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INTRODUCTION




CHAPTER - I

INTRODUCTION

1.1. CENERAL

Resesrch in high temperature chemistry has been
accelerated considerably in the course of the last two
decades. In this period considerable advancement has been
made in the study of thermodynsmics snd kinetics of high
temperature processes. Prior to thst, high teuperature
chemistry was restricted to a few metallurgists and
ceramists. The need for high tewperature materials,
having sufficient resistance to corrosion, thermsl shocks,
mechanicel strength during extreme operating conditions,
in the fast developing modern industries, has given proper
impetus for the study of high temperature processes.
Flames, arcs and discharges, plasma jets, shock waves =nd
exploding wires, are available for the production of
temperstures in the raznge of 3500 - 1OO,OOOOK. Temperatures

5 . .
as high as 10~ - 10 K° are now produceé by nuclesr fusion.

The atteimment of high temperatures by chemical
means involves the production of large smounts of heast and
formation of stable paseous products. Temperatures upto
3000°K can be obtained by chemical reactionsl- At these
temperatures large concentrations of atoms znd molecules may

be obtained in electronic states other than ground states.
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Thus the existence of verious kinde of odd molecules
electron deficient and sls0 with non-localized tonding
ete. are common at high temperstures. In extreme cases
ions =nd bare nuclei are the main specles. High tempera-
ture chemistry therefore refers to the chemistry of
systems at sufficiently high temperstures, where the
oxid=tion states, compounds and general chemical behaviour
differ appreciably from those a2t room temperaturesg.
Previously, optical spectra had been gulte useful in
identifying high tempsrature gaseous specles. The use

of the mass spectrometer for the study of high temperature
gaseous products has ylelded spectacular results in the
past few years. The combination of optical and mass
spectrometric methods grestly accelerated the elucidaztion
of high tempersture gaseous systems. Some of the important

radicals identified are (CHg)?N, €, CC1_, Cs_, AlC1, AlF,

2! Yo
beCl, BeF, (BOCl),, BeCp, LaCy, GayCo, Be(OH),, 51(0K),,

2 3’

CeH, CO, CN, OH, O, H, N, M, CF ond CF,, etc.

1.2, IMPORTANT HICH TEMFERATURE REACTIONS

With the advent of these developments new chemicals
have been syntheslised, which are useful materisls in industries

1ike chemical, sutomobile, aviation and in rockets, satellites,



and nuclear reactors. The production of industrial
graphite from carbon, preparation of ceramics and ceramets
such as cerbides, borides, silicides, nitrides, etc. new
fuels and propelient ingredients for rockets, preparstion
of fluoroearbons, single crystals, HCN from methane and
gmmonia, cracking of hydrocarbons and nitrogen fixation,
are a few achievements of chemical rezctions st high

temperatures.

A number of stable species are yet to be
identified in importsnt systems. Possibilities for the
production of new and important materials depend directly
on the existence of unususl species, which e¢zn act as
intermediates at high temperstures. These, a type of free
radicals which are very reactive snd industrially useful,
have been obtasined only through the application of high
temperatures. For a complete characterization of high
temperature chemical reactions the determinstion of the
stabilities and chemical nature of high temperature gaseous

products is very importsnt.

1.3. CEEMICAL TRANSPORT REACTIUIS

There are two ways of obtaining such important
useful intermedistes (a) by directly hesting the compounds
and elements to higher and higher temperatures until they

give unusual gaseous species with different oxidation states



e.g. A10, 2r0, T1i0O, 02’ CS’ CH, Bazo, &aQGZ, bBeO, 5202, etc.

and (b) the unususl gaseous species will slso result from
vapour-condensed phesse or solid-ligjuid interzctions, e.g.
metal-metal halide systems, metal-metal sulphide systems,

ete. The species are AlgO, A1C1, AlF, BeCl, BF, CBSF)S,

A10C1, AlS, ete.

1.3.1. Definition of chemical transport reaction

When alwsinium chloride vapour is passed over
hezated aluminium besring msterial the ecguilibrium approached

in the hot zone is

241(1 or s) + AlClS(g) — 34a1Cl(g) ssall)

and reverts on cooling to produce pure aluminium and normal
halide. Thus the production of aluminium through the form=ztion
of aluminium monochloride was described by Grossg as catelytic
distillation or subhslide distillation. The formation of
subhslide helrs to overcome the high energy barrier for the
distillation of metal, by promoting it to vapour phase.
Schﬁfer4 in 1962 named this type of heterogeneous reactions

as chemical transport reactions. This term, however, has
wide zpplicrtion. FHe defined chemicel transport reactions

as those in which 2 s0lid or liguid substance '4' reacts

with a ges 'B' to form exclusively vspour phase reaction

products which in turn undergo the reverse resctlion at a

different place in the system resulting in the formstion of



'A'. Substance 'A' however does not poOssess an appreciable
vapour pressure at the applled temperatures and 1s transported

chemically.

However, solid and liquid intersctions can also give

5

unstable vapour phase compounds, e.g. ﬁlgﬁ(g? .
e —— 4 { 4 PP O
ﬁlzcg(c) + 81(1) ___9102(0) + a123(g) (2)

When a high boiling hslide such as MgFQ or CaF2

is added to the aluminium containing material, aluminium will

ve produced through aluminium subhalideat

2a1(1) + %g?e(c) or CaFg(c) ——  2a1F(g) + Meg(g) or Calg)...(?)

In these cases both sluminium suboxide and subfluoride can

be carried away from the hot zone by an inert gas.

Thus the chemical transport reaction also includes
such reazctions where a s0lid or liguid substance 'A' reacts
either with a gas or liguid 'B' fscilitating the transport
of '4' through the formation of an exclusively vapour

phase compound which is unstable.

l.4. IMPORTANCE OF CHEMICAL TEANSPORT REACTIONS

Chemical transport resctions are vory useful in
chemistry, physies and industry. These reactions can be
successfully utilized to grow single crystals, to promote

g0lid stete reactions for better results and in metallurgy
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to produce and refine metals, in the prepsration of

alloys, synthesis of new compounds, etc.

1.4.]). In solid state resctions

Reaction between the starting solid materisls
can be enhanced when solid substances are joined together
by a transport resction. It is interesting to note that
in a whole series »f resctions with solids as starting
materials, 1t has been shown that a liguid or gas phase
is involved as @ reaction promoter7, viz. the reaction
between calcium and stannic oxides proceeds very rapidly

when reducing agents such as Hy, CO and C are aﬁdedg’a
2Cal(e) + 8n0,(c) -—= Cagy8nl,(e) o vie {4)
sr0(e) + SnOy(e) srend,(e) .o a ()

In this system the starting materials need not be in
contact with each otherg*lo, since Snﬂg will be transported

to the alkaline earth oxide vie gaseous &n0.
Sﬂoe(c) + CO(g) — &n0(g) + C‘J?(g) s {0 )

SnOQ(c} + H2(§)1::: sn0(g) + Hgﬁ(g) ..+ {8b)

ne of the most importsnt and recent chemical

transport reactlions is the formation of aluminium carbide

by the action of aluminium monochloride on carbonll.



2451(1) + AlClg(g;:::q 341C1(g) sssk V)

341C1(g) + 3C(e)

Alécg(c) + 2A1C13(g) eee(7)

Heimll not only prepared Al C,1 at temperatures 900-180000
by the above method but also obtzined it 95.8% pure.

Chemical transport reactions are zlso useful in

preparing spinels NiCrzﬁélz, MgCr &i3, ete. The formetion

2
of magnesium sluminate (Hgél?34} through aluminium mono-

chloride and Mg0 has been described in this thesls (Chapter 4.

l1.4.2. Advantages of transport reactions
in so0lid state chemistry

(&) With tre aid of transport reactions useful
products of solid state reactlons have been cobtained =t
considerably lower temperztures e.g. the direct combinsticn
of aluminium and czrbon gives aluminium cartide only at 170C
to 18060 5 wheress according to equation (7) the formation
takes place at much lower temperatures 200-1200° }l.

(B) It is not necessary to use stoichiometric
mixtures 2z2s starting materisls as is usually the case in
s0lid state reactions. The composition of the final product
is determined by quantitstive snalysis of the resction products.
This provides concrete informetion leading to the elucid=tion

of the reactlon mechanism.



(C) Experimental conditions can be chosen so
that the constituent in evcess can be removed by a
transpiration after the conversion is complete. Thus
the technigue will be simple and the products wilil have

higher purity.

(D) The components of the reasction need not be

1
mixed since one of them can be transported to the otherg’*o.

1.4.3. Hydrothermal chemistry

Analogous to solutlon chemistry at room temperatures,
aqueous systems also exist at high tempersztures. Hesearch in

this field is important for explaining geological phenomena

for refining minerals and synthesis of perfect crystalsls.

The identification and chemical transport of the gaseous

e 16 17 :
species S81(0H)g", Be(OH)p =and the hydroxides of &n, wi8

15
and B provided methods for the removal of trace impuri-

tiesgo.

l.4.4. Use of chemical transport
reactions in metallurgy

Out of the innumerable epplications of these

reactions 8 few very important ones are given below:

(4) Mond-longer process

This process, which involves the reversibility of

the reaction, was used for refining nickelgl. Finely powdered

) ' 0
crude nickel vhen trested with carbon monoxide at EO angd



atmospheric pressure evaporates as nickel carbonyl,
51(00)4. This gas when led into a decomposition tower

decomposes to pure grenulsr nickel.

(B) The importance of Eoudard ecuilibrium is
well known for the reduction of metal oxides e.g. in

the techniczl recovery of iron and zinc.

(C) The iodide method developed by Van Arkelgg
is very useful for the purification of metals. 1In this

the crude metal 1s vaporized as iodide eand is decomposed

on 8 hot wire23
Vs Y mwTms ; e s e »
Zr(e) + 2I2(g, &r14(g) (8)
Zrig(g) = dr(e) + 4I(g) eee(82a)

(D Under suitable conditions metals like

& 8

1ridium54, platinnmg‘ and silver®® can be removed and pure

erystsls czn be grown by transporting them through a stream

of oxygen: :
Ir(e) + 2 Ople) = Ir0(e) .en(3)
Pt(e) + Og(g) — Ptﬁg(g) «ee(2a)
hele) + 3 0p(8) =  4g0(e) NES

It is also possible to transport ruthenium, rhodium and

palladium in chlorine atmoapher927"gg.



10

1.5. IMPORTANCE OF THE MONOCHLORILE OF ALUMINIUM

The reaction (1) which was mentioned esrlier has
a wide spplication for the production and refining of

30

aluminium. The purity of the metal produced reveals the

importence of this method (table 1).

Teble 1

Purity of aluminium metal obtained
by resction (1)30

- e e T mp G T B WD WS G R GRS D R WS W S R L S T A SN e WS W G e O W G B W e e e A e e M e e S o e o

Impurity In crude metsal Metal obtained rurification
as above % = coefficlent ¥
Cu 3.38 <0.08 <0.015
si 1.74 < 0.04 < 0,023
Fe 1.28 <0.06 <0.08
Mn 0.36 <7.05 <0.14

. on e D e W s me R Gan W o o W AR e e e W S e e WS SR e W gy N P er ey v e Gmm T gy AN T W W e DGR W D WD e S W S em e o 5 g W

Many patents claim the production of pure aluminium t!.rough
the formation of unstable chloridego-36- CGross did ploneering
work in this field and reported many times the separation
effects in the sluminium transport vias AIC1(g). According

to Gr05337, it is possible to prepare thermally an Al(Si,te)
alloy directly from its ore and the alloy can be decomposed

by the removal of aluminium through a trsnsport process.
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Wowotny, Balduin and Pifflgg were able to transport
aluminium almost completely out of an 41-Ti1 glloy in & stream
of Ho - £1Clq at 14000 via 841Cl(g). 4l1l-Ti alloy was obtained
slumino-thermelly from Tiﬂz. This 1is a new method to prepsre

titanium.

In recent years the importance of the monochloride
39
hss been reslized and the development of the process will

provide new ways for the technical recovery of aluminiumqa.

Apart from its use in refining sluminium, the
monochloride is very useful for the preparstion of importsnt
compoundsll, The formation of alloys are also possible

by utilizing this highly resctive unstable speciles

241(1) + glcls(g} — 341Cl(g) el )
341C1(g) + XMe(s or 1)~::.ﬁexﬁlg + 41C1_(g) ..(10)
1.8, AIM AND OBJECTIVE OF THE FRESENT WORK

Tue to the highly reactive nsture of the unstable
subhalide vapour (AlCl) several intervesting reactions are
possible in which it reacts with oxides of Mg, Ee, al, ete.

The present work azims at studying the following resactions:

(4) The equilibrium of the following reaction:
241(1) + élCla(g) == 3a1CLy) sastl)

at high temperatures to determine the heat of formstion of

the resctive ané unstable 4lCl(g).
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(B) The reaction between 41Cl{g) and MgO(e)

4Mg0(e) + BALC1(g) — MgalyO,(c) + 4lCl,(g) + 3Mglg) ...(11)

In order to elucidate the reaction mechanism it is
necess-ry to carry out equilibrium measurements together with -

the - quantitative analysis of the reaction products.

(C) The reaction of 41Cl(g) with Mg&l?ﬁé(c) at
temperatures 1300~1400°K employing a synthetic sample of
MgAlgqé(c). Knowing the reactivity of AlCl(g) with Mg§1204(c},

the spinel cen be prepared by reducing MgO(c) alumino thermically

and transporting excess aluminium metal via 41C1(g).

(D) The reaction between 41C1l(g) and BeO(e) in order

to establish the reaction schenme:

4BeO(e) + A1C1(g) + Alcla(g) ‘ﬁ~BeO:A1203(c) + ZBeCl(g)

Beryllium, like asluminium, forms subhalides and is more
electronegative than aluminiur and also high up in the agueocus
activity series. It 1s 2lso to be noted that the litersture
values for the heat of formation of BeCl(g) are widely

varying and hence there is & need to determine the thermo-

dynamic properties of BeCl(g).



CHAPTER - 2

THERMODYNAMIC CONSIDERATIONS
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CHAPTER - 2

THEFMODYNAMIC CONGIDERATIONS

2.1. THEEMODYNAMIC STUDY

Thermodynamic relations are of great help in
descriting high temperature reactions. These relations
are possible when the thermodynamic guantities sre known
accurately for all the compounds. Therefore, the
evaluation and correlation of thermodynamic data are
importaznt aspects of chemical thermodynsmics. Resuits
of different methods or different investigations must be
used for the critical selection of values for a substance.
A knowledge of thermodynamic quantities like heat of
formation, enthalpy, entropy and free energy as functicns
of temperature is finding ever increasing use to science
and technology for the determination of the stability of
chemical substaages, the position of eguilibrium in
chemical reactions and in the study of detalled structure
and energetics of atoms, gaseous molecules, crystals,
liquids, stc. Thermodynamic methods are thus useful in
understanding many diverse phenomena. The accumulation

and storage of data are therefore guite rewarding.

Thermodynsmic study of high temperature reactions
is based on the measurement of the equilibrium pressures of
the resction. The study of vaporization process or the

equilibriur of reaction helps to establish the nature and
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energetics of chemical binding in the gaseous state.

as is stated by Gilles*! the study of high

temperature resction should be on the foliowing lines:

(4) The net reaction is to be established.
(B} The gaseous species are to be identified.
(¢) The vapour pressure is to be messured.
(D) The kinetics may be studied.

(B, Finally, the detsiled mechanism of the

reaction is to be established.

2.2. GENERALIZATIONS USEFUL IWN
HICE TEMPERATURE REACTIONS

The following three generalizations are very
helpful in predicting the gaseous products of an
equilibrium rezction at high temperatures. The first
two were given by Erewer42 and the thirdé by Searcy43.

As these generalizstions are of great use in the present
work, the statements are only cquoted here. A detailed

discussion has been given in the literature?4.

(A) The higher the temperature of a vapour-solid or
vapour-liguid equilibrium, the more nearly equal will te

the partial pressures of the various vapour species.

(B) 4 gas will only reset endothermically with a solid
to produce a significsnt yield of a reaction product, if the
reaction produces at least as many moles of gas as are con-

sumed in the resction.



(¢) £11 equilibrium resctions thet yield more
products when the temperature is increased must be’
endothermic snd must occur with an incresse in
entropy. This ststement is also known as the

principle of successive entropy states.

