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Abstract: The importance of exploiting 

mineral resources has grown significantly in 

developing countries, including Nigeria, as a 

result of excessive reliance on revenue 

generated from oil and gas exports and 

insufficient attention given to exploring solid 

minerals. This study focused on investigating 

the leaching kinetics of a Nigerian cassiterite 

ore in hydrochloric acid. The raw ore and 

leached residue were subjected to EDXRF 

analysis to determine chemical composition, 

SEM imaging to assess morphological 

structure and photomicrograph, and XRD for 

mineralogical analysis; The effects of 

hydrochloric acid concentration, agitation 

speed, temperature and particle size on the 

dissolution rates of the ore were examined. 

The findings revealed that agitation speed, 

temperature and concentration of 

hydrochloric acid positively influenced the 

leaching rate of the cassiterite ore. However, 

the leaching rate decreased with an increase 

in particle size. Under optimal leaching 

conditions (HCl 2.0 mol/L, 75°C, 45 µm, 400 

rpm, 120 min.), approximately 87% of the ore 

reacted within 120 minutes. The reaction 

order was calculated to be 0.58, while the 

activation energy was evaluated as 23.72 

KJ/mol from the dissolution data. Therefore, 

the findings find relevance in the design of 

industrial plants for beneficiation of tin ore; 

towards boosting sustainable and efficient 

methods for tin recovery from its ore, and 

boosting Nigeria's foreign reserves.    
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1.0 Introduction 
 

Nigeria is blessed with a lot of mineral 

resources, which have greatly contributed to 
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the national wealth with associated socio-

economic benefits. About 80% of tin mined 

in Nigeria is from secondary deposits found 

downstream (tin placer deposits) and derived 

from primary tin lodes and granitic rocks 

(Ebikemefa, 2020; Lehmann, 2021). Tin is 

formed as the primary deposit in the granite 

rock and at the touching area of metamorphic 

rock (associated with tourmaline and quartz 

tin veins), as well as a secondary deposit in it, 

consisting of alluvium, alluvial, and 

colluvium sediment (Adiputra et al., 2020).  

 Cassiterite is the most important tin ore, it 

occurs in the form of a stannic oxide (SnO2) 

with varying colours: black, brown, reddish-

brown, or greyish-white is an important ore 

from which pure tin can be economically 

extracted (Wang et al., 2022). This colour 

variation could be due to the presence of iron 

as the major gangue in combination with 

other impurities such as tantalum, tungsten, 

and niobium (Bulatovic and Silvio, 2000). 

The purification of concentrates stands as the 

exclusive industrial implementation of 

hydrometallurgy within the realm of tin ore 

and concentrate processing. A pressing 

demand has arisen for meticulous qualitative 

and quantitative assessment of various solid 

minerals found in Nigeria. This serves as an 

indicator of their prospective industrial and 

economic applications. Such evaluations are 

poised to boost the Nigerian economy and 

establish a methodology for their efficient 

extraction. This study presents the kinetics of 

tin extraction through the hydrometallurgical 

process towards the desire to design 

economically viable extraction schemes. 

Hydrothermal extraction has been widely 

implemented in the extraction of tin from its 

ore or the recovery or from a leaching residue. 

For example, Wang et al. (2022) adopted the 

method to recover tin from zinc-leaching 

residue and obtained a recovered efficiency 

of 99.8%. The leaching was performed by 

using 24 g/L of oxalic acid in 0.05 mol/L 

H2SO4 at 60 C for 30 minutes. Rodlliya et al. 

(2021) also observed 93.2% recovery 

efficiency from the leaching of zinc from its 

ore. The leaching was achieved through wet 

chlorination using HCl. They observed that 

the leaching is temperature and time-

dependent and also demonstrated that the 

leaching process can also be achieved without 

H2O2.  Kamberovic et al. (2018) developed a 

successive hydrometallurgical route for the 

selective recovery of base and precious 

metals including Sn and recorded efficiency 

of about 89%. Many studies on the 

hydrometallurgical recovery of Sn within 

Nigeria has not been well documented. Since 

such data can furnish information concerning 

metallurgy and subsequent application, this 

study is advocated.  
 

