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ABSTRACT 

This work constitutes a fundamental study of the 

interaction between chelating reagents and oxide minerals . 

The adsorption mechanisms have been elucidated for most of 

the systems generated by the oxides of copper(II) or 

iron(III) and chelating reagents octyl hydroxamate, N­

phenylbenzohydroxamate, salicylaldoxime, 5-nitro­

salicylaldoxime or B-hydroxyquinoline. 

The results of the preliminary work on one of the systems, 

viz. the oxide-hydroxamate system, indicated that the 

classical type adsorption process, in which the reagent 

forms a uniform layer of chelate over the oxide surface was 

not applicable. Rather, the adsorption occurred via the 

formation of a discrete metal-chelate precipitate at the 

oxide surface. 

In order to better understand the 

associated with copper (II) oxide, 

adsorption process 

the oxide was re-

crystallized to produce a coarser material with a more 

uniform surface. This allowed the ox ide surface to be 

viewed under the scanning electron microscope and also 

enabled the relative concentration of "surface" and "bulk" 

chelate to be assessed. 

A detailed investigation of the effect of the system 

variables; pH, conditioning period, concentration, 



temperature, surface area and dispersing reagent on the 

rate of precipitation of the copper chelate species of 

general form, Cu(chel)2' was made. In addition the 

chemical nature of the adsorbed species and the 

structural form of the precipitates were determined with 

the aid of infra-red spectroscopy and the scanning electron 

microscope. On the basis of these results a model has been 

formulated for the adsorption processes. In this model the 

adsorption 

dissolution, 

is considered to occur in stages 

2. metal complex formation, 

1 • 

3. 

chelate precipitation at the oxide surface and 4 . 

chelate formation by post-precipitation processes. 

oxide 

metal 

"bulk" 

The precipitation process was examined in more detail by 

the study of the adsorption of chelate on copper metal. 

The results of this study showed that it was possible to 

relate the structural type of precipitate formed, ie. 

fibrous or platelike, to the degree of supersaturation of 

the metal complex in solution. Furthermore, it was found 

that the precipitate structure determined whether it 

remained attached to the surface or detached. 

Contact angle measurements of air bubbles on copper metal 

conditioned with chelate were related to the adsorption 

results in an attempt to isolate the optimum conditions for 

flotation of oxide minerals. 
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A. INTRODUCTION 

A.1 • General 

Mineral deposits of about 2% copper sulphide content have 

been treated very successfully for many years by an ore 

dressing scheme consisting of a flotation plant and a 

pyrometallurgical installation. 1 The flotation process 

produces a copper concentrate which can be smelted to 

give the metal. However, most of the rich copper 

deposits of traditional copper-producing areas are now 

being depleted and so attention is being focussed 

increasingly on the treatment of low grade sulphide ores 

and also on the recovery of other copper minerals. 

The efficiency of a pyrometallurgical plant designed to 

treat sulphides is reduced by the presence in the feed of 

heavily oxidised sulphides and metal oxides. 1 For this 

reason if low grade deposits and/or copper oxide minerals 

are to be treated, then other mineral processing methods 

need to be adopted. One method relies on the 

efficient flotation of all types of copper minerals by 

the introduction of new types of collectors. The 

concentrate produced is chemically leached (using acid or 

complex forming reagents) to give a solution of metal 

ions, which is further treated to produce a pure 

solution. This is then sent to an electrowinning plant 

where the metal can be recovered. Precipitation and 

solvent extraction are two hydrometallurgical routes 
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which can be used to separate metal ions in solution. 

Another mineral processing technique in which leaching is 

either performed on the ore in situ or from stockpiled 

dumps is restricted to deposits which do not contain any 

acid consuming gangue minerals, such as carbonates or 

clays. 

op ti on, 

Although direct leaching appears an attractive 

the practical problems involved usually favour 

the use of a step to reduce the amount of material 

treated, ie. flotation. 

The selective separation of a specific mineral from a 

complex ore is achieved most efficiently by the froth 

flotation process. 2 In this process the ore is ground to 

a range of particle sizes which are fine enough to give 

the maximum release of the specific mineral from 

associated gangue material and small enough to allow the 

buoyancy of the bubbles to carry the particles to the 

surface, but not so fine as to produce a solid that will 

not have sufficient kinetic energy to collide with the 

bubbles . 

