
AN EVOLVED GAS ANALYSIS SYSTEM* 

A system is described which is capable of mass speefrometricahy analyzing the 
gaseous species evolved from a s&Stan= when heated tither isothermally or at a 
programmed rate in the range of NW-13OO’C The system is automated to provide 
punched paper tape output suitable for computer analysis of the data A calibration 
procedure is described using the decompositions of CaCO, and caC,O; l Hz0 as 
exampIes, As an example of the value of the technique, a prelimimuy look at zinc 
and oxygen loss from several ferrites is presented. 

WlRODUCXiON 

Evolved gas anaIysis (EGA) with a mass s&ctromctex has proved to be a 
Widely use&l tcchniquc. Some inorganic applications have been traditional high 
temperature equilibria involving Knudsen cells, eg. vaporization of Z&O’; evaluation 
of products in complex decompositious** ’ and determination of cbemisorbcd gases 
in thin fiIms4, buIk matcriatJ or cataIysts6. The tc&ique has been used by itself or 
coupM with other methods such as tbermogravimetry7_ Polymers have been studied 
by more sopbisti~ted techniques such as Iaser degm&tion and modulated molecular 
beams in order to better subtract the background aud distinguish between parent and 
fi-agmcnt species re.Latiousbipss~ Substantial use of EGA has also beeu u%de to study 
materials for space applicatibns9.. 

It is the purpose of this paper to describe an iq$aratus which is higbiy scusitiv;: 
for both condensable aud uoneondensable gas& over & wide temperatm-c range: 
Partidy noteworthy is that (I) Linear heating rates, from 0 to 400% tin-‘, arc 
conveniently attained with a relatively well cle&ed sample temperature; (2)the 
diffusion paths are very short so that time lag, condensation, tid reactionswith the 
environmen,,areminimnl;and(3)datacollectionandpresentadoncanbeaccomplished 
in a variety of modes depending upon the desired appl%ation. Methods are d&bed 
for obtaining quantitative ix&orrnation._Finally, the usefulness of such an apparatus is 
ill&rated with a prehminary look at Zn loss from select& ferrites. . 

_--_ 7. 



176 

Eg I_ Bbck diagtam of EGA apparatus_ A, Fumae, RADAC-X; Luxcl Co; B, furnace coxmokr, 
spccdomax; SCR, stcpdoan tiansfonner, Lads and Northrup Co.; C, quadmpolc IIZ~SS spaxro- 
meter head IOOC, UTI Co.; D, turborriokcaIar pump 2404 D, Sargent Wcbcb Co.; E, control unit 
uxss spuxrometa lOOC, Ui-i Co.; F, RF unit mass spcctnrmacr ICKKI, Vn Co.; G, scope 1% 
Hcwktt F%dcardCo;H,retay:I,hfS programma QPGIOI, BaIzar Co_: J, intcgmtm cRs-204. 
CdrrolEh Sk5ca&c Co_; Icr, voIrzg!= divi&r* l/IO; I tdctype 33. l-kbype co_; M, reztxda 3cmo- 
2pcn, He- -t co_ 

ECPERiMESTAL PROCEDURES 

Fi_gure i is a block diagram of the EGA apparatus The sample is heated in a 

sm5i Ma furnace, A, containing an AI,O, crucible of 1 cm3 capacity. A machined 
insert of AI& is generally used which provides a thermocouple well and allows for 

much sma&x crncii~e!s of A&o, or P& 

The choice of crucible is based upon any potential reaction with the sample and 

the volume of sample required_ The latter is chosen so as not to evolve enough gas to 
raisethepressUre in the system above about 5 x 1W6 Torr during decomposition or 
outgasing- Since the pumping speed is essentially constant_ the f&on of weight 
loss and temperature profile are the primary factors which influence the selection of 

