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Abstract: Tin species were studied from Makundju ores in DRCongo. The identification of tin species 
released in aqueous solution during leaching of solids from the alkaline smelting (NaOH-KOH) was 
done to prepare added-value mining products on tin ores mined in the eastern DR Congo. Prior to 
alkaline fusion to have the smelting products (SP), the initial sample (IS) was processed for tests and 
characterization of tin species. Alkaline fusion in molten KOH-NaOH system was used and leached 
solution was considered for further analyses. Various physicochemical techniques including X-ray 
fluorescence spectrometry (XRF), scanning electron microscopy (SEM), X-ray diffraction (XRD), 
thermogravimetric analysis (TGA) and FTIR spectroscopy were used to characterize the initial ore and 
the molten cake. Water leached cake solution at a solid/liquid ratio of 1:10 was used to identify and 
characterize tin species. ICP-OES analysis of the pH 11.9 solution revealed a content of 4506.3 ppm, 
which is equivalent to a 95.87% leaching yield. Such yield attests to the stable Sn(OH)!(#$)	'( ion as 
confirmed by UV-Vis. Crystallizations of M'Sn(OH)!()) (M = Na and/or K) was studied using XRD, 
FTIR and TGA. As pH decreases below 9,		Sn(OH)!	(#$)'(  ion changes to other tin species such as 
Sn(OH)*	(#$)( , Sn(OH)+	(,), Sn(OH)-	(#$). , Sn(OH)'	(#$)'. , Sn(OH)(#$)-.  and Sn(#$)+. . The stability of each the tin 
species was determined at different pH values in aqueous solution. Hence, alkaline 
hexahydroxostannate nanoparticles, used in many electronic applications, can be produced from tin 
ores. 
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1. Introduction 

Tin and its oxides are widely used materials due to properties such as a high degree of transparency in 
the visible spectrum, strong physical and chemical interaction with adsorbed species, low operating 
temperatures, and high thermal stability in air (up to 500°C) (Armor, 1995; Bordignon, 2009).  

Stannous oxide (romarchite, SnO) and stannic oxide (cassiterite, SnO2) are the main two types of 
oxides as they contain tin in oxidation states of +2 and +4 repectively. SnO2 is more stable and used in 
optoelectronic devices, electrodes for lithium-ion batteries, solar cells, transistors and gas sensors to 
detect combustible gases (Torre-Abreu et al., 1997). Cassiterite is also used in the manufacture of 
apparatus and pipes for the food industry, alembic lids, refrigeration apparatus, industrial tanks, 
welding rods, ornamental or table crockery, toys, organic pipes, etc. (Torre-Abreu et al., 1997). In ores 
from Makundju (DR Congo), cassiterite is the predominant mineral (Akilimali, 2016). 

The metallurgical extraction of tin is difficult, due to the impurities (iron and silicon) that accompany 
it in various types of its ores (Grant, 2001). The extract tin, its pyrometallurgical and hydrometallurgical 
processes are set according to the mineral composition of the ore (Gostishchev et al., 2008 Habashi, 
1997).  

http://www.minproc.pwr.wroc.pl/journal/
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However, there are challenges associated with pyrometallurgical techniques including excessive 
energy consumption (Banasik, et al., 2022) and the formation of certain insoluble compounds of iron 
and silicon after melting at high temperatures (El Deeb et al., 2015; Zijian et al., 2017).   

Nevertheless, several routes have been proposed although they could not go beyond the laboratory 
scale (Fecko et al., 2011; Cheng et al., 2011; Jha et al., 2012; Havilik et al., 2011). On one hand, direct 
leaching under severe conditions (high temperature and sometimes high pressure) has been proposed 
in media such as HCl and Na2S. On the other hand, acid-soluble tin oxide was obtained after leaching 
with an oxidizing reagent for removal of sulfur, followed by reductive melting at 1300-1400°C (Pearson 
et al., 1977; Xuan., 2022). 

Other researchers carried out industrial-scale smelting trials of tin ores in the temperature range of 
850 -1000°C, using magnetite or the NaCO3-NaNO3 mixture in a CO-CO2-rich atmosphere (Ayeni et al., 
2013; El Deeb et al., 2015; Zhang et al., 2016). However, tests resulted in numerous problems such as a 
higher melting temperature, longer melting time and significant leakage of tin through volatilization 
(Yang et al., 2023). 

