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SCOPE OF THE THESIS

Study of chemieal transport reactions is

important for understanding

(A) the formation of subhalides with the same or
different metals,

(B) the formation of spinels and oxyhalides when
they (metal-halides) react with metallic
oxides, and

(c) the thermodynamic properties of the species
involved.

The present work aims at the study of the reactions
at high temperatures involving subhalide and oxyhalide species
such as MnCl(g) and A10C1(g) respectively employing the

transpiration technique.

No experimental data is availszble in the literature
for the heat of formation of MnCl(g). Nevertheless one can
calculate it from the dissociation energy of MnCl(g) molecule
given by Herzberg and Gaydon. The values for AHr thus
obtained are 19,84 Keal.(Herzberg), 26,74 * 23 Kecal.(Gaydon)
and 10.37 (Bulewicz). It is evident from these values that
there is considerable discrepancy and hence it was thought

worthwhile to ecarry out the present work.
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8o0lid Al10C1l has been reported by Schifer et.al. in
their study of the interaction of aluminium chloride with
metallic oxides. Fischer found A10C1l(g) as one of the
products of the reaction of alumina with chlorine at 1250°C.
The existence of gaseous A10Cl at 2400°K has been reported by
Greenbaum et.al. who claim to be the first to determine its
heat of formation experimentally using the molecular effusion
method in the study of the reaction

1 1
-3'A1203(1) + §A1013(g) = Al0C1(g)

Apart from these few references in the literature,
thermodynamie studies on A10C1(g) have not been reported.
Therefore, in the present work, an attempt has been made to
study experimentally, by means of the transpiration technique,
the reactions of some metal oxides with AlCla, A10C1(g) being

one of the products of the resction.

The studies comprise the following:

(I) Reactions of metal with halide

(a) Equilibrium study of the reaction
Mn(e) + MnCl,(g) — 2MnCl(g)

has been carried out at high temperatures to determine the

heat of reaction, entropy of reaction and the heat of form= tion
of MnCl(g). The experimental work is deseribed in Seetion 2,
Chapter II.
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(b) Study of the reaction
2Mn(ec) + AlCla(s) = MnClz(g) + MnCl(g) + A1(1)

has enabled us to determine the heat and entropy of reaction
and the heat of formation of MnCl(g). The results of this
work are included in Section 3, Chapter II.

(I1) Reaction of metal oxides with halide

Reaction of /1Cla(g) with oxides of manganese,
cobalt and iron have been studied at high temperatures. The

reactions can be represented as follows:

1
Mna0,(c) + 3.65A1C14(g) = 3#1,05(c) + 2.5410C1(g) + 3MnCl,(g)
+ Clg(g)

6Co0(c) + 4A1C1,4(g) = Cotl,0,(e) + 2A10C1(g) + 6CoCl,(g)

2Fey0q5(c) + 5A1CL4(g) = Aly0q(c) + 3A10C1(g) + 4FeCl,(g)
The experimental results are recorded in Sections 1, 2 and 3,
Chapter III respectively. The data obtained was employed to

calculate heat and entropy of reactions and the heat of

formation of A10C1l(g).

~==000==~
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INTRODUCTION

1l.1. SECTION -

1.1.1. GENERAL

High temperature chemistry is derinedl as the
chemistry of systems at sufficiently high temperatures so
that the oxidation states, compounds and general chemiecal
behaviour differ appreciably from those at room temperatures.
During the past two decades, there has been a broad development
of methods for measuring and attaining high temperatures, for
studying the kineties of high temperature reactions, for the
determination of structural paremeters of high temperature
species, and for practical high temperature syntheses. High
temperatures can be produced by several methods, viz. electrical
resistance, flames, arcs and discharges, plasma jets, shock
waves, etc. Extremely high temperatures (of the order of 106
to 108 %K) are produced by atomic fission and nuclear fusion.
Employing chemical reactionsz, temperatures upto 6000°K can be
obtained. The concentration of species with highly endothermic
heats of formation will show rapid increase with rising
tempersture. Thus unstable molecules with little probability
of forming at low temperatures, may become significant at high
temperatures. Mass spectrography and opticasl spectra have

given spectacular results in identifying the gaseous species at



high temperatures. Some of the important radicals
ldentified are: (CHy)oN, CS, CCl,, CS,, AlCl, ALF, BeCl,
BeF, (BOCl)y, BeCy, LaCy, CapCy, BeOH, S1(OH),, 11,0, Al0,
2Zr0, By0y, 810, Al,C,, Cp, C,y T10, MgF, SrF, CaH, CO, CN,
OH, 0, H, N, NHy, CF, MnCl, NiCl and CF,. Because such
unusual species are often observed and because reaction

rates are also fast, Snrcya

has suggested some deseriptive
laws of high temperature chemistry. At high temperatures,
everything reacts with everything else, and the higher the

temperature the more seriously everything reacts with

everything else.

l.1.2. IMPORTANT HIGH TEMPARATURE REACTIONS

The significance of high temperatures 1is apparent
when considered in terms of the second law of thermodynamiecs,
in which the role of discrete particles and quanta in the
conversion of energy from one form to another is examined.
One of the most noteworthy achievements is the successful
laboratory conversion of graphite and hydrocarbons to diamond
by application of high temperature and high pressure. High
temperatures play an important role in new chemical syntheses
for mica, garnet and hornblende. Some of the important
commercial high temperature thermal energy applications are

in the following:
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A) Calcium carbide production.
B) Silicon carbide production.
C) Boron carbide nroduction.
D) Graphite production.
E) Aluminium production.

F) Magnesium production.
G) Petroleum processing.

The efficiencies of these processes in many cases will be

higher if they are operated at still higher temperatures.

High temperature reactions are of importance in

hydrothermal synthessis""'8 and in geological processesg.

1.1.3. CHEMICAL TRANSPORT REACTIONS

Possibilities for the production of new and unusual
materials depend directly on the existence of unusual speecies
which can act as intermediates at high temperatures. There

are two ways of obtaining such important intermediates.

(A) By directly heating the compounds and elements
to higher and higher temperatures until they give unusual
gaseous specles with different oxidation states €eB. A120,

Zr0, T10, Cg, Cgy CN, BagO, Bay0,, Bed, B,0,, etec.
2 Cg 2 2

(B) By condensed phase or solid-1iquid interzctions
€.g+ metal-metal halide, metal halide-metal oxide, in which
the specles are MnCl, NicCl, A1Cl, A10Cl, AlF, Al,0, BeCl,

BF, etc.



Definition of chemical transport

Chemical transport reactions are those in which
a solid or liquid substance\élreacts with a gas to form
exclusively vapour phase reaction products, which, in turn,
undergo the reverse reaction at a different place in the
system, resulting in the reformation of A\  Substance A,
however, does not possess any appreciable vapour pressure
at the applied temperatures. The substance is transported
chemically e.g. when manganese chloride vapour is passed
over metallie manganese, the equilibrium approached in the

hot zone is
Mn(e) + ¥nCly(g) —— 2MnCl(g) sooll)

and reverts on cooling to manganese and its normal halide.

However, solid and liquid interactions can also give unstable

vapour phase compounds e.g. A120(x)10
AlyOg(e) + 51(1) = $105(e) + Al50(g) eee(2)
Sehiferl named this type of heterogeneous resctions as

chemical transport reactions.

l.1.4. IMPOATANCE AND APPLICATIONS

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



solid state reactions and in metallurgy to produce and
refine metals and in the preparation of alloys, syntheses

of new compounds, etc.

By means of transport experiments one can prove
whether or not suspected gaseous compounds actually exist.
Furthermore, the unexpected transport of a substance can
give indications of the existence of new compounds.
Transport phenomena gave the first indications of the
existence of aluminium(I) halides, silicon(II) halides
and beryllium(I) hydroxide.

(A) In solid state reactions

Reactions between the starting solid materials
can be enhanced when solid substances are joined together
by a 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

12

evolved as a reaction promoter™ ’, viz. the reaction between

caleium and stannic oxides proceeds very rapidly when

reducing sgents such as H?, CO and C are added13’14.
2Ca0(e) + Snoz(c) = Ca28n04(c) eee(3)
gro(e) + Sn02(c) = SrSnOa(c) eee(4)

In this system, the starting material need not be in contact

with each otherla’ls, since Sn0, will be transported to the



alkaline earth oxide via gaseous Sn0

Sn0y(e) + CO(g) Sn0(g) + CO,(g) «ee(8)

1]

SnOz(c) + Hz(g) Sn0(g) + H20(g) cees(B)

(B) One of the most importsnt recent chemical
transport reactions is the formation of asluminium carbide

by the action of aluminium monoechloride on carbonl6

2A1(1) + A1013(g) = 3A1C1(g) eee(7)

6A1C1(g) + 3C(e) = AlyCq + 2AlCla(8) eee(8)

Hoinls has not only prepared A14c3 at temperatures 900-1300°¢
by the above method, but also obtained it 956.8% pure.

(C) Chemical transport reactions are also useful
18 19

y MgAlo0, ™
etc. The formation of cobalt aluminate (CoA1204) through

17
in preparing spinels viz. NiCrZO4 ’ MgCr204

aluminium trichloride and cobalt oxide has been deseribed
in this thesis (Chapter III, Seetion 2).

(D) Mond-Longer process

This process utilises the reversibility of the

reaction

Ni + 4C0 = Ni(CO)4(8) eee(2)

for the preparation of pure nickelzo. Finely powdered

crude nickel is treated with carbon monoxide at 45 to 50°C.



The nickel carbonyl later decomposes to pure granular nickel.

(E) The iodide method develoned by Van Arke12l
is very useful for the purificstion of metals. In this
the crude metal is vapourized as iodide and is decomposed on

a hot wire22

Zr(C) + 2I,(g) = Zrl,(g) ee0(10)

ZrI4(z) = 2Zr(ec) + 4I(g) ees(10a)

(F) Under suitable conditions metals like iridium®>,
platinum24 and silver25 can be removed and pure crystals can

be grown by transporting them through 2 stream of oxygen.

Ir(C) + 3/2 02(8) = Iroa(‘) eee(ll)
Pt(e) + 05(g) = Pto,(g) <0 (12)
Ag(e) + 1/2 0,(g) = AgO(g) ees(13)

It is also possible to transport ruthenium,

rhodium and palladiumzs'28 in chlorine atmosphere.

l.1.5. ADVANTAGES OF TRANSPORT KEACTIONS

(A) In the presence of a transporting gas phase,

reactions may be carried out at considerably low temperatures
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viz. direct combination of sluminium and carbon gives
aluminium carbide only at 1700-1800°C, but the formation
of carbide takes place at much lower temperatures (900-

1300°¢) according to equation 8.

(B) Solid starting materials can be made to
react even when they are not in contact. Consequently,
it is not necessary to use stoilchiometric primary mixtures.
Quantitative analysis of the reaction products provides
information which may lead to the elucidsation of the

reaction mechanism.

(C) Experimental procedures csn be varied so
that starting materials in the form of a powdered mixture
can be used and the constituent in excess can be removed
by a transport reaction after the conversion is completed.
Thus the technique will be simple and the products will
have high purity.

(D) The components of the reaction need not

be mixed since one of them ecan be transportedla’ls.
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SLCTION - 2

1.2, THERMODYNAMIC CONSIDERATIONS

l.2.1. THERMODYNAMIC STUDY

The main purpose of chemical thermodynamiesis to
predict chemical equilibria from the thermal data. The
behaviour of chemical systems at high temperatures requires
a detailed knowledge of thermodynamic properties of all
solids, liqulids and gases involved. Thus the application
of thermodynamie methods to systems at high temperatures
requires (i) identifiecation of all species and phases present,
(11i) determination of erystal structures, molecular geometry
and vibrational, rotational and electronic energy levels,
(111) determination of heats of formation, and (iv) measurement
of equilibrium constants and heat capacities over wlde ranges
of temperature and pressure. From such data one can then
compute the eqiilibrium concentrations of species present at
any temperature and decide on the feasibility of a given

reaction.

Thermodynamic study of high temperature reactions
is based on the measurement of the equilibrium pressures of
the reaction. The study of vapanizatian process helps to
establish the nature and energeties of chemical binding in

the gaseous state.



13

61110329 has rightly emphasised the importance of
the following points in the study of high temperature chemical

reactions.

(A) The net resction is to be established.

(B) The gaseous species are to be identified.
(C) The vapour pressure is to be measured.
(D) The kinetics may be studied.

(E) Finally, the detailed mechanism of the
reaction is to be established.

l.2.2. EgﬂEﬁALIZATIONS USLFUL IN HIGH TEMPSRATURE REACTIONS

The following three generalizations are helpful in
predicting the gaseous products of an equilibrium reaction
at high temperature. The first two are given by Brewerao
and the third by Scureyal’se.

(1) The higher the temperature of a vapour, liguid
or vapour-liquid equilibrium mixture, the more nearly equal

will be the partial pressures of various vapour species.

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

consumed in the reaction.

(3) All equilibrium resctions that yield products
when the temperature is increased must be endothermic and must
oceur with an increase in entropy. This is known as the

prineiple of successive entropy states.
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l.2,3. METHODS FOR THE STUDY OF EQUILIBRIUM OF A REACTION

Experimental techniques for measuring the equilibrium

vapour pressures directly and indirectly are described in detail

36 8

by Margrayeaa'34, Nesmeyanov and Cooper and Stranka3 .

Vapour pressure - Its definition and usefulness

The vapour pressure of a substance is defined as the
pressure of vapour in equilibrium with its condensed phase at a
given temperature. The temperature variation of vapour pressure
enables the heats of vapourization and sublimation to be
evaluated. These heats are essential in calculating heats of
formation, reaction and bond dissocisation.

Vapour pressures by static or direct measurements

In the static methods, equilibrium pressures are
measured in a closed vessel with the aid of measuring instruments
such as mercury, ionization, spiral membranee or other type of
manometers (direct method) or by measuring the quantity of the
substance in a known volume (indirect method). Vapour density
methods, sickle gauges, dew point method and boiling point method,
are a few of the techniques for measuring vapour pressures
directly. But in equilibrium reactions of the type
Mn(ec) + MnCl,(g)==2MnCl(g) it is difficult to determine the
vapour pressures by these methods due to the reactivity of the

outgoing gases.

