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THERMOGRAVIMETRIC AND MASS SPECTROMETRIC 
INVESTIGATIONS OF THE DECOMPOSITION AND VOLATILIZATION 
OF RAW MATERIALS BY HEATING OF A GLASS BATCH 
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The decomposition and volatilization reactions in the glass batch are important factors for the 
glass manufacturing, for the optimization of the melting conditions and material properties as well as 
for minimisation of the environmental impacts and complete utilisation of the raw materials. Tho use 
of modern analytical techniques to study such processes in laboratory is a first step towards in- 
dustrial process control. One of the most successful techniques in evolved gas analysis has been the 
mass spectrometry. 

The different types of mass filters and their advantages and limits are described for use in batch 
reactions and glass melting. 

Secondly, the methods of interfacing for a simultaneous MS-analysis of decomposition and 
evaporation reactions under different conditions are discussed. 

Thirdly, selected examples are given and discussed. 
They include 
- the control of decarbonatization of raw materials (soda, and calcite) by means of additives 
- the evaporation of raw materials (boron) by heating of a glass batch 

- the characterization of fining process of a glass melt 
- the volatilization of fluorine, phosphorous and the formation of metal - gas - complexes by 

melting of fluoro-phosphate and fluoro-aluminate glasses. 

The analysis of  reactions in the glass batch by means of  evolved gas 
analysis (EGA) was stimulated in the last ten years by the use of  the modern 
analytical techniques of EGA, which allow the qualitative and quantitative 
measurements of  vapour composition in connection with the heating process 
of  the raw materials [ 1,2]. 

The m o s t  successfully applied technique is mass spectrometry (MS) 
simultaneously with thermogravimetry and DTA. The use of  MS to analyze 
evolved gases in general has been described in anumber  of  papers [3, 5] but 
in most applied and described coupling systems the mass spectrometer fits 
directly into the vacuum system. The pressure during the reaction in this 
case must not exceed 10 -4 torr, the pressure limit for the proportional 
relationship between ion current and sample concentration. For investi- 
gations in air or any other gas atmosphere under atmospheric pressure an 
interface for pressure reduction between the furnace and MS in necessary. 
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Different inlet systems have been described in literature [6-8]  which should 
guarantee the 
- unvaried gas composition 
- short response time (time leak) 
- no condensation effects of gases and vapours in the interface and 
- no reactions of gases and vapours with material of the inlet system 
The types of mass filters used are different. 
When carried out simultaneously with TG, DSC, and/or DTA, MS provides 
a powerful method to investigate the thermal decomposition pattern of a 
material and to understand the reaction mechanism. 

Experimental t e c h n i q u e s  

The basic principles of the three types of mass separation are indicated 
in the following. 

In the magnetic sector field spectrometer (90 -degree mass spectro- 
oaeter) the ions are separated according to their masses and electric charges 
(m/e) by a magnetic field. This analyzer in combination with a flexible inlet 
system permits the solution of numerous interesting problems of thermal 
degradation, e.g. the decomposition of polymeres and organic compounds, 
but also inorganic decomposition reactions. 

Special advantages of this system are the high resolution (Rx%) and 
sensitivity. 

The resolution of a mass-spectrometer is defined by the ratio R = re~Am 
of the mass (m) to a distance expressed in (Am), where m refers to the mass 
number at which the resolution is measured. Am can be defined in different 
ways - the "10% valley" definition or with respect to peak width. 

Rx~ = m/Amx% = m/(ax%/b) 

In the case of Ra0% -- 1200 the resolution allows the separation of CO, 
N2 and C2H4 with values ofm/e = 28.011, 28.013; and 28.054, respectively. 
Furthermore, the construction of multiple collectors allows a simultaneous 
determination of chosen gases in the original gas mixtures. Systems used in 
the steel industry (Fig 1) are, in principle, suitable for the automatic control 
of  any thermal process. 

But in the EGA such systems are not yet in common use. Many pro- 
blems in this field may be solved by means of a much more economical 
system of mass-filter, as like the quadrupol mass spectrometers. 
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Fig. I Pr inciple  of  a a u t o m a t i c  con t ro l  o f  s teel  p roduc t ion  process  by  means  o f  s imu l t aneous  gas  

analysis  
l - magnet ,  2 - source,  3 - inlet  o f  evolved gas, 4 - pressure regulator ,  5 - ga te  valve, 6 - t rap,  
7 - d i f fus ion  pump,  8 - co l lec t ion  o f  separa ted  masses,  9 - pre-amplif iers ,  10 - ou tgo ing  
electr ic  signal, I l - compute r ,  12 - ro ta ry  p u m p  

The quadrupole mass spectrometer (QMG) operates on the orinciple 
o f  mass separation by ion oscillation in a high frequent electric quadrupole 
field. The stable ions, after passing the mass filter are detected by a Faraday 
cup collector or a secondary electron multiplier (SEM). The collector cur- 
rent, which is proportional to the partial pressure of  the gas component  in 
the ionizer is measured with an electrometer amplifier. The mass number of  
the ions which pass through the mass filter and are collected is proportional 
to the amplitude V. 