To address issues related to the melting temperature and improve tin leaching yield, Yuma et al 
(2020) subjected to leaching solids from the alkaline (NaOH-KOH) smelting of a tin concentrate mined 
at Kalima, in the eastern DR Congo. The tin leaching yielded 96% when the smelting was conducted at 
350°C for 90 minutes, with the mass ratio tin concentrate/(NaOH- KOH) set a 1:5. For this purpose, 10 
g of melt was stirred for 30 minutes in 100 ml of water at room temperature. 

To extract tin from leaching solution, identification and characterization of tin species present under 
different thermodynamic conditions need to be considered.  

The present research used an aqueous leach solution of residus collected from alkaline smelting of a 
tin concentrate from the Makundju site (DR Congo). The identification of in species released during the 
leaching process was achieved by techniques such as XRF, ICP-OES, XRD, UV-Vis, FTIR, TGA and SEM-
EDS analysis. These studies offered possibilities of ores conversion into tin nanoparticles that would 
significantly improve the optical and electrical properties of semiconductor thin films. 

2. Materials and methods 

2.1. Sample description 

Makundju site (DRC) was used for collection of tin ores. About 15 kg of samples were collected at 5 
locations of the site and mixed for good representativity. This constituted the Initial Sample (IS) from 
which smaller amounts were used for each study. This quantity was sufficient for all tests  

For better liberation of recoverable minerals, this dry sample was ground to a particle size of 75 µm 
(Shengo, 2013) using a vibro-grinder coupled to a vibro-screening (Jayant Scientific ind), and then 
distributed according to the types of analyses and tests. 

2.2. Sample analysis 

2.2.1. Chemical analysis 

Solid samples were analyzed by an Olympus X-ray fluorescence spectrometer (XRF) and liquids by a 
Spectro-Arcos Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES). 

For XRF measurements, the sample should further be pulverized, homogenized and pressed into a 
pellet. The sample trays were placed in the autosampler so that the cards bearing the tray number faced 
the spectrometer. 

The analytical solution was obtained after filtration of the water leach solution of ore melts with 
NaOH (Rochelle chemicals, 99%)-KOH (Ace,85%). Prior to sample analysis, interference corrections 
were established and an initial demonstration of instrument performance was documented and kept on 
file. 

2.2.2. Mineralogical analysis 

Ground and dried solids were analyzed by D2PHASER-Bruker AXS X-ray Diffractometer (XRD), Zeiss 
Sigma Scanning Electron Microscope coupled to an energy dispersive spectrometer (SEM-EDS), Nicolet 
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Apex Fourier Transform Infrared Spectrometer (FTIR) and PerkinElmer 4000 Thermogravimetric 
Analyzer (TGA) to identify mineral species; while filtered leach solutions were analyzed by Specord 
Plus UV-Vis spectrophometers for species present in ionic and complex forms. 

2.3. Tin ore sample roasting and smelting 

 The tin ore sample was first roasted in a crucible for 3 hours at 700°C to concentrate the cassiterite and 
remove volatile material (Lalasari et al., 2018). The roasted sample (RS) was then subjected to smelting 
in presence of analytical-grade NaOH and KOH. The tin ore RS was added to equal amounts of NaOH 
and KOH (as flux) to prepare a mixture with a sample-flux mass ratio of 1:5 (10g RS + 25g NaOH + 25g 
KOH). This mixture was dried in the oven at 105°C for 3 hours; it was poured into a porcelain crucible 
and placed in the electric oven for melting at 350°C for 1.5 hours (Yuma et al., 2020). The smelting 
products (SP) were left to cool in a closed vessel at room temperature prior to chemical, mineralogical 
and thermogravimetric analyses. 

2.4. Leaching of solids from the smelting of tin ore 

10 g of SP were placed in a 500 ml beaker and leached at room temperature through stirring (300 rpm) 
for 60 minutes, using 100 ml water as solvent. Filtration enabled separating filtrate and residues (LR) 
that were washed using distilled water before drying and chemically assayed to determine the leaching 
yield of tin. The filtrate was subjected to chemical analysis to identify released tin species in solution as 
well as for pH measurements. Afterward, the filtrate pH was modified through addition of HCl or 
NaOH, depending on the initial value to study its effect on tin species in solution. Consequently, before 
and after each addition of HCl or NaOH, pH and tin species were determined using a pH meter and an 
inductively coupled plasma atomic emission spectrometer (ICP-OES), respectively. The leaching yield 
of tin was determined using the following formula:   

LY	/	(%) = 	
(0!".2!"(	0#$.2#$)

0!".2!"
. 100                                                      (1) 

where LYE   is the leaching yield of the chemical element in percents; MSP is the smelting product mass 
in grams, CSp the chemical element content in the smelting product in percents, MLR the leaching 
residues mass in grams and CLR the chemical element content in leaching residues in percents. 

