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SYNOP SIS 

C ementation has been used extensively by chemists 

and metallurgists as an economical process for purifica-

tion and recovery of metals from dilute solutions, 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 

mostly confined to the kinetics of cementation using disc 

or cylindrical samples of precipitant metal. No systema-

tic work has been reported on the thernodynaiics of the 

process and even in kinetic studies no uniform 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 and utility of the cement powder 

product. For 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 pref erence to disc or cylindrical 

samples because it permits a better simulation of the 

actual industrial practice. The entire work has been 
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reported in five chapters. 

Chapter I deals with the historical developments, 

literature review and formulation of problem 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 and con-

centration of ferrous sulphate in solution, anc9 (ii) the 

activity coefficient of ferrous sulphate as 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 copper sulphate solution the activity 

coefficient of copper sulphate decreases with increase 

in its concentration and follows Huckel relationship, 

(ii), the activity coefficient of copper sulphate and 

that of ferrous sulphate increases with decrease in pH, 

(iii) in pure ferrous sulphate solution, the activity 

coefficient of ferrous sulphate decreases with increase 

in its concentration and follows Guggenheim relationship, 

and, (iv) addition of ferrous sulphate to copper sul-

phate solution decreases its activity coefficient where~gs 



addition of copper sulphate to ferrous sulphate increases 

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 interpretation; 

are also included in this chapter. It has been observed 

that 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 deals with the characteristics of the -

cement copper powder obtained under different experi-

mental conditions and includes studies of following 

properties and the explanation of results obtained: 

(1) 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 sintered porosity, 

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



and sintered porosity; and, (x) microstructures of sin-- 

tered mass. Comparison of these properties with iron 

powders (for cement powders of low copper content) 

showed an immense improvement in the green density; 

densification parameter and sintered density: This 

leads to the conclusion that these powders form a better 

substitute for plain iron powders. Powders 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 summary and conclusions. 

Scope for future work is indicated separately. 
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INTRODUCTION 

1.1 General-and  Historical  

Metals commonly occur in nature in oxidised 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 extraction 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 physical and chemical properties of the metal to be 

extracted, relative stabilities of different 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 large scale and 

at high productivity. These processes are, therefore., 

used extensively for the extraction and refining of most 

of the metals. However, they suffer from the limitations 

of most stringent requirements of the quality of ores, 

concentrates, fuels, refractory materials and fluxes. In 

some cases the metal to be produced may form alloys/ 
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compounds with other elements during the process and may 

thus 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 major 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 current 

efficiencies, polarisation effects at low concentration 

of metal.values in solution, co-deposition of impurities 

and occassionally undesirable characteristics of cathode 

deposits. Hydrometallurgical processes make use of 

chemical reactions predominantly in aqueous phase at 

room or moderate temperatures for the winning of metal. 

Because of the ever-increasing demand for high-purity 

metals coupled with non-availability 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 steadily rising in recent years. 

Developments in leaching such as pressure-leaching, use 

of new solvents and pre-treatment techniques for direct 

leaching of native metals, sulphides, arsenides, 
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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, gaseous 

reduction by hydrogen, chemical precipitation of metal 

compounds and cementation, the last method has additional 

advantage of its suitability for recovery of value from 

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 ores,considerable work is 

being done to understand the fundamentals of cementation 

which is applicable not only for recovery of metallic 

values from leach liquors of any concentration but also 

has been extensively used for purification of leach 

liquors prior to recovery by other methods. The 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 C ementa- 

c;ion (Spanish meaning precipitation) and refers to a 
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metal displacement or metal contact reduction reaction 

which has been known and used from ancient times. 

Mellor refers to the Writings of Zosinus in fourth-

century about reduction of copper from salts solution 

by iron. Basil Valentine2  in his book Currus Trianphalis 

Antimonii refers to copper cementation.. Several ancient 

European chemists regarded cementation as an example of 

the transmutation of metals. Paracelsus the Great2  cites 

use of iron for preparing venue (copper) by the 'Rustics 

of Hungary' in his ' Book Concerning the Tincture of the 

Philosophers'. Agricola3  in his book 'De Natura 

Fossiliun' refers to a peculiar water drawn from a shaft 

near Schnolnity in Hungary that erodes iron and 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., metal trees formed by adding 

mercury to silver or gold solutions were known5. The 

copper was reported to' be produced commercially as early 

as the sixteenth century3  in Rio Tinto in Spain from 

mine waters by precipitation on iron and yearly produc-

tion in 1833 was 140 tons6. By the middle of nineteenth 

century, cement-copper was produced commercially in 

Ireland, England, Germany and Hungary3'7. By 1875 cement 

copper produced in Hungary amounted to 200 tons per year. 

In the United States,copper cementation was carried out 

on water pumped from the Butte Mines, Montana in 1888 



and yearly production in 1910 was 2279 tons3' 8. The 

earlier studies on cementation are reported to be carried 

out by Boyles  and later extended by Stahl5  to arrive at 

the 'affinity' series which can be identified with the 

electro—chemical series of modern chemistry. First quanti-

tative studies were carried out a century later by 

Bergman9  who determined the weights of metal displaced in 

various reactions. The first rate study of a cementation 

reaction was made by Gladstone and Tribe10  in 1871 who 

investigated the reaction between copper metal and silver 

nitrate. With the help of studies in several cementation 

reaction, by about 1900, many scientific conclusions were 

drawn, namely, (i) not all the reactions :predicted by the 

electrochemical series take place, for example, nickel 

does not displace either copper or silver from solutions, 

(ii) co--deposition is a common phenomenon, . for .example_,..... 
copper precipitated from solution by iron or zinc is 

contaminated with these metals, (iii) the reaction rate 

depends on the anion, for example, the displacement of 

copper by aluminium is much more rapid in the presence 

of chloride ions than sulphate ions. However, most of 

the articles published until about 1960 dealt with plant 

practices only7'8'l1--20  and only a few reports21T23  on 
the investigations of the variables studied under crude 

laboratory experimentation were published. 	- 



1.2 Literature Survey 

In recent years several workers24-53  have studied 

the cementation process due to its importance which was 

discussed under cootion 1, 1, with a view to understand 

physico-oheuical principles of tho procecs. Ilaridorf24  

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 chemically controlled 

whereas for silver it was diffusion controlled, (ii) the 

cementation rate was sensitive to changes in temperature 

and concentration of chloride ions and was strongly 

affected by the presence of foreign ions. Van Hahn and 

Ingraha i25  concluded from their works on kinetics of 

palladium cementation on electropolished copper that 

(i) the cemented deposit was porous at low concentration 

wh.er_e.as.-_it. _ 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 aqueous 

phase transport controlled whereas it was found to be 

solid phase transport controlled in the final stages at 

higher concentration. Their investigation on cementa-

tion of silver on copper26  revealed that (i) the rate 

of reaction in acidic 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 silver on zinc27  in perchloric acid 

and in alkaline cyanide solutions and arrived at similar 

conclusions. 

An exhaustive study on cementation of copper on 

rotating iron discs by Nadkarni et a128  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 phi, 

ii) at low speeds 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 adhere-dTto the iron as a 

spongy layer at low speeds, peeled off in the form 

of bright strip at medium speeds, as a fine powder 

at high speeds and at very high stirring speeds, 

particularly with high-purity iron, the precipitated 

copper approached colioi.1al size, 

iv) the precipitated copper adhered more 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 consumption 

was less than under nitrogen. 

Miller and Wadsworth30  examined the kinetics of 

copper cementation on metallic nickel pellets. They 

arrived at the conclusions that (i) cementation was a 

first order reaction rate process, (ii) when the nickel 

was sufficiently agitated to keep it suspended and in 

translational motion in the reaction solution, the rate 

of reaction became independent of further increase in 

stirring speed, (iii) the rate of cementation decreased 

slightly with increasing copper 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 controlled at lower temperatures. 
s 	 , 

Rickard and Fuerstenau31  carried out an eleotro-

chemical investigation of ooppar cementation by iron. 

They studied the anodic polarisation curves for iron 

dissolution and cathodic polarisation curves for copper 
JY 

deposition and ferric ions and hydrogen ions reduction. 

From the results they predicted the relative rates of 

the reactions: 

Cut+ + Fe = Fe2+  + Cu 	... (1.1) 

2 Fe3++Fe = 3Fe2+ 	... (1.2) 



2 H+ +Fe = Fe2+ +H2  

4H 	+ 220+ 02 	- 2H2  O+2Fe2+  ... 	(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 was diffusion of ions to the cathodic surface, 

ii) the specific rate constant for first reaction was 

approximately twice as large 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 

wa-s proportional to the square root of the partial 

pressure of oxygen dissolved in. solution. 

Ingrahars and Kerby32  investigated the kinetics of cadmium 

cementation 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 

f c.co than on tho circular facol (ii)at higher ton?crature s 

and at pH values above 6.4 the rate of deposition in-

creased 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 f 
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(iv) the presence of small amounts of copper, cadmium, 

lead, iron or aluminium in the zinc did not affect the 

cementation rate, but when small amounts of copper, 

cobalt and arsenic were present in the solution, cadmium 

deposition rate decreased shortly after it started, 

(v) small amounts of copper in solution became cemented 

with the cadimurn to form a coarse deposit of Cd3  Cu. 

MacKinnon and Ingraham33  studied the kinetics of 

copper cementation on pure aluminium disc in acidic sul-

phate solution alld concuded that (i) at low initial 

copper ion concentration there were two rate controlling 

processes - ionic diffusion control at temperatures 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-

tion rate increased with decrease in pH._ Their studies 

on copper cementation on aluminium canning sheet34  

revealed that rate of copper cementation per unit area 

was from 1.4 to about 1.9 times greater. on canning sheet 

than on pure aluminium. Further, thoy atudied the kinotics 

of silver cementation on aluminium canning sheet in alka- 

line argento-cyanide solution35  and compared the results 

with those obtained previously for silver-  cementation 

on copper26  and zinc27  and arrived at the conclusion 

that (i) the cementation of silver on aluminium was a 

diffusion controlled process, (ii) in silver/aluminium 
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system the rate constant increased with increasing 

silver ion concentration whereas in silver/zinc system 

the rate constant was almost independent of silver ion 

concentration, (iii)' the silver formed in silver/ 

aluminium system 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, copper, selenium, and alkaline sulphide, thio-

sulphates and thiocyanate, the rate constant, in general, 

decreased. MacKinnon et al's36 work on the kinetics of 

copper cementation on nickel disc showed that at low 
temperatures the process was interfacial reaction con-

trolled whereas at high temperatures: it wav diffusion 

controlled, and that the rate of cementation increased 

with , c~c:crea ling H of the solution. 

- -S-tri ckland and Law son3 ' 9 38 studied the cementa-

tion of copper on zinc from dilute aqueous solutions 

using a rotating disc geometry and found that (i) copper 

concentrations of the order of 10 ppm leads to the 

formation of a porous, adherent deposit on the zinc sure- , 

face which has a significant influence on the reaction 

rate, (ii) when the specific mass (mass/surface area) 

of the deposit was less than about 0.35 rig/cm2, 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 a laminar diffusion boundary 

layer to the deposit-solution interface, (iii) in the 

presence of additional deposit, the diffusional mass 

transport was increased by increased 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 cementation of cadmium with zinc, lead with zinc, and 

silver with zinc, copper and cadmium, all from dilute 

solutions and found similar 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 cementation rate 

remained constant, (ii) the specific rate of cementation 

decreased significantly with increasing initial copper 

concentration and became very low at high initial copper 

concentrations due to the dense crust of copper deposit, 

(iii) the reaction rate decreased with increasing pH 

upto a pH of about 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 sulphate 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 formation 

of dense crust of copper, (vi) at higher temperatures the 

copper powder formed acquired reducing properties which 

resulted in an iron consumption less than the theoretical 

value for cementation. Miller and Beckstead44  studied the 

surface deposit effects in the kinetics of copper :ce enta-

tion by iron and found that the cementation reaction was 

controlled by boundary lsyer diffusion processes at all 

temperatures and concentrations, and that the rate con--

stant increased with increase in initial copper concen-

tration upto 200 ppn and then decreased with further 

increase in concentration. Fisher and Groves45°46  in-

vestigated the kinetics of cementation of copper an iron 

aid reported that (i) the rate of cementation was sig-

nificantly enhanced by the increased cathodic areas 

--provided by the porous copper deposit Tor the presence 

of a fluidised bed of copper particles contacting the 

iron precipitant, (ii) the rate of cementation decreased 

as ionic strength increased, (iii) characteristics of 

the deposit changed from smooth, adherent deposit below 

22°C toporous slightly adherent deposit above 22°C, 

(iv) the iron consumption increased as pH decreased, 

(v) the presence of oxygen in the system caused a 

decrease in the reaction rate but the presence of hydro-

gen atmosphere in the system had no effect on the process. 
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Lee et a147  worked on the cementation of cadmium 

on zinc and 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-ster3 behaviour on rate constant which 

reached a maximum at about 50 ppm initial cadmium con- 

centration and 	thereafter decreased as concentra- 

tion increased, (iii) as the initial concentration of 

zinc sulphate in solution increased, the cadmium cementa-

tion rate- decreased. Their work48  under oxygen-

containing atmosphere revealed that rate controlling 

mechanism changed from mass transfer under a nitrogen 

atmosphere to a mixed or 'chemical control as the quantity 

of oxygen dissolved _.n the solution increased and that 

the deposit morphology under different oxygen concentra-- 

tiors changed remarkably and influenced the deposition 

rate significantly. Sareyed-Dixi and Lawson49  studied 

the kinetics of precipitation of nickel on to iron disc 

and found that under inert atmosphere conditions the 

cementation rate was controlled by both diffusion and 

surface .reaction processes and that, the presence of 

oxygen in the atmosphere above the reacting system 

increased the nickel deposition rate drastically. 

Their studies50  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 increasing agitation until full particle suspension 

was reached, (iii) for fully suspended particles the 

rate constant increased with increasing particle size. 