Once the minerals have been released, it is possible, 

through the introduction of certain chemicals (eg. 

colle ct ors, depressants, frothers), followed by the 

introduction of air, to concentrate specific minerals in 

a stable froth. This is achieved because the variations 

in surface properties, such as surface energy and surface 

excess charge between minerals, result in differences in 

"interfacial tensions" which in turn result in 
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differences in wettability. As a result, these 

particles, on colliding with air bubbles are attached to 

the bubbles and are carried to the surface forming a 

froth which is later skimmed off. Most natural 

minerals are hydrated to some degree and in order to 

float these minerals some adjustment of the "interfacial 

tension" is required. This can be done very specifically 

through the adsorption (or immobilization) on the mineral 

surface of organic reagents called collectors. 

Al th ough oxygenated solutions of alkyl xanthates have 

been used for many years in the selective flotation of 

sulphide minerals, there is still some uncertainty as to 

the adsorption mechanism. Some researchers consider that 

the adsorption 2 3 occurs in tw 0 stages, ' 

1. An initial adsorption of xanthate ion via an 

electrochemical reaction produces a monolayer xanthate 

surface coverage, and 

2. Subsequent oxidation of the sulphides resulting in 

the formation of metal-xanthate reaction products by a 

chemical reaction. 

Other researchers consider that xanthate adsorption on 

sulphides occurs only in the presence of oxygen. 4 

Controversy also exists over the relative role of the 

species dixanth ogen in the enhancement of the 

floatability of sulphide minerals. 5 

It is well established that excessive oxidation of 
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sulphide minerals causes a deterioration of their 

floatability when xanthates are used as collectors. 2 

Furthermore, metal oxide minerals are difficult to float 

using xanthate collectors despite the fact that the 

consumption of collector by these minerals is higher. 

The loss of floatability is believed to be caused by the 

detachment of unevenly distributed thick patches of metal 

xanthates. It is 2 argued that as a result of 

excessively strong chemisorption bonds developing between 

the metal ions and the xanthate ions, the lattice bonds 

within the oxidised layer surrounding the sulphide 

particles are disturbed to such an extent that adhesion 

of the covalently bonded metal xanthate to the underlying 

substrate representing the oxidized layer is minimal. 

However, when the collector addition is increased to such 

an extent that the multilayer patches of collector 

reaction products are no longer isolated but a continuous 

layer of these products envelopes each particle, the 

floatability of the particles improves. The reason for 

this is that the initial weak adhesion to the substrate 

is now strenghthened by lateral bonds existing within the 

continuous layer surrounding the particle. The weak van 

der Waals bonds are sufficiently numerous to be capable 

of withstanding the disruptive forces acting 

particle-bubble aggregate. 2 

on the 

At present there are two methods used commercially to 

prepare oxidised sulphides and copper oxide minerals for 
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flotation. 6 The Zairean copper mines have used, with 

some success, a fatty acid collector that consisted of a 

3 : 1 mixture of a palm oil and fuel oil. 6 However, th is 

collector lacks selectivity and also is restricted to the 

treatment of ores which only contain siliceous gangue 

minerals. The other important flotation method requires 

the conversion of the oxidised surface layer to a 

sulphide through the introduction of sodium sulphide. 7-

16 The sulphidized mineral is then floated in the normal 

way with xanthate acting as the collector. 

Unfortunately, this process is difficult to control "since 

an excess of the hydrogensulphide ion (HS-) in solution 

can act as a depressant for sulphide minerals. 

Consequently, it is necessary to add the sodium sulphide 

in stages and then to aerate for a limited period. Some 

researchers maintain that the important role of the 

sulphidizing agent is to pr oduce the necessary 

hydrophobic conditions for dixanthogen to be adsorbed on 

the mineral surface. 13 

Mineral processing chemists have been attracted to the 

possible use of chelating reagents as collectors ever 

since analytical chemists demonstrated that these 

reagents could complex selectively to specific metal 

. 17-23,26-43 
1 ons. Ideally, it was hoped that the addition 

of a chelating collector would result in a more efficient 

rec overy of a higher grade metal concentrate. 

Unfortunately although laboratory tests have shown that 
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the technique has potential, they have yet to be adopted 

commercially . This is partly as a result of economic 

considerations but also because flotation plant results 

were not promising . 