SampIe size- 
The furnace is insert& into a vacuum chamber through a convenient quick- 

connect port that includes the electrid f&through for the thermocouple (Pt-Pt 
10% Rh) and for the low voitage-high current required by the furnace and supplied 

by the prog==mer controiIer, B. The chamber also indudes two view ports at the 
fm level spaced 180’ from each other, an ion gauge direktly opposite the fknace 
pcwt, and a variable Ieak for caIibration purposes or sampling from atmospheric 
pressure- Using the Ieak, EGA can be accomplished for noncondensabks in carrier 
gSdreamsathi*presnrre, .- 

The upper fiange supports the head of the quadrupole masspectrometer, C, 
positioned about 1 in_ directly above the furnace_ Included on this fiange are a therm* 
&upk gauge, a to& v&e to &e atmosphw and a beIlo~.vahreust& for b&k- 
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Glling the system with He. The chamber is evacuated.by a turbcmokcular p-p, D, 

toapressureofI I x I@ -’ Torr in the absence of outgassing by the sampk . 

The control unit of the mass qxctrometer, E, &es an output of O-IO V which 
is prqxxtional to the range of atomic mass number sekcted from 0 to 300 ami 

6- 

io.J.,. 2 4 6 _ __ -_ - - 

I <b) 
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This si_pal is wed for the osciIioscope, G, disphy and its return to 0 V is used to trigger 
a relay H which signifies the beginning of a new scan in the data colkxtion system. 
Theactual scanning rate and range can be controihxi over a wide range by the spectro- 
meter controls or by the auxiliary pro,mmer I- The latter can select l-12 ranges of 
a_m_u_ to be scanned with essentially no lost time between ranges and with the option 
of a factor of ten additional amplifications for the individual ranges, 

The output of the mass spectrometer which is proportional to the intensity of 
the mass peak is fed directly to the oscilioscopc. This presentation is used for a simpIe 
check of the mass spectrum or for initially setting the mass range and degree of 

ampEication_ The signai directly from the spectrometer is O-10 V and requires 
attemzation prior to entering the integrator J- This is accomplished by a simple voltage 

divider network of resistors, K. The integrator wiI1 determine the area of each mass 
peak and the time at the peak The time scale is reset with each scan by means of the 
signal from the relay H_ As a consequence, the time is an accurate indication of the 
particular am-u, and is used to establish this in subsequent data processing. Both the 
time of the peak and the area are listed and punched on paper tape by the Teletype L_ 
The mass spectrum and temperature are monitored as a function of time on a two-pen 
recorder, AU_ 

A variety of mocks of operation are possibIe. The gases evoivecl can be studied 
as 2 function of sampIe temperature or isothermally as a function of time_ The small 
thermal mass of the furnace and the insulation provided by the vacuum allow for 
heating rates as high as 400°C min- ’ _ Threemethodsofdatapresentationare~n~y 

used_ Figure 2 iikstrates these techniques with the recorder output for the thermal 
decomposition of CaCO,_ If only one mass peak is of interest, then the spectrometer 
can be adjusted to that peak position and not scanned. An exampIe is shown in Fig_ 
2(a)_ Here a s_mooth trace is obtained based upon the concentration of CO,; however, 
the si_& is very dependent upon insuumentai drift because of the Iarge change in 
intensity with a slight change in apparent am.u_ associated with a steep peak_ 

This depcxxdexxy upon drift can be eliminated by scanning over a short range of 
am-u_ which is sure to in&de the peak A smooth envelope can then be drawn 
through the peaks as shown in Fig_ 2(b)_ This approach can also be used for several 
peaks by nse of the scan pro_mnmer_ Each scan can be made to include up to 12 
brief xgments or ruzss peaks_ The total time of tbe scan would be based upon the time 
resolution possible on the records and separate envelopes could be traced for each 

mass- 
The third akmative utilizes a much greater scan so that information can be 

obtained on changes over a wide range of masses. The time of a complete scan usually 
varies from 1 to 10 mitt and therefore fewer points are obtained for each mass but an 
overall picture of the decomposition or process is obtained. A number of scans during 
the decomposition of CaC03 are shown in Fig- 2(c). lf the rate of scanning allows, 
about 3 sec/a_mu, then the inte_ator can be used to provide the data on pun&cd 
paper t&x for subsequent computer analysis and plotting 

A Fortran program was written to transf&r all the data from the punched paper 
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tape onto a storage file and to t&n scan the relevant data for up to 20 mass peaks_ The 
intensities associated with these peaks are normalized by setting the maximum observed 
intensity from the selected peaks equal to 100. The data are tabulate@ by mass number 
listing the scan number, the intensity, the t&d elapsed time and, where applicabIe, the 
temperature based upon a linear heating rate. Plots of each set of data are made as a 
function of either time or temperature. 

