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SYNOPSIS

Cementation has been used extensively by chemists
and metallurgists as an economical process for purifica-
tion and recovery of metals from dilute solutioms, The
first application reported in literature dates back to
fourth century but scientific investigations on cementa-
tion have started only recently. A critical study of |
published work has indicated that investigations are
nostly confined t0 the kinetics Qf cenentation using disc
or cylindrical samples of precipitant metal. No systema-
tic work has been reported on the thermodynamics of the
process and even in kinetic studies no uniforn picture
is available regarding the rate controlling step and the
effects of process variables on the kinetics of cementa-

tion.

‘The present work has, therefore, been undertaken
to make a systematic study of the thermodynamics and
kinetics of cementation gnd utility of the cement powder
product. TFor this, copper/iron system has been selected
- because of its considerable industrial importance as an
economical and efficient means of copper recovery. from
dilute solutions. Also, in the present work iron powder
has been used in preference to disc or cylindrical
samples because it permits a better sinulation of the

actual industrial practice. The entire work has been



iv

recported in five chapters.

v

Chapter I deals with the historical developments,
"literature review and formulation of problen for present

investigation,.

Chapter II deals with the thermodynamics of cemen=
tation and includes the experimental set~up and procedure
used for the determination of, (i) the activity coefficient
of copper sulphate as a function of concentration of
copper sulphate in solution, pH of the solution snd con=
centration of ferrous sulphate in solution, and, (ii) the
activity coefficient of ferrous sulphateras a function of
its concentration in solution, pH of the solution and con-.
centration of copper sulphate in solution. It also
includes the results obtained, their interpretation and
‘applicability of the existing theory. It has been found
that, (i) in pure Eopéer sﬁlphéte sélufiﬁn the acfivify'
coefficient of copper sulphate decreases with increase
in its concentration and follows Huckel relationship,
(1i) the activity coefficient of copper sulphate and
that ofvferrous sulphate increases with decreaée in pH,
(iii) in pure ferrous sulphate solutién, the activity
coefficient of ferrous sulphate decreases with increase
in its concentration and follows Guggenhein relationship,
and, (iv) addition of ferrous sulphate to copper sul-

rhate solution decreases its activity coefficient wherecas



addition of copper sulphate to ferrous sulphate increasecs

its activity coefficient.

Chapter III deals with the kinetics of cementation
and includes the theoretical aspects, experimental set-
up and procedure used for studying the kinetics as a
function of process variables namely, (i) temperature,
(ii) stirring speed, (iii) initial copper ion concentra-
tion in solution, (iv) pH of the solution, (v) size of
the powder, (vi) solution/powder ratio,and, (vii) at-=
mosphere, Results obtained and their interpretationrs
are also included in this chapter, It hag been observed
thaf the overall rate of cementation is controlled by
the mass transport in the aqueous solution. To confirm
this polarisation studies have also been made, which

have testified the above conclusion.

Chapter IV deéals with the characteristics of the -
cenient copper powder obtained under different experi-
nental conditions and includes studies of following
properties and the explanation of results obtained:

(i) particle shape, size‘and size-distribution, (ii)
apparent density, (iii) flow rate, (iv) tap density and
~ friction index, (v) green density and densification
parameter, (vi) compression ratio, (vii) sintered den=
sity, (viii) green porosity and sinterecd porosity,

(ix) effect of ligquid-phase sintering on sintered density



and sintercd porosity; and, (x) nicrostructures of sin=
tered mass., Comparison of these properties with iron
powders (for cement powders of low copper c¢ontent)
showed an immense inprovement in the green density,
densification parameter and sintered density. This
leads to the conclusion that thése powders form a better
substitute for plain iron powders., ZPowders having high
copper content can be used either for the production of
those powder metallurgical components which are normally
produced with the help of pure copper powders or for

extraction of copper through melting,
Chapter V includes sunmary and conclusions.,

Scope for future work is indicated separately.
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" CHAPTIER-TI

INTRODUC TION

1.1 General and Historical

Metals commonly occur in nature in oxidiged forms
as oxides, sulphides, halides, carbonates,-silicates etc.
The reduction of these compounds to metallic state is done
with the help of technically and economically feasible
reagents, The actual extréction process employed and‘
flowsheet used for any particular case depends upon
several economic and technical factors, viz., the source
of metal i.e. ore, concentrate or metallurgical'waste,
the phyéical and chemical properties of the metal to be
extrécted, relativé'stabilitieS'of différent compounds
present in the ore and formed during processing; desir~-
able tonnage and purity of the product. These extraction
processes can be classified into pyro-, electro- and
hydro-metallurgical. The pyrometallurgical processes,in’
which various process operations are performed at high
temperatures leading to faster reaction rates, have the
advantage of delivering the product on a lafge scale and
at high productivity. These processes are, therefore,
used extensively for the extraction and‘réfining of most
of the metals. However, they suffer from the limitations
~of most stringent requirements of the gquality of ores,
concentrates, fuels, refractory materials and fluxes. In

some cases the metal to be produced may form alloys/



compounds with other elements during the process and nay
fhus render these processes impractical for the produc-
tion of these metals. The electrometallurgical processes
have the advantage of unlimited reducing power. These
processes can employ either aqueous or fused-salt baths~
the choice depending primarily upon the reactivity of

the metal, availability of suitable electrolyte and
electrode materials. The ma jor limitation for the appli-
cation of these processes is the availability of cheap
and plentiful supply of electricity. The other drawbacks
of these processes include high capital cost; low éurrent
efficiencies, polarisation effects at low concentration
of metal.values in solgtion, go-deposition of impurities
and occassionally undesirable.characferistics of cathode
deposits. Hydrometallurgical processes make use of
chemical reactions predominantly in aqueous phase at

room or moderate temperatures fér the winning of metal.
Bécaﬁé; of‘the-é§er-incréésing demand for-high;purif§'
metals coupled with non=gvailability of high~grade ores
the adoption of hydrometallurgical processes, especially
for the extraction of metals from metallurgical wastes,
low=~grade ore deposits or old dumps and refractory
silicate ores has been gteadily rising in recent years.
Developnents in leaching such as pressﬁre?leaching, use
of new sgsolvents and pre-treatment techniques for direct

leaching of native metals, sulphides, arsenides,



tellurides and other refractory ores coupled with advances
in purification of leach liquors by conventional chemical
methods, solvent extraction and ion-exchange processes had
a considerable impact on the applicability of this field
of metal extraction. Out of the four conventional methods
of recovery of metal from purified leach liquors, viz.,
electrowinning from aqueous or fused-salt baths, gasecous
reduction by hydrogen, chemical precipitation of metal
compounds and cementation, the last method has additional
advantage of its suitability for recovery of value fron
very dilute solutions. In cementation a more electro—
positive metal ion in solution, when brought into contact
with a less electropositive metal, is displaced from the
solution and cemented on the latter metal. Because of
its importance in the recovery of metal values from metal-
lurgical wastes and low-grade oréﬁ;considerable work is
being done to understand the fundamentals of cementation
which is applicable not only for recovery of metallic
values from leach ligquors of any concentration but also
has been extensively used for purification of leach
liquors prior %o recoveiy by other methods. Thc present
work is taken up with a view to understand the mechanism
and kinetics of this process and to broaden the field of

application of the product obtained.

/

The word-cementation has been derived from Cementa~-

ciion (Spanish meaning precipitation) and refers to a



netal displacement or metal contact reduction reaction
which has been known and used from ancient times.
Mellor refers to the Writings of Zosimus in fourth-
century about reduction of copper from salts solution

2

by iron. Basil Valentine® in his book Currus Triamphalis

Antinonii refers to copper cementation., Several ancient
European chemists regarded cementation gs an exanple of
the transmutation of metals. Paracelsus the Great? cites
‘uge of iron for preparing venus (copper) by the 'Rustics
of Hungaryf in his 'Book Concerning the Tincture of the
Philosophers'. Agricola’ in his book 'De Natura
Fogsiliun!' refers to a peculiar water drawn from g shaft
near Schmolnity in Hunéary that erodes iron aﬁd turns it
~into copper. The Chinese of Sung Dynasty4 used cementa-
tion method for the production of copper from copper
sulphate, By 1585 A.D.ymnetal trees formed by adding
nercury to silver or gold solutions were known’. The
copper was reported to'be produced commercially as early

3

as the sixteenth century” in Rio Tinto in Spaih fronm

mine waters by precipitation on iron and yearly produc-
tion in 183%3 was 140 tons6. By the middle of nineteenth
century, cement-copper was produced éommercially in
Irelandg England, Gernmany and Hungafy3’7. By 1875 cenent
copper produced in Hungary anounted to 200 tons per year.
In the Qnited States copper cementafion was carried out

on water pumped from the Butte Mines, Montana in 1888
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and yearly production in 1910 was 2279 tons3’8. The
earlier studies on cementation are reported to be carried

5 and later extended by Stahl5 to arrive at

out by Boyle
the '9ffinity! series which can be identified with the
electro=chenical series of modern chenmistry. First quanti-
tative studies were carried out a century later by

9

Bergman® who determined the weights of metal displaced in

various reactions. The first rate study of a cementation

10 4n 1871 who

reaction was made by Gladstone and Tribe
investigated the reaction between copper netal and silver
ith the help of studies in several cementation
reactiong, by abdut 1900, nany scientific conclusions were
drawn, nanely, (1) not all the reactions.predicted by the
electrochenical series take place, for example, nickel
does not displace either copper or silver from solutions,
(ii) co=deposition ig a common,phenomenén,_for,example,m
copper precipitated from solution by iron or zinc is
contaninated with these netals, (iii) the reaction rate
depends on the anion, for example, the displacement of
copper by aluminiun is nuch more rapid in the presence

of chloride ions than sulphate ions. However, nost of.
the articles publighed until abouf l960,déalt with plant

practices only7’8’ll”2o 21-23

and only a few reports
the investigations of the variables studied under crude

laboratory experimentation were published.



1.2 ILiterature Survey

In recent years several worker524“53 have gtudied
the cementation'process‘dge'to its importance which was
discussed under ccetion 1.1, with a view to understand
phyoico-chenical principles of the process. Hamdorf24
studied the cementation of lead and silver from brine
solutions by metallic iron and found that (i) the cementa-
tion reaction in case of lead was chenically controlled
whereas for silver it was diffusion controlled, (ii) the
cenentation rate was senéitive to changes in temperature
and concentration of chloride ions and was strongly
affected by the presence of foreign ions. Van_Hahh and
Ingraham25 concluded from their works on kinetics of
palladiun cementatién on electropolished copper that
(i) the cemented deposit was porous at low concentration
_ whereaswit.was.dense and adherent at higher concentration. -
of perchloric acid in aqueous solution, (ii) at lower
concentrations and in initial stages of high concentra-
tion the rate was found to be interfacial or agueous
phase transport controlled whereas it was foﬁnd to be
solid phasge transport controlled in the final stages at
higher concentration. Their investigation on cementa-

26 revealed that (i) the rate

tion of silver on copper
of reaction in gcidic solution was fast and the result—.
ing deposit was loosely adherent and porous and (ii)‘the

rate of reaction in cyanide solution was slow and the



deposits were dense and adherent. They also investigated
the cementation of gilver on zinc27 in perchloric acid
and in alkaline cyanide solutions and arrived at sinmnilar

conclusions.

An exhaustive study on cementation of copper on

rotating iron discs by Nadkarni et al%8 and Nadkarni and

Wadsworth29 revealed the following:

i) Copper cementation was first order reaction with

its rate only slightly dependent upon initial copper

concentration and pH,

~ii) at low gpeeds of rotation the rate was directly
proportional to square~root of rpm whereas at high

stirring speeds the kinetics became independent of

the speed,

iii) the precipitated copper adhered—to the iron as a
spongy layer at low speeds, peeled off in the form
of bright strip at mediuﬁ speeds, as a fine powder
at high speeds and at very high stirring speeds,
particularly with high-purity iron, the precipitated

copper approached colloidal size,

iv) the precipitated copper adhered nore strongly to
the iron as the impurity content of the iron in-

creased,

v) oxygen in solution caused excess iron consumption,



vi) under hydrogen atmosphere, excess iron consunption

was less than under nitrogen.

Miller and Wadsworth O examined the kinetics of
copper ccmentation on metallic nickel pellets. They
arrived at the conclusions that (i) cementation was a
first order reaction rate process, (1ii) when the nickel
was sufficiently agitated to keep it sugpended and in
trahslational notion in the reaction solution, the rate
of regction becane independent of further increasg in
stirring speed, (iii) the réte of cementation decreased
slightly with increasing ccppef ion and acid concentration,
(iv) nickel consumption increased with increasing acid
concentration,{v) the overall rate of reaction appeared
to be diffusion controlled at higher temperatures and

interfacial reaction controclled at lower temperatures.

L

o1 carried out an electro~-

Rickard and Fuerstenan
chenical investigation of.ooppﬂr oementation by iron.
They studied the anodic polarisétion curves for iron
dissolution and cathodic polarigation curves for copper
depogition and ferric ions and hydrogen ions reduction;

From the results they predicted the relative rates of

the reactions:

Cu2+_+ Fe = Fe®' + Cu ve. (1.2)

2+

2 Fot4Fe = 3Fe el (1.2)



2 HY + Fe = TFeot 4 H, ve. (1.3)

4HY + 2Fos 0, = 28, 0+2Fe2t eo. (1.4)

They reported the following:

i) the first two reactions were first order with res-
pect to the reacting ions and the rate controlling

step was4diffusion of ions to the cathodic surface,

ii) the specific rate constant for first reaction was
approximately twice as 1arge as that for second

reaction,

iii) the rate of reaction (1.3) in an oxygen—free solu-

tion increased with decrease in pH,

iv) in solution containing oxygen, the rate of hydrogen
reduction was controlled by diffusion of oxygen and
was proportional to the squarc root of the partial

pressure of oxygen dissolved in solution.,

52 investigated the kinetics of cadniun

Ingrahaﬁ and Kerby
cenentation on both cylindrical and circular faces of a
rotating zinc disc in buffered sulphate solutions and
found that (i) the rate was more rapid on the cylindrical
faee than on the circular face) (ii)at higher tomperatures
and at pH values above 6.4 the rate of deposition in-
creaged due to an increase in the cathodic area of the

deposit, (iii) the rate may also be increased by decreas-—

ing the thickness of the diffusion layer by rapid stirring,
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(iv) the presence of small amounts of copper, cadnmium,
lead, iron or aluninium in the ginc did not affect the
cenentation rate, but when small anounts of copper,
cobalt and arsenic were present in the solution, cadmiun
deposition rate decreased shortly after it started,

(v) snall anounts of copper in solution became cemented

with the cadinum to form a coarse deposit of Cd3‘Cu.

33 studied the kinetics of

MacKinnon and Ingrahan
copper cementation on pure aluninium disc in acidic sul-
Phate solution and concuded that (i) at low initial
copper ion concentration there were two rate controlliing
processes — ionic diffusion control at tenperatures above
4000 and surface reaction control at temperatures below
4000, whereas at higher initial copper ion concentrations
the rate was interfacial reaction controlled,(ii) cementa-
mtibn rate increased with decrease;in pH. Their studies
on copper cenentation on aluninium canning sheet34 |
revealed that rate of copper cenentation per unit area
was fron 1.4 to about 1.9 timés greater. on canning sheet
than on pure aluniniun. Farther, thoy studied the kincties
of silver cementation on alunminiun canning sheet in alka-

35

line argento-cyanide solution and compared the results

with those obtained previously for silvgr-cementatian

on copper26 and zin027

and arrived gt the conclusion
that (i) the cementation of silver on aluninium was a

diffusion controlled process, (ii) in silver/aluniniun
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systen the rate constant increagsed with increasing

silver ion concentration whereas in silver/zinc systen
the rate constant was alnost independent of silver ion
concentration, (iii) the silver formed in silver/
aiuminium systen was a powdery deposit whereas in
silver/zinc system it was a smooth, adherent deposit,
(iv) when the leach solution contained impurities such
as gold, coppér, selenium, and alkaline sulphide, thio~
sulphates and thiocyanate, the rate constant, in general,

36

decreased. MacKinnon et al's” work on the kinetics of
cdpper‘cementation on nickel disc showed that at low |
teﬁperatures the process was interfacial reaction con-
trolled whereas at high temperatures:it'was diffusion

controlled, and that the rate of cementation increased

wiﬁhvﬂcc;eqsing pH of the solution.

Strickland and Lawsons 790 studied the cementa-
tion of copper on zinc from dilute aqueous solutions
using a rotating dise geonetry and found that (1) copper
concentfations of the order of 10 ppm leads to the
formation of a porous, adherent_deposit on the zinc sur-:
face which has a significant influence on the regction
rate, (ii)~when the specific nass (mass/surface area)
of the deposit was less than about 0;35 mg/cmz,the sur-
face may be considered as smooth and the rate was

described by simple convective counter~-diffusion of
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zinc and copper ions through g laminar diffusion bouncary
layer to the deposit-solution interface, (iii) in the -
presence of additional deposit, the diffusional nass
transport was increased by increaged surface roughness,
(iv) the rate constant was dependent on the degree of
agitation and varied linearly with the square root of

the stirring speed. They further studied39 the kinetics
of cémentation of cadmium with zinc, lead with zinc, and
silver with zinc, copper and cadmiunm, a1l from dilute

gsolutions and found siﬁilar results.

Biswas and Reid40_43 examined the kinetic and
practical aspects of the extraction of copper by cementa-
tion on iron and inferred that (i) the rate of cementa-
tion increased with increasing speed but there was a
limiting stirring speed above which the éementation rate
renained constant, (ii) the specific rate of cementation

_aécfeasednsignificéﬁéi§AWith increasing.iEEEAal coppér .
concentration and becane very low at high initial copper
concentrations due to the dense crust of cdpper deposit,
(iii) the reaction rate decreased With increaging pH
upto a pH of agbout 2.5, after which the reaction rate
increased as the pH increased to 4.5, (iv). the presence
of even a small amount of sodium sulbhate in the feed
solution significantly increased the cementation rate,

(v) reaction rate increased significantly with tempera=

ture and the higher temperature allowed the use of a
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higher initial copper concentration before the formgtion
of dense crust of coppef, (vi) at higher temperatures the
copper powder formed acquired reducing properties which
resulted in an iron cgpsumption less than the theoretical
value for cementation, Miller and Beckstead44 studied the
surface deposit effects in the kinetics of copper .cementa-
tion by iron and found that the cementation reactién was
cbntrolled by boundary layer diffusion processes at all
temperatures and concentrationg, and that the rate con-
stant increasedmwith increase in initisl copper concen-—
tration upto 200Appm-and then decreased with further
increase in éoncenfrgtion. Fisher and Groves45?46 in=-
vestigated the kinetics of cementation of copper on iron
and reported that'(i) the rate of cementation was sig-
nificantly enhanced by the increased cathodic areas
'”'provided'by“fhe porous copper deposit or the preséﬁde
" of g fluidised bed of copper particles contacting the
iron precipitant, (ii) the rate of cementation decreased
as ionic gstrength increased, (iii) oharéoteristics of
the deposit changed from smooth, adherent deposit below
22°C o porous slightly adherent deposit above 22°C,
(iv) the iron consumption increased as pH decreased,
(v) the presence of oxygen in the‘syStem caused a
.deoreasé in the reaction rate but thé presence of hydro—‘

gen atmogsphere in the system had no effect on the process.
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- Lee et al47 worked on the cementation of cadmium
on zinc énd found that (i) the rate of cementation was
controlled by diffusion of cadmium ions to the surface,
(ii) the change in the initial cadmium ion concentra-
tion showed 'two~stepd behaviour on rate constant which
reached a maximum at gbout 50 ppm initial cadmium con=-
centration and thereafter decreased as concentra-
tion increased, (iii) as the initial concentratién of
zinc sulphate in solution increased, the cadmiun cementa- -
tion rate decreased. Their work48 under oxygen=-
éontaining atmogphere revealed that rate controlling
mechanisn changed from mass transfer under a nitrogen
atmosphere to a mixed or chemical control as the quantity
of oxygen dissolved In the solutioq increased and that
the deposit morphology under different oxygen concentra-
tiors changed remarkably and influenced the'dgggsition_
rate significantly. Sareyed—Dﬁa and Lawson49 étudied
the kinetics of précipitation of nickel on to iron disc
and found that under inert atmosphere conditions the
cenentation rate was contrclled by both diffusion and
surféoe,reaction processes and that.the presence of
oxygen in the atmosphere above the reacting system
increased the nickel deposition rate drastically.

