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A B S T R A C T   

Mechanochemistry offers a versatile method to synthesize metal oxides by the reaction of the corresponding 
metal salt and Na2CO3, with CO2 as a by-product. It is possible to monitor the progress of the reaction and even 
calculate conversion values based on the measured pressure increase in the milling equipment. We studied the 
kinetics of tin oxide formation in the mechanochemical reaction between SnCl2 and Na2CO3. Our systematic 
experiments revealed unexpected complexity in the temporal pressure function depending on the exact 
composition of the reactant mixture: the pressure exhibited a clear local maximum, and pressure values even 
dropped close to their starting value by the end of the reaction when Na2CO3 was present in 100% excess. This 
anomaly can be explained by realizing that CO2 is captured as NaHCO3 in a process analogous with aqueous flue 
gas treatment, and it can also be released in the secondary reaction between unreacted SnCl2 and NaHCO3. Here 
we provide experimental evidence to support this hypothesis and to draw attention to the pitfalls of over
simplifying pressure-based conversion calculations in mechanochemical processing.   

1. Introduction 

Mechanochemistry is a widely used solid-phase synthesis approach. 
It is particularly well-suited for the production of metal oxide nano
particles [1,2] by utilizing the reaction of a metal salt and sodium car
bonate. For example, this method has been successfully applied to 
produce lead-free [3] or niobate-containing ceramics [4], and Intasa-ard 
et al. presented the mechanochemical preparation of layered double 
hydroxides in a comprehensive study using Na2CO3 in many cases [5]. 
The most typical mechanochemical uses of sodium carbonate are in the 
production of metal oxide photocatalysts [6], spinel oxide [7], or 
nanofluid [8] components. 

During these reactions, CO2 is generated, resulting in a pressure in
crease in the milling drum. In fact, pressure changes during any mech
anochemical reaction offer valuable insight into the kinetics of the 
process. Borchard et al. monitored pressure during the synthesis of 
nitrogen-doped porous carbon. They detected a sudden rise in pressure 
and associated it with the instantaneous formation of carbon [9]. The 
probe can also be used in reactive gas syntheses: Castro et al. measured 
the pressure of H2 during grinding and explained the observed pressure 
decrease by H2 consumption in the closed milling vessel [10]. In the 

synthesis of MgH2 by Gutfleisch et al., reaction progress monitoring was 
based on measuring the decrease in H2 pressure [11]. During 
high-energy milling of iron oxide, an increase and then a decrease in 
pressure were observed by Gheisari et al. The former was related to 
released oxygen, whereas the pressure drop was allocated to the reaction 
of vacant iron oxide, oxygen, and iron [12]. Similar results were ob
tained in the case of reactive milling of Bi2O3–Fe by Hasanpour et al. 
[13] Even in cases without chemical reaction between the gas and the 
reactants during milling, the possibility of a change in pressure must be 
taken into account. Coste et al. observed a gradual decrease in pressure 
while TiO2 and Al2O3 were co-milled and they explained it by adsorption 
of oxygen on the new surfaces formed during the process [14]. Gamrat 
et al. ground a Cu2(OH)2CO3–Al composite; during the reaction, 
Cu2(OH)2CO3 decomposed to CuO with release of CO2 and H2O, which 
caused a significant increase in pressure in the milling drum [15]. 

Numerous instruments are available for mapping reaction pathways, 
reaction mechanisms, and kinetics [16–21]. One of these devices is the 
GTM-II gas pressure and temperature measuring system produced by 
Fritsch GmbH, Germany [22,23], which allows simultaneous in situ 
measurement of pressure and temperature in the atmosphere of the 
milling bowl. The lid of the bowl is equipped with a radio transmitter 
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that sends data continuously to the computerized receiver unit, thereby 
providing real-time information about the reaction kinetics. Although 
the practicality of the GTM instrument is unquestionable, it is important 
to correctly interpret the data it provides as we show. 