Palmer et x151  examined the kinetics of aqueous 

arsenic (III) reduction to amorphous arsenic with 

cadmium metal and reported that with arsenic concentra-

tions greater than 0.2 gm per litre, the reduction of 

arsenyl ion on the cadmium surface was rate controlling 

whereas at lower concentrations, 	ction r--t,,.: wa_' r co- 

transfer controlled. Power and Ritchie52  worked on the 

mercury (II)/copper system and found that the reaction 

rate was first order in- mercury -(II) ions, the first 

order rate constant being proportional to the square 

root of the rotation speed and concluded that the re-

action was diffusion controlled. Lee et x153  investi- 

gated the effect of precipitant surface roughness on 

cementation kinetics for cadmium/zinc, copper/zinc and 

copper/cadmium 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 a d the type of the deposit using disc or cylindri-

cal samples of precipitant. No systematic work has been 

reported on the thermodynamics of the process. Even in 
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kinetic studies the literature show.- that no uniform 

picture is available regarding the rate controlling 

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 

of reaction whereas the others24' 25' 4S have assumed the 

interfacial reaction to be the rate controlling one. A 

third group of investigators25'3ot33,36,49,57- 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  T4h ch clearly elucidates the 

conditions under which a particular step or steps control 

the overall reaction rate.J 

Though in most of the cases the variables studied 

for kinetic investigations are the same namely, rate of 

stirring; - initial concentrations of the solution, tenpera-

ture, pH, atmosphere, the resulting effects reported of 

these variables differ vastly from one author to other. 

In case of the effect of speed of stirring some investi--

gators28~30 ' 40 ' 41 have reported that the rate constant 
becomes independent of rpm at high -stirring rates, 

some54 could not find any region where the rate in inde-
pendent of stirring speed, while others25 '33 concluded 

that rate constant is independent of stirring speed 

under certain sets of conditions of temperature and 
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concentration and varioo_.with speod;-:w4er some otbor rots 
28-30,37,38,51, 52 

of conditions. A group of these investigators 

found that rate constant is proportional to the square 

root of rpm while others32,33 reported a linear varia-

tion of rate constant with speed and also the constant 

of proportionality varied from author to author. Contra-

dictory conclusions28'29'S5 are reported regarding the 

effect of stirring speed on the amount of metal dissolved 

in excess of the stoichiometric amount required for 
cementation. 

Various effects of initial concentration of solu-

tion on rate constants are reported. It is reported to 
be independent of initial concentration of metal ion by 

some investigators24'27'51,55, increase with increasing 

initial concentration by some other workers33-35  and 

decrease with increasing initial concentration by still Dome 

other investigators 29,30,34,40-43,45,+46,49 In  contrast 

to the above conclusions some of the authors44, 47, 48 

have inferred two step behaviour in which case rate 

constant increases with increasing initial 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 Beckstead44  asserted 

that process is diffusion controlled at all concentrations. 

In 'ost of the investigations the effect of surface 
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deposit has been disregarded 27' 2~' 40 ' S6 , Even the 
group which studied the effect of surface deposit on 

rate of cementation mentioned conflicting results — 
eith er rate enhancement26' 27 ' 3l, 34, 3 5, 37-39, 44-4$ or 

rate retardation25`27,36~ 

As far as the effect of pH is concerned,the rate 
28,299 45 constant is reported to either play only a minor rol® 

in cementation, or increase with decrease in pH upto 
certain. pH and then remain 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 , 

or decrease markedly with increase in pH25 or remain 

constant below a certain pH value but increase above 

that pH32 or else decrease with decrease in pH57 or even 
decrease with increase in pH upto certain pH value and 
then rise with increase in pH40. Different reasons have 
been given for such varying effects of pH. 

Referring to the effect of temperature,Miller and 
Beckstead44 are of the view that the reaction is dif-
fusion controlled over all ranges of temperatures while 
others25,30 9 33,36,58 are of the opinion that reaction 

is diffusion controlled at high temperature and inter-' 

facial reaction controlled at lower temperature. The 

temperature at which this change in mechanism occurs 

also varies from one worker to the other. Also there is 
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discrepancy in the value of the activation energy 

reported by various investigators. Rising temperature 

is reported to have little effect on total metal dis-

solution by Schlitt and Richards55  and to increase it by 

Nadkarni and Wadgworth29. 

Use of hydrogen atmosphere is reported to reduce 

the total iron consumption in copper/iron system by some 

workers29  and to have no effect by other investigators46. 

Rate constant is reported to be independent of atmos-

phere by some workers51, while some authors46  reported 

a decrease in reaction rate in oxygen atmosphere and 

some49  noticed that rate constant is a linear function 

of oxygen partial pressure. Some investigators47,48 

have reported a change in the reaction mechanism from 

diffusion control in nitrogen to surface reaction control 

in oxygen atmosphere. Some workers29, 44  reported negli-

gible effect of back reaction while others47,4$  reported 

a changing effect of back reaction on rate constant 

depending 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 workers 26'32,34,35,40,45 

and conflicting results have been obtained with regard 

to the effects of certain ions on rate constant. For 

example, Schlitt and Richards55  reported that magnesium 
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ion decreases the rate constant while MacKinnon and 

Ingraham3 4  contradicted it. 

The above discussion shows that the overall pro-
cess of cementation is not clearly understood in a 

number of important aspects namely thermodynamics, 

mechanism of the process and the effects of process 

variables on the kinetics. This requires-  a unified 

systematic study of this process in all its aspects. 

It is with this as one of the aims that tlae present-  work is 

taken up. 

1.3 Formulation of Problem 

With the help of electro—chemical series a number 

of cementation systems can be selected for study. In 

the present investigation copper/iron system has been 

selected because of its considerable industrial impor-

tance as an economical and efficient means of copper 

recovery from dilute solutions. In the present work 

iron powder has been used in preference to disc or 

cylindrical samples as the product can find a direct 

application in powder metallurgical industries. Use 

of powder precipitant permits a better simulation of 

the actual situation as in 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 thermodynamic part, a systematic study of 

the thermodynamics of the aqueous phase is to be made 

on 9tho following lines: 

i) Theoretical thermodynamic analysis of the cerenta-

tion, and, 

ii) Experimental determination of thermodynamic para-

meters which will include the following: 

a) activity coefficient of copper sulphate as a 
function of its concentration, pH of solution 

and concentration of ferrous sulphate in 

solution, 

b) activity coefficient of ferrous sulphate as a 

function of its concentration and pH of solution, 

and, 

c) 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: 
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i) The mechanism of cementation, 

ii) Development of a rate expression for the overall 

rate of cementation, 

iii) Dimensional analysis 

iv) Experimental determination of the effects of the 

following process variables 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, and , 

f) solution/powder ratio. 

In the product utility part, the following charac-

teristics of the cement product are to be studied: 

i) Particle size distribution, 

ii) Flow rate, 

iii) Apparent density, 

iv) Friction index, 

v) Chemical composition, 

vi) Green density a1d densification parameter, 

vii) Compression ratio, 

viii) Sintered density, 

ix) Sintered porosity, and, 

x) Microstructure of the sintered mass. 



C H A P T E R— II 

THERMODYNAMICS OF CEMENTATION 

2.1 Introduction 

The basic cementation reaction between the 

cation Bn+  present in an aqueous solution or melt and 

a metal A is given by an equation: 

n A+ m Bn'+  = m B+ n Ate+  

Essentially, the system is a set of short—circuited 

electrolytic microcells and the electrochemical 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 site on the surface of the 

metal A, oxidation is taking place: 

n A 	n+ 	- 
- = n A 	+ nm e 	 .., (2.2) 

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

being reduced: 

	

i BP+  + mn e = m B 	 ... (2.3) 

The free energy change, AG, of the reaction (2.1) is 

related to the change in electrode potential, AE, by 

the expression: 

L2\ G. — n.m.F L E 	 ... (2.4) 
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where F is the Faraday's constant and m .n is the 

number of electrons taking part in the reaction. 

Single electrode potentials EA  of the half-cell 

reaction (2.2) and !B  of the reverse of the half-cell 

reaction (2.3) are defined by the usual electro-chemical 

nomenclature by, 

EA = EA - nF In  [ a  n+/a  ] 	 ... (2.5) 
A A 

and 

EB  = EB - RT  In 

Assuming that there is no solid solution formation 

between A and B, so that aA  = aB  = 1, the relations 

(2.5) and (2.6) can be simplified as; 

EA 	= EA - R In a n+ 	 ... 	(2.7) 

and T_ __ _—. 

EB 	= E 	-- in a 	+ 	... 	(2.8) 

Olearly, the condition for cementation reaction to occur 

is that the electrode potential EA  must exceed the 

electrode potential EB, i.e., 

EA- > EB 	 ... (2.9) 

or 

EA 	r-F in a  n+ - E B - nF In a  n+ 	... 	(2.10) 
A B 
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or 
( EE '- EB) > FT in  

or 

[e rtiJ1!m,[w]1/n ' exptR ( Eg) — E)1 ... (2.11) 

By definition 

aAn+ = fpm~1 +•[
r~+1 	 ... (2.12) 

MI 

aBn+ — f Bn+. [ Bn+] 
	 ... (2.13) 

where f 	and f 	are the activity coefficients 
of the ion el 	and B 	respectively and [A ] and 
[Bn+] are the analytical concentrations of the ion Vin+ 
and Bn-~ respectively. Therefore, relation (2.11) can 
be rewritten. as: 

• 1/n._. 

	

A L- [ B 1 	exp[ 	{Eo — Eo )] ... (2.14) 
[ Biz+~ l~ 	l/m R T ! 	B 

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

clear understanding of the thermodynamics of cementation, 

a knowledge of the variation of the activity coefficients 

with concentration of the ions in solution is most 

essential. For dilute solutions activity coefficient 

can be taken to be equal to 1, so that 

f $n+ = f Am+ = 1 	 ... (2.15) 



The relation (2.14) can, therefore, be expressed as 

1/n 
l - < exp [f (E~ - EB)] 	... (2.16) 

[B] 

from the above relation, it is clear that as the driving 
potential (EA -- ED) increases, the concentration of metal 
ion Bnt in solution decreases. The cementation reac-
tion will .proceed until the driving potential (EA-EB) 
approaches zero, the condition at which the metals and 
ions have approached equilibrium. 

The condition for equilibrium is given by 

L n+l 
+ 	exp CRT (E~ - EE°) j 	... (2.17) 
] 

or 
z~+ n f 1 	nmE o- o l .L + m 	_ 	T-= (EA 	ED) 	 • .. (2.18) 

IB

n 
] 

where, [lln+]n/(Bn+]n = equilibrium constant, K ,f or  the 
cementation reaction. Therefore, 

K 	= exp[nRTE (E~1 	EB)] 	... (2.19) 

Calculated valuEn 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 t Calculated Equilibrium Constants in 
cementation Reactions at C- 5oC 

____r_r_rarr_sar__rrt►r.wr.a____.+ __.+.r.rr.. ________rrr _______ 

Cementation Reaction Equilibrium constant, K 
— —_____YY--tF_i_— 	__----------we^ei!—srfriww-------w-------- 

3 Ag 	+ Al 	= 3 Ag + Ala+ 10125.18 

2 Ag+ + Cu 	= 2 Ag + Cut+ 1015.68 

2 Ag+ + Fe 	= 2 Ag + Fe2+ 1042.05 

2 Ag+ +Zn 	=2Ag +Zn2+ 1053.01 

2 Bi3++3Fe 	= 2 Bi +3F e2+ 1077 ' 38 

Cu~ Zil 	_ Cd + Zn~+ 10L2.ZL 

3 Cut++2A1 	= 3 Cu +2A13+ 10203.33 

Cut++ Cd 	= Cu + Cd2+ 1025'11 

Cut++ Fe Cu + Fe + 1026.37 

3 C u2++2Iz1 	=3 C u- -+2In3 + 10 6 9.13 

Cut++ Ni Cu + Ni2+ 1019.92 

Cut++ Zn 	= Cu + Zn2+ 1037"33 

• Hg2++ Cu 	= Hg + Cu2+ 1015.71 

Nit++ Fe Ni + Fe2+ 106.44 

Pb2++ Fe 	= Pb + Fe2+ 10-0'65 

Pb2++ Zn 	= Pb + Zn2+ 1021.62 

Pd2++ Cu 	= Pd + Cu2+ 1022.06 
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couples used in practice the value fron the aqueous 

phase can be completely removed. The literature review 

as given in section 1.2, has clearly indicated that the 

thermodynamic properties of the aqueous phase consider-

ably affects the course of the process. Therefore, 

their study, though not very important from the point of 

view of the equilibrium extent of recovery of valuables, 

is of considerable importance for understanding as well 

as formulating the kinetics of the reactions involved. 

Hence, the following sections of this chapter relate to 

the study of the thermodynamics of aqueous 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 commonly 

used in practice for cementation contains copper sulphate 

and sometimes 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 cementation in an inert atmosphere 

iron passes into solution as ferrous ion, so a study of 

the effect of ferrous sulphate on the activity coef- 

ficient of copper sulphate at various concentrations 

would also be required. Thus, therm-odynamic investigations 
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for the cementation of copper included the following 

studi es 

a) Effect of concentration of copper sulphate on its 

mean activity coefficient. 

b) Effect of concentration of ferrous sulphate on 

its mean 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 categories; namely, 

(a) those based on measurement of activity of solvent, 

and,(b) those 	based on measurement of activity of 

solute. The first category which includes vapour pressure, 

depression of freezing point and elevation of boiling 

point measurements is not accurate enough for the ionic 

solutions. Therefore, in the present investigation, 

E.M.F. method which falls , under the second category has 

been preferred. The E.M.F. cells used for potential 

measurement can be classified into (a) cells with liquid 

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

the present case a cell with liquid junction was used. 
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2.2.1 Experimental set— : 

E.M.F. measurements can be made using a chemical 

cell which consists of the reversible working electrode, 

a non—polarisable reference electro ,e, 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 measurement of potential difference between them 

with a suitable potential measuring device. The chemical 

cell used in the present work is shown in Fig.2.1. 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 nitrogei 

gas. said introducing working electrode, test solution 

and solution bridge. The working electrode was the pure 

metal electrode in con-  i„ct with its own ions.a;aturated 

calomel electrode was selected as standard non—polarisable 

reference electrode due to its constant and reproducible 

potential and ease of preparation and use, The electro-

lytic contact of calomel electrode with the working 

electrode was achieved through a solution bridge, the 

orifice of which was the Luggin capillary. The liquid 

junction potential was ninimised by filling—in the same 

electrolyte at the sane concentration to both sides of 

the cell and into the solution bridge. As the simple 

E.M.F. measuring devices such as voltmeters often draw 
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a substantial amount of current and, therefore, affect 

and change the quantity being measured, a standard 

potentiostat *Wenking model ST 72 was used in its poten-

tial measurement mode. Pure iron working electrode was 

fabricated from pure iron powder of electrolytic grade. 