RESULTS AND DISCBSION 

Sehpznritative calibrarion In work in progress on the extent of bonding or 
occlusion of CO+ and CO in various metal oxide films, at least semiquantitative da@ 
as well as qualitative data is desired”. If the pumping speed is relatively constant, 
then such estimates can be obtained by comparison of the areas under the curves~ such 
as in Fig. 2(a) and (b) or the computer curve generated from data like that in Fig. 
2(c), with similar curves obtained using compounds which evolve a known amount of 
CO or Cot- Naturally, the cracking patterns of the Gary and the extent of the dis: 
proportionation of CO [eqn. (I)] must be taken into account 

2co = co, c C (1) 

The Iatter will, unfortunateSy, be hi_&iy variable depending upon the temperature 
and catalytic properties of the environment- 

Figures 3 and 4 show computer-generated plots for masess28and44duringthe 
them& decomposition of known amounts of C&O3 and CaC,O,, respectively. The 



simp!er nature of the decomposition of CaCOB makes it the appropriate place to 
begin the anaiysis, Based upon linear heating and scanning rates and the assumption 
of a constant pumping speed independent. of the pressure over the range of use, it is 
possible to determine a proportionality constant to relate the area under the curve in 
fig_ 3 with the grams of CO2 evolved. 

ga&= 
F,, A (a.m.u_~sec)@rea)(f~IfK.I) 

(‘Cisec) 

where F,, is the proportionality factor, A is the amplification setting from the mass 
spectrometer, (a.m.u.fsec) is the scanning rate, (area) is the area under the curye in 
unit5 of r&t&e o/O X “C, (I_JloOj is the denormalization factor to correct from 
relative intensity to counts associated with the appropriate peak and (‘C/set) is the 
heating rate, Substitution of the appropriate parameters assuciated with Fig. 3 gives 

(0_00121)(OA4) = 
F,.oz (10-7)(OB606)(7.87 x 103)(86478.16) 

0_01609 

and therefore 

F-2 = 2_08 x 1o-6 &#$ouIlt 

(3) 

(4) 

for this particular integrator. Similar experiments done six months later after cleaning 
and retuning the mass spectrometer gave a vaIue of 232 x IO-’ gcoJcount using 
0554 mg of CaC03 and twice the previous heatins rate_ The normalized cracking 
pattern for COz associated with these experimental conditions is 44 = 100,28 = 
19-3, I6 = 18.7, 12 = 10_5,45 = I-07, and 22 = 0.63, 

With this information for CO,, it is possibIe to attack the more complicated 
case of CaC,O, (Fig- 4) and to extract a less accurate factor for CO. The overall 
decomposition scheme is 

CaC#, + Cacos + co -470°C (5) 

taco, + cao i car -540°C (6) 
However, upon the evolution of CO, eqn_ (1) comes into play and some C and CO, 
are also formed, During the subsequent decomposition [eqn. (6)-J, the C which was 
formed earlier now reacts according to the reverse equihbrium of eqn, (1) and Converts 
some of the CO2 to CO. Using the factor determined for CO=, the_ application of 
eqn, (2) to the first CO, peak in Fig_ 4 indicates that 3.169 x 10e6 values of CO2 
were evolved during the reaction at 47O’C. It is assumed that an equal amount of C is 
formed according to eqn_ (I)_ Hence the actual amount of CO present $ the theoretical 
amount 8262 x 10e6 moles - 2 x (3-169 x 10e6 moles) or 1.924 x low6 moles of 
Co_ Therefore the area under the CO peak at 470” should be associated with -this 
substantiahy reduced amount of CO- A further correction is necessary to. subtract 
that portion of the mass 28 peak which results from thecracking pattern of the CO,, 
ic 193% of the CO= peak at 470°C Substituting the appropriate values into 
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eqn, (2) gives a vaIue of F,, = 522 x IO-' jz&count. This enhanced sensitivity 
reIative to CO= is at least partIy due to less cracking of the parent moIecuIe_ SimiIarIy, 
factors couId be determined for other _m, e .g H20, NH3, O,, etc. by choice of 
suitable and weII defined compounds_ 

