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Abstract

Exploring new methods and protocols for synthesizing tin (II) sulfate (SnSO4) with low energy and
time consumption is of significant industrial importance. We have developed synthesis protocols involving
critical parameters, such as oxygen gas flow, sulfuric acid concentration and heating temperature dan time,
aimed at yielding a high purity of SnSOj4 precipitate. Our findings indicate that oxygen gas flow
significantly enhances the synthesis process, resulting in a high yield of pure SnSOj4 precipitate. The optimal
synthesis conditions were identified as 180 °C for 2 h under continuous oxygen gas flow. This research
shows the most efficient synthesis time rather than any prior research. Under these conditions, an
intermediate oxide formed, which subsequently reacted with 30 %wt sulfuric acid to produce the desired
yellowish SnSOs precipitate. The presence of tin (II) in the synthesized product was confirmed by the iodine
test. Differential Thermal Analysis (DTA) was employed to analyze the product's thermal stability. X-ray
Diffraction (XRD) analysis revealed a single-phase SnSOj crystal structure with an average particle size of
666 nm. Additionally, X-ray Fluorescence (XRF) analysis confirmed the product's purity, showing a tin
(IT) sulfate content of 98.369 %. Further studies using the Field-Emission Scanning Electron Microscope
(FESEM) with Energy Dispersive X-Ray Spectroscopy (EDS) and Transmission Electron Microscope
(TEM) confirmed the prismatic particle shape morphology of the SnSO4 crystals, with an average size of
3.473 um. The developed synthesis protocol provides a facile and energy-efficient approach to synthesize
pure SnSO4 material.
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Introduction

Tin (Sn) holds immense value in various industrial applications, owing to its unique physical and
chemical properties [1]. Among the many derivatives of tin, tin (II) sulfate (SnSO4) stands out as a versatile
material with a broad spectrum of applications. Its applications include transparent semiconductor oxide
(TSO) for electronic devices [2], electrolyte additive for lead-acid batteries [3], anode material for lithium
batteries [4], electrolyte for tin plating [1], anodized aluminum panels for solar water heating systems [5],
precursor for SnO, synthesis [6] and catalyst for biodiesel production [7-9], among others. Given its
widespread use, numerous methodologies have been thoroughly investigated to synthesize
SnSOqefficiently, focusing on minimizing energy consumption, synthesis duration and overall cost-
effectiveness to attain high-purity SnSOs.

To date, various physical and chemical methods have been employed to synthesize SnSOs, including
precipitation [10], electrochemical methods [11,12], substitution methods [10,13,14], in situ deposition
methods [15], sol-gel methods [16] and others. Among these methods, the conventional precipitation
method stands out as the most suitable approach, as it consumes less energy and time for SnSOj4 synthesis
while producing minimal contaminants. In SnSO4 synthesis, sulfuric acid is rarely utilized as the sulfate
ion source. Instead, sulfate salts like copper (II) sulfate (CuSOj4) [14] and ammonium sulfate ((NH4)2SO4)
[15], are more commonly employed. However, prior studies have indicated that the most efficient method
for synthesizing high-purity tin (II) sulfate (SnSOy) utilizes tin metal as the precursor and sulfuric acid
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[10,17,18]. However, these studies did not comprehensively delve into the chemical reactions involved in
the formation of SnSOs, nor did they thoroughly explore the factors that influence these reactions.

Previous research indicates that tin oxide (SnO) serves as a crucial intermediate compound in the
synthesis of SnSO4. Therefore, controlling the transformation of the tin precursor into SnO is expected to
facilitate the formation of SnSOj4. This can be achieved using a precipitation method where the precursor
is exposed to oxygen to form SnO intermediates, then reacted with sulfuric acid (H>SO4) and finally washed
with distilled water and acetone. This approach is anticipated to emerge as the most environmentally
friendly method for synthesizing SnSO4 under elevated temperatures [19].

In terms of the reaction mechanism, molecular oxygen exposure initiates the oxidation process
through the dissociation of oxygen molecules and the subsequent binding of atomic oxygen to surface atoms
(dissociative chemisorption) [20-22]. Trapped at the metal surface, the precursor can either desorb into the
gas phase or undergo dissociative chemisorption, with the relative rates determined by a kinetic competition
governed by the surface temperature [22-25]. If not desorbed, the 2™ step involves the activated transition
of the precursor to the chemisorbed atomic oxygen state, where the O-O bond is disrupted and the O atoms
approach closer to the metal surface [22]. The oxygen rate constant can be considered as an approximate
indicator of the dissolution rate of oxygen into sulfuric acid solution under oxidation reaction. The
dissolution rate of oxygen into sulfuric acid solution decreases rapidly with increasing sulfuric acid
concentration [26].