2.5. Tin species crystallization and identification 

The crystallization of tin species was carried out through pH adjustment of 100 ml of the supernatant 
liquid (filtrate) collected from the leaching of the tin ore smelting products.  Water was slowly thermally 
evaporated (105°C) for 72 hours (Biscans, 2020) to get crystals which were identified through chemical 
(XRF), mineralogical (XRD, FTIR) and thermal (TGA) analyses. 

3. Results and discussion 

3.1. Sample analysis results 

XRF spectroscopy on the initial sample (IS) and the roasted sample (RS) yielded the results shown in 
Table 1. IS was characterized by elemental content, while RS was characterized by oxide content 
(Kaminski, 2001). 

Table 1 shows that IS contains tin in large amount (Sn,69.31%). IS isassociated with impurities such 
as Ca, K, Fe, Si and Ti. The RS contains more SnO2 (88.64%) than the other oxides including CaO, K2O, 
Fe3O4, SiO2 and TiO2. 25.03% represented all other trace elements not listed in the table, while 1.74% 
represented other oxides. 

A positive Loss on ignition (LOI) of 1.17% was also observed in RS.; This could be attributed to 
dehydration, desulfurization and decarbonation. This may also explain the non-gain in weight linked 
to oxidation from FeO to Fe2O3 (CWEA, 2017). Thus, calcite would have been the precursor of CaO after 
this decarbonation. SnO may undergo evaporation during the roasting process according to the 
observations of Lalasari et al. (2018). 

Mineralogical analysis by XRD of the two samples, IS and RS, yielded the spectra shown in Fig. 1. 
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Table 1. Chemical elements contents (%) in investigated samples  

 Unit Sn Nb Ta Ti Fe Mn Ca K Si S Others LOI 

IS % 69.31 0.08 0.03 0.2 1.04 0.06 2.39 1.57 0.25 0.04 25.03 
  Unit SnO2 Nb2O5 Ta2O5 TiO2 Fe3O4 MnO2 CaO K2O SiO2  Others 

RS % 88.64 0.13 0.10 0.35 1.74 0.11 3.40 1.95 0.66  1.74 1.17 
LOI: Loss on ignition 

 
Fig. 1. XRD patterns of IS and RS samples 

Spectral analysis based on the literature (Rangel et al., 2011; Floriano et al., 2014; Palanisamy et al., 
2019; Clavier, 2015; Marinho et al., 2014; Janardhan et al., 2018; Buscail 2018; Namwong et al., 2010; Zhao 
et al., 2016; Miao et al., 2017; Thriveni et al, 2014) have revealed six (6) common minerals, namely 
cassiterite (a), rutile (b), ilmenite (c), quartz (d), orthoclase (g) and anorthite (h). The goethite (e), 
romarchite (f), stannite (i) and calcite (j) identified in IS have disappeared after roasting; whereas, in RS, 
two (2) new minerals have appeared, megawite (k) and hematite (l). These findings would be supported 
by thermogravimetric analysis, as it justifies the positive loss on fire observed in Table 1 and the 
decomposition reactions reported. So, both samples contain tin in the stable mineral form of cassiterite 
(SnO2) (Floriano et al., 2014). The roasting process allowed cassiterite to be concentrated as its peaks (a) 
are more intense in RS. 

EDS analysis yielded the mineral distribution values recorded in Table 2 and the spectrum shown in 
Fig. 2(b). 

Table 2. EDS mineral distribution of initial sample (IS) 

All these elements revealed from EDS were reported in the different mineral structures observed by 
XRD. SEM Fig. 2(b) shows compositional and topographical contrasts throughthe difference between 
lightgrey, grey and black regions. Although light regions may be in the majority, some are raised from 
the grey background and vice versa; tin oxide regions appear as light zones (Laghrib, 2018). According 
to Laghrib (2018), SnO and SnO2 grains come together to form aggregates. Cassiterite (strong white 
relief), anorthite (weak relief white-grey alterative face), orthoclase (different lustre of the two crystals), 
rutile (strong black relief), quartz (presence of several microcracks randomly distributed in the matrix) 
and ilmenite (opaque, black and sub-metallic lustre) could be identified. These results corroborate those 
of chemical analysis and XRD. 

