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Abstract: Physicochemical properties of different oxide systems depend mostly on the method of their
preparation and classification, so the main aim of the study was to obtain the MgO-SiO, hybrid in an
aqueous solution and its calcination under assumed conditions. Research scope included evaluation of the
effect of the basic parameters of the calcination process (time and temperature) on the structural
properties of the final materials. Products obtained by the proposed method were thoroughly
characterized. The chemical composition, crystalline structure, morphology and nature of the dispersion
as well as parameters of the porous structure were established. The results of research in a decisive
manner confirmed the possibility of designing the properties of inorganic oxide systems such as
MgO-SiO,, which will definitively scheduled into potential directions for their use.
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Introduction

Naturally occurring oxide materials are the largest group of minerals that create the
Earth's crust. They are among the most important mineral resources, both in terms of
quantity and availability of their deposits. Such systems are becoming increasingly
applied in terms of technological and economic development. Thanks to its unique
physicochemical properties they are used in many industries. They have become the
basic raw material for ceramics, paints, lacquers, plastics and bioceramics (Qiu, 2013;
Johnson, 2004; Lu, 2012).

Today's technology is gaining more and more interest in oxide materials obtained
in the laboratory. Synthetic powders may have similar or quite different properties in
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comparison to their natural substituents. The use of synthetic oxide materials is
increasing and is a result of the ability to control and improvement of their
physicochemical properties (Baldyga, 2012; Modrzejewska-Sikorska, 2012;
Laurentowska, 2012; Yamagata, 2013). These properties depend mostly on the
preparation process parameters, such as concentration of reagents, the direction and
speed of dosing, temperature and pH. In addition, synthetic powders can be subjected
to numerous chemical modifications, changing the spectrum of a wide range of
application. The modification is carried out with the use of a large group of organic
compounds which provide products with specific hydrophilic-hydrophobic properties
and surface activity (Bhardwaj, 2012, Zhang, 2013). In addition to these processes,
important is the final step of oxide materials classification, including thermal
treatment (calcination). Selection of the calcination process parameters of these
powders is important from the point of view of porous structure, hydrophilic-
hydrophobic nature, crystalline structure and dispersion characteristics (Ibrahim, 2012;
Ren, 2013; Saruchi, 2013).

The calcination process is generally carried out at a temperature lower than the
melting point of the calcinated product. In various research papers the influence of
calcination on the physicochemical properties of oxide materials was described so far.
Choi et al. (2012) have shown that the structure of mesoporous (granular) systems of
titanium dioxide and aluminum oxide (TiOy/Al,O;) can be easily controlled by
calcination temperature and the ratio of reagents. The calcination was carried out at
three different temperatures: 450, 600 and 750 °C. It was found that the higher the
calcination temperature the pore size increases and the volume as well as the bending
strength slightly decrease, which directly translates to surface area development. Other
researchers (Yu, 2006) have proved that the calcination process affects morphology,
surface area, structure and photocatalytic properties of titanium nanotubes. Titanium
nanotubes calcinated in the temperature range 400-600 °C had a larger surface area
and greater pore volume than the starting material. A further increase in calcination
temperature (700900 °C) caused a decrease in photocatalytic properties and pore
volume, reduction of the surface area, as a result of the formation of the rutile
structure. Mohammadi et al. (2003) conducted a study on the effect of calcination of
kaolin used for zeolite membranes. It was found that an increase in the calcination
temperature improves the strength properties of kaolin, which is caused by the
formation of the two forms of the compound above 1000 °C — mullite and spinel and
the increase in pore diameter. In other work (Guo, 2010), calcination process at four
different temperatures (200—500 °C) and five different times (1-5 h) was realized for
sodium silicate, in order to obtain a product characterized with the best properties for
biodiesel production (sodium silicate acted as the solid catalyst of the transestrification
process). The optimum calcination condition of Na,SiO; for biodiesel production from
soybean oil was at temperature of 400 °C and calcination duration — 2 h. In subsequent
scientific reports Yan et al. (2010) studied the effect of temperature of calcination
process in the production of calcium sorbents. Best results were obtained at 503 °C to
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607 °C as a process temperature. Tangchupong and co-authors (2010) studied the
effect of calcination temperature on the properties of sulfated zirconia — commercial
and synthetic obtained via precipitation method. It has been shown that change in the
calcination temperature from 450 °C to 750 °C significantly influences surface
properties, and also the acid-base character of the surface of such systems. Using a
commercial product in the conversion of carbon monoxide, it was found that the
reaction rate decreases with increasing calcination temperature. For the product
precipitated and calcinated in the temperature range of 450—-600 °C, the conversion of
CO increased, and after calcination at 750 °C it decreased.