The resolution is specified in terms of  one mass-unit, that means as 
28 at the mass 28 or I00 at mass 100 ("10% valley" definition, Am = 1). 

The separation of CO, N2, C2 H4 (m[e -- 28) is possible only by using 
the determination of  the fragments of  molecule ions (Fig. 2). Units designed 
for connection to data processing equipments allow the interpretation of  
single mass lines or mass groups sufficiently reliably and quickly. Removal 
of  all the gaseous decomposition products into the mass spectrometer is 
best achieved by placing the sample within the analyzer system itself. 

The earliest construction heated the sample in a miniature furnace 
within the ion source of  a time-of-flight mass spectrometer. 

Systems of  these types have the advantage that, due to the short 
sample-analyzer distance involved, secondary reactions and vapour su- 
blimation are minimised. 
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Fig. 2 Fragme~ation of molecules by ionization in the ion source of mass-spectrometer 

The operating principle of these time-of-flight mass spectrometers is 
the ionization of the gases by an electron beam, formation in a drift tube, 
formation of packets of accelerated ions with equal mass-charge ratios, and 
display of ion current by means of a broadband oscilloscope system. This 
type of mass spectrometer is especially suitable for studying and measuring 
fast gas dynamic processes in vacuum under nonsteady-state conditions (e.g. 
explosions). 

For the investigation of reactions in the glass batch and the volatilization 
of components from the batch and during the melting as well as for the 
determination of gas content in the final product of glass making use of a 
quadrupol mass spectrometer was extremly helpful. The QMS used in this 
study has different coupling and inlet systems for a simultaneous TA-QMS- 
analysis. 

Figure 3 shows an experimental set-up for investigations of decompo- 
sition of raw materials in a glass batch in control atmosphere conditions. 
The maximum temperature is 1600 ~ . 
The two-step decomposition of dolomite provides a good example of de- 
monstration of the short dead time as shown in Fig. 4. 

J. Thermal Anal. 35, 1989 



HEIDE: THERMOGRAVIMETRIC TG AND MS INVESTIGATIONS 309 

~o~oo_~11t111111 ~ ~*~a~li !1 

i 
,ai~c 

Carrier gas 

Fig. 3 Principle of the coupling of a thermobalance with MS by a capillary 
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The MS-analysis of decomposition of dolomite under atmospheric pressure, showing the evo~ 
luti.on of CO2, sample weight: 100 mg; heating rate: 10 deg/min; carrier gas: argon 8 l/h; 
crucible: Pt (Mettler-standard); temperature measurement: on the bottom of the crucible. 
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As we can show on the basis of  first results it is possible to determine the 
change in the partial pressure under atmospheric pressure by means of 
an inlet system as in Fig. 5. 

The bursting of  the bubbles produces a spontaneous increase in the 
partial pressure and it is possible to determine the fining temperature and 
the fining time without difficulties (Fig. 6). 

The determination of  degasing behaviour of  glasses is a further aspect of 
the use of  MS-gas analysis. The MS-analysis of  gas content and the degasing 
behaviour of  glasses can be carried out by placing the sample directly into 
the vacuum system (Fig. 7). The sample size depends on the degasing rate 
and total gas volume and in general is only some milligrams. 

I 

I ~ I  l u 

Fig. 5 Sys tem for  investigation o f  glass mel t ing  
1 - ro t a t ion  pump ,  2 - inlet wi th  da mp ,  3 - spec t rome te r ,  4 - out le t ,  5 - oven,  6 - crucible,  

7 - t he rmocoup le ,  8 - crucible holder ,  9 - carrier  gas 
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Fig. 6 
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The degasing of  02 of  a glass melt under atmospheric pressure. (Sample weight: 1500 mg; 
heating rate up to 1450~ I0 deg/min, carrier gas: argon 8 l/h, crucible: A1203; temperature 
measurement: on the bottom of the crucible 
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Fig. 7. QMS analyzer attached to TA vacuum system 
I - furnace, 2 - crucible, 3 - mass-spectrometer, 4 -- diffusion pump, 5 -- rotary pump, 6 -- 
balance, 7 - sample holder 