The mechanochemical model reaction of choice in our group is the 
synthesis of tin oxide nanoparticles. Tin(IV) oxide (SnO2) is a well- 
known semiconductor material [24,25], and widely used such as a gas 
sensor [26–29], in batteries [30–32] and solar cells [33–35], and as a 
catalyst in pure or composite form [36–38]. One of the most straight
forward and high-yielding methods for producing nanoscale SnO2 is the 
mechanochemical synthesis [39,40]. The aforementioned CO2 genera
tion has been observed in the process [41] in which SnCl2 reacts with 
Na2CO3 according to Eq. (1): 

SnCl2 ⋅ 2H2O + Na2CO3→SnO + 2NaCl + CO2 + 2H2O (1) 

Further treatment by calcination at 600 ◦C in air atmosphere for 2 h 
results in SnO2 (Eq. (2)): 

SnO+
1
2

O2→SnO2 (2) 

Reaction (1) is second-order, therefore, a saturation type CO2 pres
sure vs time curve is anticipated, where the plateau would indicate 
completion of the process. However, performing the actual experiment 
revealed markedly different behavior. Moreover, the presence of excess 
Na2CO3 transformed the curve into one with a clear pressure maximum. 
Having reached the maximum, the pressure gradually dropped back to a 
level determined by the quantitative excess of sodium carbonate. In this 
report we offer an explanation for this anomalous behavior by sug
gesting that the formed CO2 is re-captured at the later milling stages in 
the form of NaHCO3. 

2. Experimental 

2.1. Ball-milling experiments 

Ball-milling experiments were performed in a Fritsch Pulverisette-6 
planetary ball mill equipped with a GTM-II in-line temperature and 
pressure monitoring system. Each experiment was performed at room 
temperature in air atmosphere in a 250-mL stainless-steel drum con
taining 50 stainless-steel balls of 10 mm in diameter. The parameters are 
shown in Table 1. 

The drum was filled with a mixture of SnCl2⋅2H2O and Na2CO3, 
along with NaCl as a reaction matrix. The composition of the mixture 
varied to achieve 100% stoichiometric Na2CO3 excess with respect to 
Eq. (1). in 10% steps (Table 2). 

The NaCl matrix was used to prevent the aggregation of the reactant 
and product materials, and to set the total weight of the mixtures to the 
same value (30 ± 0.01 g) in each experiment [42]. The NaCl is an ideal 
matrix material because it is also a reaction product according to Eq. (1), 
therefore, it does not alter the chemical environment of the process. In 
addition, the use of NaCl crystals as a grinding matrix plays a role in 
providing a large surface area for calcination, thereby inhibiting the 

merging of individual particles. The produced tin oxide nanoparticles 
were calcined at 600 ◦C in air. Byproducts and unreacted precursors 
were subsequently removed by washing with distilled water. Finally, the 
product was centrifuged and dried at 60 ◦C in air overnight. 

2.2. Definition of CO2 conversion 

The pressure was measured continuously while using the GTM-II 
unit. The CO2 conversion percentage (K) was calculated as follows: 

K(%)=

[
[pGTM − p0] × [Vv − (Vb + Vm)]

R × TGTM

]/

[nCO2 * 100] (3)  

where pGTM is the actual pressure measured by the GTM-II head during 
the reaction, p0 is atmospheric pressure, Vv is volume of the vial, Vb is 
total volume of the balls, Vm is volume of the admeasured materials, R is 
the universal gas constant, TGTM is actual temperature measured by the 
GTM-II head, and nCO2 is the total amount of CO2 generated in the re
action calculated from the amount of Na2CO3 in the reaction. The 
amount of CO2 at a given time can be calculated from pGTM. The free 
volume of the vial (221.65 cm3) was calculated from the loading and 
density data by correcting the total drum volume (260.03 cm3) for the 
volume of the grinding balls and admeasured materials. The volume of 
the 50 balls was 26.18 cm3, and the average volume of the solid mate
rials was 12.2 cm3. 

