chalcopyrite with sodium chlorate.













Fig 2: Effect of Oxidant Conc on %Fe dissolved

















Effect of particle size
The result on the effect of particle size on ilmenite dissolution in 1M HCl-0.6M KClO3 leaching media was investigated in the range of 75μm to 600μm at a temperature of 60˚C, 300rpm stirring speed and 20L/g liquid-to-solid ratio. The percentage mineral dissolved is plotted against different particle sizes of the ores as shown in Fig 3. The trend followed by the plot reveal an inversely proportional relationship between particle size and percentage copper, zinc and iron dissolved. The better performance recorded at finer particle sizes can be explained by the fact that smaller (finer) particles of the ground samples are associated with larger specific active surface area, thereby enhancing the samples’ exposure to the lixiviants. The results suggest that for larger particle sizes of the ores, the lixiviant molecules did not completely penetrate into the particle. Therefore, 75μm is the preferred ilmenite particle size for further experiments conducted. The findings indicated that the smaller particle size fraction result in a faster dissolution rate, which is consistent with the report presented by Feng et al 2015. 












Fig 3: Effect of Particle size on %Fe dissolved



















Effect of temperature
The result obtained as presented in Figure 4 depicts that the dissolution percentage of iron is dependent on the lixiviant temperature. While the leaching fraction of iron was generally below 50% at 30 °C after 150 minutes, it was increased to above 90% at about 75 °C. As the reaction temperature was further increased to 90 °C a negligible effect on the leaching fraction of iron was observed. In a similar research, Feng et al. 2015 concluded in their research that the reaction temperature significantly affected the dissolution rate at a lower temperature range. At a higher temperature the diﬀerence was not so great as to justify the greater energy consumption. To determine the other leaching parameters, 75 °C was chosen as the optimum leaching temperature.  The selection of 75 °C is also advantageous since it is lower than the boiling point of solution. By this way the leaching process will be more economic preventing the evaporation.










Fig 4: Effect of Temperature on %Fe dissolved

















Effect of stirring speed
The effect of stirring speed on the percentage leaching efficiency of the lixiviant was examined in the range of 100 to 500 rpm at 75μm ore particle size, 75˚C solution temperature, and 1M HCl/0.6M oxidant. Fig. 5 shows that leaching efficiency generally increased with increasing stirring speed; the increase in leaching efficiency was more noticeable between 100 and 300 rpm, above which the effect of increasing stirring speed was negligible (Wang et al., 2017). Agitation lowers the thickness of the liquid film generated around the ore particles, allowing the leaching reagent to diffuse more easily through the boundary layer to the particles' external surface (Ekmekyapar et al., 2014). As a result, increasing the stirring speed facilitates reactants diffusion from the bulk solution to the mineral surface, which increases the leaching rate (Ghasemi and Azizi, 2017). Above 300rpm, dissolution rate became almost independent of the stirring speed. This implies that the leaching process within this stirring speed (300 – 500rpm) is not controlled by film diffusion (Xian et al., 2012) but by chemical reaction (Deng et al., 2015). The stirring speed was then kept constant at 300rpm. Similar findings was also reported by Baba et al., 2005.  












Fig 5: Effect of stirring speed on %Fe dissolved

















Effect of liquid/solid ratio
Result of fraction of iron ore dissolved at various liquid-to-solid ratios is displayed in Figure 6. It is clear from the displayed figure that the more liquid-to-solid ratio was increased from 10L/g to 30L/g, the more ilmenite dissolution. Ilmenite in HCl-KClO3 recorded an increase from 88.02% to 96.08% at 150 minutes residence time. The selected liquid-to-solid ratios selected for the study did not saturate the lixiviant hence the trend followed by the plots. Upward review of the liquid-to-solid ratio is tantamount to increase in leachable particles per unit of the lixiviant. Similar finding was reported by Khawassek et al., 2016 in their research titled, ‘Kinetics of leaching process using sulfuric acid for Sella uranium ore material, South Eastern Desert, Egypt.’



Fig 6: Effect of liquid-to-solid ratio on %Fe dissolved










ANN modelling
Advanced modelling technique was employed to investigate relationship between the dependent and independent process variables in the leaching of iron from ilmenite using a binary lixiviants, HCl-KClO3. ANN was used to systematically model and predict the 27 point experimental runs of the one factor at a time. The ANN predicted response values are presented in Table 2. Figure 7 presents the ANN model which consists of five input layers, twelve hidden neurons and one output response. The input layers represent acid concentration, oxidant concentration, liquid-to-solid ratio, temperature and particle size while the output layer displays the % Fe Recovery. The leaching process was modeled using a feedforward artificial neural network (ANN) trained using the backpropagation algorithm with Levenberg–Marquardt optimization (trainlm). Stirring speed (SS) was held constant during modelling because its limited variation in the dataset could introduce multicollinearity, instability, and rank deficiency, thereby reducing model reliability. Fixing stirring speed allowed for a clearer assessment of the effects of key variables such as temperature, liquid–solid ratio, and particle size.
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Fig 7: ANN Model








The leaching data set was partitioned as training, validation and test sets. The partitioning was done to avoid over training and over-parameterization (Okoye et al., 2018). A total of 19 (70%) of experimental results were used to train the network. The remaining results (30%) were split between validation 4 (15%) and testing 4 (15%).
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Fig 8: ANN Regression Plots
























Fig 8 reveals the relationship between the outputs and targets for training, validation, test and All data sets. The closer the correlation coefficient values are to unity, the closer the linear fit between the output and the target variable. The high correlation coefficient values reveals that simulating the leaching process with ANN was satisfactorily achieved. Correlation coefficient values of 0.9871, 0.95826, 0.9192 and 0.97422 were recorded in Fig 8 for training, validation, test and all. This indicates strong correlation and sufficiently high model predictive capability for the investigated leaching system.
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Fig 9: ANN Performance Plot




















Fig 9 shows a plot of mean squared error (MSE) against epochs. It is observed that the model curves stabilized at 7 epoch iterations. The best validation performance (MSE) of 0.020845 was achieved at epoch 4. The observed trend in the plot suggests good fitting of the ANN modelling. The major ANN model properties are presented in Table 1.