Indirect measurement of vapour pressures

A simple, very useful method is the flow or

transpiration method for the determination of vapour pressures



greater than 10-3

than 10™°

atms. For measuring the pressures less
atms. Langmiir free evaporation, Xnudsen effusion,
torsion effusion, molecular flow effusion, optical spectro-
scopy, isotoplc exchange and mass spectrometry are very

useful.

Langmiir free evaporation -/~ 29

This method is based on the determination of the
rate of evaporation of the sample from an open surface in a
vacuum. The vapour and the condensed phase are in dynamic
equilibrium. 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.

Knudsen effusion method

The method is based on the kinetie theory of gases
by which the molecular flow at a boundary can be calculated
for a gas at equilibrium. In this technique the vapour of
a single species in equilibrium with its condensed phase is
allowed to flow from an isothermal container through a small

thin edged orifice into an evacusted space.

The vapour pressure 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
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dw/dt,. the orifice area Ao and the usual natural constants

of kinetiec theory, Thus for the steady state effusion

1 aw S
P= — J2rKI/m oo (14)
Ao  dt

Though a large number of thermodynamic dsta at
high temperatures has been obtained by this method, many of
1ts aspects viz. the correction to be applied to the shape
of the erucible and the effusion hole, the effect of the
location 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 literatur029’40°43.
Apart from the above points, the method has only a limited
scope for the study of equilibrium pressures of a reaection

involving corrosive species because of the following reasons.

(A) Any reaction of the species with the cell

material changes the size of the orifice.

(B) The transporting agent has to be separately
vapourized and the control of such a pressure is often

difficult in the cell.

The Torsion effusion method

In this method the sample is placed in an effusion
cell suspended by a fiber. The cell contains two holes at

opposite sides displaced in opposite direetions from the centre.



The vapour effusing 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
in the direct determination of the molecular weight of the

and3r44

effusing species. Searcy and Freem have used this

technique to study a number of organic and inorganic systems.

Molecular flow effusion method

The molecular flow effusion method has been
developed and worked during recent years by De Marcus45,
Whitman(1953)%€, Modzfeldt(1955)47, Balson(1961)*® and
Farber(1962-66)%°,  This method involves an impinging gas
at the temperature of the reaction striking the reacting
material at pressures allowing molecular flow. The concen-
tration of the molecular constituents is determined by the

equilibrium constant, employing the Knudsen equation

n = p/(277mkt)1/2 ..o (16)

n = number of moles striking the surface.

Optical spectroscopy

None of the experimental methods described above
enables us to determine the structure and thermodynamiec

properties of the gases produced in vapourization reactions.

Tl yl



Optical spectroscopy makes possible the determination of
molecular configurations and electronic, vibrational and
rotational energy levels. Thus spectroscopy provides the
data for computetion of thermodynamic properties by
statistical mechanical methods.

Isotopic exchange methodso'52

The principle of the method requires measurement
of the rate of isotopic exchange between two samples of the
substance under study. The two samples chemically identical
but different in isotopic composition are placed in vacuum
side by side at constant temperature. The atoms that
escape from the surface of one sample fall on the surface
of the other sample and vice versa. Thus a continuous
exchange of atoms occurs between the two surfaces. It is
assumed that all the atoms which strike the surface of the

samples condense.

The change in specifiec activity due to the changes
in the isotopie composition of the substance depends on the
rate of evaporation(n ), on the rate of self diffusion which
is deseribed by the coefficient of self diffusion (D), on
time (t) and on the specific activity of the surface of the
opposite sample (“1 or g respectively).
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Thus py = f (uyy ny Dy t)p = Constant eee(18)

Hg = £ (i, n,y Dy t)p = Constant eee(17)

where I is the temperature.

Solving this system of equations for n, makes it
possible to determine the pressure of the saturated vapour

as 1y and g change with time at constant temperature.

Mass spectrometric method

This method which has been very useful to determine
the composition of the gas phase consists of the ionization of
the vapour of substances by means of electrons and identific=ation

of the ions formed.

Chupka and Inghram53'55 constructed a mass spectro-
meter, one of the specialities of which is the use of a well
focussed molecular beam which passes through an ionization
chamber. In this apparatus, the vapour of the sample being
studied cannot react with the material of the walls of the
ionization chamber or with the material that serves as a
source of electrons. The increased sensitivity of the
apparatus makes it possible to use ionizing electrons with
an energy of only a few electron volts. This reduces the

possibility of disrupting the molecules.
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This method has been widely used for studying

the composition of vapours and for determining the partial

6 57,58
9

pressures of many substances such as carbon5 y Silver

germaniumsg and othersso“sg.

1.2.4. FLOW, TRANSPIRATION OR TRANSPORTATION METHOD

The most important method for measuring vapour
pressures greater than 10'3 atms. is the flow or transpiration
method first used by Regnaultsa and Vonwartenbergs4.

Excellent reviews by Kubaschewski and EVanscs, Margravcaa,

6 ena Schﬁferll, are available in the

Richardson and Alocock6
literature giving applications of the method and the
descriptions 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 vapodrization of the samp@l,
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 conditions to be established. The gas
is collected at some point downstream from the sample and
is analyzed to determine the vapour and dissoeistion pressures

of components in the sample.

In the vapour-condensed phase equilibria, the
solid or liquid (which will have no apprecisble vapour
pressure at that temperature) can be transported by the
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formation of gaseous products of the reaction. In the

following case the transport medium is the vapour B

a A(s or 1) + b B(g) = cC(g) eee(18)

Thus the transport of the solid substance presupposes the
motion of a gase 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 vapourized at the beginning of the
experiment. B(g) is then passed over solid A, transports it
eand at the end of the reaction 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
gasedus 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 products of the reaction.

By Dalton's law the partial pressure of each
component P1 is proportional to the number of moles ny of the

gas. Thus for an inert gas flow 'f' and vapour species

P P

=0
Pp P*Pr n*nr

vee(19)

where n can be determined from the loss of weight of a sample,
from the amount of solid deposited on the cold finger or by
the analysis of the products collected in a cold trap in the
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flow system. If the molecular weight of the vapour
specles is known or assumed, ne is known from the flow
rate calibration experiments, PT the pressure at which the

system is in equilibrium, P can be determined.

Importance of equilibrium
in transport study

The success of the flow method depends on the
attainment of equilibrium. In this connection, the
following points are to be considered:

(1) 211 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.

(2) The pressure of the equlilibrium zone must be the
same as that of the entire flow system. Temperature and
pressure gradient ceuses the reverse reaction to occur i.e.

the reformation of solid reactants.

(3) The reaction zone must attain equilibrium and
remain undisturbed during the transport period.

(4) In order to maintain the equilibrium, the carrier
gas must be pure and dry. For e.g. in Mn-MnC12 system, if

the carrier gas contains appreciable amounts of 02, air or



water vapour, they will react with Mn or MnCly with the
formation of oxides, thus hindering the reaction and giving

much lower transport of manganese.

(8) The activity of the solid or liquid phase must

remain constant throughout the reaction.
(6) Flow rate should be measured accurately.

(7) 8ide reactions between sample and container or
flow gas or product, with the reaction tube should be
avoided. Very few refractory materials are useful for

molten metals.

For equilibrium measurements, it 1s 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. If extensive contamination or reaction occurs, the
materials should be brought to equilibrium with the liquid
metal or reactive specles, 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.

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 faector in achieving equilibrium. The
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equilibrium flow rate is different for every system and
also dependent on the construction of the apparatus. For
tubes of 1 to 2.5 em. in diameter which were used in the
present study, gas flows from 2-10 litres per hour (2o°c,
1 atm.) have usually proved to be satisfactory.

High flow rates csn be used if the chemical
reaction attains equilibrium rapidly. In the high
temperature system in which equilibrium is not rapidly
attained, diffusion rather than a chemical reaction is
usually the rate determining step. Such 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. If the carrier gas
veloeity is too low, sample may be transported due to the
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 unsatursted flow gas 1s 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 transported per unit volume of flow gas remains
constant. Thus 2 plot of (nv/nc) (mass of the sample

transported per unit volume) vs ne should approach a plateau



oo
4
.\1.1

region for ne values where saturation is complete. For
unsaturated flow this plot will not level off, This has
been discussed by Lapore and Van wazer67. 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, the amount of vapour transported per unit time
varies with the flow rate of gas mixtureS®, However, it
can be shown that at suffieciently high flow rates, diffusion
effects become negligible. Diffusion occurs when rate of

flow is too slow and the apparent pressures will be too high.

Mertensa’26 has derived the equation
o /
m  RT % , vtﬂ
p = —— —— 1 - X | & aume 000(20)
t M| P 1" 5x)
b L J

in which P is the pressure, R, T, M are gas constant,
temperature og and molecular weight of the species
respectively. m/t is the mass transported per unit time,
'1' is the length of the capillary, 'D' is the diffusion
eoefficient of the vepour and 'A' is the cross sectional area
of the capillary. For large values of V (the volume of flow
gas) the diffusion effects are important and the pressure

assumes the normal value

P= (m/t.V)(R T/M) «.e(21)

He has also pointed out that the equation may be used to



obtain not only the pressure but also diffusion coefficient
in favourable cases. Ackerman g&;g;fg have confirmed the
validity of this equation. Aeccording to Mortonss’zs,
reliable pressures can be calculated if experimental
determinations are available at two significantly different

flow rates for which saturation has been reached.

Advantages of transport me thod

The significance of this technique is brought out
in the case of silicon transport in the reaction of Si with
51c1,7°"72, By using the flow method Schafer O has
transported considerable amount of SiC12 to a cold zone
without disproportionation; at lower temperatures it has
reacked with S51Cl, to form S15Clg, S1,C1g7° ete.  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 monochloride73.

Disadvantages of the transpiration method

(1) The number of moles vapoMrizing cannot be

known unless the molecular weight of the vapour is known.

(2) The difficult situation in this technique is
to follow individual species in a heterogeneous system where

the products of the reaction are more than one gaseous species.



E\'\
-~

Thus the study of reaction involved in the overall process
becomes difficult. But improvements in the arrangements
leading to quantitative collection of the products, depositing
the condensate on the cold finger, quenching methods and
improved analytical technigues may help to solve the problem.

l1.2.5. THERMODYNAMICS AS APPLIED TO
EQUILIBRIUM REACTIONS BY TRANSPIRATION

Determination of the vapour pressures of the
various components in the flow method in
solid-gas reactions

The amount of solid substance transported by a gas
stream in a definite time can be known by determining the loss
or gain in the weight of the sample due to the disproportionated
solid in a cold trap. The amount of the transporting agent
passed and the volume of carrier gas passed can also be known.
Then by assuming that ideal law holds good in the equilibrium

zone, the pressures can be estimated using the equation

P= IRT/VT 000(22)

Since Vp 1s related to the initlal flow gas Vr, at room

temperature T,, the equation becomes

P=1 nﬁTr/Vr 000(23)
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The pressure of the various components in the resction

(equation 18) can thus be calculated as follows

na RT’

¢ Cc
p, &= ———— © -
Cc » a Vr Q& a M vr 000(24)
b RT
& iae r
Py unreacted (nn 2 “A> = «ee(26)
r
b AW\ RT,
Qﬁ <nB - :-i "'v'— 000(26)
r
The equilibrium constant K = Pg/pg eee(263)

The equilibrium constant

The state of equilibrium of any process occurring
at constant temperature and pressure cszn be defined by the

equation

AF = 0 000(27)

i.e. the free energy remains unchanged in any infinitesimal
process occurring at constant temperature and pressure.
Therefore, in a case of chemical equilibrium, it is important
to acquire the information regarding the free energy change in
the reaction. Thus for an equilibrium reaction of the type
(18) the

AF°=-RT In K 000(28)
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1.2.6. TREATMENT OF THE EQUILIBRIUM DATA

Experimental equilibrium data have been utilized
to obtain standard enthalpy of reaction. Two methods have
been used; one called the Second Law Method and the other
Third Law Method.

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
d(é:o) = f;; 4T = AR® 4 % «es(29)
Substituting equation 28 for FO in equation 29, one obtains
the Vant Hoff’!s equation

d 1n k _ AaR° d(R In k) _ 4.5768Adilog K . _a® ...(30)
S a3) (3]
T T

This method is especially useful in numerous cases where the
only information available regarding the heat of reaction is

derived from the equilibrium measurements.
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In the above, it is assumed that Ac; for the
process is constant over the temperature range investigated.

From Kirchoff's equation
= Ac? exa (31}

Therefore, if the heat capacity equations are available for

the reactants and products an improved procedure is

74,76

possible The treatment includes the use of the

following equations

AF 1 1
‘—,1? = R ln k = "'T" -alnT - 'é bT -’ cT-z* I -00(32)
where I is constant
AHO 1

1 -
- +1I= S-Rlnk*AalnT-*-z-AbT*--g*AcTz . ee(33)

For each temperature at whiech 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 1s a linear function of 1/T a plot
E_against 1/T gives a straight line with 2 slope Aﬂg. From
the value of H? one can obtain Aﬂg at any temperature range
for which the heat capacity equations are applicable.

If the contribution of Acg for the resction is not

constant over the temperature range the resultant log k vs 1/T



plot will show a curvature or wide scattering of points.
In such cases the i plot which is a more satisfactory
method than log k vs 1/T is to be recommended, because it
is easier to get the slope of a straight line than that of
a curved line,

Third Lew Method

This method as its name implies, 1is fundamentally
related to the third law of thermodynamics through its use
of absolute entropies and heat capacities. In practice, the

0
free energy function (;FT - Hg rer) also referred as 'fef'
T
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, esvecially in calculating

the heat of reaction, were demonstrated by Margrave76.