For this,iron powder was compacted at high, pressure and 

sintered under purified hydrogen gas atmosphere at 1100°C 

for 3 hours, cooled in hydrogen gas and then rolled and 

re-reduced and annealed under purified hydrogen gas at 

11000C for 3 hours. Copper electrode was fabricated 

from the pure electrical conductor grade copper. Nitrogen 

gas was purified by passing it through three columns of 

anmonical pyrogallic acid solutions and two columns of 

double-distilled water and was purged to deaerate the 

test solution before potential measurements and to main-

tain a neutral atmosphere over the solution during poten-

tial measurements. During the whole process the tempera-

ture of the cell was recorded and was controlled at 250C. 

2.2.2 Procedure 	 - 

2.2.2.1 Preparation of solutions 

For the determination of activity coefficient of 

copper sulphate as a function of its concentration, the 

solutions of copper sulphate were prepared from analy-

tical reagent grade, B.D.H. rake 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. make 

ferrous sulphate in distilled water. Since the crystals 

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 powder 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-

f led nitrogen atmosphere. The snout of iron powder added 

to each solution was much in excess over the theoretical 

amount required for complete cementation of all copper 

present 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 not be detected were diluted to the required 

ferrous sulphate concentrations. Using these, copper 

sulphate-ferrous sulphate solutions of different mola-

lities were also prepared. 

For the determination of activity coefficient of 

copper sulphate in copper sulphate-sulphuric acid mixtures 



35 

and that of ferrous sulphate in ferrous sulphate—sulphuric 
acid mixtures, analytical reagent grade, B.D.H. . make, 
sulphuric acid was used for the preparation of the required 

solutions. 

2.2.2.2 - Exp er im en.tal 

The working electrode was polished 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 similar way before each experiment. In the 

calomel reference electrode, freshly prepared saturated 

solution of potassium chloride obtained from analytic 

reagent grade, B.D.B. make potassium chloride, was filled 

up. The test solution was filled in the flask 'and de—
aerated before passing purified nitrogen gas for 40 

minutes before--potential measurements. The soliutimb. 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 p. otenti~o.sto.t. The poten-

tial readings were noted with time and once it attained 

a constant value this was recorded as the equilibrium 

E.M.F. of the cell. Nitrogen flow was stopped while 

measuring the potential. 
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2.3 Results and S}iseu_ssions 

2.3.1 Mean Activity Coefficient of Copper sulphate 
inJlqueous solution: 

-LI .F. studies on solutions of different concentra-

tions of copper sulphate 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 coefficient of copper sulphate with the help of 

Nernst,equation which is stated below, one requires the 

knowledge of standard electrode potential E° : 

E  ' Eo  + ZF In NC u504  + ZF in  CuSO4 	... (2.20) 

where,E = Equilibrium potential of the cell 

E = Standard potential of the cell 

NCuSO4  = Molal concentration of copper sulphate_ in 
the solution 

and , 

fCuSO4  - Mean activity coefficient of copper sulphate 
in solution. 

To determine E°  ,a function 	defined by the following 

expression is plotted against square root of copper 

sulphate nolality in dilute solution range as shown in 

Fig. 2.2 

E -J  In  NCUS0 	.•• (2.21) 
4 

M 
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TABLE-2.3: E.M.F. data on the cell Cu#CuSO~f 
Kcl(Sat.)Hg2C12(S)1. Hg at 25°C 

rwr — w— w-- w—w —... w---r---w rw r-----r --r.1r____ __-- ---o.w ---w--.....--- 

S.N. NCuSO B.M.F. Log fCuSO 
4 4 

(hole/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 0.020 36.0 -0.5044 

6 0.035 40.0 -0.6118 

7 0.050 43.0 -0.6651 

8 0.100 46.0 -0,8644  

0.200 - 	52-.0 -0.9621 

10 0.500 57.0 -1.1905 

11 

-------- 

1.000 

------rte.- 

62.0 
--www ---..w...—.._—...—..r-- r 

-1.3220 
--•...r—_—.......~..~.rrw~. 
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From this Figure,a value of E°  = 101.0 mV is obtained. 
This value corresponds well with the reported literature 

values59'60 t 61  showing thereby the correct functioning 

of the cell. 

With the help of this E°  value and equation( 2..20) , 

mean activity coefficient of copper sulphate is calculated 

as function of its concentration and is plotted in Fig.2.3. 
Also plotted in this F. igure, are the results of other 

workers62-64.  This Figure shows that agreement between 

the results of the present study and of other workers is 

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 

agreement with the Debye Huckel the:ery.. In order to 

describe the behaviour of the aqueous solutions quanti-

tatively, a number of relationships have been suggested. 

These are as follows: 
i) Debye Huckel theory relationship65  

A jz+  Z_1 Yµ 
log f = - 	- 	—_ 	... (2.22) 

1 +,BVµ 

ii) Limiting Debye-Huckel law 5  

log f = - A I Z+  Z_ YTi 	 ... (2.23) 
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iii) Giuntelberg relationship66 

I Z+ log f = — 	 ... (2.24) 
1 + Vµ 

iv) Huckel equation67 

AIZ+Z-1 V log f = — -- 	--- 	... (2.25) 
1 

v) Guggenheim relationship68 

A!Z+ Z_l~µ 
log 1'. -~ 	1 +~ 	+C'u 	... (2.26) 

µ 

In the above expressions, Z+ and Z_ 	are the va1.ncies 
of the cation and anion species respectively, A, B and 

C are constants depending upon the properties of the 

ions, and µ represents the ionic strength of the 
solution and is defined by the expression 

_ 	
) L1 

2 
 Zi 	 ... (2.27 )  

i 

where mi is the molality of ith ion and Zi is its 

valency. In order to 'test the applicability of the 
above relationships, best f it curves for suitable values 

of A, B and C are drawn in Fig. 2.4 for each of these 

relationships. As all these above relationships can be 

transformed into a polynomial in Fµ by taking series 

expansion of the necessary terms, it is thought proper 

t;o analyse the present data in terms of polynomials of 
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various degrees. These plots are also drawn 3n 

Fig. 2.4, 	which. 	shows that among all the plots, 

the experimental data can be most suitably represented 

by either the following forms of the Huckel relationship 

log f = 	24048 1 	— 0.004µ 	... (2.28) 
1+1.32Yµ 

or by the following form of the polynomial of third degree 

log f = — 2.0954 Vµ + 1.3872  

... (2.29) 

Constants found with—best fit analysis are in agreement 

- with the literature values60,65 a  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 thermodynamic pro-

perties of aqueous copper sulphate solutions. 

2.3.2Effect of Sulphuric acid on Activity 
coefficient of Copper sulphates 

E.M.F. measurements on mixed electrolyte solutions 

of copper sulphate and sulphuric acid of varying concen-

trations were conducted at 25°C. Con entrations studied 

and the corresponding E.M.F. values are given in 

Table 2.4. To calculate the moan activity coefficient 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 total 

nolality is shown in Fig. 2.5. The top curve in this 

represents the activity coefficient of sulphuric acid in 

aqueous solution at 25°C in the absence of any other 

solute. 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 from the top represent variation 

in activity coefficient of copper sulphate in solutions 

of varying total concentrations but fixed mole fractions of 

copper sulphate: xCuSO  = 0.25, xCuSO = 0: 5 and 
4 	4 

"buso4  = 0.75 respectively. The shape of the curves 
for the mixed electrolyte is similar to that for copper 

sulphate itself but these curves are somewhat 'raised. 

_. - Thus--_activity coefficient of copper sulphate is. increased 

by the substitution of sulphuric 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 limiting case of zero concentration of copper 

sulphate in a solution of sulphuric acid. 

In order to quantitatively express the effect of 

sulphuric acid on the activity coefficient of copper 

sulphate log of the activity coefficient of copper 
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sulphate is plotted against the mole fraction of copper 

sulphate keeping the total ionic strength of the solution 

to be constant. Fig. 2.6 shows that these plots are 

linear in nature as i .o the case for silver sulphate in 

magnesiun ,cadmium, lithium, aluminium and zinc sulphate 

solutions69. Thus one can express the activity coefficient 

of copper sulphate by the following linear relationship: 

log fCuSo4  - log fCuSO4(0) 	acusO4  (1rxCuso 	• • • (2.30) 

wherefCuSO4(0)  stands for the activity coefficient of 

copper sulphate in a solution containing copper sulphate 

only and a is an empirical coefficient. From this 

Figure , 1Cuso4 for various total ionic strength3 of the 

solution 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 

ionic strength. 

2.3.3 Mean Activity Coefficient of Ferrous 
sulphate in Aqueous _solution: 

E.M.F, measurements on solutions of ferrous sul-

phate of varying concentrations were Made at 25°C. Con-- 

centrations studied and the corresponding E.M.F. values 

are given in Table 2.5. In order to calculate the 

activity coefficient of ferrous sulphate with the help 

of Nernst equation., standard electrode potential to  was 
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TABLE-2.5 : E.M.F. data on Cell 
FolFoSO4 ijKC1(Sat.)Hg2Cl2(s)IHg at 25°C 

r 	 ---------------------------------------r .rr+ 

S . 	NFoso4 	E.M.F. 	Log fFeSO 
NO. (r_iolo/l000gm) 	(mV) 	 4 

r--------_---.------r -_r----...,..,.r---------------------------~_~ 

1. 0.001 - 779 - 0.1525 

2, 0.002 - 772 - 0.2163 
3.  0.005 - 763 - 0.3091 

4.  0.010 4- 757 - 0.4067 

5.  0.020 - 752 - 0.5383 

6.  0.050 - 746 - 0.7328 

7.  0.100 742 - 0.8983 

8. 0.200 	- 737 
..—rte..—_—__z_- 	 ----- . __ 	__:_-- 

- 1.0299 
------------_-------- 

) DSO 

#fTf t 111RARY URIYERSITT OF ROOHHEI 
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obtained by plotting the function i against square-

root of ferrous sulphate molality in dilute solution 

range as shown in Fig. 2.8. From this Figure ,a value of 

B°  = - 686 mV is obtained. This value is well in agree-

ment with the reported literature values59-6l  showing 

thereby the correct functioning of the cell. 

With the help of this B°  value and the Nernst 

equation, mean 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 aqueous solution, the relationships 

(2.22) to (2.26) have been used and the best-fit  curves 
for each of these relationships are also drawn in 

Fig. 2.9 using suitable values of constants A, B and C. 

The present data have also been analysed in terns of 

polynomials of various degrees. These plots are also 

shown in Fig. 2.9 	which 	shows that among all the 

plots the ezperinental data can be most suitably repres-

ented by either the following form of the Guggenheim 

relationship: 

2.5114 1r 
log f = - 	-- + 0.1938µ 	e e e (2 0 31) 

1 + fl 

or by the following form of the polynomial of third 

ord or: 

log f = _-. 2.4170 iiµ + 1.9893 ( lbµ) 2  - o.6425() 
... (2.32) 
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This system has not yet been studied merely 

bo cause of difficulty in making this solution which is 

capable of getting quickly oxidised under atmospheric 

conditions.The method presently employed suggests a 

method of experimental study of such solution and has 

provided the data on this as yet unknown important 

solution. 

From Debye-Huckel theory it is seen that the acti-

vity coefficient of an ionic solute is a function of its 

atomic radius. . tomic radius of iron (Fe2+) is nearly 

equal to that of zinc (Zn2+) and is greater than that of 

copper (Cu2+). In order to compare activity coefficient 

of copper sulphate with that of ferrous sulphate, activity 

coefficient of various sulphates is plotted against the 

square-root of ionic strength in Fig. 2.10. It is seen 

from this Figure that copper sulphate and zinc sulphate 

show very similar behaviour as predicted by Debye--Htickel 

theory. From the present data,constants A. and C are 

found to be 0.6278 and 0.1938 respectively 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 mixed electrolyte solutions of 

ferrous 'sulphate and sulphuric acid of varying concen-

trations were conducted at 2500. 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 activity coefficient 

versus square-root of total molality is shown in Fig. 2.11. 

The top curve in Fig. 2.11 represents the activity coef-

ficient of sulphuric acid in aqueous solution at 25°0 in 

the absence of ferrous sulphate and the lowest curve in 

this Figure stands for the activity coefficient of 

ferrous sulphate as the only electrolyte in aqueous solu-

tion at 25°0. The third, fourth and fifth curves from 

the top represent variation in activity coefficient of 

ferrous sulphate in solutions of different total concen-

trations but fixed mole fractions of ferrous sulphate,. Viz., 

XFeSO4  = 0.25' XFeSO4  y 0.50 and xFe504  = 0.75 respec- 

tively. It is seen from this Figure that the activity 

coefficient of ferrous sulphate is increased by the sub-

stitution of sulphuric acid for the ferrous sulphate in 

the solution and as the proportion of sulphuric acid is 

increased, t he activity coefficient of ferrous sulphate 

increases. The second curve from the top in the Fig.2.,ll 

represents the activity coefficient of ferrous sulphate 

for the limiting case of zero 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 

mole fraction for the constant total ionic strength of 
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the solution, as shown in Fig. 2.12, leads to the con-
elusion that one can express the activity coefficient of 

ferrous sulphate by the linear relationship: 

logfFeSO4  ` log fFeSO4(0) - aFeSO4 (1WxFeSO4)  

... (2.33) 

From this Figure, aFeSO4  for various total ionic strengths 

of the solution is calculated and is plotted against 

total ionic strength in Fig. 2.7. The function a is 

found to vary wit1P ionic strength, having a higher value . 
at lower ionic strength and nearly constant value at 

higher ionic strength. 

2.3.5 Effect of Ferrous sulphate on Activi 
coefficient of C o-ner sulp ate and 
vice versa: 

E.M.F. studies on mixed electrolyte solutions of 

copper sulphate and ferrous -sulphate of -different concen-

trations were conducted at 25°C. Concentrations studied 

and E.M.F. measured are given in Table 2.7. To calculate 

mean activity coefficient of copper sulphate,Nernst equa-

tion has been used. A plot of activity coefficient 

versus square-root of total nolality is shown in Fig. 2.13. 

