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Abstract
The main purpose of the research was to explain the differences between nominal and actual chemical compositions of 
silicate-phosphate glasses in the  SiO2-P2O5-K2O-MgO-SO3 system. The actual compositions of the materials were determined 
with X-ray fluorescence (XRF) analyses. Changes in the chemical composition were explained by examining the melting 
processes for selected glass batches with differential scanning calorimetry-thermogravimetry-related gas analysis by mass 
spectrometry (DSC-TG-EGA (MS)) and high-temperature X-ray diffraction (HT-XRD). It was found that changes in the 
chemical composition of the sulfur-bearing glasses were associated with the release of gaseous products. The main gases 
released during thermal decomposition of the selected glass batch were water vapor, carbon dioxide, carbon monoxide, and 
ammonia. Since these glasses have potential for use as glassy fertilizers, there is no doubt that the present study is important 
from an environmental point of view.
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Introduction

In 1969, Secretary-General of the United Nations U Thant 
drew attention to the crisis involving human attitudes toward 
the environment in his famous report "Man and His Environ-
ment" [1]. Since then and especially now, the clear emphasis 
is on reducing gas emissions into the atmosphere [2].

One of the sources of air pollution may be melting activi-
ties. This involves emission from a.o., since they often emit 
sulfur oxides, nitrogen oxides, carbon dioxide, and monox-
ide, hydrogen sulfide.

The sulfur oxides  (SOx) is related to the presence of sulfur 
in the fuel used for combustion, as well as to decomposition 
of sulfur compounds in the batch materials, particularly from 
the fining process with sulfates. Carbon dioxide  (CO2) is 
one of the major products of combustion. It is also emitted 
after decomposition of carbonates in batch materials (e.g., 
soda ash, limestone, and potash). Carbon monoxide (CO) 

is the product of incomplete combustion. Hydrogen sulfide 
 (H2S) is formed from the fuel sulfur in hot blast cupolas 
due to the reducing conditions found in parts of the furnace. 
Nitrogen oxides are emitted from oxidation of the nitrogen 
in fuels and decomposition of nitrogen compounds in batch 
materials. Obviously, thermal  NOx can form at high melting 
temperatures, and  NOx can form promptly. Emission of these 
compounds should be limited, since they cannot be com-
pletely eliminated in glass melting processes [3]. According 
to [4], at least 90 mass% of the world's glass production 
uses sulfate raw materials to improve melting kinetics and 
fining. Batch reactions, especially in the presence of coke 
or organic components, influence the decomposition of sul-
fates or result in partial conversion to sulfides during batch 
melting [4, 5].

Sulfate exhibits several functionalities in the glass melt-
ing process in addition to fining, in which sulfate raw mate-
rials are intentionally added to glass-forming batches to 
enhance the removal of gas bubbles from freshly molten 
glass in glass furnaces; sulfates also act as oxidizing agents 
due to the release of oxygen upon heating the batch [5, 6] 
and coloring the glass. Sodium sulfate in combination with 
ferric iron  (Fe3+) results in formation of the chromophore 
required for amber glass [4].

Sodium and potassium carbonate are important com-
ponents of high-temperature materials [7]. Therefore, 
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information on the gas phase is important for modeling long-
term processes, for which the stabilities of the carbonates 
should be taken into account.

Heide [8] pointed out that the decomposition and vola-
tilization reactions in glass batches are important factors for 
glass manufacturing, and they optimize the melting condi-
tions and material properties, minimize the environmen-
tal impacts and effect complete utilization of raw materi-
als. Therefore, it is worth studying the glass batch melting 
process.

Heating of glass batches involves numerous chemical 
reactions between solid phases, between the solid and liq-
uid phase or between solid/liquid phases and gaseous phases 
[5, 9].

The methods most commonly used for this purpose are 
thermal analysis methods, including differential scanning 
calorimetry (DSC), differential thermal analysis (DTA), 
thermogravimetric analysis (TG), evolved gas analysis 
(EGA) coupled with gas chromatography and mass spec-
trometry [10, 11], high temperature in situ X-ray diffraction 
(HT-XRD) [11], and conventional XRD analysis [10].

Batch reactions of soda-lime-silica glasses heated up to 
1300 °C have been investigated [11] with in situ X-ray dif-
fraction. Cheng et al. [10] examined the influence of granu-
lation on the behaviors of soda-lime-silica glass batches at 
temperatures of 775–900 °C with TG and conventional XRD 
analyses. Samples of the glass batches studied by Cheng 
et al. [10] were obtained by placing them in an electric fur-
nace at temperatures of 775, 800, 825, 850 °C and then held 
at the specified temperature for different times (0–60 min). 
Deng et al. [12] studied the melting behavior of a repre-
sentative commercial green container glass batch with and 
without addition of 15 mass% briquettes produced from 
fine waste cullet particles to reduce waste and glass melt-
ing energy. Deng et al. [12] prepared samples for research 
via a procedure similar to that of Cheng et al. [10], but the 
crucibles with glass batches were heated to 1450 °C and 
then subjected to conventional XRD analysis, as well as dif-
ferential thermal analysis coupled with mass spectrometry 
(DTA-TGA-MS). Deng et al. [12] showed that adding bri-
quettes to container glass batches had a positive effect by 
increasing the melting rate and lowering the batch reaction 
and decomposition temperatures.

Beerkens [5] investigated chemical reactions during glass 
batch heating for production of typical soda-lime-silica 
glasses, such as float and container glass compositions, but 
concentrated on the behavior of sulfur components during 
heating of glass batches in reduced melts containing coke 
or organic materials.

Gas release during melting and fining of sulfur-containing 
glass batches for soda-lime-silica glass production has been 
investigated [4] with evolved gas analyses. The glass batches 
presented in the work [4] also included organic components 

or coke, which, as has already been mentioned, affected 
the decomposition of sulfates or resulted in the conversion 
to sulfides during batch melting. After batch melting, the 
remaining sulfur species further reacted with freshly molten 
glass still containing sand particles and gaseous inclusions. 
The authors conducted an EGA study on different batches 
containing organic components or coke under dry, wet, 
nitrogen, and simulated furnace atmospheres to investigate 
gas release (CO,  CO2,  SO2,  O2) and sulfur reactions dur-
ing batch heating and glass melt fining. Obviously, research 
conducted in [4] showed that the gases mentioned above 
were emitted. This information is essential for predicting 
foaming and fining behavior and the final glass redox state 
(color of final glass) for batch compositions of industrially 
applied raw materials and for finding methods to reduce  SOx 
emissions.