‘TTHOLS FOR THE STUDY OF

2.3. b
EGUILIBRIUM OF A REACTION

Experimental techniques for measuring the

equilibrium vapour pressures directly and indirectly

&
=,

were described in detail by Margrave4;.

amely

2.3.1. Fguilibrium pressures by direct measurements

Becsuse of the high temperstures involved snd
thé-eiperimental difficulties arising from the very
active nature of aluminium manochlorﬁde, it is not

‘2 beon discussed sl repd 3

possible to measure the pressures of reectian (1) bw
direct methods; viz. manometers, sickle gauges, boiling
point observatlions, dew point method and vapour densities.
The unstable monohalide Tescts with the material of which

any manometer etc. might be ccnstructed4§.

2.3.2. Vapour pressures by lndirect messurements

For measuring vapour pressures less than“lo‘s

atms. the techniques employed sre Langmulr, hnudsen effusiomm
torsion effusion, molecular flow effusion, optical spectro-

scopy and mass spectrometry. For measuring pressures greater
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-3 i
than 10~ atms. in a setisfactory way, flow or transpirstion

method is the only one which is simple and very useful.

2.3.3. Langmuir free evaporation

Thig method is not spplicable for the study of

equilibrium prescsures ©f s heterogeneous reaction (1).

2.3.4. The xnudsen effusion method

4 large number of thermodynamic cdata zat high
temperatures has been obtazined with the help of the
Knudsen effusion method. However, many of its sspects
namely, the pgrrection to be_applisd for the shape of the
crucible and the effusion hole, the effect of the location
of the evaporating surface, the distribution of moclecular
velocities in the besm and the upper pressure limit at

which the method is suitable, are not clesr. These

-£5

problems have been dilscussed and reported in the iiteraturgg .
dpart from the atove, the method has only a limited scope for
the study of equilibrium pressures of & reaction involving
corrosive specles because of the following reasons:

(4) any reaction of the species with the cell
changes the size of the hole,

(B) the transporting agent has to be separately

vaporized and the control of such a pressure is often

difficult in the cell.
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2.3.5. The torsion effusion method

In this method the sam;}e is placed in an effusion
cell, suspended by a flber. The cell contains two holes on
opposite sides displaced in opposite directions from the
centre. Vapour effusing through the holes csuses a torgue
to be exerted on the cell and rotational displacement of the
cell measured by a mirror attached to the suspension. This
method has received a gcbd deal of sttention because of the
speed with which the vapour pressure can be obtained and its
use for the direct determination of the molecular weight of

the effusing vapour. Searcy and Freeman 1a,51

obtalined
low values for tin and germsnium when compared to the mass
spectrometric results. The scope of this method and its

limitations are discussed in detsll by Cilles4l.

Z2.3.6. Molecular flow effusion method

The molecular flow effusion method was developed
by Farber’® in 1952. This method involves an impinging geas
at the temrerature of the reaction striking the reacting
materisl st pressures allowlng free molecular flow. Tre
concentration of the molecular constituent is determined by

the equilibrium constant, employing the Lnudsen egustion:

P

® o0 (13)
(2 7 miy)L/2

n =

n = number of moles striking the surface.

et A1



2.3.7. Optical spectroscopy

In the past, opticsl spectroscopy has been one
of the most important technicues to detarmine structure
and thermodynamic properties of the pases produced in
the chemical reactions at high temperatures. From
optical spectra it is possible to determine the moleculsr
configuration, electronic, vibrational and rotstional
energy levels. Spectroscopy thus provides data for
computation of thermodynamic properties by statistical
methods. However, this method has limited scope in
finding cut correct dissociation energies of some compounds
even though the dats is sufficient in meking a satisfactory

of entropy-
estimate, For example the dissocistion energy of 41Ci(g)

was founéd too low (Eg = 3.1 ev)sa. This was found to be
due to the unrelisbility in the Birge-Sponer extrapolstions
for molecules of the metsls which have low ionization poten-
tials where the ionic bonding forces are important. In this

case the unamblguous identification is not possibles4.

The value of dissociation energy for AlC.Dg
(A1C) = 1.6 * 0.2 ev obtained by Zeeman®® from the analys®s
of emission spectra is far too low. The anharﬁonicity
coefficients are difficult to determine by spectrographic

methods for complex molecules.
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2.3.8. Mass spectrometer

Mass spectrometer is one of the most important
tools employved in the high temperature chemistry. The
method consists of the ionizetion of the high tempersature
vaepour by electrons snd identification of the resulting
fons. Inghram and ﬁrowart56 have given an excellent
discussion of mass spectrometry and its applications to

high tempersature chemistry.

2.4. FLOW, TRANSPIRATION OR TRAKSPORTATION METHUD

Though this dynamic method {(transpiration) was

4 4f£ ,87-60
revieved by many asuthors il yet complete details
are still lacking. 4 full description, therefore, will not

be out of place here.

This method deals with the measurement of trans-
port of the materiasl under study. The transport of a
substance may be due to apprecisble vaporization of the
sample a2t that temperature. In such caces the mateyial will
be carried away by 2 stream of an inert gas which is passed
over or bubbled through the evaporating sample st constant
temperature and applied pressure. On the other hand, ia
the vapor-condensed phase equilibris, the so0lid or liguid
which will have no spprecisble veapour pressure at that
temperature can be transported by the formstion of vapour
phase reaction products. In this case the transuort

medium is the vapour B



<0

a Als or 1) + b B(g) = ¢c C(g) vos{14)

Trus the transport of solid substasnce presupposes the

motion of a gas. In the above resction, if the transporting
medium has 8 sufficient saturstion pressure only at elevated
temperatures, then it Is adcded to an inert carrier gas in a
heated saturstor or is vaporized at the beginning of the
system. B then passed over solid 4, transports 1t and at
the end of the system is condensed by cooling. If the
resction proceeds rather extensively and rapidly with tle
deposition of solid substance one makes use of extremely

simple flow technliques.

In the case of this flow technigue all the gaseous
components migrate with the same speed, consecquently the
ratios are simpler than the other methods. The gases are
assumed ideal and trhe carrier gas must be saturated with
the vepours of the material under study, or the products
of reaction. Then by Dalton's law, the partial pressure
of each component Py 1is proportional to the number of mecles
of the gas ngy. Thus for an inert gss flow 'f' and one

vapour species

e d = = o-o(ls}

HNow n, can be determined from the weight loss of a sample
from the amount of solid deposited on the cold finger or

by the analyses of the products trapped in a flow system.
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If the molecular welght of the vapour species is known
or assumed, ny from the flow rate calibration experiments,

Pp the pressure at which the system is in equilibrium, Pv

ean be determined.

2.4.1. Pgullibrium in transportation study

The success of the flow method depends on the
attaimment of true equilibrium. In this connection, the

following points are to be considered:

(&) All the reagents participating in the resction

nust be at the eguilibrium tempersture. This will be
facilitated by preheesting the gases before they enter into
the reaction zone. In the ca2se of wvapour-liguid or
vapour-golid eguilibria, the transport medium with or without
diluent gas must be preheated up to the ecuilibrium tempera-
ture before it rescts with solid or iiguid and eguilibrates
with it.

(B) The pressure of the equilibrium zone must be the
same as thst of the entire flow system. Temperature and
pressure gradients cause the reverse rezction to occur i.e.
the reformation of solid reactants. The apparatus should

81
be so chosen as to avoid the above difficultiss .

(c) The reaction zone must attain equilibrium and
remain undisturbed during the transportation period. Change

of flow rate or very high therral gradlents csuses the resction



to shift in such 8 way thst the transport of msterial

observed will differ largely from thst of the normal

experiments.

(p) Some unwanted resctions due to imperfect gas
flow may decrcase the surface area of sgolic¢ or liguid
under study, so that the reaction rate will deviate
fer from ecuilibrium, e.g. in the case of 4l1-4iClg
system (Chapter 3), if the carrier gas asrgon contains
appreciable amounts of 02, No and water vapour, they
will resct with aluminium or sluminium trichloride or
monohalide with the formation of slumina and azluminium
nitride coatings on the sample, hindering further re-
action, thus glving much lower transport of aluminium.

The carrier ras has therefore to be perfectly dry.

(E) Tre activity of solid or liguid phsse must

remsin constant throughout the resction.
(F) Flow rate should be measured accurately.

(G) Side reactions between sample end conteiner or
flow gae or product with the rezction tube should be
avoided. Very few refractory materials are suitable
for molten metals. For equilibrium meassurements it 1is
therefore necessary to test these materisls for which
the free energy chenge for simple reduction by the
liguid metal has & large positive value. Erewerﬁg has
illustrated the use of thermodynamice in the search for

a suitable container for melting titanium. If an



extenzive conteminstion or resction occurs the materisl
should be brought to equllibrium with licuié metszl or
resctive species, so that 1t is sstursted with respect
to sclution, either of the metal itself or of the
products of the reaction between metal and refrasctory
materisl; this wil! minimise the attack or contesiner will
be passivsted. Attack by melt normally iavolves the
penetration through a so0lid container by intergranular
solution nrocess snd the rate of this attack depends

primerily on kinetic factors e.g. diffusion and viscosity.

2.4.2. Seturation of flow or cerrier gas

The flow gas should be ssturated with vapour.
The establishment of the ssturstion flow is the most
importaent factor in schieving equilibrium. The equilibrium
flow rate is different for every system snd alsoc dependsnt
on the construection of the apparatus. The flow gas has to
ensure ecuilibrium with solid or liguid. according to
Schiéfer? wfor this space where the gas can stay for a
fairly long time must be provided. In the simplest case
the solid substence is plsced, in & small vessel, which in
turn is placed inside 2 tube of 10 mm. diameter for exasmple.
It is better to heve the substsnce in a granular form,
packed lokely in the tube over » distance of few centiumeters.
The gas passes over the solid in an ideal case, equilibrates
with it completely. For the fore-mentioned tube diameter

O
and for the temperatures of solid above £00 C, gas flows
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from 2-10 litres per hour (2000, 1 atm.) have usually
proved to be satisfactory. When the resction between
gas phese and s0lid substance proceeds very slowly, or
when one is forced to use slow gas flow rates larger
amounts of ¢0lid snd longer resction zones are

recommended”,

The high flow rates c=n be used if the chemicsal
reaction attains equilibrium guite rapidly. In the high
temperature systgms in wvhich eguilibrium is not repidly
sttained, diffusion rather than a chemical resction is
usually the rate determining step. fuch diffusion pro-
cesses regulre longer temperature zones, large surface

area of the sample and slow flow rates.

If the flow rate is too high the carrier gas will
not be sazturated and the arparent pressures will be low.
In some cases the heterogeneoue reszetion proceeds so
rapidly, thot equilibrium will be established at the solid
material ~nd the gas motion becomes the slowest step. The
majority of substznces hsve velocity coefficients which
are close to 1, i.e. their surfaces behave as if they are
covered with saturated vapour. Tre quantity of vapour is
a function of the saturstion pressure and gas kinetics.
Consecuently, low velocity coefficients will be 25:;::a$
in the transportation from solid to gaseous state. If the
earrier gas velcelty is too low, sample may be transported

due to self-diffusion and thermsl diffusion. It is, there-
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fore, essential to establish the saturation flow rstes

where the vapour pressure is independent of flow rate.

If sn unsaturated flow gas is suspected a series
of experiments at various flow rates should be made until
a range of flow rate is found for which the mass of sample

transported per unit volume of flow gas remsinsg constant.

Thus a plot of %% vs nf(**—~equation 16) should approached

at ng = 0 and shows a plateau reglon for ng values whnere
saturstion is complete. For unssturated flow the plot will
not level off. Thls festure hess been dilscussed by lLepore

end Van w§zar58. It has also been customary to make messure-
ments at seversl flow rategs and to extrapolate to zero flow
rate to eliminate effect of lack of saturastion. If an
equilibrium between gaseous phase and a condensed phase is
established with negligible diffucion effects, the zmount of
vapour trsnsported per unit time vesries with the flow rate

of gas mixtureﬁa.

However, it cazn be shown that st sufficiently high
flow rates, diffusion effects become negligible. Diffusion
occurs wien the rate of flow is too slow and the apparent

£y o7 . .
pressures will be too high. Merten®?127 derived the eguation:

s m ET [ - _ vly &)

-
in which F 1s the pressure, F and M are gas constant,

o]
temperature K and moleculsr welight of the species respectively,

m/t is the mass transported per unit time 'l' is the length
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of the capillary, D 1s the diffusion coefficient of the
vapour and A 1s the cross sectional srea of the capillary.
For large values of v (the volume of flow gas) the diffusion

effects =2re unimportant snd the pressure assumes the usual

value
P =<ﬁ.)(§§) e (17)
tv/ \M
but st small values of v the diffusion coefficient is given
by:
- -1
3 y
o F (E)+i .e. (18)
t M 1 2

He 21so pointed out thst the eguation may be used to obtsin
not only the pressure but also diffusion coefficient in

P

favourable instances. dckerman g§;§£.03 hsve confirmeé the
validity of this equation. According to Mertea® ?27
reliable pressure can be calculated if experimental determi-
nations are avsllable at two significaently different flow

rates for which saturstion has been reached.

Ce4.3. Advantages of transpirstion method

The significance of this experimental technique is
brought out in the case of csilicon transport in the chloride
system54"66. Schifer 2 by using the flow method transported
considergble amount of 81012 to a cold zone without dispropor-
tiocnstion. 4t lower temrperatures it combined with 81014 to

38

81,Cl,, ete. .

form 312616, 3

Another 1mportant feasture of this method is the eacse

with which corrosive, unstsble vapour species are handled
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successfully snd in s useful way.

2,4.4. Disadvantages of the transpirstion method

(4) the number of molecules vsporizing cannot

be known unless the moleculsr welght of the vapour is known.

(B) The difficult situstion in this technique is to
follow individusl specles in & reterogeneous system where
the products of resction are more than oﬁe gaseous specles.
Thus the study of resction involved in the overall process
becomes difficult. But the asrrangements leasding to quanti-
tastive collection of the products, guenching methods and

improved anslytical technigues may help to solve this problea.

2.8, THERMOUYNAMICS AS APPLIED TO ECUILIBRIUM
REACTIONS BY TRANSFIRATION

Determination of the vapour ;ressures of the
various components in flow method in solid
ras resction

»»»»»»»

stream Iin 2 definite time can be known by knowing the losgs in
weight of the ssmple or gesin in welight due to the dispropor-
tionated solld im a cold trep. . The amount of transporting
egent pessed, and the volume of carrler ges paésed cen also
be known. Then by assuming that the idesl gas low holds
gooé in the equilibrium zone, the pressures can be estimated
using the ecqustion: (14; sne-

P = %l:ig -’oi‘"ust'o.(lg)
T



Since Vq ig related to the initisl flow gas V,, at room

temperature T, the eguation becomes

nRTp

Vr

P: ...(29)

The pressures of wvarious components in a reaction e.g.

4 ¢ 0, RT BT
fc = - -.A—_-—..x Or S- AW ﬁgr . (?l
a Vp a N Vg
u i b RT .
B unreacted = (ng T ng) _§£ ees (22)
OR | r
= (n, - b é:i) P;__Tr
& M Vr _
2
The equilibrium constant K = —§~ eeo (23
Py
2.8. THE L UILIBRIUM CONETANT

The stsaste of equilibrium of any process occuring
at constant tempersture and pressure can be defined by
the equation

oF = 0 eee (24)
i.e. that the free energy remsing unchanged in any
infenitesimal process occuring at constant temperature and
pressure. Therefore in a case of chemical equilibrium, it
is important to acquire the information regesrding the free
energy change in the reaction. Thus for an equillibrium

reaction of the type (14) the:

o) »
AF = - RT 1n K
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2.6. TREATMENT OF THE EBQUILIBHIUM LATA

Experimentsl ecuilibrium dats determined have been
utilized to obtain standard enthalpy of reaction. Two methods
have been used, one called the second law method and the

other the third law method.

- . Second law method

This involves the utilizastion of the well known
Vant Hoff'e egustion with the usual log K vs 1/T plot. From
the slope of the plot and the intercept one can calculate
the hest &nd entropy of the process respectively. The
fundamentsl basls for this plot lies in the change of
standard-free snergy with tempersture

FO i AHO G O (}.) Sa%

d €7F) = - .Eg aT = AHYE T snelih)

Substituting eguation (28) for FO in eguation 258, one

obtazins the Vant Hoff's eguation:

=

dT RT§

OR
d(R 1n k) _ 4.5768 d log K

a3 a3

This method is especially useful in numerous cases where

Z’Ai"o e s

the only information available regarding the heat of resction

is derived from the equilibrium measuremsnts.
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In the above, it is essumed that A Cpo for the

process 1s constant over the temperature renge investiga-

ted. From Kirchoff's eguation:

.0
[a(é’b )] =Ac§ co(22)
P

oT

Therefore, if the heat capsclty equations are available
for the reactante and produects an improved procedure is
possible®7958,  The treatment includes the use of the

following equations:

.0

5 Ab -5

‘4:;"-31?1 K= -——-I--Aalnl‘ -A% bT“-}?ACTg‘*I ees(23)
I T < P4 .

where 1 ie constant.