Element Ca K K K O K Al K Si K Fe K Ti K Sn L Total 

Weight (%) 4.1 3.1 38.2 2.4 2.9 1.8 1.3 46.2 100 

Atomic (%) 10.1 8.6 64.4 1.9 2.8 0.9 0.8 10.5   
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Fig. 2. (a) EDS spectrum and (b) SEM image of the initial sample (IS) 

In contrast to roasting, thermogravimetric analysis was carried out in the presence of nitrogen. The 
TGA and DTG curves (Fig. 3) for the IS reflect those of an oxide-rich ore sample, with a weight loss of 
1.29%. The DTG curve shows three endothermic decomposition bands appearing successively at 167°, 
460° and 825°C. No exothermic bands were observed, i.e. there was no significant oxidation that would 
affect weight gain throughout these analyses. Thus, the three bands are attributed to for dehydration 
(167°C), decarbonation (460°C) and desulfurization (825°C) reactions (Navarro et al., 2009). These 
reactions are well explained from the TGA curve, which shows four ranges of low weight loss as a 
function of increasing temperature, from 160°-455°C (I), 455°-475° (II), 475°-818°C (III) and 818°-864°C 
(IV) before the curve stabilizes up to 900°C. The first interval (I) corresponds to residual water loss and 
dehydration of goethite (0.55%). The second (II) shows a loss of 0.14% due to calcite decarbonation.  The 
third (III), with a loss of 0.38%, explains the first stage of Cu2FeSnS4 desulfurization. The last (IV) shows 
a loss of 0.22% due to the second desulfurization step of FeSnS3 in the presence of hematite (Tabelin, et 
al., 2016). These four temperature ranges can be explained by the following decomposition reactions: 

2FeO(OH)()) →	Fe'O-	()) +	H'O())                                                   (2) 
CaCO-	()) →	CaO()) + 	CO'	(3)                                                     (3) 

Cu'FeSnS+	()) →	FeSnS-	()) +	Cu'S(3)                                               (4) 
FeSnS-	()) + 8Fe'O-	()) → 	17FeO()) +	SnO'	()) + 3SO'	(3)                               (5) 

These findings are consistent with those of chemical (loss on ignition) and mineralogical (XRD) 
analyses. 

 
Fig. 3. TGA and DTG curves for the IS from 100 to 900°C at a heating rate of 10°C/minute 
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3.2. Tin ore smelting products characterization 

The difference in mass between the mixture before melting and that of the molten sample was 6.6%, 
mainly due to the evaporation of water during the melting process. This is possible because there would 
be the formation of products such as M'SnO-, M'SiO-and also M4SnSi!O54 (M= Na and/or K) reported 
in the literature (Bunnakkha et al, 2012; Yuma et al. 2020). Chemical analysis of RS and SP by XFR led 
to amounts gathered in Table 3. 

Table 3. Elemental composition of RS and SP samples 

Sample Unit Sn Nb Na Ti Fe Mn Ca K Si 

SP % 51.89 0.02 2.14 0.12 0.49 0.02 1.47 4.68 0.11 

RS % 69.82 0.09 0.08 0.21 1.26 0.07 2.43 1.62 0.31 

It should be noted that, except for Na and K, all the elements present in the SP have lower contents 
than those in theRS. This is mainlty because the flux (NaOH+KOH) added to the RS sample increased 
Na and K contents while diluting those of the other elements. 

Table 4 and Fig. 4 show the scanning electron microscopy-energy dispersive spectrometry (SEM-
EDS) analyses of SP. Amorphous and crystalline minerals were present. 

The EDS spectrum in Fig. 4(a) contains peaks of different intensities related to the presence of the 
main chemical elements (Table 4). These include oxygen, tin, potassium, sodium, aluminium, silicon 
and carbon. The presence of all these elements, except carbon, may be a result of a change in the 
structure of the minerals identified Fig. 2. This could then be confirmed by XRD pattern of SP sample. 
Fig. 4b helps visualize an amorphous structure speckled with silica grains (circled in red) and 
dominated by cassiterite features (framed in blue). These can be viewed as precursor of stannate, silicate 
and aluminosilicate, which are likely to form after the sample smelting (Bunnakkha et al, 2012). The 
hollow skeleton, as can be seen through images (c) and (d) of Fig. 4, suggests a microporous structure 
linked to the presence of the stannate group, as stated by other researchers (Wang et al., 2022; Zhang et 
al., 2014). Fig. 4d shows clear particle agglomeration, size distribution and a microporosity which 
corresponds to the presence of a molten phase made of M2SnO3 (with M representing Na and/or K) 
appearing as a smooth surface layer of M2O species overlying an irregular surface of SnO2. 