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

aF®
—r = A@ - TAS; s+ (34)
o o]
one Obtainl FT - HT - -so 000(35)

T T
by adding the quantity(ﬂg - Hg ref)(the heat content above a
T
reference temperature usually 0%k or 208K, divided by T) to
both sides of the equation one gets
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(o] 0o 0
FT - HT ref " H'r HT ref
—__-T—_. 2 - ST + 000(36)

The reference temperature can be eonverted according

to convenience by the use of following relation

o] (s ] Q (] (o}
Fp = Hyog Fp - Hy Hoog = Ko
= - 300(37)
T T T

Since heat content differences and the entropy are related
to the Cp values, the free energy function can be evaluated

from experimental heat capacity measurements.

T ¢
s‘I’, = jcp 1 AlnT *"‘?*5; + C2 dlnT + Jc d1nT «e.(38)
: 38 1 'rl
and
r’ 7
- ‘ T T
z T /2 rer T /2y |

In the case of gaseous molecules it is possible to determine
the value of 'fef' directly through the use of statistical
thermodynamics and spectroscopic data 77

For a chemical reaction 'fef' at a given temperature

may be defined as:

Af@r = (f.f) -~ (f‘f) 000(40)

products reactants



After collection of the terms and consolidation one obtains

o o
% AFr 207 rer (41)
Afef B T ceve
/20 o o
ARC -7 AFp Fp = Hp rer )
T ref K T - 4 T '/‘ 000(42)

Substituting the equation 28 in equation 42 the equation

can be written as:

AHD pep = T (=R 1n k - & 'fof') eeo(43)

The advantage of the third law method is that each
experimentally determined value of the equilibrium constant
permits an independent evaluation of the heat of reaction.

The free energy functions vary very slowly with the temperature
and hence may be obtained easily and accurately by simple inter
and extrapolation procedures from values given at wide
intervals. Furthermore, temperature dependent errors are
often difficult to eliminate from equilibrium measurements.

The temperature coefficlent and the corresponding heat of
reaction from the second law may be greatly in error whereas

the third law heat does not change significantly.

000()()()000
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CHAPTER - II

VAPOUR PRESSURES OF MANGANESE CHLORIDE
AND
THE EQUILIBRIUM STUDY OF THE REACTIONS

Mn(e) + MnCl,(g) @ 2MnCl(g)

AND
2¥n(e) + A1013(g) = MnCl(g) + MnCl, (g) + AL(1)

P T S T I R R T DI S e e S e e



In view of these discrepancies, the equilibrium
study of the reaction of MnCl,(g) with Mn(e) at high
temperatures has been undertaken, employing the transpirstion

technique.

Before carrying out the equilibrium study of

the reaction
Mn(e) + MnClg(g) * 2MnCl(g) eee(l)

it is necessary to understand the vaporization behaviour of

manganese dicechloride.



SECTION - 1

VAPORIZATION OF MANGANESE DICHLORIDE

2.1.1. INTRODUCTION

The vapour pressures of mangsnese dichloride have
been studied by statie, transpiration as well as mass spectro-
metric methods. Maiorgl was the first to study the
vaporization behaviour of a number of metal dichlorides by
the static method using nitrogen as the buffer gas. Later
Schafer et.al.®? carried out investigations on the
vaporization phenomenon of the dichlorides of manganese,
cobalt, iron, chromium and nickel, using transpiration method.
They have shown that different carrier gases viz. Ny, A, HCI,
have little or no effect on the vapour pressures except when
chlorine is used at temperatures more than 800°C.  Above
800°C in the case of chlorine as a carrier gas, the saturation
pressures were different from those observed at temperatures
below 800°093. This is attributed to the formation of
trichlorides.

The vaporization of a number of transition

metal(Il) halides has been studied by Schoonmaker g;;gl;?‘
employing the mass spectrometer. They have attributed the

irregularities in the vapour pressures of certain chlorides

to the existence of the corresponding dimer according to

BMX,(g) = Mo,(g) vee(44)
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No such dimer is observed by them in the case of manganese
chloride and hence 1t has been assumed in this study that

MnCl,(g) vaporizes predominantly as a monomer.

2.1.2. EXPERIMENTAL

(A) Materials

(1) Manganese(II) chloride - Reagent grade
manganese chloride tetrahydrate supplied by BDH was dehydrated
in a stream of dry HCl gas followed by nitrogen at 220°C for
about 2 hoursgs. The dichloride crystals were chemically

analysed by standard methods of analysis96 and found to be
99% pure.

(2) Argon - It is necessary to purify the
argon gas as impurities like oxygen, moisture and nitrogen
will react with manganese forming various oxides and nitrides.
The gas was allowed to pass through a purification train
schematically shown in Fig. 1l. The train consisted of two
bubblers containing alkaline pyrogallol and sulphuric aecid
respectively, a calibrated flow meter to regulate the gas and
two columns containing 65612 and P205 to remove moisture.
Finally the gas was allowed to pass through a tube containing

freshly reduced copper kept at 600°C and boats containing
calcium turnings, aluminium metal and titanium sponge at about

700°C to remove traces of O, and Ni,. Besides, freshly

97

prepared manganous oxide”  was used to remove oxygen up to

less than 1 ppm.
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(B) Apparatus and procedures

A Kanthal-wound tube furnace was constructed
which gave a constant temperature zone (#5°C) of 15 cm.
length at temperatures between 900 and 1300°K. 4 silica
tube 70 cm. in length and 2 em. in internal diameter was
used as the reaction tube. The temperatures were obtained
by connecting Kanthal heating elements to variable voltage
transformers which in turn were connected to a 230 V main
source through voltage stabilizers to maintain constant
power supply. The reaction tube is fused on either side
to B-24 silica joints. Through 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 by the methods given by Roeser and
WQnselgs at various points (viz. at the melting points of Al
and Cu, standard samples of which are obtained from N.B.S.,
Washington DC, USA) served to measure the temperature. The
temperatures were read by measuring the millivolts at intervals
with a thermocouple test set (Cat. No. 7566, W.G.Pye and Co.
Ltd., England). Initially, the temperatures were measured in
the centre of the reaction zone and compared with the
temperatures measured by inserting the thermocouple in the

sheath and noting that no difference was observed.

A calibrated flow meter was employed to measure

the rate of argon.
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In order to know the pressure in the system, the
outcoming gas flow was connected to a U tube mercury manometer
and the difference in the levels of mercury column was noted
in a few experiments. 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 reaction tube was completely flushed with
purified argon gas. After attaining the required constant
temperature and adjusting the argon gas rate to a desired
value, the boat containing anhydrous manganese chloride was
introduced from the downstream and and the experiment was
started. Precautions were taken to avoid contaminating the
carrier gas with alr, while inserting and removing the boat
in and out of the flow system. After running the experiment
for a definite time (1 hour) the heating was stopped and the
boat was pushed out of the zone. The boat and the substance

were allowed to cool in the argon atmosphere.

In each run the amount of manganese chloride
transported was found out by weight loss measurements. Loss
in weight of the mangsnese chloride was also checked by

chemical analysis of the residual manganese chloride.

2.1.3. EFFECT OF FLOw RATE

It had become necessary to determine the limits of
flow rates of carrier gas where complete saturation occurred.

This helped to know the extent to which the experimental results
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were being influenced by diffusion transport and also whether
the equilibrium between a gas phase and a condensed phase was
established or not. Keeping the temperature constant at
1148°K, the amount transported was studied by varying the flow
rate of the carrier gas (econtaining MnClz) between 20 and 70 cc/
mine. The results are given in Table II. When the data for
welght loss were plotted against the flow rates in the above
range (Fig. 2) it increased linearly, thereby indicating that
the flow gas was saturated with the gaseous products. The
vaporization studies were carried out at different temperatures

and the results are recorded in Table III.

2.1.4. TREATMENT OF THE DATA

In the study of vaporization of Mn012 over the
temperature range 990-1?20°K, the experimental weight loss data
of Mn012 was used to calculate its vapour pressure which can

be calculated from the equation

p8 nRTr/Vr 000(23)

where P = the pressure.

n = number of moles of MnCl2
transported.

R

gas constant.

Vp = volume of the argon in litres
at temperatures T,%K.
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TABLE - II

TRANSPORT OF MnCl, WITH CHANGE IN FLOW
RATE OF ARGON AT 875°C

Expt. Rate of flow Wt. of MnCl, MnCl,

No. of argon gas taken transported
litres/hour ge g.

1 0.80 0.3067 0,0467
2 0.91 0.3231 0.0661
3 1.20 0.3809 0.1307
4 1.76 0.3536 0.2194
5 2.28 0.5071 0.2708
6 3.01 0.5838 0.3793
7 3.89 0.6420 0.4759
8 4,50 0.7609 0.5306
9 6.03 0.8203 0.6614

10 §.19 0.9634 0.7088

- ————————— - - - —— -
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2e1.5. RESULTS AND DISCUSS ION

In the vaporization of HnClz, the polymerization
of the dihalide vapours was not taken into account as
Schoonmaker et.nl.94 have reported that the monomer was the
major vapour species in their mass spectrometric studies on
the vaporization of MnCl,. In view of this, the vapour
pressures for Mn012 were calculated on the assumption that

manganese chloride vaporized as a monomer

MaCly (1) = MnCly(s) vee(45)

The experimental results together with the calculated third

law heats are given in Table III.

The values for free energy (AF®) and the heat of
vaporization (Aﬂvnp) at various temperatures were caleculated

employing the following equations

AF® = -RT 1n p ees(28)
(o} (] )
AHg oo 208 (Fp - Hagg)of MnCly(g)  (FR-H3gg)of MnClp (Ll
—— 2w R1N P -
T T T
vee(46)

The free energy functions for MnCl2 were taken from Brewer

and Saluyajulu99 and Kelloyloo’IOI.
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The vapour pressure equation can be given by:

e il . S 1079 + 0.25 (47)
LO‘ P.tng T . .4 L] coe

Employing the Vant Hoff's equation

d 1n P/A(1/1) = - 35332 .ee(48)

the heat of vaporization Aﬂv was determined from the plot

of the logarithm of the equilibrium constant versus the
reciproecal of the absolute temperature (Fig. 3). The slope

of the line obtained by the method 1f least squares gave the
second law heat AH1106 = 36.37 * 1.27 Keal. This represented
the mean value over the temperature range studied and did not
take into account the effect of the Cp. Aecording to BrewerlO?

the change in the C_ is -10 cal. deg.” mole™l, when a bivalent

P

halide changes from a solid to gas. This difference in the Cp

values when integrated between the limits 298 and 1106 gives
o
A(H] 06 = H3gg)

1106

298
aC, = (1106 - 298) = A(H] g = Hogg) oo (60}
-10 (1106-298) = 8.08 Kcalo 000(51)

This when added to the above value of heat of vaporization
at 1106°K yields 43.45 + 1.27 Keal. Using the heat of
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fusion value 8.97 Keal. as given by Brewer gg;g;;?g,
AH,, o 8t 298°K becomes 52.42 * 1.27 Keal. This is in
fair agreement with the third law value §4.52 * 0.78 Kcal.
The experimental value for the heat of vaporization of
MnCl2 agrees well with that reported by Brewer and
Somayaju1u99 (AHsub 64.56 Keal.). This good agreement
between the values of heat of sublimation supports the

view that Mn012 vaporizes predominantly as a monomer.

Entropy of vaporization

The entropy of vaporization was obtained from

the second law of thermodynamics
O o
AFp = Hy - TAS ees(52)

Substituting the value of AF and AH at 1106°K, a value
of 23,37 * 1.16 cal. deg.'l mole'1 is obtained.



SECTION - 2

EQUILIBRIUM STUDY OF THE REACTION
Mn(e) + MnCl,(g) @ 2MnCl(g)

2.2.1.  INTRODUCTION

The equilibrium reaction between gaseous manganese
dichloride and Mn(c) may be understood by considering the
following reactions

Mn(ec) + MnCly(g) —— 2MnCl(g) eeell)
NnCla(g) = MnCl(g)+1/2 Cly(g) vee(83)
MnCly (g) + 1/2 Cly(g) = MnCl,(g) e (54)

The vaporization of Mn012(z) was studied at high temperatures
during which no chlorine was observed in the exit gases
indieating that MnCl,(g) did not dissociate in the temperature
range of the present work. Hence the reaction represented by
equation 53 can be neglected. Schifer and Breil®® 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 gas was used as carrier gas and

hence the reaction 54 need not be considered.

2.2.2, EXPERIMENTAL

(A) Materials
(1) Manganese metal flakes of 99.995 per cent

purity supplied by Koch-Light Laboratories Ltd., England, were
useod .
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(2) Manganese(II) chloride - Purified and
anhydrous (described earlier) MnCl, was used.

(2) 'rgon - Argon purified by the method

deseribed earlier was used as carrier gsas.

(B) Apparatus and procedure

To study this reaction a special tube furnace
(Fig.4) wound with Kanthal-A heating element was constructed,
which could give two different constant temperature zones Kl
and K2, each nearly 10 em. in length and with a temperature
variation of + 8°c. This was necessary to prevent the
condensation of manganese chloride vapour in the middle of
the reaction tube. The constant temperature zones were long
enough to accommodate two boats (C and D). The insulation
around the heating elements consisted of light refractory
bricks commercially called "Bagsvic'. A mullite refractory
tube (length 100 em., internal diameter 1.5 em.) was used as
the reaction tube. B-24 Pyrex joints were connected to either
end of the tube with a high alumina refractory cement (Accoset-
60 supplied by M/s. Associated Cement Company Ltd., India)
which helped to give cemented gss tight joints. The boat C
containing manganese chloride was kept at about 1160°K. After
attaining the constant temperature in the reaction zone, the
boat containing manganese metal was introduced in the tube
from the downstream end. The argon rate was regulated

to the desired value and the experiment was started by pushing
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boats containing metal and dihalide in their respective hot
zZones. After continuing the run for definite period (1 hour)
the boat 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.