Their studies?®

of cementation on to particulates in
two different systems: Copper/zinc and_nickel/iron

revealed that (i) both reactions were mass—transport
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controlled, (ii) the specific reaction rate increased
with increaging agitation until full particle suspension
was reached, (iii) for fully suspended particles the

rate constant increased with increasing particle size.

Palmer et al’l examined the kinetics of aqueous
arsenic (III) reduction to amorphous arsenic with
cadmium ﬁetal and reported that with arsenic ﬁoncentra- )
tions greater than 0.2 gm per litre, the reduction of
arsenyl ion on the cadmium surface was rate.controlling
whereas at lower concentrations, rizction rate wac mass-
transfer controlled. Power and Ritchie52 worked on the
nercury (II)/copper system and found that the reaction
rate was first order in nmercury {II) ions, the first
order rate constant being proportional to the squére
root of the rotation speed and concluded that the re-
“action was diffusion controlled. Lee et 2122 investi-
gated the effect of precipitant surface roughness on
cenentaotion kinetics for cadmium/zinc, copper/zinc and

copper/cadnium systems and arrived at empirical mass-

‘transfer correlations.

Most of the studies reported in literature are
confined to the investigations on the kinetics of cementa-
tion and the type of the deposit using disc or cylindri~
cal samples of precipitant., No gystematic work has been

reported on the thermodynamics of the process. BEven in
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kinetic studies the‘literature show- that no uniform
picture is available regarding ﬁhe rate controiling

step in the overall reaction. Some of the
authors24’35’37’38’44’47’50’52 have asserted that mass
transport in the aqueous phase controls the overall rate

24,25,48

of reaction whereas the others have assumed the

interfacial reaction to be the rate cdntrqlling one. A
third group of inVestigatorszs’so?33’36’49’51 have come
to the conclusion that the overall reaction has different
rate controlling steps at different stages including
mixed control as one of the rate controlling phases. No
work has been reported which clearly elucidates the
conditions under which a'particular step or steps contrbi

the overall reaction rateu

Though in most of the cases the variables studied
for kinetic investigations are the same nanely, rate of
stirring,; initial concentrations of the solution, tempera-
ture, pH, atmosphere, the resulting'effects reported of
these variables differ vastly from one author to other,

In caée of the effect of gpeed of stirring sbme investi-

28"'30 ’ 4-0 ’ 41

gators have reported that the rate constant

becomnes independent of rpm at high stirring rates,

54 could not find any region where the rate in inde-

25,33

gome
pendent of stirring speed, while others concluded
that rate constant is independent of stirring speed

under certain sets of conditions of temperature and
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concentration and varics with speed under some othor scis
of conditions. A group of these inV'stlgatorB-BO $37,18,51, 52
found that rate constant is proportional to the square
root of rpm while othersBz’33 reported g linear varig-
tioh of rate congtant with speed and also the constant
of proportionality varied from guthor to author. Contra-

28,29,55 are reported regarding the

dictory conclusions
effect of stirring speed on the amount of metal dissolved
in excess of the stoichiometric amount required for

cenentatione.

- Various effects of initial concentration of sgolu-
tion on rate constants are reported. It is reported to
be independent of initisl cohcentration of metal ion by

24,27,51,55

sone investigators , increase with increasing

3335 4

initial concentration by some other workers

decrease with 1ncre°31mg initial concentration by stlll o0ne
29,30,34,40-43%,45, 46 49

other 1nvest1gﬂtors In contrast

to the above conclusions some of the authors44 47,48
have lnfcrred two step behaV1our 1n which case rate
constant increases with increasing 1n1t1al concentration
to certain concentration and then it decreases with
further increase in concentration. Most of them have
reported a change in rate controlling step with change
in concentration while Miller and Beckstead* assertea

that process is diffusion controlled at all concentrations.

In most of the investigations the effect of surface



been given forwgﬁéh'véryihg effééés of pH.
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deposit has been disregarded27’28’4o’56. Even the
group which studied the effect of surface deposit on

rate of cementation mentioned conflicting results -
either rate enhancenent28227,31,34,35,37-39,44-48
rate retardation25“27'36,

As far as the effect of pH is concerned,the rate

. 28,29,45
constant is reported to either play only a ninor »ole

in cementation, or increase with decrease in pH upto

certainAPH and then remgin constant with further decrease

in pH30’33’36, or remain constant over a certain range

of pH but decrease below and increase above that range46

25

14

or decreaseAmarkedly with increase in pH or remain
constant below a certain pH value but increase above
that pHleor else decrease with decrease in pH57 or even
decrease with increase in pH upto certain pH value and

then rise with increase in pH4O. Different reasouns have

Referring to the effect of tenperature,Miller and

44

Beckstead are of the view that the reaction is dif=-

fusion controlled over all rangesof temperatures while

25,30,33,36,58

others are of the opinion that reaction
is diffusion controlled st high temperature and inter=
faciagl reaction controlled at lower temperature. The
temperature at which this change in mechanismn ocecurs

also varies from one worker 4o the other. Also there is
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discrepancy in the value of the activation energy
reported by Various investigators. Rising temperature

_ is feported to have little effect on total metal dis-
solution by Schlitt and Richards®’ and to increase it by

Nadkarni and Wadsworth2o.

Use of hydrogen atmosphere is reported to reduce

the total iron consumption~in copper/iron systen by some

29 46

workers and to have no effect by other investigators’ .

Rate constant is reported to be independent of atmos-

51 46

phere by some workers reported

s While gome authors

a decreasge in reaction rate in oxygen atmosphere and

49'noticed that rate constant is a linear function

47,48

some
of oxygen partial pressure. Some investigators
have reported a change in the reaction mechanism from

diffusioﬁ control in nitrogen to surface reaction control

in oxygen atmosphere. Sone workersZ9’44

reported negli-
' gible effeqt"of back reactioh'whilé other347;48-réperted
a changing effect of back reaction on rate constant

dépending on the type of atmosphere used. Other authors

did not study the back reaction.

Effect of foreign ions on cementation process
has been studied only by few worker826’32’34’35’40’45
and conflicting results have been obtained with regard
to the effects of certain ions on rate constant; For

exanple, Schlitt and Richards55 reported that magnesium
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-~

ion decreases the rate constant while MacKinnon and

34

Ingrahanm contradicted it.

The above discussion shows that the overall pro-
cess of cementation is not clearly understood in g
nunber of important aspects namely thermodynamics,
nechanisn of the process gnd the effects of process
variables on the kinetics. This requires a unified
systematicAstudy of this process in all its aspectse.
It is with this as one of the aims that the presen® work is

taken up.

1.3 Formulation of Problen

With the help of electro-chenical series g nqmber
of cementation systems can be selected for study. In
the present investigation: cqpper/iron system has been
selected because of its considerable industrial impor-
tance.as énredéﬁbmicai and efficient means of copper
recovery from.dilute gsolutions. In the present work
iron powder has been used in preference to disc or
cylindrical samples as the product can find g direct
application in powdef netallurgical industries. Use
of powder precipitant permits a bettervsimulation of
the actual situation asfin industrial_practice scrap

iron is used which has also a large surface area.

As discussed in the previous section 1,2, it was
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felt necessary in the present investigation to study
the thermodynamics and kinetics of cementation, the

utility of the cement product and industrial feasibility

of the process.

In the thernodynanic part, a systematic study of
the thermodynamics of the aqueous phase is to be nade

on $hoe following lincs:

i) Theoretical thermodynanic analysis of the cementa-—

- tion, and,

ii) Experimental deternination of thermodynamic para-

neters which will include the followihg:

a) activity coefficient of copper sulphate as a

function of its concentration, pH of solution
and ccncentration of ferrous sulphate in

~solution,

b) activity coefficient of ferrous sulphate as a
function of its concentration and pH of solution,
aﬂd'

¢) applicability of the results of the existing

theories to the results obtained in (a) and

(b).

The kinetic aspects are studied under the fol-

lowing headings:



i)

ii)

iii)

iv)

22

The mechanism of cementation,

Development of 5 rate expression for the overall

rate of cementation,

Dimengional analysis

Experimental determination of the effects of the

following process variableg on the rate constant:

a) speed of stirring,

b) pH of the solution,

c) initial concentration of the solution,
d) temperature,

e) size of +the powder, aﬁd,

f) solution/powder ratio.

In the product utility part, the following charac-

teristics of the cement product are to be studied:

i)
ii)
1ii)
iv)
v)
vi)
vii)
viii)
ix)

x)

Particle size distribution,

Flow rate,

>Apparent deméify,

Friction index,

Chenical cdmposition,

Green density and dengification paramétef,
Conpression ratio, | |
Sintered density,

Sintered porosity, and,

Microstructure of the sintered mass.

- -
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THERMODYNAMICS OF CEMENTATION

2.1 Introduction

The basic cementation reaction between the
cation BRY present in an aqueous solution or melt and

a metal A is given by an equation:

Essentially, the system is a set of short-circuited
electrolytic microcells and the eléctrochemical nature
of .such a reaction can be seen more clearly if equation
(2.1) is separated into oxidation and reduction half-
reactions. At the anodic éite on the surface of the |

metal A, oxidation is taking place:

nA = n A v co. (2.2)

At the cathodic site, the cation of the second metal is

being reduced:
IIan++mng = rﬂB * s (203)

The free energy change, [le’of the reaction (2.1) is
related to the change in electrode poten%ial,lﬂ;E, by

the expressions

De = —n.m;.F \E vee (2.4)
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where F is the Faraday's constant andin n is the
nunber of electronsg taking part in the reaction.

Single electrode potentials EA of the half-cell
reaction (2,.2) and Ry of the reverse of the half-cell
reaction (2.3) are defined by the usual electro-chenmical

nonenclature by,

EA = EX - %% in {a m+/a ] .o (2.5)
. A A
and
= g° - &L

Assuning that there is no solid solution formation
between A and B, so that ay, = ag = 1, the relations
(2.5) and (2.6) can be sinplified as:

EA = EX "'%%\T- ln aAm+ e (2.7)
— and' . o L .
‘ o _RT
By Ep = uF

B~ nF In aBn+ --- (2.8)

Glearly, the condition for cementation reaction to occur
is that the electrode potential EA nast exceed the

electrode potentiagl EB’ lec.,

EA > EB ®oe o (209)
or

o _ BT | o _ RT

By ~mF I8 2 n+ :>EB_ nF 1% a4 ... (2.10)



or

EB)>—F2 lo o, Y7 f 12 12/
or

[%ma”"itu

Bn.,_]l/n{ expfﬁ( Eg)} .o (2.11)

By definition

m+ .
2 m+ = fAm+.[A ] oo (2.12)
and
' _ n+
2oy = an+- [3 ] ... (2.13)
where f . and f . are the activity coefficients
A" B

of the ion AT ana BT respectively and [A™T] and
[Bn+] are the analytical concentratiom of the iors At
and Bn+ respectively. Therefore, relation (2.11) can
| be rewritten as: |
[Am] < [
[B“*]

1/n._. —_ .

]1/mexp[RT (B} - ER)1 ... (2.14)
A

From the relationship (2.14),it is clear that,for a

clear understanding of the thermodynamics of cémentation,
a knowledge of the variation of the aétivity coefficients
with concehtration of the ions in solution is most
essential. For dilute solutions activity coefficient

can be taken to be equal to 1, so that

f = f = l o e o (2.15)
Bn+ Am+
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The relation (2.14) can, therefore, be expressed as

1/n

n+ O = | '
i-i;-lv- < exp 55 (E - E))] ... (2.16)

fiom the above relation, it is clear that as the driving
potential (EA - EB) increases,the concentration of metal
ion B*T in solution decreases. The cementation reac-
tion willAbroceed until the driving potential (EAéEB)
approaches zero, the condition gt which the netals and

ions have approached equilibriun.

The condition for equilibrium is given by

' [‘I.\Efl+l-.|:"/m . . ] ]
[ﬁn+]17ﬁ“ = exp [g7 (B - Bp)] o (2.17)
or |
-L-AEHIL - nmn P00 0 Oy e
= w = hr (B - B .v. (2.18)
' [Bn-l-] |

n m ~
‘where, [4%F] /[B**1 = equilibrium constant, K ,for the

cenentation reaction, Therefore,
_ nm F o 0] ;
K = exp[ (EA = B)_] s e (2.19)

Calculated values of the equilibrium constant, K, for
different cementation systems, using relation (2.19)
and data from Table 2.1 are given in Table 2.2, These

values show that invariably in all the cementation
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TABLE-2.2: Calculated Bquilibriun Constants in
cenentation Renctions at 25°C
Cenentation Reaction Equilibriun constant, K
5 867 + 41 =3 ag + ALY 10125.18
2 agt + Cu = 2 Ag + Cu®t 1015-68
2 Ag* + Fe = 2 Ag + Fo?* 1042.05
2 agt + I =2 Ag + 2t 1053-01
2 Bi*43Fe = 2 Bi +3Fe2* 1077+38
ca?ty n .—.- Ca + 7nt 1012‘21
5 Culta2al = 3 Cu +24137 10203.33
cuetyr ca = cu + cact 1025-11
cut+ Fe = Cu + FeF 102637
3 Culta2ln = 3 Cu,.-.a.-.zln?'*' 100913
cu?ta Wi o= Cu o+ NiPY 101992
cul*s 7n = Cu + 2ot 103'7;33
Hg?t+ Cu = Hg + Cu’t 1575+ 71
Ni%*s Fe = Wi + Fe?t 136'44'
et Fe = Pb + Fet 10;0i6§
Pp2ty gn = Pb + et 102162
Pa®*s cu = Pa +Cu?t 102206
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coupleg used in practice the wvalue from the aqueous
phase can be completely removed. The literature review
as given in gection 1.2, has clearly indicated that the
thermodynamic properties of the agueous phase conéider-
ably affects the course of the process. Therefore,

their study, though not very important from the point of
view of the equilibriun extent of recovery of valugbles,
is of considerable importance for understanding as»well
as fornulating the kinetics of the reactions involved.
Hence, the following sections of this chapter relate to
the study of the thermodynamics of agqueous phase contain=
ing the salts which are generally present during cementa=-

tion of copper on iron.

2.2 Experimental

Purified copper-leach-solution which is comnonly _

ﬁsed"in §ractice for cementation contains copper sulphate
and sométimes sulphuric acid at different concentrations.
Therefore, the first step to thermodynamic studies is to
investigate the variation of the activity coefficient

of copper sulphate with its concentration and that of sul-
phuric acid., During ceméntation in an inert atmosphere
iron passes into éolution as ferrous ion, so a study of
the effect of ferrous sulphate oﬁ the activity coef~-
ficient of copper sulphate at various concentrations

would also be required. Thus, thermoadynanic investigations
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for the cenentation of copper included the following

studies:

a) Effect of concentration of copper sulphate on its

nean activity coefficient,

b) Effect of concentration of ferrous gulphate on

its nean activity coefficient.

c) Effect of ferrous sulphate on the mean activity

coefficient of copper sulphate and vice versa, and,

d) Effect of sulphuric acid on the mean activity
coefficient of copper sulphate as well as ferrous

sulphate.

Methods used for the determination of activity
coefficient can be classified into two categoriess nameiy,
(a) those based on measurement of activity of solvent,
and,gkl those based on measurement of activity of;.
solute. The first category which includes vapour pressure,
depression of freezing point and elevation of boiling
point measuréments ig not accurate enough for the ionic
solutions. Therefore, inrthe present invéstigatiOn,
E.M,F. nethod which falls under the second category has
been preferred. The E.M.F. cells_used for'potentiai
neasurenent can be classified into (a) cells with liquid

junctions,and,(b) cells without liquid junctions. In

the pregent case a cell with liquid junction was used.
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2.2.1 Experimental get-up:

E.M.F. neasurements can be nade using a chemical
cell which congists of the reversible working electrode,
a non=-polarisable reference electrode, a salt bridge and
the electrolyte. The determination of electrode poten~
tials involveg,in principle, the combination of the
given electrode with the standard reference electrode
and neasurenent of potentiagl difference.between then
with o suitable potential neasuring device. The chenical
cell used in the present work is shown in Fig;z.l. It
consisted of a beaker and a round bottom corning glass
flask of one litre capacity, fitted with three standard
taper Joints of corning glass for passing purified nitrogen
gas and introducing working electrode, test solution
and solution bridge. The working electrode was the pure
nmetal electrode in contact with its own ions.Saturated
calonel clectrode was selected as standard non-polarisable
»efeorence electrode due 0 its constant and reproducible
potential and ease of preparation and uwse. The electro-
lytic contact of calomel electrode with the working
electrode was achieved through a golution bridge, the
orifice of which was tbe Luggin capillary. The liquid
junction potential was minimised by filling=in the sane
electrolyte at the same concentration %o bofh sides of
the cell and into the solution bridge. As the sinple

E.M.F. neasuring devices such as volineters often draw
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a substantial anount of current and, therefore, affect
and change the quantity being nmeasured, a standard
potentiostat Wenking nodel ST 72 was used in its poten—
tial neasurement mode. Pure iron working electrode was
fabricated from pure iron powder of electyolytic grade.
For this,iron powder was conpacted at high pressuré and
sintered under purified hydrogen gas atnosphere at 1100°C
for 3 hours, cooled in hydrogen gas and then rolled and
re-reduced and émnealed under purified hydrogen gas at
1100°C for 3 hours. Copper electrode was fabricated
from the pure electrical conductor grade copper. Nitrogen
gas was purified by passing it through three colunmns of
anrionical pyrogallic acid solutions and two columns of
double-distilled water and was purged tb deaerate the
test solution before potential measurements and to main-

tain a neutral atmosphere over the solution dwing poten-~

tial measurenents. During the whole processrthe tenpera-—

ture of the cell was recorded and wag controlled at 2500.