A&;“ +1=Z ==-R1lInK+ Aa 1lnT =~.% ABT + %AaT-z .« (30)

For each temperature a2t which a value of K is known the
right hend side of the above eguation csn be obtained. &s
the left hand side of the ecustion is & linear function of
1/T a plot of = aggainst 1/T pives a straight line with a
slope AH?. ~From the value of ET? one cen obtain A E°p

at any temperature range for whieh the heat capscity

equations are spplicable.

If the contribution of ACOF for the reaction 1is
not ccnstant over the temperature range the resultant log
K ve 1/T plot will show a curvature or wide scattering of

points. In such cases the £ plot ,a more satisfactory



31

method than log X vs 1/T 1is recoummenced, because it is
easier to get the slope of & straight line than that of

s curved line.

2.6.2. Third law method

This method as its name implies, is fundamentsally
related to the third law of thermodynamics through its use
of absolute entropies znd heat capacities. In prectice,

FOp - HOp
the free energy function: ( ref ) also referred
' T

as 'fef' 1s used whenever it is found in 2 tabulated form
or czn be czlculated. The simplicity and usefulness of
these free energy and hest content_fuﬂctions, especially
in eslculating the hesat of reaction were demonstrated by

83
Margrave” .

The free energy function is related to the usual
thermodynamic guantities in the following manner. Ry re-

arranging the fundamentzl free energy ecgustion

(s}
Fp= Hp =T &7 W+ §
one obtslins
(s} o
F - H
"'?"" T :«-E;% . ooo{?gj

by adding the quantity (H; - H% reg (the heat content
;o

) O,
sbove a reference temperature ususlly O°K or 238 kK, divided

by T) to both sides of the equation one gets

) O 8] O
u ref = - (?0 . 2 I:i-?—-—::ﬁ ret‘ ® e e (98)
T MT T . .
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The reference temperature czn be converted according to
convenience by the use of following relation:
D e i‘ﬁ v’io O . :0
' - . - & L - I
Fp - Hogg I - o
EEE— = - . - s e ® (,_,41
T T T

Since heat content cifferences =né the entropy are relsted
to the Cp values, the free energy function can be evecluated

from experimental heat capscity measurements:

gt 7~ T
82 = « ginT +AEIr 4+ | ¢ glnT + + { c ainT (28 )
T i e ni ‘-:"""- p 'u{) o e s Lele
p .Ll -
To T ‘ 0
and
B - H9 g i ;]
T Trer 1| (cadr +Arg + cd v +feceT| ...@8)
T T
T'ﬂq— 1: Tl

In the case of gaseous molecules it is possible to detersine

the value of "fef" directly through the use of statistical

Ia'

. 70
thermodynamics and spectroscopic dsta .

For a chemicsl reaction "fef" st s given temperature

may be defined asg

Af«f = i‘ f e ( ’ef ' t.'(g
“ (fe )products reactants

After collection of the terms snd consolidsation

one obtains:

) e
Ofef = Qisg - AL rer s o s hOH)
“ T
. 0 0
0 AT T'm = Hm 0
A}i’l‘ ?ef - T . _m“i - A Fy ii 1ef .9Q(£:))f

i
i
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Substituting equation 28 in equation 33, the equsation

csn be written as:

Az-;; ep =T (-RIn K- Arfeft) ... (40)

The advantage of the third lew method is that
each experimentally determined value of the eguilibrium
constant permits an independent evalustion of the heat of
reaction. The free energy functions vary very slowly with
tempersture and hence may be obtained easily and accurately
by simple inter and extrapolation procedures from values
given st wide intervals. Furthermore, temperature
derendent errors are often hard to eliminate from eguilibrium
measurements. The tempersture coefficlent and the corres-
ponding hest of reazction from the second law, may be greatly
in error whereas the third law heat doegs not change

significantly.



CHAPTER - 3
EQUILIBRIUM STUDIES OF THE REACTION

2A1(1) + alCl,(g) == 241C1(g)
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CHAPTER - 3

BQUILIBRIUM STUDY OF THE REACTION 2a1(1) + AlCl,(g) = 241C1(g)

3.1. INTRODUCTION

The importance of aluminium monochloride (41Cl) in
the metallurgy of sluminiun and in the synthesis of soue
important compounds has been discussed earlier (Chapter 1.5:.
It has also been mentioneé (Chapter 2.1.) thst how the equili-
brium studles and thermodynamiecs help in chsracterizing the
species at high temperatures and in understandling its stsbility
and chemical resctivity. This chapter éesérib&s the experi-
mental work on the study of the equilibrium of the above
resction and the evalustion of the thermodynamic data

employing the transpiration technigue.

3.1.1. Evidence for the existence of A41Cl(g,

Jevaﬂs?1’72

was the firet to detect and identify the
spectrun of sluminium monochloride during the study of the
spectrz of silicon tetrachloride. Similer spectrum was also
observed when hydrogen chloride was sublected to & high
voltepe discharge between saluminium electrodes.

Frommer and Polanyi73 obsgerved a luminescence
ascribsble to cuprous chloride bands when chlorine reacted
with sluminium in the presence of copper. They thought the
cause for luminescence was the formation of sluminium
dichloride which should hsve strong reducing property. Their

scheme can be written as:
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CuClg + H ——— i€l + CuCl + luminescence svssCdl)
Cly + A1l — AlCle ese{4la,

Cu012+ AlClg::;AlClg+ CuCl + luminescence wne CALE )

In addition to the sbove evidence the work of

78, Miescher76 and MOhanti77

Bhaduri and F‘owler74, Holst
gave an added confirmation to the existence of aluminium

monochloride in the vapour phase.

3.1.2. The role of spectroscopic date

The spectroscopic data were sufficient in making a
sstisfactory estimate of the entropy of &1Cl(g) but the
discociation energy was found to be toc low. This was due
to the unrelisbility inherent in the Birge-Sponer extra-

polations (Chapter 2.3.7).

3.1.3. Theoretical study

tluminium hes got two s eleetrons and one p electron
bevond the inert gas configurstion. Thus the lower valency
results from the loss of p electron. The feirly large
difference between the first 2nd second ionizastion potentials
can 21so be the reason for the existence of monovalent
aluminium. Usging the Born-Haber cycle, Irman78 has calculated
the energies of formation of both gaseous anéd s0lid aluminium
(I and II) halides. Though the unreliability in these vslues
is high, they help to determine the relstive stabilitiss of

sluminium sub-halides. The followiny sre his conclusions:



(A) The order of stability is given as:
AlX, > A1X > AlX,

(B) Solig élx is only slightly less stable than
solid AlX., the degree of instability is the
same for zll halides.

(C) the stability of gaseous AlX relstive to

gaseous A1X3 decreases in the order of fluoride,

chloride, bromide, iodide.
(D) Caseous 41X is stable at higher temperstures.

3.1.4. Chemical evidence

The chemical evidence for the aluminium subchloride
wag provided by Klemm, Vogs and Geirsberger79 and Gross and

22 . ) 9
his cs-workers”z. Particularly, the work of Klemmu et.a .7

in this connection was very interesting.

3.1.86. The equilibrium study of the reaction (1)

84ince the dissociation energiles estimated by spectro-
scopic data #re grossly in error the resultant heat of formation
will not be reliable. It is therefore necessary to determine
the hegt of formation by the study of the equilibrium. Cross
ggigl%g have reported their results of the study of the
equilibrium resction between A41(1l) and AlClagg). The follow-

ing ecullibria have also been investigated by these qguthors:

Al(1) + HNaCl(e) —— HNa(g) + AlCl{g) ees(42)
41(1) <+ HaCl(l) —— 41C1l(g) + Na(g) ess(42a)
41(1) + KC1(1) —— alci(g) + K (g) «..(42b)
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A value of - 11.58 Kcal. mole"l was deduced by them for
the heat of formation of monochloride from the above equilibria.
The AHryyg values of A1C1(g) from the above reactlons did not

correspond well with that obtsined from the resction

2a1(1) + a1Clg(g; —— 34a1C1(g) e (1)

The observed difference of more than 4 ncal. in the free

energy of the resction has been attributed to the unrealibility
of thermochemical data for &lClS(gi and to the fact thast
equilibrium might not have reached during the experiment.

In reaction (1) the matter appears to be complicated by the
poseibility of formation of Al1Cl,(g). Experimental values

of ﬁeimgartn&rgo disagree with thet calculated ones, conse-
quently tre egquilibrium reaction (1) was neglected and the

following reactions were prorocsed:

41(1, s) + alCly(e) 31012(g) + A1C1(g) .. (43)

Al(l,s) + AlClz(g) 241C1(g) .+(43a)

AlCla(g) + AlCl (g, —— 2&1012(3) i +(43b)

AlCl2 being considered as the main species. However, there
is no evidence in the literature about the stability of
AlClg(g} species at high temperatures. Irman's theoretical
values #1so reveal thst the Al1Cl,(g) is relatively less stable
wvhen compared to Al1Cl(g) a2t high temperatures.

81 /
Russel et.zl. have measured the eguilibrium

o
constant of resction (1) at 1400 K and obtained a third lsw

value for A;ngBR of -12.18 Kcal.mele'l. The stucy of this
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O
resction between 9£0-1200 by Semenkoviteh ™ gave a second

o -
law heat of reaction at 298 Kk of 77.38 Keal. mole 1 which
le¢ to 2 value of AHpy,, = - 19.20 K cal. mole™l. Tre

Aiﬁz value of WelssB®3 was - 17. keal. mole‘l.
o)

- 84 : . QF.
Foster et.al. and Helse and Wieland have
ealculated from spectrographic measurements the Z§§§O
3 -1
of 41C1(g) giving the values - 13.8 and -10.8 * 2 Keal.mole

respectively. Borrow8°

calculated the dissociation energy
of AlCl(g) 3298 = 117.8 from thermochemical dsta which gave
value - 11.1 for the Alipyyg of 41C1(g).  Thus the vslues
reported in the literature for the l&gfggg-cf 41Cl(g) vary
from -11 to - 20 Keal. mole'l. The values are summarized

in Teble II.

3.1.8. Existence of various gaseous
species and their stabilities

In the aluninium-aluminium trichloride system,
Heimgartnergo reported AlClg(gi as the maln specles. The
importsnce of the species at high temperastures will depend
upon their relative stabilities. The stsbility of different
species at high temperstures czsn be explained on their relative
bond strengths. The dissocistion profile at high temperstures
of 8 gas of the type MX, will depend upon the relative bond
strengths in the dissociation species MX, ;, M, o and Mx.
Seversl fluoride snd oxide specles were studied by Eiegelg7.
The bond energy term is a cuantity which when summed over gll

the bonds, rives the hest of formstion of the molecule from
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atoms. Thus if the heats of formation ©of 511 the speciles
involved sre known or estimated, the bond energies can be
calculated. Employing the hests of formation of speciles
AlClS(g), &1012(g) and Al1Cl(g) given in the "JaWNaF" tables89
the dissocistion energies of the molecules have been calcu-

lated and sre given in Table Illa.

Table Illa

Dissociation profile of 41Cl.(g)

WO e Ty WD e WS W WS g G S e WD NG W WK e W S WD T N G e e D G T S sy am MR e R e G TR g e e R o N g - S S

Bond energy feqguence Tissociation
E(Keal/mole) energy h(scal/mole)
101.21 A1813~—;ﬁ1612 + Cl 33.21
108.21 A1012~e-é101 + Cl 92.81
117.81 A1C1 — &l + (1 117.61

The heat of sublimstion of &1 and the dissociztion
energy of Clg(g) are taken from BrewerBJ and Gaydon§4
respectively. The bond energy term E is for undissociated
specles and is simply the astomic heat diviced by the number
of bonds. The sbove values indicate that the more stable

species would be £1C1(g). FHowever, the reliability of the

hest of formation of 41Cl,(g) 1is doubtful and being an odd
electron molecule AlClgs is likely to be unstable.
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3.1.7. Free energy considerations

If one assumes A41C1l(g' as the main and stable
species the reaction between the aluminium chloride and
aluminium metal will follow according to the equation (1.
On the other hand if AlClg is the main species in the

reaction it may proceed according toc the eguation

Al(s,1) + 281Cl,(g) —= 341C1,(g) ...(la)

If both aluminium monochloride and dichloride have the same

stability the resction will be:
Al(s,1) + &ICIB(g) — 41Cl{g) + AlClg(g) «es(1Db)

It was therefore thought necessary to calculate the free
energies for all the three reactlions. Fmploying the dats
from 'JANAF' tables™ these were calculsted 2nd szre recorded
in Tzble I1Ib. The results of these cslculations suggest
that both 41Cl1l(g) and AlClg(g) may exist as indicated by

the lerge negpative values of free energies for the reactions
1(a) and 1(b). However, there is no spectroscopic evidence
for the existence of AlClz species in sppreciable concentra-

tion.

3.2, EXPERIMENTAL

Materials

Aluminium wire having 93.98% purity (ITH.AR quality)
was melted in an argon atmosphere to expel the dissolved
gases and the resulting ingot was cut into chips. These

chips were degreased and used. Spectrographic anslysis of
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the samrle indicated theot 1t contained trace impurities
( == 20" rpm) viz. Fe, Cu and &i. Aluminium chloride with
29.9% purity (E.Merck grade) was resublimed in an inert
atmosphiere before use. Resublimed product containeé 0.04%

ferric chloride and 0.02% alumina.

3.2.1. Purificstion of argon

Argon was used as a carrier gas. It was necessary
to purify srgon, as the impurities like oxygen, nitrogen and
moisture would react with aluminium or with monochloride or
trichloride as given below, thus affecting the apparent

concentrations:

241C1(g) + 02(g> —— 24a10C1(g) .. (44)

3410C1(g) f— &lzug(e) + ﬁlﬁlgig) .+(44a)
21C1 (g) + Hz?'}(g) —— a10C1 (e)+ 2HC1l(g) .+ (44b)
2AICIS(g)+ BHQO(g) ——@HC1(g) +‘A1233(c) ..(44c¢)
241(1) + ﬁa(g) —— 2&ali(e) .. (4448)

In order to remove impurities present in the carrier
gas, argon from a cylinder was passed through a purification
train which is schematically represented in Fig.l. The train
consists of bubbler (14 and 1BR) containing pyrogsllol and
sulphuric acid respectively, a calibrated capillary flow meter
(18) to regulate the gas, a calcium chloride tower (1B), two
feet lony columns conteining sofnolite (1B), anhydrone (1E)

and phosphorous pentoxide (1&) to remove carbon dioxide and
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moisture respectively, a tube containing reduced copper
geuse heated to 6007 (18) (to remove oxyren), = tube con-
taining the boats of csleium turnings snd sluminium metal
at 670o (1I)(to remove nitrogen and oxypen) and finally a
column containing anhydrone and two columns contsining

P50, to remove moisture.

3.3, APPARATUE AND PROCELUERE

The sttainment of equilibrium in transpirstion
experiments will depend upon the construction of the.
apparstus. Keeping in view the points mentioned earlier
(Chapter 2.4) the apparatus was c0nstructed'and employed

in the present study.

The reaction tube made of Kyanite refrasctory (high
elumina refractory tube, supplied by Central Glass and
Ceramic Hesesrch Institute, Calcutta, India) of 80 em.length
and 2 cm. internal dlameter was introcduced in a hanthal wound
tube furnace. The furnace was & cm. in length and wound in
three circuits. The outer two circuits had the same resis-
tance covering the ssme length (10 cm. easch) were useful to
minimize heat losses. The third circuit (middle ecircuit)
had a length of 20 cms. The furnace gsve a constent tem-
perature zone (% 30) of 20 cm. lengzth at temperatures between
1000 =nd 1426°K. Temperatures were attained by connecting
Kanthal herting elements to veriable voltage transformers,
which in turn were connectec¢ to a 220 V main source through
voltsge stabilizers to meintain constant power sup;ly. The

constsnt temperature zone was long encugh to accommodate a
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Kyanite boat of 18 cm. length, 1.5 cm. in width and 1.6
em, height, lesving 8 to 8 cm. of zone for preheating the
gases. This was seful in bringing all the reactants and
the carrier gas to the ecuilibrium temperature. Two
eylindrical alumina plugs were placed on either side of
the bost. The annular space between the plugs snd the
tube was sufficiently small so that the plugs served both

ag radiation shields and ss barriers to vapour diffusion.

