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CHAPTER - 1

INTRODUCTTION

1.1,  QGENERAL

Research in high temperature chemistry has started
gaining ground not probably before 1980. Brovtrl has
aptly defined "High temperature chemistry as the chemistry
of the systems at sufficiently high temperaturesso that the
oxidation states, compounds and general chemiecal behaviour
differ appreciably from that at the room temperatures.”
In the course of the last two decades considerable advancement
has been made in the study of thermodynamies and kineties of
high temperature processes. Prior to that this area of
specialisation have been studied by a few metallurgists and
ceramists. The need for high temperature materials having
sufficient resistance to corrosion, thermal shocks, mechanical
strength during extreme operating conditions in the fast
developing modern industry has given a good impetus for the
study of high temperature procesces. High temperatures can
be produced by several methods vizy electrical resistance,
flames, ares and discharges, solar furnace, nuelear fusion and
atomic fission. ©Extremely high temperatures (of the order of

6 8

10" to 10°) are produced by atomiec fission and nuclear fusion.

Employing chemical rcaction32 temperatures upto 6000°K can be
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obtained. At these ;ory high temperatures it is possible

to get large concentrations of atoms and molecules in the
ionie state. Thus the existence of various kinds of odd
molecules electron deficient and with non-localized bonding
are common at high temperatures. Mass spectrography and
optical spectra have given spectacular results in identifying
the gaseous species at high temperatures. Some of the
important radicals identified are (CH,),N, CS, CCly, CS, AlCl,
AlF, BeCl, BeF, (BOCl)g, BeCy, LaCyy CaCoyy BeOH, S1(OH),,
Alp0y Al0y ZP0, BoOgy 810, AlgChyy Cgy Cgy T10, MgF, SrF, CaH,
co, CN, OH, O, H, N, NH,, CF, NiCl and CFy, ete.

1.2 IMPORTANT HIGH TEMPERATURE REACTIONS

With the development of the high temperature reactions
many new industrially as well as historiecally important
processes are developed. Some of the metallurgical processes
are the reduetion, refining, annealing and heat treatment of
pure metals and alloys for structural uses. Glass manufacturers
and ceramists investigated high temperature phase relations to
satisfy the demand for cheap containers, windows, insulators,
refractories, ete. Flames and combustion processes at high
temperatures have been studied for the conversion of heat energy

to mechanical energy in engine designc, new fuels. These and



many other such processes directed much thought to the
high temperature and metallurgical research. A few examples

of elassical high temperature processes aret

t Preparation of graphite from amorphous carbon.

a
b ¢ Preparation of SiC and c;cg.

o
-

Preparation of elementary phosphorous.

d ¢ Preparation of Na and Al by high temperature
eleetrolysis process.

and e t Cracking and polymerization of hydroecarbons.

Their efficiencies in many cases will be higher if they
are operated at still higher temperatures.

1.3 CHEMICAL TRANSPORT REACTIONS

Possibilities of new and important materials depend
direetly on the existence of unusual species which can act as
intermediates at high temperature. It is quite possible to
obtain free radicals in thermodynamiec equilibrium in high
temperature systems. Their properties and stabilities can be
studied and possibly they can even be condensed as new compounds.

The intermediates can be obtained in two ways:

1) By direetly heating the compounds and elements to higher
and higher temperatures until they give unusual species with
lower oxidation states e.g. Al0, 7Zr0, T10, Cyy Cqy CN, Bag0,



11) Condensed phaai or solid-liquid interactions e.g.

metal-metal halide, metal halide-metal oxide metal halide-
metal sulfide, metal-metal sulfide systems, etec. in which
the species are NiCl, A1C1l, AlF, Al0Cl, Las, CeS, BF, AlS,

ete.

1.3.1 Definition of chemical transpogﬁ

When nickel chloride vapour is passed over metallie

nickel the equilibrium approached in the hot zone is:
Ni(s) + NiCl,(g) = 2NiCl(g) eee1]

and reverts on cooling to nickel and normal halide. Schafer®
in 1962 has named this type of heterogeneous reactions as
chemical transport reactions. The formation of the subhalide
helps to overcome the high energy barrier for the distillation
of metal, by promoting it to vapour phaso‘. The term chemical
transport reactions has, however, wide applications. Schafer
has defined these reactions as those in which a solid or liquid
substance 'A' reacts with a gas 'B' to form exclusively vapour
phase reaction products which in turn undergo the reverse
reaction at a different nlace in the system resulting in the
formation of 'A'. fubstanece 'A' however does not possess an
appreciable vapour pressure at the applied temperatures and is

transported chemieally.

However, solid and liquid interactions can also give

unstable vapour phase compounds, e.g. Algo(g)8
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Alg0q(e) + 81(1) = $10,(e) + AL,0(g) ees [2]

When a high boiling halide such as Mg?2 or CaF2 is

added to the aluminium containing material, aluminium will

be produced through aluminium subhalidoe

2A1(1) + Mng(c) or CaFy(e) = 2A17(g) + Mg(g) or Ca(g)... [3]

In these cases both aluminium suboxide and subfluoride can

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

Thus the chemical transport reactions also includes
such reaections where a solid or ligquid substance 'A' reaets
either with a gas or liquid 'B' facilitating the transport
of 'A' through the formation of an exclusively vapour phase

compound which is unstable.

l.4 IMPORTANCE OF CHEMICAL TRANSPORT REACTIONS

Chemical transport reactions are very useful in
chemistry, physies and industry, These reactions can be
successfully utilized to grow single erystals, to promote
so0lid state reactions for better results and in metallurgy
to produce and refine metals, in the preparation of alloys,

syntheses of new compounds, etec.

l.4.1 In Solid State Reactions

Reactions between the starting solid materials ean be

enhanced when solid substances are joined together by a
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transport reaction. < It is interesting to note that in

a whole series of reactions with solids as starting materials,

it has been shown that a liquid or gas phase is involved as

a reaction pronoter7, viz. the reaction between calcium and

stannic oxides proeeeds very ranidly when redueing agents

such as Hyy CO and C are addea® °
2Ca0(e) + Sn0y(e) = CaySn0,(e) voo (4]
sro(e) + SnOg(e) = SrSnOa(e) eee (8]

In this system the starting material need not be in

8,10

contact with each other since Snog will be transported

to the alkaline earth oxide via gaseous Sn0.

Snog(c) + Co(g) = 5n0(g) + Cagy(g) ses16)
Pnoz(c) + Hy(g) = ©n0(g) + Hy0(g) sss i)

One of the most important recent chemical transport

reactions is the formation of aluminium carbide by the action

of aluminium monochloride on earbonl1
PAL(1) + AlCl,.(g) = 3A1C1(g) oes[8)
6A1C1(g) + 3C(e) = A1,C, *+ 2A1C1,(g) eee (9]

Heimll has not only prepared A14Ca at temperatures
900-1300°C by the above method but also obtained it 95.8% nure.

Chemilcal transport reactions are also useful in

nreparing sopinels N10r90412, MgCr,0413, MgA120414. The formation



of nickel aluninato(N1A1904) through aluminium trichloride
and nickel oxide has been discussed in this thesis (Chapter 4).

1.4.2 Advantages of transport
reactions in solid state chemistry

(A) With the aid of transport reactions useful
products of solid state reactions have been obtained at
considerably lower temperatures e.g. the direet combination
of aluminium and carbon gives aluminium carbide at 1700 to
1800° 1# vhereas according to equation (9) the formation takes

place at much lower temperatures 900°-1300° 11.

(B) It is not necessary to use stoichiometric mixtures
ag starting materials as is usually the case in solid state
reactions, The composition of the final product is determined
by guantitative analysis of the reaction products. This
provides concrete information leading to the eluecidation of

the reaction mechanism,

(C) n=xperimental conditions can be chosen so that the
constituent in excess can be removed by a transpiration after
the conversion is complete. Thus the technique will be simple
and the produects will have high purity.

(D) The components of the reaction need not be mixed

since one of them can be trlnsportods’lo.



1.4.3, Hydrothermal ‘chemistry

Analogous to solution chemistry at room temperatures,
aqueous systems also exist at high temperatures. Research

in this field is important for explaining geological phenomena

for refining minerals and synthesis of perfect erystalsle.

The identifiecation and chemical transport of the gaseous

species Fi(OH)417, Ba(OH)?18 and the hydroxides of zine,

tungcton19 and boroneo

of trace 1mpurit10:21.

have provided methods for the removal

l.4.4. Use of chemical transport
reactions in motnllug!!

Chemical transport reactions find anplications in many

places in metallurgys a few very important uses are given below:

(A) Mond-Longer process

This process involving the reversibility of the
reaction is used for refining nickolge. Finely powdered
erude nickel when treated with earbon monoxide at 50° and
atmospherie pressure evaporates as nickel earbonyl [Ni(CO)‘].
This gas which led into a decomnosition tower decomnoses to

pure gramular nickel.

(B) The importance of Boudard equilibrium is well-
known for the reduction of metal oxides e.g. in the technical

recovery of iron and zine.
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(C) The iodide method developed by Van Arkol23

is very useful for the purification of metals. In this
the crude metal is vaporized as iodide and is decomposed

on a hot w1r024

TY(O) + 212(‘) = er4(‘) 000[10]
7rIa(g) = Zr(e) + 4I(g) ese(10a]
(D) Under suitable conditions metals like iridium>>,

27

platixmna’8 and silver’' ean be removed and pure crystals can

be grown by transporting them through a stream of oxygen

Ir(e) + 3/2 05(g) = TIr0s(g) eeef11]
Pt(e) + 0,(g) = PtOy(g) eee(12]
Ag(e) +» 1/2 02(3) = AgO(g) 000[13]

It 1s also possible to transport ruthemium, rhodium

and palladium in chlorine atnosphoreza'ao.
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1.5. AIM AND OBJEGTIVES OF THE PRESENT WORK

From the information given in the preceeding pages
it may be observed that the chemical transport reactions
involving metal halides play a very important role in
understanding (a) the formation of subhalides with the same
or different metals, (b) the formation of spinels and
oxyhalides when they (the halide of metals) react with
metallic oxides, (c) the formation of metals and pure chlorides
of the other metal by reaction of these halides with other
metal sulfides, and (d) the thermodynamic properties of the
species involved, The present work, therefore, aims at

studying the following reactions:

(1) Equilibrium study of the reaction of a metal with
its halide:

Ni(e) + NiCle(g) = 2NiCl(g)
at high temperatures to determine the heat of reaction, entropy
of reaction and thereby determining the entropy of NiCl(g) at

the mean temperature. The experimental work is deseribed in

Chapter 3.

(2) Study of the reaction of aluminium trichloride gas
with nickel oxide.

Reaction of aluminium trichloride gas with nickel
oxide has been studied at high temperatures. In this reaction
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nickel aluminate spinel has been observed along with
gaseous nickel dichloride and aluminum oxychloride
acecording to the equation

6N10(e) + 4A1C14(g) = N1A1,0,(e) + SNiCl,(g) + 2A10C1(g) ..[14]
A detailed study of this reaction is given in Chapter 4.

(3) The final chapter of the thesis deals with the study

of the reactions of gaseous nickel dichloride with cerium

sulfide and molten aluminium, Various reactions taking part

are discussed.



CHAPTER « 2

THERMODYNAMIC CONSIDERATIONS




CHAPTER - 2

THERMODYNAMIC CONSIDERATIONS

2.1. THERMODYNAMIC STUDY

The main purpose of chemical thermodynamies is to
prediet chemical equilibria from the thermal data. This
can be done for a given reaction only if the necessary
information is available over the desired temperature range
for every species participating in the reaction. Therefore,
the evaluation and correlation of thermodynamiec data are
important aspects of chemical thermodynamies. A knowledge
of thermodynamic quantities like heat of formation, enthalpy,
entropy and free energy functions at different temperatures
is finding ever inereacsing use in the seience and technology
for the determination of the stability of chemical substances,
the position of equilibrium in chemical reactions and in the
study of detalled structure and energétics of atoms, gaseous
molecules, erystals, liquids, ete. Thermodynamic methods are

thus useful in understanding many diverse phenomena,

The study of thermodynamics of high temperature
reactions is based on the measurement of the equilibrium
pressures of the constituents of the reaction. The study of
vaporization process or the equilibrium of the chemical reaction
helps to establish the nature and energétics of chemical binding

in the gaseous state.,
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3l

Gilles — has rightly emphasised the importance of

the following points in the study of high temperature chemical

reaction:
a ¢t The net reaction is to be estzblished.
b : The gaseous species are to be identified.
¢ ¢t The vapour pressure is to be measured.
d ¢+ The kinetiecs may be studied.

e : Finally, the detailed mechanism of the
reaction is to be established.