Attack of MnCl on the boat
and the reaction tube

In a few preliminary experiments it was observed
that the boat and the reaction tube were attacked and an
increase in the weight of the boat was noticed. After each
succeeding run, the increase in the weight was found to be
less. The boat got passiveted when the increase in its
weight after a few more runs was negligible. Blank
experiments carried out with manganese metal and by
transporting MnCl2 over the empty boat showed no perceptible
increase in the weight of the boat. The experimental
discrepancy was minimized by weighing the metal flakes
separately. In addition to the attack of MnCl on the boat
material, it was observed that the inner surface of the
mullite reaction tube got covered with a thin layer of black
material. In faet, the attagk due to highly corrosive MnCl
was so severe and vigorous that mo mullite reaction tube could
withstand more than § or 6 experiments. At higher temperatures

the attack was found to be still more severe.
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Condensate on the cold finger

In a few experiments the condensate on the silica
cold finger (introduced in the reaction tube from the down-
stream end) was examined. Pink deposit of MnCl, erystals
&gﬁe-sublimed off at about 800°C under reduced pressure
(1-2 mm. of Hg). The remaining black deposit on analysis
(i-ray and chemlcal analysis) showed the presence of Mn-metal
which was formed due to the disproportionation of the mono-

chloride (MnCl) according to the following equation

2inCl(g) —> iMn(e) + MnCly(g) ve.(55)

2,2.3. TREATMENT OF THE DATA

In the study of the equilibrium reaction 1 over
the temperature range 1240-1410°K, the experimentally
determined weight loss data of Mn and Mn012 were used to
calculate the partial pressures of MnCl and MnCly. The
vapour pressure of MnCl formed during the reaction was

calculated from

Pa T (56)
eee (56

Pme1 T Vr
Pl\mc]_z = Vr eee(87)

The number of moles of MnCl and MnCl2 were calculszsted as
follows from the weight loss (AW) data of FMn and MnCl,



ou

2 x AW Mn

fa  Dol.wt.in «e0(58)
AW MnClg
= LN
" 7 Gol.wt.MnClp .

The equilibrium constant Kp can be calculated from the

equation

2
Kp = p a/Pb 000(60)

2e2e4. HESULTS AND DISCUSSION

The experimental results and the transpiration data
are presented in Table IV. The free energies and the heats
of reaction at various temperatures were caleulated employing
the equation 28, The free energy functions for products and

reactants are taken from Kolleyl°°’1°1

1u99.

and Brewer and
Somayaju The free energies and the ealeculated third

law heats for the reaction 1 have been summarised in Table V.

Employing the Vant Hoff's equation, the heat of
reaction Aﬂr has been determined from the plot of log K vs.
1/T (Fig.5). The slope of the line obtained by the method
of least squares gave the heat of reaction Aﬂr = 47,34 * 1.64
Keal. This value of AHr represents the mean over the
temperature range studied and did not include the cp values.
The value for AHr ogg could be caleulated from the knowledge of
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FIG. 5. PLOT OF LOG Kp VS 7 X 10* OF THE
REACTION Mn (c) + MnCl, (g) === 2MnCI (g)




AHla28 and the functions cited by Kelleyloo. As the heat
content functions are not available, a ACp value of -10 cal.l0?
has been assumed for converting MaCl(l) to MnCly(g). The

value of A(Hygpg - Hpgg) for the reaction 1 therefore becomes
-10.3 Keal. The value for AH, gt 298°K is thus 57.64 + 1.64
Kecal. The corresponding third law value is 66.35 * 1.1 Keal.
The deviation from the third law heat may be due to the
temperature dependent errors in the second law coupled with
the side reaction of the highly unstable and corrosive MnCl

gas with the container,

Heat of formation of MnCl

The AHp ggg Of MnCl(g) has been calculated as
follows from the heat of reaction

AH, 208 = ZAHr 298MnC1(g) - AHf 208 MnClz(g) - AHp 298Mn(c) eo (61

Ay popMnCl(g) = %[Aar 208" Ay 5oghnCly(g) + Ay poghn(e)] ... (62

The heat of formation of MnCl thus calculated gave a value of
-1.63 + 0.82 Xcal. (second law) and the corresponding third law
value gave 2.83 *+ 0.54 Keal. The velue for the heat of
formatlion of MnCl,(g) (-60.7) was taken from Brewer and

Somayajulugg.

Dissociation energy of MnCl

o
The Do for MnCl was ealculated from AI{r298 of
MnCl(g) employing the following equntionloa



D(MX) = -Qr(MK) - AGH(MX) + AgH(M) + Qf(x) eee(63)

where -Qr(Hx) = Standard heat of formation of MX
where MX is a monohalide of a metal.

ASH(MX) = Heat of sublimation of monochalide.
ASH(M) = Heat of sublimation of metal.
Qf(x) = Standerd heat of formation of halide.

The value for dissoclation energy of MnCl(g) obtained from
the present study is compared in Table VI with the other

literature values.

Table - VI
Dissociation energy data for MnCl(g)

Dg MnCl ev Method Author
3.3 Molecular spectra Herzberg
3.0 Molecular spectra Gaydon
3.7 Flame photometry Bulewiecsz
4.21 Chemical transport Present work

Chapter II, Sec.2.

4,32 Chemical transport Present work,
Chapter II, Sec.3.

Entropy of reaction

The entropy of reaction was calculated by substituting
the values for AF1328 and 431328 in the equation 62. Thus a
value of 22,83 + 1.24 ecal. deg.'l mole™l was obtained for the
entropy of reaction at 1328°K.



SECTION - 3

STUDY OF THE REACTION
2Mn(e) + AlCla(x) = MnCl,(g) + MnCl(g) + A1(1)

2.3.1. INTRODUCTION

In the preceding section, the reaction of a metal
with its anhydrous gaseous chloride has been studied. It
was thought worthwhile to study the reactions of a metal
with dissimilar anhydrous gaseous metal chlorides and
therefore an attempt has been made to study the reaction
of manganese metal with aluminium trichloride. Loo78 in
his investigations on the transport of metals by gaseous
chlorides at elevated temperatures has studied a number of
such reactions by passing dissimilar anhydrous gaseous
chlorides over different metals and alloys. When gaseous
AlCla is passed over metals like Ga, Fe and Ti, the products
found by him are the corresponding alloys of Ga-Al, Fe-Al and
Ti-21 and the corresponding chlorides of both the metals.
Similarly when vapours of GaCl,, 03014, SiCl, and TiCl, were
passed over Al, he obtained alloys of Ga-Al, Ge-/l, Si-Al
and Ti-Al,.

In the reaction of Mn(e) + Al1Cl,(g), the analysis
of the products showed the presence of aluminium metal in
the boat. However, the formation of traces of Mn-Al alloy
are not ruled out, In the Al-Mn phase diagram104’1°5at the



Mn-rich end, the relevant curve given is the solubility of
Al in alpha manganese. The solubility curves of /1 in both
«~Mn and B-Mn (in the Mn-rich region) are nearly parallel to
the T-axis and hence only negligible heat effects (1 to 3
Kcal./gm. atom of Al) are probably involved. TIn order to
establish the reaction scheme, equilibrium measurements were
carried out at different temperatures together with the
identification of the products.

2.3.2, EXPERIMENTAL

(A) Materials

(1) Manganese metal - 99.99% pure manganese

metal was used in the study.

(2) Aluminium trichloride - AlCl, with 99.9%
purity (E. Merck grade) was resublimed in an inert atmosphere
before use. The resublimed produect contained 0.04% of FeCl3
and 0,024 alumina. The anhydrous sample was preserved in

sealed pyrex glass tubes.

(3) Argon - purified argon gas as described

earlier was used as carrier gas.

(B) Apparatus and procedure

A platinum wound tube furnace 50 cm. in length with
three cireuits was constructed. The outer two eirecuits with

equal resistances were used to minimize the heat losses.



The furnace gave a constant temperature zone (% 10°C) between
1000 and 1600°K which was long enough to accommodate a boat
containing Mn metal. The reaction tube made of mullite
refractory (supplied by M/s. Kumar Mfg. Co. Ltd., Calcutta)
of 60 em. length and 2 em. i.d. was introduced in the furnace.

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 give cemented gas
tight joints. In the pyrex tube at the upstream end (45 cm.
length and 2.5 em. 1.d.) 2 glass boat (1 x 1 x 8 cm.)
containing anhydrous aluminium trichloride was introduced.

The temperature of the glass section was maintalned at

150 * 2°¢ to facilitate uniform transport of the halide by
argon gas. The AlCl3 vaporization furnace was connected

to a variable voltage transformer through a2 voltage stabilizer.
The furnace had also a sliding arrangement to facilitate
arresting the reaction quickly by pushing it out after the run.
Temperatures were measured by calibrated chromel-alumel and
Pt-Pt-10% Rh thermocouples. A calibrated flow meter was
employed to measure the flow of argon. A silica sheath was
introduced from the downstream end which acted as a cold finger
to facilitate the study of condensates obtained from gaseous

reaction products.

The experiments were carried out by allowing the
carrier gas saturated with AlCl3 vapour to react with

Mn-metal under equilibrium conditions. The products in the



boat after the experiment were weighed and analysed by
the standard methods of chemical analysis.

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
AlCl8 was stopped and the system was cooled in the argon
gas flow. The boat containing AlCla was weighed to know
the amount of AlCla transported.

2.3.3. IDENTIFICATION OF THE PRODUCTS

The residue in the boat containinz unrescted
manganese metal and small particles of shining grey metal
was finely ground. X-ray analysis of the sample revealed

the presence of Mn and aluminium.

The outeoming gases were examined and found to be
chlorides of Al and Mn. Further identification of gaseous
products was carried out by condensing them on the cold finger.
The cold finger with the condensate was initially heated at
150°C under reduced pressure (1 to 2 mm. of Hg) to drive off
the AlClg and then the temperature was raised to about 800°
when all the manganese chloride sublimed off leaving behind
a black mass. Chemical and X-ray analysis of the mass showed
it to be manganese metal, It is possible that Mn metal was

formed by the disproportionation of gaseous MnCl according to

the equation



2MnC1(g)—> Mn(c) + MnCl,(g) ««+(55)

2.3.4. ANALYSIS OF THL RESIDUL

The substance that remained in the boat after the
experiment was treated with hydrochloriec acid and the solution
was made to a definite volume. An aliquot was taken for the
determination of manganese gravimetrically by standard
phosphate method. Aluminium was determined colorimetrically
using aluminon reagent as the quantities were very small.

The manganese obtained corresponds to the unreacted quantity
and by deducting 1t from the initial weight of manganese, the
reacted amount was calculated. From the quantity of aluminium
metal found in the boat the stoichiometry of the chemical

reaction has been decided.

2.3.8. TREATMENT OF THE DATA

The vapour pressures of MnCly(g), MnCl(g) and
A1Cl,(g) were calculated from the experimentally determined
weight loss data of manganese in the reaction represented by
equation 74. Assuming that the ideal gas law holds good in
the equilibrium zone, the partial pressures of the various

components were calculated as follows:

PMnCl2 = 1/2xn Mn x RTr/Vr ees(64)
Puncl = 1/2 x n Mn x RT,/V, eee(65)

Patc, = (@ AlClg - 1/2 n Mn) RT V. ...(66)
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where pﬁnClz’ ?MnCl and PAlCl3 denote the partial pressures

of the respective components and Vr represents the volume of
the flow gas passed at the room temperature Tr and R being
the gas constante. n AlCl3 and n Mn denote the number of

moles of the respective componentse.

The equilibrium constant Kp was calculated from
the above partial pressures

(PiinC1p) (Pnc1 )

.ee(67)
P (Parciy)

It may be stated that the dimer MgClg(g) 1s not

an important species st these temperatures of study.

2346, POSGIBLE SQUILIBRIUM REACTIONS

In order to understand the reaction scheme, the

following stoichiometries were considered

3Mn(e) + 2/1Clq(g) = MnCl,(g) + 2MnCl(g) + 2A1C1(g) ...(68)

2Hn(e) + /1Cla(g) = 2MnCl(g) + A1C1(g) oee(69)
3kin(e) + AlCla(g) = 3dnCl(g) + AL(1) ee+(70)
3¥n(ec) + 2A1C1,(g) = 3MnCly(g) + 241(1) eee(71)
Mn(e) + AlCl,(g) = MnCly(g) + AlC1(g) eee(72)
Mn(e) + A1C1(g) = MnCl(g) + AL(1) eee(73)

24Mn(e) + /\1013(3) ¥nCly(g) + MnCl(g) + A1(1) ess(74)



oL

Reactions 68 and 69 could be rejected on the
basis that A1Cl was not one of the final products as no
aluminium metal {disprooortionation of AlCl(g) gives Al
metal and £1Cl,(g)] was observed on the cold finger.
Reactions 70 and 71 were rejected as the study has revealed
both dichloride and monochloride to be the reaction products.
Consequently the reaction 74 has been given consideration.
Here it may be pointed out that the reaction 74 can be said
to consist of the reaction 72 and 73.

The calculated free energies for possible reactions
at different temperatures were tabulated in Table VII. The
change in free energy with temperature is shown in Fig.6.
From the data and the graph it 1s evident that reactions
72 and 73 are more favourable at these temperatures,
supporting the view point that reaction 74 is more thermo-
dynamically feasible. However, the reaction is quite
complicated to study employing the transpiration technique.