J. ThermalAnal.  35, 1989 



3 1 2  H E I D E :  T H E R M O G R A V I M E T R I C  T G  A N D  MS I N V E S T I G A T I O N S  

Fig.  8 
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Degasing  b e h a v i o u r  o f  a c o n t a i n e r  glass; m/e values:  1 - 32;  2 - 64;  3 - 12, 4 - 44 ;  5 - 14; 
6 -  18. 
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E x p e r i m e n t a l  se t -up  o f  a K n u d s e n  cell / MS coupl ing .  
1 - m i c r o - f u r n a c e ,  2 - MS-ana lyzo r ,  3 - to ta l  p ressure  gauge ,  4 - t h e r m o c o u p l e ,  5 - r ec ip ien t ,  
6 - d i f f u s i o n  p u m p ,  7 - to ta l  p r e s su re  m e a s u r e m e n t ,  8 - par t i a l  p ressure  m e a s u r e m e n t  
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By means of such investigations we can observe that rate of volatilization 
and the temperature of forming of  bubbles is different for different kinds 
of volatiles. (Fig. 8) 

These figures allow statements concerning the origin and the initial 
products of the vitreous body. 

Limitations of this method result from condensation effects of gases 
and vapours. The heating of  inlet system and spectrometer is limited and the 
interpretation of results is quite difficult in this case. 

From Knudsen cell experiments a complete evidence of volatile com- 
pounds should be expected, if the distance between the sample and ion 
source is minimized (that means < 2 cm). For such applications, an arrange- 
ment of microfurnace at temperatures up to 1250 ~ together with a Knudsen 
cell according to Figs. 9 and 10 has to be used. But we must take into con- 
sideration that the results give information about the vapor equilibrium in 
the cell which contains also secondary reaction products formed by molecule 
reactions, wall collosions or catalytically induced reactions. 

50 

Fig. 10 Pt-Knudsen cell; lined part: Pt-cover with orifice (mm) 

Experimental results and discussion 

The decomposition of raw materials gives information about the tem- 
perature range and rate of chemical processes in a glass batch, in particular 
about the influence of fining agents and other admixtures. 

Presented in Fig. 11 are the DTG/MS curves which were recorded 
during the investigation of raw material mixtures with different contents of 
sodium nitrate by heating under atmospheric pressure. These curves show 
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Fig. 11 The decomposition of  a batch (Na2 COs-SiO2 ) in dependence of  the concentration of NaNO3. 
- -  DTG-curves 
- -  MS-curve m/e = 44 
�9 . MS-curve m/e = 30 
A-Na2 CO3 + SiO 2 , B-+ 0.9 tool% NaNOa, C -  +2.3 tool% NaNOa, D-+ 4.5 rnol% NaNO a 

that the decomposition of caustic soda is changed strongly by addition of 
NaNO3. In the practice of the glassmaking process we know that the ad- 
dition of NaNO3 to the fining agent As203 minimizes arsenic evaporation 
effectively. The volatilization of arsenic is under control of the formation 
of sodium meta-arsenate: 
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5 As2 03 § 5Na2 CO3 ~ 10 NaAsO2 § 5 CO2 
10 NaAsO2 § 4 Na2 COa ~ 6 Na3 AsO4 + 4 CO2 + 4 As 

315 

5 A s 2 0 3  + 9Na2CO3 --> 6 Na3AsO 4 + 9 CO2 § 4 As 

and 

3 As203 + 3 Na2 CO3 --> 6 NaAsO2 + 3 CO2 
6 NaAsO2 + 4 NaNO 3 + 4 Na2CO3 --> 6 NaaAsO4 + 4 NO + 4 CO2 

3 AS203 + 7 Na2 CO3 + 4 NaNO3 --> 6 NaaAsO4 § 7 CO2 

The oxidation of metallic arsenic is effected by means of the addition of 
NaNO3. 

The volatilization of additives has a strong economic and environmental 
effect. 

In case of boron acid, a simultaneous evaporation, decomposition and 
lbrmation of boron acid by heating were observed. The mass loss through 
volatilization is determined by the reaction time of water vapour with the 
residual decomposition products (e.g. in case of boron acid Ha BO3 meta- 
boron acid HBO2 ): 

H3 BOa vapour 

H3 BOa solid 

HBO2 solid § H20 vapour 
t ~ _  _ _  j 

l 
H3BO3 vapour 

60~ 

150~ 

B203 solid + H20 vapour 

1000oC 

B 2 0 3  vapour 
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Fig. 12 The volatilization of  H 3 BO a (MS-investigation) 

The volatile phases are water vapor and or thoboron acid as we can show 
by MS- analysis [ 1 ]. 

More complicated is the volatilization in systems with fluorine and 
phosphorus - glass batches which are of  special interest for the production 
of  optical special glasses. 