There have been a number of attempts to understand the 

mechanism of the adsorption of chelates on oxide 

copper minerals . 17- 23 , 32,34 Cecile and co-workers 

in France observed at low surface coverages 

type 

17-20 

of 

salicylaldoxime on malachite that the surface infra-red 

spectrum resembled a basic mono-salicylaldoximate copper 

complex which was transformed into a bis-

salicylaldoximate copper complex with higher surface 

coverages. However, 21-23 . other researchers recogn1zed 

that the copper chelate was partitioned between the 

surface and the solution, ie. some copper chelate was 

attached to the surface of the mineral whereas other 

copper chelate was in a dispersed form in solution 

("bulk"). They were able to show that, for their oxide 

sample, only a small proportion of the bis-

salicylaldoximate copper(II) complex actually was 

attached to the surface, but that it was enough to impart 

floatability to the solid. It was prop os edt hat the 

formation of a large amount of dispersed chelate was 

caused by the rapid release of copper ions into the 

solution which resulted in the precipitation of a large 

proportion of the bis complex, away from, rather than on 

the surface. Surface chelate detachment was not believed 
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to be important in generating bulk chelate. 

The present work deals with the results of a study of the 

adsorption of some chelating reagents on some metal 

oxides. Copper(II) oxide was chosen as the substrate for 

the most detailed study because it can be used as a model 

for other oxides of copper and also because it was 

possible to produce it in a pure, uni form, crystalline 

form. As a result the crystalline surfaces contained no 

macrofeatures which can be expected to alter significantly 

the adsorption properties. This work differs 

significantly from other work in the area, in that the 

copper(II) oxide was obtained in such a form. The 

adsorption of two N-O type chelating reagents, viz. 8-

hydroxyquinoline, salicylaldoxime, and one 0-0 type 

chelating reagents, viz. hydroxamate, was investigated. 

These reagents were chosen because 1. their chemistry 

is well documented, 2. they form an ins oluble 

precipitate with copper ions and 3. they are relatively 

stable to oxidation. The nitro substituted derivative of 

salicylaldoxime was also considered. Further, an attempt 

was made to understand the factors which influence the 

partitioning of copper chelate between the surface and 

the bulk solution. This included a novel approach in 

which copper metal was used as the substrate. 
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A. 2. The use of chelating reagents as collectors in 
flotation 

A.2.a) Sulphides 

The most important raw materials for the pr oducti on of 

the n on-ferr ous metals such as copper, lead, zinc, 

nickel, cobal t, molybdenum, mercury and antinomy are 

those which contain these metals as sulphides. In order 

to produce a metal concentrate with a sufficiently high 

metal sulphide content it is necessary to separate 

sulphide minerals selectively from unwanted gangue 

material. This has been achieved very successfully in 

flotation plants thr ough the introductiDn of thio 

collectors. 

Table 1.2 

Some of these organic reagents are shown in 

Punt compolln4 

I. Alcohols 
ROH 

2. C.rbonk ac id 

o 
HO-C" 

'all 

J. C.rblmic Idd 

... Phosphoric u id 

HO,,,,,O 
HO/ 'OH 

,. Ute. 

H.N 
'C-O 

11,,,,/ 

Table 1. ElI.amp!~ of Thio Compounds· 

TlIlo dcri ... ti .. c , IIlllllit I metd 
(M') salt III, h U 1'1.' or K· 

RSH 

0 

R---<J-C' 
'S-(M +) 

R-O-C,i 

'5-(1)1") 

; ' 
R-S-C 

'5-0.t') 

R 

'N-C" 
S 

R/ '5-(1,1') 

R. S 
''t .. -C' 

H/ 'O_It, 

R-O S 

' ,' 
11-0/ ' s-n.!·) 
R-O S 

",; 

Mcrul""ns 

O_alkyl 
monolhiocirbollilci 

O· .Lkyl dithiocarbonllC1 

Alkyl nnthltn 

Alkyl Ir;lhiocatbonl\cs 

Oi.lltyl dilh;oc:arblm~\Cl 

Alk" thionocub.mllc 
ut ... (c., ., Do"" Z·200, 
where 
It, _ C,II,-, R, - C,II,-) 

Monollky! 
ditlliopllo\plli in 

R-O/ 'S-(t.1') 

Oillk~1 ditlliopho.phaltt 
(Acro!loal.) 

Oiphtny! thiou.ea 
(thiocarblni'id.) 

()::
S'-C_S II M.,c.pt<>bo01alhi •• ol" 

- t.: ' (Fla ll.en, Capl ll) 

O,j,btion product or 
the Ihio cleri .... i ... 

itS_Sit (01111.)'1 di1ul~du) 

00 

R-O-C' 'C_O_ R. 