Vernerová et al. [9] also identified and evaluated the 
crucial chemical reactions occurring during melting under 
different oxidizing‒reducing conditions by evolving gas 
analysis (EGA) coupled with gas chromatography and mass 
spectrometry at temperatures up to 1500 °C. The main reac-
tions of the initial sulfates were confirmed and consisted of 
sulfate decomposition at high temperatures and under oxi-
dizing conditions, as well as reductions in sulfate to either 
sulfide or sulfur dioxide in the presence of reducing agents. 
The EGA analysis also confirmed emission of  CO2, CO, 
and  O2.

Xu et al. [13] studied batch reactions and phase transi-
tions of a melter feed in high-level vitrifying of alumina 
waste at 700 °C via various techniques. Understanding feed-
to-glass conversions for vitrification of nuclear waste is also 
important. Feed is a waste slurry mixture with glass-forming 
and glass-modifying additives and is charged at the top of 
the cold cap (the batch blanket) [13, 14].

The purpose of this work is to explain the changes 
occurring between the nominal and actual chemical 
compositions of the silicate-phosphate glasses of the 
 SiO2-P2O5-K2O-MgO-SO3 system. The actual composi-
tions of the materials were determined by XRF. Changes 
in the chemical composition were explained by examining 
the course of the melting process for selected glass batches. 
The loss of significant amounts of  SO3 from some glasses 
containing sulfur ions was already mentioned [15]. Although 
the reasons for significant losses of sulfur during melting 
of glass batches are well documented in the literature [15, 
16], the problem of phosphorus loss is rarely discussed. In 
this study, EGA was used by coupling with TG/DSC-MS 
and HT-XRD measurements to investigate batch reactions. 
When the emphasis on environmental protection is taken 
into account, it is worth checking the processes and reac-
tions exhibited by the glass batches, especially since these 
glasses could find application as glassy carriers of sulfur for 
soil environments.



1465Melting behavior of sulfur-bearing silicate–phosphate glass batches  

1 3

Materials and methods

Syntheses and chemical compositions of the glasses

A series of sulfur-free and sulfur-containing glasses with 
nominal compositions (47-x)SiO2·xP2O5·20K2O·33MgO 
and (47-x)SiO2·xP2O5·20K2O·28MgO·5SO3 (x = 2, 3, 4, 5, 
6, 7, 8, 8.5, 9, 10, 11 mol.%) were prepared. The starting 
materials were of analytical grade (> 99% purity), including 
 SiO2,  (NH4)2HPO4,  K2CO3, MgO, and  K2SO4. All batches 
containing sulfate included activated carbon as a reducer 
with an amount equivalent to that of the added  K2SO4. The 
raw material mixtures were melted in ceramic crucibles in 
electric furnaces at 1450 °C in air. The melts obtained were 
poured onto a steel plate.

The actual chemical compositions of the synthesized 
glasses were determined by X-ray fluorescence spectrometry 
(XRF) using a Thermo Scientific ARL Advant’XP spectrom-
eter and normalizing the glass sample composition to 100%. 
The nominal chemical compositions of the samples in mass 
percent along with those determined by X-ray fluorescence 
spectrometry (XRF) are listed in Tables 1 and 2. The glasses 
were marked in accordance with the molar contents of their 
individual components expressed as oxides.

Table 1  Nominal and 
experimental chemical 
compositions (from XRF 
analysis) of S-free glass in 
mass%

*a.o.:  Na2O, CaO,  Fe2O3, CuO, ZnO

Comp SiO2 P2O5 K2O MgO Al2O3 Other*

Nom XRF Nom XRF Nom XRF Nom XRF XRF XRF

Glass name
45Si2P 43.60 41.94 4.58 5.26 30.38 29.29 21.45 21.26 1.06 1.19
44Si3P 42.07 39.96 6.78 7.77 29.98 28.78 21.17 20.58 1.60 1.31
43Si4P 40.59 38.73 8.92 10.20 29.60 28.17 20.90 20.54 1.15 1.21
42Si5P 39.15 36.85 11.01 12.32 29.22 28.84 20.63 19.24 1.26 1.50
41Si6P 37.73 38.51 13.04 13.81 28.85 22.61 20.37 22.62 0.96 1.49
40Si7P 36.35 33.45 15.03 16.28 28.50 30.18 20.12 16.87 1.37 1.85
39Si8P 35.01 32.45 16.97 18.43 28.15 29.85 19.87 16.99 1.17 1.11
38.5Si8.5P 34.35 29.44 17.92 18.37 27.98 36.26 19.75 12.98 1.78 1.18
38Si9P 33.70 29.67 18.86 19.90 27.81 32.82 19.63 14.34 1.67 1.60
37Si10P 32.42 28.45 20.70 21.74 27.48 32.64 19.94 14.04 1.92 1.21
36Si11P 31.18 28.85 22.50 24.97 27.15 26.82 19.17 16.36 1.56 1.45

Table 2  Nominal and experimental chemical compositions from XRF analyses of S-bearing glasses in mass%, as well as  P2O5 and  SO3 losses in 
%

Comp SiO2 P2O5 K2O MgO SO3 Al2O3 Other P2O5 losses SO3 losses

Glass name Nom XRF Nom XRF Nom XRF Nom XRF Nom XRF XRF XRF

45Si2P5S 42.24 47.00 4.44 2.86 29.43 25.13 17.63 20.01 6.25 2.24 1.43 1.32 35.49 64.12
44Si3P5S 40.78 46.63 6.57 3.49 29.06 25.02 17.41 20.15 6.18 1.74 1.62 1.36 46.95 71.79
43Si4P5S 39.36 45.48 8.65 1.85 28.70 23.53 17.19 20.30 6.10 5.94 1.45 1.45 78.66 2.56
42Si5P5S 37.97 40.36 10.68 8.70 28.35 25.13 16.98 18.11 6.02 4.90 1.39 1.42 18.54 18.71
41Si6P5S 36.62 41.33 12.66 9.77 28.00 23.88 16.77 17.86 5.95 3.96 1.90 1.29 22.81 33.45
40Si7P5S 35.29 39.53 14.59 8.73 27.67 26.37 16.57 18.50 5.88 4.08 1.36 1.44 40.14 30.67
39Si8P5S 34.00 41.09 16.48 8.45 27.34 25.02 16.38 19.33 5.81 3.75 1.09 1.25 48.71 35.41
38.5Si8.5P5S 33.37 38.69 17.40 10.33 27.18 26.46 16.28 18.36 5.77 1.98 2.28 1.91 40.67 65.71
38Si9P5S 32.74 37.70 18.32 11.39 27.02 25.97 16.18 18.42 5.74 2.87 1.78 1.88 37.85 50.03
37Si10P5S 31.51 36.20 20.12 13.05 26.70 26.18 16.00 18.14 5.67 2.58 1.96 1.91 35.13 54.62
36Si11P5S 30.31 35.02 21.88 14.95 26.40 24.59 15.81 18.73 5.61 3.60 1.66 1.45 31.65 35.78
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Identification of batch reactions