As tin exhibits passivity towards the following 5 acids: Sulfuric acid, hydrochloric acid, hydrobromic
acid, hydroiodic acid and hexafluorosilicic acid [27], tin powder reacts with 50 - 95 % wt H,SOj4 to yield
SnSO; after heating for 5 - 30 days[10]. The concentration of H>SO4 and reaction temperature play a critical
role in enhancing the tin dissolution process, thereby improving reaction efficiency [27]. Therefore, it is
essential to determine the optimum sulfuric acid concentration, reaction temperature, reaction time and the
effect of oxygen on the reaction. Additionally, the physical and chemical properties of the synthesized
SnSOj4 and its kinetic studies were investigated in detail.

Materials and methods

Materials

The basic materials used in this paper included Tin powder which is powderized from Bankaesa tin
bar casting (Sn 99.9999 %) and was provided by PT. Timah Industri, sulfuric acid (H>SO4) (AR 96.01 %)
was procured from Mallinckrodt, lodine, Potassium Iodide and Sodium thiosulphate were obtained from
Merck, Pro analysis Tin (II) sulphate standard was acquired from Unilab, a technical grade oxygen gas with
>98 % purity and distilled water.

Methods

Synthesis of Tin (II) sulphate (SnS0.)

The method of SnSO4 synthesis is adapted from previous research and modified in several parameter
[10], such as concentration of sulfuric acid (under 50 %wt), heating temperature (more than 95 °C) and
heating time (less than a day). The synthesis is followed by reacting 5.5289 g tin and oxygen with an oxygen
flow of 15 mL/s for 12 min in the chamber. It was then dissolved with diluted H2SO4 solution (30, 35 and
40 %wt) and heated at 120, 150, 180 and 200 °C for 1, 2, 3, 4, 5 and 6 h. SnSO4 precipitate was then
separated from the solution using vacuum filtration and washed using cold water and acetone. The
precipitation is dried afterward in oven at 110 °C and SnSO4 powder is obtained.

Oxygen role in Tin (II) sulphate synthesis

The method of SnSOj4 synthesis includes the steps of reacting tin and oxygen with an oxygen flow of
15 mL/s for 12 min in the chamber. It was then reacted with the optimum concentration of sulfuric acid
solution and heated using the optimum heating temperature for the optimum heating time. The resulting
white-yellowish SnSOy4 precipitate then separated from the solution using vacuum filtration and washed
using cold water and ethanol. The precipitation is dried afterward and SnSO4 powder is obtained. For a
blank, the synthesis method is carried out as describe above but without additional oxygen added to the
chamber.

Characterization

The oxidation state of tin in each synthesized product is investigated using the classical qualitative
analysis test by lodine discoloration test [reduction of Ixaq) t0 I7aq) on oxidation of Sn?*(yq) to Sn*(4q)]. In
addition, the thermal evolution of the material and the enthalpy process and the endothermic area of powder
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synthesized were performed by Differential Thermal Analysis (DTA) of P2F type. This DTA test was run
in a heating room that consisted of air gas, with a temperature of 30 to 1,000 °C, with a heating rate of 2.5
°C/min and alumina powder as a reference tube. The method has been calibrated using alumina with a
temperature of 30 to 1,100 °C, with a heating rate of 2 - 10 °C/min. SnSO4 which synthesized under
optimum condition is tested using X-Ray Diffraction (XRD), X-ray Fluorescence (XRF) Field-Emission
Scanning Electron Microscope - Energy Dispersive X-Ray Spectroscopy (FESEM-EDS) and Transmission
Electron Microscope (TEM). XRD Rigaku Smartlab with A-26 CuKa X-ray tube was used to observe the
diffraction pattern of SnSO4. The setting of the XRD measurement was a step width of 0.01 degrees, a scan
speed of 5.0985 degrees per minute, a range of 0 - 110 degrees, a voltage of 40 kV and a current of 30 mA.
FESEM-EDS Jeol JIB-4610F type was used to observe the morphology, particle shape and semi-
quantitative element of the powder product. TEM micrographs were acquired with a TEM Talos F200X is
a type of TEM that uses X-FEG (high brightness) as an electron source with an accelerating voltage that
can currently work at 80 and 200 kV.

Results and discussion

Reactor assembling

The reactor, constructed from corrosion-resistant Pyrex material, is meticulously sealed to maintain a
controlled environment during the synthesis process, which involves concentrated strong acid and high
temperatures. The reactor's design, as depicted in Figure 1, positions it atop the MoSi, heater system (1) as
the primary heat source. To prevent gas leakage and ensure a stable reaction environment, each connector
is meticulously sealed with high-temperature red sealant. The Pyrex reactor itself comprises a 3-neck flask
serving as the synthesis chamber (2). The left side of the flask neck accommodates a thermocouple (3) that
continuously monitors the real-time temperature, ensuring that the synthesis proceeds at the desired
temperature without fluctuations. The right side of the neck is connected to a tube from a peristaltic pump
(4), which precisely controls the oxygen flow rate from the oxygen gas cylinder (5). This precise oxygen
replenishment is crucial for the synthesis reaction to proceed efficiently.