2.3. Characterization 

Powder X-ray diffractogram (XRD) patterns were recorded using a 
Rigaku Miniflex 2 unit equipped with a Cu Kα radiation source (4◦/min 
resolution, 2θ = 4–80◦). Fourier transform infrared spectroscopy (FT-IR) 
studies were carried out using a Bruker Vertex 70 instrument (16 scans/ 
s, 4 cm− 1 resolution) using the KBr pellet technique. Thermogravime
try–differential thermogravimetry (TG–dTG) measurements were con
ducted using a Setaram Labsys instrument (5 ◦C/min, N2 atmosphere, 
25–1000 ◦C). 

3. Results and discussion 

The theoretical and recorded pressure curves are shown in Fig. 1 for 
sample A (stoichiometric reaction mixture). The expected maximum 
pressure was calculated from the admeasured Na2CO3 quantity. 
Assuming complete transformation of the reactants, the calculated 
maximum pressure should have been 425 kPa. However, at the end of 
the experiment (after 60 min), the measured temperature was 31 ◦C and 
the final measured pressure was 388 kPa. This difference indicates that 
the conversion was 91.3%. The course of the curve will be discussed in 
detail later, but for the sake of interpretation, the division of the 
dominant reaction paths is presented here. The total pressure–time 
curve was divided according to the dominant reaction pathways (A–D). 
In stage A, reaction as per Eq. (1) is decisive, i.e. transformation of 
starting materials into products. This is followed by stage B, where the 

Table 1 
Parameters used in the milling process. GV, grinding vial; GB, grinding 
ball.  

Parameter Value 

Duration of grinding 4 h 
Rotational speed 300/500 rpm 
Type of GV and GB Fe–Cr (X105CrMo17) 
Volume of GV 260 mL 
Diameter of GV (internal) 80 mm 
Number of GB 50 pieces 
Weight of GB 4 g 
Diameter of GB 10 mm 
Transmission ratio − 1.82  

Table 2 
Composition of each sample.  

Sample Na2CO3 excess SnCl2⋅2H2O (g) Na2CO3 (g) NaCl (g) 

A 0% 6.38 3.0 20.62 
B 10% 3.3 20.32 
C 20% 3.6 20.02 
D 30% 3.9 19.72 
E 40% 4.2 19.42 
F 50% 4.5 19.12 
G 60% 4.8 18.82 
H 70% 5.1 18.52 
I 80% 5.4 18.22 
J 90% 5.7 17.92 
K 100% 6.0 17.62  
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reaction paths Eq. (1) and Eq. (4) are in quasi-equilibrium. In stage C, 
product formation again prevails based on reaction as per Eq. (5), which 
is again replaced by reaction as per Eq. (1) due to decomposition of 
NaHCO3 in stage D, which leads to the depletion of the starting 
materials. 

This example illustrates how pressure curves are typically inter
preted in routine mechanochemical laboratory practice. However, this 
simple approach has certain pitfalls that can be avoided by under
standing the CO2 chemistry of the system. First, there is a profound 
difference between the shapes of the measured and calculated pressure 
curves. At the beginning of the experiment, a slow increase in pressure 
was observed rather than the steep rise suggested by the calculated 
curve. This discrepancy can be explained by the initial inhomogeneity of 
the reactant materials, which slowed the reaction. However, 2–3 min of 
ball-milling was sufficient for the reaction mixture to reach a well- 
homogenized state. At this point, the precursor materials could react 
over a large surface area, which led to a rapid increase in the reaction 
rate. Because the reactions are second-order, the reaction rate should 
gradually decrease, eventually reaching a plateau when no more re
actants are available in the mixture (indicated by plateauing pressure in 
the calculated curve). Instead, the measured curve suggested a two-step 
reaction profile. The initial marked increase of pressure after ~3 min 
plateaued rapidly after the 5 min and remained constant until 15 min. 
After 15 min (p ≅ 280 kPa), a secondary chemical reaction was initi
ated, as indicated by an increase in pressure, which then gradually 
reached its maximum value. No significant changes were observed after 
30 min (The actual milling processes was continued for an additional 3 
h; however, since no additional changes were observed, this part of the 
curves is not shown.) 