2.0 Materials and Method  

2.1 Materials  
 

The cassiterite sample from Jibia Local 

Government Area Katsina State, Nigeria was 

obtained from the Ministry of Resource 

Development, Katsina, Katsina State. The 

sample was taken selectively, crushed and 

sieved into three different particle diameters 

45, 75, and 100 µm respectively. Distilled 

water was used in all experiments. 
 

2.2 Leaching procedure  
 

The dissolution experiments were carried out 

in a 250 ml Pyrex glass reactor, placed in a 

temperature-controlled water bath set at a 

given temperature (25°, 40°, 55°, 65°, and 

75°C) and a given time (5, 10, 30, 60 and 120 

minutes) equipped with a mechanical 

agitator, and a cooler to avoid loss of solution 

through evaporation. For each run, 10 g/L of 

the pulverized ore was added to the solution 

at a defined lixiviant concentration. The 

cassiterite ore dissolution rate with HCl 

solution at different concentrations (0.1mol/L 

-2.5mol/L) and desired temperature at varied 

time intervals (5–120 min) was carried out. 

The lixiviant concentration which gave the 

maximum dissolution efficiency was used for 

the optimization of other leaching parameters 

such as reaction temperature, particle size and 

agitation speed. The weights of the residue 

products were measured and the percentage 

of the dissolved cassiterite ore was calculated 

using the formula shown in Equation 1 
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𝐷𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (%) =
𝑚𝑖− 𝑚𝑟

𝑚𝑖
 ×

100

1
   

     (1) 

where mi is the initial mass, mr is the mass of 

the residue. The activation energy, Ea and 

constants were evaluated from the Arrhenius 

plots. In all cases, the fraction of the 

cassiterite ore reacted, α, was calculated from 

the initial difference in weight of the amount 

reacted or unreacted at various time intervals 

up to 120 minutes after being oven-dried at 

about 60 oC. The material purity of the 

residual product at optimal (75oC and 400rpm 

in 2.0mol/L HCl) was identified by a 

powdered X-ray diffractometer (XRD). 
 

3.0 Results and Discussion  

3.1 Ore analysis  
 

The elemental chemical analysis by energy-

dispersive X-ray fluorescence (EDXRF) 

analysis using MINI PAL 4 Spectrometer at 

particle fractions 45 μm shows the presence 

of eight major elements, which include 

46.94% SnO2, 20.65% TiO2, 17.79% Fe2O3, 

4.95% SiO2, 2.42% Al2O3, 1.56% Ta2O5, 1.47 

% MnO, and 1.43 % Nb2O5. Other 

compounds detected occurring at low to trace 

levels included 0.81% CaO, 0.54% P2O5, 

0.39% ZrO2, 0.21% K2O, 0.18% Cl, 0.17% 

CdO, 0.13% WO3, 0.10% SO3, 0.09% Y2O3, 

0.07% CeO2. 
 

3.2   Mineralogical analysis 
 

 

The mineral purity test by X-ray diffraction 

(XRD) affirmed admixture of Cassiterite 

(Sn2.00O4.00: 96-900-7434), and ilmenite 

(Fe6.00 Ti6.00 O18.00: 96-901-0914) as major 

compounds present in cassiterite ore before 

acid treatment (Fig. 1). 

v Photomicrography revealed, brecciated 

mineral grains; it contains cryptocrystalline 

quartz (SiO2), cassiterite (SnO2), and tantalite 

[(Fe, Mn)Ta2O6].  
 

 
Fig.1  X-Ray diffraction pattern of raw cassiterite ore showing the presence of (1) SnO2 

(cassiterite) {96-900-7434}, (2) FeTiO3 (siderite) {96-901-0914} as identified with the Joint 

Committee on Powder Diffraction Standard file number. 

           
Fig 2: Photomicrograph of Tin ore under (a) Plane polarized light (PPL) and (b) Crossed 

polarized light (XPL) showing (Q) =Quartz, (CAS) =Cassiterite, and (TAN) =Tantalite, 

Mag. =X100 
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3.3 Surface morphology 
 

The surface morphology of the raw cassiterite 

ore was analysed with scanning electron 

microscopy  leaching. The morphology of the 

raw cassiterite ore shows agglomerated 

particles of various sizes and shapes. The 

semi-quantitative EDS analysis of the 

cassiterite ore is mainly composed of 70.05% 

Sn, 17.25% O, 3.00% C, 2.30% Se, 1.20% Cl, 

and 6.20% SiO2. 