Differential scanning 
calorimetry‑thermogravimetry‑evolved gas analysis 
by mass spectrometry (DSC‑TG‑EGA (MS)) combination

Batch reactions were analyzed by simultaneous differential 
scanning calorimetry-thermogravimetry-evolved gas analy-
sis by mass spectrometry (DSC-TG-EGA (MS)) in synthetic 
air (50 mL  min−1) at a heating rate of 10 °C  min−1 using a 
Simultaneous Thermo Analyzer (STA) [TG-DSC, Netzsch 
STA 449 F5 Jupiter] coupled to a 403 D Aëolos mass spec-
trometer. An empty α-Al2O3 crucible was used as the refer-
ence substance. For evaluations, 10 mg of dried sample was 
heated from 37 to 1100 °C in a corundum crucible.

High‑temperature X‑ray diffraction (HT‑XRD)

Phase compositions were analyzed during heating of glass 
batches with X-ray diffraction (XRD), which was performed 
with a Panalytical Empyrean diffractometer in the range 
10–100 deg. Cu Kα radiation was used, and the detector was 
a PIXcel3D. High-temperature X-ray diffraction (HT-XRD) 
measurements were performed up to 1100 °C by heating in 
air with temperature steps of 50 °C. An Anton Paar HTK 
1200 N oven chamber was mounted on the diffractometer for 
these studies. The crystalline phases were interpreted using 
HighScore Plus software.

Results

Glass chemical composition

As mentioned above, the nominal chemical compositions of 
the glasses along with those determined with X-ray fluores-
cence spectrometry (XRF) for sulfur-free and sulfur-bearing 
glassy materials are listed in Tables 1 and 2, respectively. 
Figure 1a and b show, in a very general way (graphically in 
the form of a 3D tetrahedral plot), the nominal and actual 
chemical compositions (from XRF analysis) of sulfur-free 
glassy materials, that is, nominally from the four-component 
system  SiO2-P2O5-K2O-MgO. Some of the glass chemical 
compositions, expressed in mole percentages, have already 
been presented [17].

Analyses of chemical compositions by XRF showed that 
glasses containing sulfur were characterized by a reduced 
 P2O5 content. The losses of  P2O5 for all sulfur-bearing 
glasses were calculated and are presented in Table 2 and 
Fig. 2a. The  P2O5 losses did not apply to S-free glasses. In 
the case of glasses without sulfur ions, the  P2O5 content 
was even slightly higher than the nominal value (Table 1). 
Thus, it is concluded that the loss of this component is 
related to the presence of potassium sulfate (VI) in the glass 
batch and, most of all, to the activated carbon acting as a 
reducing agent. The losses from sulfur-containing glasses 
as  SO3 are also shown in Table 2 and Fig. 2b. In general, 
the trend shows that as less sulfur was incorporated into the 
glass structure, lower losses of  P2O5 were observed during 
smelting (Figs. 2). XRF analysis showed that 43Si4P5S glass 
(Table 2, Fig. 2a) showed the highest loss of  P2O5. XRF also 
showed that the lowest  SO3 loss was recorded during melting 
of this glass (Table 2, Fig. 2b).

Fig. 1  Approximate 3D tetrahe-
dral presentation of the chemi-
cal compositions of the S-free 
glasses from XRF analyses; a 
nominal and b experimental
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It should also be noted that addition of sulfur 
ions increased the ability to form glasses from the 
 SiO2-P2O5-K2O-MgO system obtained under reducing con-
ditions; therefore, all sulfur-containing materials, according 
to the XRD analysis, were amorphous, while materials with 
the highest  P2O5 content were glass-crystalline materials. 
The XRD results were partially shown in a prior report [17]. 
However, it was decided to focus on the materials constitut-
ing the subject of the work, including the 43Si4P, 43Si4P5S, 
and 36Si11P5S glasses.

Identification of batch reactions

DSC‑TG‑EGA (MS) results

Three selected glass batches, 43Si4P, 43Si4P5S, and 
36Si11P5S, were subjected to differential scanning calorim-
etry-thermogravimetry-evolved gas analysis by mass spec-
trometry (DSC-TG-EGA (MS)) to determine their behavior 
during heating.

The potassium sulfate (VI) and activated carbon con-
tained in the 43Si4P5S glass batch were specifically chosen 
for EGA by a coupled TG/DSC-MS study due to significant 
differences between the nominal and XRF chemical compo-
sitions (Table 2). Additionally, the 43Si4P glass batch was 
chosen as an analog of this sulfur-containing 43Si4P5S glass 
batch.

The DSC-TG curves obtained for the three selected glass 
batches 43Si4P, 43Si4P5S and 36Si11P5S during heating of 
the samples are presented in Fig. 3. The DSC-TG-EGA (MS) 
curves for 36Si11P5S, 43Si4P5S, and 43Si4P are shown in 
Figs. 4, 5, and 6, respectively.

The profiles of the DSC-TG curves (Fig. 3) indicated that 
heating the glass batches up to 1100 °C occurred in several 
stages. Some steps were difficult to separate because of over-
lapping features in the DSC-TG curves. The heating steps 
are listed in Table 3 for the 36Si11P5S and 43Si4P5S glass 
batches and in Table 4 for the 43Si4P glass batch.

According to the literature, hygroscopic water was 
released at temperatures of 100–130 °C. Dehydration occur-
ring below 110 °C was associated with weak binding of 
water molecules [18].