The insulation around the Kanthal hesting elements
consisted of light magnesia bricks. These bricks were of
advantage in producing less massive and guicker heating
furnace. These bricks can easily be worked out with a file.
The furnace gave constant temperature over long periods of

o
time ( AT =8 over several hours).

Sections of pyrex glass tubing of suitable sizes

were connected to both ends of the resction tube with s high
alumins refractory cement (Accoset-£0, suprlied by Associated
Cement Compesny ILtd., India) to give cemented gas tight joints.
In the pyrex tube at the upstream end (18" length end 1" i.d.)
a glass bost (0.6" x 0.6" x 8") containing anhydrous alumirium
chloride was introduced. Aluminium metal baffles on either
side of the boat served as diffusion barriers. The temperature
of the glass section was maintained at 150° g 3° to facilitate
transport of the halide by srgon gas. The stated uncertainty
is the average temperature of 2ll the runs reported, but the

| o
varlation of temperature in each run is ¢nly * 1 . Thus the



supply of sluminium trichloride was uniform and the

deviation was not more than 5%. The 4lCl, vaporization

3
furnace was also connected to a variable voltage trans-
former through a voltage stabilizer. The furnace also

had a sliding srrangement to facilitate arresting the
reaction quickly by pushing it out after the run. From

the down stream end & Kysnite thermocouple sheath entered
the reaction tube and was positioned over tﬁe centre of

the boat. 4 chromel-alumel thermocouple calibrated at
various points (zine, eluminium and copper, standard samples
of these materlals were procured from ‘lational Bureau of
Stendsrds, Washington, E;C., USA), served to measure the
temperature during the reaction. Eetheds of calibration
of thermocounrles have been glven by Rocser snd wenselgo.
The temperatures were read by measuring the millivolts at
intervals with a thermocouple test set, Cat. No: 78£5,

w.C. Pye and Co. Ltd., Fngland. Initially, measurements
were made of the actual boat temperature by insertion of
thermocouple into the boat and compared with thst hy the
thermocouple positioned above it. The difference wss
negligible a2s it was within the steted uncertainty.

A schematic diagram of the transpiration appsratus has been

given in Fig.Z2.

4 calibrated capillary flow-meter was employed
to measure the flow of argon an¢ arrangements were made to
collect the gas during the run. The sgreement between the

metered and collected quantities was found guite sestisfactory.
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In order to know the pressure in the system a by-pass from
the outcoming gas flow was connected to s U-tube mercury
manometer and the differences in helghts were noted 1n a few
experiments. These were about 15 to 20 pm. The total
pressure at wvhich the system was in equilibrium was taken as
the sum of bsrometric pressure and the difference in heights.

The average of the total pressures in all the runs was around

720 mm.

The tube containing the sample boat was heated to
the reaction temperature in a slow current of argon. The
pyrex glass tube at the upstream end was also heated simulta-
neously to the desired temperature. When the temperatures
reached the desired values snd got stabilized the boat
containing AlCl3 was Introduced. Frecautions were taken to
avoid diluting the carrier gas with air when inserting the
boat in the flow system. The rate of passage of pure argon
was brought upto the desired value and the experiment was
started. After running the experiment for a definite time
the heating of sluminium trichloride was stopped. The system

wag allowed to cool in an argon atmosphere.

In esch run the amount of £1Cl, Passed and the
eamount of chemically transported aluminium were found by
weight lose measurements. & good agreement was noted between
the loss in weight of the boat and the AlCl3 collected. Loss
in weight of aluminium was also checked by chemical analysis

of the residuel aluminium.
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3.4. VAPORIZATION OF THE TRANEPORTING AGEJT

The rate of transport of aluminium trichloride

as a function of temperasture and the rate of flow of argon
gas were determined by a series of experiments. In each

run good asgreement was obtsined between the loss In welight
of the boat and AlCl,collected (analysed). The results

are reported in Table IV. It can be seen from the table
that the pressures show 10-20% deviation from those reported
by Smits and %eijeringgl. This cannot be considered as
serieus in view of the complexity of the vaporization of

9N-93

aluminium trichloride Smits and ﬁeijeringal noted

the difTerence in vapour prescsure at the same temperature

when different samples were used. Fostergg

confirmed this
and explained that this discrepancy was due to the slow rate
of volatilization of aluminium trichloride at constant tempe-
rature. He also found thst it is necessary to walt for g
long time to attain the saturaztion pressure in the systenm,
ingpite of the high heat of vaporization of AlCla. It can
8lso be noticed from Tsble IV thst as the flow rate is
increased the deviation from the normal pressures also in-
creased (slightly). This behaviour was also observed by
DPunne and Gregorygg. In addition to these difficulties

it is to be noted that the temperatures were megsured only

with a mercury thermometer which was not calibrated.



Table - IV

Comparison of the values of loss in weight
of AlCl3 and &1013 collected

180

168=

188

168

134

124

134

142

142

142

Flow rate
cc./min.

128
76
a3

100

885

100

130

50

12.8470
9.8824
£.3368

20.8382

19.2014

18.2486

1.9438

2.9812

3.5584

8.8220

5.7804

4.2232

* Run for only one hour

élCla
collected g.

12.6824

£.2834

19,0988
18.0132
1.78904

2.7836

£.5426

4.1338

0.1376

0.1278

0.0534
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In view of the slow vaporization of eluminium
trichloride, the long time needed to acquire saturation
pressures in a large volume and the high flow retes in-
volved, the above discrepancy need not be considered as
serious. At pressures below £0 mm. of sﬁ‘xlCl3 the weight
loss dats and the collected amounts did not correspond
well. This is attributed to the hydrolysis caused by very Smalk
smounts of moisture. Thus the ratio of the hydrolysed
material and the transported chloride will be high parti-
cularly when the transport is low. As the pressures of
A1C1, inerease this becomes negligible. Lence runs were
carried out only at partial pressures of normal halide

shove &0 mm.

Employing resublimed sluminium trichlcride and
careful handling of the sample it was observed thst the
hydrolysis was negligible indicating that the carrier gas
vas free of OE’ Hga,etc. The presence of these impurities
in argon causes a white deposit of alumina in the tube.

3.8, ATTACK OF Al1Cl ON Th® CONTAINFR MATFRIAL

In a few preliminary experiments it was observed
thet the refractory boat (weight of the boat ==15 grams)
increased in weight at the end of 2 run of 2 hours. After
each succeeding run, the increase in welght progressively
reduced. The boat showed almost (less than 0.4%)negligible
increase in weight after a total resction period of 15«20
hours. Blank experiments carried out with aluminium metal

or by transporting 41Cl, vapour with an empty boat at llB&Qﬂ
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showed no perceptible increase in the weight of the bost.

In addition to the attack of aluminium monochloride on the
boat meterial, it was observed that the inner surface of a
the nyanite tube got covered with a thin layer of a black
refractory meterial in the initial runs. 7To ensure complete
passivation of the inner surface of the tube, a series of
experiments were carried out by placing a number of bosts
containing aluminium metal throughout the length of the tube.
Consistent results in the equilibrium studies could be obtain

-ed only after the two surfsces were pascivated.

4 smzll amount of black shining product as a result
of this attack was collected. The behaviour of this material
towards heat treatment and the reaction with aluminium mono-
chloride vapour was studied. It did not show any loss in
welght even sfter several hours of heating =t about 1550°ﬂ,
nor did it react with aluminium chloride vapour st 18@OOK.
Spectrographic analysis showed sllicon, aluminium and iron
as the major cuantities (silicon excess) ané Hi, Cu and Pb
in traces (= 100 ppm each). Chemical analysis showed
81-83% silica, 14-15% alumina end 2-2.5% iron. Once the
boat was covered with a film of the above black material,
the equilibrium reaction between molten aluminium and
aluminium chloride vapour could be studied over sz wide
temperature range (1126-1426°K) without any difficulty.

The study of the reaction was carried out as follows:



(1) Study of the rezsction at constant partial pressure
of AlClg at one temperature as a function of the rate of

flow of inert gas.

(2, Study of the pressure dependence of the equilibrium

constant for the assumed reaction at one temperature.

(3) Study of the increase in the yield of the reaction
by increasing its temperature at constznt partial pressure

of A1Cl,.

3eBe TREATMENT OF THEE DATA

In the study of equilibrium reaction (1) over the
temperature range 1126-1428°K the experimentally determined
welght loss data of Al and AlCls were used to calculate the
partisl pressures AlCl and AlClg. The vapour pressure of
aluminium monochloride formed during the reaction at high

temperatures was caslculated from:

Pa _ Fa . _na

Pt Pa +Pb+Pf na +anb+af

«os(48)

where Pa = the partilsal pressure of 41Cl1l, P£ = total pressure
= 720 mm, na = number of moles of 4l1Cl formed, nb = number
of moles of unreacted AlClg, nf 1s the number of moles of

argon collected during the run.

The number of moles of AlCl formed (na), number
of moles of unreacted AlClg(nb) and the number of moles of
argon were obtained employing the following expressions

respectively:



3/2 x AW Al

= t»a(46)
. M al
nb = (A“ 41Cly ) .1 Awal oo (a?)
WAlCl, /2 TH A
nf - 19/22.4 000(48)

it

where AW Al aluminium metal transported g.

it

AWAIClg

M/41 = molecular weight of Al.
¥AlClga = molecular weight of 4lClg

aluminiun trichloride passed g.

1V = volume of carrier gas collected
in literes and at 298°K.

Similsrly, partial pressure of AlCls{unreacted)

was given by:

EciP— = nb 000(49)

Pt na + nb + nf

The equilibrium constsnt for reactlon 1 was

calculated by substituting pressures into the expression:

3
PY Al1C1L
= .s« (B0O)
P é.lCla
3,7, EFFECT OF THE RATE JF FLOW OF ARGON O THEE

EQUILIBRIUM BETWEEN 41Cla(g) and A1(1)

It 1s necessary to determine the limits of flow
rates of the carrier gas which is saturated with the gaseous
reaction products. This helps to know the extent to which
the experimental results are being influenced by diffusion
trangport. If an equilibrium between a gas phase and a

condensed phase 1s established with negligible diffusion



effects, the amount of vapour transported per unit tinme

varies linearly with the flow rates of the gas mixturesg.

In the present experiment the transport of wvapour
is directly proportional to the loss in welght of the ﬁetal
aluminiun and hence it was studied st a reaction temperature
of 1183°K by varying the flow rate of the c rrier gas {(con-
taining AlCl, vapour) between 26 and 120 ce ‘min.  The
vapour pressure of aluminium trichloride throughout these
experiments was kept constant i.e. the temperature of the
pyrex glass cell was maintained at 1500. When the weight
loss data were plotted against the flow rate in the above
range e weight loss increased linearly upto the %ate of
107 cc ‘min. thereby indiceting that the flow gas was satu-
rated with the gasseous reaction products and the ecuilibrium
is independent of the flow of inert gss in this range. The
curve on extrapolation passed through the origin showing
that the thermal and self diffusion effects are negligible
(Pig.3.. The equilibrium constant calcu%%ted at each one
of these flow rates between 25 and 107 cc /min. agreed well
(+ 2%) which also suggests that within these limits the re-
action 1s independent of the flow rate of the carrier gas
(Table 7). Subsequently, all measurements were made below

107 cc“/min.
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3.8, TRANSPORT OF ALUMINIUM AS A FUNCTION
OF THE PARTIAL PRESSURE OF Al1Clg

4 study of the pressure dependence of the equilibrium
constant for the reaction (1) was carried out at 1183°K in
order to find out the importance of other specles during the
reaction. The pressure of AlCl3 was varied more than § times
yet the change in eguilibrium constant was found negligible.
The results sre indicated in Tsble VI. This was further
confirmed by plotting log P A1C1 against log P ﬁlClS{Fig.é).
4 straight line with slope of 0.31 + 0.04 was obtained when
this was done. For AlClz formation the values of the slopes
as per equations la snd 1b should be 0.87 and 1 respectively.
Thus it is clear that 41Cl,(g, is not an lmportant speciles

in these experiments.

3.9. RESULTS AND DISCUSSION

Having established an equilibrium flow rate and
showing the absence of the formation AlCl,(g,, the experimental
determination of the transport of the aluminium metal as 2
function of temperature was carried out over the region of
1125-1425°K keeping the eluminium trichloride partial

pressure constant.

Eleven points were studied in this region. The
experimentel results together with the calculated vapour
pressures of AlCla, 41Cl and equilibrium constants calculated
according to the equation £0 are presented in Table VII. A4t

each reaction temperature the AlCl., generation cell temperature
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was measured and a blank run was carried in order to keep

the rate of aluminium trichloride constant.

The free energies and heats of reaction at various

temperatures were calculated employlng the eguations:

A H,, . FO _
~ 28 ._Rink- B-fpg 7 Foug o (E2)
T products T reactants

The free energy functions for products and reactants are

taken from the 'JAHAF' tablesgg. The calculated free energies
and the derived third law heats for the resction (1) have been
sunmarized in Table VIII.

3.9.1. Discussion

Employing the well known Van't Hoff eguation
(d1nkK)/é (1/T) = - ( A H/R) eeoe(653)

the heat of reaction, AHy has been determined from the plot
of logirthm of the egualibrium constant vs the reciprocal of
the absolute temperature (Fig.5). The least scuares line
based on this data gives an equation:

log K = - 12:886 % 3.496 , 33,1386 + 2.841 ... (54)

- <

The constants from equation (54) lead to a value of Axgr

heat of reaction AH,= 30.86 * 1.8 Kcal.mole~l, This value

of & Hr represents the mesn value over the temperature range



012°0 =
0T*0 =
0T*0

* 0P0°3BT =-°4dAY

- e e W G e e S A o s

UOT3BTASD PIEpUBYS
ugsm JO JOJA® PIBPUBYS

B i

N e e s e O g -

g88°TT - 00€°¢e 30°99 3083°3 ¥30T° v 3L68°0- 52¥T
goT 3T -  L50°¢€€ 20°99 380c° S ¥BEL'E  €LI8°O- uBYT
060°3T =  383°€6 ¥3°u9 gLee°8 32L0°¢ L2381~ gLET
LES*TT - P9UB*66 vL°99 €660° 11 £80€°8  LST8'T- see
L98°TT = 9%€°€6 2L e9 8b35° ¥T 60LE°TL 098P 3~ 0831
Z80°3T - €0E°€6 92°09 1383° 71 £eEy 1T Ceev 3= 0L3T
131°31 = PET°€6 8€ 99 PEPT LT ebeecl  ¥83¢°e- 3321
882°3T -  £69°8¢ CO* L9 633€°5T 83¢8°ST  8980°E- 02831
8BLO'BT -  33c°€6 03° L9 I¥38°61 SL3L°ST  32us’e- g8TT
LVETT - 9TL°66 03°L9 2813°C3 9060°LT  CSelL°E- e81T
§10°3T -~ 2IS°€6 8y L9 696523 08L€°03  €E83°¥- 9311
8e3rmy €%y wmwm«-@mAu, *Tedy ¥ ur 3y - yur o - ¥ 801 ¥ cdwsy

- e e WK S B G S D S R A W IO G A e e O e W G W e D G S A A D g SRR G S e . 0w WD e B N U e W R BT e W e W N O R W O R e T e e W g e e A

e318p uopiespdsued) 8y3 WOIJ DOATISD 320U M8l PIjyl pue L3asus @sday

ITIA ~ 91q8}



0 { | v
4 75 8 -85
103/T°K
FIG.5- PLOT OF LOG K Vs. 1/T FROM TRANS!: RATION <" JDIES OF
™ ION 2 — 3
€ REACTIO Al(l)«t- ALCL3(g) = 3/ @



62

studied and does not take into account the effect of A cp.

From the functions cited in the 'JANAF? tables88 l\ih1275 -

5238) for reaction (1) has been found to be - 7.34 Kcal.

The AH thus becomes 28.20 * 1.8 Kcal.mole'l which is in
“T238
satisfactory agreement with the corresponding third lsw value

33.44 ﬁcal.mole'l. The slight devi=tion from the thiré law

hest may be due to the temperature dependent errors which
contribute significantly to the third law calculations. The
second law heat of reaction thus permits the heat of formation

of A41C1(g) to be calculated from the equation:

1 _
A}_ifz%mcug) = = AH, 241 ..(58)

2 v AL

alCl,(g)* AL

298 298 =foog

;|

as -12.45 + 0.54 Keal.mole - and the corresponding third law

value gives - 12.04 * 0.22 Kcal mole'l, The uncertsinties

reported in this work are only those due to the statistical
analys®s of the data. The A*gfggg values for 4lCl,(g) and
41(1) have been taken from the 'JAVAF' Tables® . To faci-
litate comperison, log K values at different temperatures

reported by several workers have been  recorded in Table IX.