2.2, GENERALIZATIONS USEFUL IN
HIGH TEMPERATURE REACTIONS

The following three generalizations are very helpful
in predieting the gaseous products of an equilibrium reaction
at high temperature. The first two are given by Browora2
and the third by Soarcyaa. In view of their importance in
the present work they are stated below. Detalled discussion

has been given in litoratur034.

1) The higher the temperature of a gas-solid, or gas-
liquid equilibrium, the more nearly equal will be the partial

pressures of various species.

2) A gas will react only endothermically with a solid
to produce a significant yield of the reaction produect, if the
reaction produces at least as many moles of gas as are consumed

in the reaction.
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3) All equilibrium reactions that yield products when
the temperature is increased must be endothermic and must
occur with an inerease in entropy. This is known as the

prineiple of successive entropy states.

23, METHODS FOR THE STUDY OF EQUILIBRIUM OF A REACTION

Experimental techniques for measuring the equilibrium
vapour pressures directly and indirectly are described in

detaill by Margravoss’as.

2.3.1, i1ib r

Direet statie techniques for the vapour pressure
measurements at fixed temperature in a closed vessel have been
employed by utilizing various instruments from simple U tube
manometers containing merecury or some other fairly non-volatile
1liquid for relatively high prescure determinations, to highly
complex gauges that must be applied within certain pressure
limits, Vapour density methods, sickle gauges, dew point
method, boiling point method, are a few techniques for measuring
vapour pressures direectly. But in equilibrium reactions of the
type Ni + NiCl, = 2NiC1l, AL(1) + NiCl,(g) = 2a1C1(g) + Ni(e),
it is difficult to determine the pressures by these methods due
to the reactivity of the out coming gases.

2.3.2. Indirect measurement of vapour pressures

A simple, very useful and accurate method is the flow

or transpiration method for the determination of vapour pressures



greater than 10~3

atns., For measuring the pressures less
than 10™° atms., Langmuir, Knudsen effusion, torsion effusion,
molecular flow effusion, optical spectroscopy and mass

spectrometry are very useful.

Methods in which vapour pressures less
than 10=3 atms. are measured:

2.3.3 Langmuir free evaporation

This method has the advantage of minimizing sample
contamination being experimentally simpler and capable of
the measurement of low vapour pressures. Hence this is
widely employed in the determination of the vapour pressures
of refractory materials, The disadvantage in this method
is that the pressure measured is not necessarily the
equilibrium vapour pressure and that the vapour species must

be identified independently.

2.3.,4, The Knudsen effusion method

This method of measuring small vapour pressures 1is

important for the determination of thermodynamie properties

of vapours and condensed phases in equilibrium. The method

1s based on the kinetie theory of gases by which the molecular
flux at a boundary can be calculated for a gas at equilibrium.
Tn this technique the vapour of a single species in equilibrium
with 1ts condensed phase is allowed to flow from an isothermal
container through a small thin edged orifice into an evacuated

space.
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The vapour preéssures of the condensed phase is
related by the effusion formula to the temperature T, the
mass 'm' of a molecule in the vapour, the mass rate of
effusion dw/dt, the orifice area A, and the usual natural
constants of kinetle theory. Thus for the steady state
effusion:

/o

P = -}:%‘g' (27 KT/m) e 18]

Though a large number of thermodynamie data at high
temperatures has been obtained by this method, many of its
aspects viz: the correction to be applied to the shape of the
erucible and the effusion hole, the effect of the loecation of
the evaporating surface, the distribution of molecular
velocities in the beam and the upper pressure limit at which
the method is suitable, are not clear. These problems have
been discussed in detail in the literaturesl’ 37'40. Apart
from the above points, the method has only a limited scope
for the study of equilibrium pressures of a reaction involving

corrosive species because of the following reasonss

(A) Any reaction of the species with the cell material
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 ecell.
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2.,3.5, The Torsion effusion method

In this method the sample is placed in an effusion
cell suspended by a fiber. The cell contains two holes in
the opposite sides displaced in opposite directions from the
centre. The vapour effusion through the holes causes a
torque on the cell and the rotational displacement of the
cell is measured by a mirror attached to the suspension.
This method has received a good deal of attention 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 species. Searcy and Freeman?0141 have
obtained low values for tin and germanium when compared to
the mass spectrometric results. The secope of this method

and the limitations are discussed in detail by 01110331.

2,3.6. Molecular flow effusion

The molecular flow effusion method has been developed
and worked during recent years by DoMarcun42, Whitnln(1953)43,
Modzfeldt(1955)44, Balson(1961)%%, rarber(1962-66)%, This
method involves an impinging gas at the temperature of the
reaction striking the reacting material at pressures allowing
molecular flows The concentration of the molecular constituents
1s determined by the equilibrium constant, employing the Kmudsen
equationt

n= P/(2 rmkt)l/? .e.16]

n = number of moles striking the surface.

$4).127. 3043

R A0 TH Y
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2.3.7. Optiecal spectroscopy

None of the experimental methods deseribed above
enétbles to determine the structure and thermodynamic properties
of the gases produced in vaporization reactions. Optical
spectroscopy can be used for the determination of molecular
econfiguration and eleetronie, vibrational and rotational
energy levels. Thus spectroscopy provides data for the
thermodynamiec properties by statistical mechanical methods.
Fmission spectra give information on excited energy ;qu}s
wvhile absorption spectra are helpful in the charact;gyégpzho
ground and low energy states. Data on infra red and mierowave
spectra are useful in determining the structure of diatomie
molecules, Details of infra red and microwave spectroscopy
are given by Porter, Hughes Klemperrer and Townes g&,glisg
However, this method has limited scope in finding out correct
dissociation energies of some compounds. For example, the

dissociation energy of NiCl(g) was found to vary 6§ * 2 ov.47

and 7.3 .'.48. This 1s because the ground state and the
electronic energy levels are not clear. The fine structure of
HiCl molecule has been determined by Rao, g;,;if,by the study
of its infra red spectrum. Ty hiiesesoarted

e ese TRop i re-ddeaochstion energy-of N 1G1(R) .-

2.3.8., Mass spectrometer

Mass spectrometer is one of the most important tools

employed in the high temperature chemistry. The method consists
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of ionization of the high temperature vapour by electrons
and identification of the resulting ions. Inghram and

50

Drowart™ have given an excellent review on mass spectrometry

and its applications to high temperature chemistry.

2.4. FLOW TRANSPIRATION OR TRANSPORTATION METHOD

The transpiration method also known as transportation
or entrainment method is one of the oldest and most versatile
technique of studying heterogeneous equilibria involving

gases and solids. Thomson51

credits the French chemist
Regnau1t52 being the first te use this method in 1845, It is
used primarily for measuring vapour and dissociation pressures,
but it may be applied to gas-solid or gas-liquid equilibria in
general, It is one of the few methods that can be used to
measure the pressure of a vapour in the presence of large

concentrations of other gases.

Excellent reviews by Kubaschewski and Evancsa, Margraveas,

Richardson and Aleock™® and Schifer are available in the
literature giving applications of the method and the deseriptions
of many experimental techniques employed in this field. This
method deals with the measurement of transport of the material
under study. The transport of a substance may be due to
appreciable vaporization of the sample at that temperature or
may be due to a gas, inert or reactive being passed over a

condensed sample at a rate sufficiently low for equilibrium
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condltions to be established. The gas is collected at
some point down stream from the sample and is analysed to
determine the vapour and dissociation pressures of components

in the sample.

In the vapour-condensed phase equilibria, the solid
and l1iquid which will have no appreciable vapour pressure at
that temperature can be transported by the formation of gaseous
produets of the reaction. = In the following case the transport

medium is the vapour B
aA(Zorl) +0o B(g) = ¢ C(g) 000[17]

Thus the transport of solid substance presupposes the motion
of a gas, In the above reaction if the transport medium has
sufficient saturation pressure only at elevated temperatures,
then it is added to an inert carrier gas in a heated saturator
or is vaporized at the beginning of the system. B(g) is then
passed over solid A, transports it and at the end of the system
is condensed by cooling. If the reaction proceeds rather
extensively and rapidly with the deposition of solid substance
one makes use of very simple flow techniques. In the case of
this flow technique all the gaseous components migrate with the
same speed and hence their ratios are easily known. The gases
are assumed ideal and the carrier gas must be saturated with the
vapour of the material under study or the produets of the

reaction.
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By Dalton's liv the partial pressure of each
component py 1is proportional to the number of moles of

the gas ny. Thus for an inert gas flow 'f' and vapour

specles
p
) n
) = = .0.(18]
Py P *pe n * ne

where n can be determined from the loss of weight of a
sample from the amount of solid denosited on the eold finger
or by the analysis of the products trapped in a flow system,
If the molecular weight of the vapour species is known or
assumed, ng known from the flow rate calibration experiments,
Pp the pressure at which the system 1s in equilibrium, p

can be determined.

2.4.1. Importance of equilibrium in transport study

The success of the flow method denends on the attainment
of equilibrium. TIn this comneetion, the following points are

to be econsidered:

1) All the reagents participating in the reaction must be
at the equilibrium temperature, This will be facilitated by
preheating the gases before they enter the reaction zone. In
the case of vapour-liquid or vapour solid equilibria the
transoort medium with or without diluent gas must de nreheated
upto the equilibrium temperature before it reacts with solid or
liquid and equilibrates with it.



2) The pressure o6f the equilibrium zone must be the

same ag that of the entire flow system. Temperature and
pressure gradient cause the reverse reaction to occur i.e.
the reformation of solid reactants. The anparatus should

be so chosen as to avoid these difficulties.

3) The reaction zone must attain equilibrium and remain
undisturbed during the transnort neriod. Change of flow
rates or very high thermal gradients cause the reaction to
shift in such a way that the transport of materlal observed
will differ largely from that of the normal experiments.

4) Some unwanted reactions due to imperfect flow may
decrease the surface area of solid, gas or liquid under study,
so that the reaction rate will deviate far from equilibrium
.2 in the case of Ni-:\:iCl2 system, if the carrier gas
contains appreciable amounts of Opy air, water vapour, they
will react with Ni or NiCl, with the formation of oxides thus
hindering the reaction giving much lower transport of nickel.

The carrier gas therefore has to be perfectly pure and 4ry.

8) The activity of so0lid or liquid phase must remain

constant throughout the reaction.

8) Flow rate should be measured accurately.

7) Side reactions between sample and container or flow

gas or product with the reaction tube should be avoided. Very
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few refractory materidls are useful for molten metals.

For equilibrium measurements, it is therefore necessary

to test the materials for which the free energy change

for a simpler reduction by the liquid metal has a large
positive value. Brewer has illustrated the use of
thermodynamics in the search of a suitable container for
melting t:it:mu.mn."’-‘j If an extensive contamination or reaction
occurs the materials should be brought to equilibrium with
1iquid metal or reactive species, so that it is saturated
with respect to the solution, either of the metal itself or
of the products of the reaction between metal and refractory
material. This will minimize the attack or the container
will be passivated. Attack by melt normally involves the
penetration through a solid container by inter-granular
solution process and the rate of this attack depends primarily

on kinetiec factors e.g. diffusion and viscosity.

2.,4.,2, Saturation of a carrier gas

The flow or carrier gas should be saturated with
vapour. The establishment of the saturation flow is the most
important factor in achieving equilibrium. The equilibrium
flow rate is different for every system and also dependent on
the construction of the apparatus. The flow gas has to ensure

equilibrium with solid or liquid. Aeccording to Schafer for



24

this a space where tha‘gna can stay for a fairly long time
must be provided. In the simplest case the solid substance
is placed in a small vessel which in turn 1s placed inside

a tube of 10 mm. diameter for example. It is better to have
the substance in a granular form, packed loosely in the tube
over a distance of a few centimeters, The gas passes over
the solid in an ideal case equilibrates with it completely.
For the above mentioned tube diameter and for the temperature
of the solid above 500°C, gas flows from 2-10 liters per hour
(20°C, 1 atm.) have usually proved to be satisfactory. When
the reaction between gas phase or solid substance proceeds
very slowly or when one is forced to use slow gas flow rates,

large amounts of so0lid and long reaction zones are recommended.