Also plotted in this Figure are the top curve which 

stands for the activity coefficient 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 
Cu! CuSO4,  etiO4 11, XC1(Sat.) Iig2Cl2(s)j Hg 

at 25°C 

S. 	NF eS0 	N uS0 	E.M.P. 
No. 	4 	 4 

(hole/1000gn) 	(rlole/1000gri) 	(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 
7.  0.1520 0.0520 
8.  0.1740 0.0510 
9.  0.2130 0.0520 

to . 	0.0100 0.0230 0.0350 
11.  0.0410 0.0400 
12.  0..0830 0.0460 
13.. 0.1230 0.0480 
14., 0.1510 0.0490 
15.  . 	0.1830 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.  01.0910 0,0450 
22.  0.1120 0.0470 
23.  0.1430 0.0480 
24.  0..1740 0.0500 
25.. 0..1930 0.0510 
26. 0.2040 0.0510 
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______ ----- _rra_-------___....------_~-------_----.r. --- 

S . 	NFeSO 	 NC uSO 	E.M,F. 
No. 	 4 	 4 

( ~.ole/1000go) 	(: 010/1000 )  

27. 0.0500 0.0760 0.0420 
28.  0.0930 0.0440 
29.   0.1230 0.0460 
30.  0.1440 0.0480 
31.  0.1640 0.0490 
32.  0.1830 0..0500 
33.  0.1980 0.0510 

34. 0.0750 0.0530 0.0370 
35,  0.0720 0.0410 
36,  0.0340 0,0420 
37.   0.10 30 0.0440 
38.  0.1340 0.0460  
39.  0.1520 0.0470 
40.  0.1770 0.0490 
41.  0.1940 0.0490 

42. 0.1000 0..0270 0.0290 
43.. 

_ 	- 	0.0430 0.0340 

44. 0.0740 0.0390 
45, 0.0910 0.0420 
46. 0.1050 0.0430 
47, 0.1360  0.0 460 
48.  0.1580 0.0470 
49.  01710 0.0480 
50.  0.1980 0.0490 
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activity coefficient of ferrous sulphate as the only 

electrolyte in aqueous solution at 25°C. The second 

curve from the top represents the activity coefficient 

of copper sulphate for the limiting case of zero concen--

tration of copper sulphate in a solution of ferrous sul-

phate. The third curve from the top shows the variation 

of the activity coefficient of copper sulphate in solution 

of 0.5 mole fraction of copper sulphate as the total conk 

centration is changed. It is seen from the Figure that 

the activity coefficient of copper sulphate is lowered 

by the substitution 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 mole fraction keeping the total ionic 

strength of the solution constant. Fig. 2.14 shows that 

these plots are linear in nature which leads to the con-

clusion that the activity coefficient of copper sulphate 

can be expressed by the following linear relationship: 

log ±'OuSO4 = log fCuso4(o) — aCuSO4*(1  XCus04)  

... (2.34) 

From this Figure,,function aCuSO4  for various total 

ionic strengt1s is calculated and is plotted against 
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r 

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 a higher ionic 

strength. 

The off.ct of copper sulphate on the activity 

coefficient of ferrous sulphate cannot be studied by 

E.M.F. measurements since copper would be displaced from 

the solution by the iron electrode and cemented on it. 

Therefore, for evaluation of its offect,Gibbs-Duhen equa-

tion has been used which in the present case can be 

written in the following form: 

~CuS0 a c'`ln aCuS0 FeSOFeSO4 +=Waterd `Water - 0 4 	• 4 	4  

. . . (2.3 ) 

where CuSO4' XPeSO4 ' Water and sCuSO 4' aFeSO4, "Water 

are the mole fractions and activities of-- electrolytes 

copper sulphate, ferrous sulphate and water respectively. 

Since the variation of log in a mixture may be CuSO4  
represented by the equation 

log fCuSO4 = log fCuSOj0) aCuSO4 •~'FeSO4 "' (2.36) 

and assuming that activity coefficient of ferrous sul-

phate can be written in the form 

log fFeSO4 = log fFeSO4(0) 	aFeSO4• 0u 804 

... (2.37) 
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and 

'CuSO4 + ~'FeSp4 = µ = constant 	• .. (2.38) 

Gibbs-Duhen equation thus can be written in the forts: 

PC uSO 	 I'F eSO 	 d pC uSO 

	

- 2 --- : d1n fC u504 + 	•dlnfF eS0
4 + 	.. 

dµFeSO 

	

+ 	2 	= - 55.51 c11n , 
a r t c.r 
... (2.39) 

Introducing the variables 0< x ~ 1 so that 

µi uS0 4 = x. 	 ...  (2.40 ) 

• FeSO4 = (1- ,l. 	 ... (2.41) 

d l 	C. uSO4 - aCuSO4 •dµFeSO4 = «CuSO4' µdx 
... (2.42) 

d Tog f FeSO4 = - aFeSO4 o dµC uSO4 - aFeSO4• µdx 

... (2.43) 

d CuSO =- a P'FeSO - 	 • = • (2.44) 
4 	 4 

equation (2.39) becomes 

aCuS~4 	aFeSO4 	aPeSO  
(- 	+ 	2 	) x dx - 2 	dx 

= -- 	din aWater 	... (2.45) 
2.3µ 
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upon suitable rearrangeuent. Expressing the activity 
coefficient of water in terms of Osmotic coefficient 4P in 

the above relation and integrating the resultant relation 
over entire range of x, that is, between limits a = 0 
to x = 1, gives the relation: 

aCuSO4 - aFeSO4 = 2.3 ( µ PCuSO4 - TFeSO4) 
... (2.46) 

Since p is not known it can be expressed in terms of 
activity coefficient by the relation 

p = 

 

I+ µ µ d 1-nf 	 ... (2.47 ) 

Substitution of the relation (2.47) in equation (2.46) 
gives the final relation 

fouSO4 

-~- µ 
- -- 	

aFeSO4 = aCuSO4 ~ 2.3 µ 	 C US0 ~ 	din f 	4 -- 

1 
fFeSO4 	 -  

µ din fFeSO4 	• .. (2.48) 
1 

As other functions of this relation are known, aFeSO4 

can be calculated by graphical integration - of this rela-

tion. The calculated values of aFeSO4 are plotted 
against total ionic strength in Fig. 2.7. The function 

cFeSO4 is found to vary with ionic strength, having a 
higher value at lower ionic strength and nearly constant 



value at higher ionic strongthi Prom this Figure log 

fF04 is plotted against the mole fraction of ferrous 

sulphate using total ionic strength as parameter in 

Fig. 2.15. From this Figure i the limiting value of acti-

vity coefficient of ferrous sulphate as well as the actin 

vity coofficiont of ferrous sulphate for "..8. 	C'5 
4 

are calculated as function of total molality of solution 

and are plotted in Fig. 2.13. The Fig. 2.13 shows that 

the substitution of copper sulphate for ferrous sulphate 

in solution increases the activity coofficiont of ferrous 

sulphate. It is also observed that the limiting value of 

the activity coefficient of ferrous sulphate is the same 

as that of copper sulphate. 

With the reported data and off oet of one oicratro-• 

lyte on the activity cocff iciont of other in the mixed 

electrolyte solution discussed in previous sections, 

one can find out the combined effect of sulphuric acid 

and ferrous sulphate on the activity coefficient of copper 

sulphate and that of sulphuric acid and copper sulphate 

on the activity coefficient of ferrous sulphate, since 

the vatiation of the activity coefficient of an electro-

lyte with its mole fraction at constant total ionic 

strength is linear in nature: in all cases. 

2.3.6 	Overall Driving —force for Ceraentati.on Reaction: 

In actual cementation system the driving force for 
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cementation can be calculated in term of (FICu - FTe) 

with the help of Nernst equation. A plot of (Etu FFe) 
NF e2+ 

	

against log 	2+ is shown in Fig. 2.16 for constant 
NC u 

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

driving force for cementation decreases linearly with 

increasing replacement of Cut+ by Fe2+ from solution, 

(ii) driving force is higher for higher total nolality 

of the solution at higher Npe2+/NSu2+ ratio but it is 

lower for higher total nolality of the solution at lower 

NFe2+/NCu2+ ratio, this change in behaviour being due 

to change in activity coefficient with concentration. 

When cementation is carried out in presence of 

sulphuric acid, the effect of sulphuric acid on the driv-

ing force can be evaluated using the equations: 

log- f 	log f 	f a 	 NFeSO4 
Cu80 	CuS04 (0) 	F - S0 -CUSO 

	

4 	4 	4 tNC uSO 4 F eS O 4) 

NH2SO4 
+ aCuSO4--H2SO4  ••. ~-- 	+N 	) 	µ 

H2SO4 CuSO4 

	

... 	C2.49) 

NC uS0 
log f FeSO4 = log fFeSO4(0)+ 

['CUS04-FeSO4* (NCuSO +NFeSO ) 4 	4 

NH2S0 + °rFeSO4-H2SO4` N 	+N 	-- _ , 
H25o4 FeSO4 

... 	(2.50) 
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KINETICS OF CEMITTATION 

3.1 Introductio„}, 

The thermodynamic condition for the feasibility of 

a cementation reaction gives no information regarding the 

rate of the reaction. r 	icy, 	- such reactions 

that are thermodynamically feasible. 	do not proceed 

at useful rates under normal conditions, for instance, 

the precipitation of cobalt by zinc from zinc sulphate 

electrolytes70. Almost all of the investigations in 

cementation field have been concerned with the study of 

reaction rates, and the elucidation of the factors con-

trolling them. In this Chapter a theoretical as well as 

experimental study of the mechanism and kinetics of 

Copper cementation reaction is presented. First of all 

detailed theoretical analysis of this reaction would be 

presented which would be followed by description of ex-

perimental 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 cementation reaction which is represented 

by equation 

 2+  + Fe = Fe + Cu 	 ...  (3.1) 
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involves a series of transport and electrode processes. 

These ;processes can be broadly classified into three 

main processes. 

i) Transport of C 	ion from the bulk of a cue-ous 

iiha se to the solid metal surface. 

ii) Electrode process at the .fetal/aqueous phase inter-

phase resulting;  in the irecipita ti on of copper and 

dissolution of iron, - and', 

iii) Transport of Fe2+ ion from the interface to the 

bulk of aqueous phase. 

Each of the above processes can involve a number of 

reactions which take place in series. Apart from the 

main reactions,there may be others which also take place 

in the system simultaneously. In the following sections 

all the three processes w-oAili be discussed in detail with 

the view of deriving kinetic expressions for these- pro 

cesses. 

In order to qualitatively snal rse the details of 

the cementation reactions into various steps, let us 

consider a copper ion or iron ion in the nei kibourhood 

of the electrolyte/electrode phase boundary. The forces 

operating on such an ion are different from those opera-

ting on the ion present in the bulk of the eleotrolyte 

because of the anisotropic nature of the interface. As 

a result of this electroneutra lily of the electrolyte 
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side of the boundary is broken down and it is electri-
fied. Tho . resultant field introduces an equal and 
o.ppositte charge on the metallic conductor and thus 

potential difference develops across the interface. 

The first row on the electrode is largely occupied by 

water dipoles and is called hydration sheath of electrode.. 

The second row is largely occupied by solvated ions. 

The plane parallel to the electrode and joining the 

centres of these solvated ions is called Outer Helmholtz 

Plane (OHP) . It is generally considered that the excess-

charge density at the OHP is equal and opposite to that 

at the electrode. This situation gives rise to oonpact 
double layer. However, so 	of the solvated ions leave 

their second 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 
solution, at first sharply and then - asy? ptoti~ally to a 
constant 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 electrode 

and that of iron ions towards the bulk of solution there 

would be a concentration gradient around the ele-etrode, 

over and above the potents.a3., gradient, This gives rise 
to a boundary layer called Di f fusion Boundary Layer .(DBL) 

Quantitative analysis of the system requires the formula-

tion of each of these steps into mathematical eeua,ticns 
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which will be the scope of the following sub-sections: 

3.2.1  Elect  rrod e processes 

The overall electrode process is composed of a 

series of electro-chemical reactions which may include 

some redox reaction. In case of copper cementation ,the 

discharge of copper ion (Cu2+) according to Bockris71  , 

takes Place over the f ollowwring two reactions: 

C u2++  a -- 	CU+  (redox) 	... (3.2) 

C u+  + e -w C u (petal ion transfer)., (3.3) 

whereas the electrons for reduction of copper ions are 

provided by the oxidation of iron according to the follow-

ing electrocho7mical reactions 

Fe 	Fez+  + 2e 

The ferrous ion released in this process may get oxiclised 

to Fe3+  ion by a further chemical reaction in the presence 

of ai oxidising atmosphere. I e a .od__ 	ZyG .p of 	 +G o-- 

chenical half cells have been made by Vetter72, and, 

Bockris and Reddy73  and reviewed by Wadsworth53. 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, 



V w 

Ml 	+ 11 e 	Ml 	 ... (3.5 ) 

Zl 	Zl  
Z Mg 	t Z Mz 

+Z2 
+ Zl e 	... (3.6) 

2 	. 2 

For either of the half cells the reaction kinetics can 
be considered in terms of absolute reaction rate theory.. 
According to this theory,en 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 not ' cathodic half cell of a cementation 
reaction is illustrated in Fig. 3.1. The diagram has 
been constructed such that the reduction of cation is 
thermodynamically favoured. In this case the potential 
is seen to enhance the reduction reaction of the half 
cell by lowering the activation energy in the cathodic 

direction, from a to ~ to L~, 	i.e. by (1-a) ZEF 

and raisin, the activation energy for the anodic direction 
f`ron~, o to',&~ i.e, by a Z'. Here Ly 	and 
stand for activation energies for anodic and cathodic 
directions, respectively, in the absence of a potential 
gradient, whereas ,0, 	and , iV refer to the same in 
the presence of a potential gradient, Z is charge trans-
for valency and a is transfer coefficient. Assuming 
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a constant potential gradient one can write: 

dE  E  
cox 	 ... (3.7) A 

where E is the potential associated with charge trans-
fer reaction and 1 is the distance between minima on 
either side of the activated state: Since the shape. of 
the energy barrier is usually syrlietrical, the decrease 
in activation energy in the cathodic direction due to the 
potential gradient can be. considered to be equivalent 
to the increase in the activation energy in the anodic 
direction and a = 0.5. The activation energy aG# can 
be expressed in terms of the chemical contribution, 
~ Go , and the electrical cor -'--ribution, ZFA a$ - - Z 
as follow: 

_ (G'o -- Gc ) `` ZF 	c' x + a ZEF 

_  o - ZEF + a ZEF 

(1 	a) ZEF 	 ... (3,3) 

_ 	+ a Z.r' 	 ... (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 UPI!YFRSrTY or ROORfl2 



M. LPU 

= -- 	— Xi (— 	~ ) 

	

C c 	RT 
exp (— 	

) . exp ( 1—ac ZEF) :.. (3;10). R1 	RT 

exp (— 

	

C a 	RT 

= exp ( ~RT ) exp ( aZ&F ) 
	... (3:11) 

where EG and 	stand for the concentrations of the 
activated complex 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 a t the Outer He1i-thQltz 

Plane. From the theory .of absolute reaction rate, the 
expressions for specific rate constants. k' , in the 
absence of potential field, i ould be: 

k 	= 	h 	exp (~ 
 

RT ) 	 .. 	( 3.12) 

k 	_ 	h 	exp (— RT ) 	 ... (3.13) 

where is Boltzman constant and h is Planck constant. 
Using these relations, the concentrations of the acti-
vated complex can be expressed as: 

= C  

C -~ T 

C a 	k t 
T 

(i—a EF 
exp ( RT 

exp(— a RT 

... (3.14) 

. . . 	(3.15) 
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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-
tions of the half cell reaction as follow: 

I = ZF ~ 	 (3.16)  

I - ZF X 	T 
+ 	h 	 ...(3.17) 

where I. and I+ are cathodic and anodic current den-
sities respectively, IC is transmission coefficient. 
The net current density, I, for the half cell reaction, 
assuming 	= 1, can be written as: 

= ( 'C --~c~ ) ZF -- h-- 	... (3.16) 

using equations (3..14) and ( 3.15) one gets 

I ZF Ecki 0x1 - Ch -k' exp (- RT ) U, 
or 

Z = k Cc exp ( 1 RTZ ) - k Ca exp (-a RT) 	.. 
where ~2 = 	' ZP. a and 	} =iIII ZFX . 	Defining half 
cell potential by 	E.°, at which the electrode .reaction 
is in equilibrium, one can write the above expression. 
in the form 

I = Io [ exp ( l-R TZF~) - exp (~ .,aRT ~) 	s • • (3.20) 

where the equilibrium exchange current density 

10 - I = I and 	tho • over tot cntial 	 R. - E°) 



The above relation is called Butler74-Volner75 equation 

and represents the basic law of charge-transfer reaction. 