" / S-S 
(C.rbonnc disulfide) 

S S 

tt-O-C" ' C_O_R 
'S-5/ 

(0;.111:),1 c!iuntholenl) 

[R. S 1 'N-C" 
R./ '5_ . 

(Thiurium di."ll1du) 

T~I.nl\y! 

bi" dillliopho'phaln 

(olidltion products 
Inllo.ou, la di"nlho,~ns 
and d i .u lr.d~.) 

• R denot ... nt'npol . ( ,.o .. p, u\Ullly • hydron.bon "our: alky!, aryl. or cyclic . 
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The basic structure of these thio (sulphur containing 

group) collectors, consists of an active part and an )( 
! 

inactive part. The active section comprises an acidic 

and basic sulphur group, which can co-ordinate to a metal 

ion to form a four-membered chelate ring. 24 Four-

membered rings are normally highly strained but in this 

case electron delocalization within the rings exerts a 

counterbalancing effect. In other words, the chelate 

ring can be stabilized if the bond with the metal is 

largely covalent. This is the case for "soft" metals 

such as Cu(I) but not for the alkali metals. This aspect 

is discussed in more detail at a later stage. (See 

section A.4a). 

An extensive research effort has been directed towards 

the understanding of xanthate - sulphide interactions. 

The mechanism is acknowledged to be very complex because 

both the reagent and the solid are capable of undergoing 

chemical reaction to produce a variety of species. 2 A 

detailed review of these studies is considered outside 

the scope of the present work. 

A.2. b) Oxides. 

The recovery of oxidised sulphides and oxide minerals 

through conventional flotation with thio collectors is 

well known to be an inefficient process. 2 Consequently, 

there have been many attempts to improve the process 

through the adoption of new reagents. Chelating type 

compounds have been particularly attractive since their 
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specificity for particular metal ions is well documented 

by analytical chemists. The first recorded use of such a 

reagent, 

Vivian 25 

recovery 

Holman's 

ores and 

borrowed from the analytical chemists, was by 

in 1927. He used cupferron tD improve the 

of cassiterite . Other early attempts such as 

26 

de 

use of dimethyl glyoxime on oxidised 

Witt's 27 use of oximes for copper 

nickel 

oxides 

confirmed the potential of this type of reagent. 

Recently there have been three distinct research schools 

involved in the investigation of the possible application 

of chelating reagents to flotation. An Italian group 

under G. R" II " dAM Marab'nl" 28-30 lne 1 an •• • have been 

particularly concerned with the problem of the processing 

of 

ores. 

cassiterite ores (Sn0
4

, ) and oxidised lead and zinc 

Research in France 17-20 has been directed towards 

improvement in the recovery of oxidised copper and lead-

zinc ores and, more recently, titaniferrous material. 

The American effort has been directed towards increasing 

the efficiency 31-34 of the recovery of chrysocolla (a 

hydrated copper silicate) and haematite (Fe 203 ). The 

results of each research group will be considered 

separately. 

The laboratory for Mineral Processing of C.N.R . in Rome, 

Italy has undertaken a wide-ranging research program with 

the aim of matching reagents to the particular metal ion 

in the mineral and not to the mineralogical form. 
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Initially, they were concerned with the problematic 

cassiterite flotation process. 29,30 It was shown that, 

once a certain amount of salicylaldehyde had been 

ads orbed by tin(IV) oxide, it could be separated 

selectively from a chloritic schist, provided that a 

small amount of fuel oil was added. 29 Examination of 

the oxide with the aid of infra-red spectroscopy revealed 

30 the presence of a surface Sn-salicylaldehyde compound. 

They considered that fuel oil was physically attracted 

onto this initial metal-chelate layer so as to impart the 

extra hydrophobicity required for floatability. Marabini 

et a1 28 have also been concerned with the recovery of 

zinc and lead oxide-sulphide ores (calamine) since Italy 

has good reserves of such ores but has only exploited 

them to a limited extent. They performed initial tests 

with a series of reagents that had appeared, from the 

analytical literature, to be specific for zinc and lead. 

