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ARSTRACT

We repcrt on a thermogravimetric analyzer built on the basis of a
Cahn 2000 electrobalance, suitable +or using with corrosive
atrospheres. We discuss the corrections tor buoyancy and gas—t1low
sffects, which strongly modity the thermogravimetric curves.

ys an application, we have studied the hkinetics ot & reaction
hetweern chlorine and a mixture of zirconia and carbon. We  have
been able to measure the uptake of chlorine by carbon and the
reaction rate within the ftirst S0 ssconds. We present evidence
of & transiticn to guite a difrerent reaction rate at longer

times.



INTRODUCT ION

Thermogravimetry (TG) has been extensively used for the study of
kinetics of gas—-solid reactions, e€.0-. for determining reaction
mechanisms, and kinetic parameters relevant 1n technological
applications.

Many interesting reactions 1n extractive metallurgy involve
corrosive gases. Ilhis fact iimits the use of some commercial high
resolution thermogravimetric analveers {i6a). Therefore we have
developed our own [BA, suitable for corrosive atmospheres, on the
basis of a Cahn 2000 electrobalance.

The measurement of weight changes in the range of micrograms 1S
hampered by several etfects [1-51 such &as buoyancy [3,51, gas
flow eftfects [ 7 1, thermomolecular +flow effects (TME) 2, 4,
61, +free gas convection L 4, 81, electrostatic effects [ 7 1,
zero dritt [4, 9 ]; etc.

4n  appropilate design of the hangdown tube reduces some of these
disturbing ef?ect%, such as free gas convection and electrostatic
effects (1, =, @9J. Buoyancy, TME and gas t+low etfects can be
compénsated in symmetricail TG Ll 9 2% L However , under
corrosive atmospheres 1t 18 advisable not to uvuse & symmetrical
TGA because the corrosive gas might circulate UbLetween the
harigdown tubes, and damage the welghing urnit of the
ElectrDQalance.

Therefore, most of high accuracy TGA for corrosive atmospheres

repaorted 1n the literature are asvmmetrical (11, 12, 1321. UOn the
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other hand, the use ot asymmetrical TG4 rvequires a calibration
6 curve (using an 1nert sample of the same volume as the actual
sample) for each set of experimental conditions, £.0. gas tlow,
heating rate, sample si1ze, gas composition, etc.

The purpose of the present paper 1% to demonstrate  the
perfomance of our asymetrical TGEA by measwing the chlorination

kinetics of ir_  in presence of [, wsing  non—lsothermal and
- /

‘

1sothermal techniques. The reaction which takes place [14] at

temperatures above 400 C may be represented by:

Irg_ (s) + 2 Cl,_(g) + 2 C(s) BB ZFL14(QJ + 2 CO(g) (1)

Dif+erent mechanisms for this reaction have beén suggested
19,164, theverla camprehensive model of this resction does not
exilet. We present in thie work preliminary resultse on  the
reaction rate‘wh1ch were cbhtained throuwgh a carsful evaluation of

the systematic errors invaolved in thermogravimetric techniques.

EXFERIMENTAL SYSTEM

Fig. 1 shows a block diagram ot the T34 system constructed  on

the basis of a Cahn 2000 electrobalance. Ihis electrobalance has

sz eensitivity of 0.1 ug and a mechanical and electrical tares of
.

1 g »nd 100 mg respectively. Ihe sample 18 contained in a guarts

crucible which hangs +rom one ot the arms of trne balance by means
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ot a  quarts wire. he mechamical counterweight hangs on the
other arm. A guartsz hangdown tube,  which 1e  iamilar to one
previously described by one ot us LY, carries the gases to the
sample. This design (9] reduces trhe ertects ot aercdynamic torces
acting on the crucible, as well as increasecs the linear velocity
of the gas mixture 1n the zone of the turnace, where the higher
gradient of temperature exists. This reducey undesirable thermal
segregation effects [181]. The outer surtace ot the hangdown tube
is painted with Ft paint over a lenght of 10 cm and electrically
grounded in order to eliminate electrostatic +forces. The
temperature of the csamplie 183 measured using a FPt-Ft 10%ZRh
thermccouple encapsulated 1 guart:z, which 1s placed 2 mm below
the crucible.

AN electrical furnace controlled by means of a FID regulator
controls the temp;rature of the sample, which we can véary +rom
room  temperature up to 1200 (. The maximum nolse of the TGA
system 15 & ug peak—-to-peak at 1100 C undegr a ftlowrate ot 9 1/h
(MNTF2. The weighing unit 1s protected from the carrosive action
of chlorine by a stream of argon ‘see fi19g. 1;. -t the exit of the
welghing unit this A stream mixes with  CL generating the
reactive mixture which circulates 1n the hangdown tube
downstream, as 1= 1llustrated 1n +ti1qg. 1. Ihe reaction products
wWwr-ich condense at room temperature are collected 1n the bottom
of the ‘hangdcwn tube. The gas flowrate and composition are

controlled by means of a Matheson multiple +tlow controller.