The high flow rates can be used if the chemical reaction
attains equilibrium quite rapidly. In the high temperature
system in which equilibrium is not rapidly attained, diffusion
rather than a chemical reaction i1s usually the rate determining
step. Sueh diffusion processes require longer temperature
zones,larger surface area of the sample and slow flow rateS.

If the flow rate is too high the carrier gas will not be
saturated and the apparent pressures will be low. In some
cases the heterogeneous reaction proceeds so rapidly that
equilibrium will be established at the solid material and the
gas motion becomes the slowest step. The majority of the

substances have velocity coefficients which are close to 1, i.e.
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the surfaces behave aQ if they are covered with saturated
vapour, The quantity of vapour is a function of the
gaturation pressure and gas kineties. Consequently a low
veloeity coefficient will be observed in the transportation
from solid to gaseous state. If the carrier gas velocity
is too low, sample may be transported due to self diffusion
and thermal diffusion. It is, therefore, essential to
establish the saturation flow rates where the vapour

pressure is independent of flow rate.

If an unsaturated flow gas is suspected a series of
experiments at various flow rates should be carried out until
a range of flow rate is found for which the mass of sample
transnorted per unit volume of flow gas remains constant.
Thus a plot of n. /ng vs ng (equation 18) should aporoach
a plateau region for ng values where saturation is complete.
For unsaturated flow this plot will not level off. This has
been discussed by Lapore and Van wazer®®, It has also been
customary to make measurements at several flow rates and to
extrapolate to zero flow rate to eliminate effect of lack of
saturation. If an equilibrium between gaseous phase and a
condensed phase is established with negligible diffusion
effects the amount of vapour transported per unit time varies

with the flow rate of gas mixtures7. However, it can be
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shown that at sufficlently high flow rates, diffusion
effeets become negligible. piffusion oceurs when rate of
flow is too slow and the anparent pressures will be too high.

5

Merten 7429 has derived the equation:

m RT vl
p = = TLI-.n - —D.A.')] eee[19]

in which p is the pressure, R, T and M are gas-constant,
temperature %k and moleeular weight of the snecies respectively.
m/t is the mass transported per unit time, 'l' is the length

of the capillary, 'D' is the diffusion coefficient of the
vapour and 'A' is the cross sectional area of the ecapillary.
For large values of V (the volume of flow gas) the diffusion

effects are imnortant and the pressure assumes the normal value

P = (m/t.') (RT/M) 000(20]

He has also pointed out that the equation may be used to obtain
not only the pressure but also diffusion coeffiecient in
favourable cases. Ackerman ,;‘gau§8 have confirmed the

validity of this equation. Aecording to MertonS7

reliable
pressure can be calculated if experimental determinations are
available at too significantly different flow rates for which

gsaturation has been reached.

2.4.3. Advantages of transportation method

The significance of this technigue is brought out in
the case of silicon transnort in the chloride 'y't.‘59-61.
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Sehifer>® by using flow method has transported considerable
amount of SiCl2 to a cold zone without disproportionations
at lover temperatures it has reacted with SiCl4 to form
512016, 513018, otc.sl. Another important feature of this
method is the ease with which corrosive, unstable vapour
specles are handled successfully and in a useful way, viz:

transport of Al by the monochloridosg.

2.4.4. Disadvantages of the transpiration method

A) The number of molecules vaporizing cannot be known

unless the molecular weight of the vapour is known.

B) The dAifficult situation in this technique is to
follow individual species in a heterogeneous system where
the products of reaction are more than one gaseous specles.
Thus the study of reaction involved in the overall process
becomes difficult. But the arrangements leading to
quantitative collection of the products, condensing on the
cold finger, quenching methods and improved analytiecal
technicques may help to solve the problem.



2.8, THERMODYNAMICS AS APPLIED TO
EQUILIBRIUM REACTIONS BY TRANSPIRATION

Determination of the vapour nressures of
the various components in flow method in
solid gas reaction

The amount of so0lid substance transported by a gas
stream in a definite time can be known by knowing the loss
in weight of the sample or gain in weight due to the
disproportionated solid in a eold trap. The amount of
transporting agent passed, and the volume of carrier gas
passed can also be known. Then by assuming that the ideal
gas law holds good in the equilibrium zone, the pressures
can be estimated using the équation:

nRT
PB -v;- oco[?l]

Sinee Vy is related to the initial flow gas Vo 8t room

temperature Tr the equation becomes

nRTy,
A

P= .00[22]

r

The pressures of various components in a reaction e.g. equation

14, can thus be calculated as follows:

e ny RTp ax X AW RTp

P = D
¢ a Vp a MV,

000[23]
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. b RT.
P, unreacted = (nB - nA> Vo eee[24]
OR

- _ b aw) AT
(jnB a -ﬂ'> 'Vf &

P
The equilibrium constant K = ;%— vee 28]
B

2.8.1., The equilibrium constant

The state of equilibrium of any process occuring at
constant temnerature and pressure can be defined by the

equation

Fs0 003[26]

i.e. that the free energy remains unchanged in any
infenitesimal process ocecuring at constant temperature and
pressure. Therefore, in a case of chemical equilibrium, it
is important to aequire the information regaerding the free
energy change in the reaction. Thus for an equilibrium
reaction of the type (1) the:

ar®= < RT 1n K .o [27]

2.6, TREATMENT OF THE EQUILIBRIUM DATA

Experimental equilibrium data 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',
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2.6¢1l. Second Law Method

This involves the utilization of the well known
Vant Hoff's equation with the usual log K vs 1/T plot.
From the slope of the plot and the intercept one can
calculate the heat and entropy of the process respectively.
The fundamental basis for this plot lies in the change of

standard-free energy with temperature

a (5 ) -5 aT = aH °d<‘]".,'.) .eo (28]

Substituting equation (°¥) for F° in equation 28, one
obtains the Vant Hoff's equation:

d In K AR®
d‘r = :R-;!._ 000[29]

OR
d(R 1n K) - 4.5758 d log X AR®

« (%) a(3) -

This method is espeeially useful in numerous cases where

the only information available regarding the heat of reaction

is derived from the equilibrium measurements.

In the above, it 1s assumed that Acpo

is constant over the temperature range investigated. From

for the process

Kirechoff's equation

9 (ar%) -
[}‘—7§1F-—{J . Acg oo [30]
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Therefore, if the heat capacity equations are available

for the reactants and nroducts an improved procedure is

63,64

possible The treatment includes the use of the

following equations:

AF AH® 1 -

‘T-" 2= « RInNK = T - alnT - § bT - ; eT 2 + I 000[31]
where I is constant.
aR® | 1, -2
S+ I=2=-RInK+AalnT+gALT + 3 AeT oo [32)

For each temperature at which a value of K is known the
right hand side of the above equation can be obtained. As
the left hand side of the equation is a linear function of
1/T a plot of > against 1/T gives a straight line with a
slope Aﬁg. From the value of Hg one can obtain Aﬂg at any
temperature range for which the heat capaecity equations are

appliecable.

If the contribution of Acg for the reaction is not
constant over the temperature range the resultant log K vs
/T ﬁlot will show a curvature or wide scattering of points.
In such cases thcéi plot a more satisfactory method than log
K vs 1/T is recommended, because it is easier to get the

slope of a straight line than that of a curved line.



2.6.2. Third Law Method

This method as its name implies, is fundamentally
related to the third law of thermodynamics through its use
of absolute entropies and heat capacities. In practice,
the free energy function Fﬂ - H% ref. also referred as
'fef' is used whenever it is found in a tabulated form or
can be calculated, The simplicity and usefulness of these
free energy and heat content functions, especially in
caleulating the heat of reaction were demonstrated by

Mar;ravecs.

The free energy function is related to the usual
thermodynamic quantities in the following manner. By
rearranging the fundamental free energy equation

AFQ = Afip = T ASD oo [33)
one obtains
o o
——;'— = -ST 0--[34]

o
by adding the quantity (Hp - Hy . )  (the heat content
T
above a reference temperature usually 0°K or 298°K, divided

by T) to both sides of the equation one gets

f H; - ngof

FO_HO
T T
1 8-829-
T I T

000[35]




The reference temperature can be econverted according to

convenience by the use of following relation:

o _ 40 o o
T H298 T o Hggg - Ro
= -

T T T
2inee heat content differences and the entropy sre related

F

o..[36]

to the C. values, the free energy Tunction can be evaluated

P
from experimental heat capacity measurements:
T T
So = cl dinT + "A'Ii‘u * cg dilnT + +* c_4lnT ese [37]
* 1 ™ P T
To | T
and
o o T To T
Hp = Hr pee 1
"‘ 4 L R .
- - i (cpdr + AHpp + g cpd. + 0»( (‘pd'l' (28]
Tref i1 Ty

In the case of gaseous molecules it is possible to determine

the value of "fef" directly through the use of statistical
thermodynamics and spectroscopic datl§6.

For a chemical reaction "fef" at a given temperature
may be defined as:

Afef = (fef) - ('fef') vee [39]

produets reactants

After eollection of the terms and econsolidation

one obtains:

o

see [40]

T
o )
Aﬂg e T{:-egf_ - A <FT 'THT ref§:] eeef41]
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Substituting equation 26 in equation 395 the equation

can be written as:

Afp = T (-R1nK- A 'fef') .o [42]
ref

The advantage of the third law method is that
each experimentally determined value of the equilibrium
constant permits an independent evalintion - the heat of
reaction. The free energy funetionslvééaxcggy slowly
with temperature and hence may be obtained easily and
accurately by simple inter and extrapolation procedures
from values given at wide intervals. Furthornoro,
temperature dependent errors are often hard to eliminate
from equilibrium measurements. The temperature coefficient
and the corresponding heat of reaction from the second law,
may be greatly in error whereas the third law heat does not

change significantly.
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CHAPTER - 3

SUBLIMATION PRESSURES OF NICKEL DICHLORIDE AND THE
EQUILIBRIUM STUDY OF THE REACTION Ni(e) ¢ N1012(g) = 2NiCl(g)

3.1, INTRODUCT ION

In the course of his studies on the reaction of
anhydrous gaseous chlorides with the corresponding metals
Leo°7 has not observed any reaction between nickel chloride
gas and nickel metal at 1010°C. However, the lower oxidation
state of nickel (viz, NiCl) has been renorted. Johnson and
Cubiciotti68 have reported the monovalent nickel in molten
state. They have based their evidence on the depression in

the freezing point

N° + m? =om eos[43]

McKinloy69 has observed the formation of gaseous nickel

monochloride during the kinetiec studies on the reaction of
chlorine with nickel metal between 1200° and 1700°K. The

studies of the band speetra by Mesnago7o, Moro71, Mﬁ110r72,

Krishnauurthyya, Rao and Roddy74, have revealed the existence
of gaseous nickel monochloride. Schifer and Ftzel'® have

studied the transnort of metallie nickel by the reaction

Ni(e) + NiCl,(g) = o2NiCl(g) seell]
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and concluded that hydrogen eompounds are necessary for

the reaction. A vaiuo of 40 # 92 Keal./mole for the heat
of reaction AH;aq, 18 reported by them, The data included
in Table I show that there is little agreement among the
values of heats of formation of NiCl(g) reported. It may
be noted that the only experimental value by the transport

reaction is reported by Schafer and Ftzel s,

In view of these diserenancies the study of the
equilibrium reaction of N1C12(g) with Ni(e) at high
temperatures has been undertaken. The investigation is
carried out employing the well-known transpiration

technique.

Before carrying out the equilibrium study of the
metal-metal halide reaction, it is necessary to understand

the sublimation behaviour of nickel dichloride.



TABLE - T

LITERATURE VALUES FOR THE HEAT OF
FORMATION OF NiC1(g)

- - - -

AHp in Keals. mole Method Author Reference
18 » 46 Band Speectra Gaydon 47
«37.00 Band Spectra Herzberg 48
45,0 Chemiecal Sehafer and 78
transport Ftzel
15.0 Caleulated Rossini 76
65.0 Calculated from Allen 77
electronegati-
vities
42,0 Caleulated from Schafer 78

half dissoeciation et.al.
of NiCly(g) I

13 Calculated Barber 79
24
Less than 38,1 Knudsen studies MeCreary and 81

of the sublima- Thorn
tion of NiCI2

42,0 + 6 Flame photometry Bulezwie 80



2 b

SECTION - I

SUBLIMATION OF NICKEL DICHLORIDE

3.1.1. INTRODUCT ION

The vapour prescure measurement of nickel dichloride
has been studied both by statiec and flow methods. Employing
the static method using nitrogen as the buffer gas, Maier82
has studied the vapour pressures of a ng:::? of metal
diehlorides. Schafer gg;g;.sa later #7 carried out
investigations on the vaporization phenomena of the diechlorides
of manganese, cobalt, iron, chromium and nickel using the
transoiration method. In their studies they have shown that
different carrier gases (viz. Nyy A, HC1l) have little or no
effeet on the vapor pressures excent when chlorine is used at
temperatures more than 800°C, Above 800°c, in the case of
chlorine as a carrier gas, the saturation oressures have
a1¢fered 4 from those below 800°C. The little difference is
attributed to the gaseous nickel trichloride, but the existence
of which is doubted. Kubaschewski®5» 8 determined the

A
vapour pressure of nickel chloride.