To further investigate the unexpected two-step profile of the 
measured curve for sample A, a series of experiments with increasing 
Na2CO3 content were performed. In all experiments the mill speed was 
set to 500 rpm, whereas the other parameters remained the same as 
those used for sample A. The results are shown in Fig. 2a. 

Increasing the amount of Na2CO3 profoundly affected the shape of 
the pressure curves (Fig. 2a). In samples B–F, the corresponding plateau 
observed at around 10–15 min in the curve for sample A gradually 
became a downward slope, while the final pressure after the second 
pressure increase step (at approximately 30–40 min in sample A) also 
decreased continuously. As the Na2CO3 surplus was further increased in 
samples G–K, the characteristic two-step shape of the pressure curve 
gradually disappeared. In order to get a better understanding of the 

processes occurring within the first 30 min of milling, the resolution of 
the pressure curves was increased by reducing the rotation speed to 300 
rpm to expand the critical phase in time (Fig. 2b). This revealed that the 
first pressure plateau was actually a well-defined peak of the pressure vs. 
time function. 

The final pressure values, the local pressure maxima, and the time 
required to reach them were extracted from Fig. 2b and shown in Fig. 3. 

In the case of sample A (stoichiometric ratio), the measured final 
pressure was around 400 kPa (Fig. 3a), whereas this value was less than 
130 kPa for sample K (100% Na2CO3 excess). Thus, on average, the final 
pressure decreased by 25 kPa per 10 wt% Na2CO3 excess. The pressure 
started to decrease after 290 kPa regardless of the amount of excess 
Na2CO3 (Fig. 3b). This result means K = 57% precursor conversion. This 
value is equal to the value measured in the plateau region of the curve 
preceding the second pressure rise in the case of sample A (Fig. 1). In 
addition, the time needed to reach the local pressure maximum differed, 
because the more Na2CO3 that was added to the reaction mixture, the 
less time was required to reach this pressure (from 107 min in sample A 
to 30 min in sample K). Apparently, the driving force for the anomalous 
pressure curve was related to the excess carbonate ratio. The shift of the 
local pressure maximum can be explained by the increasing Na2CO3 
excess in the system, which resulted in a greater probability of SnCl2 and 
Na2CO3 encounters. Thus, the surplus Na2CO3 significantly accelerated 
transformation of the reactants. 

The SnO2 particle morphology was examined using transmission 
(TEM) and scanning electron microscopy (SEM) images of the 
completely treated (calcined and washed) samples A and K (Fig. 4). The 

Fig. 1. The theoretical (red) and the GTM-recorded (black) pressure (p) as a 
function of time for sample A (K, conversion rate). Parts are the division of the 
entire process by the dominant reaction path: A (Eq. (1)), B (Eq. (1)) = (Eq. (4)), 
C (Eq. (5)), D (Eq. (1)). 

Fig. 2. The pressure vs. time curves recorded at (a) 500 and (b) 300 rpm with 
increasing Na2CO3 surplus (A: +0%, B: +10% … K: +100%). Curves are shifted 
along the y-axis for better visibility. 
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images showed no difference in morphology of the nanoparticles. For 
both samples, the average size of SnO2 particles was 9 nm, with no 
significant difference in the diameter distribution. It can be concluded 
that, from a morphological point of view, the Na2CO3 excess did not 
affect the formation of SnO2. 