2.2.,2 Procedure

2.2.2.1 Preparation of solutions

For the deternination of activity coefficient of
copper sulphate as a function of its concentration, the
solutions of copper sulphate were prepared fron analy-

tical rcagent grade, B.D.H. make copper 'sulphate.
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For the determination of activity coefficient of
ferrous sulphate as a function of its concentration,
initially the solution of ferrous sulphate was obtained
by dissolving analytical reagent grade, B.D.H. nake
ferrous sulphate in distilled water. Since the crystal
of ferrous sulphate were partially oxidised to ferric
state, purified hydrogen gas was passed through the ‘
solution for a long time., However, even after 36 hours,
the ferrous iron could not exceed 91%, Therefore, the
solutions of ferrous sulphate were prepared by using the
" following method:'. Pure iron poﬁder of electrolytic
grade was added to the deaerated copper sulphate solutions
of different initial concentrations and cementation reac-
tion was carried out at high stirring speed under puri-
fied nitrogen atnosphere. The anout of iron powder added
to-each solution was much in excess over the theoretical
anount required for complete oeﬁentation of all copper
‘présent in solution. When the copper was cemented out
the solutions were analysed for copper, ferrous. and
ferric iron, The solutions in which copper and ferric
iron could nbt be detected wererdiluted to the required
ferrous sulphate concentrations. Using these,copper
sulphate-ferrous sulphate solutions of different mola~

lities were also prepared.

For the deternination of activity coefficient of

copper sulphate in copper sulphate-sulphuric acid nmixturcs
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and that of ferrous sulphate in ferrous sulphate-sulphuric
acid nixtares, analytical reagent grade, B.D.H. nake,
sulphuric acid was used for the preparation of the required

solutions.

2.2.2.2 Experinental:

The working electrode was polishéd on emery paper,

. washed with distilled water, dried, held in benzene vapour
for five minutes to remove grease and finally rinsed again
with distilled water and dried before use. Electrode was
cleaned in a sinilar way before each experiment. In the
calonel reference electrode, freshly prepared saturated
solution of potassiuq chloride obtained from analytic
reagent grade, B.D.H. make potassiun chloride, was filled
up. The test solution was filled in the flask and de-
aerated before passing purified nitrogen gas for 40
ninutes before potential neasurements. The s6lutich bridge
was prepared by sucking this solution into the bridge and
the beaker. Working and reference electrodes were con-
nected to the terminals of the potentiostat. The poten-
tial readings were noted with time and once it attained

a constant.value thigs was recorded as the equilibriun
EM.F, of the cell., Nitrogen flow was stopped while

neasuring the potentigl.
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2.3 Results and Discugsions

2.3.1 Mean Activity Coefficient of Copper sulphate
in Agueous seolution:

EJM.F. studies on solutions of different concentra-
tions of copper éulphate were conducted at 25°C. Concen-
trations studied and the corresponding E.M.F. values are
given in Table 2.3. In order to calculate the mean acti-
vity chfficient of copper sulphate with the help of
Nernstyequation which is stated below,one regquires the

knowledge of standard electrode potential EC

_ =0 ., RT ‘RT “
E = E +;71n NCuS% + 7% In f(,us04 ... (2.20)
where,E = Equilibriun potential of the cell
E° = Standard potential of the c¢cell
NCuSO = Molal concentration of copper sulphate in
= 4 — the solution )
and ,
f = Mean activity coefficient of copper sulphate
CuSO4 _

in solution.

To deternine ° ,a function.qz defined by thé following
expression is plotted against square root of copper
sulphate nolality in dilute solution range as shown in
Fig. 2.2

y = RI
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TABLE-2.3: E.M.F. data on the cell CujCuSOH
Kcl(Sat.)Hg2012(S)‘ Hz at 25°%C

e e s S Sutasy

S.N,

NCuSO E.M.F. - .Log ngSO4
(rnole/1000 gn) (mV)
1 0.001 8.0 | -0.1525
2 0,002 16.0 —0;1824
3 0.005 25.0 ~0.2752
4  0.010 - 31.0 -0,3728
5 o.ozo' 36.0 | ' -0.15044-
6 0.035 40.0 - -0.6118
7 0.050 43.0 ~0.6651
8 0.100 46,0 |  -0,8644
- -——9 - .0+200 - -52.0 - ~0.9621 o
10 0.500 57.0 -1.1905

11 1.000 62.0 -1.3220

- - - Gus S G —
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Fron this Figure,a value of E° = 101.0 nV is obtained.
This value corresponds well with the reported literature.

59,60,61

values showing thereby the correct functioning

of the cell.

With the help of this E° value and equation(2.20),
nean activity coefficienf of copper sulphate is calculated
as function of its concentration aﬁd is plotted in Fig.2.3.
Also plotted in thigs Figure,are the results of other
.workers62—64. This Figure shows that agrceenent between
the results of the present study and of other workers iws
very good. This also serves as.an index for the correct

functioning of the cell;

Fig. 2.3 shows that,with increase in the concen-
tration of copper sulphate in solution, the activity coef~
ficient goes on decreasing. This fact is in qualitative
agteenent with the Debye Huckel theery. In order to
describe_the behaviour of the aqueous solutions éuaﬂti—
tatively, a nunber of relationéhips have been suggested.

‘Phesge are as follows: ,
i) Debye Huckel theory relationship65
Atz z_| Ve

log £ = - - - ... (2.22)
1+aBVp. ’

1i) Limiting Debye-Huckel law65

log £ = - A lz, z_| W& s (2.23)
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ii1) Guntelberg relationship66
adz, 2\ W
\log f - - R (2024)
1+ Vo -

iv) Huckel equation67

A !z+ z_l Voo -
1ogf = = . +c.'u LY (2025)
1+a3B\p
. . . 68
v) Guggenhein relationship
sl b -
10g f = = +C.|J e e (2.26)
1+ Vp

In the above expressions, Z+ aﬁd Z_ are the valencies |
of the cation and anion species respectively, A, B and
C are constants depending upon the properties of the
ions, and p vrepresents the ionic strength'of the

solution and is defined -by the expression

————— u _ v-.]é_-‘———-';___ mi Z]?- ve e (2027)
i

wher? ms is the nolality of ith ion and Zi is its
valency. In order to test the applicability of the
above relationships,best-ﬁ}t curveé for guitable value s
of A, Band C are drawn in Fig. 2.4 for each of these
relationships. As all these above relationships can be
transforned into a polynonial in V; by taking series
expansion of the necessary terms, it is thought proper’

t0 gnalyse the present data in terms of polynomials of
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various degrees. These plots are alsc drawn in
Fig. 2.4, . which shows that anong all the plots,
the experinental data can be nmost suitably represented

by either the following forms of the Huckel relationship

log £ = - 2:4048 VU

- 0.004“ s 00 (2.28)
1+ 1.32 Vo

or by the following form of the polynonial of third degree

log £ = = 2.0954 Vp + 1.3872 (V3)2-0.3389(Vi)?
| oo (2.29)

Constants found with-best fit analysis are in agreenent

60,65

"with the literature values As a concluding remark

one can state that the agreement between the present
data and the literature values testifies that present
set-up can be used for studying the thermodynanic pro=-

perties of agueous copper sulphate solutions.

2.3.2 Effect of Sulphuric acid on Activity
coefficient of Copper sulphate:

) E.M.F. neasurenents on nixed électrolyté solutionsg
of copper sulphate and sulphuric acid of varying concen-
trations were conducted at 2500. Conéentrationg studied
‘and the corresponding E.M.F. values are given in
Pable 2.4, To calculate the mean activity cocfficiont of
copper sulphate,Nernst equation (2.20) has been used.

To get a clear concept regarding the effect of sulphuric
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acid on the activity coefficient of copper sulphate,a
plot of activity coefficient versus square-root of totzal
nolality is shown in Fig. 2.5. The top curve :in this
represents the activity coefficient of suiphuric acid in
aqueous solution at 25°C in the absence of any other
gsolute. The lowest curve in this P'igure ‘represents the-
activity coefficient of copper sulphate as a single
electrolyte in aqueous solution at 25°C., The third,
fourth and fifth curves fron the top represent variation
in activity coefficient of copper sulphate in solutions

of varying total concentrations but fixed nmole fractions of

4
XouSo . = 0.75 respectively. The shape of the curves
4
for the nmixed electrolyte is sinilar to that for copper

copper sulphate: Xouso

sulphate itself but these curves are somewhat raised.

by the substitution of gulphuric acid for copper sulphate
in the solution and as the proportion of sulphuric acid
is increased,the activity coefficient of copper sulphate
increases. The second curve from the top in the Fig.2.5
represents the activity coefficient of copper sulphate
for the liniting case of zero concentration of copper

sulphate in a solution of sulphuric acids

In order to quantitatively express the effect of
sulphuric acid on the activity coefficient of copper

sulphaté log of the activity coefficient of copper



Log (ACTIVITY COEFFICIENT)
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sulphate is plotted against the mole fraction of copper
sulphate keeping the total ionic stremgth of the solution
to be constant. TFig. 2;6 shows that these plots are
linear in nature as 18 the case for silver sulphate in
nagnesiun ,cadniun, lithiun, aluniniun and zinc sulphate .
solutionssg. Thus one can express the activity coefficient
of copper sulphate by the following linear relationship:

1og Lays0, = 198 Toyso

- (l"‘ seoe (2‘30)
. Cuso, XCuso)4

4(0)

where fOuSO4(O) stands for the activity coefficient of
copper sulphate in a solution containing copper sulphate
only and o 1ig an enpirical coefficient. From this
Figure , « for various total ionic strengthy of the
CuSO4
golution is calculated and is plotted against ionic
strength in Fig. 2.7. The coefficient a is found to
vary with total ionic strength, having a higher value at

lower ionic strength and nearly constant value at higher

jonic strength.

2+3.3 Mean Activity Coefficient of Ferrous
‘gulphate in Aqueous_solution:

B.M,F. neasurenents on solutions of ferrous sul-
phate of varying concentrations were madevat 2500. Con=-
centrations studied and the corresponding E.M.F., values
are given in Table 2.5. In order 1o calculate the
activity coefficient of ferrous sulphate with the help

of Nernst equation, standard electrode potential B was
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E.M,F. data on Cell
FolFoS0, [KC1(Sat.)Hg,01,(s)|He at 25°C

. Yraso

Noe  (nole/100
L owol
5, 0.002
3, 0.005
A, 0.010
5, 0.020
6. 0.050
7. 0;100

8. 0.200

- T72
- 763
- 757
- 752
- 746
- 742

- 737

- 0.1525
- 0,2163
- 0.3091
- 0.4067
- 0.5383
- 0;7325
- 0,898%

- 1.0299

175 744

CERTRAL LIBRARY URIVERSITY oF ROORKEE

ROoonsn
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obtained by plotting the function i@f agninst square-
root of ferrous sulphate molality in dilute solution
range as shown in Fig. 2.8. Fron this Figure,a value of
B° = - 686 mV is obtained. This value is well in agree-

59-61

nment with the reported literature values showing

thereby the correct functioning of the cell.

With the help of this E° value and the Nernst
equation, nean activity coefficient of ferrous sulphate
is calculated as a function of its concentration and is
plotted in'Fig. 2.9. For a Quantitative description of
the behaviour of this aq&eous solution, the relationships
(2.22) to (2.26) have been used ond the best=fit curves
for each of these relationships are alsc drawn in
Fig. 2.9 using suitable values of constants 4, B and C.
The present data have also been analysed in terms of
polynonials of various degrees.  These plots are also
éhéwn in Fié:mé.9 which shows)tﬁﬁ;_émoﬁg dil the
plots the experinental data can be nost suitably repres-—
ented by either the following form of the Guggenhein

relationship:

2.5114 Vu
log £ = = =——————— + 0,1938 4 ces (2.31)
1+ ‘
or by the following form of the polynonial of third

order:

log £ = -.2.4170 Vi + 1.9895 (V)2 - 0.6425(Vp)?
| ... (2.32)
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This system has not yet been studied mnmerely
because of difficulty in naking this solution which is
capable of getting quickly oxidised under atnmospheric
conditions.The nethod presently employed suggests a
nethod of experimental study of such solution and has

provided the data on this as yet unknown inportant

golution.

Fron Debye-Huckel theory it is seen that the acti-
vity coefficient of an ionic solute is a function of its
“atonic radius, Atomic radius of iron (Fe2+) is nearly
equal to that of zinc (Zn2+).and is greater than that of
copper (Cu2+). In order to com?are activity coefficient
of copper sulphate with.that of ferrous sulphate, activity
coefficient of various Bulphates is plotted against the
square-root of ionic strength in Fig. 2.10. It is seen
fron this Figure that copper sulphate and zinc sulphate
show very sinilar behaviour és predicted by'DeB§é4ﬁgbkél
theory. From the present data ,constants A. and C are
found to be 0.6278 and 0.1938 regpectively for ferrous

sulphate solution at 25°C.

2.3.4 Effect of Sulphuric acid on Activity
coefficient. of Ferrous sulphate:

E.M.F. studies on nixed electrolyte solutions of
ferrous ‘sulphate and sulphuric acid of varying concen—

trations were condircted at 25% ., Concentrations studied
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and E.M.,F. values are given in Table 2.6. Mean activity
coefficient. of ferrous sulphate is calculated with the
help of Nernst equation and a plot of acfivity coefficient
versus square-root of total molality is shown in Fig. 2.11.
The top curve in Fig. 2.1l represents the activity coef-
ficient of sulphuric acid in aqueous solution at 25% in
the absence of ferrous sulphate and fhe lowest curve in
this Figure stands for the activity coefficiént of
ferrous sulphate as the only electrolyte in aqueous solu~
tion at 25°C. The third, fourth and fifth curves fron
the top represent variation in activity coefficient of
ferrous sulphate in solutions of different total concén-
trations but fixed nole fractions of ferrous sulpbate, Viz.,

= 0-25’ XFeSO = 0-50 aIld XFeSO = 0075 regspec~-

eSO, 4 4
tively. It is seen from this Figure that the activity
coefficient of ferrous sulphate is increased by the sub-
.étitutioh.of.sulphuric ééid for the_férfous sulﬁﬂéte in
thé solution dnd as the proportion of sulphuric acid is
increased, the activity coefficient of ferrous sulphate
increases. The second curve from the top in fhe Fig.2,11
represents the activity coeffiéient of ferrous sulphate

for the liniting case of zoro concentration of ferrous

sulphate in a solution of ‘sulphuric acid.-

Linear nature of the plots of the log of the
activity coefficient of ferrous sulphate versus its

nole fraction for the constant total ionic strength of
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the solution, as shown in Fig. 2,12, leads to the con~
clusion that one can express the activity coefficient of

ferrous sulphate by the linear relationship:

log £ (l“xFeSO4)

(2.33)

= log T - a .
FeSO4 FeSO4(O) FeSO4

Fron this Figure, % oS0 for wvarious total ionic strengths
4

of the solution is calculated and is plotted against
total ionic strength in Fig. 2.7. The function a 1is
found to vary witl® ionic strength, having a higher value

‘at lower ionic strength and nearly constant value at

higher ionic strength.

5.3.5 Effect of Ferrous sulphate on Activity
coefficient of Copper sulphate and
vice versas

E.M.F. studies on nixed electrolyte solutions of
copper sulphate and ferrous sulphate of -different concen-
trations were conducted at 25°C. Concentrations studied
and E.M.F. neasured are given in Table 2.7. To calculate
nean activity coefficient of copper sulphate,Nernét equa~=~
tion has been used. A plot of activity coefficient
Versus square~root of total molality is shown in Fig.2.13.
Algo plotted in this Figure are the top curve which
stands for the activity ¢oefficient,of copper sulphate
in aqueous solution at_25°C in the absence of ferrous

sulphate and the lowest curve which stands for the
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TABLE-2.7: E.M.F. data on the Cell
CulCuS0, ¥cS0, |IKC1(Sat.) Hg,Cl,(s)iHe
?

* at 25°%
S Np 50 Nowso, EMLF.
(nole/1000gm) (rnole/1000gn) (V)
1, 0.0005 0.0240 0.0370
2, 0.0520 0.0440
3. 0,0740 0.0450
4. 0.0930 0.0470
5. 0,1120 0.0480
6. 0.1330  0.0490
1. 0.1520 0.0520
8. 0.1740 0.0510
9. | , 0.213%0 0,0520
10. 0.0100 10,0270 0.0350
11. | 0.0410 10,0400
12. - | 0.,083%0 0.0460
13, . 0.1230 0.0480
14, | 0.1510 0.0490
15. | . 0.18%0 0.0510
16. ©0.2040 0.0520
17. 0,2110 0.,0520
18, 0,0250 0.0260 0.0350
19. | 0.0430 0.0390
20. 0.0720 0.0430
21, 0.0910 0,0450
22, | 0.1120 0.0470
23, | 0.143%0 0.0480
24, 0,1740 0.0500
25. 0.,1930 0.0510

26, 0.,2040 0.0510
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0,0500

34. - 0.0750
35,
36,
37.
38.
39.
40 &

41,

42. 0.1000
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a4.
45.
46.
47,
48,
49.
50.
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NCuSO4 E.M.F.
(nolc/1000gmm) (V)

0.0760 0.0420
0.0930 0.0440
0,123%0 0.0460
0.1440 0.0480
0.1640 0.0490
0.1830 0.0500
0.1980 0.0510
0.0530 0.0370
1 0.0720 0.0410
0.0840 0,0420
0.1030 0.0440
0.1340 0.0460
0.1520 0.0470
0.1770 0.0490
0.1940 0.0490
0.0270 0,0290
10,0430 "~ 0.0%40
0.0740 0.07390
0.0910 0.0420
0,1050 0.0430
0.1360 0.0460
0.1580 0.0470
0.1710 0,0480
0.1980 0.0490
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activity coefficient of ferrous sulphate as the ohly'
electrolyte in agueous solution at 25°C. The second
curve fron the top represents the activity coefficient

of copper sulphate for the liniting case of zero concen~
tratiqn of copper sulphate in a solution of ferrous sul-
phate. The third curve from the %op shows the variation
of the activity coefficient of copper sulphate in solution
-of 0.5 nole fraction of copper sulphate as the total con-
centration is changed. It is seen from the Figure that
the activity coefficient of copper sulphate is lowered

by the subgstitution of ferrous sulphate for the copper

sulphate in solution.

To express quantitatively the effect of ferrous
sulphate on the activity coefficient of copper sulphate
log of the activity coefficient of copper sulphate is
plotted against its nole fraction keeping the total ionic
strength of the solution constont. Fig. 2.14 shows that
these plots are linear in nature which leads to the con-~
clusion that the activity cocfficient of copper sulphate

can be expressed by the followiﬁg linear relationship:

Log fCuso4 = log fCuSO4(O) - OcCuso4'(l“xcuso4)

T ... (2.34)

From this Figure,function ag.,qq Tor various total

A 4
ionic strengthsis calculated and is plotted againgt
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ionic strength in Fig. 2.7. The function is found to
vary with ionic strength having a higher value at lower
ionic strength and'nearly constant value at higher ionic

gtrength,

The offuct of copper sulphate on the activity
coefficient of ferrous sulphate cannot be studied’by
E.M.F. neasurenents since copper would be dispiaced fron
the solution by the iron electrode and cemented on it.
Therefore, for evaluation of its effect,Gibbs~Duhen equa-~-
tion hés been used which in the present case can be

written in the following forn:

Touso, H** %cuso , *reso), PAreso

4

4¥rwatefdlnaWater =0

..A'(2035)

where KCuSO4’ xFeSO4’ Xivater ?nd aCuSO4’ aFeSO4, SWater

arc the nole fractions and activities of- electrolytes
copper sulphate, ferrous sulphate and water respectively.