The data acquisition 1s performed by means o+ a IBM FC/XT



computer uwsing & Data Franmslat: o L de0b anterface. This

intertace aiso allows programming the furnace temperature.

EXFERIMENMTAL HFROCELDURE

= . ! i ) 2
in our experiments we used the smallest possiible specimens which

were compatible with accurats measurements, as 15 usually
recommended i1n 176 experiments L[1%, 2O, The high sensitivity of
our GA system allowed us to pertorm the kinetic studies using

samples ot & to 10 mg. ARs we edplain later, samples ot 10 mg were
large enough to cbserve the uptake of chlorine by L. The samples
were prepared by a mechanical mixing of zruu powder and  carbon
powder. Ihe startgng materials were zru: YY.Yn opurity (Foch-llight
Lab=.) with a BEI surface area of 4.5 mgfg. and carbon wilth a BET
' 2L

surtace area ot 17.5 m /g. Carbon wa= ocotained by thermal
decomposition of suzrose (Mallinchkrodt Lhemical Works).

in  order to eliminate any  SEuUrlous volatille cubstances the
camples were previously heated at Y20 O in & circulating a&rgon
atmosphere. Then the temperature and +lowrate were adiuveted to
the values corresponding to the beginning of the experiment, ard
subsequently the reactive ges was 1ntroducedc.

The gases used were Ar Y9.994 purity (AGH Argentina)  and  Cl

na
T7.P4 purity (Indupa Argentinal .
- L
Al operational control . data acquisitiocn and manipulation  was
cone through the computer. Ihe data wer 2 acquired every 0.1 s,



.

Thie rate 18 compatible with the period  oF the Cahin 2000

electropal ance.

CORREL T 1UNMD

a) bBuoyancy

in ordet to determine the apsolute mass ot the zampl e it 1S
necessary filirst to determine buayancy eftectas L2111,

Fig. 2 shows the correction curve due to buoyancy determined with
an  empty crucible in a stati1c mAr atmosphere under a pressure ot
70 torre. The mass galn 1% about 170 ug at a0 L. s value 15
three orders of magrnitude higher tharn the sensitivilby oOf the
electrobalance and reprosents about 10% of the gmallest sample
mass used 1n ow experiments. i view of the small size of ﬁur
samplese theilr contributicon to tihe taotal buoyancy etfrtects were

neglected.

b} Flow eftects

!

Non—isothermal kinetice s based on delermining thne mass change

cf the sample under & fixed Feating rate 1n & girven atmosphere.
Typical corrections ar@ Shown 150 t10. A, where we plot  whe
apparent mass change i & function ot Femperature  under a

chlorine partial pressure (FC1 ) of 244 {torr and & heating rate

of 19D C/min, tor three Al rerents flowrates, (a,b,Cci.

*

1t 1= evicgent that the apperent mass-—galn due tin +tliow eftects 1S

Figher than that T due to buoyancy, f1g.d.
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c) Apparent mass change due to a c1mul taneocus change i1n
composition  and flowrate af the gaseous abtmosphere at caonstant

tenmperature.

in heterogenous kinetice 1t 18 often usetul to determine  the
initial reaction rate, which may give valuwable intormation about
the reaction mechan&sm. In this case the kinetic study 1S
performed under 1sothermal conditions. Ihe sample 15 kept at
constant temperatuwrz an an inert gas atmosphere and then the
reactive gas 15 introduced 1nto the reactor. his ‘produces a
change 1n gas composition and gas flowrate which disturbe the
measurements. In f19. 4 we show the apparent mass change of an
empty crucible at 950 C, when a flowing fr atmosphere of 1.32 1/h
is disturbed by the i1njection of two ditferent Flowrates of
chlorine. This apparent mase change must be taken into  account

when correcting the kinetic data obtained during the early stages

of the reaction.
RESULTS AnD DISCUZSION
4) Nom—i1socther mal kinetics

Curve "a" in f1qg. 5 shows the TG —uwrve abtained uveing = mg  of

sample containing 207% w/w ot carbon. fhis curve corresponds to a

T

heating rate of 10 C/min, and & flowrate of 8.37 1/h undetr

FCL_= 280 torr. The heating was made starting from 400 (, s1nce

—_
-~



irLi* iz solid at lower temperatures.

Curve "b" shows the thermogram obtained atter the correction by
apparent mass—galin.

1t 1is seen that the original curve 1s strongly modified by the
apparent mass—-gain. No change 1n mass 1% detected below 700 C,

but at higher temperatures the reaction rate 1s appreciable.

H) isothermal kinetics

Here we shall enly report on the kinetic behaviour observed
during the +fi1rst 150 seconds.