The TG curves confirmed that the mass losses occur-
ring at temperatures up to 200 °C were caused by losses 
of hygroscopic water (the first mass loss recorded on the 
TG curve) and water from decomposition of diammonium 
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hydrogen phosphate ((NH4)2HPO4). At a temperature of 
approximately 200 °C, there was a decrease in mass due 
to evolution of ammonia  NH3 [19]. It is not easy to dis-
tinguish the signals for the decomposition products of 
ammonium hydrogen phosphate because of the overlap 
of these reactions.

Subsequently, the DSC curve showed a very pronounced 
exotherm related to evolution of  CO2, which came from com-
bustion of activated carbon in glass batches also containing 
 K2SO4 (36Si11P5S and 43Si11P5S glass batches), and this 
was accompanied by a decrease in mass. Another mass loss 
recorded on the TG curve was related to decomposition of 
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 K2CO3, which also caused the release of  CO2, and this phe-
nomenon occurred with all glass batches studied. However, 
the changes in mass due to thermal decomposition of  K2CO3 
gave weak endothermic features on the DSC curves. Further-
more, this weak endothermic effect was superimposed on the 

exothermic effect for combustion of activated carbon in the 
glass batches containing sulfate.

Based on the TG curves, it was concluded that the total 
mass losses from glass batches containing  K2SO4, e.g., 
36Si11P5S and 43Si4P5S, were 33 and 31%, respectively.
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Fig. 5  DSC-TG-EGA (MS) curves for the 43Si4P5S glass batch
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For identification of the gaseous product produced dur-
ing heating of the studied glass batches, the ion currents 
for the key masses, which were represented as mass-to-
charge ratios, m/z, were measured. Based on prior litera-
ture, the following was measured:

• Gaseous forms of sulfur:  SO2 (m/z 48);  SO3 (m/z 64, 
main mass; and m/z 66, isotopologue [20] [21]);  H2S 
(m/z 34);  HSO4

− (m/z 97);  K2SO4 (m/z 174) [22] for 
sulfur-containing glass batches;
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Fig. 6  DSC-TG-EGA (MS) curves for the 43Si4P glass batch
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• The compounds containing phosphorus were measured 
with the indicated m/z values:  P2 (m/z 62);  P4 (m/z 124); 
PO (m/z 46);  PO2 (m/z 63);  P2O5 (m/z 142);  P4O10 (m/z 
284);  P2O3 (m/z 110) and P (m/z 31), as noted in the 
literature [23, 24];

• The mass spectra for carbon compounds were also meas-
ured as the glass batch contained activated carbon as well 
as  K2CO3 to produce C (m/z 12);  O2 (m/z 32);  O+ (m/z 
16);  CO2

2+ (m/z 22);  CO2 (m/z 44, main mass 45–49) 
and CO (m/z 28) [25];

• Other gaseous species, including H (m/z 1 and 2);  N+ 
(m/z 14); NO (m/z 30);  NH+ (m/z 15);  NH2

+ (m/z 16); 
 NH3

+ (m/z 17) and  NH4
+ (m/z 18) [26], were also meas-

ured.

Figures 4, 5, and 6 show only the ion currents detected 
in the mass spectra; therefore, only these are considered in 
this work.

Evolution of water vapor

As indicated by the EGA curves, water was released. Fur-
thermore, the ion scans performed in the mass spectrometer 
at temperatures of 37–200 °C showed signals at m/z 17 and 
18 (Figs. 4–6) related to the  OH+ and  H2O+ species [18, 27, 

28]. Therefore, water evolved from the batch, based on the 
EGA curves.

Diammonium phosphate decomposition

According to the literature [21], five of the most intense 
peaks for ammonia occur at m/z 17 (100% relative intensity), 
16 (80%), 15 (7%), and 14 (2%), and with the lowest inten-
sity peak is at m/z 18 (0.4%). When the glass batches were 
heated, the diammonium hydrogen phosphate decomposed, 
and the peaks derived from NH3

+ and  OH+ overlapped each 
other. The very small signals for m/z 16, 15, and 14 were 
also recorded in the EGA spectra for the glass batches.

The signal at m/z 30 in the spectrum may be related to 
NO that was produced by oxidation of the  NH3 produced 
from decomposition of diammonium hydrogen phosphate. 
However, according to the literature, NO emissions occur at 
higher temperatures (400–600 °C) [18], so this assignment 
is rather unlikely.

Evolution of  CO2

The evolution of carbon as  CO2 is shown in Figs. 4–6. 
Sources of  CO2 included the background in the EGA data, 
oxidation of organic products, and decomposition of carbon-
ates (the research carried out indicates decarbonization of 
 K2CO3). Lewis et al. [29] made similar observations.

According to the literature [30],  CO2 ions appears at m/z 
44 through m/z 49.

In the analyzed glass batches, EDS spectra were recorded 
for m/z ratios of 44, 45, and 46, but spectra for m/z 47, 
48, 49 were not recorded. Santrock et al. [30] concluded 
that, with the exception of m/z 44 (12C16O16O), all meas-
urable ion currents represented sums of multiple isotopic 
contributions (13C17O16O + 12C18O16O + 12C17O2 at m/z 46; 
12C17O16O + 13C16O16O at m/z 45). Mass spectrometers used 
to analyze  CO2 register three common ion beam currents 
corresponding to m/z 44, 45, 46, which comprise various 

Table 3  Thermogravimetric and DSC analyses of 36Si11P5S and 43Si4P5S glass batches

*n.s—Not specified

Stage 36Si11P5S 43Si4P5S

DSC  Tpeak /°C TG temp. range /°C TG Δm /% DSC  Tpeak /°C TG temp. range /°C TG Δm /%

I 81 37–118 4.2 85 37–114 3.8
II 136 118–153 1.8 132 114–141 2.8
III 160 153–178 1.1 151 141–167 2.5
IV 193 181–225 4.6 190 167–211 2.2
V 540 220–595 14.3 525 211–566 13.2
VI 590 – – 589 – –
VII n.s.* 595–869 7.2 n.s 566–911 6.8
VIII 987 – – 983 – –

Table 4  Thermogravimetric and DSC analyses of the 43Si4P glass 
batch

* n.s—Not specified

Stage 43Si4P

DSC  Tpeak /°C TG Temp. range /°C TG Δm /%

I 83 37–155 5.7
II 98
III 192 155–221 3.2
IV n.s 221–926 14.8
V 998 – –
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isotopomers. The most abundant 12C16O16O molecule is 
recorded at m/z 44 and was registered in the presented study.