Calcination process is gaining importance in area of today's technology, giving
the ability to control the physicochemical properties of calcinates (moisture content,
sorption capacity, diameter and pore volume, surface activity, the hydrophilic-
hydrophobic character), resulting in subsequent directions of their use, despite various
costly modifications with other compounds.

Experimental

Synthesis of MgO-SiO, powder and its calcination

The magnesium silicate powder was obtained in a process of precipitation from
aqueous solutions of sodium silicate and magnesium sulfate, as described earlier
(Ciesielczyk, 2011). Precipitation of MgO-SiO, powder was realized in the QVF Mini
Plant Pilot-Tec reactor having 10 dm’ capacity, equipped with a high speed stirrer
(2000 rpm). Five dm’ of 5% magnesium sulfate solution was previously placed in the
reactor. After that, the 5% solution of sodium silicate in appropriate amount was dosed
to the reactor (1 dm’/h) using a peristaltic PP2B-15 pump. The product obtained —
MgO-SiO; in a form of white powder — was washed and filtrated, and then dried at
105 °C for 24 h. The prepared powders were additionally calcinated, using a
Controller P320 oven made by Nabertherm, at 300, 450, 600, 750, 900 and 1000 °C.
For each of these temperatures of calcinations, the process lasted for 1 and 2 h,
respectively.

Physicochemical properties evaluation

The dispersive characteristic of the MgO-SiO, oxide material and its calcinates was
determined using a Mastersizer 2000 apparatus made by Malvern Instruments Ltd., by
using the laser diffraction method and measuring particles of sizes from 0.2 to 2000
um. The morphology and microstructure of the materials obtained were analyzed
using a Zeiss EVO40 scanning electron microscope. The observations permitted
evaluation of the dispersion degree, the structure of particles and their tendency
towards aggregation or agglomeration. Moreover, the surface composition of
calcinates (contents of Mg, Si and O) was analyzed by energy dispersive X-Ray
spectroscopy (EDS) using a Princeton Gamma-Tech unit equipped with a prism digital
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spectrometer. The calcinates of MgO-SiO, were also subjected to crystalline structure
determination using the WAXS method. The results were analyzed employing a
XRAYAN software. The diffraction patterns were taken using a TUR-M62 horizontal
diffractometer equipped with an HZG-3 type goniometer. The surface area Aggr (BET
method) was calculated based on data measured by low-temperature adsorption of
nitrogen. The isotherms of nitrogen adsorption/desorption were measured at -196 °C
using an ASAP 2020 apparatus made by Micromeritics Instrument Co. With regard to
the high accuracy of the instrument used (£0.0001 m?/g) the surface area values were
rounded up to interger numbers, and the mean pore size (S,) and total pore volume
(V;), calculated using the BJH algorithm, were rounded to one and two decimal places
respectively.