Curve "a" in f1g. & shows tihe mase svolution of a sample ot 10
mg {(containing 70%Z w/w of carborn), at 250 L, under a PCIE = 300
taorr, as directly given by the TGA. Curve "b" shows the results
atter correcting for apparent mass—-change. Thiz correction 1S
done by software following the calibration curves previously

discussed. The zero on the time scale corresponds to i1njection of

DlE in the react@r. During the first &5 seconds no chamge 1n
mase 1< observed, correspondirng to the time necessary +for
chlorine to Feach the sample. Then a small i1ncrease i1n mass of
about 40 ug acocurs, followed by & rapid mass losse ot about 1

mg, and then the reaction slows down appreciably.
1) Chlorine uptake by carbuon.
In wview of the fact that we have corrected for apparent mass—

charnge, the increase 1n mass shown 1n rig. &,"b" 1s real and wiil

be related to reaction between the gas phase and the sample.
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Since the adsorption of Cl_ on ir0,. has Deen shown L[£2] to be
neglegible under the present gxperimental cenditions, we only

need to consider the interaction between Ll and carbon. I'he

chlorine uptake on carbon was determlined by studying a sample of

pure carbon under the same experimental conditiones. e measuw ed
mass gain for 7 mg ot sample 1s reported in f1g. Ty curve Ma'.
The a1nitial uptake 18 wvery ‘+ast. Ime  +inal mass ga&ain 1S

significant and reachs a value ot about 7% of the total carbon
mass. Clearly this uptake 1¢ larger than the cuggested by the
mass gain observed 1n ftig. &, "b".

11) Rate of 2rC14 formation.

i

We have analysed curve 'b" 1nm t1g. in terms ot the
superposition of two i1ndependent and s1mul taneous phenomena a
mass gain due to the uptake of chlarine by carban, and a mass
loss due to the formation ot gaseous zrbiq. In order to consider
only the mass change due to er'l'_:'l‘_;l formation, we subtract from
curve '"b", f1g % the mass gain due to the uptake of chlorine by
carbon. The result is represented by curve "c" of +ig. 7, which
gives the maéﬁ loss due to tormation of zru14 only. Irn the same
plot we also present, for comparlson, Curve "B" +rom fig. 6.

The slope of curve "c" gives the reaction rate ot 2r014
formation only. There is a transition trom a high reaction rate
to a low rate. Foint "P", obtaimed by & lLimear extrapolation of
the high-rate and low-rate parts of the curve may be used to

neasuire the extent of the reaction when the transition ocuwrrs. (4}

mass balance based on equation 1 shows that at point "F" 42 74 of



the Zr0,  has reacted. Aditional results L2321 sugaest thal the

fraction of unreacted Zr0,_ depends atrangly  upon reaction

temperature and FC1_ .

CONCLUSIONS
We have shown the perfomance ot a high resolution  TG6A, suitable

for using with corrosive atmospheres. ihe equipment allowed us

to get accurate i1nformation on the initial reaction rate and
/

chlorine uptake phenomena by carbon  when studying the

chlorination of a zirconia-carbon mixture. & discussion ot the

carrections for various types of errors has also been g1wver.

Additional resulits, and a discussion  of the kinetics of

chlorination of Zro_-C mixtures will be presented 1n a
ra

forthcoming paper [Z31.
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Figure

Figure

Figure

Figure

1

Schematic o+ thermogravimetric analyzer. M,
manometer ; Y, needle valve:; D, drying column;
U-M, U-tube manometer: G, on-otf valve; T,
three-way valve: l: Bottle with SG4H2, used as
an automatic pressure relie+ valve; 2: Exit of
gase= to hood: S drying tube: 4: flowmeters;
ors plectrobal ance: &: Jacket for condensation
ot eventual vaporss /s rgdlation shields ; 8@
hangdowrn tube;y S furnaces 16 closed—-end

varts: sheath for thermocuple; 11: collector

for eventual liquids products.

Apparent mass—g&ain due to buoyancy foar an empty

crucible in a static Ar atmozphere as a

functiorn of temperatuwre.

Apparent mass-—gain for an empty crucible in a
flowing mixtuwre Ar-Cl_ ( FCl1_ = 244 torr ) as a

furiction of total flowrate, using a heating

rate of 10 C/min.

Apparent mass for empty corucible at imjection
of chlorine to the reactor, as a function of

chlorine +lowrate, at S50 C.



Figure S

Figure

Figure

7

(=

Nom—1sothermal curves: a)l empty crucible. b)

2 mg of mixture Iry -~C ( 204 w/w of carbon).
'

Isothermal mass loss  of 10 mg of mixture

Zr(Q { 70% w/w of carbon ) at 950 C and

~
£

It

FC1

5 300 torr. Data obtained during the

‘first 150 seconds.

Mass change due to the anteraction of C1

a) pure carbon. b) reaction with mixture Zr0_-C
P

(same plot as ti1g &, "b"). Curve "c shows the

result of subtracting "b" from "a'.

p—
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