In this study, EGA spectra were also recorded for m/z 
45 and 46. According to the literature [30] on m/z 45, the 
13C-containing isotopologue is dominant, while the 17O-con-
taining isotopologue contributes only ~ 6.5%. In the case of 
m/z 46, an 18O-bearing isotopologue prevails because dou-
bly substituted molecules have much lower abundances. No 
further  CO2 isotopologues were registered in this research; 
that is because double or triple substitutions have very low 
abundance;  CO2 has double and triple isotopologues with 
m/z ratios from 47 to 49, but they have low abundance and 
were not registered.

The ion current tracks corresponding to m/z 22 were con-
nected to CO2

2+ (Figs. 4–6). In an earlier study, [28] evapora-
tion of CO2

2+ and  CO2+ (m/z 44) occurred in the temperature 
range 200–249 °C.

Furthermore, in the mass spectra, more signals associ-
ated with evolution of  CO2 were observed. It must be noted 
that one of the main fragment ions formed was  CO+ (m/z 
28). This testified to the presence of carbon monoxide in the 
gaseous products from the glass batch. MS peaks were also 
registered for ion fragments with m/z = 12  (C+) [8, 25, 31]. 
The very weak spectrum recorded for m/z = 16 was assigned 
to the presence of atomic oxygen  (O+), which is also a frag-
ment from the released gases CO and  CO2 [8, 31].

Thermal decomposition of  K2SO4

In the EGA curves for glass batches containing potas-
sium sulfate (VI) and activated carbon (36Si11P5S and 
43Si4P5S), signals arose from  SO2 (m/z 48) and  SO3 (m/z 
64) but only at temperatures above 1000 °C. In the case of 
the 36Si11P5S glass batch, a signal was also recorded for 
m/z 66, that is, for an isotopologue of  SO2.

High‑temperature X‑ray diffractometry (HT‑XRD)

The 43Si4P5S and 43Si4P glass batches heated to 1100 °C 
were analyzed with high-temperature X-ray diffraction (HT-
XRD). The diffractograms obtained are shown in Figs. 7 and 
8 for 43Si4P5S and 43Si4P, respectively.

43Si4P5S glass batch

The diffractograms obtained at every 50 °C from the HT-
XRD measurement of the 43Si4P5S glass batch heated 
from 25 to 1100 °C are shown in Fig. 7. The figure also 

shows the diffractogram measured at 25 °C for the empty 
crucible in which the measurements were carried out, 
which indicated the presence of an  Al2O3 phase in the 
analyzed samples.

The diffraction pattern obtained at 25 °C revealed the 
components of the glass batch (Fig. 7). Thus, crystalline 
phases of  (NH4)2HPO4, MgO,  K2CO3,  K2SO4, and  Al2O3 
from the crucible in which the HT-XRD measurement were 
identified  (SiO2 was amorphous).

The diffractogram recorded at 50 °C (Fig. 7) was similar 
in appearance to that recorded at 25 °C; therefore, in this 
case, all the components introduced in the 43Si4P5S glass 
batch were identified.

The diffraction pattern recorded at 100 °C differed from 
the diffraction patterns obtained at 25 and 50 °C because 
new peaks appeared and some of those present in the diffrac-
tion patterns recorded at lower temperatures disappeared. 
In this case, the peak for  (NH4)2HPO4 disappeared, and the 
product of its decomposition, i.e.,  (NH4)H2PO4, began to 
appear.

The diffractogram recorded at 150 °C differed from the 
others because some of the phases seemed to disappear. At 
a temperature of 150 °C, the glass batch must still contain 
 SiO2,  K2CO3, MgO, and  K2SO4. Theoretically,  NH4H2PO4 
(ICDD: 00–037-1479) was also present.

The diffraction pattern for the glass batch heated at 
200 °C showed increased intensity for the peak with a 2θ 
value of approximately 30° compared to that for the diffrac-
tion pattern recorded at 150 °C.

The diffractogram recorded at 300 °C generally did not 
differ in the positions of the reflections, but they differed 
in intensity. The diffraction pattern recorded at 350 °C did 
not differ significantly from the diffractogram recorded at 
300 °C.

The diffractogram recorded at 400 °C differed from its 
predecessor within the 2θ range 29 to 33°. This is related to 
the beginning of the coal combustion process which was also 
shown in the DSC-TG-EGA (MS) studies (Figs. 4, 5). At 
temperatures of 450 and 550 °C, there were further changes 
in this range for the 2θ angles.

The diffractograms recorded at temperatures of 450 and 
500 °C were very similar to each other, even in terms of peak 
locations and intensities. This means that in this temperature 
range, there were no changes in the batch. At 550 °C, there 
were changes in the 2θ angles within the range 29 to 33°.

At 600 °C, significant changes in phase composition 
took place in the sample, which were indicated by a sig-
nificant decrease in the intensity of the peaks at approxi-
mately 29° and approximately 31.5°. The diffractogram for 
the 43Si11P5S glass batch recorded at 650 °C differed from 
that recorded at 600 °C due to decreases in the intensities of 
the reflection peaks. At 700 °C, there were large changes in 
the peaks between 29 and 33°.

Fig. 7  Powder HT-XRD patterns for the 43Si4P5S glass batch dur-
ing heating from 25 to 1100  °C and for the crucible at 25  °C. 
X-ray diffractometry (XRD) identification of phases (MgO,  Al2O3, 
 (NH4)2HPO4,  NH4H2PO4,  K2CO3,  K2SO4,  MgSiO3,  Mg2P2O7)

◂
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As shown by the XRD analyses, the diffraction pat-
terns still showed clear reflections indicating the pres-
ence of MgO, and the intensity gradually decreased up to 
a temperature of 1050 °C. In the temperature range 750 
to 1050 °C, peaks for new crystallization phases were 
evident. Most likely, they were for magnesium silicate, 
 MgSiO3 (ICSD: 98-003-1288), and phosphates such as 
 Mg2P2O7 (ICSD: 98–001-5326).

At a temperature of 1100 °C, the diffraction pattern for 
the 43Si4P5S glass batch showed only  Al2O3 reflections 
(the crucible material) because, under the measurement 
conditions used, it is probable that a silicate phase was 
produced, quartz grains were dissolved in the melt, and a 
glass was formed.

43Si4P glass batch

Diffractograms for the 43Si4P glass batch were also ana-
lyzed (Fig. 8).