Results and discussion

Dispersive and morphological characteristics of MgO-SiO, calcinates

In the first stage of study, the dispersion characteristics and morphology of the
obtained MgO-SiO, calcinates were established. Table 1 shows the dispersive
parameters, and Figure 1 shows SEM images of the precipitated powder, additionally
calcinated at different temperatures. The data indicate that the largest average particle
diameter (25.9 pm) was in sample PB 0, that was not calcinated MgO-SiO,. The
largest volume contribution (4.9%) in this sample is represented by the particles of
39.8 um in diameter. This sample contains 10% of the particles having a diameter less
than 3.6 um, 50% of the particles having a diameter less than 18.0 um and 90% of
particles smaller than 60.7 um. The SEM image of this sample shows particles smaller
than 10 pm, as well as the bigger ones, which directly confirms the obtained particle
sizes (see Fig. 1a). Sample PB 7 calcinated at 750 °C, PB 3 calcinated at 450 °C and
PB 1 calcinated at 300 °C show the most similar nature of dispersion as compared to
the not calcinated sample, which is evidenced by the values of d(0.1) d(0.5) d(0.9)
parameters, as well as by the average particle diameter in the range of 21.6-22.5 um.
The smallest particle sizes were obtained in sample PB 11 calcinated at 1000 °C. Its
average particle diameter in hole volume of the sample is 14.8 um. Other samples
were characterized by similar values of individual parameters falling within the range
of d(0.1) = 18.1-18.7 um, d(0.5) = 12.4-13.0 um and d(0.9) = 40.1-42.8 pum.

Carrying out the process of calcination for 2 h, it was found that the largest average
particle diameter in the entire volume of the sample has a powder calcinated at 1000
°C (PB 12) — 24.6 um. Samples characterized with the smallest particle sizes were
those calcinated at 750 °C (PB 8) — 12.1 um and at 300 °C (PB 2) — 12.8 pum. Other
samples were characterized by similar dispersion parameters (d (0.1) = 3.1-3.2 pm,
d(0.5) = 11.3-13.7 um and d(0.9) = 36.7—45.8 um). The average particle diameter for
samples PB 10, PB 6 and PB 4 are respectively 19.9, 18.8 and 16.5 um.

Analyzing the results concerning the characteristics of the dispersion and
morphology it was proved that calcination process contributes to significant changes
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in these properties. Change in the size of the particles (the nature of the dispersion)
is determined by the temperature and time of calcination. The most significant changes
were observed when comparing the MgO-SiO, powder calcinated at 750 °C and
300 °C, however, definitely the best dispersive-morphological parameters have
calcinates obtained in a 2-hours calcination process. Experimental data are confirmed
by Fig. 1. The scanning electron microscopy images of selected calcinates are
analogous to the data presented in the literature concerning the thermal treatment of
other precipitated powders (Kim, 2002).

@ ()

Fig. 1. SEM images of MgO-SiO, powder (a) without calcination, (b) and (c) calcinated at 450 °C
and (d) and (e) calcinated at 1000 °C for 1 or 2 h, respectively
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Table 1. Dispersive parameters of MgO-SiO, powder calcinated at different temperatures

Sample Calcination Calc.ination Diameter (um)
symbol temperature time D@3)  dO.1)  d05)  d0.9)
(°C) (h)

PB 0 - - 259 3.6 180 607
PB 1 300 222 34 148 518
PB 3 450 25 3.4 150 529
PB 5 600 | 18.7 3.1 124 428
PB 7 750 216 32 152 496
PB 9 900 18.1 3.1 13.0 401
PB 11 1000 14.8 3.6 124 292
PB 2 300 12.8 27 7.1 217
PB 4 450 16.5 3.1 113 367
PB 6 600 ) 18.8 32 126 430
PB 8 750 12.1 27 8.1 23.1
PB 10 900 19.9 3.1 137 458
PB 12 1000 246 5.6 20.1 505

Chemical composition of calcinates

Table 2 shows the results of EDS analysis of the calcinates received after 1-hour
calcination, which confirms the presence of characteristic elements present in the
structure of MgO-SiO, powder. The presented experimental data proved that together
with an increase in the calcination temperature the mass contribution of magnesium
and silicon, which are part of material structure, slightly increases.