3.2.2 Transport from OHP to the Electrode Surfao o: 

As the ions involved in cementation reactions are 

small in size, the possibility of existence of Inner 

Helmholtz Plane can be ignored. For ions in the outer 

Helmholtz plane with a correspinding potential 4o , the 
effective potential difference between OPH and the 

electrode is E - a = cp. The current due to the trans-

port of the ions from OHP to the electrode will be given 
by Butler-Volmer relationship which, in the present 

case, takes the following form* 

I=Io expo' RT ZF Y, ) ~ exp~ 1RTZFB ) 

	

-exp (- -iii T)) ] 	•.. (3.21) 

3.2.3 Transport Through Diffuse' DoubleLaver: 

In the diffuse double layer, the transport of 

ions takes place under simultaneous concentration and 

electrical potential gradient. If x' is the thickness 

of the diffuse double layer then the variation in 
potential from OHP in the direction of the bulk of the 

electrolyte is given, according to Gouy - Chapman 
theory76, by the relationship 77: 

2R 	In Coth '.(dx + a) 	... (3.22) 



where, 

a = - In tank Z 4 T o _jt 	 ... (3.23) 

2/6 is the thickness of diffuse double layer and 

is the absolute 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 number of steps each containing an activation barrier 

and two minima around. If there are p such equi-

distant steps, then according to yring and Eyring78 

random Walk processes treatment, one can write for these 

steps the following expressions based on absolute reac- 

tion rate theory: 

II _ z'F A Co ko exp [- F~ (d ) J 2RT dx l 

- ZIP C1 kl exp [2RT ( x ) 

... (3.24) 

12 = z'F ,fit Cl kl exp [" 2RT (dx) J 
2 

- Z'F)C2 k exp [7RT (d) ] ..• (3.25)  2 	2 	dx 2 

13 = ZIF \ C2 k2 exp 
ZP\ d4 
i [ 2 (dx 3 

- Z' F ,\c 3 k3 exp [-~ 2RT 	 ) J 
3 

... (3.26) 



I' = Z' F C _l  k_1  exp 	( 	) p 	p p 	2RT dx P - 

-- Z'F/,C k exp 	A(d)  ] 	,,. (3.27) 

	

p p 	2RT d x p  

where Z' is the number of electrons required for the 

total reduction process, A C i  is the number of ions in 

the ith  ninir.iun per unit cross-sectional area while k 

and k are the specific rate constants for an ion 

at the ith  minimum to j?np forward and backward, res-

pectively, in the absence of a potential, (d tJ  /dx) i  
is the potential gradient for the ith  barrier. Under 

steady-state conditions one can write 

I 	= 12 _13  .... 	= Ip  = I ... (3.23 ) 

If we assume that the diffusion coefficient D of the 

ion is independent of concentration, then 

ko  _ kl  = k1  = k2  = k2  ... kp  = k 

...  (3.2 J) 

aB the diffusion coefficient D = fA k. 

Elimination of all intermediate concentrations 

Cl, C2', C3  .. , Cp-1  from the above set of equations 

leads to: 



ZFA ,.__,P_.  d 
C o D eXp L RT 	- ( dx ) i] 

i=1 

) 
1- exp  ~R 	._.~ ( dx } ] exp 	2RT (ax ) ] 
i=1 	 j=l 	

i. 

sell (3.30) 

whore CD stands for Cp; the concentration of redu-
cible ion at the diffuse double layer. It is evident 
that for negative ~.~~ values: 

.-( dx )i 	 YC 	 •. • (3,31) 
i=l 

and 

( L) j = (4~ - 	 ) 	... (3.32) 

Replacement of summation in the exponential term from 

equation (3.30) with the help of equation (3.31) and 

(3.32) leads to the expression: 

I 
Z'F>k 

C o - CD exp 	y" ) 
p 

ex 	ZF -~ 	( d ) ~- ] 	p ( ZF p fRT L1 + 	 exp 2 dx i 	RT 
i-1 

•s. (3.33) 
where, 

Ti; 	' 	2 dx 	 2 
	 0 • • (•3.34) 
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when )\ is snail and i is large, then 

H * ± 	 (3.35) 
2 

Using relation (3.22) one gets 

0 

__ 	exp t RT yc;~ 3 = 1 	exp 	 dx 
i=l 

x 

[ Tnh (Sx-E-a) 32dx/ 

x 

... (3.36) 

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 OH?: 

C 	b D C 
T-- = 	5 

	- 	2 S2 c exp" ZT 	] . •,.. (3.37) 
Z F 

where, Cc stands for C., the concentration of cation 

at the outer Helmholtz plane. Thus we have arrived at 

the relation for transport of ions through DDL. 

3.R4. q. Transport Through Bound .ry Z cr o 

Due to the concentration gradient, there is also 

a thin film of stagnant boundary layer of the solution 

around each particle. The thickness of this layer is 

governed by the hydro-dynanics of the system. The 



transport of an ion from the bulk of the solution phase 
to the particle surface involves transport of Chunks 
of solution to the boundary -f iln surface by the eddies 
in the solution. The rate of mass transfer can be oal~ 
culated with the help of Pick's second law of diffusion 
which along with the boundary and initial conditions 
takes the following form: 

	

~C 	D O2 C ... (3.33) 

 

dt  o x2 

boundary conditions 

C _ 	at x = 0 for t• = 0 	... (3.39) 

C = CD at x = 0 for t> 0  

C = 	at x = L for t> 0 	... (3.41) 

where . Ch _ encI CD are the bulk andsurface equili-
brium concentrations of the ion, respectively and I, 
is the thickness of the boundary layer. The solution 
of the equation (3.38) with these boundary conditions 
gives the following expression for the in.stanten.eous 
rate of rsass transfer (J) from solution to the interface: 

n=co 	2 2 
_ J = 	[1+2 ,~" exp (_ n 	D ) 

Z F 	 n_l 	Z 2 

... (3.42) 
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The mean transfer rate can be obtained from the above 

expression, assuming that either all surface renewing 

chunks of fluid are exposed at the boundary layer sur-
face for the same time to  (Higbie Theory79) or by 

assuming a random age distribution (Danckwerts model80) 

In either case, one can write the equation (3.42) irn 

the following form: 

z = J = lam  (Cb - Op) 	 (3s43) 

where Kin  is mean mass transfer coefficient, which, 

for Higbie model, will be given by the expression 

to 
Km = 1 	[1+2 t 

	

	nt e 

n=oo 	2  

Dt 
n=1 	 ... 3.44) 

3.2.5 GeneralisedRate Eauati.on: 

Metal deposition involves transport of an ion 

from the bulk of the solution by diffusion through the 

limiting boundary layer, followed by its transport to 

OHP through DDZ under the combined influence of concen-

tration and electrical potential gradient and finally 

its transport from OHP to the electrode; The rate of 

transport of the ion through these layers is given by 

the expressions (3.21), (3.37) and (3.43) respectively. 

Combination of these equations under steady state con-

dition leads to the expression: 
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~C C b C exp( 1RT 	C u) exp ( 	Yo ) u 	, u 	 RT 

_+ 	 a ZFFC u 	ZF 
IC 	 - kCu' C a.Cuexp(_ RT ).exp(RT ) 

Z F 	exp( RT ZF 0) +!~ u(S?" D + ~- ) exp(RT 	} . 
Cu Cu 	m,Cu 

	

exp ((1-(x)  RTC EC u) 	... (3.45) 

Fe Cb,Fe exp ( 1RT Ze e) eXp( RT 4°) 

Fe 	kpe Ca,Fe exp(- RT se). exp (o) '  

+  RT i 	Fe 6FeDFe Km Fe 	RT 

exp ( RT 	'e) 	... (3.46) 

As ICu w - IFe for a system at steady state, one can 

arrive- at the -following equation for the mixed potential 

BU in the system, which may be def .nod c,s the- paton'tial 
s 

at which rate of copper deposition would be equal to 

the rate of iron dissolution: 
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Ac L kr u C b,Cu exp( RT 	m} ' exp( .. 

-/` kCu Ca Cu exp (- aRT Em) exp (a +)] 

exp( RT 	'F : c )+ • kCu (SSE - 
Cu Cu 

+ exp(1 Ycs) , 

exp ( 1RT ZP Em)]  

A 111 EkFe C b Fe 	
t1 

 RT 	) exp( RT (~°). 

kFe Ca,Fe exp(- 
ZF En) . exp  

+ A `kFe (S 0 	+ Km FeDFe 	 ,Fe 

exp ( T Jo) - exp ( 	 ZF Em) 	... ( 3.47) 

where AC is cathodic area and A is anodic area. 

From a knowledge of the various parameters in the above 

expression, one can obtain mixed potential , F.m, as a 
function of the concentration of the various ions in 

the bulk of the solution. 	Using this value of mixed 

potential, one. can calculate the rate of cenentation 

from equation (3.45) . Though the above equations (3.45) 
to (3.47) consider the effect of transport through 

various layers and electro-chemical reaction at the 

electrode on the overall kinetics of system, in general, 

one or the other step is the Clowest one in the whole 

process and therefore controls the overall rate of 



reaction. An indication towards the slowest step 

under given exp-rirnental conditions is provided from 

the thernodynauic data of the system as well as the 

results of kinetic experiments. 	The discussion 

regarding the slowest step under present experimental 

conditions will be given in section on results and 

discussions, 

As far as the kinetic expression for a particular 

slow stop is concerned ;  it can be derived from the overall 

rate equation (3.45) by neglecting the resistance due to 

all other steps. This indirectly means that all other 

steps are very fast as compared to this particular step 

and reach instantaneously the state of equilibrium. 

Though this is only a hypothetical state of the overall' 

reaction, yet still in practice it holds good because the 

potential drops due to other steps are so small that these 

can be neglected. In section (3.4) , it will be shown that 

the experimental data in the present case, also, can be 

explained byy considering one of 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 aim of the present work was, 	also , to 

produce composite powders by cementation. Hence for 

experiments, iron powders of different sizes were used. 

Since cementation reactions ^e heterogeneous in nature 

and their rate shall, among  other factors, be governed 

by diffusion of the reactant ions to the precipitant 

metal surface, agitation is utiliseci to eliminate the 

system becoming, controlled by bulk solution diffusion. 

Experiments have, therefore, been conducted at various 

rotational speeds in order to determine the optimum level 

of agitation. tion. Similarly, hydrogen ion (pH) control in 

hydroa etallurgical operation is an important task for a 

variety of reasons such as corrosion damage of cementation 

launders, excess dissolution of precipitant metal, hydro-

xide precipitation, excess acid consumption etc. There-

fore, an investigation of the effect of pH of the solu-

tion on kinetics of cementation to establish commercial 

workable pH range for a minimum corrosion effect and acid 

consumption and for a maximum reaction rate has been 
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studied. Also the commercial succ--ss of a copper cemen-

tation process is strongly dependent on the copper ion 

concentration of the influent, pregnant leach liquor. 

Since this concentration may vary at any time depending 

on many factors in the leaching operation,a study of the 

copper recovery rates at different copper ion concentra-

tion levels by the cem tation process are of great 

significance. Although commercial cementation processes 

are generally conducted at ambient temperature, an inves-

tigation of the effect of temperature on the reaction 

rate is essential because this gives additional evidence 

about the rate controlling mechanism of the reactions. 

Further, as the deposit morphology is of fundamental 

importance to the kinetics of reaction, in addition to 

the of ects of above factors, a study of the effect of 

nature of the anions present, pro sence of addition agents 

and impurities, and the condition of the substrate metal. 

on the kinetics of cementation is extremely important. 

Due to undesirable secondary reactions which :np,,;,y be 

caused by the dissolved gases such as redissolution of 

precipitated metal and f ornht3.on of ferric ion due to 

dissolved oxygen and the possibility of reduction of 

cupric ion to cuprous and reduction of iron consumption 

in hydrogen atmosphere, 1± is important to study the 

effect of various atriiosphcres on kinetics of cementation. 

A study of back reaction kinetics is also required to 
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have a knowledge of redeposition of iron and redissolu-

tion of copper. 

Though the effect of a number of these variables 

on kinetics of cementation have been studied by different 

investigators, they used mainly disc or cylindrical 

sample a,. Since the cementation systen,which makes use of 

iron powders for cementation process, as in the present 

investigation, is entirely different from the ones 

studied and reported in literature, it has been essential 

to study the effecks of all the variables. Thus, the 

complete experimental investigation ,, on,  kinetics includes 

the study of following variables: 

i) Solution agitation 

it) Hydrogen ion concentration (pH) 

iii) Initial concentration of copper ion 

iv) Temperature 

) Powder size 

vi). Solution/iron powder ratio , and, 

vii) Atmosphere 

3.3.1 E erimental set-upo 

The experimental assembly is shown in Fig. 3.2. 