The lack of  K2SO4 and the addition of activated carbon 
to the 43Si4P glass batch caused obvious differences in its 
HT-XRD diffractograms compared to the diffractogram for 
the 43Si4P5S glass batch that contained  K2SO4.

When this glass batch was heated to 1100  °C, as 
with the corresponding sulfur-containing glass batch 
(43Si4P5S), only peaks derived from  Al2O3 and originat-
ing from the crucible appeared in the diffraction pattern 
(Fig. 8).

In contrast to the diffractogram for the 43Si4P5S glass 
batch (Figs. 7, 8), the diffractogram recorded at 750 °C 
for the 43Si4P glass batch showed crystal phases such as 
MgO (ICSD: 98-015-7526),  SiO2 (cristobalite high, ICSD: 
00-027-0605),  MgSiO3 (Protoenstatite, ICSD: 98-003-
1288),  Mg2P2O7 (ICSD: 98-003-1288), and  K3PO4 (ICSD: 
98-015-8801).

At a temperature of 1000 °C, the presence of  MgSiO3 
(ICSD: 98-003-1288),  Mg2P2O7 (ICSD: 98-003-1288), and 
 K2MgO12Si5 (ICSD: 98-007-4571) crystalline phases was 
also identified.

The diffractogram for the sulfur-free glass batch (43Si4P) 
differed from that for its counterpart containing  K2SO4 and 
activated carbon. The crystalline phases identified in the 
43Si4P glass batch were, MgO (Periclase, ICSD: 98-015-
9373),  MgSiO3 (ICDD: 01-074-2017),  SiO2 (Cristobalite 
high, ICSD: 00-027-0605),  Mg2P2O7 (ICSD: 98-003-1288), 
and  Al2O3 (ICSD: 98-016-0607).

Discussion

As part of this study, the formation of glasses in batches 
comprising  SiO2,  (NH4)2HPO4,  K2CO3, MgO,  K2SO4, and 
activated carbon, i.e., 43Si4P5S and 36Si11P5S, was inves-
tigated, as was the glass batch 43Si4P that did not contain 
potassium sulfate and activated carbon.

There is no doubt that when the glass batches were 
heated, waters of hydration evaporated. At temperatures of 
100 − 130 °C, water was released. However, for the glass 
batches under consideration, decomposition of  (NH4)2HPO4 
also occurred. One of the decomposition products was water, 
and ammonia was another important decomposition product.

At low temperatures [19], ammonia was released accord-
ing to the following reactions:

this led to the formation of phosphoric acid. The acid 
was dehydrated as in the reaction below, producing pyroph-
osphoric acid [19]

This reaction proceeded at a very slow rate with forma-
tion of  P4O10. Immediately [19] after formation,  P4O10 sub-
limed at 579 °C.

Due to the m/z peak at 18 for NH4
+, it overlapped with 

the peak for  H2O.
It seems that the above reactions are consistent with the 

glass batches under study.
Based on the results of their EGA study, Rodriguez 

et al. [14] stated that TG peaks below 400 °C corresponded 
mainly to evolution of  H2O and even  H2O release at temper-
atures above 400 °C when  CO2 was already released. How-
ever, they did investigate gas-evolving cold-cap reactions, 
and chemically bonded water was also included among the 
ingredients. In this work,  H2O may also have been produced 
by  (NH4)2HPO4 decomposition, as mentioned above.

In the recorded DSC curves for the 43Si4P and 36Si11P5S 
glass batches, a very weak endothermic effect was observed 
at temperatures above 573 °C, which was related to transfor-
mation of β-quartz into α-quartz. This transformation was 
not visible in the DSC curve for the 43Si4P5S glass batch, 
but such a transformation had to take place.

As mentioned before, the DSC peaks for individual 
gases overlapped. Rodriguez et al. [14] also observed over-
lap in their study on the composition of melt feeds used to 
vitrify high-level waste containing high alumina content 

(1)

(

NH4

)

2
HPO4 →

3 ∕2NH3(g) +
1∕2 NH4H2PO4(s) +

1∕2 H3PO4(l)

(2)1∕2
[

NH4H2PO4

]

→ NH3(g) + H3PO4(l)

(3)H3PO4(l) →
1∕2 H2O(g) +

1∕2 H4P2O7(l)

(4)1∕4 H4P2O7(l) → H2O(g) +
1∕4 P4O10(s) ≥ 205◦C.

Fig. 8  Powder HT-XRD patterns for the 43Si4P glass batch dur-
ing heating from 25 to 1100  °C and for the crucible at 25  °C. 
X-ray diffractometry (XRD) identification of phases (MgO, 
 Al2O3,  (NH4)2HPO4,  NH4H2PO4,  K2CO3,  MgSiO3,  K3PO4,  SiO2, 
 K2MgO12Si5)

◂
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in the preparation of glass containing the minerals  SiO2, 
 Al2O3,  B2O3,  Na2O, CaO,  Fe2O3,  Li2O,  Bi2O3, and  P2O5.

Certainly, in the case of the glass batches studied 
herein, there was overlap between peaks on the DSC curve 
for the exothermic effect associated with carbon combus-
tion and the endothermic effect associated with thermal 
dissociation of  K2CO3. Both of these processes led to 
release of  CO2. The  CO2 emitted from the glass batch was 
very evident from the TG, EGA and DSC curves, and it 
occurred within the range 400 to 800 °C and even below 
200 °C. It was noticed that below 550 °C, large amounts of 
 CO2 gas were released, while above this temperature, the 
amount of released gases decreased dramatically.

The EGA curves for the 36Si11P5S and 43Si4P5S glass 
batches (Fig. 4, 5) showed three peaks (effects), the first 
of which was related to  CO2 emission from combustion of 
activated carbon:

and the second was related to  CO2 emission from 
decomposition of  K2CO3, as in the following reaction:

Kloužek et al. [32] showed the gases evolved from a 
mixture containing sulfate (0.20 mass%  SO3), granulated 
coke (0.05 mass%) and glass cullet. Other raw materials 
were not used in their work, as  CO2 formed by decompo-
sition of carbonates would have overlapped the peaks for 
gases produced by the reactions studied. Kloužek et al. 
[32] observed oxidation of carbon by oxygen (Eq. 5) at a 
low temperature of 350 °C.

As reported by Tsujimura et al. [33], small amounts 
of  CO2 were released up to 200 °C, probably due to  CO2 
absorption from the atmosphere on the batch surface.