 

   
Fig 3 - SEM micrograph of the raw cassiterite ore 

 

3.4  Leaching studies 

3.4.1 Effect of variation of HCl 

concentration 
 

By using 45μm particle size at 200 rpm, the 

effect of HCl concentration (0.1-2.5 mol/L) 

on the dissolution of the cassiterite ore at 55 
oC in 5-120 minutes is presented in Fig. 4. 

Dissolution of the cassiterite was highest by 

using 2.0 mol/L HCl concentration. 

Increasing the lixiviant (HCl) concentration 

appreciably increased the ore dissolution 

using 0.1 mol/L HCl solution up to 2.0 mol/L. 

By using 0.1 mol/L HCl, 26% of the ore 

reacted, while 57% reacted with 2.0 mol/L 

HCl solution within 120 min. Additionally, 

when the concentration of hydrochloric acid 

was increased to 2.5 mol/L, the ore 

dissolution decreased, reaching 54% after 

120 minutes. This could be related to the 

precipitation phenomenon at higher lixiviant 

concentrations, as described by Baba et al., 

(2020). 

The associated compounds in the cassiterite 

become more stable and require high energy 

to dissolve (Lalasari et al., 2020). So, the 

cassiterite (SnO2) dissolves in HCl solutions 

by forming a stable H2(SnCl6) complex. 

Therefore, the possible dissolution reaction of 

cassiterite ore by hydrochloric solution is 

consistent with the following stoichiometry: 

SnO2(s) + 6HCl(aq) → H2(SnCl6) (aq) + 2H2O (aq)  

 
 

         

 
 
Fig.4 Effect of [HCl] on the dissolution of 

cassiterite at different leaching times 

Experimental conditions: [HCl] = 0.1–2.5 

mol/L, reaction temperature = 55 °C, particle 

size = 45 μm, solid-to-liquid ratio = 10 g/L 
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3.4.2  Influence of Agitation Speed 
 

At 75 oC and various time intervals (5-150 

min) in 2.0 mol/L HCl with 45 µm particle 

size, the effect of agitation speed (100–600 

rpm) on the dissolution of tin ore evaluated is 

depicted in Fig. 5. Agitation establishes a 

homogeneous suspension that allows for 

effective mass transfer of the reactants.  Tin 

dissolution increases slightly from 5 to 120 

minutes as agitation speed increases from 

100–600 rpm. The leaching reached optimum 

condition at 400 rpm, reducing the influence 

of liquid film boundary diffusion. Further, a 

minor decrease was observed when the 

agitation speed was set to 500 and 600 rpm. 

This could be linked to the instabilities of the 

cassiterite ore's contact area (Regna and 

Yusdianto, 2020). 
 

 
Fig.5 Effect of Agitation speed on the 

dissolution of cassiterite at different leaching 

times (Experimental conditions: [HCl] 

2.0mol/L Agitation speed= 100–600 rpm, 

reaction temperature = 75 °C, particle size = 45 

μm, solid-to-liquid ratio = 10 g/L) 
 

3.4.3  Effect of variation of temperature 
 

From Fig. 6, at the optimum concentration of 

2.0 mol/L HCl, 45µm particle size and 400 

rpm, the impact of temperature (25 to 75 oC) 

at leaching time of 5-120 min indicated that 

the dissolution rate of tin increases with 

increase in temperature.  

The dissolution rate of tin after 120 minutes 

reaches 18% and 87% at 25 and 75 oC, 

respectively. The dissolution rate is larger at 

75 oC due to the acceleration of the mass 

transfer coefficient and diffusivity at higher 

temperatures, which improves the tin 

leaching rates (Lee et al., 2015). 

This is consistent with the idea that when a 

substance is heated, particles acquire more 

kinetic energy and collide more frequently, 

accelerating the rate of reaction (Liu et al., 

2010; Baba et al., 2017).  

3.4.4  Effect of variation of particle size 
 

From Fig. 7, by using the particle sizes (45 

µm 75µm and 100µm), 2.0mol/L HCl 

solution at 75 oC and 400 rpm; at 2.0 mol/L 

HCl and 120 minutes 68%, 75%, and 87% of 

the ore reacted with particle sizes of 100, 75 

and 45µm respectively. Variations in particle 

size can have a significant impact on the 

efficiency of tin ore dissolution. 