Three condensers (6, 7 and 8) are strategically positioned to effectively condense the vapor generated
during the synthesis process. This condensation step is essential to recapture the vaporized materials and
return them to the liquid state. The condensed liquid is collected in a secondary 3-neck flask (9), where the
left neck (10) is connected to a hose to facilitate liquid suction and recirculation within the main synthesis
chamber. Conversely, the right neck (11) is linked to a hose to direct the remaining gas into the Erlenmeyer
reservoir (12), where NaOH solution acts as an absorber for any residual SOy gas. The arrows in Figure 1
visually represent the flow dynamics: The blue arrow depicts the movement of steam generated during the
synthesis, the red arrow indicates the incoming oxygen flow and the green arrow traces the exhaust gas
movement towards the NaOH absorber.
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Figure 1 Scheme of SnSO4 reactor.



Trends Sci. 2024; 21(8): 7871 40of 16

Effect of sulfuric acid concentration on the synthesis of Tin (II) sulphate (SnSQ4)

Tin, a passive metal, exhibits resistance to dissolving in oxidizing acids [13], including sulfuric acid,
hydrochloric acid, hydrobromic acid, hydroiodic acid and hexafluorosilicic acid [27]. However, it can be
oxidized by oxygen [13-15] to form tin (II) oxide (SnO). Following the saturation of the reactor with
oxygen, tin undergoes oxidation [12], gradually forming a thin, white SnO layer. As per Richter et al., this
layer represents an intermediate state, as described by the following reaction equation [9]:

2 Sng) + Ozg) = 2 SnOyy) )

Oxygen is supplied to the tin powder as the synthesis process relies on its presence. Tin is oxidized
by oxygen [28], leading to the formation of tin oxide (SnO) [18]. Mori et al. asserted [28] that pure tin does
not readily dissolve in the absence of an oxidizing acid; however, Sn?" ions can be generated when tin is
dissolved in oxygen-saturated sulfuric acid [27-29]. These Sn** ions gradually undergo oxidation by
oxygen, forming white deposits on the surface of the tin metal, akin to their formation from SnO by air
oxidation [28].

After the formation of a thin white layer, the tin is ready for dissolution in sulfuric acid. Sulfuric acid
solutions with varying concentrations (30, 35 and 40 wt.%) were introduced into the system. Throughout
this process, oxygen continued to flow into the reaction chamber. Moreno et al. reported that SnO is an
unstable compound in the absence of oxygen flow [30]. Therefore, to prevent disproportionation, oxygen
is maintained in the chamber during the synthesis process. The disproportionation reaction depicted in Eq.
(12) is spontaneous, indicated by minus in AG® [30]:

2 SnO¢) — SnOy)+ Sngs) AG°® = -5.9 kJ mol™! 2)

Once sulfuric acid is introduced into the reaction chamber, the heater is turned on and the temperature
is set to 180 °C for 2 h. During the initial 30 min, tin reacts with 40 % sulfuric acid to form a yellowish-
white solution compared to 35 and 30 % solutions. The overall reaction between tin and sulfuric acid is
slow. This is because tin tends to exhibit passivity when reacting with sulfuric acid [27]; however, after the
intermediate compound, SnO, is formed, the reaction that occurs within the chamber follows the following
equation:

SnOs) + HaSO4aq) = SnSO4 ) + H20 3)
Those chemical reactions have yielded white, hygroscopic SnSO4 powder, as depicted in Figure 2.
Due to the hygroscopic nature of SnSOs, it was stored in vacuum vials to maintain product quality [10].

The SnSO4 powder of various concentrations was then subjected to qualitative iodine test and Differential
Thermal Analysis (DTA) to determine its oxidation state.

il
&

Figure 2 Synthesized SnSO4 powder.

Initial characterization of the synthesized SnSO4 was performed using conventional iodine oxidation
analysis. The discoloration iodine test is a qualitative test based on the oxidation-reduction reaction. Iodine
(Io) from the brown iodine solution will oxidize Sn’>* ions from SnSO4 to form white iodide anions (I7),
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indicating the presence of Sn’* ions in the synthesized powder. The reaction in the iodine test is represented
by the following equation [10,31]:

L2 (ag) + Sn**(aq) (Brown Solution)— 21~ (aq) + Sn*"(aq) (White Solution) “4)

The synthesized powders of 3 different sulfuric acid concentrations were each weighed and subjected
to iodine test, yielding significant color variations. Powder synthesized using 30 % sulfuric acid produced
a white solution (Figure 3(a)), indicating the presence of Sn?" ions in the synthesized SnSOa. The iodine
test solution for powder produced at 35 % sulfuric acid yielded a yellow solution, suggesting the presence
of both Sn** and Sn*' ions. The presence of Sn*" ions diminishes the Sn>* content, resulting in a less
pronounced color change to white (Figure 3(b)). It can be concluded that SnSO4 synthesized using 35 %
sulfuric acid contains Sn(SO4), as an impurity. The iodine test results for powder produced from 40 %
sulfuric acid did not change color (Figure 3(c)). This suggests that the tin oxidation number in the product
is tin (IV), or Sn*". Sn*" ions are not oxidized by iodine solution; thus, the color does not change. Based on
the iodine test results, it can be concluded that the optimum concentration of sulfuric acid is 30 %, as it
allows for the synthesis of pure SnSO4 without the presence of Sn(SO4), impurity.
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Figure 3 Iodine discoloration test results on synthetic powder using; (a) 30 %; (b) 35 %; and (c) 40 %
sulfuric acid.