Table 2. Chemical composition of MgO-SiO, powder calcinated at different temperatures for 1 h

Mass contribution

Element (%)

PBO PB 1 PB3 PB5 PB7 PB9 PB 11
Mg 8.02 8.12 8.08 8.27 8.32 8.45 8.56
Si 35.59 34.55 34.72 36.88 36.87  36.99 37.99
Na 1.29 0.89 1.05 1.10 0.98 1.11 0.97
K 0.03 0.02 0.03 0.03 0.03 0.03 0.02
Ca 0.01 0.01 0.01 0.01 0.01 0.01 0.01
O 55.06 56.99 54.88 54.32 53.86 53.08 52.34

The presence in the structure of MgO-SiO, such elements as sodium, potassium
or calcium is a result of composition of raw materials, especially of sodium silicate
solution, used in the synthesis process. However, the oxygen content is slightly
reduced, which is directly associated with the constitutional water loss, released during
calcination, especially at higher temperatures. Calcination of the powder, performed
for 2 h, gave analogous results.
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WAXS analysis

In order to compare the crystalline structures of MgO-SiO, powders calcinated at
different temperatures for 1 and 2 h, Fig. 2 shows their XRD patterns. As a reference
the sample of noncalcinated material was used. Analyzing collected data it was found
that with increasing calcination temperature, regardless of time, the crystalline
structure of the material is changing. The transition from amorphous to crystalline
form occurs not earlier than at 750 °C. The well-defined crystalline structure was
obtained in the case of the samples calcinated at high temperature — 1000 °C (samples
PB 11 and PB 12), both for 1 h and 2 h. However, samples calcinated at 900 °C
(samples PB 9 and PB 10) and 750 °C (sample PB 7 and PB 8) have not fully formed
crystalline structure. In the case of the other samples, there was no characteristic
diffraction peaks, indicating an amorphous structure of the tested powders.
Identification of the diffraction patterns obtained using X-RAYAN software,
demonstrated that the diffraction peaks for selected calcinates appear at values of 26
ranging sequentially 22.06, 28.45, 31.26, 36.05 and 57.09, which clearly indicate the
appearance of the synthetic cristobalite (SiO,) structure in obtained powders.
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Fig. 2. WAXS patterns of MgO-SiO, calcinates obtained
for (a) 1 h and (b) 2 h calcination at different temperatures

Analyzing the obtained results it was found that the calcination process plays
a crucial role in changing of the crystalline structure, which is better formed at higher
temperatures of the process. This is analogous to the calcination process of selected
powders such as TiO,. In the case of such monoxide or its mixture (TiO,SiO,),
calcination temperature determines the variation of its crystalline structure.
Calcination of these materials at temperature below 700 °C leads to anatase and the
thermal treatment above this temperature results in forming of rutile (Lee, 2007;
Siwinska-Stefanska, 2011). These aspects are also correlated with the properties of the
obtained materials based on TiO,, which determines their potential directions of use.
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Porous structure properties

The next step was to determine the parameters of the porous structure of MgO-SiO,
calcinates. Figure 3 shows the isotherms of nitrogen adsorption/desorption of the
MgO-SiO, powder calcinated at different temperatures for 1 h and 2 h. The isotherms
indicate that the calcination process conditions have an important impact on the
parameters of the porous structure. Significant changes were observed in the case of
calcinates received at different temperatures of calcination process. However, no
significant changes were noted comparing the samples prepared at the same
temperatures but at a different time of calcination. The nature of the isotherms
obtained indicates the mesoporous character of obtained powders.