8-Hydroxyquinoline was eventually favoured over pyridine, 

anthranilic acid and quinaldinic acid. Good flotation of 

smithsonite occurred over a wide pH range from 2 to 11 

provided, again, that fuel oil was added. Cerussite 

on the other hand only responded well between pH 

6 and 11 whereas the sulphides, sphalerite and galena 

floated well over the full pH range. Dolomitic gangue 

material was found to complicate the procedure since it 

also consumed oxine and thus showed a limited tendency to 

f loa t, unlike the siliceous gangue which showed no 

floatability. The laboratory scale experiments on a real 



- 12 -

ore showed such promise for good recovery of the zinc and 

lead that it was felt that the only feature preventing 

the use of oxine on a commercial scale was the price of 

the reagents. 

The use of chelating reagents is now being studied in 

great detail by a number of French research institutions, 

in particular at the BRGM in Orleans. 17-20 They are 

concerned with the improvement of the recovery of 

oxidised minerals through the introduction of a collector 

which can adsorb selectively on all minerals containing a 

given element. Their basic premise was that a reagent 

which selectively complexes a metal ion in solution was 

likely to adsorb on minerals that contain that metal. 

The following mineral assemblages were considered. 

1. Copper oxide type minerals such as malachite with 

dolomite or siliceous gangue. 

2. Lead and zinc oxide type minerals such as cerussite 

and smithsonite with similar gangue. 

3. Titanium and zirconium oxide types with ferric 

oxides. 

Initially, 

systems. 

they considered the copper and lead/zinc 

From over BOD different types of chelating 

reagents they chose those which would allow the best 

separation of copper ions or lead/zinc ions from 

magnesium and calcium ions. The criteria used for 

selection were based on the study of the curves of the 
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variation of the conditional formation constant of the 

metal complex with pH. A reagent was considered 

selective for metal ion (1) over metal ion (2) if -

1 1 

logK1 -logK2 >5 
1 

and logK1 >12 

where the conditional formation constant K = 

(MLz ) = the total concentration of the metal complex. 

(r.lz+) = the equilibrium concentration of metal ions 

either simple or hydroxylated. 

= the equilibrium concentration of ligand in 

neutral or acidic forms. 

The suitable reagents were classified in the following 

family types:-

- hydroxyazoic 

OH ~ 
ON=NlQJ 

- beta-diketones 

- polyalkylenediamines R-(-NH-(CH )-N H-)-R 
1 .1" "" 1 

- pyridine derivs. 



- amino acids 

- ox i mes 
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R-N-(CH \~COOH 
• 1 >' 

R) 

A number of commercially available reagents from these 

groups were tested as collectors. Hallimond cell tests 

confirmed that polyethylene amines and amino acids could 

not act as collectors since, although they formed stable 

chelates with the metal, the complexes they formed were 

water soluble. The diketones and oximes were shown to 

work well for the lead and copper minerals. However, 

the flotation order predicted from the stablity constant 

data was not always observed in flotation. This was 

illustrated in the case where acetyl acetone was found to 

float berussite (PbC0 3 ) much better than malachite (a 

copper carbonate) despite the fact that copper forms a 

more stable bond to this ligand. In addition, hydroxy-

azoic was found to float cerussite and not malachite. 

This was believed to be caused by the dissolution of 

surface copper chelate in excess reagent. A fundamental 

study of the interaction between salicylaldoxime and 

copper(II) oxide was also attempted. A critical analysis 

of this work is included later. (see section A.3) 
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Recently these French researchers have concentrated on 

the recovery of titanium and zirconium oxides from ferric 

ox i de. 19 They searched again for analytical reagents 

which would for .m more stable complexes with Ti(IV) and 

Zr(IV) than with Fe(III). The chosen reagents were 

tested for their collecting ability. The best reagent 

for the separation of rutile (Ti0 2 ) from haematite 

was found to be diantipyrlmethane (A). 

Salicylaldehyde (8) and N-benzoylhydroxylamine (C) were 

effective only at low pH's. 

O-~~ 
~ 11 H 

(A ) ( B ) ( c. ) 

The separation of zircon (ZrSi0 3 ) was not very successful 

since in most cases haematite floated preferentially. 

Nevertheless, xylenol orange(D) at a pH 2 gave the best 

recovery of zircon. 
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M.C. Fuerstenau and co-workers, 32 in the U.S.A have 

con f irme d that the formati on of an ins oluble c opp er 

chelate on the surface of chrys ocolla (a hydrated copper 

silicate) was required for fl ota ti on. Potassium octyl 

hydroxamates (E) which was known to form an insoluble 1:1 

copper chelate acted as an efficient collector at pH 6, 

whereas a compound which only formed soluble species, 

such as hexamethylene tetramine (F) did not. 