In addition to the iodine test, the thermal activity of the synthesized powders was evaluated using
Differential Thermal Analysis (DTA). A sample of 0.2 g of powder was subjected to a heating rate of 2.5
°C/min from 25 to 950 °C. According to the test results, the DTA intensity for powder synthesized using
30% sulfuric acid and commercial SnSO4 coincides at ~558 °C, with values 0of 0.108 and 0.115, respectively
(Figures 4(a) and 4(b), red circles). This DTA data suggests that within this temperature range, SnSO4
decomposes into SnO;, and SO, as indicated by Eq. (5) on Table 1.

The powder synthesized using 35 % sulfuric acid exhibited a peak at ~700 °C with an intensity of
0.9246. According to Ahmed’s previous research, this peak confirms the presence of both SnSO4 and
Sn(S04)2-4H,0 [10], This is because Sn(S04),-4H>0 decomposes to SnO, and SOs, as depicted by Eq. (9)
on Table 1. The DTA results for the powder synthesized using 40 % sulfuric acid further confirmed the
formation of Sn(SO4),'4H,0, as evidenced by the DTA graph showing peaks at 550 and 700 °C with
intensities of 0.5876 and 0.5904, respectively (Figure 4(a) and 4(b), green boxes). Both SnSO4 and
Sn(S04),-4H,0 were produced, with peak ~550 °C corresponding to the decomposition of SnSO4 into SnO,
and SO; (Eq. (5)) and peak ~700 °C representing the decomposition of Sn(SO4),-4H,0 into SnO; and SO3
(Eq. (9)). The formation of Sn(SO4), 4H>0 should be avoided as it is difficult to separate from SnSOs.
Based on the DTA results, the DTA intensity for powder synthesized using 30 % sulfuric acid and SnSO4
commercial are identical, while the powder synthesized using 35 and 40 % sulfuric acid exhibited a peak
confirms the presence of both SnSO4 and Sn(SOs),-4H,0, which means there is Sn*" contaminant in the
product and that is strictly avoided. These results align with the iodine test results; 30 % sulfuric acid is
determined to be the optimal concentration for synthesizing SnSO4. While the reaction rate increases with
increasing sulfuric acid concentration [27], excessive concentrations lead to overoxidation of tin, resulting
in the formation of tin (IV) or Sn(SO4)2-4H,0.
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Figure 4 DTA results from synthesized powder at temperatures: (a) 25 - 950 °C; (b) 450 - 650 °C; and
DTA Reference for: (¢) SnSOs; and (d) Sn(SO4)2-4H,0 [10].

Table 1 Summary of DTA results for reaction products [10].

Decomposition reaction Equation T (°C) AT
SnSO4 sy — SnOz 5) + SOz %) 558.7 0.11
Sn(S04)2° 4H20 sy — Sn(SO4)2 2H20 5) + 2H20 () (6) 171.6 —4.19
Sn(S04)2° 2H20 sy — Sn(S04)2- H20 () + H20 (g (7 308.1 -1.39
Sn(SO4)2- H20 5y — Sn(SO4)2 5) + H20 (g ®) 384.3 0.37
Sn(SO4)2 sy — SnO2 (5) + 2503y &) 656.3 1.15

Based on the iodine discoloration and DTA tests results, it is known that 30 % sulfuric acid is the
optimum concentration of sulfuric acid. The role of concentration is foremost to synthesize SnSO4. Since
the optimum concentration is obtained, the next step is to determine the optimum heating temperature and
reaction time to obtain the most efficient approach to synthesize SnSOs.

Effect of heating temperature on the synthesis of tin (II) sulphate (SnSO4)

Having established the optimal sulfuric acid concentration, the focus shifted to determining the most
efficient heating temperature for SnSO4 synthesis. Previous studies have employed heating temperatures
between 50 - 95 °C for 5 to 30 days, but these methods are time-consuming [10,18]. This was attributed to
the slow reaction kinetics at lower temperatures. Given that SnSOj4 synthesis involves an oxidation process,
increasing the heating temperature can significantly accelerate the reaction [28]. As a result, the range of
heating temperatures was expanded to 120, 150, 180 and 200 °C.