The reaction solution was contained in e, round bottom 

flask (capacity more than 2 litres) fitted with ono 

B29, one B34 and one B55 standard taper joints of earn-

ing glass. The joint B55 was used to hold the stirring 



W 
u) O 
Q Z_ 

U 

Z 

I 	 Q 

J 

C7 
O 

Z 
Q  a  , 

Z 

Q 

c 

L 

a 

a  L~rJ II 

	

1 	 w 
o Z_ U 	r 

	

i 	 - 
J_ 

~ 

	

V/ 	 p 

w  Q- 

 

~ I  ~'~~  

 

HuJ

U 

QUO  N 

I W 
Illl l lllllllllll i i'f  Z  Q~ 

x ~lilllflll ;IIII W 
II I ;I I II I I II I I I I 	1 	II 	to 
IIIIII~IIIIIII.IIII~II  o  N 
III IIIIII~~I III 	I II~ I 'I I I 	 O 	(~7 

illlll'  
III  ~I I l i~ll~l I  ~  ~ 

III 	
IIIIIII~IIII

I
I ~

I
IIII~III 
 iLL 

I~~~~I ~Ilfll(I:IIIIII 1111111 
I ~~'I~Il11l:~ll1, lllli il l 

Illl
llllll: illl~

lll ~ 

P  Q 	Z J 

Q Z 

O  =~ 
u) 

„III„I,I,.. , ~I 

O 

TI

Z 

IIiItI~~ 

 

I ,  III 

m 
o 
D 

il
l~f i~ 



97 

assembly and the joint B29 held a thermometer in an 

adopter and had arrangement to admit the iron powder to 

the flask. The joint B34 hold the gas admission tube 

solution-sampler assembly. The solution was stirred with 

an inverted U-shaped perspex impeller attached to a 

Remi-model of multipurpose laboratory stirrer provided 

with a variable speed motor. The temperature was main-

tained at the desired level with an automatically con'-. .. 

trolled Glas -.-col heating mantle, with a precision of 

± 0.500. Purified nitrogen gas was used to deaerate the 

solution before kinetic study and to maintain a neutral 

atmosphere of nitrogen during experiment. The stirring 

assembly was fitted with mercury seal to : event the 

entry of air into the reaction vessel. 

3.3.2 Procedure: 

--Distilled water and jna1yticw1.R ogen rack B.D~II. 

make chemicals were used for all experiments. Stock 

solution of copper sulphate containing 10 gyms of copper per 

litre was prepared which was diluted to various conce'n-

trations as required. S.Morck make electrolytic grade 

iron powder was used as precipitant. Oxygen was removed 

from the nitrogen used for various experiments by 

scrubbing 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 adjusted for initial copper concentration 

and pH and was then brought to temperature under a 

stream of purified nitrogen gas introduced through the 

pipette. To remove oxygen from the test solution nitro-

gen was bubbled through the solution eight hours before 

experiment and nitrogen flow was continued during the 

experiment. Solution as stirred at the desired speed 

and iron powder of desired size and amount added into 

the solution. Samples of the solution were taken at 

predetermined intervals through the side pipette, momen-

tarily stopping the nitrogen flow. Experimental data 

were obtained by measuring the amount of copper and iron 

ions in solution at successive time intervals. The 

initial volume of the solution was 2000 ml, 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 

has been applied as done by Power and Ritchie 	The 

impeller was imp ersed to the same depth during each run 

so that the stirring would be reproducible. 

Copper in solution was determined by analysing 

5 ml aliquot of the solution by the iodometric method 

and iron by analysing another 5 ml by a clichro? ate titra-

tion with diphenylanine as internal indicator. 
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3 .4 _  Results id Discussions 

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 [0t  2  CC 2+] and time, 
Cu 	u 

using the above results. C 2+  standa for concentration 
u 

of copper at time t and 	C0 2+ for initial concen- 

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 different process variables. It is seen that each 

graph has two linear parts, joined by a small non-linear 

curve.. The initial linear part has a much steeper slope 

as compared to the final linear part of the curve which 

has only gentle slope. Calculations have shown that 

during this part,residual iron varies from a negligible 

az ount to about 30 depending upon other process var -

ables. Its linear nature indicates that the cementation 

is a first order reaction with respect to the eoncen.tra-

tion of copper ion in solution. This fact and the thermo-

dynamic data of the reaction indicate that the overall 

reaction is controlled by the cathodic reduction of copper 

ions to copper. This implies that the anodic reaction 

is very fast and can be assumed to attain equilibrium 

instantaneously. From the results of an electro-ehenical 

investigation of copper cementation by iron, Rickard and 

Fuerstenau3l  noted that a ten' -fold increase in current 
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TABLE-3.1: Results of Tomporature Parameter Study 
(Data for Fig. 3.5) 

d 

pH - 	2.8 
rC u

2+i initial 
	0.5 gm/litre 

RPM 	 2450 
Iron powder 	0.315 gm/litre 

-150 + 125 micron 

°C S. 	Tire e 	20 35°C 50°C 65°C 
No. 	(min.) 	Cut+ Cu2+  Cu2+  Cu t+ 

&z:/1 gn/1 gi-a/1 ga/l _--------  
1.  3 0.4581 0.4539 0.4374 
2.  6 0..4236 0,4008 0.3881 
3.  9 0.3917 0.3572 0.3364 
4.  12 0.3622 0.3169 0.2944 
5.  15 0.3349 0.2890 0.2624 
6.  18 0.3054 0.2564 0.2254 
7.  21 0.2798 0.2254 0.2243 
8.  24 0.2648 0.2202 0.2233 
9.  27 0.2371 0.2182 0.2233 

10.  30 0.2202 0.2182 0.2233 
11.  33 0.2084 0.2172 0.2223 
12.  36 0.1963 
13.  39 0.1936 
14.. 42 0.1857 
15.  45 0.1849 
16.  50 0.1832  
17.  60 0.1815 
18.  70 	, 0.1015 

0.4275 
0.3556 
0.29:7]. 
0.2494 
0.2448 
0.2426 
0.2426 
0.2426. 
0.2415 
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TABLE-3.2: Results of Stirring Par~►ueter Study 
(Data for Fig. 3.7) 

Tempera turc 	 25oC 
pH 

ICu2~ initial 
Amount of iron 
powder 
Size of powder 

2.8 
0.5 gm/litre 

0.315 gm/litre 

-150 + 125 micron 
~- ----.._ ___.._ ------------------------- --- _.._- 

Stirring Speed (rpm) 
S.N Time 700 rpm x.250 rpm 1500 rpm 2450 rpri No. (rain.) Cut+ Cu2+ Cu2+ 0U2+ 

(==/1) (g1/1) (=/1) (m/1)  
---- _se_r.._---__----__-.w._Y._..._ ---- ______________________ 

1.  3 0.4753 0.4687 0.4644 0.4581 
2.  6 0.4435 0.4354 0.4295 0.4236 
3.  9 0.4173 0.4101 0.4026 0.3917 
4, 12 0.3989 0.3810 0..3753 0.3622 
5.  15 0.3723 0.3556 0.3459 0.3349 
6.  18- 0.3507 0.3349 0.3273 0.3054 
7.. 21 0.3288 0.3111 0.3026 0.2798 
i. 24 0.3111 0.-2903 0..2811 0.2648 

9.- 27 0.2944 0.2747 0.2588 0.2371 
10.  30 0.2760 0.2505 0.2460 0.2202 
11.  33 0.2685 0.2393 0.2264 0.2084 
128 36 0.2583 0.2327 0..2162 0.1963 
13. 39 0.2517 0..2233 0,.2142 0..1936 
.14. 42 0.2471 0.2212 0.2084 0.1857 
15.  45 0.2448 0,2182 0..2036 .0.1849 
16.  50 0,.2415 0.2123 0.2036 0.1832 
17.  60 0.2404 0..2034 - 0.1815 
18.  70 0.2074 - 0.1815 

_ ._ _________-____-_-________________-_-_-___- 
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TABIE-3.5: Results of Particle Size Parameter Study 
(Data for Fig. 3.15) 

pH 
Temperature 

r  a u2 +-i initial 
Iron powder 
RPM 

2.8 
25°C 
0.5 gEl/litre 
0.315 gra/litre 
2450 

--___ __-_---_-- 
--__ Pte__ ---- -tiw__------- 

Size 	of 
____ -----_-- 

Iron 	Powder 
_----1Ar--_ 

S. Time -150 µ -125 µ -106 µ 	-- 63 µ 
No. (min) +125 µ +106 µ + 90 µ 	+ 53 µ 

C u2+ C u2+ Cu2+ C u2+ 
Em /1 golf gL/1 gn/1 

1.  3 0..4581 0.4560 0.4518 0.4354 
2.  6 0.4236 0.4197 0.4026 0.3689 
3.  9 0.3917 0.3810 0.3622 0.3125 
4.  12 0.3622 0.3427 0.3303 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, 30 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 0.1936 0.1832 - - 
14.. 42 0.1857 0.1798 - 
15.  45 0.1849 0.1798 - - 
16.  50 0.1832 - - - 
17.  60 0.1815 - - - 
18 . 70 0.1815 w. r - 

w 	- __- --_---- ------- ---- _____ -_--- -- _---_--_ ----_--__ ----mow 
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TABLE-3.6 Results of Solution/Powder Ratio Study 
(Data for Fig. 3.17) 

PH 
Temperature 
[Cu2+1  initial 
RPM 
Iron powder 

2.8 
25°C 
0.5 gm/litre 
2450 

-150+125 micron 

Solution/Powder Ratio 
S. 	Time 	1.960 	1.587 	1.315 	1.136 
No. (m,in.) -- --  

Cu2+ 	Cu2+ 	Q:u2+ 	Cu2+  
grE/1 
	 gn/i 	gr_i/i 

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 0.3288 
5.  15 0.3507 0.3349 0.3040 0.2903 
6.  18 0.3303 0.3054 0.2811 0.2672 
7.  .21 0.3068 0..2798 0.2552 0.2437 
5. 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 0.1733 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 0.1263 0.0898 
17.. 60 - 0.1815 - - 
18. 70 - 0.1315 - - 
_-__ __-__-----_ -_-__ ----- ---- -N 	 ------ ___ __ -ww w 
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density shifts the anodic potential of iron dissolution 

by only 0.03nV which is in confirmation with the above 

assumption that anodic process is near its equilibrium. 

With this observation, the overall rate equation reduces 

to the expression (3.43) , in which ECu need not be equal to 
E • 

6G 
iC 	 C C u [ 1- exp( RT) ] 

Z'F 	 1 	1 	(1-a)ZFFCu
exp 

Cu Cu n,Cu dXf
çu 
	 RT 

exp(- a-T3 o) ] 

where AG = - ZFA E and AE is the thermodynamic 

driving force for coppe reduction and is given by the 

Nernst equation. Since the thermodynamic equilibrium 

constant for the cementation reaction is very large and 
2x.37 is of the order of 1QD as given in Table 2.2, the equil1-' 

briun constant for the back reaction, which refers to the 

dissolution of copper,vrill be very small, As a result 

of this the exponential term of the numerator of the 

expression(3.40) which stands for the back reaction 

will approach  zero. Thus 

G ,~` [1— exp ( RT ) ] — ...(3.49) 

xCu _ 	 Cb C  
Z'F 	S2 	1 	1 	1a ZFF.O [ _— + 	+ _ exp(- u 

aCuDCU I ICU A+ Cu 	RT 
exp(- RTC ` 'o ) ] 



or, 
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Ia Zip = Cb,Cu kc 

where, 

 

...`3.51) 

2Q 	1 	1 	(1-a) ZF~'Cu gc _ 	D + R 	+ 	e~p 	RT 	) . 
Cu Cu 	n,Cu 	u 

exp (- aRT o)] 	...(3.52) 

and k-1 stands for the sum of the resistances of the 

various processes in series. In the expression (3.52), 

the first tern stands for the resistance to transport 

through diffuse double layer, the second term refers to 

resistance to transport through the difa usion boundary 

film and the third term stands for the resistance to 

surface reactions. In cementation process, any one of 

these or their combination may control the overall rate 

of the ceraentation-. -when-,- 

(1-a) ZFF,, 	a ZF 	•2 S 
RT 	exp (- RT o)> > S D 'k u 	 Cu Cu 

1 	...(3.53) 
+ n,Cu 

the surface reaction would be the rate controlling step 

in the overall process of cementation. As above rela-

tion (3.53) shows, under this condition the kinetics of 

cementation would be sensitive to changes in 	m and 

+Jo 	, where cp = F - 	. 	In general for surface control 
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reactions, the activation energies are higher than those 
for diffusion controlled ones. As the diffusion controlled 
reactions involving an aqueous phase have activation 

energies from 2 to 6 Kcal, it is anticipated that for 
surface controlled reactions,the activation energy will 
be higher than 6 Kcal. When, 

_____ > 1 
6CuDCu  

exp (- 
 

RT 

a ZF I4J 
exp (- RT °) 

+ 	1 - 
Km,Cu 

... (3.54) 

the reaction is considered to be under the control of 

transport through diffuse double layer. The potential 
of the diffuse double layer, L,fx , would control the con-

centration of the reducible cations within the diffuse 
double layer. A positive value of the potential, 	X, 
would decrease the cation concentration within the diffuse 
double layer below that expected by diffusion through the 
boundary layer alone, while a negative value of 
would increase its concentration within the diffuse 
double 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 overcall 
process of cementation, the rate constant would be 
strongly affected by the ionic strength. When, 

12 St 	1 	(1-a) ZFF 	aZF 
K 	S D + ~~` 	

exp ( 	RT 	-s) exit(- 
,Cu 	cu Cu 	l~ cu 	 .. u (3.55) 

0 
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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 

reaction have shown, as will be described in the follow-

ing sections, that the overall rate of reaction has low 

activation energy (3.0216 Kcal/mole) and is strongly 

dependent on the hydrodynamic conditions of the bath. 

This leads, one to the conclusion, that the rate of cemen-

tation is controlled by the mass transport through the 

boundary film. To confirm this, conclusion polarisation 

studies have been conducted using the experimental set-

up shown in Fig. 3.3. The anodic and cathodic polarisa-

tion curves,so obtained, are sho tn-"i . Fig. 3.4. It is soeli 

that the anodic polarisation curve cuts the cathodic 

polarisation curves, drawn for the coneentratior_'rangy;e 

0.5 x 10-4  mole/litre to 0.5 mole/litre of copper sulphate. 