In fact they were able to identify cupric octyl 

hydroxamate on the surface with the aid of infra-red 

spe ctr osc opy. It was believed that since the pH of 

maximum flotation coincided with the pH of maximum 

concentration of the species, Cu(OH+), that mineral 

dissolution and metal ion hydrolysis were intimately 

involved in the adsorption process. 

Recently Lenormand at al 36 showed that hydroxamate 

flotation of malachite was effective between pH 6 and 10, 

a region in which HC0 3 and CuOH + . 
1. ons were the 

predominant potential determining ions for malachite. 

They considered from adsorption and infra-red data that 
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octyl hydroxamate adsorbed through the displacement of 

surface HCo 3 and oH ions. 

Benzotriazole has also been used successfully to recover 

chrys ocolla 33 although it was found necessary to 

introduce a hydrocarbon to the flotation vessel. From 

infra-red spectroscopic data and zeta potential studies 
-

it has been concluded that the surface species bridged 

two surface copper atoms as shown below. 

One of the biggest drawbacks to the use of new chelating 

reagents in the flotation process has been the cost of 

these materials. However, since solvent extraction 

plants have been commissioned, a new group of products 
_ 21-23 

has been marketed. NagaraJ at Colombia University, 

New York, has investigated the potential use in flotation 

of one group of solvent extractants, viz. the LIX type of 

reagent. These reagents contain an oximic group and an 

hydroxy group. 
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The LIX reagents were demonstrated to be excellent 

collectors for cuprite and chrysocolla. F lotati on 

response of both minerals as a function of pH had maxima 

around pH 5 and pH 10. These maxima were observed to 

correspond to the minima in copper leached from the 

mineral. 

occurred. 

They reasoned that two adsorption processes 

In the first process the LIX adsorbed on the 

mineral and formed the surface chelate responsible for 

the mineral's floatability. This chelate could detach 

from the surface to form bulk copper chelate which they 

showed independently had no collecting property. In the 

second process copper ions were released from the mineral 

in such a manner that chelation occurred away from the 

surface and thus also generated bulk copper chelate. The 

rapid release of copper ions at acidic pH's would favour 

bulk chelate formation which explained the lack of 

f 1 ota ti on at low pH. It was concluded that the 

efficiency of the collector was dependent upon the 

partitioning of the chelate between the surface and the 

bulk and they therefore decided to investigate the system 

more fully. Their results from the study of the 

copperCII) oxide-salicylaldoxime system are evaluated 

later. (see section A.3). 

The selective flotation of haematite through octyl 

hydr oxa ma te 

34,35 It 

addition has attracted interest in the U.S.A. 

was found that the maximum flotation was 
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favoured by conditions such as a high pH, high 

temperatures and long conditioning periods. 34 This was 

considered to indicate that the adsorption of hydroxamate 

by haematite was controlled by the formation of surface 

iron hydroxy complexes. Recently a more fundamental 

35 study has been made of the adsorption process 

these results will be critically discussed later 

and 

(see 

sectionA.3). 

There have been a number of independent studies on the 

potential of other chelating reagents as collectors for 

oxide type minerals. 37-39 Polish workers have 

investigated the potential of 5-alkylsalicylaldoximes as 

collectors in the flotation of sphalerite from dolomite. 

37 

R=H, t1e, Pr, Bu, Pent. 

They found that the adsorption density of these reagents 

on the surface of the minerals decreased in the order ;-

smithsonite, sphalerite and dolomite. An increase in the 

length of the alkyl chain also increased the extent of 

adsorption. However, the best reagent with regards to 

selectivity towards flotation proved to be the propyl 

derivative. 

Atademir et al 38 have attempted to separate scheelite 

(CaW0 4 ) from calcite using 4-tertiary butyl catech 01 

(4TBC). They ch ose this reagent because it was kn Dwn to 
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complex with the tungstate ion . However, they found that 

although this reagent did adsorb and thus induced 

floatability, it was useless as a collector because 4TBC 

was found to be more strongly adsorbed by calcite than by 

scheelite. No attempt was made to identify the nature of 

the surface species. 