3,10. THE ENTEOPY OF THE FEACTION

The entropy A Sr of the reaction is obtasined from
the second law of thermodynsmics

AFr = Aﬁr - T ASr 0-0(58)

: o,
Employing the velues of AF, and AE, at 1276 K, a value of

50.12 + 1.3 cal.deg.'l mole T for Asr 1276 is obtained.
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Table - 1X

Compsarison of the values for equilibrium coanstants

(log K)

S e
1000 1100 log K 13060 1800 flef.

- 7.1 - £.,3 - 2.6 =~ 0.4 81

- 5.3 - 4.2 - 1.4 + 0.3 82

- 8,94 - 5,09 - 2.26 - 0,17 46

- £.5 - 3.8 - 1.1 - 0.9 84

- 7.1 - 5.2 - 2.4 - 5.4 8&

- 7.71 -~ §.91 - 3.16 - 1.13 94

- 8.78 =~ 4,96 - 2.18 - 0.14 Present

work
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This value sgrees well with the theoretical value of
Diryogs = 80.5 cal.deg.™1 mole™l reported by Heimgartnergo

and also agrees well with ASp .. = 61.26 cal.deg.mole-l,

calculated from the data given in the 'JANAF' tablesag.
While this work was under study, Frisch et.al.’? have also
studied and reported the reaction (1) over the temperature
range 930—1034°K employing a different method known as the
molecular flow effusion technigue. An excellent agreement
has been noted between their data and that of the present

. work. These authors have also derived the entropy of 4lCla(g’

from the entropy of reaction (1) and the value of A&y, fOr

41C1l5(g) 1is essentially 4 cal./deg./mole higher than the

estimasted value They hiave concluded that the value of
A3, for AlCl,(g) is given in the 'JANAF tables®® ig
uncertain by at least 2 csl./deg./mole. They have given
some experimental evidence based on the study of the work
of several suthors on the vapour pressures of AlCl3. In some
cases (Sndts and Meijeringal) experimental entropy differs
only by one cal./deg./mole from that of the calculated valuegav
The A Epjong= 60.12 + 1.3 cal./deg./mole'l reported in the
present work agreed well with the calculated value and the
difference 1s within the stated uncertainties. The excel-
lent agreement between second and third law heats and a good

agreement between the experimental and calculated entropies

suggest that the entropy of AlCl,(g) at elevated temperatures
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may have congiderable validity. The results of the preseat

-

work are in good agreement with those reported by Gross et.g&?b

as can be seen from Table IX. It also shows that the presence
of 41Cl, specles (as suggested by HeimgartnergO) is not
important in the temperature range studied. In view of the
observations of Frisch gs&gl.gq on the entropy of aluminium
trichloride, it is to be mentloned that a revision of the
functions of A1Cl,(g) may be of great help.



518}

Table - X

Thermodynsmic data for the reaction

241 (1) *‘AlClBCg, — 34lCl(g)

G e op S NS g W WD W e G W T A W s D GRS G G G M W WD > WD W SR o w5 an 0 O e WD W an an I g WS g om D Y GO e W W8 ap YO S wn @D e TR o B am s T N e

AHy
Agy
AFy
AEy
N

N

at 127¢

at 1278

at 1275

]

i

]

90.856 + 1.8 Kecal. mole™t

50.12 + 1.3 cal./deg./mole

14.20 + 1.5 Keal. mole~!

at 298 Third law = 99.44 + 0.56 Kcal.mole t

at 298 Second law = 98.20 + 1.6 Kcal.mole™t

at 238 for a1C1(g) (third law) =-12.04 + 0.22 keal.mole *

AHg at 298 for 4lC1(g) (second law) = -12.4€ + 0.54 Keal.mole ™
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CHAPTER ~ 4
Seetion -~ A

REACTION OF A1C1(g) WITH MgO(c) AND THE
HEAT OF FORMATION OF MgAl,0,(c).
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CHAPTER - 4
Section - 4
REACTION OF Al1Cl(g) WITH MgO(c) AND THE

EEAT OF FOEMATION OF MgA1204(c)

4.1, INTRODUCTION

Though the vapour phese existence of aluminium
monochloride and its highly reducing nature has been
realized long bsck73, very little is known about its
action on refractory oxides, 5amenkovitch95 has reported
that aluminium monochloride reacted with refractory oxides
viz. Mg0, BeO, ¢rly and SiOa but not with Algaa. His
experiments were purely qualitstive. lie has also suggested
the following mechanism for the reaction of aluminium mono-

o)
halide with MgO(e) a2t 1100 C,

3Mgh(e) + 841C1(g) —— 3Hg012(g) + a1203(c) + 4A1(¢) eee(87)

The possibility of a2luminium metal rescting with MgO(e) was
not taken into consideration. Altman96’97, and Grjotheim,
Ferstad and Togurigg have measured the vapour pressures of
magnesium metal in the tempersture range of ll%&-l@léoﬁ by

studying the reaction:
MgO(e) + 241(1) —— MgA1234(c) + 2Mg(g) .o (E8)
This suggests the formetion of the spinel MgAly0,(c), in

the reaction of 41Cl(g) with MgO(e) at these temperatures

which was overlooked by Semenkcvitchgg. The presence of
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aluminium metal 2lso reduces the magnesium chloride with

the formation of aluminium chloride st these temparatures'as was
indicated in the work of Balduinag. Heduction of magnesium
chloride is also possible by Al1Cl(g) as the unstable molecules
will slways provide 2luminium metsl due to the reversibility

of reactions (1)

2a1C1(g) —= AalCly(g) + 2a1(1) .o (83)

Preliminesry experiments showed that the reaction
vielded more Mg&1204(prﬁéuct) with increase of temperature.
This suggests thet the ecuilibrium reaction is endothermic
and must occur with an increase of entropy acéoréing to the

principle of successive entropy states44- In this connection,

Brewer43 had 2lso stated that a gas will only react endo-
thermically with a solid to produce a significent yield of
reaction product if the reaction produces at least as many
moles of gas as are consumed, in the reaction. Thus it
appears that the course of reasction between A1Cl(g) and
MgO(e) 1s not according to thst indicated by Semenkoviteh O

and hence the necessity for the present investigation.

In continuation of the study of the equilibrium

reaction (Chapter 3)

2A1(1) + 41C1l,(g) ——= 3AlC1l(g) s o 6X)

the paseous monochloride was sllowed to react with soligd

MgQQ In order to establish the reaction scheme, equilibrium
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messurements were carried out together with the identificstion

of the products.

4.2. EXPERIMENTAL SECTION

(A) Materials

The magnesium oxide used in this investigation was
of E.Merck grace and was ignited at 1200° for 20 hours. The
powder was pressed into briguettes at 1000 kg/cmg. The
briguettes were broken into small pleces (sieve size of 80
Us) to give rise to a sample with large surface area which
ensures equilibrium with the carrier gas. aluminium
chloride was slso of E.Merck grace znd was resublimed in 2n
inert astmosphere before use. The material was always
handled in a dry box. Aluminium metal used in the procduction
of monochloride was of spectrographically standard grade and

was supplied by Johnson Mathey and Co. Ltd., lLondon.

(B) aApperatus and gensral procedure

The apparatus and the method acopted to study the
reaction between the gaseous monochloride ané magnesium
oxide was similsr tc that described in Chapter 3. The general
principles iavolved in the chemical transportstion have aslso
been discussed in Chapter 2. In this method the carrier gas
argon saturated with aluminium monochloride was allowed to

react with ¥MgO(c) under equilibrium conditions. The products
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were identified by x-ray and spectrographic methods. The
amount of Mg0O taking part in the reaction was determined
by the analysies of the residue in the boat. The gaseous
products of the reaction cerried away by the argon gas
were also snalysed. The boats used in these resctions
were of passivated Kyanite as was described in Chapter 3.;
The réaction tube (at temperatures above 1426°K was of
alﬁmina for temperatures less than lé?ﬁeﬁ, passivated
ryanite tube was employed) which was surrounded by a
platinum wire-wound tube furnsce. The furnace wound in
three circuits gave a2 constant zone of gbout 10 to 11
inches within + ?O and gave temperatures upto 1550°K.

The zone was sufficient to accommodate two € inch long
boats containing aluminium metal and magnesium oxide
respectively. Tadistion shields were placed on both

sides of the boats. This was found necessary as alcCl,,

brought in with srgon may react with Mg0D before it
equilibrates with 41. The temperatures were measured
with 2 calibrasted chromel-alumel thermocouple. At tem-
perastures above 1200085 a Pt-FPt 10% Rh thermocouple was
used. After the experimentsl run of one or twoc hours,
the heating of aluminium chloride was stopped and the
system cooled in the argon gas flow. The boats were
finally pushed to & chamber containing éry nitrogen and
welighed. The residue in the second bost was powdered

in & dry box and analysed for Hgﬁlga4(c).



4.2, IDENTIFICATION OF THE PROLUCTS

The residue in the boat wes examined for its
s0lid phase by studying its x-rey powder pattern. &
sample of the residue was sealed in & glass capillary
tube of 0.5 to 0.6 mm. i.d. and the photograph of the
diffrasction pattern was taken with a Debye-Scherrer
Cemera (Regaku Debye-Scherrer powder camera, 20 mm.
dia., Pegaku Denki Co. Ltd., 8 Kanda-Dal dokaro-cho
Chigada-ku, Tokyo, Japan) mounteé in =n x-ray unit.

The unit had 2 copper target (The Machlett Laboratories
Ine., US4) with nickel foil fillter wss used to obtain
the x~ray beam at 80 kv.v. snd 18 mid. rowder pattern
chowed the formation of spinel MgﬁlZGQCg). Search for
MgO(c) and Al 0q revealed that excess MgO(uarescted)
was present and the llines did not disclose the presence
of Alzﬁa even when the reaction was carried out at
lower temperatures. The identification of the spinel
was possible by compsring the powder pattérn of the
residue with that given in the ASTM indexlOG- The
incorporation of excess 41_0, 1n the spinel lattice

23
reduces the lattice paramaterslol’ 102

while & similar
incorporation of Mgl 1ncreaseslos lattice parasmeters.
In this case the Mgl is in lsrge excess therefore slight

increase in the @ valueswere noted. The x-ray datas sre
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given in Table XI. The principal d values which are
assoclated with Mgl and ﬁgA1204 are given here. Apart
from the lines reported here some faint lines were
nbserved which are most probably due to impurities.
ILines corresponding to s2lumina phase were not present

confirming its absence.

4.4. POSSIBLE ELUILIBRIUM REACTIORNS

Considering the presence of magnesium eluminate
as one of the products of the resction the experimentel
data wescoxsmined to determine the possibility of cne of

the following reactions:

aMgd(e) + 2a1C1(g) - — Mgal?%(c) + 41C1, (g) + 3Mglg) ..(H)
avgl(e) + 241C1l(g) —— Eg&lZOé(c) + EégClg(g) + 2Mg (g) «« (80)
4MgO(e) + 341C1(g) —— ﬁg&lgﬁé(c) + 3MgCl(g) + al(l) «s(61)

The sbove reactions areApossible according to the thermo-
dynamic gen@ralizations43’44 mentioned previously. 1In these
cases A41C1(g) reacts endothermically with Mgl(e) and the
entropy is positive with incresse of temperature. The free
energles of the above reactions as a function of tempersture
are tabulsted in Table XII and have been calculated from the

'JAFAF tablesag.

4.5, THE EQUILIBEIUM REACTION

The reaction (8l) csn be rejected on the basis of
two facts viz:ithat the MgCl(g) is not important at these

temperatures and also that the highly reducing nature of the
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Table - X1

Prominent x-ray diffraction lines of the products of reaction(ll}

Time of exposure - 15 hours
Radiation: Cu K«, , Nickel
foil filter

WD oo T D e s B Wh o O e e T e TR UM G G G W WD S G W D o W o o S YR e e T W s e e WD OB G OB D g oan e P e S e ER E G0 as WE WS So o o 05

Experimental ASTM index for ASTM index for
aa° Relative Hedlo0 | .
intensity 4% Relative a Relative
intensity intensity

4.67 4 2.431 10

2.9284 M 2.858 40 2.106 100

.4470 @ M 2.435 100 1.489 &2

2.3511 M 2.333 3 1.270 4

2.1150 st 2.021 58 1.216 12

2.030 M 1.649 10 1.0833 5

1.7977 W 1.555 48 0.2885 2

156

1.6831 M 1.429 58

1.5007 gt 1.366 3

1.4387 M 1.278 2

1.4088 W 1.232 9

1.2775 M 1.218

1.2200 M 1.166 7

1.1741 W 1.131 2

1.0594 M 1.0796 4

0.9713
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Table -~ XI1

Free energies calculated from the 'JANAF' tables ®®

Temp «°K Free energies Kcat
Reaction(1ll) Reaction(s50) Beaction( 51) Reactio;ZS?)

1009 12.137 1.08Q0 22.143 - 10.012
1100 11.008 - 0,786 21.5486 - 10.840
1200 2.842 - 2.6831 20,9209 - 11.087
1300 8.883 - 4,825 20.283 - 11.800
1400 7.527 - 309 12.645 - 12,118
1500 | 8.336 - 82,180 18.294 - 12.5E8

W e R VS o e A T W R OO e e W T o W S Ay o WY TP G T B A e e R e e W e e SR e O M G P S A e e e e e S



aluminium metal causes the reaction

3MpCl(g) + A2(1) —— AlClS(g) + 3Mg(g) ..« (52)

The free energies of the reaction (52) (table XI1) also
indicate that the reaction (61) can be neglected under
conditions of these experiments. ldentification of the
products and equilibrium measurements are helpful in

the examination of reactions(1l) and (50).

The products collected were resublimed in a dry
nitrogen atmosphere at 20000. The sublimate was found
to be AlCla. The absence of chloride in the resicdue
showed that ¥MgCl, was not the product of reaction,
conseguently reaction (11) mey be the only possible

equilibrium resction.

4.5. ANALYEI1S

The boat contalning MgO and MgA1204 was carefully
weighed. The difference in weight was noted and the
substance in the boat was completely transferred to a
mortar and the empty bost was weighed. The material was
well grouné and an aliquot was fused g:rpyrosulphate. The
fused mass was extrascted with dilute acid and anslysed

for sluminium and magnesium by ususl methods. Thus the

amount of MgO reacted was calculated.
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4.7, TREATMENT OF THE DATA

Transpiration runs carried out at 1326 & showed

that the flow rates of argon upto 180 ml./min. were satis-
factory. The results are recorded in Table LIlI1. The
previous study of the equilibrium reaction (1) (Chapter 3)
showed that the effects of self and thermel diffusions were
negligible at these flow rates.

Tre vapour pressures of alCl{g), alCl,(g) end

¥p(g) were calculated from the experimentally determined
weight losses of Al(1l) end MgO(e,. A4ssuming that the ideal
gas law holds good, in the equilibrium zone, the partial

pressures of the various components are calculated as

follows:
PAICI = Pressure A4lCl generated
‘n . .
= 3/2 7 41 kTr e (83)
Vr
Puiciy = 1/4 ™ 4g0 RTr ... (58)
Vr
Py = 3/4 " MgO RTr oo (86)
€ Vr '

PAlclunre&cte(} = (nfﬂ,Cl - 3/4 nzt;?{})fi: .s+ (886)
The precsure of the unreacted 41Clg in the

reaction (which produces AlCl) was taken into account

wnile calculating equilibrium constant of the reaction (2).

This was necessary because Al1Cl, was one of the products of
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the reaction between Al1C1l(g) and MgO(c). The pressure
of unreacted 41Cly in the reaction (1) was given by

* - b -
% Vr

The total pressure of AlCl, in the reaction wgs:

3¢ - * o~
The equilibrium constant

S Y(P
By = ( Mg)ﬁ( ﬁlCl:s) . RN )
Paic1

The experimental results and calculated equilibrium
constants are given in Table XIV. The reaction between
AlClS(g) and MgO(c) was negligible in comparison to alCl(g).
It may be stated here that the dimer A12016(g}1s not an

important species 2t these temperatures of study.

4.8, RESULTS AND DISCUSSION

The free energy and third law heats were calculated
employing the following relations:
AFp = - RT 1n K

& 98 & §Y !
1 - - .1_;”‘_2_9@8. - 4 "\ a0
The free energy functions for 4lCl(g), 41Clg(g) and Mg(g)

were taken from the 'JANAF! tablesag. Thermal functions

for Mgal 04(0) were taken from Bonnickson104. The third

2
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law calculsticns for resction (11) sre given in Table XV

and they ylelded an average hest of AlHg,o~ 21.86 + 0.84

Keal. mole-l.