Since the variation of log fCuSO in a nixture nay be

4
represented by the equation

log fCuSO4 = log fCuSO4(O) ~ %us0, . Pes0, (2.36)

4
and assuning that activity coefficient of ferrous sul=—-

phate can be written in the forn

~

log T

. = log T - Q. .
FeSO, FeSO4(O) "FeS0, Moy 80,

cer (237
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and

+ p,FeSO4 = U = constant T ese (2'38)

Gibbs~Duhen equation thus can be written in the forn:

“CuSO4

Pouso HPeSO, ko uso
dbp 50,
——-— e w— —
e & o (2 . 39)

Introducing the variables 0< x €1 so that

PC'QSO4 = x.p: o ees (2.40)
uF"eSOA, = (.l"?i';,,ll cee (2.,41)__ )
d>1°f—""fcuso4 == “Cuso4~d“Feso4 = “Cuso4?“dx
eve (2.42)
@ 108 Tpeso, = 7 “Feso,**Houso, =~ “FeS0 40 MO
... (2.43)
equation (2.39) becones
a o a
CuS0 FeSO, FeS0
o _55.4 .o |
= 2 dl.fl aWa'teI‘ o we (2045)

2.5u
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upon suitable rearrangenent. Expressing the activity

coefficient of water in terns of Ognotic coefficient o in
the above relation and integrating the resultant relation

over entire range of x, that ig, between linits

a = 0
to x =1, gives the relation:
- 2 -
."‘c:uso4 “Feso4* 2.30 (°PCuso4 PFeS0 )

eeo (2.46)
Since ¢ 1is not known it can be expressed in terns of
activity coefficient by fhe relation
l ! .
P = 1 4 “E M d Inf cae (2047)
1l

" Substitution of the relation (2.47) in equation (2.46)

gives the final relation

| rfCuSO4
_ -l -
%pes0, = %Cuso. 2.5 B bodln 4090
4 4 N - 4 -
f .
‘ FeSO4 , -
| p dln fFeSO4 eo. (2.48)
Ji

As other functions of this relation are known, RSO

4
can be calculated by graphical integration of this rela-

tion., The calculated values of Tp oS0 are plotted

4
against total ionic strength in Fig. 2.7. The function

o is found to vary with ionic strength, having a
FeSO4 A

higher value at lower ionic strength and nearly constant
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valuc at higher jonic strcngths Pron this Figurc log
fFoSO4 is plotfod against thc nolc fraction of ferrous
sulphatc using total ionic gstrcngth as parancter in

Fig, 2515; ﬁrom this FPigurc; the limiting valuc of acti;
vity cocfficicnt of forroﬁs sulphate as well as the acfié
vity cooificient of forrous sulphéto for xToSO4 ; 035
arc calculated as function of total molality of solution
and arc plotted in Fig. 2.13., The Fig. 2.13 shows that
fhe subgtitution of coppcr sulphatc for ferroug sulphatec
Iin solution incrgasos the activity cocfficicnt of forrous
sulphates It is also obscrved that the liniting value of
the activity coefficient of forrous sulphate is the sanc

as that of copper sulphate.

With the rcportcd data and cffect of one clectro-
lyte on the activity coefficient of otheor in the mixed
oiectroiy%e éoigtion discuégbdmin preVipu§‘900tions,
onc can f£ind out thc conbincd cffcct of éulphurié acid
and ferrous‘sulphatc‘on the activity coofficient of copper

"sulphatc and that of sulphuric acid and copper sulphate
on the activity cocfficimt of ferrous sulphatc, since
the vatiation of the activity coefficient of an clectro-
iyte vith its nole fraction at constant total ionicv

strength is linear in naturce in all cases.

2.3.6 ,ngggll Driving=forcg for Ccnentation Reaction:

In actual ccnmentation syston the driving force for
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cenantation can be calculated in tern of (E‘Uu - EFe)

with the helgNofzﬁernst equation. A plot of (Ebu - EFe)

4E§§;~ is shown in Fig. 2.16 for constant
VNCu

total molality. It is seen from this Figure that, (i) the

against log

driving force for cenentation decreases linearly with
increasing replacenent of Cu?t by Fe?t from solution,
(ii) driving force is higher for higher total molality
of the solution at higher NFe2+/NCu2+ ratio but it is
-lower for higher total molality of the solution at lower

Npe2+/Mey2*  ratio, this change in behaviour being due

to change in activity coefficicent with concentrafion,

When cementation is carried out in presence of
sulphuric acid, the cffect of sulphuric acid on the driv-

ing forcc can be evaluated using the equations:

- - N
_ FeS0
log fu g = 108 fF +an o . 4
uSo "CusS0,(0) | “FeS0 ,~CusS0
4 4* o 4 (N v
| | L ( Cuso, FeSO4)
N _so
t %us0 ,~H,.80, -7 2 ¢ } W
4724 - (N +N )
| sto4 CuSO4 |
ese  (2.49)
NCuso4 |
Log fPeSO4 = log fp, so4(o)+ “Cus0 ,~Fes0, (Mguso Mposo )
4 TeUY
N
H,S0
+
aFOSO4 80, (v ,50 +'Ncho ) ] "

4
e e 0 (2'50)



‘NOILNT10S 31AT04103713
3IXIN FIVHAINS SNO0HY3T4 ANV FIVHIINS 43dd00 40 ALIIVIONW

Fo)
V101 INVLISNOD SNOIMVA 1V (+72 9N/ +229N) 607 sa (°33-"23) grzoi
(+2"IN /2N ) B0

80+ G0+ 20+ l'0- 90— L 0- 0'l- £~
. 2940
i
b
,zNo.o/ | 9LL0
NOL 0 o
ZOS\// -
NOS0 / | N
L NOO'L N _ 98,0 |
m
o
a(
<
o
86L°0 @

i
W

ot8'0




73

"NOILNTO0S FLA10410313 A3 XIN J1IVHAINS
SNOYY3 4 ANV 41DV JIbdNHATINS “31IVHAINS d43dd00 30 ALITVIOW

0S40

[A VAL

7LL°0

9840

8640

no 24 24 no .
IVIOL INVISNOD SNOIMVYA 1V (+2 “N/+Z " N)bol sA (73 - “3) 4Ll'29ld
(+2" 2N /+2°3N) Bon
Z'L+ 60+ 90+ €0+ 00 £0- 9°0- 60-
NS00
Zwo.% :
zﬁ.o)%//
NGZ O~ | —~—
NSE0 I S
N~
////
A

0L8°0

.24_ N
(shop)(*¥3 193



CHAPTER-TII

KINETICS OF CEMENTATION

3.1 Introduction

The thermodynamic condition for the feasibility of
a cenentation reactiqn gives no informgtion regarding4§h9
rate of the reaction. - Many  such reactions
that are thermodynamically feasible A, = do not proceed
at useful rates wnder normal conditions, for instance,
the precipitation of cobalt by zinc from zinc sulphate
electrolytes70. AMnost all of the investigations in
cementation field.have been concerned with the study of
reaction rates, and the eiucidation of the factors con-
trolling them. In this Chapter a theoretical as well as
- experinental study of the mechanism and kinetics of
Copper cenentation reaction is presented. First of all
- detailed theoretical analysis -of this reaction would be-
presented whidh would dbe followed by description of ex-
perinental set-up and procedure and finally the results
would be discussed in the light of the theoretical ex-

pressions put forward.

3.2 Theoretical

Copper cenentation reaction which is represented

by equation

L J

Cuzf + Fe = F92+ + Cu ...'(3.1)
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involves a series of transport and elzctrode processes.

These processes can be broadly classified into three

nain proceszes:

X ARt
i) Tronsport of Cf' ion from the bulk of agueous

phase to the solid netal surface.

ii) Electrode process at the neval/agueous phase inter-
phase resulting in the proeeipitation of coprer and
dissolution of iron, -and,

2+

iii) Transport of Fe ion from the interface to the

bulk of agueous phase.

Bach of the above processes can involve o nunher of
reactions which take place in series. Apart from the
main reactions,there may be others which 21lso take place
in the systen sinuldancously. In the following sections
all the three processeswould be discussed in detail with
the vierv of cderiving kinetic expressions for these pro=-

cesses,.

In order to qualitatively analvse the defails of
the cementation reactions into various steps,let us
congider a copper ion Or iron ion in- the neighbourhood
of the electrolyte/electrode phase boundary. The forces
cperating on such an ion are different from those opera-
ting on the ion present in the bulk of the electrolyte
beéause of the anisotropic nature of the interface., As

o result of this electroneutrality of the electrolyte
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side of the boundary is broken down and it is elecciri-
fied, The resultant field introduces an equal and
orposite charge on the metallic conductor and thus a
potential difference develops across the interface.

The first row on the electrode is largely occupied by
vater dipoles and is called hydration sheath of electrode,
The second row is largely occupied by solvated ions.

The plane parallel to the electrcde and joining the
centres of these solvated ions is called Outer Helmholtz
Plane (OHP). It ié generally considered that the excess-—
charge dengity at the QOHP is-equal and opposite to that
at the electrode. This situation gives rise 0 oompact
douﬁle layer. However, some of the solvated iong leave
their scecond row seats and are dispersed into the solu-
tion due to thermal jostling from the particles of the
solution. In this case the potential falls off into the
golution, at first sharply and then asynptotically to a
constaﬂt value (taken as zero) in the bulk of the solu-
tion. This gives rise to Diffuse Double Layer (DDL).
Due to the transport of copper ions towards the eleetrode
and that of iron ions towards ¥he bulk of solution there
would be a concentration gracdient around the elsotrode,
over and above the potential, gradient? This gives rise
to a boundary layer called Diffusion Boundary Layer.(DBL)
Quantitative analysis of the system requires the formula-

tion of each of these steps into nathematigel equations.
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which will be the scope of the following sub-sections:

3.2.1 Electrode processes

The overall electrode process is composed of a
series of electro-chenical reactions which nay include

sone redox reaction. In case of copper cementation ,the

2+) T1

discharge of copver ion (Cu according to Bockrig' ™,

- takes place over the following two recctions:

’

cuts 8 == cut (redox) eoe (3.2)
Cut + @ —== Cu (metal ion transfer).. (3.3)

s'-——

whereas the electrons for r=Aduction of copner ions are
provided by the oxidation of iron gecording to the follow-

ing electrochenical reactions

Fe — F82+ + 2.5 ) oo (3.4)

2T

The ferrous ion released in this process nay get oxidised
to Fe3+ ion by a further chemicel reaction in the nresence
of an oxidising atmosphere. Detailed anelysis of eleciro-

chenical half cells have been made by Vetter72

s and ,

. . 8 .
Bockrig and Reddy73 and reviewed by Wadsworths . A brief
discussion on the theoretical aspects of this process is

given below.

The overall electrode process in cementation can

be divided into two half cell reactions namely,
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+ - _
yA +Z .
-Zl- M, w—> = M 2 4 Zq e ee. (3.6)

Z2 2 === ~ZZ- 2

For either 6f the half cells the reaction kineticé can
bé considered in termes of absolute reaction rate theory.
According to this theory,an electrochemical reaction ‘
proceeds in one or more reactions in series. For each’
of the reaction there is an activated state. As the
reactions involve charged particles so the difference of
potential between the initial and the activated state ’
also affects the reaction rate. The activation energy
barrier for the net cathodic half cell of a cementation
reaction is illustrated in Fig. 3.l1l. The diagram has
been constructed such that the geduction of cation is
thermodynaﬁically favoured., In this case thé potential
is seen to enhance the reduction reaction of the half
cell by lowering the activation energy in the cathodic
direction, from A @; # 0 /\ £+ i.e. by (1-a) ZEF
and raising the activation cnergy for the anodic direction
fron A\ @é to"bé#:i;o. by a ZEF. HereA G’-’é and AES‘#
stand for activation energies for anodic and cathodic
directions, respectively, in the absence of g potential
gradient, wheveas 13“8* and ASG# refer to the same in
the presence of a pofential gradient, Z 1is charge trangs-

fer valency and « is transfer coefficient. Assuming
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a constant potential gradient one can writes

4B

g eo. (327)

=

Sl

where E 1is the potential associated with charge trans-
fer reaction ané >\ is the distance between minina on
either side of the activated state. Since the shape.of
the energy barrier is usually symmetrical, the decrease
in activation enersy in the cathodic direction dwe to the
potential gradient can be. considered to be equivalent

to the increase in the activation energy in the anodic
direction and o = 0.5. The activation eﬁergy ZSG# can
be expressed in terms of the chemical contribution,

llGi » and the electrical cor*ribution, ZF)\%% = — ZiF

as follow;
&% = (o -e) -2Fn 24 o g
Aé@’é -_-Lfé’f ~ ZEF + o ZEF
VA 7 -_-A*E’(f - :}-‘oc) ZEP )
AT = W 4aw | el (3.9)

Assuming equilibrium with the activated complex for
both the cathodic and anodic directions of the half

cell, the equilibrium constants can be expressed as:

CENTRAL LIBRARY UNIYERSITY OF ROORKER
Km N
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‘K’ézfg—é =exp(~ﬁﬁg#)
&%

L

exp (= “ﬁ%‘). exp (—L¥§%L&EE);.. (3:10)

v Woid ox (_A;(;,; 7‘)

i
5
il

= exp ("{gégé) exp (- QZ%%) ees (3:11)
where €% ana 0% stend Tor the concentrations of the
activated conmplex for the cathodic and anodic directions
respectively, Ca is the effective concentration of metal
sites capable of reacting in the anodic direction and Cc
is the concentration of cation at the Outer Helmholtz
Plane., PFrom the theory .of absolute reaction rate, the
expressions for specific rate constants k', in the

absence of potential field, would be:

o AE#
| %E = ‘:g exp ("RTO ) .o (3.12)
-y ! k T AT}Z¢ |

‘ Wherel< is Boltzman constant and h is Planck constant.
Using these relations, the concentrations of the acti-

vated complex can be expressed as:

Al

Ch e (1-2) zEF '
o -'-!;-’]; k exp ( R'% ) ... (3.14)
~~t ! a ZEF

..G)# - Ca ‘;—%;-—- | k exp (-— RT ) PP (3.15)

(-c-f_

Il
Q
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For unit area, the rate process for the half cell can
" be formulated in terns of the cathodic and anodic direc-

tiong of the half cell reaction as follow:

I_ = ZF) *c*-’-‘-g— (= | .es (3.16)
I+ = ZFX“G*J—(-—%\-—K: cse (3017)

‘where I_ and I_ arée cathodic and anodic current den-
sities respectively, jc is transmission coefficient.

The net current density, I, for the half cell reaction,

assuning £ = 1, can be written as:
1 = (%F O ZFA!-(-—E- .. (3.18)

using equations (3.14) and (3.15) one gets
. -
I = zm[ k oxp (L=LZER) _¢ i oxp (- 4R

or

I - k~ Co exp (Ll—QLZEE) - k C exp ( aZEF) e (3.19)

| s N
where E = %' 2P\ ana "B =R 2ZFA . Defining half

cell potential by EP, at which the electrode reaction
is in equilibriun, one can write the above expression.

in the form '

I =-"' I [e}cp (Q:%—%-Zin) ~ CXD (—aleg n)] e (3020)

0

where the equilibriun exchange current density

Io =1_= I+ and - %he- over potentinl n (E - B )
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The above relation is called Butler74-Volmer75 equation

and represents the basic law of chamge-transfer reaction.

342.2 Irangport from OHP to the Electrode Surface:

As the ions involved in ccnentation reactions are
snall in size, the possibility of cxistence of Inner
Helnholts Planc can be ignored. For ions in the outer
Helmholtz plane with a corresplnding potential H&>, the
effective potential difference between OPH and the
electrodc is E - Hé ; @. The current due to the trans-
port of the ions from OHP to the clectrode will be given
by Butler-~Volmer relationship which, in the present

case, takes the following forn:

I =1, exp (;L%'TQZ_E% ) [exp (Ll—'-%'m)-z*]’:n )
—exp(-gé% ) ] | ,,,“(3,21)

3.2.3 Iransport Through'D;ffgﬁe‘Double Loyer:

In the diffuse double layer, the transport of
ions takes place under simultaneous concentration gnd
electrical potentiagl grddient. If x' is the thiqkness
of the diffuse double layer then the variation in
potential from OHP in the direction of the bulk of the
elecctrolyte is given, according to Gouy - éhapman

theory76, by the relationship77:

% - o oot Blexea) e 522
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ee. (3.23)

2/6 1is the thickness of diffuse double layer and

is the abgsolute value of the electronic charge of the
ion. In order to arrive at the transport equation
through this layer let us divide the whole layer into

a nunber of steps each containing an activation barrier
and two ninina around, If there are p such equi-
distant steps, then according to Eyring and Eyring78
randon Walk processes treatment, one can write for these

steps the following expressions baSed on absolute reac-

tion rate theory:

11'.= ZF/\Ckexp[%%\- )]
~ Z'F }Cl kl exp [2RT>\ (dW )1]
B e (3.24)
Ié - Z'F}\_Cl X, exp [- :Zf_l‘I;T)\ =) ]
- erc k) exp [ZR,_? (dw) ].... (3. 25)
1, = 2'FNC, k, exp [ZER (& ),
W
-7 Ny i em [ BERME) ]

3 |
.o (3.26)



o A aVy
I, = 2 Fxcp_l LN [~ 557 (&57) ]
) dq" ' .
-ZFAC pem){mm )] ... (3.27)

where 2' ig the nunber of electrons required for the
total reduction process, AC, is the nunber of ions in
the ith ninirnun per unit cross-sectional area while ki
and k; are the specific rate constants for an ion

th

at the 1™ nininun to junp forward and bgckward, res-

pectively, in the absence of a potential, (d‘# /dx)i

is the potential gradient for the i’? barrier. Under

steady~state conditions one can write
Il = 12 :l 13 ees e - I = I '."— (3-28)

If we assume that the diffusion coefficient D of the

ion is independent of concentration, then

o s 0 (3029)
a8 the diffusion coefficient D = A{ Ke

'Elimination of all internediate concentrations
€1y Cyy Cs «vs Cpy from the above set of equations
leads to:
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0oy o (R S (4L )

D ,éim_ ax ‘.
S S i=1 1
Z2'FAk ]
£ i \
.. ZEA. < ay _ ZEX
Z_ex R oo (& )j]exp [~ 2RT (dx )]
i=1 Jj=

eor (3.30)

where CD stands for Op, the concentration of redu~
cible ion at the diffuse double lqyer. It is evident

that for negatlve + values:

ay _ |
A =l( )i = Y, | oo (3,31)
and
A 5 (%‘;\C‘L)j = (W - ¥ .eer (3.32)
j=1 ‘

- Replacenent of sunmation in the exponentiagl tern from
“equation (3.30) with the help of equation (3.%1) and
(%3.%2) leads to the expression:

)
I _CO-CD exXp (-Z-"'LP"

S e e

72'F Ak

—

P [RT{ L#’m_ + ‘2"(5;-)1% ] exp (1%5 e )
i=1 %

e o (3.33)
where, | X S
\ A ay B B A B &
) 2odat sy ) ~
fo/; + 7 (G )i = s——— ... (3.34)
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when A is snall and i is large, then
Wyt Y 4 ~ '
i T Y X W, e (3.35)

2

Using relation (3.22) one gets
/p _
exp [" I%% L},)(] dx

,_/_‘9 exp [-%%};]% XJ

X

i=1
. O '
- 1-; [ [ Tanh (axm)JZ({i/Z{
A
yRY oo (3.36)

T6)
Thus, substituting equations (3.34), (3.35) and
(3.36) into equation (3.33) one gets the following
relation for transport of ion from D D L towards OHP:
: C 5 DC
I 6D D _ ___¢ ZE ‘
7' F 2 Q - 2> Q eXPE‘RT *)0] ees (3.37)
stands for Co, the concentration of catidn

where, Cc
at the outer Helmholtz planc.

the relation for transport of ions through DDL,

FJe2ed Transport Through Boundary Layver:

Due to the concentration gradient, there is alsn

Thus we have arrived at

a thin filn of stagnant boundary 1ayer of the solution

around each particle. The thickness of this layer is
The

governed by the hydro=-dynanics of the systen.
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transport of an ion from the bulk of the solution phasé'
to the particle surface involves transport of Chunks

of solution to the boundary~filn surface by fhe eddiés
in the solution. The rate of nass transfer canjbe éai;
culagted with the help of Fick's second law of diffﬁéion
which along with the boundary and initial conditions

takes the following forn:

. 2 . .
__..gi ~ 7 3 g se. (3.38)
C x
boundary conditions
C = Cyatx = 0 for % = O ev. (3.39)
C = Chpatx = 0 for > 0 ... (3.40)
¢ = Catx = L for t> 0 oo (3.41)

where C,  and CD are the bulk and. surface eguili~,
briun concentrations of the ion, respectively and L
is the thickness of the boundary layer;; The solution
of the equation (3.38) with these boundarj conditions
gives the followiné expression for/the instantaneous

rate of nass transfer (J) from solution to the interfacc:

S n=0 2.2
D " ~ D%
Lo oo ooy Bl T e (- 2ERY)

Z F

n=1
IR (3-42)
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The nean transfer rate can be obtained from the above

expression, assuning that either g1l surfsce renewing

chunks of fluid are expoéed at the boundary layer sur-
face for the sane tine té (Higbie Theory79) or by

assuning a randon age distribution (Danckwerts node 80);'

In either case, one can write the eduation (3.42) in

the following forn:

I ' - e gy
—— = J= K, (Cy - Cp) | eoe (3.43)
Z F .