The XRD measurements were performed to investigate the effect of 
excess Na2CO3 on the quality of the final product. Fig. 5 shows XRD 
patterns of the milled, calcined, and washed sample A. Because of the 
dominant presence of NaCl, only the most intense reflections of SnO2 
were detected in the pattern of the calcined sample at 2Θ = 26.5◦ (110), 
33.8◦ (101), 37.9◦ (200), and 51.8◦ (211). After the sample was thor
oughly washed, the characteristic reflections of SnO2 became visible in 
the diffractogram. The diffraction patterns of the washed and calcined 
product of all samples A–K matched within experimental error; there
fore, we conclude that the SnCl2 to Na2CO3 ratio did not affect quality of 

Fig. 3. (a) Final (●) and (b) local pressure maxima (■), and the time required 
to reach them (■). 

Fig. 4. TEM and SEM images of samples A (a, TEM; c, SEM) and K (b, TEM; d, SEM).  

Fig. 5. XRD patterns of the milled, calcined, and completely treated samples A 
and K (□, NaCl; •, SnO2). 
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the final SnO2 product. 
Having established the chemical equivalence of the end products 

derived from samples A–K, it was necessary to investigate the temporal 
progress of the reactions so that the pronounced differences in the 
pressure curves could be explained. Fig. 6a and c shows the FT-IR 
spectra of samples A and K, respectively, as recorded at representative 
stages of the reaction identified in the corresponding pressure curves 
(Fig. 6b and d). Large amounts of Na2CO3 were detected in sample A 
after 1 and 20 min of milling, as indicated by peaks at 1445 and 877 
cm− 1. Peaks representing Sn–O and O–H were shown at 607 and 1622 
cm− 1, respectively. The peaks corresponding to Na2CO3 gradually 
decreased in intensity with increasing reaction time, whereas the peaks 
representing the products became more characteristic with increasing 
reaction time. After 90 min, Na2CO3 was no longer detectable. These 
peaks were identified in a previous study [41]. In the case of sample K 
(Fig. 6c), as early as after 1 min of milling, characteristic peaks of 
NaHCO3 appeared, and became more intense as milling progressed. The 
NaHCO3 was formed (Eq. (4)) as a result of excess Na2CO3 reacting with 
CO2 and H2O released in the main tin oxide synthesis reaction. 

Na2CO3 +CO2 + H2O ↔ 2NaHCO3 (4) 

This side-reaction consumed some of the CO2 formed in the main 
process (Eq. (1)). Through the formation of NaHCO3, CO2 was contin
uously captured from the atmosphere of the reaction vessel, therefore, it 
is safe to assume that this process was responsible for the unexpected 
pressure decrease. 

To confirm the hypothesis that CO2 is stored as NaHCO3 in this 
system, TG–dTG measurements were performed (Fig. 7). The end 
products of the reaction for samples A and K were collected after 120 
min of milling, when the samples presumably contained only the final 
products. In the case of sample A, the slight decrease in mass at the 
beginning of the process is attributed to desorption (des.) of remaining 
water in the sample. 

As temperature increased to 800 ◦C, no significant change in mass 
was observed, then as temperature increased further, evaporation (ev.) 
of NaCl occurred. In contrast, sample K exhibited a pronounced weight 
loss as temperature increased to 150 ◦C. This was the combined effect of 
water desorption and NaHCO3 decomposition to CO2, H2O, and Na2CO3. 

When the process was completed at 200 ◦C, the actual weight loss 
compared to sample A was 11.16%, whereas the theoretical weight loss 
estimated by assuming stoichiometric NaHCO3 formation and decom
position was 11.7%. The values match within the error of the experi
ment. This convincingly supports the hypothesis that CO2 was stored in 
the form of NaHCO3. 

The NaHCO3 was also consumed in its direct reaction with SnCl2 as 
summarized in Eq. (5). This process releases previously captured CO2 
into the atmosphere as long as unreacted SnCl2 is still available. 