The vaporization of a number of metal dichlorides
emnloying the mass spectrometer has been studied by
Sehoonmaker® ' 9%:4Xs  They have attributed the irregularities
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in the vapour pressures observed to the existence of the

corresponding dimer according to

Mxg(g) = MY (g) oeo (48]

No such dimer is observed by them in the case of nickel
dichloride at those temneratures. In a more recent study

by MeKinley®?

of the reaction between Ni and Cly employing
mass spectrometry no dimer for NiCl2 is observed. The only
speeies observed below 1100°K is NiCla and at higher
temperatures the decrease in the NiCl,'/NiC1' is attributed
to the presence of NiCl in the product beam, N1012

therefore sublimes predominently as a monomer.

2.1.2, EXPERIMENTAL

(A) Materials
(1) Nickel dichloride - Nieckel dichloride

hexahydrate (AR quality) was purified to free it from ecobalt
by the method described by Calabaugh et.al.58.  This
consisted of the repeated precipitation of the dihydrate by
passing hydrogen chloride gas through a mixture of acetone
and a saturated solution of nickel chloride in water. The
nickel chloride dihydrate thus obtained was dehydrated by
heating at 400°C in presence of HC1l gas and flushing out the
HC1 finally with nitrogen gas for about an hour. The

amorphous material obtained was heated under reduced pressure
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(1 to 2 mm, of Hg) Wetween 700 and 800°C.  Golden yellow
erystals of pure anhydrous nickel dichloride sublimed off
on the colder parts of the system. These showed no traces
of cobalt on speetrographiec analysis. The diehloride
erystals were chemically analysed for chlorine and nickelsm
by standard methods of analyaizj The purity was found to

be more than 99.9%. The anhydrous erystals were preserved
in sealed pyrex glass tubes.

(2) Argon - Argon was used as a carrier gas.
The gas in cylinder contains impurities like oxygen, moisture
and carbon dioxide which affect the main reaction according

to the equations:

NiCl, + A0 = Ni0(e) + 2HC1(g) «eo[46]

2NiCl, + 05 = 2Ni0(e) + 2C1,(g) eeola7]

It was, therefore, necessary to remove the impurities from

the argon gas by passing it through a purification train.
schematically shown in Fig. 1. The train consisted of

bubbler (1A) econtaining alkaline pyrogallol and sulphuric

acid respectively, a calibrated flow meter (1B) to regulate

the gas, two feet long horizontal columns (1D) containing
sofonolite to remove CO, and tubes containing CaClg(lC, 1P),
anhydrone (1E) and Py0g (1F, 1Q) to remove moisture respectively.
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A tube eontaining reduced copper gauge heated at 600°¢C

(16) served to remove oxygen and boats filled with ecalcium
turnings and aluminium metal at 670°C(1H) helped the

removal of Ny and Opy finally e glass U tube (1M) containing

freshly prepared manganous oxide to remove traces of oxygen.

(B) Apparatus and Procedure

The attainment of equilibrium in transpiration
experiments will depend on the construction of thess
apparatus. Keeping in view the points mentioned earlier
(Chapter 2, 2.4.1) the apparatus was construected and

employed in the present study.

The sublimation was carried out in a mullite
refractory tube (supplied by M/s. Kumar Mfg. Co., Calecutta,
India) 60 ems. long and 1.5 cms. internal diameter, introduced
in a XKanthal wound tube furnace. The furnace was 50 cms.
long and had thrqe electrical heating circuits. The outer
two eircuits Q:;::%e same resistance covering the same length
(10 cms. each) were useful to minimize heat losses. The
third eireuit (middle one) had a length of 20 ems. The furnace
gave a constant temperature zone (= 3°) of 18 to 20 ems. length
at temperatures between 627 and 1127°¢. The temperatures were

attained by connecting Kanthal heating elements to variable
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voltage transformers<wvhich in turn were connected to a
230V main source through voltage stabilizers to maintain
constant power sunply. The eonstant temperature zone

wvas long enough to acecommodate an alumina boat of 12 ems.
length, 1 em. in width and 1 em. in height, leaving 6 to

8 ems. of hot zone for heating the gases. This was
useful in bringing all the reaectants and carrier gas to the
equilibrium temperature. Two cylindrical alumina plugs
were placed on elther side of the boat. The annular space
between the plugs and the tube was sufficiently small so
that the plugs served both as radiation shields and as
barriers to vapour diffusion.

The insulation around the heating elements
consisted of light refractory bricks commereially called
"BAGSVIC", These bricks were of advantage in producing less
massive and quick heating furnace. These bricks can easily
be worked at with mild steel blades or knives. The furnace
gave constant temperatures over long periods of time (AT T 9®

over several hours).

Sections of pyrex glass tubing of suitable sizes
were connected to both ends of the reaction tube with a high
alumina refractory cement (Accoset-50, supplied by M/s.
Associated Cement Company Ltd., India) to give cemented gas
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tight joints. Thr;ugh the down stream end a mullite
thermocouple sheath entered the reaction tube and was
positioned at the centre of the boat. A chromel alumel
thermocouple calibrated at various points (viz. at the
melting points of zine, Al and Cu, standard samples of
which were procured from the National Bureau of Standards,
/ashington DC, USA) served to measure the temperature

during the erperiments. Methods of calibration of
thermocouple have been given by Roecser and ansolgo. The
temperatures were read by measuring the milli-volts at
intervals wvith a thermocouple test set, Cat. No. 7886, W. G.
Pye and Co. &5&;, Fngland, Initially the actual boat
temperatures read by inserting the thermocouple in the centre
of the boat. Temperatures thus measured were compared with
those measured by introdueing the thermocouple in the sheath
and no difference was observed. A schematie diagram of the

transpiration apparatus has been given in Fi(.'f.

A ealibrated eapillary flov meter was employed to
measure the flow of argon and arrangements were made to
collect the gas during the run. The agreement between the

metered and collected quantities of gas was found satisfactory.

In order to know the pressure in the system a by-pass

from the out coming gas flow was connected to a U tube mercury
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manometer and the dffforonco in merecury column was noted
in a few experiments, This was about 18 to 20 mm. The
total pressure at which the system was in equilibrium was
taken as the sum of barometric pressure and the difference
in levels of the mercury in the manometer. The average

total pressure in all the runs was around 720 mm.

Alumina boat containing nickel dichloride was
introduced in the furnace tube after the dosirodcggag;ﬂ;fngc:n
was obtained. Precautions were taken to avold M iusing the
carrier gas with air while inserting and removing the boat
in and out of 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 (1 hr.) the heating was stopped and the dichloride was
pushed out of the hot zone. The boat and the substance

were allowed to cool in the argon atmosphere.

In each run the amount of nickel chloride transported
was found by weight loss measurements. The dihalide condensed
in the colder parts of the tube was carefully collected and
welghed. A good agreement between the weight loss and the
substance collected was noted within the experimental errors
(about &%).



The rate of transport of nickel chloride as a
function of temperature and the rate of flow of argon gas
was determined by a series of experiments. The results

are given in Table II, Tig. 2,

3.1.2. ATTACK OF NiCly ON SILICA TUBE

In a few preliminary experiments using reaction
tubes made of silica it was observed that the inside walls
of the tube were coated with green coloured produet which
when scraped and analysed showed the presence of Ni0.
During these experiments free chlorine was also observed
indieating that NiCly reacted with silica giving Cly, and
NiO. In some experiments white fumes were also observed.
They were due to the presence of 81C1‘ vapors. The following

reactions were found to take place with silieca tubes:

f105(e) + 2NiCly(g) = 2N10(e) + S1C1,(g)  ...[48)

S10g(e) + 2N1Cly(g) = 2N10(e) + S1Cly(g) + Cly(g) ...[49]

Experiments were therefore carried out in refractory
tubes in which the above difficulties were avoided. Silica
boats were replaced by those of alumina. The sublimation
of NiCly, was studied at different temperatures and with
different carrier gases viz. %, N, and WCl.



3.1.4. TREATMENT OF THE DATA

In the study of the sublimation over the
temperature range 1030-1116°K the experimental weight loss
data of NiCl2 was used to calculate its sublimation pressure.
The pressure can be caleculated from the equation 22:

2
P = n,RT/Vr .ee[22]

where P = The pressure.
n = The number of moles of N1012 transported.
R = Gas constant,

Vr = Volume of argon in liters at
temperatures Tp °K.

3.1,6.  EFFECT OF FLOW OF ARGON
ON THE SUBLIMATION OF NiCl,

It had become necessary to determine the limits of
flow rates of the carrier gas which was saturated with the
gaseous halide. This helped to know the extent to which the
experimental results were being influenced by diffusion
transport, It also helped to know whether the equilibrium
between a gas phase and a condensed phase was established or
not. With negligible diffusion effect the amount of vapour
transported per unit time varied linearly with the flow rate
of the gas mixture”. The results are tabulated in Table II.
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TABLE - II

TRANSPORT OF NiCl, WITH CHANGE IN FLOW RATE
OF THE CARRIFR GAS(ARGON) AT 1061°X

Argon passed NiCl2 transported -Log P

Liters/hr, in gnms.
0.62 0.09676 1.45846
0.64 0.10780 1.,4979
1.08 0.14890 1.5848
1.82 0,21120 1.5814
.24 0431360 1.5782
3.04 0,425585 1.5782
3.82 0.53476 1.5783
4,30 0.59965 1.5799
4.62 0.64880 1.5768
§.02 0.682685 1.5908
5.14 0.70200 1.5890
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3.1.8. RESULTS AND DISCUSS ION

Having established the equilibrium flow rate
the transpprt of NiClg as a function of temperature was
studied 78%? the temperature region of 1030 to 1116°K.
The experimental results together with the calculated
sublimation pressures .are recorded in Table ITI. The
free energy (AF®) and the heat of sublimation (aHg ) at
various temperatures were calculated employing the

following equations:

AF® = _RTInp veo[60]

AHsub298 (?g - Hggé) (’;'35;8)
of NiCl,(g)-

of NiCl,(e) s LBL]

The free energy functions for NiClQ(g) wvere taken from the

data given by Brewer and Somayajulu?l and that of the solid

92,93

from Kelley The calculated free energies and the

derived third law heats for the sublimation have been
sumnarized in Table IV.

The experimental pressures are some what higher

than those reported. The vapour pressure equation can be
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given byt

11,2733 + 478.6

Log P atm., = - B + 29,0863 .4 0.446 000[82]

The sublimation temperature derived from this at one
atmosphere (760 mm. of Hg) is 1244.8°K.

Employing the well-known Vant Hoff's equation

-AH
d 1n p/d(l/'l') = R“b eee [53]

the heat of sublimation was determined from the plot of the
logarithm of the sublimation pressure versus the reciprocal
of the absolute temperature (Fig.3¥). The constants from

equation 53 led to a value of AH_ . at 1073°K 51.88 & 2.2

sub
Kesal, nolo'l. It represented the mean value over the

temperature range studied and did not take into account the
off7gt of Cj» According to Brewer®® the change in the C,
is fz'clls. de(.'1 molo'1 wvhen a substance changes from a

solid to gas. This difference in the C_ when integrated

P
between the limits 298 and 1073 gives A(H}),q = Hogg)
073
24¢
o
aC,  (1073-298) = 4(Hgpg = Hogg)  «e« [85]
‘10(1073-298) = 7075\ Keals. ese [56]

This wvhen added to the above value of heat of sublimation at

1072°K yields AH §9.33 + 2.2 Keals. mole l.

subogg
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The heat of formation of gaseous nickel
dichloride was calculated as follows:

Aﬂmbm = An,m of NiCly(g) - An,mor NiClg(e) oo [867]

59.33 hd 2.2 = Anrm“ '1c12(‘) + 73,0 s 05 o

allp o°f MiClp(8) =13.67 Keals. mole~}

The heat of formation of solid lti.(:l2 wag taken from
Kubaschewski and Evuuss.