In this case the formation of  POF3 and much more complicated gas 
complexes can be observed together with HF and A1F3 like HALF4 in the 
phase by heating of  a batch in fluoride - phosphate systems [10]. 
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Zusammenfassung - Zersetzungs- und Verdampfimgsreaktionen im Glasgemenge sind bedeutende 
Faktoren f/ir die Glasherstellung, fiir die Optimierung der Schmelzbedingungen und Materialeigen- 
schaften als auch fiir eine Minimalisierung yon Umgebungseinfliissen und eine vollst~ndige Nutzung der 
Rohstoffe. Die Anwendung moderner analytischer Methoden zur Untersuchung solcher Prozesse unter 
Laborbedingungen stellt einen ersten Schritt zur industriellen Fertigungsiiberwachung dar. Eins der 
erfolgreichsten Verfahren zur Untersuchung der entstehenden Gase ist die Massenspektrometrie. 

Es wurden die verschiedenen Arten yon Analysatoren sowie deren Vorteile und Begrenztheit f/Jr 
die Anwendung in Glasgemengereaktionen und beim Glasschmelzen beschrieben. 

Weiterhin wurden Methoden zur Verbindung einer simultanen MS-Analyse yon Zersetzungs- und 
Verdampfungsreaktionen unter verschiedenen Bedingungen besprochen. 

Letztendlich wurden ausgew~hlte Beispiele dargestellt und besprochen, die folgendes umfassen: 
- 0berwachung des Austreibens yon Kohlendioxid aus Rohstoffen (Soda, Kahit) mittels Zus~tzen. 
- Verdampfen yon Rohstoffen (Bor) durch Erhitzen des Glasgemenges. 
- Kennzeichnung des L~uterungsprozesses einer Glasschmelze. 
- Verdampfen yon Fluor, Phosphor und Bildung yon Metall-Glass-Komplexen beim Schmelzen yon 

Fluorphosphat- und Fiuoraluminatglass. 

P e s D M e  - - ~ p o H c x o s  B C T e K 0 X b H 0 ~  BaHHe p e a ~ z z  p a s ~ o z e H H ~  

H H o n a p e H H ~  XB&R10TCX B ~  ~ a K T 0 p a M H  B n p 0 H 3 B 0 ~ O T B e  0 T e K ~ Q ~  

OnTHMH3a~HH y O ~ 0 B H f l  n ~ a B ~ e H H ~  H CB0~CTB B e ~ e O T B p  8 TaF, x e  B 

ylAeHLNeHHH ~ 0  MHHHMyM8 B~H~HH~ BHeNHHX B p 3 ~ e ~ C T B H ~  H ~ 0 1 H 0 - -  

Fo H O n O ~ 3 o B a H ~  o ~ p b ~ .  H c n o ~ b 3 o s a H z e  C o s p e M e H I t ~ X  a H a ~ H T H q e c - -  

KZX M e T o A o B  ~ H s y ~ e H x ~  T a E ~ x  n p o ~ e e c o s  B ~a6opaTopmJx yCIO-- 

BHH.X t KBA~eTcK ~epBHM mar0M B KOHTp0~e ~p0MHm&eHHOF0 npoKec- 

c a .  M a c o - - c H e K T p 0 H e T p H H  6 H ~ a  H C H O ~ L 3 0 B a H a  KSK 0AHH H3 H a H 6 o ~ e e  

npzeM~e~x MeT0~0B B 8Ha~K3e B~e~s~eroe~ raza. 0nHCaH~ npe- 

HMy~eCTBa H He~0CTaTEH pa2~HqHl~X MSC0--~H~LTp0B~ HOH0~3yeMHx 
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B pea~HOHHHX BaHHaX H HpH H~aB~eHHH r 0OcyT~eHH MeT0-- 

~H~ HOSBOIF.~He 00BMe~aTb Macc--cHeKTpa~HHH 8Ha~Hs peaK~HH 

pa3~0XeHHH H HcHapeHH~ 9 Hp0BO~HM~IX B pa3~HqH~X yC~0BH~X, npH-- 

Be~eHu H 06cy~eHH OT~e~bH~e HpHMep~, BK~oqa~e KOHTp0~b 

oSe3yr~epozHBaHH~ cHp5~ / oo~a H Ka~5~HT / uyTeu BBeAeHK~ A0-- 

~aBOK t HCHSpeHHe 6opa HyTeM HaFpeBaHH~ 0TeKO~bHO~ BaHHH~ xa- 

paKTepHCTHKa EoHeqHoF0 Hp0~ecc8 0TeK~0H~aBa~ HcHapeHHe ~T0pa~ 

~oc~opa H oSpa3oBaHHe HeTa~ - F83 KOMH~eKCOB HpH H~aB~eHHH 

%T0p0%0C~aTHIAX , ~T0p0a~0MHHaTH~X CTeKO~. 
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