  
Fig. 6 Effect of temperature on the dissolution 

of cassiterite in HCl leaching 

(Experimental conditions: [HCl] = 2.0 mol/L, 

Agitation speed = 400rpm, reaction 

temperature = 25–75 °C, particle size = 45 μm, 

solid to-liquid = 10 g/L) 
 

 

 
Fig.7 Effect of particle size on the 

dissolution rate of cassiterite ore 

(Experimental conditions: [HCl] = 2.0 

mol/L, Agitation speed= 400rpm, reaction 

temperature = 75 °C, solid-to-liquid = 10 

g/L) 
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3.5  Dissolution kinetics analysis 
 

The unreacted-core model can be used for 

kinetics calculations because insoluble 

gangue minerals covering the unreacted 

cassiterite surface form an ash layer. 

However, the rate-determining step may be 

one of the following three steps: (1) diffusion 

through the liquid film surrounding solid 

particles; (2) diffusion through the ash/inert 

solid layer; and (3) chemical reaction on the 

unreacted core surface. The simplified 

equations of the shrinking core model when 

liquid film diffusion, ash/inert solid layer 

diffusion, or the surface chemical reactions is 

the slowest step can be expressed by 

stoichiometries as summarized (Raji et al., 

2020): 

For a surface chemical reaction controlled 

process, the equation that applies is: 

( ) tkB 1
3

1

11 =−−     (2) 

where  
PR

bkC
k Ab=1 , k is the reaction rate (ms-

1), CAb is the concentration of A in the bulk of 

the fluid (mol/m3), P is the molar density of B 

(mol/m3), R is the radius of the solid particle 

(m), t is time (s), and αB is the fraction of B 

reacted. 

For an internal diffusion-controlled process, 

the equation that applies is: 

( ) tkBB 2
3

2

1
3

21 =−−−     (2) 

where 
22

6

PR

CbD
k Abo= , Do is the effective 

diffusion coefficient of A through the product 

layer (m2s-1) For a mixed controlled process, 

the following equation holds: 

( ) ( ) ( )  tkBBB 3
3

2
3

1

1211
6

1
11 =−−+−+−− 

     (3) 

To determine the most fitted controlling 

mechanisms during tin ore dissolution, Sn-

concentration data in the suggested equations 

(1 – 3) were employed in the treatments of the 

dissolution kinetic data results obtained. 

Consequently, the experimental data obtained 

from Fig 4 and 5 were appropriately subjected 

to equations (1 – 3) to determine the reaction 

order and activation energy for kinetic 

assessment through relevant Arrhenius plots. 

During the preliminary trials with the two 

appropriate models, it was found that only the 

shrinking core model equation (2) fitted 

perfectly into the dissolution data with the 

average correlation of R2 = 0.9851 > R2 = 

0.628, 0.7997 by using equations (1) and (3) 

models respectively.  

Hence, in this investigation, the diffusion 

equation model (2) was used subsequently in 

the treatment of dissolution results.  

For example, the dissolution data in Fig 4 

were treated with equation (2) to obtain Fig 7.  

 

 Fig.  8: Plot of ( ) 3
2

1
3

21  −−−  vs. leaching time (min.) at different HCl concentrations 

The experimental rate constants, k1, were 

determined from the slopes in Fig 7 and the 

plots of ln k1 vs. ln [HCl] were made as shown 

in Fig 9. 

The slope of the resulting plot (Fig 9) 

indicates that the reaction order is 0.5892  1 

with respect to H+ ion, for HCl concentration 

≤ 2.5 M. Also, Fig 6 was linearized with the 

relation ( ) 3
2

1
3

21  −−−  versus time at 

different temperatures, as shown in Fig 10.  
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Fig. 9: Plot of lnk1 vs. ln [HCl] 

  

 

Fig. 10: Plot of ( ) 3
2

1
3

21  −−−  versus leaching time (min.) at different temperatures 

According to Baba et al. (2017), diffusion-

controlled heterogeneous reactions are 

modestly temperature-dependent, whereas 

chemically controlled processes are 

substantially temperature-dependent. The 

activation energy of a diffusion-controlled 

process is often less than 40 kJ/mol, whereas 

the activation energy of a chemically 

controlled reaction is typically larger than 40 

kJ/mol. As a result, the activation energy of a 

leaching reaction can be utilized to forecast 

the process's rate-controlling step. Also, the 

temperature dependence of the specific rate 

constant can be estimated from the Arrhenius 

expression: 

𝑘 = 𝐴𝑒−𝐸𝑎/𝑅𝑇   (4), 

A is the frequency factor; k is the specific rate 

constant; Ea is the activation energy (Jmol-1); 

R is the universal gas constant (8.314 Jmol-

1K-1) and T is the absolute temperature. 