Zinc u& oxygen Zossfiorn firrites The close proximity of the sampIe and mass 
spectrometer enabks the study of vapors which would otherwise have condensed 
prior to detection- Figure 5 shows such an example. The loss of Zn during the king 
cycIe of ferritcs is a problem of considerable concern. The extent is inverseIy depend- 
ent upon the partial pressure of oxygen since it proceeds through a dissociative 
mechanism according to eqn- (7) * _ 

ZnO,, =.Znts, t 112 02_, (7) 

Vacuum wiU therefore greatly exaggerate the loss. For ZnO there is a smaU loss of 
ik (co.3 %) but not of O2 that occurred in the range of 600-700X which is attributed 
to the non-stoichiometric nature” of ZnO, i.e., ZXQ+~ 0, This early. loss is not 
evident for any of the ferrites studied, 

Except for this nonstoichiometric amount, the loss of Zn mm-s more readily 
from ferrites than from ZnO- The ready reduction of trivaknt iron provides and 
additional means of charge compensation for the loss of Zn from ferrites The rate 
will naturahy depend upon the surface area, diffusion rate and-vacancy concen&ion 
of the sample AdmittedIy, the surface areas of the materials shown in Fig 5 tie not 
kno& but it is not expected that they YouId vary suikiently to cbakge the qua&t&e 
-picture InitiaI or Sinai surface areas~ould be’ of Iittle use since-the surf&e area 
UndoubtedIy changes during the heatin&kcomposition cycIe. Near equilibrium 
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vacancy concentrations wiIl very likely be established by the relatively sIow heating 
in vacuum- 

The weight Iost by the ZnFe20, sample (39%) is in good agreement with that 

predicted from eqn. (8) (34%). 

=W&S, -+ *) + z/3 O,, + ~esOyS~ @I 

A calibration simiIar to that done earher for CO2 and CO gives a value of 8 x lo-’ 
g&0tmt for the mass 64 peak, The natural abundance of this isotope is the highest, 
about 49x_ The reduced sensitivity compared with CO, and CO is not unreasonable 
considering the much greater tendency for 2x1, to condense- 

There are major peaks in 0, Ioss corresponding to the loss of 2% as predicted 
by eqn_ (8) However, there are considerabIy smaher but cIearIy evident Iosses of O2 
at lower temperatures of SM-SOO”C These probably arise from excess 0, and eation 
vacancies generahy present in ca.Icined ferrites A direct correspondence between the 
Ioss of O2 and Zn is not attempted because of the complications due to the con- 
commitant reduction of trivpient iron_ 

An apparatus is described which is capable of performing qualitative evolved 
gas anafysis with 2 high degree of sensitivity over the temperature range of IOO- 
13OWC_ 

Semiquantitative data can be obtained using simple procedures based on the 
use of the thermaI decomposition of suitable weI.I defined compounds as standards_ 
This was iIIustrated for CO, and CO using Caco, and caC,O, as standards, 

The apparatus is suitable for the study of readi& condensable gases as weI.I as 
permanent gases This was illustrated with 2 brief studs af the loss of Zn from various 
f&Es_ 

Theauthorw;shesto~Mr_G_E-Petersdnfor~~~andhelpin 

bullding the appropriate r&y, and to IMr_ F_ Schrey for z&istance in assembhng and 
maintaining the equipment. 
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