In this study, tin was reacted with stoichiometrically proportionate 30 % sulfuric acid at each of the
specified temperatures for 2 h. Following the synthesis process, the oxidation state of tin in the resultant
powder was evaluated using both the iodine test and DTA. The iodine test results indicated a color change
from brown to white, as seen in Figure 5. This transformation signified the successful synthesis of SnSO4

powder at 120, 150 and 180 °C.
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Figure 5 Iodine discoloration test results on synthetic powder at temperatures: 120, 150, 180 and 200 °C.

Furthermore, the synthesis powder was subjected to thermal activity analysis using Differential
Thermal Analysis (DTA). The DTA spectra revealed that the powders synthesized at 120, 150 and 180 °C
exhibited similar thermal profiles to commercial SnSO4. However, the powder synthesized at 200 °C
displayed a peak at ~736 °C with an intensity of 1.795, as depicted in Figures 6(a) and 6(b) (green boxes).
This peak corresponds to the decomposition of Sn(SO4),4H>0 into SnO; and SOs, as indicated by Eq. (9)
on Table 1.

= -
& s —I120
= &
< = 150
“ —180
r\ SnSO: L 200
g SO
25 150 275 400 525 650 775 900 Sn(SOu):
T(O)
I 1
120 150 180 200 600
(a) (b)

Figure 6 Thermal differential signal from the Differential Thermal Analyzer at several heating
temperatures, with (a) complete signal (b) signal from 450 - 750 °C to compare the synthesized SnSO4 with
the reference from [10].

Considering that the synthesis processes conducted at 120, 150 and 180 °C yielded SnSQOs, the
optimum heating temperature was determined based on the maximum yield achieved. Figure 7 illustrates
the amount of SnSO4 produced at each temperature. Tin powder generated at 180 °C exhibited the highest
yield, amounting to 45.89 g with a yield of 96.4 %. Consequently, a temperature of 180 °C was established
as the optimal heating temperature for synthesizing SnSOs.
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Figure 7 Yield of SnSO4 produced at temperatures of 120, 150 and 180 °C.

Effect of reaction time on the synthesis of tin (II) sulphate (SnSQ4)

With the optimal heating temperature established, the next step was to determine the optimal reaction
time. Determining the ideal reaction time is crucial for optimizing the synthesis process. To ascertain the
optimum reaction time, SnSO4 synthesis was conducted using varying reaction times and evaluated using
both the iodine test and DTA. Figures 8(a) and 8(b) demonstrates that SnSO4 was successfully synthesized
using 30 % sulfuric acid for 1 and 2 h, as evidenced by the iodine test, where the solution color transformed
into a white solution. On the other hand, the synthetic processes conducted for 3 and 4 h exhibited a partial
color change, shifting from brown to light brown (Figures 8(c) to 8(d)). This indicates that the reaction did
not fully proceed, resulting in incomplete synthesis of SnSO4. Furthermore, the iodine test results for the
synthetic powder subjected to 5 and 6 h of reaction (Figures 8(e) and 8(f)) suggest incomplete synthesis,
with the solution retaining a brown color. Therefore, it can be concluded that SnSO4 synthesis can be
achieved effectively within the 1 and 2-hour timeframe.

(d)
Figure 8 Iodine test results on synthetic powder for (a) 1; (b) 2; (¢) 3; (d) 4; (e) 5; and (f) 6 h.

The DTA results (Figure 9) align with the iodine test findings. Reaction times of 1 and 2 h exhibit a
single peak in the range 450 - 600 °C (marked in red circles). These peaks are attributed to the
decomposition of SnSO4 into SnO, and SO, as indicated by Eq. (5) on Table 1. In contrast, Figure 9(b)
reveals the presence of an additional peak in the 300 - 700 °C range for reaction times of 3, 4, 5 and 6 h.
This peak, indicated by green boxes, corresponds to the decomposition of Sn(SO4),:4H,0 into SnO, and
SOs, as per reference literature [10]. To determine the optimum reaction time, the yield of each synthesized
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powder was assessed. A reaction time of 2 h yielded the largest amount of SnSO4, namely 45.85 g with a
yield of 96.3 %wt. Consequently, the optimum reaction time for synthesizing SnSOy is established as 2 h.

il
]

25 150 275 400 525 650 775 900 450 550 650 750
T (°C) T(°Q)
= 1 Hour —— 2 Hours =3 Hours ———1 hour 2 hours =3 hours
e | Hours 5 Hours e (y HouIs 4 hours 5 hours ——6 hours
(@) (b)

Figure 9 DTA test results for determining Optimum reaction time with (a) temperature range 25 - 950 °C
and (b) temperature range 450 - 800 °C.