Wwhere k&n-is nean nass fransfer‘coefficient, which,

for Higbie nodel, will be given by the expression

1
Ky = 1=

{" te ‘---—_..n=do 2 2
i - . . — Q—-——]-:‘-—
5 /Et f142 ‘in_exp ( Bt )]_dt
' =1
Jo n

eoe (3.44)

3.2.5 ngeral§Sed“B@te BEquations

Metal deposition involves transport of an ion
fron the bulk of the solution by diffusion through the
liniting boundary layer, followed by its transport to
OHP through DDL under the conbined influence of concen-
 tration and electrical potential gradien% and finally
its transport fron OHP o the clectrode; The rate of
~transport of the ion through these layers is given by
the expressions (3.21), (3.37) and (3.43) respectively.
Conbination of these equétions under steady state con-

dition leads tc the expressicn:



7rfo 7F
) o O cuorr(- T o )

I
Cu = 5
' - R -
R e 1)
?
exp (ﬁl-":%'%}_zl‘: Ecu) vee (3045)

Aﬁg Cb,Fe exp (Qi—%LZE Bpo) expl - I-Z{%'-{Jo)

: = o ZF ZF
IFe —/\ Te Ca Fe exp( - RT ~EFe)» exXp (ﬁl‘}")
72'F (1-a)7F = 2. 0 1 ZF (Y
exp(*=F5 o ) + A Ep, (5Fe L TR Fe>~eXP(RT Yo)
} 4
exp (LLR:%)'—ZE' %‘e) ' sev (3-46)

As I_Cu = - IFe for a systen at steady state, one can

arrive at the following equation for the nixed potential -

E, in the systenm, which nay be defincd ao the pdtential
H

at which rate of copper deposition would be equal to

the rate of iron dissolution:
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e [%fgbu Cb,Cu eXp(L%g%l—ZE Em)-exp(‘ g%‘#o)

L F
-)\kCu C,,Cu ©%P (- Q%ﬁ B0 exp (é%(¥c)]'

.[GXP(QR_‘%)'E Yo+ ) K, (2R

1 ZE
+ —) . exp(&= VYo ) -
5CuDCu K RT

m,Cu

oxp (LIl By}

b, DX “Ep, Cp pe exp( LI Fy). ol RT%)

+ - A l'i;e C,, 7o oxp(= L Py) . exp (E% L\’o)']
: =0
| GXP(L:('X‘L—H)O Y+ ° kFe( DF +K L )
exp (ZEW,) exp (U Em) o (3.47)

where A, is cathodic area and Aa is anbdic area.
Fron 2 knowledge of the various paraneters in the above
expression, one can obtain mixed potential, ﬂﬂ, as a
function of the concentration of the various ions in
the bulk of the solution. Using this value of nixed
potential, one can calculate the rate of cementation
fron equation (3.45). Though the above eéuations (3.45)
to (3.47) consider the effect of transport through
various layers and electro~-chenical reaction at the
electrode on the o&érall kinetics of systen, in genéral,
one or the other step is the flowest one in the whole

process and therefore controls the overall rate of
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reaction., An indication towards the siowest step
under given experirental conditions is provided fron
the thermodynanic data of the systen as well as the
results cf kinetic experinents. ‘The discussion
regarding the slowest step undér present experinental

conditions will be given in section on results and

discussionsg,

As far as the kinetic expression for a particular
slow step is concernedy it can be derived fron the overall
rate equation (3.45) by neglecting the resistance due to
all other steps. This indirecctly nmeans that all other
éteps are very fast as compared to this particular step
and reach ingtantaneously the gstate of equilibriun.

Though this is only a hypothotical statc of the overall
reaction, yet still in practice it holds good because the
potential drops due to other steps are so snall that these
cen be neglccted. In section (3.4), it will be shown that
the experimental data in the present case, also, can be
explainéd by considering one oﬁ the steps in the overall

reaction to be the slowest one;
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3.3 Experimental

As the industrial cementation reactions are
generally conducted with the use of iron particulates
(sponge, powder, scrap) to recover copper from copper—
bearing solutions, an investigation- of the effect of
solution/iron powder ratio and the size of iron powder
on the kinetics of the process would be of great impor-
tance. The ain of the present work was, - olso , to
produce composite powders by cementation. Hence for
experiments,iron powders of different sizes were used,
Since cementation reactions are heterogeneoug in nature
and their rate shall, among other factors, be éovernod
by diffusion of the reactant ions to the precipitant
netal surface, agitation is utilised to eliminate the
systen beconing controlled by bulk solution diffusion.
Experiments have, therefore, been conducted at various
rotaticnal speeds in order to determine the optimdﬁ“iéﬁél 7
of a~itation. Similarly, hydrogen ion (pH) contrel in
hydrometallurgical operation is an important task for a
variety of reasons such as cerrogion cdamage of cementation
launders, excess dissolution of precipitant metal, hydro-
xide precibitation, excess geld consumnption ete. There-
fore, on investigation of the effect of pH of the solu-
tion on kinetics of cenmentation fo establish commercial
workable pH range for a mininum corrosion effect and acid

consunption and for a nmaxinum reaction rate has been
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gstudied., Also the commercial success of a copper cemen-
tation process is strongly deﬁendent on the copper ion
concentration of the influent, pregnant leach liguor.
Since this concentration may vary at any time depending
on many factors in the leaching operation,a study of the
copper recovery retes at different copprer ion concentra-.
tion levecls by the cementation process are of great
significance. Although comnercial cementation processes
are generally conducted at ambient temperature, an inves—
tigation of the effect of temperature on the reaction
rate is esgentigl becaguse this gives additional evidence
about the rate controlling mechanism of the reactions.
further, as the deposit morphology is of fundamental |
inportance to the kinetics of reaction, in addition +to
the effects of gbove factors, a2 study of the effect of
naturs of the anions present, presence of addition agentks
and impurities, and the condition of the substratc metal.
on the kinetics of cementation is extremely important.
Due to undesirable secondary reactions which may be
caused by the dissolved gases such as redissolution of
precipitated metal and formation of ferric ion duc to
dissolved oxygen and the pnogsibility of reductiocn of
cupric ion to cuprous and reduction of iron consunption
in hydrogen atmosphere, it is inmportant to study the
effect of various atmospheres on kinetics of cementation.

A study of back reaction kinetics is also reguired to
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have a knowledgc of redeposition of iron and redissoclu-

tion of copper.

Though the effect of‘a nunber of these wvariables
on kinetics of cementatiéﬁ have been gtudied b& different
investiggtors, they used mainly disc or cylindrical
sample 8. Since the cementation system,vhich makes use of
iron powders for cementation process, as in the present
investigation, is‘entirely different from the ones
sfudied and reported in literature, it has been essential
to study the effectsof all the variables. Thus, the
complete experimental investigation. on kinetics includes

the study of following variables:

i) Soclution agitation

i1) Hydrogen ion concentration (pH)
iii) Initial concentration of copper ion
iv) Temperature

V) Powder size
vi) Solution/iron powder ratio , and,

vii) Atmosphere.

%.3%3.1 Bxperimental sct-up:

The experimental assenmbly is shown in Fig. 3.2.
The reaction solution was contained in a round bottom
flask (capacity more than 2 litres) fitted with onc
B29, one B34 and one B55 gtandard taper Jointg of carn~

ing glass. The joint B55 was used to hold the stirring
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aésembly and the joint B29 held a thernometer in an
adopter and had arrangement to admit the iron powder to-
the flask. The joint B34 held the gas admission tube
solution-sampler assembly. The solution was stirred with
an inverted U=ghaped perspei impeller attached to a
Remi-model of nultipurpose laboratory stirrer provided
with a variagble speed motor, The temperature was main-
tained at the desired level with an automatica;ly cons. .
trolled Glas--col heating mantle, with a precision of

+ 0.5%., Purified nitrogen gas was used to deaerate the
solution before kinetic study and to naintain a neutral
atmosphere of nitrogen during experimeﬁt. The stirring |
assenbly was fitted with nercury seal to prevent the

entry of agir into the reaction vesSel.

3.3.2 Procedurc:

“Distilled water and Analytical Reagent grade BJDIH,
nake chenicals were used for all experiments. Stock
solution of copper sulphate containing 10 gms of copper per
litre was prepared which was diluted to various concen-
trations as required, S.Merck nake electrolyticigrade
iron powder was used asg precipitant. Oxygen was renoved
"from the nitrogen used for wvarious experiments by
scrﬁbbing the gas four times with an alkaline pyrogallic

acid solution and then with double distilled water.
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The solution of copper sulphate in the reaction
vessel was ad justed for initial corper concentration
and pPH and was then brought to temperature under g
gtream of purified nitrogen gas introduced through the
pipette. To remove oxygen from the test solution nitro-
gen vas bubbled through the solution eight hours before
experiment and nitrogen flow was continued during the
éxperiment. Solution was stirred at the desired speed
and iron powder of desired gize and amount added into
the solution. Samples 6f the solution were taken at
predeternined intervals through the side pipette, momen-—
tarily stopping the nitrégen flow. Experimental data
were obtained by measuring the amount of copper and iron
ions in solution at successive tine intervals, The
initial volume of the solution was ZQOO nl, 10 ml ali-
quots being removed each time for chemical analysis.
The corrections for the change in the volume of the solu~
tion resulting from the removal of aliquots for analysis

5% The

has been applied as done by Power and Ritchie
inpellcr was immersed t0 the same depth during each run

so that the stirring would be reproaucible.

Copper in solution was determined by analysing
5 nl aliguot of the solution by the iodometric method .
and iron by analysing another 5 ml by a dichromate titra-—

tion with diphenylanine as internal indicator,
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3.4 . Regults and Digcussions

Results of the kinetic studies for different
process variables are given in Tables 3,1 to 3.7. In
order to find out the order of the cementation reaction,
graphs were plotted between log [Ct 2+ﬁ30 2+] and tine,

+ Cu Cu
using the agbove results. C

cult

of copper at time +t and c© o for initial concen-
vu

standa for concentration

~trations of copper ion‘in solution. These graphs are
shown in Figs. 3.5,3.7,3.9,3.12,3.15,3.17 and 3,19 '
for differentAprocess variables. It is seen that each
graph has two linear parté,joined by a small non-linear
curve.. The initial lincar part has a much steeper slope -
as conpared to the final linear part of the curve which
has only gentie slope. Calculations have shown that
during this part,residual iron varies from a negligible
afiount to about 30% depending upon other process vari-
ables. Itg linear nature indicates that the cementation
is a_first order recaction with respect to the concentra-
tion of copper ion in solution. Thi; fact and the thermo-—
dynamic data of the reaction indicate that the overall
reaction is controlled by *the cathodic reduction of copper
iong to copper. This implies that the anodic reaction
~is very fast and can be assumed to attain equilibrium
ingtantancously. From the results_of an electro—chenical
investigation of copper cementafion by iron, Rickard and

31

Fuerstenau noted that g ten =fold increase in current
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TABLE~3.1: Results of Tomperature Paraneter Study
(Data for Fig. 3.5)

[Cu2+]initial 0.5 gn/litre
RPN 2450

Iron powder 0.315 gn/litre

-150 + 125 nicron

TR R T U R R
S Tiné 20°C 557C 50°C 65°C
Né. (min.) cult cut cust cult
, gn/1 gn/l en/l en/1

1. 3 0.4581 0.4539 0.4374 0.4275
2. 6 0.4236 0.4008 0.3%881 0.3556
3. 9 0.3917 0.3572 0.33%64 0.2971
4. 12 0.3622 0.3169 0.2944 0.2494
5. 15 0.3%349 0,2890 0.2624 0.2448
6. 18 0.3054 0.2564 0.2254 0.2426
7. 21 0.2798  0.2254 0.2243 0.2426
8. 24 0,2648 . 0.2202 0.2233 0.2426
9. 27 0.2371 0,2182 0.2233 0.2415
10. 30 0.2202  0.2182 0.22%3 T
11. 33 0.2084  0,2172  0,2223

12. 36 0.1963

13. 39 0.193%6

14, 42 0.1857

15. 45 0.1849

16, 50 0.1832

17, 60 0.1815

18, 70 0.1815
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EABLE-3.2: Recsults of Stirring Parancter Study
(Data for Fig. 3.7)

Temperature 2500
pH 2.8
[Cu2+]initial‘ 0.5 gn/litrec

Anount of iron
powder

Size of powder

0.315 grn/litre

~150 + 125 nicron

S D e e G s i W Y W Bt G g S O S ot

"y s 0y G s S g it S S s A S g

Stirring Spced (rpm)
SN Tine 700 rpn 1250 rin 1500 rin 2450 rpn
No, (nin,) cult o2t A o2t
(er:/1) (en/1) (gn2/1) (gn/1)
1. 3 0.4753 0.4687 0.4644 0.4581
2. 6 0.4435 0.4354 0.4295 0.4236
3. 9 0.4178 0.4101 0.4026 0.3917
4, 12 0.3989 0.3810 0.3753 0.3622
5. 15 0.3723 0.3556 0,3459 1 0.3349
6. 18 . 0.3507 0.33%49 0.3273 0.3054
7. 21 0.3288 0.3111 0.3026 0.2798
8. 24 0.%111 10,2903 0.2811 0.2648
9.- 27 0.2944 - 0.2747 0.25838 - 0.2371
10. 30 0.2760 0.2505 0.2460 0.2202
11. 33 0.2685 0.2393 0.2264 0.2084
12, 36 0.2583 0.2327 0.2162 0.196%
13. 39 0.2517 0.2233% 0,2142 0.19%6
14, 42 0.2471 0.2212 0.2084 0,1857
15. 45 0.2448 0,2182 0.2036 10,1849
16, 50 0.2415 0.2123 0.2036 0.18%2
17. 60 0.2404 0.2084 - 0.1215
18. 70 - 0.2074 - 0,1815

SR W U S et W ame s ey

[y, st s

i W W St S e U b i B
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TABLE-3.,5: Results of Particle Size Parancter Study
(Data for Fig. 3.15)

pH 2.8
Tenperature 25°%
T P 0.5 gu/litre
Iron powder 0.315 gn/litre
RPM 2450
: Size of Iron Powder
S. Mine =150 u -125 p ~106 u - 63 u
No. (nin) #2573 +106 + 90 p + 53 u
Cu2+ Cu2+ Cu2+ Cu2+
gr/1 gn/l gn/1 gn/l
1. 3 0.4581 0.4560 0.4518 0.4354
2. 6 0.42%6 0.4197 0.4026 0.3639
b 9 0.3917 0.3810 0,3622 0.3125
4. 12 0.3622 0.3427 0.33%03 0.2735
5. 15 0.3349 0.3198 0.2917 0.2254
6. 18 0.3054 0.2877 0.2564 0.1972
7. 21 0.2798 0.2624 0.2382 0.1832
8. 24 - 0.2648 0.2360 0.2103 0.1782
9. 27 0.2371 0.2243 0.1990 0.1757
10, 20 0.2202 0.2074 0.1866 0.1757
11, 33 0.2084 0,1954 0.1790 -
12. 36 0.,1963% 0.1909 0.1782 -
13, 39 0.193%6 0.1832 - -
14. 42 0.1857 0.1798 - -
15, 45 0.1849 0.17938 - -
16. 50 0.18%2 - - -
17. 60 0.1815 - - -
18. 70 0.1815 - - -
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TABLE-3.6 Results of Solution/Powder Ratio Study
(Data for Fig. 3.17)

PH 2.8
Tenperature 25°C

2+ ;
LCu™ )i a1 0.5 gn/litre
RPM 2450

-150+125 nicron

Iron powder

Solution/Powder Ratio

S. Tire 1.960 1.587 1.315 1.1%6
No. {min.) o2t cult O:ua"'. St
. grn/1 en/1 n/1 - gn/1
1. 3 0.4644 0.4581 0.4560 0.4476
2. 6 0.4334 0.4236 0.4120 0.4045
3. 9 0.4082 0.3917 0.3740 0.3605
4. 12 0.3810 0.3622 0.3443  0.3283
5. 15 0.3507 0.3349 0.3040 0.2903
6. 18  0.33%03 0.3054 0.2811 0.2672
7. 21 0.3068 0.2798 0.2552  0,2437
8. 24 0.2917 0.2648 0.2285 0.2162
9. 27 - 0.2685 ~ 0.2371 0,2132 0.1918.
10. 30- 0.2505 0.2202 0.1918  0.1757
11. 33 0.2382 0.2084 0.173% 0.1588
12, 36 . 0.2338 0.1963 0.1581 0.1422
13, 39 0.2295 0.1936 0.1435 0.1282
14. 42 0.2295 0.1857 0.1371 0.1156
15. . 45 0.2285 0.1849 0.1328 0.1049
16, 50 0.2285 0.1832 0.126% 0.0898
17. 60 ° - 0.1815 - -
18, 70 - 0.1315 - -
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density shif+ts the ancdic potentigl of iron dissolution
by only 0.03nV which is in confirmation with the above
assunption that anodic process is near its equilibriun.
With this 6bservation, the overall rate equation reduces

to the expression (3.48), in which ECu nced not be equal to

m

[
*

Zow Cp.0y [1- exp(zp)] .. (3.10)
7'F - (1-a)zF
[ZQ + 1 +)\%£ exp (_ %U)
Sculon Em,cu ‘Cu RT

exp(~ 2423)))

vhere DG = - ZFAE and DE is the thermodynamicA
driving force for coppe reduction and is given by the
Nernst equation. Since the thermodynanic equilibriun
constant for the cementation reaction is very large and
is of the order oflﬁ)ecs'az;7 given in Table 2.2, the equili-
_ briun constant for the back reaction, wvhich refers to the
digssolution of copper,will be very small, As a result
of this the exponential term of the numerator of the
expression(3.43) which stands for the back reaction

will approach zero, Thus

[1- exp ( ) ]'v"f . (3.49)
I ¢
Cu _ b.Cu ,
Z'F 20 1 1 (1-a)ZF Ry, "'(?-50)
CuCu n,Cu A kCu
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or,
Tw _ ¢ (3.51)
- k 4 0 *
7'F b,Cu "¢
where,
' 2 & 1 1 _ (1-a) P,
k, = [ + + — exp (- )-
6CuDCu Km,Cu )\1‘:0\1 RT