The experimental value for the heat of sublimation
of NiClg(e) (59.33 & 2.2 Keal.mole ') agrees well with that
reported by Kubaschewski(59.1 # 2 Keals.mole™l). This good
agreement between the values of heats of sublimation supports
the view point that NiCl,(e) sublimes predominantly as a monomer.

3.1.7. ENTROPY OF SUBLIMATION

The entropy of sublimation was obtained from the
second law of thermodynamies:

aFp = Hy - Tas® ves[88)
substituting the values of AF, . and AR, . at 1073°K a value

of 41.44 # 2.0 eal. deg."} mole™t for a8, 1073°K was
obtained.



SECTION - II

EQUILIBRIUM STUDY OF THE REACTION

Ni(e) + NiCly(g) = 2NiCl(g)

3.2, INTRODUCTION

53

The equilibrium reaction between gaseous nickel
dichloride and Ni(e) may be understood by considering the

folloving reactions:

Ni(e) + NiCl,(g) = 2NiCl(g)
NiClg(g) = NiCl(g) + 1/2 Cl,(g)
NiCly(g) + 1/2 Clg(g) = NiClg(g)

esefll]
000[59]

«es [60]

To study the possibilities of reaction (859) the

sublimation pressures wvere determined but in the course of

the experiment no evolution of chlorine was observed and hence

the reaction can be rejected. Schafer and pre11®® in their
work stated that when chlorine was used as carrier gas,

small diserepancies in the pressures were observed and concluded

that these were due to the formation of gaseous trichloride.

In the present work argon was used as a carrier gas and hence

reaction (60) ecan be neglected.
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2.2.1.  EXPERIMENTAL

[A] Materials

(1) JHNickel metal - Spec-pure nickel metal
was used throughout the investigations. Its spectrographic

analysis revealed traces of silicon.

(2) Nickel dichloride -« Purified and
resublimed (deseribed earlier) nickel dichloride was used.

(3) Argon - Argon purified by the method

described earlier was used as carrier gas.

[B] Apparatus and procedure

An experimental set up shown in Fig.IV was employed
for the equilibrium study of the reaction. It consisted of a
tube furnace having two constant temperature zones K, and X,
of 15 to 20 ems. long. The zone K, was kept constant at
about 800°C and the zone Ko at the reaction temperatures
(970-1100°C).  The boat 'D' containing nickel metal was
introduced in the zone Ky and the boat with the dihalide in
the zone K, in the flow of argon after getting the required
temperatures. In addition refractory plugs A, A', B, B' of
suitable sizes were introduced at the proper points to act as
radiation shields and diffusion barriers, without vhich the
equilibrium could not be obtained easily.
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The argon rate was regulated to the desired
value and the experiment was started by pushing boats
containing metal and dihalide in the hot zone. Care
being taken to see not to contaminate the ecarrier gas
with outside air. After continuing the run for definite
period (1 hour) the boat 'C' containing the dihalide was
pushed out of the hot zone thereby arresting the reaction
and the heating was stopped. The system was allowed to
cool in argon and both the boats were weighed.

3.2.2. ATTACK OF NiCl ON THE BOAT
AND THE REACTION 8 TUBE

In a few preliminary experiments it was observed
that the boat aml the reaction tube were attacked and an
inerease in the weight of the boat was noticed. After each
succeeding run, the increase in weight was reduced. The
boat showed almost negligible increase in weight after a total
period of 16 to 20 hours. Blank experiments with nickel
metal and by the transport of NiCl, vapour with an empty boat
at 1200°K showed no increase in weight. In addition to the
attack of NiCl on the boat material, it was observed that
the inner surface of the mullite reaction tube got covered
with a thin layer of green material. It was collected and the
x-ray analysis showed the presence of NiO, Spectrographiec
analysis indicated the presence of silicon in addition to NiO,



It was only after the formation of the protective layer
of the green material reliable experimental results could

be obtained, The reaction was studied as follows:

1) gtudy of the reaction at constant partial
pressure of NiCl, at one temperature as a funetion of

the rate of flow of carrier gas.

2) Influence of temperature on the reaction.

3.2.3.° TREATMENT OF THE DATA

In the study of the equilibrium reaction over the

temperature range 1243 - 1896°K, the experimentally determined

weight loss data of N1 and NiCl, were used to caleculate the
partial pressures of NiCl and N1C12. The vapour pressure of
NiCl formed during the reaction at high temperatures was
calculated from:

n‘RTr
PH’.C], = vr LR N [22]

s

Pric, ¥ v

The number of moles of NiCl and N1012 were calculated as
follows from the loss in weight (AW) of Ni and NiCly:



nl = Mol.wt.Ni . [61]
AW NiC

nb = 12 ceoe [62]
MO]..".MC].?

The equilibrium constant Kp can be ealculated from

the equation:

a

Kp- F;- see [63]

3.2.4. EFFECT OF FLOW OF ARGON ON
THE TRANSPORT OF NICKEL

To know the extent to which the oxporimenggﬁ vere
being influenced by diffusion transport, the limits of the
flow gas were studied. This helped to know whether the
equilibrium between a condensed phase and a gas phase was
established or not. With negligible diffusion effeet the
transport of nickel varied linearly with the flow of argon.
The results are tabulated in Table V. The linear portion in
Fig. 5 1indicateSthe flow rates necessary for the equilibrium.

3.2.8. RESULTS AND DISCUSSION

The experimental results obtained in the transpiration
study of the equilibrium reaction (1) are tabulated in Table V.,
The ealculated log Kpl and the free energies were also included.
The obtained log Ki value$ are nlotted against the reeciproeal
of the absolute temperatures (Fig.VI). The slope of the plot
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i
and the constants from the least sqjare line gave the
heat of the reaction (Au,lm = 87.27 & 3.1 Keals. mole™ )

over the mean temperature and did not include the Cp values,
In order to reduce the heat of reaction from this mean
temperature to that at M°K, the knowledge of cp value 1is
necessary. Assuming the c, values and heat content
funetions of NiC1(g) to be similar to CuCl(g) (Schiéfer and
mtzel’C) the difference was ealculated for A(EJgon = H3gg)
for the reaction (1). Substituting the value of AH,an,
obtained from the least lquiaro line, a value of 91.04 ¢ 3.1
Keals. mole™' was obtained for the heat of reaction at

208%K ( o The A of NiC1(g) has be leulated
An,m ‘Etm g as en calculate

ag follows from the .rnetion:

AH = NyC - oo
- m,m 1C1(g) Anfm NiCly(g) (64]

Au‘ml’.cl(‘) = % [91.0‘ * 3.1 - 13087] ooo[“]

= 38,73 &+ 1.5 Keals, mole™t

The experimentally obtained value for the heat of formation
for NiCl gas compared well with that (Aﬂf = 38,1 Keal.mole)
reported in the 11toratm‘° M\M The value
for dissociation energy Do calculated from this is given in
Table VII along with other literature values available.



TABLE « VII
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COMPARISON OF DISSOCIATION ENERGIES (Dg) OF NiCl(g)

Dg in e.v.

- -~ - - e

3.88.» 0,2

3,98

Molecular
spectra

Molecular
spectra

Knudsen
method

Flame photo-
metry

Chemical
transport

Author Reference
Gaydon 47
Herzberg 48
MeCreary 81
and
Thorn
Bulzwie 80
Present
work

Chapter IIT




3.2.6. ENTROPY OF‘ REACTION

The entropy of reaction was obtained by
substituting the values for AF;m and Anfmﬁror the
equilibrium reaction (1) in the equation (%8 ). A value
of 49,85 # 7.5 cals. dog.’l lolo']' was obtained for the
entropy of reaction at 1320°%,

3.2.7. CALCULATION OF ENTROPY OF NiCl(g) AT ;320°K

As,,1320 = [248)4pgN1Cl = (AS)anq Ni - A8ya4, Mc12] ees[66]

A8190a¥1C1(g) = 1/2 [As"lazo’ 851000 N1 #18) any ¥iCly(8)]ee. [67]

: § 1

= 81,78 # 3.7 cals. dege = mole

The value of A8) a0q NiCl(g) compared well with that of the
: o5
value from NBS (ASaq, NiC1(g) = 77.2 cals. deg.” ' mole™l)

---ooo---
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TABLE « VIII

THERMODYNAMIC DATA FOR THE SUBLIMATION OF
NiCly, AND THE EQUILIBRIUM REACTION:

Ni(e) + NiCl,(g) = 2NiC1L(g)

-11,273.3 & 478.6
Log P = — * 09,0663 & 0,446
T
Sublimation temperature = 1244.8°K at 760 mm. of Hg.

AH

at 298°K Second Law = 59,33 + 2,2 Keals. mole™r .

at 298°K Third law = 858,62 ¢ 0.45 Keals. mole .

sub

Aﬂmb

AHp of WiCly(g) at 298°K = -13.67 &+ 1.1 Keals. mole™l.
AH, at 1320°K = 87,27 & 3.1 Keals. mole ™ .

AS, at 1320°K = 40,85 & 7.5 cals, deg.”! mole™l.
Af, at 298°%K = 91,04 & 3,1 Keals. mole™ .

4Hy at 298°K for NIC1(g) = 38.72 # 1.5 Keals. mole™ .

AS)a0p for NiCl(g) = 81.78 *+ 3.7 cals. dog.‘l IOI..lo
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CHAPTER - 4

REACTION OF AlClg(g) WITH Ni0(e) AT
HIGH TEMPERATURES

4.1. INTRODUCT ION

In the litoume it has been stated that
whenever a metal halide reacts with an oxide of a divalent
metal there is the possibility of the formation of the
corresponding oxyhalide according to the equation

MeO(e) + RX, (g) = MeXg(g) + ROX, o(g) «eo [68]

Schafer M.” have shown the formation of solid
A10C1 by the interaction of aluminium chloride with metallie
oxides viz. VeOgs ngos. Tag0gs MoOqy WOgy in a sealed tube
at 270 to 200°C. Fischer and Gcwohrw have proposed the
formation of aluminium oxychloride in gaseous state as one
of the products when alumina reacts with chlorine or hydrogen
chloride at 1250°C. The existence of some of the gaseous
oxyhalides of Lighfmetals like boron and aluminium has been
shown by Farber and Blauor“ and Farber and Petersen®®.

Greenbaum ;m.mo have proved the existence of gaseous



410C1 at 2400°K and claimed to be the first to determine
its heat of formation experimentally using the molecular
effusion method in the study of the reaction

1/3 A1,0,(1) + 1/3 AlC14(g) = AL0C1(g)  ...[69]

Semenkoviteh'®} has reported the action of AlC1l(g)
on refractory oxides viz. Mg0, BeO,Zroe and 510, but with
“293 no reaction has been observed. His experiments are

/3
quantitative and the spinel formation has been overlooked
14 have studied the
equilibrium reaction (70) indicating the spinel formation

in his experiments, Rao and Dadape

4MgO(e) + 3A1C1(g) = MgAl0 % AlClg(g) + 3Mg(g)  «..[70]

When gaseous Alc:la is passed over nickel oxide
at high temperature the reaction taking place can be
represented by the following equation:

Ni0(e) + AlClg(g) = NiClgp+ A10CL(g) ... [71]

10> + 2A1C1g(g) = 3NWICLIHF Al,0h(e) ... [72]

Preliminary experiments have shown an azpye
coloured product the yleld of which gets increased with
inerease in temperature. The azure produet is found to be
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nickel aluminate spinel on x-ray analysis. The presence
of the nickel spinel can be explained by the reaction

4N10 O+ 2A1C1a(g) = NiAL,0,(e) + 3N1Cl,(g) ...[73]

Nickel asluminate has been prepared by grinding
equimolar quantities of N10 and A1203 on heating at 1300 to
1400°¢ for longer hours. Lenov and Novokhnrtskiiloe have
prepared the spinel by grinding an equimolar mixture of
AR grade NiO and Alzoa, briquetting and sintering it at
1300°C for 26 hours in an atmosphere of CO, eontaining 15%
of CO,

As the preliminary experiments have shown the
inerease of the product with inerease in temperatures, it
shows that the equilibrium reaction is endothermic and must
oeccur with an inerease of entropy according to the prineciple
of successive entropy states. In this conneetion, Brewer
has also stated that a gas will only react endothermically
with a solid to produce a significant yield of the reaction
produet if the reaction produces at least as many moles of
gas as are consumed in the reaction. 1In order to establish
the reaction scheme, the equilibrium measurements are ecarried

out together with the identification of the produects,
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The caleﬁiatod free energles and log Kpl
for reactions of AlClg with several metallie oxides are
tabulated in Table IX. The change in free energy and
the log 58 with temperature are shown in Pig. IX and X,
From the data it can be seen that the reaction:of AlClg
vith caleium oxide and mickel oxide are more favourable at
these temperatures. It can also be seen that the free
energy of the reaction 71 at 2400°K is the same as that of
reaction 69 at 1500°K.