Table 4. EDS mineral distribution of smelting products (SP) 

 

 

 
Fig. 4. EDS spectrum (a) and SEM images (b-d) of minerals in SP 

Element C K O K Na K Al K Si K K K Sn L Total 

Weight (%) 17.52 36.71 8.38 5.08 0.41 3.68 28.22 100.00 

Atomic (%) 24.47 39.43 5.32 3.30 0.24 2.01 30.19  
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The XRD analysis in Fig. 5 shows that SP relatively less crystalline than that of the RS with many 
reference peaks disappearing and new, less intense peaks appearing. This shows possible formation of 
new compounds, some in amorphous form and others in crystalline form. Based on the literature (Wang 
et al., 2022), the SP spectrum analysis shows the formation, after melting, of six new compounds: (1) = 
M2Sn3O7, (2) = M2SnO3, (3) = M4SnO4, (4) = M2SiO3, (5) = M2TiO3 and (e) = FeO(OH), with M = Na 
and/or K. The first three tin compounds (1, 2 and 3) are fusion products due to endothermic reactions 
of SnO2 with flux (NaOH and KOH) (Zhang et al., 2014). The other two compounds (4 and 5) are the 
successive products of quartz and rutile. The background noise could represent amorphous phases that 
formed during the melting process. 

According to Baird et al. (2023), the identification of SnO2 peaks in the SP spectrum is justified by the 
reaction of M2SnO3 formed in contact with atmospheric CO2 during cooling of the melt products.  

 
Fig. 5. XRD patterns of SP and RS samples 

Reactions (6), (7), (8), (9), (10), (11), (12) and (13) explain the formation of different products (M = K 
or Na): 

SnO' + 2MOH	 ⇌ 	M'SnO- +	2H'O                                                      (6) 
2SnO' +M'SnO- ⇌	M'Sn-O6                                                         (7) 

M'SnO- + 2MOH	 ⇌ 	M+SnO+ +	2H'O                                                 (8) 
TiO' + 2MOH	 ⇌ 	M'TiO- +	2H'O                                                   (9) 
M'SnO- + CO' ⇌	M'CO- +	SnO'                                                 (10) 
M'SiO- + CO' ⇌	M'CO- +	SiO'                                                  (11) 
SiO' + 2MOH	 ⇌ 	M'SiO- +	2H'O                                                 (12) 

Fe'O- +H'O ⇌ 	2FeO(OH)                                                      (13) 
The smelting product was found to be hygroscopic, attracting atmospheric water vapor as it cooled 

down. Thermogravimetric analyses were carried out to understand its thermal behavior as shown in 
Fig. 6. The TGA and DTG curves provide relevant information on certain decomposition reactions. The 
DTG curve shows three bands of endothermic decomposition at temperatures of 141, 397 and 865°C. 
Residual water caused by the smelting product during cooling was released at 141°C.  The same applies 
to the hydroxyl groups of goethite formed (Equation 13) and unconverted KOH or NaOH, which were 
eliminated at 397°C.  The final decomposition temperature, 865°C, is attributed to the decarbonation of 
M2CO3 produced by reactions (11) and (12) (Widmann, 2001). 

TGA curve of SP reveals three significant events in terms of weight loss as a function of temperature. 
The first weight loss (11.4%) corresponds to the removal of water from hydration, in 52-241°C 
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temperature range. The second weight loss (5%) is due to maximum hydroxyl removal in 241-762°C 
temperature range. The third weight loss (9.8%) occurs in the temperature range of 762-997°C, due to 
the decomposition of M2CO3 to form M2O and release CO2. Stable oxides (Na2O, K2O, SnO2, TiO2, etc.) 
crystallize out completely at temperatures above 1000°C (Widmann, 2001). 