SnCl2 × 2H2O + 2NaHCO3→SnO + 2NaCl + 3H2O + 2CO2 (5) 

The presented evidence confirms that CO2 capture summarized in 
Eq. (4) was the reason for the unexpected pressure profile of the tin 
oxide synthesis reaction. The elemental steps of this process are well 
known and have been described in detail [43]. Crystal water entering 
the system with the SnCl2 provides the necessary aqueous film phase for 
the reaction. Firstly, the balance of gaseous and dissolved CO2 shifts in 

Fig. 6. FT-IR spectra and GTM curves of samples A (a, b) and K (c, d), recorded at different times during milling. Sampling points marked as red circles on GTM 
curves (x, SnO; o, Na2CO3; •, H2O; •, NaHCO3). 

Fig. 7. TG–dTG measurement results of samples A (blue) and K (red).  

G. Kozma et al.                                                                                                                                                                                                                                 



Journal of Physics and Chemistry of Solids 167 (2022) 110775

6

the aqueous direction (Eq. (6)). 

CO2(g) ↔ CO2(aq) (6) 

The solubility of CO2 is increased by its reaction with H2O to form 
HCO3

− and H+ ions (Eq. (7)). 

CO2(aq) +H2O ↔ HCO−
3(aq) + H+

(aq) (7) 

As solid Na2CO3 is present, it shifts the balance between dissolved 
CO2 and HCO3

− and CO3
2− ions (Eqs (8) and (9)). 

Na2CO3(s) ↔ 2Na+
(aq) + CO2−

3(aq) (8)  

CO2−
3(aq) +H+

(aq) ↔ HCO−
3(aq) (9) 

Finally, HCO3
− and Na+ ions formed during the process (Eqs (7)–(9)) 

are converted to NaHCO3 (Eq. (10)). 

2HCO−
3(aq) + 2Na+

(aq) ↔ 2NaHCO3(aq) (10)  

4. Conclusions 

The appearance of unexpected pressure peaks was governed by the 
interaction between CO2 formation according to Eq. (1) and CO2 con
sumption according to Eq. (4). The Na2CO3 was consumed in both re
actions, whereas NaHCO3 formed only in the second. The NaHCO3 could 
react with the remaining SnCl2 to release previously stored CO2. The 
availability of Na2CO3 depended on the composition of the reactant 
mixture (Table 2). In quasi-stoichiometric compositions, CO2 formation 
and NaHCO3 decomposition were balanced, the pressure rose steadily, 
and the pressure peak is was pronounced. Increasing the Na2CO3 excess 
enabled the capture of increasing amounts of CO2 up to the point of 
100% excess (sample K) when all CO2 was re-captured in the form of 
NaHCO3. At this point, the pressure was rather similar to the starting 
value whereas SnCl2 conversion was complete. This clearly underlines 
the limitations of pressure-derived conversion calculations similar to Eq. 
(3). 

Even though our primary goal was explaining the anomalous pres
sure evolution to assist the mechanochemistry community in the correct 
interpretation of experimental data, CO2 capture with Na2CO3 is also an 
existing industrial technology, especially for treatment of flue gases. 
Wang et al. found that hydrated Na2CO3 powders with 30 wt % water 
content can achieve a CO2 sorption capacity of 282 mg/g within 60 min 
and fast CO2 uptake [44]. In our case, 415 mg/g CO2 sorption capacity 
was achieved with only 3.28 wt % water. With the right parameters this 
takes less than 60 min, and the reaction time can be reduced further by 
increasing the rotational speed or the number of milling balls. Peruzzini 
et al. performed CO2 capture by aqueous (0.83 mol/dm3) Na2CO3 and 
this system operated at almost 80% efficiency [45]. McMichael et al., 
similarly to our case, conducted experiments on CO2 capture under dry 
conditions and found that it was effective in the temperature range of 
60–70 ◦C and capture of up to 90% of the CO2 was possible at appro
priate reaction conditions [46]. These data are very consistent with our 
results; in our case the heat released during milling provided the 
required temperature. 

Thus, in addition to identifying the processes that affect pressure 
during carbonate-based mechanochemical metal oxide formation, an 
efficient carbon sequestration process was also found. 
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