_ -1 '
exp (- SRR ...(5.52)

and k;l stands for the sum of the resistances of the
various processes in series. In the expression (3.52),
the first term stands for the resistance to transportA
through diffuse double layer, the second tern refers to
resistance to transport through the diffusion boundary
filn and the third term stands for the resistance to
surface reactions. -In cenentetion procecss, any one of
these or'their conbingtion may control the overall rate

of the cementation, wheny

(1~-a) ZF By

a ZF |, 2 Q
RT ) exp (- ""R‘T’“ug)>>

1
~e—— exp (- =D
Ay CuCu

1
m,Cu

y voo(3.5%)

K
the surface reaction would be the rate controlling step
in the overall process of cementation. As above rela-

tion (3.5%) shows, under this condition the kinetics of

cenentation would be sensitive to changes in o and

Q% , Where ¢ = E‘—K&r In general for surface control
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reactions, the activétion energies are higher than those
for diffusion controlled ones. As the diffusion controlled
reactions involving an aqueous phasé have activation
energies from 2 to 6 Kecal, it is anticipated that for
surface controlled reactions,the activation energy will

be higher than 6 Kcal. When,

(1~c) ZFR aZF
2.8 S = L oexp (= e BWy) o2y (- ._..ﬁ‘:!]&.)
6CuDCu (’ECu RT .
L . (3.54)
+ e v e [ 'y
Km,Cu

the reaction is ponsidered to be uﬁder the control of
transpbrt through diffuse double layer. The po-tentiai
of the diffuse double layer,(#x, wvould control the con=
centration of the reducible cations within the d@iffuse
double layer. A positive value of the potential, kﬂk'.
would decrease the cation concentration within the difque
double layer below that expected by aiffusion thr§ugh the
boundary layer alone, while a negative value of Lﬂx'~
would increase its concentration within the diffuse
doublc layer and thus, it would control the rate of dis-—
charge reaction. Thus, when transport through diffuse
double layer is the rate controlling step in the oferall
process of cementation, the rate constant would be
strongly affected by the ionic strength. Vhen,
1 (1~a)zﬁ%u' , aZF )
exp (- —%7 ) exp(= &F Wo)
ce. (3.55)
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the resistance to transport the boundary film would be
the slowest step and the reaction would be under dif-
fusion control with regard to the transport of ion
through the boundary layer. In this case the rate of
cementation would be increased by increased turbulence

in the aqueous phase.

In the present studies, the kinetics of cementation
reactidn have shown, as will be described in the follow-
ing sections, that the overall rate of reaction has low
activation energy (3.0216 Keal/mole) and is strongly
dependent on the hydrodynamiec conditions of the bath.
This.leads,one to the conelusion, that the rate of cemen-
tation is controlled by the mass transport fhrough the
boundary film. To confirm this conclusion polarisation
studies have been conducted using the experimental set-
up shown in Fig. 3,3. Thé anodic and cathodic polarisa-
tion curves,so obtained,are shown in Fig. 3.4. It is ssen
that the anodic polarisaticn curve cuts the cathodic
learisation-curves,'drawn for the éonCentration'range _
0.5 x 1074 mole/litre to 0.5 mole/litre of copper sulvhate,
in their limiting current region, thus certifying that
the rate of cenentation is controlled by diffusion through
boundary layer. Under these coﬁditions the overall rate

¢équation takes the forn:

A To, A
" = Cponk
z'F ’

&
.m,ou A = -V LA A 4 (3’56)

t

ja’)
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where A 1is the surface arca of the precipitant and

Vy i the volume of the solution. Km,Cu in the gbove
expression is related to diffusion coefficient of copvoer
ion which, among other factors, is a function of activity '
coefficient of copper., The results of the thermodynamic
investigatiénsof the present work hawe:skasmthet the
effect of ferrous sulphate on the activity coefficient
of copper sulphate is vory small (Cf.section 2.3.5) and,
therefore, one can agsune that the activity coefficient
of copper sulphate rengins pfactically constont during a
cementation run. Also the total ionic strength of the
solution remains constant during a ccomentation run.

Thus the diffugion coefficient and hence the mass trans-

fer cocfficient K would be independent of concen-

m,Cu

tration during a cementation run, The integration of the

expression {3.56) would, thercfore, give ‘the following

~relation: | B _ - - B
£ o 4 AKX :
log [C¥ ,, /00 5, 1 = -—2 ¢ .. (3.57)
Cu Cu 2.30% V

Using this relation the value of K, cy can be deter-
. : iy

nined from the slope of the plot &2 [0: o/ cg oy ]
' » u u

versus t , for known surface grea A of the precipi-
tant and volume V of the solution; For this, the
surface area A of the precipitant was 6alcu1ated,
assuning spherical part;cleé, from the theoretical

relation:
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6 n 3
A = P d LA K (3'5 )
where m 1is the nass of the iron powder, € = the
material density of iron and & . ‘the particle dia-

neter. For caleulation of A fron the above relation,
nean particle diameter was used because the powder used
for ccnentation was in a very close size range such as
-150 » + 125 p, =125 p + 106 p, or <106 n + 90 u. The

rate constant K is determined under various experi-

n,Cu

mental conditions as described in the following sectioms:

3.4.,1 Effect of Temperature

Values of the rate constant, calculated for different
temperatures from the slope of the plots of Fig. 3.5,have
been used to draw the Arrhenius plot as shown in Fig.3.6.
The value of the activation energy has been calculated
from the slope of the Arrheniws plot and found to be only
3.0216 Keal/mole under the temperature range of investi-
gation which varied from 20°C to 65°%, The first order
of the cementation recaction and the very low value of the
activation energy lead to the conclusion that the reac—
tion is diffusion controlled. With regard to the effect
of tenmperature on the rate comtrolling step, similar.
conclusions have been reported by mony investigators for
copper/iron system28’29’57

37,54
57

and other gystems such as
54 27

, silver/zinc®',

32

copper/zinc , copper/cadniun

: o~
. . . (o] - .
silver/iron”', 31lver/copper2v and cadniun/zinc’< ete.
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This activation enérgy compares well with the activation
energy for diffusion of copper ion in aqueous rhase
which is reported to be 3.64 Kcal/moleSB. This further

certifies that the overall reaction is 1 mass transfer

controllcd,

3.4.2 Effect of solution ggitation:

A qualitative information regarding the effect of
solution=-ggitation on the rate of cementation can bé
obtained from the Fig. 3.7 which shows that the rate of
cementation increases with increase in solution agita-
tion, This indicates that the ceamentation is diffusion
© controlled procgss,For a quantitative evaluation of the
“effeect of stirring on rate of cementation, dimensional
analysis technique is used which shows that Sherwood
nunber (Sh) would be a function of Reynolds nunber (Re)

and Schnidt (Sc) number in this systemn. Mathenatically

one can write

Sh = £ (Re, Sc) oo (3.59)
, i ’ e
where,Sh = EQ*%E¥& , Re = £ : L ona Se = ;% .. (3.60)

Here, D 1is the diffusion coefficient of copper ion in
the solution, # is density of the solution, p is the
viscogity of the solution,'ﬂ'is the characteristic
length and is a neasure of the gize of the system, Vv

is the velocity of the fluid, and ¥ is the kinematic
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viscosity of the solution. Evolution of the Reynolds
nunber requires a complete kmowledge of the hydro-
dynapic conditions of the system which was not the scope
- of the present investigation., Reynolds number can,
thereforeg, be expressed in terms of speed of stirring
which in turn controls the fluid-dynanmic con&itioﬁ!iﬁ;tho
bath. This procedure has been adopted by a number of
other workers8l’to 83. Ag in our case ﬁ; D, u, and v

are constant for a given golution, expression (3,59

can be “rowritton as:

Kyoy = B (rpn)® ee. (3.61)

where 2 and B are constants. In.order to evaluate
the constant a2, K'mCu is obtained from the\510pe of the
plots of the Fig. 3,7 at different rpm and then log Km,Cu
is plotted against log (rpm) as shown in Pig. 3.8. The
slope of this gives the value of a = 0.2642. This value
of the slope is in agreenent with the reported.literature
value for the dissolution of copper spheres of nicron
sizesin sulphuric acid in prcesence of potvassium

83

dichronate 7.

In order to explain dhe transport of material

across the solution/solid particle phase boundary, a

nunnber of methanisns such as two~film theory84, pene-

o]
tration theory7’, surface renewal theoryBO and film=-

penetration theory85 have been developed. In the
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present system of stirred reactor,the material transport
mechanisn involves the transport of Chunks of fluid to the
surfacc of tho stagnaﬁt boundary film under the influ-~
ence 0f eddies in the bulk of solution, followed by dif-
fusion through the boundary film to the particle surface.
As the rate of stirring inéreases,the thiekness of the
boundary film decreases until a limiting wvalue is
reached, and the rate of surface reneval increases. Thush
the rate of cenentation increagses with increase in stir-
ring speed, Howéver, increase in stirring speed beyond
a certain limit would not result in any further increase
in rate of cementation because at this stage~solid
particles are moving in the fluid at sanme speed and having
the same velocity profile. In the presgnt investigation
such high stirring speeds wore not_used,
5.4.3 Effect of Initiél Copbég ion Concentration
First order plotsof cementation rate data obtained
fof various initial coppcr ion concentrétions arc shown
in Fig. 3.9. A plot of rate conétant versus lcg of
initial copper ion concentratvion, calculated from +the
slope of various plots of Fig. 3.9 is shown in Fig.3.10.
It is observed that initially the rate of cementation
increases as the initial copper ion concentration in-.
creases upto about 0.5 gm copper/litre ahd thereafter
the ratc decreases with further increase in the initial

concentration of copper ion in golution. The initial
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increase in rate constanf with increase in initial copper
ion concentration in solution can be explained qualita~
tively in terms of the diffusion coefficient of copper,
Addition of copper ion to water alters the structure. of
water by breaking up the short range order of water
nolecules owing to its size and charge and thus increases
the diffusion coefficient by effectively decreasing the.
localised viscosity as a result of réducéd intermolecular
forces., As the concentration of ion increases,the dif-
fusion coefficient reaches a naxinunm value,which corres-
ponds to a nminimum viscosity of the solution, Any further
increase in concentration béyond this causes an glmost
complefe removal of free water molecules and resultsAin
an increase in solution viscosity and dccereasc in dif-
fusion coefficient. Variation of diffusion coefficient
of copper sulphate solution at 2500 as a function of its
concentration -is shown in -Fig. 3.1186. The 4iffusion
coefficient of copper ion is noticed to increase with
irncreasing concentration of copper in dilute solution
reacﬁing a naximun value of agbout O.95X10“5 cmz/sec at

a concentration of 0,1 mole/litre. This explanation
holds good only upfo concentrafion value of about 0.5 g
coppor/litre. The decrease in rate constant with in-
crease in initial copper condenﬁratipn in the higher
concentration range can be ascribed to the effect of

activity coefficient on the rate constant. As activity
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coefficient <“trercascs -appreciably with--inercasc -in-ionic

strength, rate constant goes on decreasing with increase

in ionic strength.

3.4.4 PBffect of Hydrogen ion Concentration {pH):

First order plot of ratc data obtained for different
initial pH values are shown in Fig, 3.12. I% is observed
that the rate constant decpeases aporeciably with de-
crease in pH from 2.8 to 1.5. A plot of specific rate
constant versus pH is shown in Fig. 3.13. Conclusions~fron
the thermodynamic investigations based on the inferences
from Figs. 2.16 and 2.17 have indicated that the driving
force for cementation is not affected by the presence.
of acid in tye copper sulphate-ferrous sulphate mixed
electrolytes, Therefore, the appreciable‘decrgase in
rate constant,as pH is decreased from'2.8 to 1.5,can be
ascribed to the increased competition bet%een copper ion
and hydrogen ion for.discharge sites on the metal surface
at higher hydrogen ion concentration. Due to the follow-

ing reaction between iron and hydrogen ion:
Fo + 2" = Fe?* + 1, .. (3.62)

which can proceed to a higher oxtent at low pH, the
surfacc area available for cementation reaction is de-
creased. The hydrogen so produced is likely to block

a7

the metal surface due to its slow desorption step '.
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To confirm this, the variation of excess iron in soluticn
over the~ theoretically required amount is shown in
Fig., 3.14 using pH as parameter. It is seen that the
amount of excess iron consumed over the theoretieal
amount increases with decreasing pH at low pH. This
certifies that there was a competition betweer copper ion

and hydrogen ion for discharge sites on metal surface at

very low pH.

3.4.5 Effect of Particle size and solution/powder ratio:

First order plotSof the cementation rate data
obtained fér different particle sizesof the iron powder
are shown in Fig, 3.15. It is observed that the rate of
cenentation increases as the particle size of the iron
powder decreases. For a quantitative evaluation of the
effect of particle‘ size on rate of cementation, expres~-
sion (357 can be used, Afier substituting for A& from
relation (3.58) in this relation (3.57), the slope ©p

0f the first order rlot .comes out to be:

6 n K
= ____.._____IELQE_ . o e @ (3063)

T 2.303 VAP

Taking log on both sides one gets the relation:

1"
6 i ;Lm,cm

2.303 V P

log p = 1log - log d eoo (3.64)

The above reclation shows that the variation of log p
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calculated from the slopes of tﬂe first order plot of
Fig. 3.15, with log d- is a straight line with a slope

of 39° as shown in Fig. 3.16. The small deviation of
this slope (39°) fronm 45° can be ascribed to the effects
of surface and shape factors. This leads to the conclu-
sion that the‘increase in the cementation rate with
decrease in particle size is due to the increased surface

area of the precipitant available for precipitation.

To study the effect of solution/powder ratio on
the rate of cementation, the ratio wés varied by changing
fhé anount of iron powder added to the coppér sulphate
solution of fixed initial concentration. First order
plot of the cementation rate data obtained for'various
initial solution/powder ratio are shown in Fig. 3.17,

It is scen that as the solution/pbwder ratio decreasecs
the rate of ceﬁentation increases. For a quantitative
evaluation of the effect of solution/powder ratio on the
rate of cementation,expression (3.63) can be used., In
this d 1is constant and n is variable in the present
case, Honce taking log on both sides of this expres—

sion (3.63) one gots

6 K '
log p = 1log 2‘ 30';1:701;@ + log n cee (3.65)

This relation shows that variation of log p versus

log n should be a straight line with 45° slope. This
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graph. was plotted from the slopes of the first order

plot of Fig. 3.17 and is shown in Fig. 3.18. The slope

of this plot is 39° instead of 45°. This srnll diffcrence
can be ascribed %o surface and shape factors effect which
were not taken into congideration. Thus, incresse in
rate with decrease in solution/powder ratio is due %o

the increased surface area of the precipitant.

When solution/powder ratio is changed by changing
the initial concentration of the solution for fixed amount
of irom preqipitant used, it has been observed earlicr
from Fig. 3.10 that the rate constant increases with in-‘
crease in solution/powder ratio to an optimum value for
the ratio 1.587 (corresponding to 0.5gm copper/l concen—
tration) beyond which the rate constant decreases.

This was attributed to the increase in diffusion coef-
ficient in dilute solution range and congiderable deéreaso

in activity coefficient in concentrated solution range.

3.4.6 EBffect of Atnogphere

F;rst order ploté of the rate data for cemnenta-
tion process carried out under nitrogen, hydrogen and
alr are shown in Fig., 3.1S. It is seen that the use
of hydrogen atmosphere in place of nitrogen has hardly
Sany effeot‘cn rate of cementation. However, in air
atmogsphere there is a slight decrease in cenentation

rate. This decrease in rate in air atmosphere can be
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ascribed to the formation of Fe3+ ion by the reaction:

+ HO0 = Féﬁ+'+ 2 (0H)™ ee. (3.66)

followved by the oxidation of precipitated copper by the

reaction
Cu + 2 Feot = cult o ped* | ee. (3.67)

The observed increase in pH value of the solution from
2.5 to 3.3 towards the-eﬁd of cementation run, carried
out in air atmospherc, accompanied by precipitation of
particles of ferric hydroxide confirms the formation of
Feot ion. Also there was an increase in the amount of
iron consumed ovér the theoretical amount for this run
as shown in Fig. 3.20 which confirms the occurrence of

Cu2+

reaction (3.67) becayse so formed would require

additiongl iron for cenentation.
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CEAPTER - IV

CHARACTERISTICS OF CEMENT COPFYER POWDERS

4.1 General

In order to find out the industrial utility of the
cenent copper powders,it would be necessary to evaluate
the characterigtics of these powders and the effect of
process variables on their comnpaction and sintering pro-
perties. For this,cement copner powders were produced
uncer different experinental conditions at roon tempera-
tﬁre,at PH = 2.8 under inert gtriosphere anc annealed
under hydrogen atmosphere at 500°C . Folloving powder
characteristics were studied using standard methcds des~

3. 30
cribed in textsoo?SY;

i) Particle shape, size and gize distribution
ii) Apparent density
iii) Flow rate , and,

iv) Friction index

Effects of above characteristics on the follow-

ing process variables were also studied:

i) Grcen density and dengification paraneter
i) Conpression ratio
iif) Sintered density

iVﬂi Greeh porosity and sintered porosity

V) Liguid-phase sintering

vi) Microstructure of sintered products.
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4,2 DPowder Chagacteristics

4.2.1 Particle gh@pe, gize and size distribution:

b,

A photonicrograph of the cement copper powder
taken gnder Scanning electron nicrograph is shown in
Fig. 4.1. It is seen that the powders are of oval
shape and are porous. Particle size distribution in
. a powder nass was studied by standard sieve analysis
nethod, Effects of initial siae of iron powder and
initial concentration of copper sulphafe solutiog on
particle size distribution are given in Tables 4,1 and
4.2 and the results sre plotted in Figs. 4.2 and 4.3
respectively. It is clear fron - Fig. 4.2 that the
decreage in the size of the iron powder used for cementa-
tion results in a cement powder with a larger anount of
finer size fraction and a wider range of particle size
distriﬁution.' A conbined reference to Table 4.2 and
Fig. 4.3 leads to the conclusion that an increase in the
initial conéentration of copper sulphate in solution
produces cenent copper powder with a relatively close
range of particle size. Thus using a coarser size of
iron powder precipitant and a higher iniﬁiél concentra- -
tion of copper sulphate in solution, it would be posgible
‘o produce relatively coarse cenent copper powder with

close range of particle size distribution.
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4.2,2 Apparent dengity

The calculated values of apparent densitieg of
various cement powders are given in Tables 4.3 and 4.4.
It is noted from Table 4.3 that as the size Qf the iron
powder precipitant increases,the apparent density of the
resultant cement powder increases to an optinun value
beyond which any further increase in the size of iron
powder decreases the apparent density of the powder pro-
duct. This can be explained in terms of the effects of
particle shape, size and size distribution in the cenent
powder and its friction index. As noted under section
4.2.1,a decrease in particle size of the initial iron
powder prodﬁces cenent powders with larger figer size
fraction and wider particle siée distribution. The lowest
apparent density of the cerient powder obtained fron
-75 + 63 nicron size powder is due to its highest frice
tional surface area which reduces the ability of the
particles to settle efficienﬁly and causes bridging
effect, thus producing a greater porosity in the l@osev
powder ngss. The lower apvarent density of the‘cement
powder obtained from -150 + 125 nmicron size iron powder
as conpared to that obtained from =125 + 106 nicron size
iron powder is due to the wider range of particle size
distribution in it as compared to that in the latter

powder which is clear from .. Fig. 4.2. With regard.

to the effzct of initial concentration of copper sulphate
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solution on apparent density, a decrease in gpparent
density of the resultant. cement powder is observed

with increase in initial solution concentration. This
variation can be explained in terms of friction index
results, given in Table 4,4, which takes into account
the nature of the particle surface in addition to the
effect of particle size and particle size distribution.
It is scen fron ... Table 4.4 that the friction index
of cenent powder increases as the initial concentration
of the solution increases and hence the apparent density

decreaseg.