2¢3.7. RESULTS AND DISCUSSION

The free energies are calculated by the eguation
AFa"RTln% 000(28)

The transpiration data and calculated equilibrium constants

are given in Table VIII. The free energy and the calculated



b<

921°8 T1eb° 3T 6E0°Ll 019°13
063°% OWL°¥ 02e°S 088°9
vee*e 889°L O03L°TT 08L°ST
68T°ET €89°81 969°¥3 989°0E€
88T°TIT 809°8T 33¥°92 PP °¥E
968°9 998°cl TOT°12 €9€°8S
0EL°0T S9S°1g 618°3€ TE0 V¥

00ST 00PT O0ET  003T
Jig dwey

STYNIYYIIWAL INTWHA? IIC

- — - — -~ .. . - —————— - -

89£°92 8¥0°IE (DTV + (H)Tow + (H)%0w = (HEDT 4 w2
0389 03T°24 (T)TY + (3)ou = (3)TOTV + (d)W €L
E¥8*6T O0L8°E3 1Ty + (H%om = (HTW + )W a2
LVLT9E 9VL'T¥ (D12 + ()%Dwe = (9)%HTz + (we 12
93€°2V 86€°09 (DTv + (HTowe = (HET + (2)me o
318°%e 383°ct¥ (8)T0Tvy + (3)TOoWig = ()8101v + (P)unz 69

9g9°38 HI2°L9 ()I0Tva + (H)Towz + () %1omt = (3)%o1v2 + (9)uwe 89

00TT 0001 *ON

uo3oesy o”ww

U ———————————P Rl 8 D bttt e

LY SNOTIOVEY FTHICSOd ¥Od STIDWINT FIWJ CAIVINOTYD

ITA = F749VL



'SNOILOV3IY SNOIYVA ¥04 3dNLVY3dWN3L SA 147 40 39NVHD 9 "old

Mo ‘dW3L
00G} 00 00¢}H 002!} 00} 000}
i T T T T I T T T T T 0
Sl S Lt 9
W //
3
B C — O}
v
)
- 2 oz
b
¢
m
-
X
- —Hov o
2
3
o
Jdoe %
[ (IV + (B)IDUN +(B)2IDUN = (6) €101V + (2)UNZ "L =
(1) IV 4 (B) IDUN = (6) 12IV4+ (2)UN "9
e (6)210UN + (B)IDIV =  (B)EIDIV4 (I)UAN 'S lon
(1)I1V¥Z + (B)2IDUNE = (B)EIDIVZ + () UNE " b
(1)IV + (B) IDUNE = (6)€1DIV + ()UNE "€
= (B) 191V + (B) IDUNZ =  (B)EIDIV + (IUNZ "2 —10<4
6)IDIV 2 + (B)IDUWNZ + (B)S1DUN = (B)EIDIVZ + (UANE




O3

*Inoy T J0J 3INO POTIIBD Sem juemiIedxe yoey

LLET*S MOOH X 828c°L 829%°9 NtOﬂ X g6é9tl°c Naoa X G691°2 60Se°0 8%69° 1 o°¢ €0%T
6%0%°3 g-01 X 69€6°€ 3¥93°L muo~ X 8069°T wuoa X 6069°T L883°0 6598°1 8‘e 18e1
0%98°3 g-0T X g63l°2 88%PL°9 L 0T X 3se°l g-OT * 8lse°T 2292°0 6006°1 e°v 8seT
1096°2 g-0T X 0L60°T 046L°L .0T X 98%2°6 mn0d X 9893°6 64ST°0 $L08°1 8°e ETET
oeeg°e leA X 2066°€ gESL'S nGOﬁ X 6606°S mnoa X @606°9 6€001°0 voE6°1 8°F 04T
eri9‘e §-01 X 6L¥7°3 ovaL*8 g-0T X ¥igo v g-0T X ¥129°% 68L0°0 8€06°1 8°€ €east
geeL e p-0T X T488°T ¥6LG°8 g-0T X T069°€ maoa X T069°c 0£90°0 o8 1 8°c 1831
orx 3 ‘3 sod wodis
nu o1~ au Hua<m .Eaaﬁonzm cuje maunzm nmmawm |-d¢uuvmwwmm ww nnmm .alwm

(T)TV + (3)10uwn + (%)%10m = ()C1o1v « (2)URZ NOTIIOVYY THI YOJd VIVA NOTIVNIJSNYYI

IIIA = T19VY



O}

third law heats are recorded in Table IX,.

From the plot of log Kp vs 1/T (Fig. 7) the

value for the second law heat obtained was 63.93 * 2.49
Keal. This value represents the mean over the temperature
studied, The value for AH, o could be calculated from the
knowledge of C, values. The Cp values for Fn(e) and A1(1)
metals were taken from Stull and Sinkelos, Cp values for
MnClz(g) and ¥nCl(g) were taken from KelleleO and Cp values
for AlClg(g) were obtained from 'JANAF' tables'O’, By
applying Kirechoff's Law, AHr 208 for the reaction 74 was
found to be 77.39 * 2.49 Kcal. The corresponding third law
obtained was 81.12 * 0.93 Keal. The small deviation from
the third law heat may be due to the temperature dependant
errors coupled with the side reaction of the highly unstable

and corrosive MnCl gas with the container material.

Heat of formation of MnCl

The second law heat of reaction permits the
calculation of the heat of formation of MnCl(g) according to
the equation

AHmenCI(g) = A pog= Aangeunm.z(g) - AﬂrzgaAl(l)
+ 2AHr298Mn(c) + Aﬁr298A1C13(g) eee(78)

The heat of formation of ¥nCl thus calculated ylelded a value
of -4.,01 *+ 2.49 Kcal. (Second Law) and that by the third law
was -0.27 ¥ 0.68 Keal. (The values for the heat of formation
of KlCly(g) and AL(1) are taken from 'JANAF! tablesi?7).
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+ MnCl (g) + Al (1).
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These values are in good agreement with the reported
valuel® earlter (AHppgg ¥nCl = -1.48 + 0.82 Keal.(second
law), 2.83 + 0,27 Keal.(third law)].

The Dg for MnCl has been calculated from the
heat of formation of MnCl(g), according to the equation 62.
To facilitate ecomparison the value obtained from the present
study is included in Table VI together with the literature

values.

Entropy of reaction

The entropy of reaction was obtained by

substituting the values for AFlall and AHlall in the equation

-1
62 which led to a value for ASr1311 = 39.05 * 1l.91 cals. deg.

mole'l.

Thermodynamic data obtained in these studies
(Chapter II, Sections 1, 2 and 3) have been compiled and
given in Table X.

LB BN
LI

L



TABLE - X

THERMODYNAMIC DATA

Vaporization of Mn012

'7 0729 %—2‘77048

AHy,, at 208°K = 52,42 + 1,27 Keal. (Second law)

Log p = + 5.,1079 * 0.286

Ay, at 208°K = 54,52 + 0.78 Keal. (Third law)
ASr 1106 = 23.37 * 1,16 cal. deg.‘l mole !

Reaction ¥n(e) + MnCl{g) & 2:nCl(g)

AH, at 1228°%K = 47.34

I+

1,64 Keal.

ASr at 1328°K = 22.83 + 1.24 oal.deg."l molo-l.

AH, at 208°K = 57.64 + 1.64 Keal. (Second law)
aH, at 298°K = 66,36 + 1.1 Keal. (‘hird law)
AHp 298MnCl(g) = -1.,53 + 0.82 Xcal. (Second law)

AHp 298>m01(g) = +2,88 + 0,54 Keal. (Third law)

Reaction 2Mn(e) + AlCla(g)  MnCly(g) + MnCl(g) + AL(1)

AH, at 1311°%K = 68.93 * 2.49 Keal.

As, at 1311°K = 39,06 + 1.91 eal. deg.~! mole~l.
AH. at 208°K = 77.39 + 2.49 Keal. (Second law).
sH_ at 208°k = 81.12 + 0,83 Keal. (Third law).

Aﬁf 298MnC1(g) -4,01 ! 2.49 Keal. (S.cond law).

AHp 298"“01( g)

-0.27 + 0,68 Keal. (third Law).
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CHAPTER - III

REACTION® OF A METAL HALIDE WITH
METAL OXIDES AT HIGH TEMPERATURES

1) REACTION OF AlCln(g) WITH Mng0,(e)
2) REACTION OF AlCla(g) WITH CoO(e)
3) REACTION OF AlCly(g) WITH Fey0g(e)
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REACTIONS OF A METAL HALIDE WITH METAL
OXIDES AT HIGH TEMPERAIURES

3.1, INTRODUCTION

It is known 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 equationll

MeO(e) + RX (g) = MeXy(g) + ROX, ,(g) eee(76)

A metal halide like aluminium chloride reacts in a variety
of ways to form aluminium oxychloride. In each of the
following cases AlOCl(solid) is one of the products of the

reaction:

(A) High temperature gaseous hydrolysis
AlCla + H20 = 2A10C1 + 2HC1 e (77)

(B) Direet oxidation of A1c131°9
2A1C1, + Op = 2A10C1 + 21, eea(78)

(C) Oxyhalide reactions

(D) Oxyhydroxy reaction
A1O(OH) + A1C13 — 2A10Cl + HCl .+ (80)

(E) Oxide reactions
AlCl3 + metal oxide = A10Cl + metal chloride.(81)
AlClg+ metal oxide = A10C1 + metal oxychloride(82)
AlCly + metal oxide = AlOCl + metal chloride.. (83
+ 012
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Schafer g&;g;;}lo’lll have shown that aluminium
oxychloride can be prepared at elevated temperatures by the
reaction of AlCl, with a number of oxides. These ineclude
Ca0 and 4goM'2, B1,0,, Sby0, and 7010, Pey0,, Asy0,, Ti0,,
Nby0g and Taaoslll. In all these reactions the by-product
is the corresponding metal chloride, in which the metal has
the same oxidation state as the metal originally had.

Some oxides react according to the equation 82, in that the
by-product 1s another oxychloride. Examples of this type
are 80y which forms S59Cl,, VBOS’ which forms VOCl, and w03
which forms w0014. Antimony pentoxide reacts according to
the reaction given by equation 83 forming the trivalent SbCl3
and 012. The oxyhalides of 21 were prepared by Hagenmullern8
by reacting 71,0, with excess of A1Cl, in sealed tubes at
250-400°. Jean Rouxelll? ovtainea pure *10C1 by heating AlCl,
with 2s,0, in sealed glass tube at 360°. Two excellent reviews
are available on the syntheses, stabilities and properties of

ke 116 1116

various oxyhalides by Dehniec and Siege

Fischer and Govehr117 claimed to have detected the
presence of gaseous AlOCl by vapour pressure measurements when
alumina was reacted with chlorine at 1250°C. The existence
of some of the gaseous oxyhalides of light metals like boron,

118-123 has been proved by effusion and

gallium and aluminium
mass spectrometry. Greenbaum 231355}24 have reported the
existence of gaseous AlOCl 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



ras
1/3 Aly0qe(1) + 1/3 AlCl,(g) = Al0Cl(g) ese(84)

It is obvious from the above information that
though a good bit of study has been done on solid A10C1,
yet there have been few attempts to study the thermodynamiec
properties of gaseous Al10C1, Therefore, it was thought
worthwhile to investigate the reaction of AlCla(g) with
transition metal oxides viz. Mn304, Co0 and Fe,0, at high
temperatures employing transpiration technique and to
determine the heat of formation of A10C1(g)

As the preliminary experiments have shown
inereasing formation of the products with inerease in
temperature, the equilibrium reactions must be endothermic
and must occur with an inerease of entropy, according to the
prineiple of successive entropy states. In this connection,
Brewer has stated that a gas will only react endothermically
with a solid to produce a significant yield of the reaction
product if the reaction produces at least as many moles of gas
as are consumed in the reaction. In order to establish the
reaction scheme, the equilibrium measurements were carried
out at different temperatures together with the identificstion
of the products.
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SECTION -~ 1

REACTION OF A1Cln(g) WITH Mng0,(c)

3.1.1. EX PERIMENTAL

(A) Matertals

Mng04 ~ Reagent grade manganese dioxide
supplied by E, Merck was heated at about 1000°C in argon
atmosphere for several hours to produce Mn304(Mn02*+ Mn 047
¥Mng0,125,126) ang analysed chemically by the standard methods
for manganese. Spectrographic analysis revealed the presence
of traces of Fe, Al, Ni and Si. X-ray powder pattern of the
solid showed the presence of Mnao‘ only.

/luminium trichloride - 99.9% pure MCl, (as

deseribed earlier) was used.

Argon - Purified argon (as described earlier)

was used as a carrier gas.

(B) Apparatus and procedure

The experimental set up and the procedure were
similar to that deseribed in Chapter II, Seetion 3. The
carrier gas saturated with AlCl3 vapour was allowed to react
with Mn304(c) under equilibrium conditions. The experiment
was carried out for a definite period of time and the heating
of AlCl3 was stopped thereby arresting the reaetion. The
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system was allowed to cool in argon atmosphere and the
boats containing Mnao4 and AlCl3 were welighed. The
products in the boat after the experimental run were
identified by X-ray analysis and the amount of Hnao4
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 a silica cold
finger. Since in the preliminary experiments the
evolution of chlorine gas was also observed, arrangements
were made to collect the gases and estimate chlorine gas
quantitatively by absorbing it in a trap containing a
concentrated solution of potassium iodide (the liberated
jodine being estimated by standard analytical methods).

3.1.2. 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 tube and the photograph of the diffraction pattern
was taken (radiation: molybdenum Ka\ = 0.70926°). The powder
pattern showed the presence of Hn304 and d-Algoa. The M“304
observed was due to the unreacted material. The X-ray
data is given in Table XI in which the prominent 'd' values
for Mn304 and A1203 are shown for comparison with their

standard pattern3127’128.



TABLE - XI

‘3

PROMINENT X-RAY DIFFRACTION LINES FOR )411304 AND 1\]_2-3.2

Mn304(c) Radiation : Molybdenum Ka

71.0.(e) Radiation : Cu K

MngOy(e) 23 Alg0g(e)
ASTM Index _Experimental Standard” "’
ak Intensity | af Intensity | d
4.92 20 - - 3.48 8
3.08 a1 3.00 M 2.55 9
2,87 8 2,90 W 2.38 7
2,75 63 2,78 8 2.08 10
2,48 100 2.0 S 1.74 8
2,36 13 2,38 M 1.60 10
2,03 16 2.066 M 1.54 2
1.79 18 1.806 M 1.61 4
1.70 5 - - 1.40 7
1.64 5 - - 1.369 10
1.57 50 1.685 S 1.336 1
1.54 50 1.548 S 1.272 1
1.47 3 - - 1.235 6
1.44 18 1.448 M 1.187 3
1.38 4 - - 1,156 1
1.34 8 1.3 W 1.145 3
1.30 3 - - 1,123 3
1.28 13 1.286 W 1,097 4
1.24 4B 1.231 W 1.076 4
1.19 5B 1.185 W 1.042 6
1.12 4 1,120 W 1.016 2

0.996 &

# ASTM Index No: 1-1127.

*#* Ref.

Noe.

128.