To overcome the wide scattefiﬁg of the points in
the second law plot of log K vs 1/71 a j\plat treatment57’68
was employed (Fig.8). The hest capacities for Mg(g),
AlCl(g), Mgl(e), AlClS(g3 and Mgﬁlaa4(c) sre teken from
Stull end 51nk3105, LelleylO86, Eingmann1°7 and BonnicksonlOQ,

respectively. The {_ plot of this data/x gives an eguetion:

Log & = - 461E.6 2 45 4 518 10g T - 0.87 x 10~%p
| 5 -2
- 0.54 x 10°T © - 4.3536 + 0,39 --.(71)

The heat of reaction fram'i\plet is given by:

| Zﬁﬁg (Keal.mole~l) = 21.12 + 4.33 x 10797 - 0.40 x 107 %7°
+ 4.2 x 102171 swall iy

The constants from equation 72 lead to a value of

AHoge™ 24.03 * 2.49 Keal.mole™l., The second law value is
in satisfactory asgreement with thet of the third law

(21.85 + 0.84 Kcal. mole-l). The difference of 2.18 xcal.
may be due to the errors dependent on temperatures. The
varistion of + 70 will cause a discrepancy of 2.85 XKcal. in

the second law and 0.1 Kecal. in the third law.

Combining the hest of reaction with the heats of
formation of AlCls(g), Mg0(e), 41C1(g) and Mg(g) from the
YJANAF! tableagg, one obtains & value of [x§f238= - §83.36

+ 1.89 Keal. mole'l for the third law value and-5£1.18 *



Table - XV

Thermodynamic properties of the reaction

4Mg0(e) + 3A1C1(c) - — MgA1204(c) + ;’;1013(5.!) + 3Mg(g)

o W B O e YO A N g S0 an we 0 WO Y Ge U5 s O G G W G0 o e e R S B S SR W R WS W0 T D O O MG TR G 06 e WY GD O G W e W

7% Log K,  AF,Kerl/ FO - HQyg AHggg Keal mole™t
mole” e
1298 - 1.2404 7.37 11.28 22.01
1321 - 1.1943 7.22 11.28  22.12
1336 - 1.0951 6.59 11.28 21.78
1372 - 1.0029 8.30 11.29 21.79
1398 - 0.9864 6.31 11.29 22,09
1428 - 0.9212 5.02 11.29 22.14
1465 - 0.6668 447 11.29 21.01
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3.65 Keal. mole  for the second law value; for the hest
of formation of magnesium aluminate, from its elements.
These give A Hoge™ = 92.26 * 1.89 and -7.08 + 2.5F Kcal.

mole™t respectively for the formation of Mgﬁl?04(c) from

the oxides:

b .} - ' = ] 2 0 ) 000'73}
MgO(e) + Algas(c) %gAlg 4{c (

The vslues are in excellent zgreement with the values

; . ) 98
obtained by &ltmanas, Crjotheim, Herstad and Togurl -,
and Novrostsky and Kleppalos. The pressures of magnesium

are slightly less than those reported by Grjotheim”Set.al.

4.9, ENTROPY OF THE REACTION

4 plot of AF vs T (Fig.7) vields a value for
the entropy of resction. Least squares data lead to a

value of 1381393 = 14.96 + 2.5 cal.deg.-l mole'l. This

compares favourably with the theoretical value of 11.8

L msle'l calculated from the 'JANAF' tables-C.

cal.deg.”
The difference may be due to the experimental difficulties
or due to the uncertainty of entropy of AlCl, a&s reported
by Frisch et.al.34. However, previous study (Chapter 3)
showed that the entropy of élClB may heve considerable
validity at higher temperatures. It is felt that revision
of the entropy of A1Cl,(g) will lead to a clearer under-

standing of these problenms.
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4.10. CONCLUSIONS

It ig difficult to assess the correctness of
the third law value because of the errors in the free
energy functions of AlCla(g). These were discussed

. Qondl

st 1ength94,\in chapter 3 previously. Hence the heat
of formation of MgA1204(c) from the oxides may be about

" o
-6 t0o -8 Keal. mole 1 at 298 K.

Although free energy ccnsiderationé suggest
more feasibility for reaction (60) yet reaction (11) is
more important because of the nearly similar values of
bond energies in AlCl(g) 2nd AlCla(g) and the tendency
of binding aluminium into more stable halides78, the
process as indicated by reaction (80) might have

reduced to reaction (11).



Table - XVI

THEEMODYRAMIC DATA FOR THE KEACTION

4MgO(c, + RalCl(g) == ?-igA1204(c) + 41Cl,(g) + 3Mg(g)

. W D G W e W R W G D S e W D WP W ST O G wh e A W R O G A G W I WG TR O D G0 W e e s T D B D W D G e e SR en e W9 e

+2.18 log T - 0.87 x 10~2
£ -2
T - 0.54 x 10T ° - 4.3536 + 0.3

AH9 (Keal.mole™l) = 21.12 +4.22 x 10™° T - 0.40 x 10~57°

+ 4.94 x 10°r~1

1

AFT (Keal.mole ™) = -0.01498 T *= 25.30.

Afir 123892 = 28,70 : 2.49 Keal. ?{3019‘1.

Aﬂggs = 24.03 * 2.42 Kcal.zmle'l, 21.85 * 0.24 (by third law).

- "l
AE-1382= 5.22 Keal. mole .

- -1
o = 3
Aﬂ'1382 14.98 cal.deg. mole .

~E6L18 + 3.88 hcal.mole’l(second law).

i

A Efg.‘«)g for ME’A1204( c)

MgAlEO4(c) -ER2,36+ 1.83 Kcal.mole"l(third law).

—

) -1
A Hf298for M€A1204 from oxides = -7.08 * 2,56 Keal.mole (2nd law)

MgA12§)4 from oxides = -3.26 + 1.8 ncal.mole'l(.ﬁrd law)
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CHAPTER -~ 4
Section - B
REACTION OF 41Cl(g) with MgA1204(c)
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CHAPTER - 4

Section - B

REACTION OF Al1Cl(g) WITH %gA1204(c)

4 B 1. INTRODUCTION

The formation of spinel ﬁgh1204 was oObserved during
the study of the reaction of 41C1l(g) with MgCl(e) (Chapter 4).
The spinels have been founéd to be very useful refractories
as lining materiels in the steel manufacture because of their
properties to withstand the sttack of slasgs. The magnesia
spinel has a limited application as 2 commerciél refractory
material because of the expense of masking s high purity
product which will compete with other refractories.

The methods available in the literature for the

preparation of msgnesium aluminate are:

(&) Feating stoicriometric amounts of pure hydrated

e2lumine and magnesis for several hours including & total of

16 hours at 1450-1500° 209,

The pelleteé¢ mixture of oxides
should be heated, followed by intervening grindings, mixings,
chemical analyses and adjustments of composition. Though

fRe  compound with 99.5% purity csn be obtained by
this method, it is time consuming. The use is limited when
the spinel is made by sintering the mixture of both oxidesllo,

as they undergo 2 considerable increase in volume and the



spinel formatlon occuring at the inter-fece pushes
ths geins apart. However, thié proverty of the spinel
has been put to good use when it is used as a liner in

the induetion furnaces.

(B) Magnesium aluminate can 2lso be cbtained by
alumino thermic reduction of magnesium oxide in the

temperature range of 1150-1450"2(37- altman?® observed

that the weight loss is significent when a mixture of
41-Mg0 is hesated at 130OOK whereas the loss in weight of
the sample of Ql-MgA1204 mixture is negligible at these
temperatures. If the reactlon between A1Cl and HgAIEOQ
is negligible at these temperatures pure magnesium
aluminate can be prepared by hesting the mixture of Al-
MgO(Al in excess) st 1300°K and driving out the excess
gluminium vie A1C1(g). In the transport reactions the
reactants need not be taken in stoichiometric ratios and
the composition of the product is determined by analysis.
The exce§s constituent can also be transported chemically
after the reaction 1is complete. This chapter glves soume

experimental results of the reaction of A1C1(g) and alCla(g,

with 2 synthetic sample of magnesium sluminate.

4 B 2. EXPERIMENTAL

(&) Materials

The magnesia spinel was prepared in the manner des-
eribed by Kingla’. Alumina (BDH AnalsR) and magnesia
(E. Merck grade) were mixed in a stoichiometric ratio and

the mixture was basll milled and pressed into pellets. This



mixture was heated for 50 hours at 13£0-1400° and finally
for 3 hourse in a hot pot furnace at 1500-16030. The x-ray
powder pattern of the sample agreed with theat given for
MgA1204_1n the ASTM catalogueloe. Analysis of the sample
gave 27.48% magnesia and 72.45% alumina (calculated values
are 28.34% and 71.66% respectively). A slight éxcess of
alumina does not affect the present study as it does not
react with 41Cla(g).

In the study of the resction of 41Cls with a mixture
of 41 and M531264, eluminium metal used was grease free
course powder supplied by EI'H Ltc. The purity of the sample
vas 32+92.5%. It was 2lso necessary to carry out the runs
with gluminium metal which had not been purified by heating
to drive off voletile impurities. The metal rowder was
degreased by treatment with théophene-free benzene in a
soxhlet extractor for 8-10 hours. Traces of moisture were
removed by hesting the metal at 4000 under vacuum. The
sample when melted separately in an inert atmosphere, showed

nearly 1.0% of insoluble matter which wss mainly oxide.

(B) Apparatus and procedure

The apparatus and genersl procedure were the same
as used in the experimental work described in Chapter 3 and
chapter 4, section A. The flow rates of 100 to 180 ml./min.

were used and found satisfactory.
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(C) Hesults

When aluminium trichloride (=~ 5 gms. per hour)
at & diluent gas flow rate of 130 cc/min. was passed over
synthetically prepared sample of Ngé1204(cs}4 gms.) for
2 hours a2t 9500 no appreciable smount of reaction was
observed. Further the sample on enalysis also showed the
original composition. However, under similar experimental
conditions 41Cl,(g) was found to react with MgO(e).  The
extent of reaction was nearly four times less than the

theoretically cslculated for the reaction
3Mg0(e) + 2&1013(@ == 3MgCl (g) + &12-533(0) eo (74

The cause for this low reactivity may be due to the non-

equilibrium condition or the kinetic effects.

when aluminium trichloride was allowed to react
first with aluminium metal kept in a separate boat prior
to the boat contéining magnesium 2luminate the monochloride
formed rescted negligibly with MgA1204 at temperatures
around 9500. But a slight increase in the weight of the
boat was noted and was found to be due to the aluminium
metal which might have come out of disproportionation of
aluminium monochloride. This kind of observation is not
uncommon in the study of the unstable halides by transpi-
ration experiments. Small temperature gradients which are
unavolidable in a temperature zone of 20-28 cm. may csuse

41C1 to disproportionate to some extent. After the



experiment the sample was washed with warm dilute
hydrochloric acid (1.26 ¥) and the residue analysed.
Below ?OQQC hardly 2% reaction was observed. The
extent of reamction increased to about 124 at 1140°.
The x-ray powder pattern of the resulting sample
showed the presence of il,0,. The results are given

in Table XVI1I.

A few experiments were carried out by mixing
known amounts of aluminium metal with magnesium z2luminate
and passing A1Cl, over the mixture. Fesults are given
in Table XVIII, and they indicate substantial'quantities
of sluminium metal can be removed by passing 41Cla(g)
over a mixture of spinel and aluminium metsl 2t tempers-
tures around BOOO. The removal of the metesl is due to
the formation of A4lCl(g). However, the product on
analysis showed slight excess of alumina content of the
spinel and msy be due to impurity present in the aluminium
metsl. It is possible to separate the spinel from the
aluminium metsl successfully by carrying out this reaction
at temperatures around 200°(above 900° £1C1(g) reacts with

It can also be concluded that the resction between

£1C1 and MgA1204 was much less than that between A4I1Cl and

¥gO at the temperature range of study.
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Table -~ XVII

Feaction of Al1Cl with Mg&lg@q(c)

YD D D WS WS g GO R G WS AR e S W R T e NG W R SR el g WD AR AP W G M WS sg MR g W g W W s e W T S Y e e S O

Temp.°C Flow rate AWAICly AWAL AW of the  of

ml./min. g- £ sample 4150,

880 180 15 0.48 + 8 73.56

I8 130 8 0.58 -2 74 .85

1020 11 12 0.72 -+ 8 76.10
1080 100 8 0.98 - 14 77.24
1180 107 8 1.58 - 28 73.25

In each run the magnesium sluminate sample taken was

about 3 gms.

WD B n o W R W N R N e S e am R B g i) W SR T Wl SN e R et ek e W e T aun e W e e eSS e e e B I e —
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Table - XVI11I

Reaction of 41Cl (g) with a mixture of Al-Mgal,0,

D D oy e b e WD S age WD R D W o W MR G W e S GG W e e TR S W W e G e e W e S W R R WS e e WA e e o - wa o - (RO

W of the % of
Temp. Time Wt .of Wt.of Al =
og hrs. Al taken Mgﬁ1204 sample A1203
taken
1010 o 1.8897 2,7018 0.3873 7E .E4
200 8 1.0280 1.8078 0.54£9 73.96
850 3 0.3124 1.6108 0.2700 73.04



CHAPTEE - 6

REACTION OF 481Cl(g) WITH BeO(ec) AND THE
HEAT OF FOEMATION OF LERYLLIUM MONOCELORIDE

S.1. INTRODUCTION

Semenkovitchg5 studied the reaction of aluminium
subhalide vapours with many refractory oxides btut the
equilibrium reactions presented are doubtful. The follow-
ing mechanism was suggested by him for the reaction of the

subhalide with magnesium and beryllium Qkides

3Med(e) + 68AlX(g) == 3MeX,(g) + Al,0q(c) + 441(1) e s (78)

However, the previous study of reaction of Al1Cl(g) with
Mg {e) (Chapter 4) revealed that the reaction proceeds
through the scheme

4Mg0(e) + 3a1C1(g) ==1lgal &4(c) + A1C1, (g) + 3glg) ...CIl )

where the formation of magi&sia spinel was observed. According
to the free energy given by Semenkovitch?®(-170 Keal.) 41C1(g)
reacts extensively with BeO(ec). But the strong resisting
nature of the oxide towsrds reduction (its reaction even with
carbon and liguid aluminium is negligible at 1400°%) shows
that the extent of the reaction propoced by Semenkovitch95
might be doubtful. Considering the possibility of beryllium
2luminate, the resction of monochloride with solid beryllium

oxide was attempted.
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Preliminary experiments on this reaction at
1298°K showed not only the formation of beryllium aluminate,
but 2lso geve evidence for the formetion of beryllium mono-
chloride as major species. The study therefore provides
useful data for the determinstion of the heat of formation

of BeCl(g) as well as estsblishing the reaction scheme.

The only experimental values available for the hest
of formaticn of beryllium monochloride was given by the work

111 112

of hildenbrsnd, Theard and Ju and Greenbasum et.al. in

which they studied the equilibrium of the reaction

BeCly(g) + Be(g) == 2BeCl(g) ... (78)

These resultslll led to a third law value of &Hfzgs = 185 + &
Keal. for the molecule BeCl(g). Greenbaum 23;25.112 studied
the equilibrium of the resction

BeClz(g} + Be(l) === 2BeCl(g) eeos(77)

in the region of 1673 - 1723°K by the moleculsr flow

effusion technique. This gave + 3.7 + 3.8 Kcal.mole-l

for
the heat of formation of BeCl(g) by the second law and the

corresponding third law value was -2.0 + 0.8.

Spectroscopically déetermined values show a large
variation in the dissocistion energy of the gaseous molecule
BeCl(g). Herzberg®® calculated the DY &s 4.2 e.v. Gaydon
obtained a value of 3.0 e.v. after applying correction for

the ionic character of the BeCl(g) molecule. The measurements
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of the bands by Novikov and Tunitskiill3 vielded 2 value

of £.9 * 0.5 e.v. for the dissocistion energy of BeCl(g).
Corresponding vszlues for the heat of formation of BeCl(g)
aTe + 9.5§3,%37.154 and -23.7 Keal. mole T 113 respectively.
Since these values are widely varying an attempt has been
made in the present study to determine the heat of formstion

of BeCl(g).