4.2, EXPERIMENTAL

(A) Materials

(1) RHickel oxide (Ni0) - Blaek nickel oxide
of AR quality was heated at 1400°C for about 8 hours to get
the green oxide. The green erystals were analysed chemically
by the standard method for nickel. The purity of the nroduct
was found to be more than 99.5 per cent. X-ray powder
patterns of the solid showed the presence of N10 mh/&aﬁi%
Speetrographic analysis revealed the presence of traces of
cobalt and silicon.

(2) Aluminium trichloride - Axc1, with 99.9¢4
purity (E, Merck grade) was resublimed in an inert atmosphere

before use. The resublimed produect econtained 0.,04% of FeCly
and 0002’ alumina,
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¢

(3) Argon . Purified argon was used as

a carrier gas.

(B) ara an

An experimental set up shown in Fig. JZ& was
employed in this study. The reaction tube made of mullite
refractory (supplied by M/s. Kumar Mfg. Co. Ltd., Calcutta)
of 60 em. length and 2 em. 1.d. was introduced in a platinum
wownd tube furnace. The furnace was 55 em. in length and
wound in 3 eircuits, The outer two eirecuits with each having
the same resistance covering the same length (10 ems.each)
were useful to minimize the heat losses. The third ecirecuit
(middle eircuit) had a length of 25 ems. The furnace gave a
constant temperature between 1000 and 1498°K. Temperatures
were attained by connecting platinum heating elements to
variable voltage transformers, which in turn were connected
to 230V. main source through voltage stabilizers to maintain
econstant power supply. The constant temperature zone was long
enough to accommodate an alumina boat of 16 ems. length, 1.5
ems. in width and 1.5 ems. in height, leaving 6 to 8 cms. of
zone for preheating the gases., This was useful in bringing all
the reactants and the ecarrier gas to the equilibrium temperature.
Two alumina plugs were placed on either side of the boat. The
annular space between the plugs and the tube was suffieciently
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small so that the plugs served both as radiation shields
and as barriers to vapour diffusion. The insulation around
the platinum heating elements consisted of light magnesia
bricks.

Sections of pyrex glass tubing of suitable sizes
were connected to both ends of the reaction tube with high
alumina refractory cement (Accoset-50) to givecemented gas
tight joints. In the pyrex tube at the upstream end (45 ems.
length and 2.5 ems. 1.d.), a glass boat (1 em, x 1 em, x 8
ems.) containing anhydrous aluminium trichloride vas
introduced. Aluminium metal baffles on either side of the
boat served as diffusion barriers. The temperature of the
glass section was maintained at 150 % 1°c to facilitate
the transport of the halide by argon gas. Thus the supply
of AlClg was uniform and the deviation was not more than
84. The AlClq vaporization furnace was connected to a
variable voltage transformer through a voltage stabilizer.
The furnace also had a sliding arrangement to facilitate the
arresting of the reaction quickly by pushing it out after
the run. FProm the down stream end a mullite thrmocouple
sheath entered the reaction tube and was positioned over the
centre of the boat. Thermocouples of chromel-alumel, and
pt-pt-104 Rh calibrated at various points (m.p. of Al, Cu)
served to measure the temperatures during the reaction.

A calibrated flow meter was employed to measure the flow of

argon.
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Whenever solids condensed from the gaseous
products were to be studied the mullite thermoecouple sheath
was replaced by silica sheath (the end of which was in the
eolder zone) figure VIII. The silica sheath served as an
air cooled eold finger.

In these experiments the carrier gas saturated
with A1Cl, was allowed to react with Ni0(e) under
equilibrium eonditions. The products in the boat after
the reaction were identified by x-ray and speetrographie
methods. The amount of Ni0 taking part in the reaction was
determined by the chemical analysis of the products in the
boat,

The gaseous products of the reaction carried away
by the argon gas were condensed on the cold finger. After
the experimental run of one hour the heating of AlCla was
stopped (arresting the flow of AlCla) and the system was
cooled in the argon gas flow. The boats were pagsed to a
chamber containing dry nitrogen and weighed. The residue
in the alumina boat was powdered in a dry box and analysed
for N10 and NiAlg0,.

4.3. IDENTIFICATION OF THE PRODUCTS

The residue in the boat was examined by studying
the x=ray powder patterns of the solids. A sample of the
residue ground to fine size was introduced in a glass capillary
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tube of 0.25 to 0.31 in. i.d. and the photograph of the
diffraction pattern was taken with a Debye-Scherrer camera
(Regaku Debye-Scherrer powder camera, 90 mm. dia., Ragoka
Denki Co. Ltd., Kandda-Dai-Chochigada-KW, Tokyo, Japan)
mounted suitably in the path of the x-rays. The unit had

a copper target (The Machlett Laboratories Inc., USA) with
nickel foil filter to obtain x-ray beam at 50 KV and 18 mA.
The powder pattern showed the presence of Ni0 and the spinel
N1A1204. The Ni0 observed was due to the unreacted material,
The pattern did not reveal the presence of ugos even when
the reaction was carried out at lower temperatures. The
identification of the spinel was possible by comparing the
powder patterns of the residue with that given by the National
Bureau of Stmdard-loa. The x-ray data is given in Table X
in which the prominent 'd' values for Ni0 and N1u204 are
shown. A part from these lines a few very faint lines were
observed which can be probably attributed to the impurities.
Lines corresponding to alumina phase were not present

indicating its absence.

The identification of gaseous products was carried
out by condensing them on an air cooled silica sheath. The
cold finger with the condensate was heated at 800°C under ﬂ(
reduced pressure (1 to 2 mm., of Hg). During the initial



* TABLE « X

PROMINENT X-.RAY DIFFSACTION LINES OF THE PRODUCTS
OF REACTION (76)

Time of exposure : 2 hours,
Radiation ¢ Cu K (1.5408.).

e - - - - - -

uu&e) Nio(e)

Experimental NeBsS.8tandard TExperimental N.B.8.Standard

d°4.  Inten % Inten d°A  Inten  a°% Toben
-sity -sity -gity -sity

4.7460 W 4,650 o0 2.,4249 © 2,410 21
2,883 W 2,846 20 2,0914) .++
2.,4161 sS** 2,427 100 2.05993 : - =8
2.auef 2,013 63 1.483 M 1.476 57
2,0204 1.2664 W 1,269 16
1.6504 VW 1.6418 7 1.2181 W 1,206 12
1.5660 M 1.5485 29 1.0491 VW 1,0441 8
1.4809 S 1.4232 60 1.,4324 M 0.9682 7
1.4288 & 1.2601 <1 0.9428 W 0.9338 21
1.2661 VW 1.2739 <1 0.8587 VW 0.8527 18
1.2148 VW 1.2274 8 0.8040 7
1.0406 N 1.213¢ <1
0.94018 VW 1.1613 6

1,0763 2

1.0476 11

1.0081 7

0.9291 7

0.8998 8

0.8214 16
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stages (1.e. at 150°C) all the AlCl, sublimed off and

the temperature was increased to 800°C, wvhen all the nickel
chloride sublimed off leaving behind white powder on the
cold finger. X-ray and chemical analysis of the powder
showed it to be A1203- It is possible that ‘1203 was
formed due to the dissociation of Al10C1 aceording to the
equation

3A10C1 = Al 04(e) + A1Clq(g) ese[74]

4.4, POSSIBLE EQUILIBRIUM REACTIONS

Considering nickel aluminate, nickel chloride as
the products the following stoichiometric reactions ecan be

written:

6Ni0(e) + 4A1C1,(g) = NiAl,0,(e) + BNiCly(g) + 2A10C1(g)...[75]

4Ni0(e) + 2A101, = NiAL0, + 3NiCI(g) + 1-;<:12 e [76]

Reaction 76 can be rejected on the basis that
chlorine is not observed during the course of the reaction.
Consequently the reaction 75 has been given consideration.
Here it may be pointed out that the reaction 75 can be said
to consist of the reaction 73 and twice the reaction 71.



-
o1}

4.5, ANALYSIS OF THE PRODUCTS

The azure coloured product obtained in the boat
together with the excess nickel oxide was finely ground.
The fine powder was fused with potassium pyrosulfate in a
siliea crucible (ratio : KyS,0; ¢ substance = 20:1). After
the substance was fused completely, the erucible with the
contents was cooled and the solid mass was treated with 1N
sulphuriec acid and was made to a definite volume. About
25 ml, of the aliquot was taken and aluminium was determined
gravimetrically as alumina by standard methods. The filtrate
remaining after the separation of aluminium hydroxide was
treated with dilute HC1l and concentrated. Nickel was
determined in the concentrate by the dimethyl glyoxime method.
From the alumina obtained, the corresponding uuugo‘ was
caleulated and the amount deducted from the total weight of
the substance after the experiment. This gave the weight of
unreacted NiO, Ni0 reacted was calculated from the initial
weight of Ni0 and the weight of unreacted Ni0. In a few
experiments the substance deposited in the colder parts was
collected and earefully sublimed under reduced pressure and
the condensate was weighed. The quantity of nickel
dichloride thus obtained was used to determine the extent
of the reaction. In a few experiments alumina collected on
the colder parts was also quantitatively determined.



4.6, TREATMENT OF THE DATA

The vapour pressures of NiCl,(g), AlCl,(g) and
Al10C1(g) were caleulated from the exnerimentally determined
weight loss of NiC, in the reaction 76. Assuming that the
ideal gas law holds good in the equilibrium zone, the
partial pressures of the various components were calculated

as follows:

P = Pressure of nickel chloride generated :
MiCly
5/6 XnN10 x RT,/V, 0077}
PAlCls = (nAICI- - 4/6 n n10)a-rr/v, eee [78]
Pprocy = 2/6 mN10 x RT/V, eee[79]

vhere Pluc12' PA1013 and PAlOCl denote the partial pressures
of the respective components and Vr represents the volume of
the flow gas passed at the room temperature 'rr and R being
the gas constant., nNi0 and nAlCls denote the number of moles

of the respective components,
L/’
The equilibrium constant was ealculated from the above

4
equilibrium partial pressures

K

(p%ar0c1) (PPric1p)
= ) ves [80]
! (p AlCla)
The experimental results and the calculated
equilibrium constants are given in/Table ¥I. It may be stated
that the dimer Aly,Clg(g) is not an important species at these

temperatures of study.



*0o971 3® 3dey seA edwudny €101V oy3 pue sinoy g 40 INC POTIJED SBA UCTIOBIY

‘sejnutw gp JOJ INC POJIJIEd SJI9A SUCTIVEd 4

- " -

¥603°0  {-OT X TPAI®9 608L°C TIEO°E  6248°.  82L¥°0  OPI9°L 9VPIE°T ey LVl
8V0L°T  ,-OT X $EL6°T E€208°0 9898°0  PIAT°c  86¥3°0 9398°0 19€9°0 00°F ++9LET
9600°¢ .01 X g9g8L°6 L6WG°C TLBL°E  LiO¥°¢  T189S°0C 0906°T 69I8°1 oT°'y  LSET -
0962°T ;01 X €690°S P6Va'2 &38B"E  9904°¢  L9T19°0 €901°2 1018°T av'vy  Leel
S3le°T 20T X L0we*v LI9I"G PEE9°E  ¥8P3°¢  9e¥9°0 BI98°T 3969°1 80°%  0Oeel
088T°0 10T X peeP*L 22EB"T 9BL0°S  OPB9°gT 996L°0 OPIL*S 0%I'Z %'y  ovpl
0081°¥  g-OT X 0989°L 0208°% 0988°c  0990°., POI3°0 080P°T 89T8°1 90°%y 6931
pl06°c  p-OT X Lpga°1 LESE°9 PI86°C  9€SP°L  3L0P°0 006e°T O¥PI6°T 08°e 841
9399°c  p-OT X g9308°c 0LLI°02 0BLP°9® O00BI°OT  £999°0 OIL3°3 OWLS"E 38°c #1631
€196°2 . g-Ol X PETI°T 608%°9  3II°FP 08L3°0T  PLEP*0 O0B6P°T 39LL°T 96°€ #83ET /

A TR T

somj®  ‘Som®  -somys  POWIO)  .-gupyy  pessed 838 Yo
dy 39- dy E0Tvyg  1001vy SOmy  Ydrvin OIN €ty nory ~dwey

(#)100Tve + ()%10188 + (2)%%vIN = (3)810Tvw + (9)0TN9
NOILOVAY HHI ¥OJ SINVISNOD WOINEITINdY QELYINOTYD HHL ONV VIVQ NOILVNISNVHL

IX = 318v1



4.7,

.-/H

¢

RESULTS AND DISCUSSION

The free energies are calculated by the equation

e

AF" = - RTINK, eee[27]

From the plot of log K, Vs 1/T (Pig. XI) the value

for the second law heat 190.05 + 5.04 Kealss mole™> is obtained.