 
Fig. 6. TGA and DTG curves of SP in the temperature range of 50° - 1000°C, at heating rate of 10°C per minute 

3.3. Characterization of the molten cake leach solution 

The chemical composition of aqueous solution from the smelting products water leaching is depicted 
in Table 5.  This solution contains tin at high concentration (4506.3 ppm). Then other elements had their 
concentrations decreasing in the following order: K, Na, Si, Ca, Nb, Mn, Ti and Fe.  

The tin leaching yield achieved 95.87%, a value close to fthat reported by Yuma et al (2020) but higher 
than the ones from previous studies in literature (Bunnakkha et al 2012; Zhang et al., 2019; Zhang et 
al.,2014) with the use of higher temperatures. As for other chemical species released in solution, except 
Fe, the leaching yield was above 50%. Given that the pH was equal  to 11.9, literature (Yuma et al. , 2020; 
Zhang et al., 2019) states that one may find chemical species such as Sn(OH)!'(, Sn(OH)*(, Si(OH)!'(, HSiO-( 
and SiO-'( in the aqueous solution from the smelting products leaching, using water as solvent.  

Table 5. Chemical species contents in analyzed sample and their leaching yield 

Sample 
(Analysis method) 

Units 
Chemical species 

Sn Nb Na Ti Fe Mn Ca K Si 
Filtrate 

(ICP-OES) 
ppm 4506.30 244.50 1327.90 109.30 43.20 135.30 344.10 2032.40 439.70 

Leaching yield % 95.87 55.36 97.61 93.71 19.65 31.12 54.33 98.31 92.45 

Fig. 7 shows the study of species of tin released in the aqueous solution versus pH. 1M HCl (1M 
NaOH) solution was used to decrease (increase) pH. Tin content decreased in the pH range of 1 - 4. An 
increase in tin content occurred in the pH range of 5 -9. The initial content of of in the aqueous solution 
was achieved in the pH range of 9 -13.  

The UV-Vis absorption spectra (Fig. 8) enabled identifying chemical species of tin in the aqueous 
solution for different pH values. The initial aqueous solution at pH 11.9 gave the light absorptions in 
the visible and ultraviolet regions. Tang et al (2020) reported an absorption band at 210 nm corresponds 
to excess NaOH that rendered alkaline the aqueous solution. The absorption band at 310 nm reveals the 
presence of tin species as Na'Sn(OH)! whereas at 470 nm, tin species exist as K'Sn(OH)! (Jiang et al., 
2013; Moshtaghi et al., 2015).  
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The aqueous solution with the pH set at 7.5 through addition of 1M HCl solution showed five 
absorption bands. The band observed below 200 nm corresponds to NaCl arising due to NaOH and 
Na'Sn(OH)! neutralization in presence of HCl (Tang et al. 2020). As for the remaining four absorption 
bands (240, 461, 569 and 648 nm), they highlight KCl formation arising due to the neutralization reaction 
of KOH and K'Sn(OH)! by added HCl (Bouhdjera et al., 2012).  

The aqueous solution (at pH 1) gave an absorption band below 200 nm is assigned to NaCl formation.  
The three bands at 250, 471 and 510 nm, respectively are attributed to other compounds as reported by 
Tang et al (2020). These reveal a charge transfer that arisen between Sn+. and Cl( species leading to 
formation of SnCl-., SnCl''., SnCl-. and SnCl+ complexes (Sn+. + nCl( 	→ SnCl7+(7 with n ≤ 4). The 
absorption band at 471 nm may also account for the presence of KCl (Nakamoto, 2008; Samahi, 2019). 

 

Fig. 7. Tin content versus the aqueous solution pH 

 
Fig. 8. UV-Vis spectra of the aqueous phase et selected pH 

3.4. Characterization of crystals from solutions  

To reinforce the aboveabove-mentioned findings, other analytical techniques (XRD, FTIR and TGA) 
were used to characterize crystals formed in solution at given pH values. 

The spectra provided by XRD analysis of crystals from solutions at different pH values and the pH 
7.5 precipitate are plotted in Fig. 9.  

The XRD diagram of crystals prepared from aqueous solution at pH 11.9 reveals the presence of 
hydrated Na and/or K stannate (a), tin dioxide (b), hydrated Na and/or K silicate (c) and titanium 
dioxide (d). These products result from the crystallization of soluble Na and/or K hexahydroxostannate, 
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hexahydroxosilicate and titanate. The bump observed at the beginning of the spectrum may be due to 
the presence of an amorphous quartz substrate (Sladkevich et al., 2009). This also suggests that the 
aqueous solution of the smelting product (SP) is of low purity. 