-

2.583
2.40

2.096
1.761
1.609
1.531

l.424

1,373

1.242
1.196

1.130

1.083

1.04

0.999

Int.
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The identification of the gaseous products was carried
out by condensing them on a cold finger. Light pink
erystals which were clearly visible on the cold finger
indicated that ¥nCl, was one of the products. The cold
finger with the condensate was heated at about 800°¢
under reduced pressure (2-3 mm. Hg) when both the halides
AlCl3 and Mn012 were sublimed off leaving behind white
powder on the cold finger. X~-ray and chemical analysis
of the powder showed it to be alumina. It is possible
that Al,0, was formed due to the dissociation of A10C1l(g)
according to the equation

3M0CL(g) = AlyOz(e) + ALCL,(g) .+ (85)

3.1.3. ANALYSIS OF THE PRODUCTS IN THE BOAT

The alumina obtained in the boat together with
excess oxide was finely ground. The fine powder was fused
with potassiur-pyrosulphate (ratio K,5,0; : substance = 20:1)
in a silica erueible. After the substance was fused completely,
the erucible with the contents was cooled and the solid mass
was treated with 1N sulphuric acid. Aluminium in this was
determined gravimetrically as alumine by the standard uothodge.
The filtrate remaining after the separation of aluminium
hydroxide was anaslysed for manganese by standard phosphate
method. By deducting the quantity of A1203 obtained from
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the residue in the boat, the weight of unreacted Mn304

was obtained. Mn304 reacted was calculated from the initial
weight of Mnao4 and the weight of unreacted Hn304. Further,
the amount of Cly absorbed in potassium iodide solution was
titrated against standard hyposolution and the quantity of
Cly, liberated was calculated. The analysis of chlorine
showed that for every mole of oxide rescted one mole of

chlorine was evolved.

3.1.4. TREATMENT OF THE DATA

Considering alumina, manganese chloride, aluminium
oxychloride and chlorine as the reaction products and from
the quantitative estimation of alumina and chlorine, the

reaction may be represented as:

MngO4(e) + 3.5M1C1g(g) = %Algoa(C) + 2,6A10C1(g) + 3MnCly(g)
+ Cly(g) ...[86)

The vapour pressures of MnCl,(g), A10C1(g),Cly(g)
and AlCla(g) were calculated from the experimentally
determined weight loss of Mn304 in the reaction 86. Assuming
that the ideal gas law holds good in the equilibrium, the
partial pressures of the various components were caleculated

as follows:

pAlOC]. =2.,xn Mn3°4 X RTr/Vr coe (88)
Pblz = n Mng0, x Rrr/vr «e+(89)

Pric1y



where PMnClg’ PAlOCl’ Pbla and PA1013 denote the partial

pressures of the respective components and Vr represents
the volume of flow gas passed at the room tenporature,Tr
and R being the gas constant. n Mn304 and n AlCl3 denote

the number of moles of the respective components.

The equilibrium constant I% was calculated from

the above equilibrium partial pressures
8
(mem; (p? ALOCIX (P )

(Pa.s

oco(gl)

)
AlClq
3e1l.5. RESULTS

The experimental results together with the
calculated vapour pressures of MnCl,, AlOC1, Cly, and AlCl,
and equilibrium constants are presented in Table XII. The
free energles and heats of reaction at various temperatures

are calculated from the equation

AF® = _RTInX .. .(28)

The free energy functions for products and reactants sare

taken from Kelloyloo, 'JANAF' tables*®? and Brewer and

Somayajnlugg. The calculated free energies and the third
law heats for the reaction 86 have been summarized in tsble

XIII.
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Employing Vant Hoff's equation, the heat of
reaction AHr has been determined from the plot of logarithm
of the equilibrium constant vs the reciprocal of the
absolute temperature (Fig. 8). The slope of the line
obtained by the method of least squares gave the heat of
reaction Aﬂr = 193.92 * 5.88 Kecal. This value of Aﬂr
represents the mean value over the temperature range studied

and does not take into account the effect of Cp.

From the functions cited in the 'JANAF' tablest®?
and Kelleyloo and applying Kirchoff's Law, AHr
reaction 86 becomes 208.88 + 5.88 Kecal., which is in good

208 for the

agreement with the corresponding third law value 209.92 +
1.96 Keal.

Heat of formation of A10C1l(g)

The second law heat of reaction permits the

calculation of the heat of formation of AlOCl from the equation

Aﬂﬁégg = AHppog Products - AHpoge reactants eee(92)
=0Hp[1/2 Aly0g(e) + 2.5A10C1(g) + 3MnCly(g) + Cly(g)]

-AHp [Mn,0,(e) + 3.501C14(g)] ey s LB
= 208.88 + 5.88 = 438.05 + 2.5 AHppgg ALOC1(g) cee(94)
#o AHppgg ALOC1(g) = -91.67 + 2.36 Keal. .ee(95)

The corresponding third law value gives -91.25 + 0,78 Kecal.
The AHpogg values for AlCla(g)y Aly05(c) were taken from
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FIG. 8. PLOT OF LOG K, VS /gy X 10* FOR THE REACTION
Mn304(c) + 3-5 AICIz(g) = 1/2 Al,0z(c) + 2-5 AIOCI (g)
+ 3MnCl, (g) + Cl,(g).
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*JANAF' tablesl®? and those of Mn,0,(e) and 1nCly(g) were

taken from Bockris33 and Brewer g&;gl&?g respectively. To
facilitate comparison, the value for the heat of formation
of 210C1(g) obtained from the present study together with

the literature values is recorded in Table XIX.

The entropy of the reaction

The entropy ASr of the reaction is obtained from

the equation

AFT = AHT et TAS 000(52)

A value of 113, 72 + 4.44 cal. deg.”) mole™t 1is obtained
for AS, at 1320°K,



SECTION - 2

REACTION OF A1Clg(g) WITH CoO(e)

3.2.1. EXPERIMENTAL

(A) Materials

Cobal oxide (Co0) - Speec pure cobaltosic
oxide (qu4) was taken and caleined at 1050°C for several
hours and cooled to room temperature in argon atmosphere when
all the Co,0, was converted to stable CoO (above 850°C the
cobaltous form is the stable oxidolzg’laq. X-ray and chemical
analysis showed it to be pure CoO only.

Alupinium trichloride - 99.9% pure AlCl, (as

described earlier) was used.

Argon - Purified argon (as described earlier)

was used as a carrier gas.

(B) Apparatus and procedure

The experimental set up and the procedure were

essentially similar to that described in Chapter II, Section 3.

3.2.2. IDENTIFICATION OF THE PRODUCTS

The residue in the boat was examined by studying
X-ray powder pattern and chemical analysis. X-ray powder
pattern showed the presence of cobalt aluminate spinel
(CoA12Q4). The 'd’ lines for CoO(ec) indicated the presence



of unreacted CoO. Those corresponding to alumina phase were
not observed indicating its absence. The spinel could be
identified by comparing the powder patterns of the residue with
that given by the N.B.S,131, The comparison of the pattern

is given in Table XIV,

The identification of the gaseous products was
carried out by condensing them on a cold finger. Fine blue
erystals of C0012 were observed indicating it to be one of the
reaction products. The cold finger with the condensate was
heated under reduced pressure (about 800°C and 2-3 mm. Hg),
until AlCla and 00012 wvere completely sublimed off. A white
residue was left behind, which on X-ray and chemical
analysis was found to be alumina. The presence of A1203
may be due to the disproportionation of 210Cl(g) according to
the reaction (equation 85).

3.2.3. ANALYSIS OF THE PRODUCTS IN THE BOAT

The intense blue coloured product (CoA1204) in the
boat together with the excess cobaltous oxide was finely ground
and fused with potassium pyrosulphate. After complete fusion,
the mass was extracted with dilute sulphuric acid and was made
to a definite volume. A portion of it was taken and aluminium
was determined gravimetrically as alumina. The filtrate

after the separation of aluminium hydroxide was estimated for



TABLE - XIV

PROMINENT X-RAY DIFFRACTION LINES OF
COA12Q4 FORMED IN THE REACTION

Radiation : Pe 1.93604A

CoAly04(e)
Standard’ Experimental
dg Intensity dg Intensity
2.864 66 2.8387 S
2.443 100 2.,4263 Vs
2.026 17 1.9991 M
1.8608 5 - "
1.6641 16 1.6390 M
1.5602 34 1.5408 S
1.4324 4] 1.4177 S
1.3716 1 1.3771 W
1.2821 7 - -
1.2360 2 1.2234 W
1.0826 2 1.0762 W
1.06861 3 1.0470 W
1.0131 1
0.9647 2
095847 2
0.9356 2

* Ref. No. 131



eobalt by standard methodlgs. From the alumina obtained,
the corresponding cobalt aluminate was calculsted and the
amount deducted from the total weight of the substance in
the boat after the experiment. This » gave the weight of
unreacted CoO. Co0 reacted was calculated from the initial
weight of Co0 and the weight of unreacted CoO.

3.2.4., TREATMENT OF THE DATA

Considering cobalt aluminate, cobalt chloride
and Al10C1l(g) as the products and from the quantitative
estimation of CoAlzo‘, the following stoichiometrie reaction

can be written:

6Co0(e) + 4A1C1,(g) = CoAly0,(e) + BCoCl,(g) + 2A10C1(g) ...(96)

The vapour pressures of CoCly{g), A10C1(g) and AlCla(g) vere
calculated from the experimentally determined weight loss data
of CoO in the reaction 96. The partial pressures of the

various components were calculated as follows:

P00012 = 6/6 x n Co0 x RT/V, ees(97)
Paroc1 = 2/6 x n Co0 x RT /V, .es(98)
PAlCla = (n AlCly - 4/6 n Co0) RTr/vr 5 2 (09)

where Pc°012, PAlOCl and PA1013 denote the partisl pressures

of the respective components and Vr represents the volume of



O

flow gas passed at the room temperature, Tr and R being
the gas constant. n Co0 and n AlCl3 denote the number of

moles of the respective components.

The equilibrium constant Kp was calculated from
the above equilibrium partial pressures

(%

2
coc1p’ (Pr10c2)
Kp = 000(100)

4
(P
A1C15)

3.2.5. ABSULTS

The experimental results together with the
calculated vapour pressures of CoCly, 210Cl and AlClq, and
equilibrium constants are summarized in Table XV. Baploying
the Vant Hoff's equation the heat of reaction Aﬂr has been
determined from the plot of log K, v8 1/T (Fig. 9). The
slope of the line obtained by the method of least squares
gave the heat of reaction Aﬂr = 163,97 *+ 4.0 Keal. This
value of AHr represents the mean over the temperature range
studied and does not take into account the effect of Cp.
From the functions cited by Kelley'®® and 'JANAF' tables®?
and by the zpplication of Kirchoff's law, Aﬂr298 for the
reaction 96 was found to be 172,12 # 4.0 Kcal.[(cp value for
CoCly(g) was taken as 14 cal.deg."1 mole™l. The heat
capacities of CoA1204(c) was taken as the sum of the heat
capacities of CoO(c) and 1,04(c)].
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Heat of formation of Al0Cl(g)

From the second law heat of reaction obtained,
the heat of formation of 210Cl(g) is calculated as follows

Aﬂggs = Aﬂfﬂge products - AHr298 reactants eee(92)

The value obtained thus for AHr298£1001(g) = -83.14 * 2,0 Kcal.
and is in good agreement with the value reported by Greenbaum
et s1t? [(AHpp0gA10C1(g) = -84 + 6 Keal.]. The value
obtained in the present study and the literature values are
recorded in Table XIX,

Ir'o 0. re

From the value of AF1240 and A51240, the entropy

of resction at 1240 was found to be 94.42 + 3.24 cal.deg.”t

mole~l.



SECTION - 3

REACTION OF AlCla(g) WITH Fezoa(c)

3.3.1. EXPERIMENTAL

(A) Materials

E:ggg_ - Pure Fey0, was prepared by
dissolving AR grade iron wire in dilute hydrochlorie acid.
The solution was filtered and treated with nitric acid to
oxidize ferrous to ferriec. The ferric iron was
precipitated as ferriec hydroxide by ammonia. The precipitate
was thoroughly washed with ammonium chloride solution and
ignited at about 700°C. X-ray data revealed it to be
Pe,0,1%% (Hematite) only (Table XVI).

Aluminium trichloride - 99,94 pure aluminium

trichloride (as described earlier) was used.

Argon - Purified argon (as deseribed earlier)

was used as carrier gas.

(B) Apparatus rocedur

The experimental set up and the procedure were

similar to that deseribed in Chapter II, Section 3.

3.3.2. IDENTIFICATION OF THE PRODUCIS

The residue in the boat was examined by studying
the X-ray powder patterns of the solids. X-ray data presented



in Table XVI showed the presence of F020a and dAl?Oa. The

F9203 observed was due to the unreacted material.

In the preliminary experiments, the outgoing
gases when tested reéevealed traces of chlorine which may be
due to the dissociation of FeCla as the temperatures are
high. The identification of the gaseous products were
carried out by condensing them on the cold finger. Chemical
analysis of the condensed iron chloride on cold finger showed
the existence of ferric state. The cold finger with the
condensate was heated under reduced pressure when all AlCl3
and FoCl3 wvere sublimed off leaving behind white solid on
the cold finger. X-ray and chemical analysis of the
material showed it to be Al,0,. The presence of Al,0, may
be due to the disproportionation of 210C1l(g) according to
the reaction (equation 85).

It may be mentioned that no iron deposit was
observed on the cold finger indicating the absence of
FeOCl and FeCl.