5.2, APPARATUS AND EXPFRIMENTAL PTOCEDURE

The apparatus s2nd general experimental procedure
employed for the determination of the reaction of 3l1Cl(g)
with BeO(c, was the same as that used in the ihvestigation
of reaction of £1C1(g) with MgO(c) (Chapter 4). The Beo used
in this work was of E. Merck grade, extra pure guslity. It
was briquetted at a pressure of 1200 kg./cm2 and calecined.
The briquettes were broken to a mesh size of 30 U.5. to give
a large surface srea which ensures complete ecuilibrium with
the carrier gas. Beryllium oxide was placed in a passivated
Kyanite boat which was contained in an alumina rezction tube
of 1" I.D. The unloading of beryllium oxide after the
reaction is guantitative. and essy. The reaction tube was
surrounded by a2 platinum wire wound tube furnace with three
circuits giving a 11" constant temperature zone * 70. This
was sufficlent to accommodate two &% long boasts one for
aluminium metal and the cther for beryllium oxide. Tempera-

tures were measured with a calibrated platinum-platinum 10%

rhodium thermocouple. During the run the thermocouple was
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positioned over the second boat and the temperatures were
recorded. The averape temperature in a 2-4 nhours run was
used for calculations. The variation of the temperature
was not more than 100. The average temperature of equili-

brium zone was 21s0 checked at intervals.

The anhydrous sluminium chloride E. Merck grade,
resublimed in an inert atmosphere before use was separately
vaporized in a pyrex glass tube and allowed to pass over
alumiﬁium metal in the reaction tube. The AlCl3 vaporization
tube and alumina tube were connected through an adapter made
of high purity high density graphite. The furnsce surrounding
the sluminium trichloride vaporization cell has s sliding
arrangement, which helps to arrest the reaction guickly.
Alumina shields were placec¢ at the ends and in between the
boats served as radiation shields and diffusion barriers.
Spectrographically standard grade sluminium metal supplied by
Johnson Mathey and Co. Ltd., London, was used to produce

aluminium monochloride.

The genersl principles of the transpiration method
employed here were deccribed in detzil in Chapter 2. In this
method the carrier gas kargon) saturated with monochloride
(20-25%) was allowed to react with Be0Q at atmospheric rressure.
Flow rates gxround 100 cc/min. were used in the experiments
where the effects of self znd thermal diffusions were negligible

(Chapter 3). After the experimentsl run of 2 to 4 hours the



906

heating of 2luminium chloride was stopped, the boats were
pushed out of hot zone and cooled under a flow of inert

gas. The amount of BeO taking part in the reaction was
determined by the analysis of the residue in the boat.

X-ray and spectrographic methods were employed to identify
the reaction products. The gaseous products condensed on
cold parts were also examined. When the boat was weighed
after cooling, it not only showed the increase in weight

of the boat alone, but also skewed in the oxide content.
Aluminium metal was also observed in the bost. X-ray powder
pattern of the residue gave evidence for the presence of Re(:
Al 0. phase,but no lines were found which are associsted with
£1233 as a separate crystalline phase. The identificsation
was possible by comparing the pattern with ASTM inﬂexll4.

The values are tabulated in Table XIX.

£.3. ANALYSIS

After the run the residue was washed with warm dilute
hydrochloric acid (1.25 W) filtered,dried (at 1000°) and
welighed. The difference in weight was found to be due to
saluminium metal which wes also confirmed by the analysis of
the acid extract. The dried residue was ground in a mortsr
to fine uniform particles. 4n aliquot of it was fused with
potassium bisulphate. The fused mass was extracted with

dilute hydrochloric scid and the extract was analysed for

A1203 by the methods described by Kolthoff and Sandalll5

1186

and Moser and Hiessner « The agreement between the two

methods was checked in few cases and was found good.
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Table - XIX

Prominent x-ray diffraction lines of BeO:Algog

Time of exposure : 2 hours
Radiation : Cu K«
ﬂickel foll filter

e G SO NS S e VSR Y O WS GO0 G G N A W T o IR A W N e A s e R W G W RV N e S RS G TR e W A e O TR S e T mm on  we

Experimental ASTM index A4STM 1index
for Be0:41,04 for BeO
Q B
d 4 Relative g0 Relative a9 Relastive
intensity intensity intensity
4.0404 M 4.47 40 2.337 21
3.8381 M 3.80 &0 2.081 100
3.24 80 1.598 22
2.8412 W 2.85 40 1,349 29
? LE815 s 257 80 1.238 24
| 1.1882 4
2.3374 S+ 2.33 80 1.1482 16
2.2872 W 2.26 70 1.1087 5
2.1044 S+ + 2.08 100
1.8110 W 1.98 20
1.88 20
1.8294 S+ 4 1.80 80
l.88 40
1.58832 v 1.51 100
1.5230 W 1.56 20
1.51 £0
1.4813 W 1.45 §0
1.2749 M 1.38 80
1.34 40

1.30 70g,



Spectrographic analysis of the metal drops
collected beyond the reaction zone, on the thermocouple
sheath, showed the presence of beryllium snd aluminium.
The condensate when heated at 500° in an inert atmdsphere
gave of chlorides of beryllium and sluminium and the
residue remzined behind showed the presence of metals
asluminium and beryllium. This suggests that beryllium
might have disproportionated from Bell(g).

Considering BeO:Alzﬂs(c) ané BeCl(g) as the products,

the possible equilibrium reaction can be represented as
4Be0(e) + 3A1C1(g) == BeG:Algﬁa(c) + 3BeCl(g) + A1(1l) ...(78)

£.4. EFFECT OF ALUMINIUM TRICHLORIDE
OVER THE REACTION

The results obtasined by the transpiration experiments
when ezlculasted for the reaction (78), the second law plot of
log K vs 1/T gave an intercépt leading to a value of the
entropy of the reaction which is 8 times grester than thsat
which-was calculated from the 'JANAF' tablesgg. This might
be due to the side reaction of aluminium trichloride with the
products. In this work the amount of AlCla(g) present is only
10% in the A1Cl(g) but it is sufficilent to bring about the

side resction

BeCl(g) + AlClg(g) + AL(1) == BeCly(g) + 281C1(g) ..(79)

Resction (79} proceecs with positive entropy and the free

energies are negative a2t these temperatures. Thus combining
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resctions (78) and (72) the equilibrium reaction will be

4BeO(e) + A1C1(g) + AlCla(g) == BeU:iilylafe) + 2BeCl(g)
+ Beclg(f)

D44
The thermodynamic generalizatians4 s suggest that the

above reacticn is probable. When 41Cl, was passed over

3
Be0, the reaction was not as extensive as that with

21C1(g,. It wes also found that when zluminium metal was
mixed with Be0O, the aluminium trichloride reacted preferably

with &4l-metal gnd not with BeO(c).

E.5. TREATMENT OF THE DATA

Knowing the smount of beryllium eluminate formed, the
beryllium oxide which took part in the resction was determined
and the ecullibrium constent was calculated. The partial
pressures of BeCl, BeClg, 41C1l end ia.lCl3 were calculated from
the weight loss data (BeO and A1) assuming that the ideal gas
law holds good in the eguilibrium zone.

) _ , RT
Ppecl, = 1/4 D ey L eee(81)

- v

r
_[AWAl x 187.21 RE
g 'L( £3.36 x 32.407 Y4 ° Beé[ﬁr i ol

3 |133.28 - o =

The ecuilibrium constznt et & given temperature was

czlculated by the expression:
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e \ , ,
K = (f’BeCl)\(_’PBeCle)" .o o (34)
T (Paer)(Farcy,)

Experimental dsta and celculated equilibrium

constante are given in Table XW%e .

£.8. RESULTS AND DIfCUSSION

The free energies and the third law heat were
calculated employing the following relations:

2 .\
AFp = = RTIn (PBec1) (Fecip) ...(85,
(Paic1) (Farcag)
AF?S 0 i
Ag_g%z T [ -%T- - 4 Fp - % reﬁ} ... (83)
98 =

The free energy functions for BeCl(g), BeClE(g}, AlCl(g),

8
41Clq(g) and BeO(c) were taken from the 'JANAF' tables 8.

The thermal functions for Be0:41,0, crystzl were taken from
Ditmars and Douglasll7. The third law calculations for

the reaction (7) are given in table XXI.

4 plot of the logarithm of the equilibrium constant
of the reaction vs the reciprocal of the sbsolute temperature
allows the determination of the heat of reactlon, Al Over
the tempersture range of investig«tion. Figure 8 represents
the date in this form. The least squares analyses of the

experimental data leadg to an equation:
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Table - XXI

1602

Third law heats for the reasction 4Be0(c) + AlCL(g) + AlCl.(g)
= BeG:A1203(c) + 2BeCl(g) + BaClg(g)

G D D WS W W D e G VPP GI W T e YR N G S AT AT e D e T N G A W W S v W s S e W D WO S G Y s G R T I e e

E® - H
< :
- R1InK - RTInK ~A.-E-23§ Aipgg  Alfpgg

1483
1488

1432

- Log K

4.3480  19.89 27.82
3.9119  17.90 26 .33
4.6911  21.00 29,93
3.7643  17.23 25,04
3.3216  16.20  22.31
3.1920  14.61 21.80

27.860

37.834

37.534

37.818

37.812

37.584

83.£6 ~3.33

79059 "5.26

7?053 '6.33

77087 "5017
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AVI'.~U-57
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22,332 + 2,2495
T

I_'og K o + 11.98 : 1-56 -00(?’(’3

The constants from the equation 1§ give a value 103.86 *
10.23 K cal. mole t for the heat of formstioa over the
experimental range. The fairly high least square standard
deviation is largely due to unstable gaseous molecules
reacting with the container material (Al1Cl reacts with BeO
2nd BeCl reacts with Al,0,) and sepsration difficulties of
the smsll amounts of slumina from beryllis encountered

during the anslyses.

=}
From the functions available in the 'JANAF! tablesa’

Lo/
and those of Ditmars and Beuglasll7 the A{Hjgzq0 - Hosa) for

reaction (12 ) has been found to be - 1.1 Rcal.mole"l. The

AEgyo thus becomes 104.56 + 10.29 Kell.mole-l. Employing
the syperimentsl vslue for the heet of reszction, & value of

- £47 .F Kesel.mole™! for Alig o, fOT the spinel Be0:41,0,118

88

snd from the values of the 'JANAYF' tables ~ a value of

1 -1 ., ;
+7.23 % 6.15 Keal.mole ™ for Akp o

corresponding third law value for BeCl(g: is - £.87 + O

of BeCl(g). The

Keal. mole~1 is not in good agreement with thazt obtained

from the second law. The devi=stlon mesy be cdue to the tem-
perature dependent errors coupled with inherent experimental
difficulties as stated above. Apparently, there is no
suitable corntainer material for the study of this reaction.

The amount of side reaction was less than 104 and the influence
of this effect on experimental results was minimised when the

datasre obtasined by analysis.
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From the intercept the entropy of the resction

celculated was £4.83 + 7.14 cal.dag.-l for & 83440

1

which differs byr 18 csl.deg.‘l mole — with that of the

theoretical value czlculated from the 'JAHNAF® tablesgg.

The thiré lsw treatment of the date gives the
meaningful heat of formation ( Ai@i; £.67 *oeokaw).

wole !

£.7. CONDENGATION

It is difficult to follow the individual species

in a heterogeneous system where the products ofthe reaction
are more than one gaseous species (viz. BeC12 and BeCl). In
en attemnrt to condense the gaseous products of the reaction
(12) 2 small mullite tube was inserted in the resction zone.
After the experiment the condensed msterial in the tube was
chemically snslysed and the presence of beryllium metal was
noted. This confirms the formestion of BeCl(g . It was
difficult to obtain the quantitative dstes in the condensation
experiments due to the presence of large excess of &lCl(g) in

the system.
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Table - XXII

Thermodynamic data for the reaction

4BeO(c) + A1C1(g) + Alﬁlg(g) === BeD:AlEOQ(c)

+ 2BeCl(g) + BeClo(g)

22,632 + 2,249
= T

+ 11.98 + 1.56

AH 440= 104.66 + 10.29 Kcal.male'l'(second law)

i

AHg _ for BeCl(g) = + 7.23 + E.18 Kcal.mole L (second
228

law)

i
§
5

" =
AH for BeCl(g) £.87 * 0.80 Keal.mole ~(third
=foog law)

-1 -1
= £ i
(1381440 £4.83 * 7,14 cal.deg. ~ mole

D s G O 0 s e N T T e WD W ST G WS WO ga e N D D9 S g A R A o W e T WP o S s U o WD D R B e T o e on e S W s
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SUMMARY

Reactionsg involving light metals and their

compounds were studied at high temperstures.

(1) Fquilibrium studies of the reaction
241(1) + AlCla(gﬁ = 3a1Cl(g’

The ecuilibrium reaction (1) was studied between
' o
1126 2nd 1425 K, employing a transpirastion technique.
Over the temperature range the Ali, was found to be

70.85 + 1.6 Keal/ mole The Ogr 50,12 3

1975 Was
1.2 cal./deg./mcle. From the svailable thermal functions
the second law ‘Sﬁfzas Obtained was - 12.45 + 0.84 Keal/
mole which compared favourably with the third law value
of - 12.04 + 0.22 Kcal mole.

(2) Feaction of a41Cl(g) with ¥gO(e) ané the
heat of formation of MgA1294(c)

The reaction of aluminium monochloride with magnesium
oxide was investigated between 1238 snd 14$5°K employing a
flow method. The products of the reaction and the weight

loss measurements susgest that the equilibrium reaction was

4Mg0(e) + 34lCl(g) = ﬁg&lgﬁ4(c§ *~A1C13(g> 3Mg(g)

The reacticn yielded s third law hesat, = 21.88 +

Hlgge
.84 Kcal/mole which compared favourably with the second
law value of 24,02 + 2.4) Keal/mole. These values gave

- £B83.35 * 1.89 and - ££1.18 * 2.8 Kcal/mole respectively
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for the heat of formation of magnesium aluminate from

the elements. The heat of formation of Mgal,O,(c) from

2%
the oxides at 298°K was found to be - 9.26 * 1.89 Kcal/

mole from the third law and - 7.08 + 3.86 feal/mole from

the second law. TheAgf, over the temperature range studied
was 14.96 + 2.6 cal./deg./mole. The reaction of aluminium
monochloride with magnesium aluminate was much less than
that of the reaction with MgO(c). The reaction of

aluminium monochloride with beryllium oxide was investigated
between 13890K and 1432OK employing the trsnspiration method.

The gnalyses of the products of the reaction and the amount

of BeO(e) reacted suggest that the equilibrium is:

4BeO(c) + A1C1(g) + AlCl,(g) == Bed: Al 04(c) + 2BeCl(g)
+ BeCly(g)
Over the temperature range the  Aly was found to be
173,88 + 10.29 Keal/mole. From the recent experimental
dets 2nd available thermal functions, the 1&§f298 for
BeCl(g, was found to be + 7.23 + 5.15 Keal/mole by the
second law‘and the corresponding third law value was
-£.67 + 0.60. The entropy of the resction at 1440°K was
54.83 + 7.14 cal./deg./mole which differs by 15 cal./deg./

mole with that of the theoreticsasl value.
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APPENDIX

The work included in Chapter 3 has been

published in the Journal of Physical Chemistry:

"The equilibrium studies of the reaction
2A1(1) + 3AICI(g) = 3AICI(g)

D. Bhogeswara Rao and V. V.Dadape,
J. Phys. Chem, 70, 1349 (1966)."

The topic dealt in Chapter 4 has been accepted

for publication in the Journal of Physical Chem stry:

"Reaction of A (g) with MO c) and the heat
of formation of MJAl ,Ou( C)
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The equilibrium reaction 2A1(1) + AlCly(g) = 3AICI(g) was studied between 1125 and

1425°K, employing a transpiration technique.
was found to be 90.86 = 1.6 kcal.

Over the temperature range the AHr
The ASri;; was 60.12 &+ 1.3 cal deg™!. From the

available thermal functions the second-law AHf»es obtained was —12.57 =+ 1.6 keal mole—!
for AlICI(g), which compared favorably with the third-law value of —10.41 =+ 0.22 keal

mole—1,

Introduction

Ever since the vapor phase existence of monovalent
chloride of aluminum was established by Bhaduri and
Fowler,! the equilibrium reaction

2A1(1) + AICL(g) = 3AICI(g) 1)

has been studied by several workers at high tempera-
tures (the range being 880-1800°K). The chemical
literature has a number of references to the heat of for-
mation of the subhalide, but the values are not in good
agreement with one another though similar techniques
have been employed.?~® Experimental values of
Heimgartnert disagree with the calculated ones, and
consequently the equilibrium reaction (1) was rejected,
and the following reactions were proposed

Al(l) + AlCly(g) ——— AlCL(g) + AICIl(g) (2a)
AlQl) + AICL(g) = 2AICI(g) (2b)

AlCL(g) + AlCK(g) = 2AICL(g) (2¢)

the AlCly(g) being considered as the main species.
However, there is no evidence in the literature about
the stability of AlCly(g) species at high temperatures.
The AHf, values of Weiss,? Russell, et al.,® and Semenko-
vich® were —17, —10.7, and —16 keal mole~?, respec-
tively, for the molecule AICI(g).