For not calcinated sample (PB 0) as well as for calcinates obtained at 300, 450 and
600 °C it was observed that the amount of nitrogen adsorbed slowly increases up to
a value of relative pressure equals 0.8. After that the amount of nitrogen adsorbed
increases rapidly. For sample not calcinated amount of nitrogen adsorbed at p/py=1
reaches a value of 345 cm’/g. For samples calcinated at temperatures of 300, 450 and
600 °C, this values does not differ in any significant way and are in the range of 305-
335 cm’/g (at p/po = 1). However, for the samples calcinated at higher temperatures,
the difference in the amounts of adsorbed nitrogen is very large. The samples
calcinated at 750 °C adsorbed almost half of the amount of nitrogen (210 cm’/g) than
the not calcinated sample. The smallest amount of nitrogen adsorbed was observed in
the case of the MgO-SiO, samples calcinated at 900 and 1000 °C. These values were
60, 40, 15 and 10 cm’/g, respectively.

As in the case of amount of nitrogen adsorbed, the calcination temperature
significantly affected the changes in the basic parameters of the porous structure, such
as surface area and pore volume and diameter. It was noted that the surface area of
obtained powders decreases with increasing temperature of the calcinations process.
The largest surface area of 427 m’/g was reached for not calcinated material.
However, the largest surface area from all of the analyzed calcinates was obtained for
sample PB 11 — 399 m%/g. As the calcination temperature increases the surface area
gradually decreases up to the lowest value for powders obtained after calcination of
MgO-SiO, at 1000 °C. The value of surface area (Appr) is 6 m*/g for the sample
calcinated at this temperature for 1 h and 4 m%/g - calcinated for 2 h. Extension of
calcination time resulted in a further, slight decrease in the individual parameters of
the porous structure. Noteworthy is also the fact that the calcination temperature
increase resulted in a decrease of the pore volume from 0.49 and 0.51 cm’/g,
respectively, for samples PB 1 and PB 2 (calcinated at 300°C) to a value of 0.02 and
0.01 cm’/g for samples PB 11 and PB 12 calcinated at 1000 °C respectively.
Moreover, the pore diameter increases with increasing calcination temperature only up
to 750 °C. Above this temperature the pore diameter changes are completely random.

Once again, it was confirmed that the implementation of the calcination of
MgO-SiO; under certain conditions, led to significant changes in the physicochemical
properties of obtained powders. As a confirmation, a number of scientific literature
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reports can be used (Choi, 2012; Yu, 2006), which show that too high temperature of
calcination reduces the activity of the prepared products and causes a significant
reduction in the value of individual parameters of the porous structure.
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Fig. 3. Characteristics of the porous structure of MgO-SiO, powder calcinated
for (a) 1 h and (b) 2 h at different temperatures

Conclusions

The study demonstrated that the process of heat treatment of the MgO-SiO, powder,
implemented via calcination, is a very effective method to change their
physicochemical and structural properties. The dispersive characteristics of obtained
calcinates depend mainly on the temperature and time of calcination. All powders
were characterized with a smaller particle size as compared to not calcinated sample.
Insignificant changes were observed while analyzing the chemical composition of the
prepared products. The only dependency that was observed was the increase in the
percentage contribution of magnesium and silicon in relation to oxygen in the
structure of calcinates obtained at higher temperatures.

Calcination of precipitated magnesium silicate at temperatures above 750 °C led to
the formation of the crystalline structure corresponding to the structure of synthetic
cristobalite. Formation of this structure was noted in the case of calcinates obtained
during thermal treatment, implemented at 1000 °C, regardless of the time of
calcination. Samples of MgO-SiO, calcinated at temperatures below 750 °C were of
typical amorphous form.

A significant change in various parameters of the porous structure of obtained
powders was also observed, depending on the calcination temperature. It was found
that the surface area and pore volume decrease with increasing temperature of the
process, while the pore diameter increased only for samples calcinated at temperatures
up to 750 °C. Above this temperature changes of this parameter were completely
random. The best parameters of the porous structure were exhibited by the system that
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was not calcinated (Agpr = 427 m*/g, V,=0.49 cm’/g, S, = 4.5 nm), whereas the worst
by MgO-SiO0; calcinated at 1000 °C (4ggr= 4 m*/g, V,= 0.01 cm’/g, S,= 9.0 nm).
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