3.3.3. ANALYSIS OF THE PRODUCTS

The alumina obtained in the boat together with
excess Fe203 was finely ground and fused with potassium
pyrosulphate. After the fusion is complete, the mass is
extracted with dilute sulphuric acid and made to a definite
volume. A portion of the aliguot was taken, precipitated



TABLE - XVI

PROMINENT X-aAY DIFFRACTION LINES
FOR F020 AND A1203*

3

Radiation : Cu K (1.54054)

Fezoa(c)‘.
Experimental ASTM Index
af Intensity d?  Intensity

2,744 S 3.68 18
2.688 S 2.69 100
2.852 3 2.51 75
2.5156 S 2.20 18
2.2183 W 1.84 63
1.862 M 1.69 63
1.836 S 1.60 13
1.708 I3 1.49 80
1,696 S 1.45 50
1.484 S 1.35 3
1.465 8 1.31 18
1,309 W 1.26 13
1.266 W 1.23 3
1.142 M 1.19 8
1.104 M 1.16 s
1.068 M l.14 13
0.961 M 1.10 10
0.951 M 1.06 8
0.96 10

* The d values obtained for alumina were

the same as given in Table XI.

t* ASTM Index No:

1-1053 *

Gy
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with sodium hydroxide and iron was estimated as ferric
oxide by standard methods of analysisge. The filtrate
after the seperation of ferric hydroxide is estimated

for alumina by standsrd methods of analysis. By deducting

~ the quantity of A1203 obtained from the residue in the boat,
the weight of unreacted ro203 was obtained. F020a reacted
was calculated from the initial weight of Fego3 and the

weight of unreacted F°z°3°

3.3.4. TREATMENT OF THE DATA

Considering alumina, ferriec chloride and aluminium
oxychloride as the reaction products and from the gquantitative

estimation of alumina, the reaction can be represented as

2F0203(c) + 5#1013(8) = A1203(c) + 3A10C1(g) + 4F0013(g)
e+ (101)

The vapour pressures of /13CL(g), FeCly(g) and AlClay(g)
were calculated from the experimentally determined weight
loss data of F'g°5 in the reaction 10l. The partial

pressures of the various components were calculated as follows:

PA].OC]. = 3/2 XxXn FO?O3 X RTr/Vr B 00(102)
PFQCla = 4/2 xXn F°203 X RTr/Vr e (103)
P

AlCla = (n AlCly - §/2 n Fezoa) RTr/Vr vee(104)

where P,q001y PFeCla’ and PA1c13 denote the partial pressures
of the respective components and Vr represents the volume of

flow gas passed at the room temperature Tr and R being the
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gas constant. nF920a and n AlCl3 denote the number of moles

of the respective components.

The equilibrium constant Kb was caleculated from
the above equilibrium partial pressures

(#t (P2
K = FoClg ~~A10C1) ve.(108)

P
(’?\1013)

3.8.6,  RESULTS

The experimental results together with the calculated
vapour pressures of FoCla, A10Cl and AlCla are recorded in
Table XVII. Employing the Vant Hoff's equation, the heat
of reaction AHr has been determined from the plot of log
Kp vs 1/T (Fig. 10). The slope of the line obtained by the
method of least squares gave the heat of reaction
Aﬂr = 113.48 *+ 4,76 Keal. This value of Aﬂr represents the
mean value over the temperature studied and does not take
into account the effect of cp. From the functions cited by
Kelley'%0 and 'JANAF' tables’” and by the espplication of
Kirchoff's law, AH o008 for the reaction 101 becomes
133.68 + 4,76 Keal.

gggt of formation of Al0OCl

The heat of formation of A10Cl(g) has been
calculated from the second law hesat of resction, which gave

a value of -80.41 * 1.59 Keal. The heat of formation
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FIG. 10. PLOT OF LOG Kp VS Y X 10% FOR THE
REACTION 2 Fe,04(c) + 5AICI5(g) = Al, 04 (c)
+ 3AI0CI(g) + 4 FeClz(qg).
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values for AlCl,(g), Al,04(c) were taken from JANAF
tables!®7 and that of Fe,0, from Bockris®>. The AHpygq
for FeCl,(g) was obtained from the value of heat of
formation of FeClg(e) (-96.7)1% and the heat of
sublimation data (16.5)12, The value for the heat of
formation of A10Cl(g) obtained from the present study

and literature values are recorded in Table XIX.

Entropy of reaction

Substituting the values of AF and AH at 1341°%K

in the expression

AFT = AHT - TAS eee(52)

-1 -1
a value of 44,06 * 3.56 cal.deg. mole ~ for A8r1341

was obtained.

3.2, LSCUSSION

A general examination of the reaction of &1013(3)
with transition metal oxides (Mns0,, Fey 05, CoO and NiO) at
high temperatures indicates that the reaction stoichiometries
for the oxides of Fe, Co and Ni are essentially denoted by
the following equations:
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2Fey05(c) + 521C14(g) = Al,04(e) + 3A10C1(g) + 4FeCly(g) ..(101)
6Co0(e) + 4A1Cla(g) = CoAly0,(e) + 2A10C1(g) + 65CoCly(g) «.(9p)

6NiO(e) + 4A1013(8) = HiA1204(c) + 2A10C1(g) + 5!1C12(g) ««(106)

The metal halide (AlCly) reacts with the oxide to form an
oxychloride (Al0C1l) and the chlorides viz. FeCl,, CoCl, or
NiCly in which the metal has the same oxidation state as the
metal originally had. But in the reaction of Mn,0,(c) with
AlCla(z), chlorine gas was also observed which may be due to
the change in the oxidation state of Mn coupled with the
catalytic aetivity of the oxide. Thus the reaction in this

case can be represented as follows:

Mn,0,(e) + 3.5A1C1,(g) = % 1,04(e) + 2.5410C1(g) + 34nCly(g)
+ Cly(g) ..(86)

In Mn and Fe oxide systems, alumina was one of the
reaction products whereas in Co and N1 oxide systems
corresponding spinels (COA1204, N1A1204) were formed. This
may be due to the ease with which the oxides of Co and Ni
resct with A1203 to form the spinels at low temperatures
(aluminates of Co and Ni are formed even at as low as a
temperature as 1100°C). The oxides of Fe and Mn, however,
form the aluminates at comparatively higher temperatures
(about 1400°C).
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The experimental log Kps at different temperatures
for the above four reactions are recorded in Table XVIII.
From the plot of log Kp vs temp. (Fig.ll) it can be said
that the reaetion of the halide (41Cla) with NiO and CoO is
more favourable than that of Mnao4 and Fe,0, bet ween 1000-
1600°K, At lower temperatures (1000-1150°X) the reactivity
of Fey0q 1s greater than that of Hn304. However, at
temperatures beyohd 1160°K, the reaction of Mn,0, with ALCl,
is more favoured than that of Fea/og. Thus an increasing
trend of the reaction has been observed as one moves in the

periodic table from Mn to Ni.

The values obtained for the heat of formation of
A10C1(g) in the present study together with the literature
values are summarized in Table XIX.
Table XIX
Values for the heat of formation of A10Cl(g)

AHpoagALOCL (g) Method Reference
Keale.
- 84,0 + § Molecular effusion 124
-83.6 * 2.8 Transpiration 134
~91.,67 + 2,36 Transpiration Present work Sec. Eq. No.
Chapter III 1 86
-83.14 + 2,00 " N 2 26

-80.41 * 1.59 " " 3 101
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Except in the case of Mn,0, system, the value
for A“reos for A10C1(g) in the reactions compares well
within the experimental errors. In the case of Mna0,
system a little higher value is obtained. This may be
due to the evolution of chlorine which is highly reactive
at high temperatures. The present transpiration work on
the study of the reactions of oxides with gaseous AlCl3
has, therefore, brought forth the important evidence
regarding the existence of A10C1(g) at the reaction
temperatures (1150-1450°K). The values of AHppag for
Al0C1(g) compares favourably with that reported by
Greenbaum et.al. by studying the Knudsen Effusion at
2400°K,

The thermodynamic data has been compiled and
represented in Table XX.

~me000me—



TABLE - XX

THERMODYNAMIC DATA

Reaction of Mn304(c) with #1Clg(g)

AHrlm 193.92 _"_' 5.88 Keal.

A%zgs 208,88 + 5.88 Keal. (second law).
AHr298 = 209092 _t 1.96 Keal. (thi!‘d laW)o
AS

r13ze = 113.72 * 4.44 cal. deg.”} mole L.
AHfzgeAlOCl(g) = -91,67 * 2,35 Keal. (second law).

AHr298AIOCl(g) = ~91.26 * 0,78 Kecal.(third law).

Reaction of CoO(e) with AlClq(g)

AHI‘1240 = 153.97 hd 4,0 Keal.

Aﬁrzgs 172.12 '_.'_ 4.0 Keal.

A8, 040 = 94442 % 3.24 cal. deg.’l mole~l,

AHppooA18C1(g) = =83.14 + 2.0 Keal.

Reaction of Fe,0g(c) with AlCly(g)

AHP].M]. = 113.46 * 4,76 Keal.
AH gog = 133.68 % 4.76 Keal.
8851347 = 44.06 + 3,66 cal. deg.”! mole™l.

AHfzgsAlC)Cl(z) = «80.41 * 1.59 Keal.

a4
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Reactions involving metal-metal halides viz.
Mn-MnCl, and Mn-AlCl3 and the reaction of aluminium
trichloride with transition metal oxides viz. Mn304, Co0
and F0203 were studied at high temperatures employing

transpiration technique.

(1) Vapour pressure of MnCl,

The vapour pressure of Mh012 has been determined
between the temperatures 992 and 1218°K. The second law
calculations yield for the heat of vaporization AHEQB a
value 52.42 * 1,27 Keal. whieh compares favourably with
the third law value 54.52 + 0,78 Xecal.

(2) Equilibrium reaction
Mn(e) + MnCly(g) — 2MnC1(g)

The reaction has been studied between 1243 and
1413°%. Over the temperature range the AHr is found to
be 67.64 + 1.64 Kecal. The corresponding third law value
obtained is 66.35 + 1.1 Keal. These values give -1.53 +
0.82 and 2.83 * 0.54 Keal./mole respectively for the heat
of formation of manganese monochloride. The entropy of

reaction at 1328°K 1s 22.83 + 1.24 cal.deg. lmole™l,
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(3) Reaction of Alcla(z) with Mn(e) metal

The reaction has been carried out between
1221-1403°%,  The products of the reaction and the

weight loss measurements suggest the following reaction:
2Mn(e) + AlCla(g) = MnClz(g) + MnCl(g) + AL(1)

The reaction yields a third law heat, AHpge = 81.12 * 0,93
Keal./mole which compares favourably with the second law
value of 77.39 * 2.49 Keal./mole. These values give for
the heat of formation of MnCl -0.27 *+ 0.68 Kecal./mole and
-4,01 * 2,49 Kcal./mole respectively which are in good
agreement with those obtained earlier. The entropy of

reaction at 1311%K is 39.05 + 1.91 cal.deg.”L mole~l.

(4) Reaction of /1Cly(g) with MngO,(c)

The reaction was investigated between 1213 and
1433%, From the weight loss data and analysis of the
products, the reaction could be represented by the following
stoichiometry

1
Mn304(c) + 3.541C14(g) = Ehlzoa(c) + 2,6A10C1(g) +
3MnCly(g) + Cly(g)

The heat of reaction was found to be 208.88 + 5.88 Keal./mole
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which was in good agreement with the corresponding third
law value 209,92 + 1,96 Keal./mole. These values yilelded
for the heat of formation of Al0Cl(g) -91.67 * 2.35 Kecal./
mole and =91.25 + 0.78 Keal./mole respectively. The ASr
at 1220°K was found to be 113,72 + 4.44 cal.deg. L mole~l,

(8) Reaction of ﬁlc13(g) with CoO(e)

The reaction was studied between the temperatures
1124-1361°€, The experimental data suggests the following
stoichiometry

6Co0(e) + 4ﬁ1013(g) = CoA1204(c) + 500012(3) + 2210C1(g)

is the heat content functions are not available for CoA12O4(c)
the ecalculations were restricted to second law only. The
second law heat yielded for the heat of reaction a value

172.12 * 4,0 Kcal, A value -83,14 + 2,0 Kcal. was obtained
for the heat of formation of A10C1(g) at 298°K which compares
well with that reported in literature (AHyoog = -84 £ 6 Keal.).
The entropy of reaction at 1240°K was 94.42 + 3.24 cal.deg.”t

mole L.

(6) Reaction of AlClg(g) with Fey0q(c)

The reaction was studied between 1233-1441°K.
Analysis of the products and the weight loss data suggest the
following stoichiometry:



1o

2Fe203(c) + 5A1013(g) = A1203(c) + 3A10C1(g) + 4Fe013(g)

The second law calculations gave for the heat of reaction
AHZQB a value 133,68 * 4,76 XKeal. From this value the heat
of formation of Al0Cl(g) was calculated and found to be
-80.41 * 1.59 Keal./mole which is in good agreement with the
earlier as well as reported values. The entropy of reaction

at 1341°K was 44.06 + 3.56 cal.deg. ' mole™l.

—==0)0em=
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The vapour pressure of MnCl, has been determined between the temperatures 993° and

The d law calculations yield for the heat of

1218°K. employing a tr: iration techniq

P

sublimation AH,,, a value 52-42 +1-27 kcal., which compares favourably with the third law value

54:52 +0-78 kcal.

The equilibrium reaction Mn(c)+MnCly(g) = 2MnCl(g) has been investigated

between 1243° and 1413°K., employing a flow method. Over the temperature range the (AH,)
is found to be 57-74 +1-64 kcal. and entropy of reaction (ASryyy,), 22:83 +1:24 cal. deg.”'.

determined experimentally. Available litera-

ture values are only the estimates based
on the dissociation energy of the MnCl(g) molecule.
Herzeberg! reported the dissociation energy (D)
of the manganese subhalide as 3-3 eV., whereas
Gaydon? obtained a value of 3+1 eV. Using the
heat of sublimation of manganese 66-73 kcal. mole!
(ref. 3) and the dissociation energy of chlorine 57-8
kcal. mole® (ref. 4), the values obtained for the heat
of formation of MnCl(g) are +19-84 kcal. mole™?,
and --26-74 +23 kcal. mole? respectively.

Lee® observed no appreciable transport of manga-
nese by manganese chloride below 1273°K. even
at 0-1 mm. pressure. However, experimental de-
tails are not available. Employing the heat con-
tent functions® and entropies of the MnCl(g) listed
by Kelley and King?, the free energy functions for
MnCl, and Mn given by Brewer et al.8 and Stull
and Sinke® respectively, and the heat of formation
of MnCl, calculated from the dissociation energies,
it is possible to find out the transport of Mn.
Alternatively, if the transported manganese is
determined experimentally, the heat of formation
of MnCl(g) can be calculated.