The two XRD patterns of the crystals from the pH 1 and 7.5 solutions gave the same products: sodium 
(s) and potassium (p) chlorides. The tin tetrachloride in the pH1 solution was not identified, as could 
not crystallize owing to its physical and chemical properties under the set conditions (Samahi, 2019). 
Under normal pressure, tin tetrachloride has a melting point of -33.5°C and a boiling point of 111°C 
(CHEMOS, 2022). Hence, its absence in crystals at pH 1 is justified by its evaporation during the 
crystallization process. However, in crystals at pH 7.5, the hexahydroxostannate ion was neutralized by 
HCl to yield Sn(OH)4 precipitate. Neutral Na and K chlorides were also crystallized and subsequently 
identified by XRD. 

The XRD pattern of the precipitate at pH 7.5 revealed the presence of Sn(OH)4 which resulte from 
the neutralization of the hexahydroxostannate ion by hydrochloric acid, as reported above. The 
appearance of NaCl in this precipitate would be due to contamination through filtration. 

These results arecorrelate with those from UV-Vis analysesand previous research (Sladkevich et al., 
2009; Wu et al., 2012). 

 
Fig. 9. XRD patterns of crystals from solutions of different pH (11.9, 1, 7.5) and precipitate at pH 7.5 

Fig. 10 shows FTIR analysis of crystals formed from solutions at pH of 11.9, 7.5 and 1 and from 
precipitate at pH 7.5. The spectra confirmed the presence of M'Sn(OH)!	(#$) (M = Na or K) in the aqueous 
solution.  

The FTIR spectrum of crystals that formed at pH 11.9 presents five absorption centres. The 
absorption band related to OH groups in hexahydroxostannate de Na and/or K and to adsorbed water 
appears at 3598.5 cm-1. Bands that appear at 1604.5 and 1419.4 cm-1 correspond to the axial and anti-
symmetric vibrations related to OH group in hexahydroxostannateof Na and/or K. Bands observed at 
821.5 and 686.5 cm-1 are assigned to the metal-hydroxyl bond.  As for metal-oxygen vibrations related 
to M-OH and M-OH-M, their absorption band can appear between 1100 and 200 cm-1, depending on 
the mass of the metal. These findings are consistent with data from literature (Moshtaghi et al., 2015). 

The FTIR spectrum of crystals that formed at pH7.5 presents two bands. According to Deshmukh et 
al (2012), the band at 1425.1 cm-1 corresponds to the adsorbed OH group whereas the one at 1095.4 cm-

1 is associated with stretching vibrations related to Si-O-Si bonds. Indeed, according to Zerzouf (2005), 
tin precipitation can result in Sn(OH)4(s) formation at this pH.  According to Nakamoto (2008), NaCl 
and KCl formation in the aqueous solution is associated to absorption bands observed at wave numbers 
below 200 cm-1.  

This finding is backed by the FTIR spectrum of the precipitate that formed at pH7.5. On the latter 
spectrum, one observes a single band at 1108.9 cm-1 that related to vibrations occurring in the Sn-O-Sn 
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lattice of SnO2, owing to the release of two water molecules, as dehydration products of Sn(OH)4(s) or 
SnO2.2H2O (s).  

 
Fig. 10. FTIR spectra of crystals at pH 11.9 (a), 7.5 (b), 1 (c) and precipitate at pH 7.5 (d) 

As for the FTIR of the crystals from solution at pH of 1, two bands at 2875.3 and 1411.6 cm-1 were 
observed. They are not attributed to the expected products (NaCl, KCl and SnCl4). According to 
Nakamoto (2008), tetrahedral SnCl4 (aq) is a water-soluble liquid. In the Raman spectrum, it presents 
four fundamental vibration modes related to absorption bands that appear in the low-frequency region. 
As for NaCl and KCl, they present absorption bands at 164 and 148 cm-1 (Nakamoto, 2008). These two 
bands represent those of νOH and 2δOH respectively which, indeed, were observed for the OH group 
of adsorbed water as 2875.3 cm-1 is almost double 1411.6 cm-1 giving the possibility of having a strong 
Fermi-type resonance (Deshmukh, et al., 2012; Sergent, et al., 2002). 