Oxygen role on the Synthesis of Tin (II) sulphate (SnSQO4)

The next phase involved determining the role of oxygen in the synthesis process. To investigate this,
a blank procedure was carried out in which tin powder was reacted with 30 % sulfuric acid, but without the
presence of oxygen. The results revealed that the absence of oxygen prevented the formation of the
intermediate compound SnO and instead, the tin powder reacted directly with the sulfuric acid to form tin
(IV). This was confirmed by both the iodine test and DTA analysis. The iodine test showed that the solution
remained brown, indicating the presence of tin (IV) in the synthesized product (Figure 10). The DTA
analysis also demonstrated that the synthesized powder exhibited a peak at ~656 °C with an intensity of
1.15, which corresponds to the decomposition of Sn(SOs), to SnO; and SOs (Figure 11), with some trace
peaks corresponded to hydrate molecules release. Our finding in a good agreement with some previous
studies. Richter et al. [18] highlighted the dependency of SnSO4 synthesis on the presence of oxygen [18].
This aligns with the findings of Mori and team, indicating that pure tin does not readily dissolve in oxidizing
agents devoid of acid. However, the formation of Sn?" ions is contingent upon the dissolution of tin in
sulfuric acid that is saturated with oxygen [27-29].

Figure 10 Iodine test results on synthetized powder without oxygen flow.
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Figure 11 DTA results from blank powder stacked with DTA Reference for Sn(SO4),.4 H>O.

The absence of oxygen in the synthesis process poses a significant challenge to the formation of
SnSO4due to the unstable nature of SnO in oxygen-deficient environments. Studies have demonstrated that
the formation of SnO is crucial for SnSOj4 synthesis, as it serves as a key precursor for the synthesis of
SnSO4 [18,32,30]. This is because SnO readily dissociates in the presence of oxygen, releasing oxygen
atoms that can then react with Sn?" ions to form SnSO; [32,33,36]. Previous studies have shown that the
saturation of the oxygen coverage on Sn surfaces occurs upon exposure to 10 L of O, gas [22,33]. To ensure
that oxygen was present throughout the synthesis process, oxygen gas was continuously flowed into the
reaction chamber at a rate of 15 mL/s for 12 min. This allowed for the saturation of the tin surfaces with
oxygen, ensuring that the reaction proceeded smoothly.

The oxidation process of tin by air initiates upon exposure to molecular oxygen, where dissociation
chemisorption occurs and oxygen binds to surface tin atoms [20-22]. This mechanism involves either a
trapping-mediated process or a direct chemisorption mechanism, the former requiring a 2-stage approach
[22,33]. Eq. (10) illustrates the initial stage involving stable molecular oxygen:

0, + Sn = 0,*/Sn (10)

This equation depicts an elongated oxygen bond compared to a free molecule, represented by O»*,
upon being trapped at the tin surface. Subsequently, oxygen may desorb into the gas phase or transition to
a dissociative chemisorbed state, with rates influenced by surface temperature-mediated kinetics [22-25].
If not desorbed, the subsequent stage involves the activated transition of oxygen to a chemisorbed atomic
state, where the O-O bond is disrupted and O atoms draw closer to the tin surface [22,33]:

0,*/Sn +2e~ — 207/Sn (11)

In contrast, the direct mechanism portrayed in Eq. (11) exhibits the direct approach of oxygen
molecules. Nevertheless, it is imperative to note that at the applied oxygen pressure, the duration required
for the saturation of tin surfaces with dissociative chemisorbed oxygen atoms is expected to be significantly
faster than the time resolution of applied ellipsometry measurements. Considering the applied oxygen flux,
it is estimated that tin surfaces should attain saturation within approximately 1 s of O, exposure. Therefore,
it is proposed that the initial oxide growth rate, as observed via ellipsometry, corresponds to the dissociation
of molecular species on an oxygen-saturated surface, combined with the incorporation of oxygen atoms in
sub-surface layers. This proposed mechanism is represented by Eq. (12):

Oz*/(Sl’lOsurface + Snsub.surface)+ e — Oi/(snox Surface + SnOsub—suface) (12)

In instances where the molecular dissociation of O, on an oxygen-saturated surface acts as the limiting
step for the initial oxide formation phase, it is suggested that the energy barrier for this process could be
derived through Arrhenius analysis. Notably, the adsorption and dissociation of oxygen, along with the
formation of a chemical bond with the metal surface, result from electron donation from the metal surface
into the antibonding orbitals of the oxygen molecule [22,24]. Consequently, it is anticipated that the
interaction with oxygen (and other adsorbents) should follow a pattern similar to that observed in
calculations. While no prior quantitative analysis of molecular oxygen dissociation was conducted for
initially polycrystalline metallic surfaces like those in our experiments, at least following surface saturation
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with oxygen, comparisons with simulations [22,33,34] and experimental data on single-crystalline metals
[22,34] support observed trends and differences in dissociation energy [22].

Miyamoto et al. [35] asserted that the rate of oxygen oxidation in the reaction is independent of the
concentration of sulfuric acid. The calculated value can be regarded as an approximate measure of oxygen
dissolution into sulfuric acid solution during the oxidation reaction. The dissolution rate of oxygen into
sulfuric acid solution experiences a rapid decline with increasing sulfuric acid concentration [26,35].