4.2.3 Flow rate

Flow rates 6f various cenent powders produced and
iron powders used as precipitent are . given in.
Tables 4.3 and 4,4. As regards the effect of initial
parfic;e size of iron powder on flow rate of cement
powder , 1t im - scen thet - there is an optinun |
value of the iron powder size for which the flow rate of
the resultant cement powder - disg maxinun, Tovex-

g
plain this following quantitative relationship is used®o:

WS, R

log t = log () - log (%ﬂ) ... (4.1)

where, da 1is apparent density and ad %he naterial
dengity of the powder, K and C are constants, A

the crosg-sectional areca of the orifice of the flowmeter
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funnel, W the total weight of the powder flowing,
S, - gpecific surface area, R th surface roughness
factor and t . the total time for powder flow. Fron

this relagtion, it is clear that t 1is inversely propar-
tional to the da/d ratio. Calculated values of da/d
ratio are given in Tables 4.3 and 4.4. The decrease

in flow rate of the cement powders produced frbm solutions
of higher initial copper concentrations can also be cx=-

plained on similar lines,

4.2.4 Tap density and Friction index

- Galculated values of tap density - and friction
index are given in Table 4.3 and 4.4 for various cement
copper powders. A higher friction index value is an indi-
cation of the higher frictional forces between particlés
of the powder nass. . Variaticn in the friction index
are clearly due to the effects of particle size and size-
distribution in the powder nasgs on the settling efficiency

of the powder and its bridging. tendency.

4.3‘ Process Variables
4.3.1 Conmpressibility and Green dengity

Details of the weight, dianeter and height of the
various green compacts are given in Table 4,5, Results
of densification parameter and green density of different

cement copper products and iron powder products are
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given in Tables 4,6 and 4.7. These results are plotted
in Figs. 4.4 to 4.7.Both these measures of compressibi-
1lity show that as the size of the iron powder precipitant
increases,the compressibility of the resultant cement
powder increases. This variation can be explained'in
terms:of chemical composition and plasticity of the
powder nass., It is seen fron Table 4.8 that the
powder obtained from coarser size iron powder has higher
copper content and, therefore, " ~ higher plasticity and
conpressibility. As far as the effect of initial copper
concentration in solution is concerned, it is seen from
Figs 4;6 and 4.7 that the compressibility of the cement
powder increases with increase in initial copper ion con~
centration in solution to an ovtinum value beyond which
any further increase in solution concentration results in
a decrease in conpressibility. This can again be explained
in terms of the composition of the powder nass as given

in Table 4.8.

A comparison of the conpressibility of the cenment
copper powders with that of the iron powders indicates
~that a cement copper powder of even very low copper con-
tent has higher conpressibility than iron powder cdue to

the higher plasticity of copper than that of iron.

4.%3,2 Conmpression ratio

Compression ratios of various cenent co;por'pow&cré
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TABLE~-4.8: Conposition and Density of

Cenent Copper Powders

- o

160

Material Composi~ Density
tion
Cu, % en/CC
Cenent copper powder obtained ,
fron =150 p + 125 p 75.4 8.6534
size¢ iron powder v
Cencnt copper powder obtained
fron «125 p + 106 pu T34 8.6384
size iron powder
Cenont copper powder obtained ‘
fron =75 p + 63 p 66.3 8.5564
size iron powdcer
Cenont copper powder obtained _
fron 3.177 gn Cut/litre 647 8.5097
solution |
Cenent copper powder obtained 62.2 8.5098

fron 885¢ gn B
cul?/1itre solution
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are given in Tables 4.6 and 4.7. The results are plotted
in Figs: 4.8 and 4.9, It is seen that there is an opti-
nun size of the iron powder for which the compression
ratio is - lowest, as desired in industrial applica-
tions. ©Such varigtions can be explained in ferms of the
apparent density and conmpressibility results. The higher
compression ratic for the powder produced from =75+63
micron size iron powder as conpared to that obtained from
-125 + 106 micron iron powder is due to the sufficient
difference between the apparent density of the two, The
higher compregsion ratio of the cenment powder produced
from =150 + 125 nicron size iron powder as conpared to
that which is obtained from =125 + 106 nicron size iron
-powder, is due to its higher conpressibility, because the
difference between their apparent densities ig very .
snall, With reference to the effecct of the iﬁitial coprer
concentration in golution on connression ratio, it is-
seén from Fig., 4.9 that compreséion ratio increases as
the initial copper concentrat;onfin golution increases.
This varigtion can élso be explaineé in terms of apparcant
dengities ancd compressibilities of the concerned cement
copper powders, The lowest compression ratio of the
?owder obtained fron 3.177 an Cu2+/litre solution is due
to its hichest apparent dengity and lowest compressibility
anong the powders under discussion, Similarly, the

powder obtained from 8.395 gn Cu2+/litre golution has the
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lowest apparent density and medium conpressibility and,
therefore, it has the highest conpression ratio. The
powder obtained from 6.354 gn Cu2+/litre solution has
the highest compressibility and has high apparent den~
sity and therefore the overall effect is a medium com~

pression ratio of this powder.

4.%3.3 Sintered densgity

Details of the weight, diameter and height of the
various sintered products are given in Table 4.9. Values
of the sintered density of the various cement copper
products and iron products are given in Tables 4.10 and.
4.11, and the results gre plotted in Figs. 4.10 to 4.12.
The curves show that the sintered density remains highest
for the highest grecen density materials and that the
higher gfeen denéity naterials exhibif very small changé
~in density after sintering. Fig,. 4.13 to 4.15 show the
effect of sinteriné temperature, The obéerved increase
in sintered density with increase in sintering temperaturec
ig due to the increased mobility of atoms, vacanciss and

other defects.

4.%3.4 QGreen vorogity and Sintered porogity

Values of green porosity and sintered porosity-
for different cenent coprer products are given in

Tables 4.12 t0o 4.15. The results are plotted in
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e Ay e ey SRS . VA S G

Material _Sintered Product  1050°C

2.5T 4T 6T g 10T

- -———

A, Wt. T.952 T.952 T.953% 7.953 T.954
dia 1.590 1.600 . 1.615 1.620 1.630
Ht 0.609 0.565 0.523 0.495 0.476

B. Wt. 7.952 T.952 74953  T.953 7.954
. dia 1.590 1.600 1,615 1.620 1.630
Ht 0.644 0.593 0.543 0.509 0.494

C. Wt. 7.952 T.952 7.953 T7.953 T.954
' dia 1.600 1.610 1.615 1.620 1.630
Ht. 0.689 0.680 0.565 0.534 0.507

D. Wt. 7.952 T+952 72953 T7.953 7.954
dia 1.630 1.630 1.630 1,630 1.630
Ht. 0.63%9 0.539 0.551 0.529 0.514

E. Wt.  7.952  T.952  7:953 7.953  7.954
dia  1.600  1.610  1.620 1,620  1.630
Ht,  0.641 0,591  0.543 0.521  0.503

F. Wt. N;l T.958 7.953  7.950 7.950

dia Nil 1.63%0 1.630 1,630 1.630
G. Wt. Nil T.358 T.958 T.950 7.950
dia Nil 1.630 1.630 1.630 1,630
Ht. Nil 0.657 0.605 0.575 0.552
H. Wt. Nil T.958 7.950 T.950 7.950
dia . Nil 1.630 1.630 1,630 1.67%0

Ht. Nil 0.674 0.623 0.591 0.557

Py S v enm. q -




P et e e L L L e R L e A

€89

166

68°9

TO*L

T6°L

IL°L

A

2979
¥8°9

ce L

84 L

0T'9

gc°9

9¥°9

L8°9

ST L

¥9°¢

6L"S
96°4

9¢°9

09°9

- N@O@

- £8°9

-  86°9

¢L°g 67 L

Te*9 0L°L

TO*Q 00°L 2¥°L 66°9 L5°9 S6°L

172

65°9
08°9

¢T L

av L

oL L

IT°9

G2'9
¢v°9

L9°9
G66°9

LS’ L

9°%

LS
£6°S

L0°9
or*9

9L°9

- 6L°9

- 28%9
- 9679

66°q gy L

£6°G6 0OL°L

2¢°9 G6°L

s Lk £ Lk Sy S el e P SO e S S Wt O e e P S 6 i €L O k10 e 0 S 1. 0 S R Bt S P V00 G99 0 it T D U i g 84 A B Nl et S S Y

vv°9

95°9
9L°9

¢l

sv°L

oL L

60°9

mmym
6£°9

99°9

£6°9

9¢°L

¥9°q

9L°S
¢6°g

10°9

6£°9

ZL®9

A

6L°6

0c®9

« ot St Pt e G e Gt WA een et @7 Wt @ T

¢ o+ng),
oX3 =Op-

n9QT+MGe 1~
oy =op=-

nGeT+10G T~
9ZTS JO JIOPMCC
UOZT WOI]
gonpoxd uoa]

Jopmod uoat
2218 1go+ng)-
TOJdT PaINpodac
J9ddc0 qURWO

Jopmod

UOJXT 9ZTS
19QT+15E T=
goay poonpoad
Joddod qudud ¢

Japnod

UOXF OZTS
dg2T+105 1~
woag poonpoad
Joddoo JuUOUIB |

T — O ) SO — > > -

B O e G D GV SY G R IO T S NG D N S v s o -

LOT. ol

£9

Ia°¢ LOT

)

s,

49

»

IV

162, 10T

&3

%9,

Iy

J6°¢

mpummaoo ueoIy Jo ‘saanjersdue] JUSIOIFTIP 3B ¢ (00/8) L3TSus@ POILIUTS

ooomww

0

0056~

SPROT JULAIOIIID - 48 pojorduc)

D050

e

 TBTI1TH

gonpoag uoxl pue gonpoxg zoddop gueme ) oUYjF JO
Ly tsueq poastutg uo jueiTdioedad A9pMOd UOXI AU} JO 9ZTS U3 JO 39913™ 20T V-TTAVE



167

, 02T
Agg T+ 0e T~
J0 aepnod
UOIT WOILF
aonpoad ucxly

UoTINTOS
/) F668°Q
uoxy poonpoxd
Jaddoo 3juste®H

UCTANTOS

T/np 376¢°9
woxF peonpoad

~Jaddep 3uRTB )

uoTHNIOS
T/n0 BLLTE
ToxF peonpoad
zoddoo quRwO D

T0*L V8'9 9¥°9 96°G - 06°9 08°9 ¢V°9 £6°¢ -  96°9 9L'9 6£'9 ¢6°S -

0c*L ob'L OT°L 09°9 9T*9 £5°L ¥E*L $0°L 26°9 ©80°9 2G°L ¥l 20°L gv'9 1079

10°g 00°L ev*L 66°9 L&°L 96°L OL'L Le*L 9L"9 ©&°9 66°L OL*L 92°L 2L*9 02*9

2vel 02'L T6'9 9vT9 96°G SE'L YI'L €89 YL'9 9@td £LTL vI'L 28t9 TET9 &8s

Lot I9 I9 It I8¢ IOt I I9 I¥ 16°'2 IOoT I8 59 Iv 16°2
_ 050601 _ 5056 . 05060 V

4B poonpodd

: . SPBOT SNOTLBY) : .
sqoedumon werap Jo ‘soanjeasdud] $UOIO IITD 3T ¢ (00/uF )AL TSUSQ POIBIUTH

et L

TeTI2Y BN

ronpoag ucxI oy} Jo L3tsusq @ohowxﬁm.

puc ‘gonpoag xoddop jucuoy oyl Jo L3TSUSQ POIOIUTLS
U0 UOT4NIOS UT UoTjeIguoouop xoddop TBTETUI JO 399178 :TT*V-HTAVE



'S10Nd0dd ¥30MOd IN3IW3ID 403 AllS

168

(U0} )‘QVv01 NOILDVJIWOD

-N30 N33d9 HIIM ALISN3AJ d343LINIS 40 NOSIHVIWOD 017 914

01 S6 08 5’9 0'S 5S¢ 0'C
| ]

ALISN30 N33¥9 —— \.
0,058 LV ALISN3Q Q343INIS ——— \\“

Mgy «GL - @ Y4
M 9QL+ GZl- X : X
M gzL+0Gl- © / /

:S3Z1S \a\ /

40 SY¥3IAMOJ NOYI HLlim 2411 P \ R

/0 wbvgeg 40 NOILNIOS WOY 4
Q3NIVIB0 Y30MOd 83dd0D IN3W3D

0°S

9°'S

9

89

7°L

0’8

(7>2/°wb) “ALISN30 Q333LINIS ANV ALISNIQ N3349



161

"S10Nd0dd NOdI SV T13M SV 843cd00 INIW3D J04

ALISN3O N3389 HIIM ALISN3C J3431INIS 40 NOSIHVAWOD LLI'7'9l=

JO, Y V0T NOILDOVAAC 2

J¢

e

36 38 ) 0 S5t

i
1

AL SNAT NI TS
B e AV O ALSNID Jid 4N S

Q

+ -

c A 4

(31

O SBRB X

D,

/.02 wbyggy O

CSNOIVYINIDNOD 50 SNO:1NI0S WO S
437MOg NOYI FZIS M GZi+ 061 1M
032730038d 330M3d 83dd22 INIAN3C

I . .
| ,

L
321S 50
H=0MCd NO¥I

3°S

o
w

(12077 wb )ALISNIT QIYILINIS NV ALISNIU N33¥9

@
w

~
N

J8



{70

'S10N008d ¥430M0Od NOYI 404 ALISN3Q
N3IFH9 HLIM ALISNIQ 03483INIS 30 NOSIIVAWOID (177914
(uol) QVO1 NOILJIVdWOD

50l 0'6 5 09 5 o€

ALISNIQ N3I349 —

0,058 LV ALISN3IQ Q3Y¥3INIS ——— \\Mn\
N gg +g,- 0 o5
0 goL +GZL- X ol
N GzL +06i- © \K
¥30MOd NOYI 30 32ZIS A

A

0°S

9°S

8'9

7°L

(227 wb)
ALISN3IA G343INIS ANV ALISN3Q N33d9



74

"510N340d34d 434400
INIANID 40 ALISN3A J343INIS NO 34N1VvY3IdWN3L 40 103443 €U'7'914

(U0l ) dv01 NOILOVIWOD
S0l S'6 S'8 S S'9 'S Sy S€ SZ
| 0°'S
(2410 /,,nD "wbyvgeg NOILNIOS X
40 NOILVHINIONOD 1VILING) ps
] o e/ o 9'g
€9 +G4 - O s
M 901+ SZL- 8 \\
M GzL+0Gl- V \\
253271S 40 SY30AMOd NOY! WOY 5 \
O3NIVIE0 3434400 IN3W3ID \\
#1‘ \v\\\\ “
\o\\ \ e
,\\VMV \\\
\\\\\\\\\ \\ ey
X .\|\4||\\\\\ \\ 2.,0s8 X
J2.0s0L ©
i\o“\ _ 08

(007 Wb ) ALISNIQ Q3¥3ILINIS



172

SLJluvudad NUdl UNV d3dguJ
INIW3D 40 ALISN3d 0343 INIS NO 3dNIVvd3IdWN3L 30 103443 7177914

(U0l )‘QV01 NOILOVdWOD

7 §5'¢

13 13 ¢ N.N—m U
« o« o« 5688 8

21311/,,n Wb yggg v

SNOILVYIN3INGCI NOILNT0S WOH4
gd30MOd 40 3ZIS M GZL+0Gl- H1Im
d30NA0dd ¥30dM0d d3dd03 INIAN3D

X

A\
\N

\

\

3Z1S

¥ $ZL* 0SL- 30
¥30MOd zomTlewmm%Nuw““w““““u

iz

N\

\
R

|
|
\\\\\\

2,068 X
0,056 ©
D.050L ©

g's

9°S

\
\

(22/7'wb) ALISN3Q Q3¥3LNIS

@
w

~
o~

'8



17>

'S129n304d
NOdI 30 ALISN3Q O393INIS NO JFdNIVd3diN3]l 30 103443 SL'7 914

(U0l )°QV0T NOILIVAWO?D

S0l 58 S'9 W 5
4 ¥ |
Megg +G64 ~ D
Y90l *SZL- 8 e
Y gzL+0SL- Vv
S¥30AM0Od NOYI 40 S32IS \\74
\
X
[ | \
=
\\
X
p— -

2,058

2,056
270501

J

X

e
@)

0°S

9'S

9

(227 wb )“ALISNIAQ Q3IYILINIS

7L

08



174

Y

e o o oy ot D S PO S S Sy S G T T iy Gt G Gy A MY D S S D A S sy N ARG ey GG VR S G G WD IV PU G SR s TS SV S D Gane G S SV AT S vy S S Y P VY g S S O SO B S e i v W SR

I2PMACT UCIT 2ZTS
i¢g + 1igL~ icag
6*vT 6°CT 8¢ T°'62 -~ PAUTCAGO 3Oone Il ueal

I2PHCC USIT NZTS

) _ : g1+ 1geT=~ “oag

2'¢T G*9T a°02 L°92 - PAUTLAGEC gonp.al ucal
XOoDpMZ ULKIT 2%ZT6

4 HGET + T0GT~ el

9°TT L°VT ¢°61 6*62 ) POUTULGC oMU I WCXY
Jopsand wodt 0218 dgo+

gL~ CIT POUTLRQC

2°¢T L°LT 0°¢2 2°'1¢ G°G¢e gonp ~xl D IICO uNN D

Iopmsd ucIT NZTS TgQT+
AGZ T~ i2XI pPOUTWRqO

9°1TT T°GT 2°1<¢ VLS 6°G¢ ponprad a2 IdCo aunio )