To facilitate the study of transport of Mn by the
equilibrium reaction

Mn(c)+MnCly(g) = 2MnCl(g) (1)

the vapour pressure data for MnCl, is a must and
hence the vaporization of the dichloride was carried
out. The vaporization behaviour of MnCl, was
first reported by Maier'®. Later Schifer e/ al.l!
found the pressure of manganese chloride over the
temperature range 999° and 1216°K. by transpira-
tion technique. Recent mass spectrometric study
of the transpiration metal(II) halides by Schoon-
maker ef al'® revealed that MnCl, vaporizes
predominantly as a monomer and the dimerization
is negligible. However, his vapour pressure data
when extrapolated to the temperature studied by
Schifer and coworkers!! deviated by an order of
magnitude due to slight dimerization. Pressures
of manganese chloride observed!! are slightly higher
than those of Schoonmaker et al.12.

THE heat of formation of MnCl(g) has not been

*Communication No. 1108 from the National Chemical
Laboratory, Poona 8.

The experimental results of the following studies
are included in this publication: (1) Vaporization
of MnCl, at temperatures between 993° and 1218°K.;
and (2) equilibrium reaction (1) at temperatures
between 1243° and 1413°K.

Experimental Procedure

Manganese chloride (MnCl,4H,0), BDH Analar
grade, was dehydrated in a stream of dry HCl(g)
at 200° for 2 hr. Manganese metal flakes of 99-995
per cent purity supplied by Koch-Light Laboratories
Ltd, England, have been used. Argon was used as
a carrier gas.

Purification of argon gas — It is necessary to
purify argon as the impurities like oxygen, moisture
and nitrogen will react with manganese forming
various oxides and nitrides. The purification
process used by Gross ef al.}® served well during
the present work. In addition, sofnolite (soda lime
containing a little manganic acid) was used to remove
carbon dioxide. Freshly prepared manganous oxides,
which can absorb oxygen up to less than 1 p.p.m.,
was emploved.

Vaporization of MnCl, — A Kanthal wound tube
furnace was constructed, which gave a constant
temperature zone (+3°C.) of 15 cm. length at
temperatures between 970° and 1300°K. A silica
tube (length 70 cm.; int. diam. 2 cm.) was used
as the reaction tube. To maintain a constant
power supply, the Kanthal heating elements were
connected to the 230 V. main source through a
voltage stabilizer. The reaction tube is fused on
either side to B-24 silica joints. Temperature was
measured by means of a calibrated chromel-alumel
thermocouple. A flowmeter was employed to mea-
sure the rate of flow of carrier gas.

The reaction tube was completely flushed with
oxygen-free argon gas. After attaining the re-
quired constant temperature and raising the argon
gas rate to a desired value, the boat containing
anhydrous manganese chloride was introduced from
the downstream end and the experiment started.
The experimental run was carried out for a definite
time after which the boat was pushed out of the
hot zone and the heating stopped. The system was
allowed to cool in an argon atmosphere and the
boat with the manganese chloride was weighed.
Loss in weight of the manganese chloride was also

1
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TABLE 1 — TRANSPIRATION DATA AND THE THIRD LAwW HEATS FOR THE VAPORIZATION OF MnCI,(‘)-.:MnCl,(g)

Temp. Rate of MnCl, transported Pmm, —RT In Kp AHgeq
°K. flow of kcal. kcal.

argon gas g. Moles

litre/br

993 2:25 0-0289 2-:3004 x 1074 1-63 12-130 53-74
998 216 0-0283 2-2488x 104 1-65 12-158 53-94
1023 2:28 0-0475 3:7785x 107 2:63 11-520 5407
1053 2:22 0-0831 6:6074 x 104 471 10-638 54:06
1088 2:22 0-1085 8:6218 x 10-* 6-31 10-358 54-78
1123 2:22 0:1705 1-3548 % 10°* 9-59 9-760 55-17
1148 2-28 0-2708 2:1518 x 10~ 1474 8-996 55-13
1173 2:25 0-4568 3-6303 x 1072 24-80 7-978 54-80
1188 2:28 04791 3-8071 %1073 2563 8-002 55-24
1218 2:16 1-1180 8-8844 x10-2 59-98 6146 54-24
Av.= 5452
+0-78

o ]
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K,,Ko- CONSTANT TEMPERATURE ZONES

Fig. 1 — Diagram of a special tube furnace for studying
equilibrium reaction (1)

checked by chemical analysis of the residual
manganese chloride. The vaporization was carried
out at different temperatures and the results are
recorded in Table 1.

The wvalues for the vapour pressures are in
reasonable agreement with those reported by Schafer
and coworkers!'. The vapour pressure data have
been employed in the study of the equilibrium
reaction (1).

Study of equilibrium reaction (1) — To study this
reaction a special tube furnace (Fig. 1) wound with
Kanthal-A heating element was constructed, which
could give two different constant temperature
zones K, and K,, each 10 cm. in length and with a
temperature variation of +5°C. This was necessary
to prevent the condensation of manganese chloride
vapour in the middle of the reaction tube. A
mullite refractory tube (length 100 cm.; int. diam.
1-5 cm.) was used as the reaction tube. B-24
pvrex joints were connected to either end of the
tube with a high alumina refractory cement (Accoset-
50) which helped to give cemented gas-tight joints.
The two constant temperature zones were long
enough to accommodate two boats C and D res-
pectively. To maintain a constant power supply,
the Kanthal heating elements were connected
to a 230 V. main source through a voltage stabi-
lizer. Temperatures were measured by means of

2

calibrated chromel-alumel thermocouples G and H
positioned over the central parts of the boats.
The boat C containing manganese chloride was
kept at about 1170°K. After attaining the cons-
tant temperature in the reaction zone, the boat
D containing manganese metal was introduced
from the downstream end. The experiment was
started and allowed to run for a certain time. At
the end of the run, the heating was stopped and
the two boats were moved out of the hot zones.
A series of such experiments was carried out at
different temperatures and the amounts of Mn
metal transported were calculated from the weight
loss measurements.

Calculation of vapour pressure, equilibrium constant
free energy and heat of reaction — In the transpiration
method, it is necessary to determine the limits of
the flow rates of the carrier gas saturated with the
gaseous reaction products. This helps to know the
extent to which the experimental results are being
influenced by the diffusion transport. If an equili-
brium between a gaseous phase and a condensed
phase is established with negligible diffusion effects,
the amount of vapour transported per unit time
varies linearly with the flow rate of the gas mixture?s.

In the present experiment, the transport of vapour
is directly proportional to the loss in weight of
metal manganese. The reaction (1) was studied at
a temperature of 1333°K. by varying the flow
rate of the carrier gas (containing MnCl,) between
20 and 70 ml./min. When the data for weight
loss were plotted against the flow rates in the above
range, it increased linearly, thereby indicating that
the flow gas was saturated with the gaseous re-
action products. In a few preliminary experiments
it was found that the weight of the alumina boat
increased considerably (nearly 10 per cent). After
each succeeding run, the increase in weight got
reduced. However, this experimental discrepancy
was minimized by weighing the metal flakes sepa-
rately. Blank experiments carried out with manga-
nese metal and by transporting MnCl, over the
empty boat showed no perceptible increase in the
weight of the boat. It was observed that the inner
and outer surfaces of the alumina boat got covered
with a thin layer of black material. The attack
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was found to be due to highly corrosive MnCl
molecules.

The vapour pressure of manganese monochloride
formed during the reaction (1) was calculated from
Eq. (2):

ﬂ. - P, - Na )
Pr Pa+B,+P;  natmytny

where P, = the partial pressure of MnCl(g); Pr =
total pressure; 7, = number of moles of MnCl(g)
formed; 7, = number of moles of unreacted MnCl,;
and 7y = number of moles of argon collected during
the run. In each run the amount of MnCl, passed
and the amount of chemically transported manganese
were determined by weight loss measurements.

The experimentally determined weight loss data
of Mn(c) and MnCly(g) were converted to partial
pressures of MnCl(g). The equilibrium constant for
the reaction was calculated by substituting the
pressures in expression (3).

P*MnCl
= PMncl, ...(3)
The free energy and heats of reaction at various

temperatures were calculated employing Eq. (4)
and (5):

AF° = —RTIn K .. (4)
(4
AH3 _ Fr—Hi
=g = —RInK e (products)
+!_Iir—u (reactants) ...(5)

TS __H°
The free energy functionsrT—TH—”l’ for the products
and reactants were taken from Kelley®”.
Results and Discussion

MnCl, vaporization — In the treatment of the
vapour pressure data for MnCl, system, the poly-
merization of the dihalide vapours is not taken
into account as Schoonmaker et al}* have reported
that monomer is the major vapour species in their
mass spectrometric studies on the vaporization of
MnCl,. In view of this information the vapour
pressures for MnCl, recorded in Table 1 were cal-
culated from the assumption that the manganese
chloride vaporized as a monomer

MnCl,y(1) = MnCly(g) ...(6)

Third law heats calculated are given in Table 1.
Employing the well-known Vant Hoff’s equation

@n K)d 1T = —AH|R (7)

the heat of vaporization AH, has been determined
from the plot of the logarithm of the equilibrium
constant versus the reciprocal of the absolute
temperature (Fig. 2). The points representing the
experimental values show a good fit with the
straight line obtained by least squares method. The
plot of this data gives an equation:

—75729 + 277-48

log P = T

+45-1079+0-25 ...(8)

R
e %

Fig. 2 — Plot of log P versus 1/T for the vaporization of

MnCly (k) =MnCl,(g)
. °
. °
<
gt .
25t
T D %
1/ Tao® %

Fig. 3 — Plot of log Kp versus 1/7T of the reaction (1)

The second law heat obtained from the above
equation is AHj)y¢ = 35-37+1:27 kcal. When cor-
rected to 298°K. assuming AC, = —10 cal. deg.
mole!® for the vaporization process, the heat of
vaporization AH,y, becomes 43-45+1:27 kcal.
Using the heat of fusion 8:97 kcal., as given by
Brewer ¢f al.®, the heat of vaporization becomes
52-42+1-27 kcal. This is in fair agreement with the
third law value 54-52+0-78 kcal. The difference
may be due to the temperature dependent errors
which contribute considerably to the second law or
may be due to the errors in AC, values.

The second law entropy of vaporization AS; o =
23:37+1-16 cal. deg.* does not differ very much
from that of the third law value 25-27 cal. deg.™.

Reaction Mn(c)+MnCly(g) = 2MnCl(g) — The ex-
perimental data for this reaction have been
summarized in Table 2. Employing Vant Hoff’s
equation, the heat of reaction AH, has been
determined from the plot of log K versus 1/7°K.
(Fig. 3). The slope of the line obtained by the
method of least squares gave the heat of reaction
AH, = 47-34+1-64 kcal. This value of AH,
represents the mean over the temperature range
studied. The value for AH,e could be calculated
from the knowledge of AH, 34 and the functions
cited by Kelley®?. As the heat content functions
are not available, a AC, value of —10 cal. (ref. 16)
has been assumed for converting MnCly(l) to
MnCly(g). The value of A(H,z5—Hygg) for the
reaction (1), therefore, becomes —10-4 kcal. The
value of AH, at 298°K. is thus 57-74+1-64 kcal.
The corresponding third law value is 6635 + 1-1 kcal.

3
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TABLE 2 — TRANSPIRATION DATA FOR REACTION (1)

Temp. Rate of MnCl, Loss in P(MnCl) P(MnCly) Kp —=RT In Kp AH 44
K. flow of passed Mn metal atm. atm. x 10°* kcal. kcal.
argon gas g. mg.
litre/hr
1243 2:16 0-3999 9-10 3-788 x 103 3-444 41657 x 1074 19-226 65-79
1273 2:16 1-1033 22:22 9-249 x 103 9-562 8:9456 x 10~ 17-757 65-27
1293 2:22 0-7108 19-20 7-776 x 10~ 5-895 1:0256 x 103 17-684 65-82
1333 2:25 0-8540 25-25 1-009 x 10-* 6944 1:4658 x 10~ 17-285 66:71
1363 2:22 0-5034 23-40 9-477 x10"* 3-978 2:2574 x 1072 16:505 6689
1373 2:40 11050 4095 1-534x10-? 8:269 2:8458 x 1072 15-994 66 -70
1388 2-58 1-1282 46:85 1-633x10-? 7766 3-4323x 102 15:652 6683
1413 2:40 0-8402 4695 1-759 x10-2 5:991 5:1631x 102 14-788 66 76
Av.= 66-35
+1-1
The deviation from the third law heat may be  Acknowledgement

due to the temperature dependent errors in the
second law coupled with the side reaction of the
highly unstable and corrosive MnCl gas with the
container material. Hence, the second law heat
of reaction permits the calculation of the heat of
formation of MnCl(g) from Eq. (9)

AH,, MnCl(g) = $[AH 595 +AHfp95 MnCly(g)
+AH, Mn(©)] ...(9)

298
as —1-48+0-82 kcal. and the corresponding third
law value gives 2-83+0-27 kcal. The AH, 0
( —60-7) for MnCl,(g) was taken from Brewer et al.8.
The entropy of the reaction AS,;4 was obtained
from the intercept of the plot in Fig. 3 which led to
a value of 22-83+1-24 cal. deg.®. The corres-
ponding third law value calculated by substituting
the AH value in Eq. (10)

AF, = AH, —TAS,

was 29-31 cal. deg.”.

Thermodynamic properties — The values of various
thermodynamic parameters can be summarized as
follows:

...(10)

For MnCl, vaporization

Second law Third law

AH 4 52:42 +1-27 kcal. 54:52 +0-78 kcal.
AS; 108 2337 +£1-16 cal. deg.”? 25:27 cal.
For reaction (1)

Second law Third law

AHfye MnCl  —1-48 £0-82 kcal.
ASriaes 22-83 +£1-24 cal. deg.”?
AH, 57-74 +=1-64 kcal.

2-83 +0-27 kcal.
29-31 cal. s
66°35+1-1 kcal.
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