To ensure the absence of any disproportionation process, oxygen continues to flow into the chamber
throughout the synthesis process. The disproportionation reaction in Eq. (2) occurs spontanecously (AG°298
=-5.9 kJ mol™) [22,30]. The lone pair in Sn** significantly influences the crystal chemistry of tin oxide.
This compound, being tetragonal, comprises layers of tetragonal pyramids SnO4 with Sn positioned
apically. In Eq. (2), half of the Sn atoms are expelled from the solid framework at moderately mild
temperatures. Tin’s low melting point leads to considerable mobility, aiding the formation of liquid drops.
Qualitative descriptions of the disproportionation of SnO remain limited in the literature.

The results, as per references, underscore the paramount importance of forming intermediate SnO in
SnSO4 synthesis. Despite kinetic reaction rates indicating the insignificance of oxygen oxidation compared
to sulfuric acid, the absence of oxygen renders tin metal incapable of synthesizing SnSO4 [28].

Characterization of the synthesized Tin (II) sulphate (SnSO4)

Phase analysis of tin (II) sulphate (SnS04) produced

A comprehensive analysis of the XRD pattern in Figure 12 unequivocally demonstrates the
successful synthesis of SnSO4, exhibiting a remarkable conformity with the standard reference. The XRD
pattern of the synthesized sample furnishes compelling evidence of'its purity, with no discernable impurities
detected. Figure 12 presents the XRD pattern of SnSO4 meticulously prepared via the controlled flow of
oxygen atmosphere into tin powder, followed by a reaction with 30 % sulfuric acid at an elevated
temperature of 180 °C for an optimal duration of 2 h. This optimized preparation protocol resulted in SnSO4
that closely matched the reference pattern (JCPDS No. 04-016-5779). All diffraction peaks in the XRD
pattern can be unambiguously attributed to the characteristic (011), (002), (211), (202), (020) and (221)
planes of SnSOy, further solidifying the purity and authenticity of the synthesized material. Notably, the
diffraction pattern for the synthesized SnSO4 exhibited the highest peak at a 20 value of around 25°, devoid
of any contamination peaks. This remarkable absence of impurities underscores the impeccable purity of
the synthesized SnSO4. Moreover, the absence of additional diffraction peaks from another compound
serves as an indicator of the single-phase nature of the synthesized SnSOs.

—— Commercial
—— Product
=
=
=
“
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Figure 12 Comparison of the X-ray diffraction (XRD) of commercial tin (II) sulfate and tin (II) sulfate
synthesized according to the present research.

To further elucidate the crystallinity and particle size characteristics of the synthesized SnSOs, the
XRD pattern provides crucial insights. The width of each diffraction peak serves as a direct reflection of
the crystal size and its degree of crystallinity. Accordingly, the Scherrer equation, a well-established tool
in crystallography, was employed to estimate the average crystal size (D) of SnSOj:
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K
D= Bcos O (13)

where K represents the crystallite shape factor (K = 0.9), A denotes the wavelength of X-ray radiation (A =
1.5418 A), B represents the full width at half maximum (FWHM) in radians and 0 signifies the Bragg angle
in degrees [36]. By substituting the relevant values from the XRD peak data into the Scherrer equation, an
average crystal size of SnSO,4 of approximately ~666 nm was determined. This remarkable crystal size,
coupled with the impeccable purity and single-phase nature of the synthesized SnSOs, strongly validates
the efficacy of the employed synthesis protocol.

Elemental analysis of Tin (II) sulphate (SnSQ4) produced

The composition of the synthesized product was meticulously analyzed using X-ray fluorescence
(XRF) spectroscopy. The absence of significant impurities, evident from the XRF data (summarized in
Table 2), further confirms the exceptional purity of the synthesized tin sulfate. The presence of only trace
amounts of other elements corroborates the high level of purity achieved. This stringent purity regimen is
essential for ensuring the desired properties and performance of the synthesized tin sulfate.

Table 2 Results of XRF Characterization of SnSOs-synthetic and SnSO4 -commercial.

Element SnSO4-reference SnSO4-Synthesis
Elemental Conc. Molecular Conc. Elemental Conc. Molecular Conc.
SnSO4 - 98.568 - 98.369
Sn 92.997 - 87.256 -
S 5.625 - 10.994 -
Cl 0.053 0.049 0.268 0.224
Ca 0.472 0.820 0.423 0.706
Cr - - 0.010 0.007
Mn - - 0.004 0.003
Fe 0.002 0.001 0.110 0.072
Ag 0.688 0.435 0.662 0.424
Pb 0.013 0.009 - 0.024
P 0.150 0.118 0.152 0.118
Pb - - 0.036 0.024
Sr - - 0.005 0.003
Eu - - 0.002 0.001
Ni - - 0.006 0.004
Zn - - 0072 0.047