This value is at the mean temperature of 1300° « As the heat

content funetions of NiAl,0,(e) are not available, they are
assumed to be similar to those of 1,..“20‘(0)102 *tnd the

heat of reaction at eoe"x has been obtained as follows:

AHDes = 190.06 £ 5.04 Keals. mole™ .

cp values for NiO(e), FeA1204(c) are taken from Kelley.

Cp values for A10C1(g), AlCly(g) are taken from
JANAPLO4 tables.

cp value of NiCl,(g) is taken as 14 ens.dog.’l-uolo'l.

(The heat capaeity of Ni.ueo‘(c) is also taken as

the sum of the heat capacities of NiO(e) and Alaoa(c) at the
required temperature. The difference in the values of
AHgog calculated by this and that calculated by assuming the
cp values of FeAl,0,(e) is only 0.3 Keals. lolo°1).

£

Both

AC) = - 24,906 + 14.57 x 1072 7,

ek L\_av:v\c}l:u gam x‘;uclu'\u

ben‘nﬂ imvevis dpimels
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= 190,06 & 5.04 + 24,906(1360-298) - x 10 (1360°-208")

= 203,67 * 5.04 Keals. ”1..10

4,7.1, Caleulation of the heat of formation of A10C1(g)

A"gsc % Aatag'P’°d“°t' - Anfzsgactlntl

= |AH{(5N1Cly(g) + 2A10C1(g) + N1AL,0,(e) )
- oiglanicig(e) + entoce))

203.67 : .04 = 370.85 + RAH‘m AIOCI(I)

AHp  AlOCL = <-83.69 % 2.5 Keals. mole .
298

The caleulation of the heat of formation of the
gaseous oxychloride of aluminium from the results of this

reaction has revealed a close agreement between the



50

experimental value (Allp = <8389 % 2.5 Keals. mole™l)

and that reported by Greenbaum M]..OO (Aa,m = -84 ¢+ 6
Keals. mole™t).
study of the reaction of NiO(e) with gaseous A1C1y, has,

therefore, brought forth the important evidence regarding

the presence of A10C1(g) at the reaction temperatures.

The present transpiration work on the

4.8, ENTROPY OF REACTION

By substituting the values for ”1300 and Anlm
in the equation

AFT = Aﬂ, - TAS .-.[S‘g]

the value of AS is obtained

Aslm = 130,63 #+ 3.7 cals. dog.']' nolo'l.

---000..-
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TABLE - XII

Thermodynamic data for the reaction
6Ni0(e) + 4A1013(g) = Ni:\lgo‘(c) + BNiCl,(g) + 2A10C1¢)

Second Law Method

AH, at 1360 = 190,06 & £.04 K.cals. mole™ >
A9, at 1360 = 130,63 & 3.7 Cals. deg."} mole™'
AH, at 298 = 203,67 + 5.04 K.eals, mole™ >

Allp at 298 for A10C1(g) = -83.60 3 2,6 K.eals.mole™ '
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CHAPTER « 8§

STUDY OF THE REACTIONS OF NICKEL CHLORIDE WITH
(I) CERIUM SULPHIDE (Csta) AND

(IT) MOLTEN ALUMINTUM

B.1. In the previous chapters it has been shown how
the simple transpiration technique acts as a valuable aid
for the studies of equilibrium reactions involving unstable
gaseous molecules like NiCl and A10Cl. Tt is, therefore,
thought worthwhile to employ the above technique in the
studies of complicated reactions in which a number of
gaseous products are involved. The experimental work for

these reactions is deseribed in the present chapter.

SECTION s I

S8TUDY OF THE REACTION OF NiCl,(g) WITH 00283(3)

S.1.1. Sulphides of rare earths are highly refractory but
extremely sensitive to oxygen. These sulphides when heated
in air dissoeciate giving free sulphur and an oxysulphide.
Exeept for a few monosulphides almost nothing is known about
their thermodynamie properties at high temperatures.
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Senderoff !2::l0105 have prepared pure 99.2% cerium
ehloride by chlorinating sesquisulphide of cerium at

200°C. The advantage in this method is that no oxyehloride
is formed. Initially a few preliminary experiments were
carried out by heating equimolar mixtures of liCle and
60283 in an evacuated sealed quartz tube at a temperature
of 750°C. The products on analysis showed the presence

of nickel metal, ecerium trichloride and free sulphur. The

reaction may be represented as:

Cogla(s) + 3MICL,(s) = 3NL(s) + 2CeCly(l) + 12 8y(g) .. (1]

Experiments were carried out together with the identification
and analysis of the products to study the reaction mechanism.

§.1.2. Experimental

(A) Ma al

1. Nickel chloride - Pure anhydrous nickel

dichloride (purification discussed earlier) was used in this
study.

2, Cerium sesquisulphide - Cerium sesqui-

sulphide was prepared by sulphiding the oxide of cerium with
carbondisulphide. Pure dry nitrogen was used as a carrier
gas to transport carbon disulphide vapours to the hot zone
where they reacted with cerium oxide (AR quality supplied by
the Atomie Fnergy Establishment, Trombay,Bombay) kept at
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1ooo°c. The roactfon may be represented by the following

equation:

The sulphidation reaction was carried out for 2 hours to
get complete conversion of the oxide into sulphide. Details
of this method are given by Ya Markouski !E::lz}oe . The
produet obtained by this method contained some adsorbed free
sulpmar. In order to remove the free sulphur the sesqui-
sulphide was heated at 700°C in an atmosphere of argon for
about an hour, The argon gas was previously purified to
remove the traces of oxygen by the method given by Atchayya
23:2&.107. The sesquisulphide was analysed for cerium

(as ceria by the gravimetriec method) and sulphur (by fusion
with Na,0, in nickel crueible converting it to sulphate).
The analysis gave 74.3% cerium and °5.88¢ of sulphur
(required for CeyS,5 Ce = 74.45%, S = 25.56%).

(3) Argon - Argon was used as a carrier gas
and its purification has been deseribed in Chapter 3.

(B) Apparatus and Procedure

The experimental set up and the procedure were
similar to that deseribed in Chapter 3. The alumina boat
eontaining Ce,Sq was heated to the required temperature in
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the zone K, in an’argon atmosphere. When the temperature
in the two zones got stabilized, nieckel chloride was
introduced in the zone Ky and the experiment was started
taking the usual precautions to avoid contamination of the
carrier gas with air, The experiment was carried out for
a definite period of time and the heating of Nicl2 was
stopped thereby arresting the reaction. The system was
cooled in an argon atmosphere and the boats containing the
sesquisulphide and the nickel halide were pushed to a
chamber containing dry nitrogen gas and vere weighed.

5.2,3. IDENTIFICATION OF THE PRODUCTS

The residue in the boat was heated with concentrated
nitrie acid. The sulphide reacted with the acid with the
evolution of hydrogen sulphide. The solution was filtered
and the filtrate on analysis showed the presence of nickel
and cerium. The residue left on the paper was dried and
ignited. Sulphur dioxide vapours were observed while heating,
vhereas no residue was left in the erueible. Henee the

solid that produced sulphir dioxide must be the free sulshur.

The identification of the gaseous products was
made by condensing the outecoming gases on arair cooled silieca

sheath (eold finger). Free sulphur was found on the colder



parts of the reaction tube. Nickel metal globules were
observed on the radiation shields.

§.1.4. ANALYSIS OF THE PRODUCTS

The residue in the boat was weighed and heated
with o.eunno,. The sulphur from the unreacted cogsa
escaped as hydrogen sulphide. The solution was filtered.
The analysis of the residue and the filtrate was carried
out as given below:

Residue - The residue was washed with vater
and treated with 6N HNO, and the solution was warmed ti1l
complete dissolution ocecurred. Nickel in the solution
was estimated by dimethyl glyoxime.

Filtrate - The filtrate containing the cerium
chloride was made up to a ¥nown volume. An aliquot was
taken and chloride was determined by Volhard's method.

To another portion of the aliquot excess ammonium chloride
and ammonium hydroxide were added and the solution warmed.
The precinitated cerium hydroxide wvas filtered, dried,
ignited and weighed as ceria. The filtrate after separating
cerium hydroxide, was treated with dilute hydrochloric aeid.
This solution was treated with dimethyl glyoxime followed by
ammonia, In some experiments very small amount of nickel
wvas detected. This was determined and added to the niekel
value obtained from the analysis of the first residue.
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5.1.5. TREATMENT OF THE DATA « RESULTS AND DISCUSSION

Prom the amount of chloride, cerium trichloride
formed was calculated, Nickel dimethyl glyoxime complex
gave the amount of nickel obtained in the experiment,

These two when subgtracted from the final weight of the
residue left in the boat after the experiment gave the
amount of unreacted cerium sesquisulphide. The experimental
data and the analytically determined quantities of cerium
echloride, nickel metal and the reacted cerium sulphide are
tabulated in Table XIII. From the tabulated data it can be
seen that the cerium chloride obtained was almost equivalent
to the cerium sulphide reacted (1 mole of CepSq 3 2 moles of
CeCly)e  The amount of nickel metal deposited was about

3 to 4 times that of the sulphide consumed. Prom the above
experimentally determined quantities the following stoichio-

metrie reaction mey be eonsidered:

CopSa(s) + MiCly(g) = 2CeCly(1) + AMi(e) + 12 8p(e) ... f82)

Hovever, a few side reactions are also possible at
these temperatures and in view of the experimental evidence

they are discussed below:

(1) Deposits of nickel metal have been observed on the
radiation shields as well as on the eold finger. This may
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TABLE « YIII

EXPERIMENTAL RESULTS OF THE REACTION
oF c‘esa(') WITH N1c12(g)

Tomp.°K Flow rate

1394

1291

1324

1420

1326

1227

Liter/hr, ::::36 :2:206
noles mole:s
x 102 x 10°
4.42 0.4266  1.0620
4.76 0.6522  1.5450
5.44 2.,1700 2.1130
4,32 3.2150 3,7610
4,16 1.1800 3,1510
4.60 3.2730 2,880

CeClg Ni depo-

obtained sited in
moles gm,
x 103

2.1145 0.1903
3.0908 0.2644
4.2172 0.407386
6.896 0.,80828
6.2960 0.6460

5.7608 0,600886
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be due to the disproportionation »f gaseous nickel
monochloride formed according to the equation:

Ni(e) + NiCly(g) = 2NiC1(g) eee( 1]

(2) About 2€ lose in the quantity of cerium can
be attributed to the vaporization of cerium chloride

(0001’) at the reaction tolporaturoaloa
Ce013(1) — CQCI,(') 000[84]

(3) The solubility of metals in molten halides also
produce halides of lower valent .tatollog. The temperatures
at which the present reaction has been studied are quite
high and hence the reaction between nickel metal and molten

cerium chloride (CeCly) can be considered as follows:
Ni(e) + CeClg(l) = NiC1(g) + CeCly +.4(85)

The gaseous monovalent nickel chloride (NiC1) is
quite well known but the thermodynamie stability of the
lowver valent chloride of cerium (CeCly) has mot been known.
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SECTION s II

REACTION OF NICKEL CHLORIDE
WITH MOLTEN ALUMINIUM

8.2, INTRODUCTION

The reducing action of aluminium metal is known
sinee a long time. The well known Thermite or Goldschmidt
proecess for preparing metals and alloys is the exothermie
reaction caused by the reduction of an oxide by aluminium
metal according to the equation:

3Me0(e) + 241(1) = 3Me(1l) + Al 04(e) e+ [86]