Lehman et al. [34] studied the behavior of potassium 
carbonate near its melting point with thermal analysis and 
at a total pressure of 1 atm. Therefore, they investigated 
the specific behavior of  K2CO3 between 700 and 1000 °C 
and under various partial pressures of  CO2.  K2CO3 occurs 
in two forms, γ and β. As previously reported [34], the γ 
phase transforms to the β form at 421 °C, and the β form 
is stable up to the melting point, which is close to 900 °C. 
Carbonate thermally decomposes at high temperature 
according to the reaction in Eq. 5.

Lehman et al. [34] also observed, with thermogavi-
metric analyses, that substitution of  CO2 for  N2 reduced 
the rate of volatilization, but measurable mass losses still 
occurred at all temperatures. Based on the temperature 
and partial pressure dependence of  CO2 mass losses, the 
results supported a  K2CO3 decomposition model rather 
than a congruent sublimation/evaporation model.

(5)C(s) + O2(g) → CO2(g)

(6)K2CO3 → K2O + CO2

Sergeev et al. [7] analyzed vaporization of the alkali 
carbonates  Na2CO3 and  K2CO3 by Knudsen diffusion mass 
spectrometry within the temperature range 600 to 880 °C. 
It was established that sodium and potassium carbonates 
evaporated congruently below 750 °C according to the fol-
lowing reaction:

This research [7] showed that at higher temperatures, 
p(CO2) increased disproportionally relative to p(M) in both 
cases (M=Na and K), which led to formation of  M2O oxides 
in the solid phase. It was established that vaporization of 
sodium and potassium carbonates was close to congruent at 
temperatures below 750 °C with the main species M,  CO2, 
and  O2 formed in the gas phase. At temperatures higher than 
750 °C, incongruent vaporization was observed due to a 
disproportionate increase in the vapor pressure of  CO2. At 
this stage,  Na2O+,  K2O+, and  K2CO3

+ ions were also regis-
tered in the mass spectra. However, in our work, we did not 
investigate evaporation of  K2CO3

+ ions.
If gaseous potassium were present among the gaseous 

products, Huang et al. [35] indicated it would react with 
 SiO2 in the presence of  O2. Huang et al. [35] concluded 
that in the presence of  O2, K compounds may react with 
 SiO2 or  Al2O3 to form insoluble aluminosilicates, such as 
 K2O·Al2O3·SiO2, via the following equations:

K2CO3, as with other alkaline carbonates and earth-
alkaline carbonates, decomposed due to the increase in 
temperature, that is, thermal calcination occurred above a 
certain temperature, or through reaction with other batch 
constituents, that is, reactive calcination. Thermal calcina-
tion of  K2CO3 occurred via Eg. 6 [36]:

Reactive calcination of  K2CO3 may have resulted from 
a solid-state reaction with silica that formed a crystalline 
potassium silicate phase. Formation of potassium metasili-
cate  (K2O·SiO2) due to reactive calcination of  K2CO3 with 
silica is given by:

The following [3] considered reactive calcination of car-
bonates. Huang et al. [35] also proposed the above reaction.

In fact, none of the DSC curves showed any endother-
mic effect related to release of  CO2 resulting from thermal 
decomposition of  K2CO3, but this decomposition certainly 
occurred because a mass loss was registered in the TG data.

Stern and Weise [36] also studied thermal decomposi-
tions of  K2CO3 up to a temperature of 1100 K (827 °C). 

(7)M2CO3(s) = 2 M(g) + CO2(g) +
1∕2 O2(g)

(8)2 K(g) + 3 SiO(2) +
1∕2 O2 → K2O ⋅ 3SiO2

(9)
K2O ⋅ 3SiO2 + Al2O3 + 3 SiO2 → K2O ⋅ Al2O3 ⋅ SiO2

(10)K2CO3(s) + SiO2(s) → K2O ⋅ SiO2(s) + CO2(g)
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No further measurements of decomposition pressures were 
obtained because data for  K2O are lacking above this tem-
perature.  K2O is sufficiently unstable toward dissociation 
to K(g) and  O2 to be significant.

As noted by Stern and Weise [36],  K2CO3 also showed a 
phase change, and at 523 K (250 °C), the transformation of 
phases c and IV into phases c and II took place; at a tem-
perature of 701 K (428 °C), the transformation of phases c, 
III, wc, and II took place; at a temperature of 895 °C, the 
transformation of phases c, II, wc and I took place; and at 
a temperature of approx. 1171 K (898 °C), phases c and I 
transformed into a liquid.

When considering the course of a reaction for sulfate-
containing glass batches, the Boudouard reaction should 
be mentioned. According to the reaction mechanism 
described by Boudouard [37] of the glasses, released 
CO partially reacts with the activated carbon added to 
the batch as a reducing agent according to the reaction 
equation:

The Boudouard reaction generates a large volume of CO 
throughout the batch blanket, typically between 670 and 
930 °C (940–1200 K) [37].

Evolution of CO was observed between 650 and 1000 °C 
and paralleled the release of  CO2 formed by decomposition 
of carbonates.  SO2 evolved at temperatures between 850 and 
1350 °C in prior work [5].

Under reducing conditions, C and CO reduced sulfate 
ions to sulfide ions or  SO2 gas. CO production required the 
presence of  CO2 from reactions of the batch. The sulfides 
produced provided the potential for subsequent reactions 
with their sulfate precursors [37]. Both sulfate-reducing 
reactions (involving carbon compounds or sulfides) pro-
duced  SO2.

According to [9], thermal decomposition of the sulfates 
(in their case  Na2SO4) added to soda-lime-silica glasses 
occurred at temperatures greater than 1450 °C, and the  SO2 
and  O2 gases were released in a 2:1 ratio from glass batches 
without a reducing agent added. For the glass batches con-
sidered herein, decomposition of potassium sulfate occurred 
at temperatures above 1000 °C.

According to Vernerova et al. [15], the peak for CO gen-
erated at 900 °C indicated the occurrence of the Boudouard 
reaction between gaseous  CO2 from the batch carbonates 
and solid carbon. The presence of CO signals the expected 
reduction in sulfate to sulfide in the temperature range 
900 − 1000 °C:

Participation of the reaction with carbon is also antici-
pated at slightly lower temperatures:

(11)C(s) + CO2(g) → 2 CO(g)

(12)SO2−
4

+ 4 CO → 4 CO2 + S2−

The effect of either reaction depends on the amount of 
 CO2 available for the Boudouard reaction and the chance 
that the reactants come into contact [15].