 
Fig. 11. TGA and DTG curves in the temperature range 35-900°C, with the heating rate of 10°C per minute, 

provided by crystals formed in aqueous solution at pH 11.9 
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The DTG curve (Fig. 11) shows two distinctive endothermic peaks at 75° and 234°C. They correspond 
to the respective decomposition of residual water and water associated with hexahydroxostannate and 
hexahydroxosilicate of Na and/or K, producing stannate and silicate of Na and/or K.  

The TGA curve showed a loss of 18.1% realized in four stages between 35 and 900°C. The first two 
stages (38-198.7°C and 198.7-298.8°C) appear to be significant and attestthe removal of residual water 
and water system (Zhuang et al., 2010). The third weak slope results from the continued removal of the 
OH group from the hydroxides that produce the various oxides (SnO2, SiO2, TiO2, Na2O and K2O) above 
900°C. 

 The fourth stage justifies the decarbonation of the carbonate products formed by the reaction 
between atmospheric CO2 and hydrated Na and/or K stannate during crystallization. According to 
Sladkevich et al (2009), the high tin content in the particles of the Na and/or K hexahydroxostannate 
products formed after crystallization explains the high Bronsted-Lowry alkalinity that attracts CO2 from 
the atmosphere. 

The above XRD, SEM, TGA, UV-Vis and FTIR analyses confirm that alkaline melting of SnO2 or SiO2 
in the presence of NaOH-KOH gives the water-soluble compounds (M2SnO3 or M2SiO3) according to 
chemical equations (14) and (15): 

M'SnO-	()) + 3H'O(8) ⇌	M'Sn(OH)!	(#$)                                            (14) 
M'SiO-	()) + 3H'O(8) ⇌		M'Si(OH)!	(#$)                                            (15) 

The crystallization process fromaqueous solution at different pH values, takes place as per 
reactions shown below while considering the physicochemical properties of the compounds formed 
(Zerzouf, 2005): 

§ Aqueous solution given by smelting products dissolution in water (pH=11.9): 
2M(#$)

. +	Sn(OH)!	(#$)'( 			⇌ 	M'SnO-. 3H'O())											(< 140°𝐶)                         (16) 
2M(#$)

. +	Sn(OH)!	(#$)'( 			⇌ 	M'SnO-()) + 	3H'O(3)			(> 140°𝐶)                         17) 

§ Aqueous solution with pH adjusted at 7.5: 
2M(#$)

. + Sn(OH)!	(#$)'( + 2HCl(#$) ⇌	Sn(OH)+	()) + 2H'O(3) + 2MCl())			(< 275°𝐶)                 (18) 
Sn(OH)+	()) 			⇌ 	 SnO'	()) + 	2H'O(3)			(> 275°𝐶)                                     (19) 

§ Aqueous solution with pH adjusted at 1: 
2M(#$)

. + 2Cl(#$)( + Sn(OH)+	()) + 4HCl(#$) ⇌ SnCl+	(3) + 4H'O(3) + 2MCl())(> 111°𝐶)                (20) 

4. Conclusions 

Tin species were successfully identified and characterized in a water-leach solution of the molten cake 
using analytical techniques such as XRF, ICP-OES, XRD, UV-Vis, FTIR, TGA and SEM-EDS. This molten 
cake was prepared from the alkaline fusion of tin ore from Makundju (DR Congo) in the NaOH-KOH 
system, reducing the fusion temperature to 350°C. The aqueous solution was loaded with tin (4508.3 
ppm), with a best tin leaching yield of 95.87%. UV-Vis spectroscopic analysis of the original solution at 
pH of 11.9 revealed the presence of stable Sn(OH)!	(#$)'(  ions. XRD, FTIR and TGA analyses of products 
from the crystallization of tin species from the original solution allowed for identification of 
Na'Sn(OH)!(s), K'Sn(OH)!(s) and/or KNaSn(OH)!(s). Gradual addition of hydrochloric acid (HCl) to 
the aqueous solution reduced the pH from 11.9 to 1, with conversion of Sn(OH)!	(#$)'(  ions successively 
to Sn(OH)*	(#$)( , Sn(OH)+	(,), Sn(OH)-	(#$). , Sn(OH)'	(#$)'. , Sn(OH)(#$)-.  and Sn(#$)+. .  Hence, tin concentrate can 
be used to produce Na'Sn(OH)!(s) or K'Sn(OH)!(s)  nanoparticles with potential for future 
optoelectronic and photoelectric applications. A solution purification study could be envisaged to 
obtain tin nanoparticles of high purity. 
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