.n their limiting current .region, thus certifying that 

the race of cementation is controlled by diffusion through 

boundary layer. Under these conditions the overall rate 

equation takes the forr_i: 

u--  - C b'  Cu Km_ ' 
 Cu A - - V at 	... (3.56) 

Z r'  
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where A is the surface area of the precipitant and 

the volume of the solution. Kin the above Li,
expression is related to diffusion coefficient of copper 

ion which, among other factors, is a function of activity 

coefficient of copper. The results of the thermodynamic 

investigations of the present work bye"iit the 

effect of ferrous sulphate on the activity coefficient 

of copper sulphate is very small (Cf.section 2.3.5) and, 

therefore, one can assume that the activity coefficient 

of copper sulphate remains practically constant during a 

cementation run. Also the total ionic strength of the 

solution remains constant during a cementation run. 

Thus the diffusion coefficient and hence the mass traus-

f er coefficient ' Kn Cu  would be independent of concen- 

tration during a cementation run.. The integration of the 

expression (3.56) would, therefore, give the following 

relation: 	 __ 

ID 
log [ Ct 2+ Co 2+ 	̀  r A m.Cu 	t 	... (3.57) 

Cu 	Cu 	2.303 V 

Using this relation the value of ILA Cu  can be deter- 

mined from the slope of the plot 	[Ct 	/ Co  
Cut+ Cu2+ 

versus t , for Imown surface area A of the precipi-

tant and volume V of the solution. For this, the 

surface area A of the precipitant was calculated, 

assuming spherical particles, from the theoretical 

relation: 



114 

... (3.53) 

where m is the mass of the iron powder, i= 	the 

material density of iron evid d 	. the particle dia- 

meter. For calculation of A from the above relation, 

mean particle diameter was used because the powder used 

for cementation was in a very close size range such as 

-150 ', + 125 µ, -12 5 µ + 10 6 µ, or -106 p. + 90 µ. The 

rate constant K Cu  is determined under various experi-

mental conditions as described in the following sections: 

3.4.1 Effect of Temp ergture 

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 Fi g.3.6. 

The value of the activation energy has been calculates' 

from the slope of the Arrhenius plot and found to be only 

3.0216 Kcal/mole under the temperature range of investi-

gation which varied from 20°C to 65°C. The first order 

of the cementation reaction 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 temperature on the rate controlling step, similar • 

conclusions have been reported by may investigators for 

copper/iron system23 29'  S7 and other systems such as 

copper/zinc37, 54, copier/cadmiuru54, silver/zi c27, 
r 

silver/iron57, silver/co pppp er2  and cadniura/zinc32  etc. 
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This activation energy compares well with the activation 

energy for diffusion of copper ion in aqueous phase 

which is reported to be 3.64 Kcal/nole53. This further 

certifies that the overall reaction is 	mass transfer 

controlled. 

3.4.2 Effect. of solution agitation: 

A qualitative information regarding the effect of 

solution—agitation on the rate of cementation can be 

obtained from the Fig. 3.7 which shows that the rate of 

cementation increases with increase in solution agita-

tion. This indicates that the cementation is diffusion 

controlled procss.For a quantitative evaluation of the 

effect of stirring on rate of cementation, : d mensi.onal 

analysis technique. is used which shows that Shen'rood 

number (Sh) would be a function of Reynolds number (Re) 

and Schraidt (Sc) 'number in. this systen. Mathematically 

one can. write 

Sh = f (Re, Sc) 	 ... (3.59) 

f  ~ 
wh.ere,Sh = 	,Cu_ Z , Re 	v Z and Sc _ 	~. _ (3.60) D 	 µ 	 D 

Hors, D is the diffusion coefficient of copper ion in 

the solution, ' is density of the solution, p! is the 

viscosity of the solution, I is the characteristic 

length and is a measure of the size of the system, v 

is the velocity of the fluid, and is the kinematic 
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viscosity of the solution. Evolution of the Reynolds 

number requires a complete imowledge of the hydro-

dynamic conditions of the system which was not the scope 

of the present investigation. Reynolds number can, 

therefore, be expressed in terms of speed of stirring 

which in turn controls the fluid-dynamic cond:itiof_ ji_tho 
bath. This procedure has been adopted by a number of 

other workers81, to 33. As in our case L, D, , and V 
are constant for a given solution, expression (3.5c 

can be . rowritton, as: 

Kra Cu = B (rpm)
a 	

... (3.61) 

where a and B are constants. In. order to evaluate 

the constant a, K.C. is obtained from the slope of the 

plots of the Fig. 3.7 at different rpm and then log 11n,Cu 

is plotted against log (rpm) as shown in Fig. 3.8. The 

slope of this gives the value.. of a = 0.2642. This value 

of the slope is in agreement with the reported literature 

value for the dissolution of copper spheres of micron 

sizes in sulphuric acid in presence of potassium 

dichromate 3. 

In order to explain the transport of material 

across the solution/solid particle phase boundary, a 

nunmber of meohanisns such as two-film thcory84, pene-

tration theory 79, surface renewal theory80  and film-

penetration theory85  havo been developer'.. In the 
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present system of stirred reactor, the material transport 

mechanism involves the transport of Chunks of fluid to the 

svlrfaCQ of tho stagnant boundary film under the influ-

ence of eddies in the bulk of solution, followed by dif-

fusion through the boundary film to the particle surface. 

As the rate of stirring increases,the thickness of the 

boundary film decreases until a limiting value is 

reached, and the rate of surface renewal increases. Thus, 

the rate of cementation increases with increase in stir-

ring speed. However, increase in stirring speed beyond 

a certain limit would not result in any further increase 

in rate of cementation because at this stye solid 

particles are moving in the fluid at same speed and heaving 

the same velocity profile. In the present investigation 

such high stirring speeds Dior- Yiot _usod. 

3.4.3  Effect of Initial Co r ion Concentration 

First order plots of cementation rate data obtained 

for various initial copper ion concentrations are shown 

in Fig. 3.9. A plot of rate constant versus leg of 

initial copper ion concentration, calculated from the 

slope of various plots of Fig. 3.9 is shown in F ig.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 and thereafter 

the rate decreases with further increase in the initial 

concentration of copper ion in solution. The initial 
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increase in rate constant with increase in initial copper 

ion concentration in solution can be explained qualit^--

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 

molecules owing to its size and charge and 'thus increases 

the diffusion coefficient by effectively decreasing the. 

localised viscosity as a result of reduced intermolecular 

forces, As the concentration of ion increases,the dif-

fusion coefficient reaches a uaxiraurl value,whieh corres-

ponds to a minimum viscosity of the solution. Any further 

increase in concentration beyond this causes an almost 

complete removal of free water molecules and results in 

an increase in solution viscosity and decrease in dif-

fusion coefficient. Variation of diffusion coefficient 

of copper sulphate solution at 25°0 as a function of its 

concentration -is shown in -Fig. 3.1106.. The diffusion 
coefficient of copper ion is noticed to increase with 

increasing  concentration of copper in dilute solution 

reaching a maximum value of about 0.95xl0-5  cm2/sec at 

a concentration of 0.1 mole/litre. This explanation 

holds good only upto concentration value of about 0.5 g 

copper/litre. The decrease in rate constant with in-

crease in initial copper concentration 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 - 	`caos c p roc1ab y c4 :increase : n ionic 

strength, rate constant goes on decreasing with increase 

in ionic strength. 

3.4.4 Effect of Hydrogen ion Concentration (pH) : 

First order plot of rate data obtained for different 

initial pH values are shown in Fig. 3.12. It is observed 

that the rate consta it decreases appreciably 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^iron 

the thermodynamic investigations based an the inferences 

from Figs. 2,16 and 2.17 have indicated that the driving 

force for cementation is not ^.,'f ected by the presence . 

of acid in the copper sulphate—ferrous sulphate mixed 

electrolytes, Therefore, the appreciable decrease in 

rate constant,as pH is decreased from 2.8 to 1.5, can be 

ascribed to the increased competition between -copper ion 

and hydrogen ion for discharge sites on the -metal surface 

at higher hydrogen ion concentration. Due to the f ollr-

in;  reaction between iron and hydrogen ion.- 

Fe + 2H+  = Fe2+  + H2 	 ... (3.62) 

which can proceed to a higher extent at low pH, the 

surface area available for cementation reaction is de-

creased. The hydrogen so produced is likely to block 

the metal surface due to its slow desorption step87. 
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To confirm this,the variation of excess iron in solution 

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 theoretical 

amount increases with decreasing pH at low pH. This 

certifies that there Was a competition between copper ion 

and hydrogeti ion for discharge sites on metal surface at 

very low pH. 

3.4.5 Effect of Particle size and solution powder ratio 

First order plots of the cementation rate data 
obtained for different particle sizes of the iron powder 

are shown in Fig. 3.15. It is observed that the rate of 

cementation increases as the particle size of the iron 
powder decreases. For a quantitative evaluation of the 

effect of particle size on rate of cementation, expre..s~' 
sion (3.57) can be used. After substituting for A from 

relation (3.50) in this relation (3.57) 9 the slope p 

of the first order plot ,cones out to be: 

6 m M.Cu 	 ... (3.63) p 
2.303 VdF 

Taking log on both sides one gets the relation: 

6 	TT 

log p _ log 	 ,Cu — log d 	... (3.64) 
2.303 V 

The above relation. shows that the variation of log p 
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calculated from the slopes of the first order plot of 

Fig. 3.15, with log d-' is a straight line with a slope 

of 390  as shown in Fig. 3.16. The small deviation of 

this slope (390) from 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 was varied by changing 

the amount of iron powder added to the copper 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 seen that as the solution/powder ratio decreases 

the rate of cementation 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 is constant and m is variable in the present 

case. Honco taking log on both sides of this expres-

sion (3.63) one gets 

6 Kra log p = log 	.cu . 	+ log rn 	... ( 3.65) 
2.303 V P d 

This relation shows that variation of log p versus 

log n should be a straight line with 450  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 390  instead of 450. This snail difference 

can be ascribed to surface and shape factors effect which 

were not taken into consideration. Thus, increase in 

rate with decrease in solution/po,>rder ratio is due to 

the increased surface area of the precipitant. 

When solution/powder ratio is changed by changing 

the initial concentration of the solution for fixed -mount 

of iron precipitant used, it has been observed earlier 

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 0.5{m copper/i concen--

tration) beyond which the rate constant decreases. 

This was attributed to the increase in diffusion coef-

ficient in dilute solution range and considerable dacroas-o 

in activity coefficient in concentrated solution range. 

3.4.6  Effect ect of Atuosphere 

First order plots of the rate data for cementa-

tion process carried out under nitrogen, hydrogen and 

air arc shown in Fig. 3.19. It is seen that the use 

of hydrogen atmosphere in place of nitrogen has hardly 

any effect en rate of cer..ientation. However, in air 

atmosphere there is a slight decrease in cementation 

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

F e2+  + 2 02  + H2O = Fe +' + 2 (OH) 	... (3.66) 

followed by the oxidation of precipitated copper by the 

reaction 

Cu + 2 Fe3+  = Cu2+  2 Fe2+ 	 ... (3.67) 

The observed increase in pH value of the solution from 

2.5 to 3.8 towards the- end of cementation run, carried 

out in air atmosphere, accompanied by precipitation of 

particles of ferric hydroxide confirms the formation of 

Fe3+  ion. Also there was an increase in the amount of 

iron consumed over the theoretical amount for this run 

as shown in Fig. 3.20 which confirms the occurrence of 

reaction (3.67) because Cut+  so f orned would require 

additional iron for cementation. 
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C HAPTER-IV 

CHARACTERISTICS OF CEM1 FT COPPER POTIDERS 

4.1 General 

In order to find out the industrial utility of the 

cement copper pot.*ciers,it would be necessary to evaluate 

the characteristics of these powders and the effect of 

process variables on their compaction and sintering pro-

perties. For this ,cement copper powders were produced 

under different experimental conditions at room tempera-

ture,at pH = 2.8 under inert atmosphere and annealed 

under hydrogen atmosphere at 500°C. Following powder 

characteristics were studied using standard methods des- 

cribed in texts83, 3co 	 - 

1) Particle shape, size aTid ; i.ze 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) Grcon density and densisication parameter 

ii) Compression ratio 

ill) Sinterec density 

iv),. Green porosity and sintered porosity 

v") Liquid-phase sintering 

VI) P:Ticrostructure of sintered products. 
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4.2 Powder Ch a cteristics 

4.2.1 Particle shape ize and sizedis:tribution 

A photomicrograph of the cement copper powder 

taken under Scanning electron micrograph 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 mass was studied by standard sieve analysis 

method. Effects of initial sine of iron powder and 

initial concentration of copper sulphate solution on 

particle size distribution are given in Tables 4.1 and 

4.2 and the results are plotted in Figs. 4.2 and 4.3 

respectively. It is clear from - - Fig. 4.2 that the 

decrease in the size of the iron powder used for cenenta-

tion results in a cement powder with a larger amount of 

finer size fraction and a wider range of particle size 

distribution. A combined reference to Table 4.2 and 

Fig. 4.3 leads to the conclusion that an increase in the 

initial concentration of copper sulphate in solution 

produces cement copper powder with a relatively close 

range of particle size. Thus using a coarser size of 

iron powder precipitant and a higher initial concentra-

tion of copper sulphate in solution, it would be possible 

to produce relatively coarse cement copper powder with 

close range of particle size distribution. 
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4.2.2 f arent clensitsr 

The calculated values of 	apparent densities of 

various cement powders are given in Tables 4.3 and 4.4. 

It is noted from Table 4.3 that as the size of the iron 

powder precipitant increases,the apparent density of the 

resultant cement powder increases to an optimum 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 cement 

powder and its friction index. As noted under section 

4.2.1,a decrease in particle size of the initial iron 

powder produces cement powders with larger finer size 

fraction and wider particle size distribution. The lest 

apparent density of the cement powder obtained from 

-75 + 63 micron size powder, is due to its highest fric-

tional surface area which reduces the ability of the 

particles to settle efficiently and causes bridging 

effect, thus producing a Greater porosity in the loose 

powder mass. The lower apparent density of the cement 

powder obtained from -150 + 125 micron size iron powder 

as compared to that obtained from -125 + 106 micron 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 off oct of initial concentration of copper sulphate 
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solution on apparent density, a decrease in apparent 

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 seen from .__ - Table 4.4 that the friction index 

of cement powder increases as the initial concentration 

of the solution increases and hence the apparent density 

decreases. 