The heat of formation (AHfy = —10.7 keal) obtained
from equilibrium studies by Russell, et al.,® compared
well with that deduced (AHfas = —11.58 keal) by
Gross, ef al.® However, in the latter work, the follow-
ing reactions have been investigated in conjunction

Al(l) + NaCl(c) — Na(g) + AICI(g) (3)
Al() + KCl(c) — K(g) + AlCI(g) (4)

with reaction 1. The AHf:p values of AlCI(g) from
reactions 3 and 4 did not correspond with that obtained
from reaction 1. The observed difference of more
than 4 kcal in the free energy of reaction has been attrib-
uted to the unreliable thermochemical data for AICI;
(g) and to the fact that the equilibrium might not have
been reached during the experiment. In reaction 1,
the matter appears to be complicated by the possibility
of the formation of AICl:(g).*

Foster, et al.,” and Heise and Wieland® have calcu-
lated from spectroscopic measurements the AHf, of
AlICl(g) molecule giving the values —13.8 and —10.5
= 2 keal, respectively. Widely differing values of dis-
sociation energies calculated from the spectra of di-
atomic molecules have been reported by Gaydon®
(D°4 = 117.6 keal) and Herzberg? (D% = 71.5
keal.). The corresponding heats of formation AH[fes
were —11.6 and +34.5 kcal mole™!, respectively.

Considering the above discrepancies in the thermo-
chemical data, the equilibrium reaction (1) has been

(1) B. N. Bhaduri and A. Fowler, Proc. Roy. Soc. (London), A145,
321 (1934). .

(2) P. Weiss, Z. Erzbergbau Metallhuettenw, 3, 241 (1950).
(3) A. S. Russell, et al., J. Am. Chem. Soc., 73, 1466 (1951).

(4) R. Heimgartner, Schweiz. Arch. Angew. Wiss. Tech., 18, 241
(1952).

(6) S. A. Semenkovich, Zh. Prikl. Khim., 33, 1281 (1960); J. Appl.
Chem. USSR, 33, 1269 (1960).

(6) P. Gross, et al., Discussions Faraday Soc., 4, 206 (1948).
(7) L. M. Foster, et al., J. Am. Chem. Soc., 72, 2580 (1950).
(8) M. Heise and K. Wieland, Helv. Chim. Acta, 34, 2182 (1951).

(9) A. G. Gaydon, ‘“Dissociation Energies and Spectra of Diatomic
Molecules,” Chapman and Hall Ltd., London, 1953.

(10) G. Herzberg, ‘“‘Spectra of Diatomic Molecules,” D. Van Nos-
trand Co., Inc., New York, N. Y., 1963.

Volume 70, Number 6 May 1966



1350

D. BHOGESWARA RA0 AND V. V. DADAPE

studied at high temperatures (1125-1425°K) employ-
ing the transpiration technique, which has been re-
viewed by Margrave.!! The studies have also been
carried out in regard to the corrosive nature of the mole-
cule AlICI(g).

Experimental Section

Materials. Aluminum wire having 99.98%, purity
(BDH AR quality) was melted in an argon atmosphere
to expel the dissolved gases (if any), and the resulting
ingot was cut into chips. These chips were degreased
and used. Spectrographic analysis of the sample in-
dicated that it contained trace impurities (nearly 200
ppm), viz. Fe, Cu, and Si. Aluminum chloride with
99.99, purity (E. Merck grade) was resublimed in an
inert atmosphere before use. Resublimed product con-
tained 0.049, ferric chloride and 0.029, alumina.

Purification of Argon. Argon was used as a carrier
gas. It is necessary to purify argon, as the impurities
like oxygen, nitrogen, and moisture will react with
aluminum or with the monochloride or trichloride as
given below, thus affecting the apparent concentrations.

2A1CI(g) + O.(g) — 2Al0CI(g)

3A10CI(g) = ALOs(c) + AlCl(g) (5)
2AICIL(g) + 3H:0(g) —> 6HCI(g) + ALOs(c) (6)
4A1(1) + 30.(g) —> 2AL0s(c) 7

2A1(1) + Na(g) —> 2AIN(c) ®)

The purification process used by Gross, et al.,5 served
well during the present work. In addition, sofnolite
(sodalime containing a little manganic acid) was also
used to remove carbon dioxide.

Apparatus and Procedure. The experimental setup
to study the high-temperature reaction between alumi-
num and aluminum trichloride was essentially similar
to that reported by Hildenbrand, et al.'* It may be de-
scribed as follows.

A Kyanite refractory tube 60 em in length and 2 em
in internal diameter was introduced in a Kanthal-wound
tube furnace which gave a constant-temperature zone
(%3°) of 25-cm length at temperatures between 1125
and 1425°K. To maintain a constant power supply,
the Kanthal heating elements were connected to the
230-v main source, through a voltage stabilizer. The
constant-temperature zone was long enough to ac-
commodate a Kyanite boat (length 15 em, width 1.5
cm, and height 1.5 ¢cm) containing a sample of alumi-
num metal. Sections of Pyrex glass tubing of suitable
sizes were connected to either end of the reaction tube
with a high-alumina refractory cement (Accocet-50)
which helped to give cemented gas-tight joints. In the
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Pyrex tube at the upstream end a glass boat contain-
ing anhydrous aluminum chloride was introduced.
The temperature of the Pyrex glass section was main-
tained at 150 =+ 3° to facilitate the transport of the
halide by argon gas. From the downstream end a
Kyanite thermocouple sheath entered the reaction tube
and was positioned over the center of the refractory
boat. Initially, a chromel-alumel thermocouple cali-
brated up to the melting point of copper (1083°) served
to measure the temperature during the experiment.
A flowmeter was employed to measure the rate of flow of
argon, and arrangements were also made to collect the
gas during the run.

The rate of passage of pure argon was brought up to
the desired value, and the experiment was started.
After running the experiment for a definite time, the
boat containing aluminum metal was pushed out of the
hot zone by a refractory rod. The heating of the reac-
tion tube and the Pyrex tube was stopped. The sys-
tem was allowed to cool in an argon atmosphere. The
rate of transport of aluminum trichloride as a function
of the temperature and the rate of flow of argon gas
were previously determined by a series of experiments.

The vapor pressure of aluminum monochloride
formed during the reaction at high temperatures was
calculated from

& _ Py _ Na
P, P.+Po+Pi g+ np+m

where P, = the partial pressure of AICI(g), Py = total
pressure = 720 mm, n, = number of moles of AlCI(g)
formed, n, = number of moles of unreacted AlCl(g),
n¢ = number of moles of argon collected during the run.
In each run the amount of AICl; passed and the
amount of chemically transported aluminum were found
out by weight loss measurements. A good agreement
was noticed between the loss in weight of the boat and
the AICl; collected. Loss in weight of aluminum was
also checked by chemical analysis of the residual
aluminum.

©)

Results

In the transpiration method it is necessary to deter-
mine the limits of the flow rates of the carrier gas which
is saturated with the gaseous reaction products. This
helps us to know the extent to which the experimental
results are being influenced by diffusion transport. If
an equilibrium between a gaseous phase and a con-
densed phase is established with negligible diffusion

(11) J. L. Margrave, ‘‘ Physicochemical Measurements at High Tem-
peratures,” J. O. M. Bockris, J. L. White, and J. D. Mackenze, Ed,
Butterworth Scientific Publications Ltd., London, 1959, Chapter 10. .

(12) D. L. Hildenbrand, et al., J. Chem. Phys., 39, 1973 (1963)
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effects, the amount of vapor transported per unit time
varies linearly with the flow rate of the gas mixture.!?

In the present experiment the transport of vapor is
directly proportional to the loss in weight of metal
aluminum, and hence it was studied at a reaction tem-
perature of 1183°K by varying the flow rate of a carrier
gas (containing AICIly vapor) between 25 and 130 ml/
min. When the weight loss data were plotted against
the flow rates in the above range, the weight loss in-
creased linearly up to the flow rate of 107 ml/min,
thereby indicating that the flow gas was saturated with
the gaseous reaction products. The curve on inter-
polation passed through the origin showing that the
diffusion effects were negligible. The equilibrium con-
stant calculated at each one of the flow rates between
25 and 107 ml/min agreed well (%29%,), which sug-
gests that within these limits the reaction is independ-
ent of the flow rate of the carrier gas.

In a few preliminary experiments it was observed
that the refractory boat (weight of the boat, 16.1740
g) increased in weight at the end of a run of 2 hr.
After each succeeding run, the increase in weight pro-
gressively reduced. The boat showed almost negligible
(Iess than 0.049%) increase in weight, after a total reac-
tion period of 16 hr. Blank experiments carried out
with aluminum metal only or by transporting AICl,
vapor over an empty boat at 1183°K showed no per-
ceptible increase in the weight of the boat. In addi-
tion to the attack of aluminum monochloride on the
boat material, it was also observed that the inner sur-
face of the Kaynite tube got covered with a thin layer
of a black refractory material in the initial runs. To
ensure complete passivation of the inner surface of the
tube, a series of experiments was carried out by placing
a number of boats containing aluminum metal through-
out the length of the tube. Consistent results in the
equilibrium studies could be obtained only after the
two surfaces were passivated. A small amount of
black shining product (containing 81-839 silica, 14—
159% aluminum, and 2-2.59, iron) as a result of this
attack was collected. ‘The behavior of the material
toward heat treatment and the reaction with aluminum
monochloride vapor was studied. It did not show any
loss in weight even after several hours of heating at
about 1650°K, nor did it react with aluminum chloride
vapor at 1300°K. Once the boat was covered with the
film of the above black material, the equilibrium reac-
tion between molten aluminum and aluminum chloride
vapor could be studied over a wide temperature range
(1125-1425°K) without any difficulty.

Treatment of the Data

In the study of the equilibrium reaction (1) over the

temperature range 1125-1425°K, the experimentally
determined weight loss data of Al and AICI;(g) were
converted to partial pressures of AlCl(g). The equi-
librium constant for reaction 1 was calculated by sub-
stituting the pressures into the expression

PaAlCl

= —= (10)

PAIC]:;
The free energy and heats of reaction at various tem-
peratures were calculated employing the equations

AF° = —RT In K (11)
Mk —
T
F°p, — H° F°, — H°
z —TT& (products) + = iT—L%

(reactants) (12)

The free energy functions (F°, — H°ys)/T for the
products and the reactants were taken from the
“JANAF Tables.”’14 ‘

Discussion

The experimental data for reaction 1 have been sum-
marized in Table I. Employing the well-known van’t
Hoff equation

(dIn K)/d(1/T) = —(AH/R) (13)

the heat of reaction, AHr, has been determined from the
plot of the logarithm of the equilibrium constant vs.
the reciprocal of the absolute temperature (Figure 1).
The slope of the line obtained by the method of least
squares gave the heat of reaction AHr = 90.86 £+ 1.6
keal. This value of AH7r represents the mean value
over the temperature range studied and does not take
into account the effect of AC,. From the functions
cited in the “JANAF Tables,”'* A(H 975 — Hags) for re-
action 1 has been found to be —6.34 kecal. AHrsg
thus becomes 97.20 = 1.6 keal, and its deviation from
the third-law heat (103.69) may be due to the tempera-
ture-dependent errors which contribute significantly to
the second-law calculations. The second-law heat of
reaction thus permits the heat of formation of AICI(g)
to be calculated from the equation

AHf,5AICI(g) =
1/3[AH7'298 + AHfzqulC]';(g) + AHfgggQAl(l)] (14)

as —12.57 + 1.6 kcal mole~!, and the corresponding
third-law value gives —10.41 £ 0.23 kcal mole—!. The

(13) U. Merten, J. Phys. Chem., 63, 443 (1959).

(14) “JANAF Thermochemical Tables,” revised ed, The Dow
Chemical Co., Midland, Mich., 1964.
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Table I: Transpiration Data and Related Third-Law Heats for the Reaction 2A1(1) + AlCly(g) = 3AICI(g)*
No. of
moles of AlCls Loss in
Temp, argon passed, Al wt, Paicy,
L 04 passed « I3 atm Log K —RT ln K AHraeg AHfon
1125 0.5358 10.6495 0.1695 0.0144 —4.5839 23.5969 103.69 —10.40
1183 0.3247 10.8900 0.2495 0.0319 —3.7350 20.2011 103.49 —10.47
1183 0.5358 10 1477 0.3929 0.0324 —3.6622 19.8241 103.88 —10.34
1220 0.5464 10.9053 0.5630 0.0457 —3.0368 16.9529 103.00 —10.63
1225 0.5258 10.4902 0.5335 0.0450 —3.0584 17.1434 103.38 —10.51
1270 0.5464 10.9578 0.8417 0.0672 —2.4993 14.5251 103.53 —10.46
1280 0.5358 10.7626 0.8340 0.0679 —2.4850 14,5548 104.18 —10.24
1336 0.5154 10.8912 1.3324 0.1084 —1.8157 11.0998 104.11 —10.26
1373 0.5358 11.5390 1.9512 0.1479 —1.3270 8.3370 103.60 —10.43
1420 0.4958 10.7429 2.4808 0.1955 —0.8173 5.3085 103.46 —10.48
1425 0.5358 10.9600 2.4695 0.1834 —0.8972 5.8497 104.29 —10.20
Av —10.41 & 0.22
keal
“ Duration of each run is 2 hr.
i Table II: Comparison of the Values for
Equilibrium Constants (log K)
Temp, °’K——mmMm™
1000 1100 1300 1500
Log K- Ref
-7.1 —5.3 —2.5 —0.4 3
—-5.3 —4.8 —1.4 0.3 5
—6.94 -5.09 —2.25 —0.17 6
—-5.5 —-3.8 —1.1 —0.9 7
—-7.1 —5.2 —2.4 —0.4 8
—6.76 —4.96 —2.18 —0.14 Present

=106 K

0 | | 1

&4 =75 -8 -85
10°/1 k.
Figure 1. Plot of log K vs. (1/7") from transpiration studies

of the reaction 2Al(1) 4+ AlCly(g) = 3AICI(g).

uncertainties reported in this work are only those due
to the statistical analysis of the data. The AHfys for
AlCl; and the heat of fusion for Al have been taken from
the “JANAL Tables.”'* To facilitate comparison, log
K values at different temperatures reported by several
workers have been recorded in Table I1.
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work

The entropy of reaction ASr is obtained from the
second law of thermodynamics

AFr = AHr — TASr (15)

Employing the values of AFr and AHr at 1275°K, a
value of 60.12 £ 1.3 cal deg=! for ASriy; is obtained.
This value agrees well with the theoretical value of
ASrigrs = 60.5 cal deg—! reported by Heimgartner? and
also agrees well with ASry = 61.26 cal deg™! calcu-
lated from the data given in the “JANAF Tables.”!
This good agreement suggests that the entropy of
AlCl;(g) at elevated temperatures may have consider-
able validity. The results of the present work are in
very good agreement with those reported by Gross,
et al.,’ as can be seen from Table IT. It also shows that
the presence of AlCl, species (as suggested by Heim-
gartnert) is not important in the temperature range
studied.



Equinisrium Reacrion 2A1(1) + AlCI(g) = 3AICI(g)

1353

While this manuscript was under the process of re-
viewing, the study of reaction 1 by Frisch, et al.,'> ap-
peared, employing the molecular flow effusion tech-
nique over the temperature range 930-1034°K. An
excellent agreement has been noted between their data
and that of the present work. These authors have also
derived the entropy of AlCl3(g) from the entropy of
reaction 1 and the value of S°gs, for AlCls(g) is essen-
tially 4 cal/deg/mole higher than the estimated value.'
Their value of ASr®g = 55.1 = 1.1 cal/deg mole dif-
fers by 5.0 cal/deg mole from the value calculated
from “JANAF Thermochemical Tables.”” They have
also concluded that the value of S°s for AlCls(g) as
ziven in the “JANAF” tables is uncertain by at least 2
zal/deg mole.

The ASr®ur; = 60.12 £ 1.3 cal/deg reported in the

present work agrees well with the calculated value using
“JANAE” tables and the difference was within the
stated uncertainties. However, there is a difference of
6.5 kcal between the second-law and the third-law heats
of reaction. The second-law heat may be in error due
to the uncertainties in the thermodynamic functions of
AlCl;(g), particularly in the reduction to 298°K. A
revision, therefore, of these functions of AlCl;(g) may
be of great help.
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