Subsequent reduction in the sulfates to  SO2 was apparent 
between 1040 and 1200 °C, with the maximum rate occur-
ring at 1090 °C [15]:

A reaction with carbon seems to be probable as well, 
depending on the content of carbon in the melt, owing to 
the very low concentration of CO [15].

The sulfur content was also much lower than that 
assumed for the glasses produced. The structures of the 
S-bearing glasses contained reduced forms of sulfur, prob-
ably from reduction in potassium sulfate with activated 
carbon in accordance with the equations presented above. 
The presence of reduced sulfur in the structures of glasses 
with similar chemical compositions was shown in an earlier 
publication [38].

During low-temperature heating, orthorhombic  K2SO4 
undergoes a phase transition to high-temperature hexago-
nal  K2SO4 at 586 °C [39]. According to the literature, the 
melting point of  K2SO4 is 1069 °C [22]. Therefore, in the 
sulfur-containing glass batches analyzed here, potassium 
sulfate should decompose because the measurements were 
carried out up to 1100 °C with the use of HT-XRD. There-
fore, results obtained indicated that potassium sulfate must 
have begun to decompose, as seen from the EGA curves.

Our observations from the EGA curves showed that addi-
tion of activated carbon did not reduce the temperature of 
 K2SO4 decomposition.

According to the literature [40], retention of sulfates or 
the total retention of sulfur after batch melting depended 
strongly on the presence of organic components or coke 
in the batch. Some  SO2 will be released due to reactions 
between sodium sulfate (or calcium sulfate) and sand. Tak-
ing this into account, it could be concluded that in the case 
of the glass batches containing potassium sulfate, some  SO2 
could be released as a result of a reaction between  K2SO4 
and  SiO2.

Depending on the batch redox state (determined by reduc-
ing and oxidizing components), freshly molten glass could 
contain SO4

2−, SO3
2−, and  S2−, but the composition of this 

melt may not be uniform (homogeneous).
In the case of the glass batches that contained sulfate, 

we recorded  SO3 emissions but did not observe sulfate 
release. Wang et al. [22] did not detect sulfates or  SO3 
among the gaseous species, clearly because  SO3 can easily 

(13)SO2−
4

+ 2 C → 2 CO2 + S2−

(14)SO2−
4

+ CO → CO2 + SO2 + O2−

(15)SO2−
4

+ C → CO2 + 2 SO2 + 2O2−



1478 J. Sułowska et al.

1 3

decompose to  SO2 at high temperature, and the conversion 
of  SO2 to  SO3 is slow even at temperatures higher than 
1000 °C and usually requires catalysts such as  Fe2O3 and 
 V2O5 [22, 41].

Phosphorus can be volatized in the following four 
forms:  P2,  P4, PO, and  PO2. J. Jin et al. [23] noted that 
volatile phosphorus phases in the temperature range 
(1150–1257 °C) were mainly  P2 and  P4 gases upon reduc-
tion by coal.

It is very difficult to say where the significant  P2O5 
losses originated for the glasses studied. Bourgel et al. 
[24] studied the behavior of phosphorus during gasifi-
cation of sewage sludge to understand its volatilization 
conditions during thermal treatments. The authors con-
cluded that volatilization of element P began at 700 °C 
when the amount of  P2O5 was greater than 33 mass%. It 
increased to 11.5% for 46 mass% of  P2O5. Higher tem-
peratures led to greater proportions of P in the gas phase. 
At 1500 °C, volatilization began at 25 mass%  P2O5 and 
reached 55.5% volatilization. At the working temperature 
(approximately 1300 °C), evaporation began for 25%  P2O5 
content by mass. The composition containing 46 mass% 
 P2O5 released 45% of the initial phosphorus.

In the case of the glasses studied, the peak for m/z 31 
was observed, which could indicate the release of gaseous 
phosphorus  (P+) among other possibilities.

Boström et al. [42] and Grimm et al. [43] showed that, 
in general, phosphates of alkali and alkaline earth metals 
are thermodynamically more stable than sulfates, which are 
in turn more stable than sulfites, which are in turn more 
stable than silicates and oxides, respectively. On the other 
hand, potassium salts are generally more stable than mag-
nesium salts. Billen et al. [44] relied on these findings and 
recognized the aforementioned relationships as useful gen-
eral rules for estimating speciation of ash elements, which 
they studied, and the effects of adding certain components 
to the ash.

In this work,  P2O5 was formed via decomposition of 
diammonium hydrogen phosphate. According to the litera-
ture, its melting point is 427 °C, that is, 700 K [45]. Thus, 
 P2O5 becomes liquid  P2O5. It is not known in what form 
phosphorus was released during melting of the 43Si4P5S 
glass batch. Even if the peak at m/z 31 was derived from  P+, 
it had a very weak intensity.

Considering the above, it seems appropriate to explain 
the loss of phosphorus during decomposition of the glasses; 
research should be carried out in the temperature range 1100 
to 1450 °C.

Measurements of the melting processes for the 
36Si11P5S, 43Si4P5S, and 43Si4P glass batches were lim-
ited to a maximum temperature of 1100 °C. In future, we 
plan to extend these studies of changes occurring in glass 
batches to temperatures above 1100 °C.

Conclusions

Chemical reactions occurring between components in sulfur-
bearing silicate-phosphate glass batches were studied with a 
combination of DSC-TG-EGA (MS)) and high-temperature 
X-ray diffraction (HT-XRD) to clarify the reasons for loss 
of significant amounts of  SO3 and  P2O5 from glasses in the 
 SiO2-P2O5-K2O-MgO-SO3 system containing sulfur ions.

It was concluded that the most intense processes leading 
to the release of phosphorus from glass batches occur at 
temperatures above 1100 °C.

This study showed that sulfur oxides and  CO2 evapo-
rated during heating of the glass batches. Of course, evapo-
rated water and ammonia were also released from the glass 
batches. It is essential to confirm this due to the limits placed 
on activities releasing pollutants into the environment. In 
addition, the glasses described are to be used as glass fer-
tilizers. The HT-XRD results showed that magnesium sili-
cate and phosphates were formed during heating of the glass 
batches.

Understanding these batch-to-glass conversion processes 
is fundamental to developing technology for obtaining 
glasses.
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