4.2.3 Flow rate 

Flow rates of various cement powders produced and 

iron powders used as precipitant are 	given 

Tables 4.3 and 4.4. As regards the effect of initial 

particle size of iron powder on flow rate of cement 

powder , it 1z:.s en that- - there i,  

value of the iron powder size for which the flow rate of 

the resultant cement powder 	is 	maximum. To ex- 

plain this following quantitative relationship is used3J: 

dS R 
1 og t ^ log (—v -)  — log (d) 	... (4.1) 

where, da is apparent density and d the Material 

density of the powder , IC and C are constants, A 

the croe -- ctional area of the orifice of the flotiaioter 
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funnel, W 	the total weight of the powder flowing, 

Sw 	- specific surface area, R tIn surface roughness 

factor and t :_ the total time for powder flow. From 

this relation, it is clear that t is inversely propor-

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 from solutions 

of higher initial copper concentrations can alto be ex-

plained on similar lines. 

4.2.4 Ta density and Friction index 

Calculated 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 particles 

of the powder mass. 	Variation in the friction index 

are clearly due to the effects of particle size and size—

distribution in the powder mass on the settling efficiency 

of the powder and ito bridging. teildency. 

4.3 Process V~.ris.bles 

4.3.1 C oriiressibility and Green density 

Details of the weight, dia peter and height of the 

various green compacts are given in Table 4,5. Results 

of densification parameter and green density of cliff erent 

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 those measures of compressibi-

lity 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 mass. It is seen from 	Table 4.8 that the 

powder obtained from coarser size iron powder has higher 

copper content and, therefore, - - higher plasticity and 

compressibility. 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 optimum value beyond which 

any further increase in solution concentration results in 

a decrease in compressibility. This can again be exalain.ed 

in terms of the composition of the powder mass as given. 

in Table 4.8. 

A comparison of the compressibility of the cement 

copper powdexs with that of the iron powders indicates 

that a cement copper powder of even very low copper con-

tent has higher compressibility than iron powder due to 

the higher plasticity of copper than that of iron. 

4.3.2 Compression ratio 

Compression ratios of various cement co .por powders 
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TABLE-4.8: Composition and Density of 
Cement Copper Powders 

___p__;._____ _________ -----------------------  	~...~..w..~ 

Material 	 Composi- 	Density 
tion 

	

Cu, % 	gm/CC 

Covent copper powder obtained 
from -150 µ + 125 µ 	 75.4 	8.6534 
size iron powder 

Cement copper powder obtained 
from -125 µ + 106 µ 	 73,4 	8.6384 
size iron powder 

Cement copper powder obtained 
from —75 4 + 63 p. 	 66.3 	8.5564 
size iron powder 

Cement copper powder obtained 
from 3.177 gm C 2 /litre 	6 [»7 	8.x.097 
solution 

C event - copper powder obtained 	62.2 	8.5098 
from $ g gn 
Cut} /litre 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-

mum size of the iron powder for which the compression 

ratio 	ids , lowest, as desired in industrial applica- 

tions. Such variations can be explained in terms of the 

apparent density and compressibility results. The higher 

compression ratio for the powder produced from -75+63 

micron 'size iron powder as compared to that obtained from 

—125 + 106 micron iron powder is due to the sufficient 

difference between the apparent density of the two. The 

higher compression ratio of the cement powder produced 

from —150 + 125 micron size iron powder as compared to 

that which is obtained from —125 + 106 micron size iron 

powder, is due to its higher compressibility, because the 

difference between their apparent densities is very 

small. With reference to the effect of the initial copier 

concentration in solution on compression ratio, it is 

seen from Fig. 4.9 that compression ratio increases as 

the initial copper concentration, in solution increases. 

This variation can also be explained in terms of apparent 

densities ad compressibilities of the concerned cement 

copper powders. The lowest compression ratio of the 

powder obtained from 3.177 gu Cu2+/litre solution is due 

to its highest apparent density anc lowest compressibility 

among the powders under discussion. Similarly, the 

po,,:,der obtained from 8.30)5 gu Cu2+/litre solution has the 
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lowest apparent density and medium compressibility and, 

therefore, it has the highest compression ratio. The 

powder obtained from 6.354 gin Cu2+/litre solution has 

the highest compressibility and has high apparent den-

sity and theref ore the overall effect is a medium con—

pr ession ratio of this powder. 

4.3.3 Sintered densit 

Details of the -weight, diarietCr and height of the 

various sintered products at'e given in Table 4.9. Value 

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 are plotted in Figs. 4.10 to 4.12. 

The curves show that the sintered density remains highest 

f or the highest green density materials and that the 

higher green density materials exhibit very small change 

in density after sintering. Figs. 4.13 to 4.15 show the 

effect of sintering temperature. The observed increase 

in sintered density with increase in sintering temperature 

is due to the . increased mobility of atoms, vacancies and 

other defects. 

4.3.4 Green porosity a id Sintered porosity 

Values of green porosity and sintered porosity 

for different cement copper products ar e given in 

Tables 4.12 to 4.15. The results are plotted in 
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Material Sintered Product 10500C 
2.5T 	4T 	6T 	OT 	10T 

_--- -__-_---~~.~-~_4_iI1~~M.1~.-w~-lR~Y...rY~Mr~l1~~}_~~~►RJ_w~e-ylW~~_1~~f`~~iisyrwi- 

A.  .Wt. 7.952 7.952 7.953 7.953 7.954 
dia 1.590 1.600 1.615 1.620 1.630 
lit 0.609 0.565 0.523 0.495 0.476 

B.  Wt. 7.952 7.-952 7.953 7.953 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 7.952 7.953 7.953 7.954 
dia 1.600 1.610 1.615 1.620 1.630 
Ht. 0.639 0.680 0.565 0.534 0.507 

D.  Wt. 7.952 7.952 7.953 7.953 7.954 
dia 1.630 1.630 1,630 1.630 .1.630 
Ht. 0.639 0.509 0.551 0.529 0,514 

E.  lit. 7.952 7.952 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. Nil 7.958 7.953 7.950 7.950 
dia Nil 1.630 1,630 1,630 1.630 
Ht. Nil 0._63e 0,509 0.556 0.543 

G.  Wt. 
dia 

Nil 
Nil 

7.953 
1.630 

7.953 
1:630 

7.950 
1.630 

7.950 
1,630 

Ht. Nil 0.657 0.605 0.575 0.552 
H.  Wt. Nil 7.953 7.950 7.950 7.950 

dia Nil 1.630 1.630 1,630 1,630 
Ht. Nil 0.674 0.623 0.591 0.557 

--_ 	 _ww~_ 	 rnw~_w_-_r-~_r_w_ 
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Figs. 4.16 to 4.19. It is noted that*  (i) sintered poro-

sity is always less than green porosity for a given 

compaction load which indicates the occurrence of pore — 

shrinkage stage during sintering, (ii) for a given green 

density, increase in sintering temperature decreases the 

sintered porosity due to the increased mobility of atoms 

and vacancies at higher temperatures which enhances 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 concentrationQ have almost the same sintereci poro-

sity in the sintering temperature range 8500  to 950°C, 

but at 1050°C, the cement copper obtained from solution 

of higher concentration (8.895 gn Cu2+/litre) has higher 

sintered porosity than that obtained from -solutions of 

'lower initial concentrations due to its higher initial 

green porosity, 	removal of which requires long 

sintering time. 

To support the above statements, photomicrographs 

of the various sintered cement copper products are 

given in Figs. 4.20 to 4.23 to show the effect of iron 

powder particle size, sintering temperature, compaction 

load and initial copper concur-ination in solution res-

pectively, on porosity of the sintered products. It 

is observed from Fig, 4.20 that o-ement copper product 
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Size of Iron Powder. 

-75 + 63 microns 

Size of Iron Powder 

-125 + 106 microns 

Size of Iron Powder 

-150 + 125 microns 

Fig. 4.20 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 
Cut / litre, Magnification 100 X ) 



;•''~~  

	

: 	, 
 

• 

•
4.r 1 : , . 	 f 	

• 
	
i 

• :. 	i, 	: * 

,' 	950°C 

• (..yam '~ 
	~ 	

^.: .- 	

~J._ 	 ', 

 I 

Fig. 4.21 Photomicrographs showing the effect of sintering 

temperature on sintered porosity of the Cement 

Copper parts produced by compaction at 2.5 Ton 

load ( Iron powder size: -75 + 63 microns, Initial 

Solution Concentration: 6.354 gm Cu2+/ litre, 

Magnification: 100 X ) 
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Fig. 4.22 Photomicrographs showing the effect of compaction 

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, rlagnification: 100 X ) 
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Fig. 4.23 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 cosrser size has lower 

porosity. Fig. 4.21 thous -h. a.t an, 1ncreaor_.1:siritoring 

temperature decreases sintered porosity. From Fig.4.22, a 

decrease in sintered porosity with increase in compaction 

load is quite clear. Fig, 4.23 tortifies that cement 

copper products obtained from solutions of different 

initial copper concentrations,have almost the same sin-

tered porosity at 8500C. 

4.3..5 Liquid-phase S,interin 

Apart from the above, Liquidy-phase Sintering was 

also applied for sintering of cement copper powder compacts. 

Results of a few tests are given in Table 4.16. It is 

seen t'^ at the cement copper powder obtained from 3.895 9M 

0u2+/litre solution, when c o :ip acted just only at 2.5 ton 

load and then subjected to liquid phase sintering at 

1150°C ,only for five minutes, shows as high as about 21% 

increase in 'density and 13.6% decrease in porosity as 

compared to its green density and green porosity results 

respectively. However, the cement powder obtained from 

3.177 gm Cut+/litro solution when compacted and subjected 

to liquid-phase sintering under similar e xperinental 

conditions,shows only about 4% increase in density and 

2.7% decrease in porosity as compared to the results of 

green density and green porosity respectively. These 

results can be explained as follows; When sintering 

temperature is above the melting point of copper, the 
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molten copper dissolves quickly in the iron. In a 

simple iron-copper system, this, formation of the solid-

solution and the i e'v-ention of the porosity created by 

the removal of the copper particles leads to on expansion 

of the compact. The expansion of the iron reaches a 

maximum with copper contents corresponding to the maxi-

mum solid solubility of copper in iron at the sintering 

temperature; this is about 8% at 1120°C - 1150°C. In-

crease in copper content beyond the solubility limit 

results in formation of a greater amount of liquid phase; 

this promotes the pore shrinkage mechanism associated 

with liquid-phase sintering and can off set the expansion 

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

Photonicxographs of the products obtained from 

3.177 gm 0u2 /litre solution and 8.395 gm Cu2l/litre 

solution are shown in Fig. 4.24. A very low porosity of 

the product obtained from high concentration solution and 

a -  relatively high porosity of the product obtained from 

low solution concentration certifies the results of 

liquid phase sintering. 



~• t 

3.177 gm Cut / litre 

iqo 

.895 gm Cut+/ litre 

Fig. 4.24 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 11500C ( Iron powder size: 

-150 + 125 microns, Magnification: 200 X ) 



CHAPTER-.V 

SUMMARY AND CONCLUSIONS 

The present work leads to the following conclusions: 

5.1 Thermodynamic Studies 

The thermodynamic studies of aqueous copper sul-

phate and ferrous sulphate solutions by E.LF : method 

have shown that 

i) activity eoeff. of copper sulphate decreases with in-

crease in its concentration in pure copper sulphate 

solution. It has been found to obey the following 

expressions: 

2.4048 ~u 	 •• log f = - 	 - 0.004 µ (Heckel relationship) 
1+1.32 '~p 

and 

log f = — 2.0954  

ii) activity coefficients of copper sulphate and 

ferrous sulphate ara increased by the addition of 

sulphuric acid and Harneci' s rule is observed to 

be followed in both the cases. 

iii) activity coefficient of ferrous sulphate decreases 

with increase in its own concentration in pure 

ferrous sulphate solution. It has been found to 

obey the following relationships:, 

log f 	+ 0.1938 u (Guggenheim relation- 
1+ ; µ 	 ship) 
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and 

log f = - 2.4170 GL+1.9893 ( ifµ) 2-0.6425() 3  

This study has not been reported so far. 

iv) activity coefficient of copper sulphate is de-

creased by the substitution of ferrous sulphate 

for copper 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 dependent on concentrations of both copper 

sulphate and ferrous sulphate. 

5.2 Kinetic Studies 

Studies of kinetics of cementation of copper on 

iron using powders have 'shown that, 

i) the cementation is' a first order reaction with 

respect to concentration of copper ion in solu-

tion and, the overall rate of cementation is 

controlled by the mass transport in the aqueous 

solution. 

ii) the rate of cementation increases with increase 

in temperature. The activation energy for the 
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reaction has been found to be 3.0216 Kcal/mole. 

iii) the rate of cementation increases with increase 

in stirring speed. It has been found to obey the 

following mathematical relationship: 

Km,Cu  = B (rnm)(D.2642  

iv) the rate of cementation increases with increase 

in initial copper ion concentration in solution 

upto a concentration of 0.5 gmm Cut+/litre and 

thereafter it decreases with further increase in 

concentration. 

v) ' the rate of cementation decreases and amount of 

excess iron consumption over the theoretical 

amount increases with decrease • in pH. 

vi) the rate of cementation increases with decrease 

in the size of the iron powder and is in good 

agreement with the following relationship: 

6 m K 
log p log  2.303mV P  -- log d 

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 
log p = log 	'VHF  -  + log m 2.33 	d 
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viii) use of hydrogen atmosphere in place of nitrogen 

has hardly any effect on rate of cementation. 

However, in atmospheric air there is a slight 

decrease in cementation rate 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 products 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 be used either for the 

production of those powder rne.tallurgicdl components which 

are normally produced with the help of pure copper 

powders or can be used for extraction of copper through 

melting. 

The extraction of copper by cementation reaction 

with the help of powders will, thus, prove to be more 

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 FU URE WORK 

1) Cementation of metals from alkaline, acidic or 

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 axed silver) from their cyanide 

solutions, or of copper, nickel or cobalt from 

complex amine solutions. 

2) Industrial applicability of the cement metal, 

alloy or composite powders can also be studied 

for the production of specific powder metallur-

gical products such as bushes and bearings. 
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