Morphology, particle size and semi-quantitative elements analysis of Tin (II) sulphate (SnSO4)

Figure 13 showcases the prismatic morphology of SnSOs, characterized by uneven surfaces and
irregular particle sizes. The synthesized SnSO4 and its commercial counterpart exhibit similar prismatic
shapes with varying particle sizes, as evident in Figures 13(a) and 13(b). Notably, the synthesized SnSO4
exhibits a significantly smaller size compared to the commercial product. This observation is supported by
the magnified images in Figures 13(c) and 13(d), where the synthesized SnSO4 was imaged at 15,000x
magnification, while the commercial product was imaged at 3,000x magnification. To quantify the average
size of the synthesized SnSQO4, ImageJ software was employed. The analysis revealed that the average
diameters of the synthesized SnSO4 and the commercial product were 2.32 and 73.48 um, respectively.
Similarly, the average lengths of the synthesized SnSO4 and the commercial product were determined to be
3.47 and 73.48 um, respectively.

Figure 14 presents the elemental distribution pattern of the synthesized SnSOg, revealing the presence
of Sn, S and O through their characteristic emission peaks, as observed in Figure 15 (Mo range from 0.5 -
4.5 keV). The distribution of those elements is also homogeneous throughout the particles, indicating strong
evidence of SnSO4. Interestingly, another trace element, discernible from the precursor tin powder, was
also detected.
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Figure 13 Comparison of the morphology of (a) SnSO4 from synthesis at 3,000x magnification, with (b)
commercial SnSO4 at 300x magnification, (c) SnSO4 from synthesis at 15,000% magnification and (d)
commercial SnSOj4 at 3,000 magnification.

(c) (d)

Figure 14 EDX image for synthesized SnSO4 (a) mapping Sn; (b) Mapping S; (c) Mapping O; and (d)
Mixed layer mapping.

To further scrutinize the structural characteristics of the synthesized SnSO4, TEM was employed.
Figure 16(a) presents a TEM image of the sample, revealing a distinctly different morphology compared
to the SEM analysis. While SEM images displayed a prismatic structure, TEM revealed an irregular
morphology. This discrepancy may be attributed to the beam-sensitive nature of SnSO4, which suggests
that the electron beam exposure may have altered the crystal structure.
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To corroborate this hypothesis, selected area electron diffraction (SAED) was performed, as shown
in Figure 16(b). The SAED pattern revealed the presence of both amorphous and crystalline phases,
indicating the potential beam-induced structural modification of SnSO4. While some diffraction spots were
observed, they did not fully represent the high crystallinity typically associated with SnSO4. Despite the
apparent beam sensitivity, the observed SAED pattern allowed for the indexing of the ring patterns,
corresponding to the (202), (103), (323), (712) and (352) planes of the orthorhombic crystal system. This
finding further supports the structural identity of SnSO4, albeit with potential structural alterations induced
by the electron beam exposure.
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Figure 15 EDX spectrum of synthesized SnSOa.

The STEM and HAADF-STEM images of the synthesized SnSO4 further corroborate the presence of
Sn, S and O elements in the synthesized product, providing compelling evidence of its chemical
composition (Figures 16(c) to 16(d)). These high-resolution imaging techniques enabled the visualization
of individual Sn, S and O atoms within the SnSO4 lattice structure, confirming the successful synthesis of
the target compound.

(©) (d)

Figure 16 TEM images for (a) Morphology; (b) SAED; (c) STEM; and (d) SI HAADF-STEM image of
synthesized SnSO4.
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In a brief conclusion, TEM analysis has unveiled the beam-sensitive nature of SnSOs, potentially
altering its crystal structure upon electron beam exposure. While the observed SAED pattern indicated the
presence of both crystalline and amorphous phases, it did not fully capture the high crystallinity typically
associated with SnSO4. Further studies are warranted to elucidate the extent of beam-induced structural
modifications and their impact on the material’s properties.

Conclusions

Our study demonstrates showcases the efficient production of Tin (I) sulfate (SnSO4) by employing
30 %wt sulfuric acid under a 180°C temperature for 2 h. These findings are congruent with both the results
of the iodine discoloration test and thermal analysis. The obtained results reveal a prismatic morphology
characterized by a singular phase, boasting a purity level of 98.369 %. A thorough analysis of the crystal
and particle sizes revealed an average size of ~666 nm and 3.47 um, respectively. These dimensions
underscore the uniformity and consistency of the synthesized SnSO4 crystals. The presence of oxygen
during the reaction proved to be a pivotal factor in the successful synthesis of SnSO4. Under an oxygen-
rich environment, tin (II) ion formation is facilitated, leading to the formation of the desired SnSO4
compound. Conversely, in the absence of oxygen, the tin (II) ions undergo further oxidation to form
undesirable tin (IV) oxide, thereby altering the desired product composition.
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