Reactions of aluminium metal with ehlorino and
gaseous aluminium chloride are well known. The reduction
of the oxides of caleium, barium and strontium with molten
aluninium is deseribed by Zhukoutlkuno giving the
thermodynamies of the reduction processes. Review on
aluminium as a reducing agent in metallurgy is available
in the literature., The stepwise reduction of titanium
totrachloride to titanium metsl is deseribed by Balduinlll
in his studies on the reduction of metal halides with
molten aluminium:
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T4C14(8) + AL(1) = AlClg(g) + 3TiC1la(g) ... (87a)

TiCl,(g) + 2A1(1) = 2h1C1,(g) + 3M(s)  ...[87e]

The formation of AlClg(g) and titanium metal is having
negative free energy thereby indicating the ease of the
reaction but as the temperature inereases the formation of
TiClya(g) 1is more favoured as indicated by the free energy
changes. The solubilities of salts in molten metals are
given by Yosim and nuehsingo;oq . When a metal is lllov;d
to reaet with its halide, a gaseous subhalide is formed

(via. Al + AlC1g = 3A1C1§ Mn + MnCly = 2MnCly Ni + NiCl, =
2NiCl)e The aim of the present work is to study the reaction
of gaseous nickel chloride with molten aluminium metal at high
temperatures,

Palduin’!l 4n nis studies on the reduction of metal
chlorides to metals with aluminium has ealculated the free

energies per atom of chlorine for the reactions 88 and 89:

FiCly(g) + 2A1(1) = 241C1(g) + Nile)  ...[88]
3N1Cl,(g) + 2A1(1) = 2A1C14(g) + 3Ni(e) ...[89)

A fev other reactions (reactions 90, 91 and 92) are
possible in this system. Their feasibilities and thermo-
dynamiec properties are discussed in the present work:
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N1C1y(g) + AL(1) = ALCL,(g) + Nile) eee[90]
NiCl,(g) + AL(1) = ALCL(g) = Nicl(g) ees01]

2NiCly(g) » 241(1) = 2A1C1(g) + Ni(e) + 1/2 Cl,
+ nici(g) ...[97]

The free energies represented in the Table XITI
suggest that the reactions 88 and 89 are equally feasible
as these values (i.e. free energy values) per gram atom
of chlorine of the reducedchloride are almost the same.
Chai 35351:}12 have ecarried out the reaction of Al with
A1C14(g) at 800-1000°K and ealculated the thermodynamie

quantities for the reaction 93 and 94:

2A1C14(g) + AL(1) = 3A1C1,(g) vee 93]

However, at temperatures above 1000°K, AlCly(g) 1s not a
major speciess The values calculated by Irnl.nn3 show
that AlCl,(g) 1s relatively less stable as compared to
A1C1(g) at high temperatures, Hence, in this study the
reaction 90 is rejected.
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B.2.1. Experimental

(A) Materials

1. Nickel dichloride . Pure anhydrous
nickel dichloride (method and ourification deseribed in

Chapter 3, Section I - Sublimation of NiCly) was used in
these studies.

2, Aluminium metal -« Aluminium wire
having a purity of 99.93‘ (BDH AR grade) was melted in

argon atmosphere to expel the dissolved gases and the

resulting ingot was cut into chips of suitable sizes.
These chips were degreased and used in the study. The
spectrographiec analysis showed that the metal contains
trace impurities (200 ppm. of Fe, Cu and 81i),

3., Argon - Purified argon was used as

a carrier gas. The details of nurification are discussed

earlier.

(B) Apparatus and Procedure

The experimental set up was similar to that
deseribed in the previous seetion. The refractory boat
containing aluminium metal was positioned in zone Ko(Pig.IX
Chapter IIT) and heated in the reaction temperature in a slow
current of argon gas. When the temperature in the system



a5

reached the dosirod'vnluo and got -tabilizod/;ho boat
containing NiCl, was introduced in zone K,. Usual
precautions were taken to avoid contamination of the
ecarrier gas with air while introducing and removing the
boat from the system. The rate of argon was brought to
the desired value (equilibrium flow rate) and the
experiment was started. After running the experiment
for a definite period of time the heating of N1012 was
stopped and the system was allowed to eool in argon

atmosphere.

5.2.2. ATTACK OF AlCl(g) ON THE
CONTAINER MATERIAL AND ON THE BOAT

In a few preliminary experiments it was observed
that the refractory boat (weight about 10 gm.) inereased
in weight at the end of an experimental run of 2 hours.
After each succeeding run the inecrease in weight progressively
reduced. The boat showed almost negligidble inerease in
weight after a total period of 18 to 20 hours. Blank
experiments were carried out with NiCly without Al and vice
versa, These runs showed no appreciable inerease in weight
of the boat. In addition to the attack on the boat, the
inner surface of the reaction tube got covered with a thin

layer of black refractory material, To ensure complete
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passivation of the iinor surface of the tube and the

boat, a series of experiments were carried out by placing

& number of boats containing the metal throughout the
length of the tube. Consistent results were obtained only
after the two surfaces were passivated satisfactorily.

A small amount of black shining product as a
result of this attack was collected. The material showed
no loss in weight even after heating for several hours at
1600°K. Speetrographic analysis showed the presence of
silicon, iron, aluminium and nickel. As a result of this
corrosive attack, the breakage of boats and tube was heavy.
Only after the boat was passivated completely, the reaction

was carried out.

To establish the reaction scheme the experiments

were carried out at different temperatures.

5.2.,3. IDENTIFICATION OF THE PRODUCTS

The residue left in the boat after the experiment
revealed the presence of nickel and aluminium metals on
analysis. The gaseous products formed in the reaction were
carried off by argon gas and were collected im a eold trap.
The substance collected in the receiver was found to be
AlClge On the colder parts of the reaction tube, aluminium
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metal globules were found. These may be due to the
disproportionation of A1Cl(g) to Al and AlClgt

3A1C1(g) = 241(1) + A1Cl4(g)

In a few experiments the thermocouple sheath
was replaced by a siliea cold finger (kept at 500 to 600°C).
After the experiment the cold finger together with the
condensed products when subjected to vacuum treatment (2 to
6 mm. of Hg), the chlorides of nickel and aluminium sublimed
off leaving aluminium and nickel metal globules, Formation
of nickel and aluminium may be due to the dispronortionation
of NiCl and AlCl1 respectively.

A eareful examination of the outeoming gases
revealed chlorine as it gave a positive test with a starch
iodide paper, Taking into account the produets formed viz.
nickel as a solid and the rest NiCl, A1C1 and Cly, as gases,
the reactions 89 and 91 can be disearded. Therefore the

reactions 88 and 92 are considered,

5.2.6, ANALYSIS OF THE PRODUCTS

The residue in the hoat was treated with GNHﬂoa
and warmed. When both the metals got dissolved, the
solution was made up to a ¥nown volume. An aliquot of this

was treated with excess HR4C1 and NQ‘OH to preecipitate
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aluminium as hydroxide. After filtering, the precipitate
wvas dried, ignited and weighed as A12°3' Nickel in the
filtrate was estimated by dimethyl glyoxime. From the
amount of aluminium left in the boat, the amount of the

metal reacted was caleulated.

5.2.5. TREATMENT OF THE DATA

Experiments were carried out within the temperature
range 1290-1418°K.

The results are tabulated in Table XV, From this
data, it can be seen that the amount of nickel metal
deposited is about half that of the aluminium metal reacted.
This suggests two feasible reactions 88 and 92,

In addition to A1C1(g) nickel metal (deposited on
the radiation shield), A1Cly(g) and chlorine are also
observed in the products. The presence of these several
products can be explained on the basis of the side reactions

as follows:

(1) The amount of aluminium metal deposited on the
cold finger suggests that Al1C1(g) is the major gaseous
product. Aluminium trichloride collected in the receiver

may be due to the disproportionation of the AlCl molecule as
deseribed earlier,



TABLE « XV
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EXPERIMENTAL RESULTS OF THE REACTION OF
MOLTEN ALUMINIUM WITH NiCly

Temp.®X Flow rate  NiCl, Al reacted_  Ni deposited

Liters/hr. opassed moles x 107 in grams

moles

x 102
1418 £5.86 0.,9913 0.9003 0,2662
1290 4.74 1.9810 0.8268 0.,2466
1362 5.22 0,.6583 0.5661 0.1722
1360 4,78 0.8803 0.6367 0.1968
1304 6,10 1.8984 0.9432 0.2976
1390 4.48 1.4254 1.1993 0.3136
1382 4.82 0.9430 0.,7221 0.2182
1360 6.00 0.5627 0.1204 0.0388
1401 4,74 0.4569 0.1276 0,0362
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2. The presence of nickel metal on the radiation
shield indiecates that Nicl(g) is also formed in the
reaction giving nickel metal due to its disproportionation.

3. The chlorine produced in the reaction (equation

No. 92) ecan react again with aluminium metal forming the
aluminium halide.

ceed)leee
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SUMMARY

The high temperature chemical reactions
involving lli-NiClg, MO-AIC]., equilibria, as well as
the reactions NiCly ~ CeySqy NiCly « Al have been
carried out employing the transpiration technique.

(1) Sublimation of NiCl,

The sublimation pressures of nickel dichloride
vere determined over the temperature range 1030 and 1116°%x.
The experimental data gave a value of 59,33 % 2,2 Keals.

1

mole ~y for the heat of sublimation by the seecond law

methods From the available thermal funetions and the data
obtained experimentally, the third law heat was found to
be 58.52 + 0.45 Keals. mole™r,

(2) Fquilibrium reaction Ni(e) + NiCly(g) = 2N1C1(g)

Equilibrium constants were determined between the
temperatures 1242 and 1208% for the reaction, Assuming the
Cp Values of CuCl(g) for NiCl(g), the second law heat of
reaction was caleulated at 298°K from the value obtained at
the mean temperature of 1320°K (Ax,I = 87.27 % 3.1 Keals.

320

nolo'l, Allpoog = 91,04 £ 3.1 Keals. molel), Due to the
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non-availability of thermal data for NiCl(g) at different
temperatures the third law heat could not be calculated.
The derived heat of formation for NiCl(g) at 208°K is
38,68 # 1.5 Keals, mole > and is in good agreement with
that reported in the literature. The entropy at 1320°K
for the reaction has been ealculated and it has the value
49,86 * 7.5 cals. deg.”) mole"l. The entropy of NiC1(g)
ealculated from this at 1320°K 1s 81.70 + 3.7 cals. deg. t
mole™, There is & little difference between this value
and the value ealculated (77.2 eals. deg.”> mole™ ) by

assuming NiC1l(g) as per Brewer's Model.

(3) Reaction of uua(g) with Nio(e)

The reaction was carried out between the

temperature range 1269° and 1446°K. The heat of reaction

Axfiaoo = 190,06 * 5.04 Keal.,/mole.) was obtained at the
mean temperature of 1360°X. As the heat content and entropy
differences at various temperatures for NiAl,0,(e) were mot
available, the ecalculations were restricted to second law
only, The heat of reaction at 298°K (AR, o= 202.67 2
5.04 K.oals. mole™l) vas caleulated from that 1360°K by
assuming the heat capaeity of NiAl,0, (¢) to be the sum of
the heat capaecities of Ni0(e) and Algoa(e) at the required
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v

temperatures. The heat of formation of A10C1(g) at
208°K (atp = -83.59 % 2.5 Keals. mole™l) was caleulated
from the h;at of reaction. This value compares well with
that reported in the literature (Aa,m = .82 ¢ 5 Keals,

nolo'l) "

(4) Reaction of Ce,S, With NiCl,

The reaction was ecarried out between the temperatures
1227 and 1394°K. Prom the analysis of the products and the

weight loss data the reaction stoichiometry is given as:

Fven after considering the side reaction of nickel with nickel
chloride and the vaporization of CeCly at these temperatures,
it was difficult to draw satisfactory conclusion from the
experimental results. This may be due to the inherent
complicated nature of the system and due to the reaction of
nickel metal with molten cerium chloride. Hence, the results
have been employed in the study of the reaction stoichiometry.

(8) Reaction of NiCly, with molten aluminium

The reaction was studied between the temperatures
1227° and 1418°X, The experimental results suggest that the
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predominant reaction is

mc12(g) + 2A1(1) = 2a1C1(g) + Ni(e).

The formation of AlCla(g) and WiCl(g) was
explained on the basis of the side reactions. Due to
the highly corrosive nature of gaseous Al1Cl molecule and
the various side resctions, the system gets complicated,
In view of this the results have been utilised to
understand the nature of the reaction.

a0 0nee
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