Jopncd wxaT 02TS MgegT+

AQGT~ WCIF POUTVRGO

C°0T ¢ vT 661 T°92 6°c¢ ronpoad aolIdod UL D
I

D i bt # Vo Sy Sy PP+ T sty St B o R N Y Gt SV D S P Py SV T iy P S ey e ) ¢ g AR S S €0 ey MR T iy Y ek @y B G T ¢y G GO M g S U S el S e Y S S pwy o~ sy

LOT &G ) iy &G e

SPULT FUCIDITITY 4T pogowdiie )
poudiic)y U~ Ip UT (%) L1TSoxng ut Iy _ TCTICACR

0 P s S D GRS M wen A Pub S sy il SR TV G S S SRR SO A gy SN U U ey G A G S VR P s an s ey Jllll.‘lll'llll"ll" —— e ¢+ s o~ g

- gonpeagd usat oys.
ULt gonpoag xnddep rutund 2yl Jo £3TSO0ILI UNDIH UO
AUCETATONII XOVMCT UOIT 2U3 JO-0ZTE "W Jo 4007JF 2T ¥-dIEVI



[*¢T 0°QT &'¢c ¢°Ge

)*¢T G°LT ¢°¢e &°'Le

175

30T 6°2T C°LT T1°ve

[T &°6T 9°6T ¢©°9¢

)*OT 2°2T T'LT &°*¢d

6°¢¢

T ¢e

T°¢T

¢*ct

¢t

0.0H

6 ©°TT 1T°9T 0°T¢e ¢°6¢ T'01

| W —— - -

&LOT LG L9 h7y

00, w0t b aulm Gts B v B S S S W o wiey oo

T8¢ i LOT

0°CT

L*'SGT

et

9°91

L*eT

6°¢T

0 g Mt vt

¢rece

0" 02

g1

0°c¢

§°6T1

0*6T

e e

£°9oc

Y*ve

0°6¢

g ac

A . ooy oy —
4

TFN  6°&T

TN 0°¢T

TN P11

0°6¢ &°¢tT-

¢*'1e ¢°01

9'ce -1°01

0°'c1

T°91

CeT

9°91

LoeT

0°¢T

vece

v*oc

LeeT

T°cé

L°6T

0°¢ct

- -y owu vo—

AR

L*9c

ARZ4

L*6¢

6°G¢c

0°ve

TR

% 9¢

6°2¢

6°6¢

e o o

dgo+ Mg~

TIOXF =GP

oo+ MgeT~
UOIF =OD=

Xopnod

UG AT 22718

dge T+ 110Gt~
TCII PouUTLLqo
qoupoxd usxl

cyhod
UcaT 9%Z18
Adgg+ dGL-

UIOXF =C=

Iopnod
ucJIT CZTS
1901+ GCT~

OXT w0~

Jopvned
UOJIT 9ZT9S

nge T+ MoatT-
HCXI POUTTEAC

gounpoxd -

+x5dden quou0 g

5

v

I6'2 § 50T

i

49

2N AR

50801

e

9,050

-ag—.‘-—vn—%

T 0,08T

SPUOT JUOIO IITL 4%

0020C A

sponpoad UT ‘srangcandiol JUSILIITY 4% (%) £y 180a0d POIOGFUTS

- TN WA o SO S o S e oy A ot

s, aam nam Svotmet

ponpoxg uca oy} pUv OoNpLIg xoddcy 2w D
(£3TScIcd POIORUTE) WO 1UCETATON I JOPMOE UOXTI OUY FO 22Tg 2 JO

mem Ap T e ey e oy

v . . RS M T G . 7

" e S . e TR M D S e STV N

v

243 3o
100139 SCT° V=TIV

————— S



176

l”"l"‘i"l"‘l""",-’l’ W o ant s vy ant g . - -y Olll’ll.llllﬁll"ll N g onm vuve l"l-ll,'! l.lll'll-ll"-“"ll hanlos T T S, Laad o 2 T TSP

\ _ | °218 fg2T + 1ogT-
FO aapuod uoat Goay
9'1T LYt £°6T 6°¢e - . POUTLYqO gonpead uoay

UoTInTos T/np
26600 U0XI POUTLLqO
V4T ¢°LI L*1e L°ge c*G6¢e ¥onpoad asddoy guoto g

UoTInTOsS T/up
2 $6¢q UOLZI PouUTElqo
3 d

g°0T &bt §°6T T°92 6°2¢ onpoad mdlon qwmo g
ucTanTos T/np
FLLTC U0 POUTCLQO
£'et T°41 g6t 0° L2 6'¢g 1oupoad zaddogy quoimg
- LOT 490 L9 &P Z§°¢ .
e b 1o TETI23. T

\ SPUOT quoan gy
3T pogoudiog Pouitoy wsoap ur (%) £atsoxog U301y _ ‘

R s o S i 5 v v e, e, i g e orm v s oo P PUS tn vs e s e e hadendo Boe T Tty vy \llllll...-l..lul\tlttl!lll‘l'l.-ll T 5 St O v - ot gy N St S e dwe wma

$OUPOIT UOIT oyg
FO PuB q0npeag 22dogy quwnng °UY o A3tscaog usd2ay uc
GOTINTO8 UT ucTieasuwoucy teddoy TETTUL 0W 30 109335 19T+ p-grgyyg

.Illl.ll]!l!l!‘l‘ltl\l\l.l-.l.!l



177

A B i P S S GITR e SV YT S ) GU P S SRS e Sl

W P - —— ey ot o oy M

162 T+ M0GT~

.30 aepmod
| UOJIT WoXJ
g'0T 6°2T Q°'LT T've TIN T°TT P7°¢T 2'ST ¥P'vc TN yeTT ©°¢T L°ST PP THN gonpoxd uod]
’ | 1/n0 9668°8
60T 6°2T G*9T ¥'22 9'le &°1T 9°¢T &'LT ¢*¢z 6'Q2 G'TT L°¢T G°'LT 8°¢C 6°8¢ UOXF ~OpP=
. T/n) 39569
G'¢  o'TT T°9T 0°T¢ 8°G2 T°0T 6°2T g'6T 9'6c 9°8¢ T°0T 0°LT 0701 0°¥2 6°62 Toxy =0p=
| | UOTHNTOS
T/0p BLLT S
TOXJ POUTEGQO
96 2'2T L'GT 2'Te 'L ¥°0T 6'2T 8°9T L'ee 9'06¢ L°OT 0°¢T 6°9T T°¢2 0°62 aoddop Judtdd

LOT N L9 Ity &4°C | I0T I8 19 Iy 04'¢ } 10T I L9 It 148°¢ -

. i o _ Te1I23 81
o050t 05040 00058
, speorq _
MTUOXO IITIP 48 pogorducy) s40uposg ut ‘goanyBaoduo] JUOILIITP 3% (%) A3 TS0X0T PAIORULS
aonpodd uodI dY3 FOo PUB jonpoad nmmmoo AU ) dYF FO

£3T80J0g POJOGUTS WO UOTHNTOS UT UOTBIFUSOUOY soddog TBIGTUI

oy Jo 3991X

:GT P-ETVY



7€

'S10N0048d 434402 INIAN3D 40 ALISOH0d

N3I3H9 NO 3ZIS 312114 Vd 43AM0d NOYI 40 123443 917914
(uol)‘gv0ol NOILZVIWOD

N

00l g8 59 0'S §°€ g
, A : ! 0§74
4

w 0'gl

RS
NN

ﬁ . >

Vel
o~
%/ Y*ALISOM0d N3I3Y9

Mgzl +06l- O N 00g
M 9oL +Gzl- x ///d
Ngg +5,-@

1S3Z1S 40 SY3AMOd NO3I HlIm
NOILNTOS 2441/ ,,00 Wb ¥6¢€'9 WO S X
d32N00¥d ¥30MOd 33dd0J IN3W3D </g

e Y




174

'S10N00dd 43dd00 IN3W3O 3HL 30 ALIS0H0d
0343 INIS NO 3ZIS 317211dVd 430M0d NOdI 40 103433 L7913
(uol ) dvOo1l NOILIOVIWOD

0Ll 0's S°€ 02
5L
0§l
%)
Z
—f
m
Py
m
O
S22 4
O
2,060l © S
27056 X =
0,058 ® =
ﬂ 0°0€ 2
MEQ +G/ = woeeeen
M90l+SZl- ———
YSZi* 0Slm — w |
:$321S 30 SY30MOd NOYI' HLIM. c/e
21111/,,00"Wb vyg¢°9 40 NOILNIOS
NOY3 030N008d 43dd0D IN3W3D
_ | 5Zv




(8)

'S10NA3048d 43dd00 INIW3D 40 ALISOHO0d Q343 INIS
NO SNOIIVYHINIIONOD NOILNI0S 30 12093443 eb7914
(U0l )‘Qv01 NOILDVJWOD

00l 08 09 0y 0z .
0°s
00l
24311/ N3 wWwbgees WO n
LONA0dd ¥3dd0J IN3IW3D z
sl o
. m
8 %
21311/ n)wb z/1¢ 00 3
ANV 24311/nJwbyggg € 21111/ n) v
‘wbgE8'8 WONH 123NA0dd 83dd0D INIW3D -
_ _ _ | s
21111/ N3 'WbY5e'9 WOY4 1ONA0Y8d ¥3dd0D IN3IWID-——F 5 |95¢
24111/ Ny wb//1'e WONS 1DNA0Yd 83dd0D INIWID — S
Uoomw (o) 0] OOM
0,056 X |
0.,0501 © |
0°G¢
0°0Y




182

Figs. 4.16 to 4.1G. It is noted that (i) sintered poro-
gity is always less than green po:osity for a given
»compaction load which indicates the occurrzence of pore -
shrinkage stage during sintering, (ii).for a given green
densgity, increase in sintering temperature decreases the
sintered porosity due to the increased mobility of atonms
and vacancies at higher temperatures which enhanées pore
shrinkage, (iii) the cement copper product obtained from
iron powder of coarser size has lower porosity which is
due to its lower green porosity, (iv) the cement copper
products obtained from solutions of different initial )
copper concentrationg have almost the same sintered poro-
sity in the sintering temperature range 350° to 95000,
but at 1050°C,the cement copper ovbtained from sclution
of higher concentfation (8.895 gn Cu2+/litre) has higher
sintered poroéity than that obtained from solutions of
lower initial concentrations dué t0 its higher initial
green porosity, - removal of which requires long

sintering tine.

To support the above statements, photomicrographs
of the various sintered cement copper progducts are
given in Figs. 4.20 to 4.23 to ghow the effect of iron
powder particle size, sintering temperature, conpaction
load and initial copper concentration in solution res-—
pectively, on porosity of the sintered products. It

is obgerved from Fig, 4.20 that cenent copper procduct
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Size of Iron Powder

-75 + 63 microns

Size of Iron Powdep

«-125 + 106 microns

Size of Iron Powder

=150 + 125 microns

-

Photomicrographs showing the effect of iron powder
size on sintered porosity of Cement Copper parts
produced by compaction at 2.5 ton load and sintered
at 850°C ( Initial Solution Concentration 6.354 gm
cu®*/ litre, Magnification 100 X )




850°C

950°C

ige 4.21 Photomicrographs showing the effect of sintering
temperature on sintered porosity of the Cement
Copper parts produced by compaction at 2.5 Ton
ljoad ( Iron powder size: =75 + 63 microns, Initial
Solution Concentration: 6.354% gm Cut"/ litre,

Magnification: 100 X )

184
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Compaction Load
2:5 Ton

Compaction Load
6.0 Ton

Compaction Load
10 .O Ton

Fig. 4.22 Photomicrographs showing the effect of compactioﬁ
load on sintered porosity of Cement Copper parts
sintered at 850°C ( Iron powder size: =75 + 63
microns, Initial Solution Concentration: 6.354 gm

Cu2+/ litre, Magnification: 100 X )



3.177 gm Cu2+/ litre

6.354 gm Cu2+/ litre

ige

8.895 gm Cu2+/ litre

Photomicrographs showing the effect of Initial
Solution Concentration of sintered porosity of
Cement Copper products obtained by compaction
at 10 Ton load and sintered at 850°C ( Iron
powder size: =150 + 125 microns, Magnification:
200 X )
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obtained from iron powders of coarser size has lower
porosity. Fig. 4.21 ghows 3hat an incrcase in "sintering
tenperature decreasas sintered porosity. From Fig.4.22, a
decrease in sintered porosity with increase in compaction
load is quite clear. Tig. 4.23 toptifies that cement
copper products obtained from.solutions of different
initial copper concentrationg,have alnost the same sin-

tered porosity at 850°C,

4.3.9 Liguid-phase Sintering

Apart from the above,Liquid«phase Sintering was
also aprlied for sintering of cement copper powder conpacts.
Results of a few tests are given in Table 4.16. it is
seen that the cement copper powder obtained from 3.895 gm,
Cu2+/litre golution,when comyacted just only at 2.5 ton
lood and then subjected to liquid phase sintering at
llSOOC,only for five minutess shows as high‘as about 21%
increase in density and 13.6% decrease in porosity as
conpared to its green density and green porosity results
respectively., However, the cement powder obtained from
3,177 gn Cu2+/litre solution when compacted and subjected
to liquid-phase sintering under similar experimental
conditions,shows only about 4% increase in density and
2.T% decrease in porosity as compared to the results of
grecen density and green porosity respectively. These
results con be explained as followSs: When sintering

tenperature is above the melting point of copper, the
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molten copper dissolves quickly in the iron. In a
simple %ron-copper systenm, this.formatién of the solid-
solution and the ietention of the porosity created by
the removal of the copper particles leads to an expansion
of the compact. The expansion of the iron reaches a
naximum with copper contents corresponding to the naxi-
'mum solid solubility of copper in iron at the sintering
tenperature; this is about 8% at 1120°C - 1150°C. In-
crease in copper content beyond the solubility limit
results in formation of g greater anount of liquid phase;
this promotes the pore shrinkage mechanism associated
with liguid-phase sintering and can off set the expansion

due to the solutioning of .- copper in the iron.

‘Photomicrographs of the products obtained fron
3177 gn Cu2+/litre solution and 8,395 gn Cu2+/1itre
. solution are shown in Fig. 4.24. A véry low porosity of
the product obbained from high concentration solution and
a -relatively high porosity of the product obtained fron
low solution concentration certifies the results of

liquid phase sintering.



Fig. 4,24

3177 gm Cu2+/ litre

8.895 gm Cu’*/ litre

Photomicrographs showing the effect of Liquid-
phase sintering on sintered porosity of Cement
Copper parts produced from two different Initial
Solution Concentrations, compacted at 2.5 Ton
load and sintered at 1150°C ( Iron powder size:

-150 + 125 microns, Magnification: 200 X )



CHAPTER -V

SUMHARY AND CONCLUSIONS

The present work leads to the following conclusions:

5.1 Thernodynanic Studies
The thermodynanic studies of agqueous copper sul-
phate and ferrous sulphate solutions by E.M.F. nethod

have shown that,
i) activity cceff, of copper sulphate decrenses with in-
crease in its concentration in pure copper sulphate

solution., It has been found to obey the following

expressions:
log £ = 24AQA§~¥% - 0,004 p (Hlckel relationship)
1+1.%2 ‘fp.
and

log £ = - 2.0954 Vﬁ+1.3872(Vu)2~o.3389(vﬁ)3 -

ii) activity coefficients of copper sulphate and
ferrous sulphate are increased by the addition of
sulphuric acid and Harned's rule is observed to

be followed in both the casges.

iii) activity coefficient of ferrous sulphate decreases
with increase in its own concentration in pure
ferrous sulphate golution. It has been found to

obey the following relationships:

log f = = géﬁl;%flg + 0.1938 u (Guggenhein relation-

1+ Y ship)
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and

log £ = = 2.4170 Vp+1.9893 (Vh)2-0.6425(Vb)3

This study has not been reported so far.

'iv) activity coefficient of copper sulphate is de-
creased by the substitution of ferrous sulphéte
for c0pper_sulphate in its solution whereas, the
activity coefficient of ferrous sulphate is
increased by the substitution of copper sulphate.
for ferrous sulphate in its solution. Harned's

rule is observed to be obeyed in both the cases.

v) the thermodynamic driving force for cementation
reaction has been found to be independent of pH
and depéndent on concentrations of both copper

sulphate and ferrous sulphate.

5.2 Tinetic Studies

Studies of kinetics of cementation of copper on

iron using powders have ‘shown that,

i) the éemcntation is‘a.first order reaction with
réspect to'concentration of copper ion in solu=
tion and, the overall rate of cementation is
controlled by the mass transport in the aqueous

“golution. y

ii) the rate of ccementation increases with increase

in temperature. The agctivation encrgy for the
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reaction has been found to be 3.0216 KCal/mole.

1ii) the rate of cementation increases with increase
in stirring speed. It has been found to obey the

following mgthematical relgtionship:

K = B (rpm

m,Cu

iv) the rate of cementation increases with increase
in initial copper ion concentration in solution
upto a concentration of 0.5 gn Cu2+/litre and
thereafter it decreases with further increase in

concentration. -

v) the rate of cementation decreases and gmount of
excess iron consumption over the theoretical

anount increases with decrcease-in pH.

vi) the ratec of cementation increases with decrease
in the size of %the iron powder and is in good
agreecment with the following relationship:

6 n Km G

log p = log W-logd

vii) the rate of cementation increases with decrease
in solution/powder ratio, when the ratio is
changed by changing the amount of iron powder.
It also is in good agreement with the following

relationship:

6 Kmﬁu

log p = log 5363V pa t logm’
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viii) usc of hydrogen atmosphere in place of nitrogen
has hardly any effect on ratc of ccmentation, -
However, in atmospheric gir therc is a slight
decrease in cementation ratc and the excess iron
consumption over the theoretical amount is

increased,

5.3 Characteristics of Cement Copper Powder

Studies of the characteristics of cement copper
powder and the effect of process variables on the pro-
perties of the cement powder pfoducts have shown that
cement powders of low copper content are superior to
plain iron powders with regards the green density, densi-
fication parameter and sintered density and can,'thus,
form a better substitute for plain iron powders, Powders
-having high copper content can he used either for‘the
pfbddction of those powder metnpllurgical components which -
are nornally produced with the help of pure copper
powders or can be used for extraction of copper through

melting.

The extracfion of copper by ccnentation reaction
with the help of powders will, thus, prove to be morc
useful and economical as the resulting product can be
directly used for the production of finished powder

metallurgical products.
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SCOPE FOR FUTURE WORK

1) Cenentation of metals from alkaline, acidic or

2)

complex salt solutions can be studied on similar
lines for either (i) purification of their leach
liquors, or (ii) their recovery from purified
leach liquors., Typical cases for study could
include cementation by aluminium or zinc of pre-
cious metals (gold and silver) fréﬁ their cyanide
solutions, or of copper, nickel or cobalt fron

complex amine solutions.

Industrial applicability of the ccment metal,
alloy or éomposite powders can also be studied
for the production of specific powder nmetallur-

gical products such as bushes and bearings.
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