Table 1: ANN model properties
	ANN Properties
	

	Input layer
	5

	Hidden layer
	12

	Output layer
	1

	Error Function
	Mean squared error

	Training algorithm
	Levenberg–Marquardt

	Training network
	Trainlm

	Total epoch iterations
	7

	Epoch stabilization
	4

	Data division
	dividerand
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Fig 10: 3-D Surface plots for (a) Temp vs LS  (b) PS vs Temp  (c) PS vs LS on % Fe Recovery 

(a)
(b)
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Figures 10 a, b and c depict the interaction between solution temperature and liquid-to-solid ratio, particle size and temperature and particle size and liquid-to-solid ratio respectively It is seen from the plots 10 a and b that upward review of solution temperature against liquid-to-solid ratio and particle size resulted to increase in Yield (%Fe Recovery). Approaching 75˚C, a milder effect on the response was observed. The directly proportional relationship of solution temperature on the response may be as a result of increase in kinetic energy of the system which in-turn increased the 

rate of collision (molecular interactions) of the reacting molecules. 3-D surface plots pictured in Figures 10 a and c the upward review of liquid-to-solid ratio versus temperature and particle size for the leaching of ilmenite in HCl-KClO3.  The yield increased as liquid-to-solid ratio increased over temperature and particle size value range of  the study. This could be as a result of unsaturation of the lixiviants.

Table 2: Experimental and ANN predicted data
	S/N
	AC
	OX
	LS
	SS
	TEMP
	PS
	%Fe Recovery
	Predicted
	Residual

	1
	1
	0.6
	20
	300
	60
	600
	68
	68.01
	-0.01

	2
	1
	0.6
	20
	300
	60
	300
	72
	67.53
	4.47

	3
	1
	0.6
	20
	300
	60
	150
	77
	76.9
	0.1

	4
	1
	0.6
	30
	300
	75
	75
	96
	95.67
	0.33

	5
	1
	0.6
	25
	300
	75
	75
	93
	92.79
	0.21

	6
	1
	0.6
	20
	300
	75
	75
	91
	90.63
	0.37

	7
	1
	0.6
	20
	100
	75
	75
	88
	90.63
	-2.63

	8
	1
	0.6
	20
	200
	75
	75
	90
	90.63
	-0.63

	9
	1
	0.6
	20
	300
	75
	75
	91
	90.63
	0.37

	10
	1
	0.6
	20
	400
	75
	75
	90
	90.63
	-0.63

	11
	1
	0.6
	20
	500
	75
	75
	91
	90.63
	0.37

	12
	1
	0.6
	20
	300
	75
	75
	91
	84.01
	6.99

	13
	1
	0.6
	15
	300
	75
	75
	89
	89.11
	-0.11

	14
	1
	0.6
	10
	300
	75
	75
	88
	88.15
	-0.15

	15
	1
	0.6
	20
	300
	60
	75
	81
	84.01
	-3.01

	16
	1
	0.6
	20
	300
	60
	75
	91
	84.01
	6.99

	17
	1
	0.6
	20
	300
	60
	75
	81
	84.01
	-3.01

	18
	1
	0.6
	20
	300
	45
	75
	69
	68.82
	0.18

	19
	1
	0.6
	20
	300
	30
	75
	48
	47.98
	0.02

	20
	1
	0.45
	20
	300
	60
	75
	74
	78.49
	-4.49

	21
	1
	0.3
	20
	300
	60
	75
	71
	70.91
	0.09

	22
	1
	0.15
	20
	300
	60
	75
	62
	66.59
	-4.59

	23
	1
	0
	20
	300
	60
	75
	67
	67.02
	-0.02

	24
	1
	0
	20
	300
	60
	75
	67
	67.02
	-0.02

	25
	2
	0
	20
	300
	60
	75
	73
	72.99
	0.01

	26
	3
	0
	20
	300
	60
	75
	77
	76.94
	0.06

	27
	4
	0
	20
	300
	60
	75
	80
	79.87
	0.13
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Conclusion
This research has successfully investigated the influence of process variables:  particle size, acid concentration, oxidant concentration, solution temperature, stirring speed and liquid-to-solid ratio on the leaching of iron from ilmenite sourced from Egon town in the northern part of Nigeria using a binary leachant (HCl-KClO3). The investigated process variables had various levels of influence on the process variable. Considering the coefficient of determination values obtained, artificial neural network used to model and predict the leaching system is robust to capture the interactive relationship between the dependent and independent variables. It can be concluded from the results obtained that the unconventional leachant employed in this study can be used for iron recovery from ilmenite.
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Fig 1: Effect of acid concentration on %Fe dissolved