(K).Hence, equation (4) was linearized to 

obtain equation (5): 

ln 𝑘 = 𝑙𝑛𝐴 −
𝐸𝑎

𝑅𝑇
  (5) 

The activation energy for the process of 

transforming the sample from the solid phase 

into solution can represent the basic 

phenomenon behind the kinetics of tin ore 

dissolution in HCI solution. The activation 

energy, Ea, estimated from the slope of Fig 11 

for the dissolution process was 23.72 kJ/mol, 

indicating the diffusion-controlled reaction 

mechanism as the rate-determining step 

(Baba et al., 2020; Xuin et al., 1986).  

Also, the  positive value of 23.72 kJ/mol 

indicates that tin ore dissolving in HCI 

solution is favoured by increasing 

temperature, agitation speed, hydrogen ion 

concentration, and decreasing particle size.  
 

3.6 Residual product analysis 
 

The result of XRD analysis relating to the 

leached residue is presented in Fig. 12. From 

Fig. 12, the peaks of SnO2 (cassiterite) 

disappeared when compared to the XRD 

spectral in Fig. 1. This result shows that the 

cassiterite ore had been leached by using 

hydrochloric acid as lixivant. The SEM 

images of the leached residues with a 
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diameter of 45 μm at 75 oC by 2.0 mol/L HCl 

are presented in Fig. 13. The morphology of 

the leached cassiterite ore reveals a nodular 

shape whisker with an oval shape. Hence, the 

EDS pattern as shown in Fig. 11 gave C (5.2 

wt%), O (5.3 wt%), Fe (11.2 wt%), K (25.2 

wt%), and Si (33.17 wt%) respectivel

 
Fig.  11: A plot of ln k versus 1/T(K-1). 

 

   
Fig. 12 X-ray diffraction spectrum of the leached product at optimal leaching conditions 

 
Fig 13: SEM images of leached HCl product of the cassiterite ore at optimal conditions 

HCl = 2.0 mol/L, 75°C, 45 µm, 400rpm, 120 min.)
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4.0 Conclusion  
 

The elemental analysis of the ore by X-ray 

fluorescence (XRF) showed that the 

cassiterite mineral used in this study contains 

46.94% SnO2, 20.65% TiO2, 17.79% Fe2O3, 

4.95% SiO2, 2.42% Al2O3, 1.56% Ta2O5, 1.47 

% MnO, 1.43 % Nb2O5. Other compounds 

detected occurring at low to trace levels 

include 0.81% CaO, 0.54% P2O5, 0.39% 

ZrO2, 0.21% K2O, 0.18% Cl, 0.17% CdO, 

0.13% WO3, 0.10% SO3, 0.09% Y2O3, 0.07% 

CeO2. The XRD analysis confirmed the 

originality of cassiterite (Sn2.00O4.00: 96-900-

7434), and ilmenite (Fe6.00 Ti6.00 O18.00: 96-

901-0914) as major compounds present in 

cassiterite ore.  

The dissolution rate of tin had the optimal 

conditions: 2.0 mol/L HCl, 45 μm particle 

size, 75°C reaction temperature, and 400 rpm 

agitation speed, yielding approximately 87% 

tin within 120 minutes. 

The dissolution of the cassiterite is controlled 

by diffusion kinetics. The activation energy 

was 23.72kJ/mole and the reaction order 

concerning the concentrations of 

hydrochloric acid is 0.58. EDS and phase 

analyses of the residues provided evidence 

that cassiterite was completely dissolved in 

hydrochloric acid under optimal conditions. 

Therefore, these findings contribute to better 

understanding the leaching behaviour of 

cassiterite ore in hydrochloric acid; providing 

insights for the development of efficient 

extraction processes in the mining industry. 
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