A Japanese group 39 
has recommended the use of 

salicylaldoxime (rather than 8-hydroxyquinoline or ~ 

benzoin oxime) as a promoter of xanthate adsorption for 

the flotation of chrysocolla. The pH region for optimum 

flotation was found to be closely related to that for the 

formation of the bis - salicylaldoximate copper(II) 

complex. 

Numerous other types of chelating reagents have been 

tested for the flotation of cassiterite and also for 

certain rare earth element containing minerals. They 

include pelargonic hydroxamate 40-42 (basic constituent 

of the Soviet reagent, IM50), alkyl phosphonic acid 43, 

alkyl (or aryl) arsonic acids, 43 and 

43 
acid. 

sulphonated fatty 

A.3. The mechanism of adsorption of chelating reagents on 

oxide minerals. 

Although there have been a number of studies concerned 

with the use of chelating reagents in the flotation 

process, there has been relatively little research into 

the mechanism of interaction of these reagents with oxide 
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minerals. The important published work in this area will 

be reviewed and critically assessed. 

A.3.a) Nagaraj's study of the copper(II) oxide-

salicylaldoxime system • 

. 21-23 NagaraJ - has contributed significantly to the 

understanding of the relationship between chelate 

adsorption by oxide minerals and their subsequent 

flotation. His approach differed from that of previous 

researchers in that he did not simply measure the 

concentration adsorbed by the residual method. Rather, 

he considered the adsorption in terms of the formation of 

a precipitate of Cu(SALO)2' where SALO is 

salicylal d oxi me, at the oxide surface (surface chelate) 

and in a dispersed form in the solution (bulk chelate). 

He measured the concentration of surface and bulk chelate 

directly by extracting the precipitate into an organic 

solvent. 

Nagaraj related the relative concentration of bulk and 

surface chelate to the flotation response curve as shown 

in fig.1. 

His results showed that, although the concentration of 

surface chelate was significantly smaller than the 

concentration of bulk chelate, the maximum flotation of 

the oxide occurred under condition s which gave the 
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maximum surface chelate. He considered that the 

partitioning of SALo was determined by the solubility of 

both the mineral and the copper chelate. 
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pH during reagentizir..g. 
FiG.1 Nagaraj's data for the partitioning of SALO and 

flotation of CuD with SALO as a function of pH. 

He postulated that at a precipitation edge (betwen pH 1,5 

and 3,0 and also between pH 9,0 and 10,5), the rates of 

precipitation of chelate were expected to be slow unless a 

nucleating centre, such as the mineral surface, existed to 

favour chelate formation (or precipitation). If, on the 

other hand, the conditions were favourable for bulk 

chelation; ego availability of sufficient copper ions or a 

favourable pH for quantitative copper chelate formation, 

then the partitioning of SALo favoured the formation of a 

large concentration of bulk chelate. 
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A criticism of Nagaraj's results (and most other similar 

studies) is the lack of control exercised in the flotation 

experiments. The bubble size, a variable that has a 

significant effect on flotation, was not controlled in his 

method. Consequently, it is considered that the variations 

in flotation response of the oxide were not always directly 

connected to changes in the concentration of surface 

chelate . A possible example of the influence of bubble 

size on the flotation rate was noted in some of Nagaraj's 

supplementary experiments. He found that the rate of 

flotation of the oxide was significantly reduced if the 

oxide was separated from the solution which contained the 

residual reagent and the bulk chelate. 

Nagaraj also assessed the influence of the condi ti oning 

period on the flotation of copper(II) oxide. His results 

for experiments conducted at pH 4,0 and pH 9,0 are 

reproduced in fig. 2 and 3. 
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Fig.2. Nagaraj's data for the flotation 
of CuD with SALD at pH 4. 
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He found that at pH 4,0 the concentration of surface 

chelate remained constant with time, whereas the 

concentration of bulk chelate increased with time until 

the reagent was exhausted. The fact that the surface 

chelate remalned constant was interpreted to indicate 

that it showed little tendency to detach. He did not 

attempt to explain the bulk chelate trend. His results 

at pH 9,0 showed that the concentration of surface 

chelate continued to increase up to 30 minutes 

conditioning but the flotation response started to 

decrease after only 10 minutes. The concentration of 

bulk chelate only increased slightly. 

Nagaraj considered a number of reasons for the above 

anomalies. For instance, he proposed that excess of the 

ligand anion or the complex, Cu(SALo)2' might co-adsorb 

on the precipitate and thus prevent the mineral's 

flotation. However, he did not consider in much detail the 

possibility that the results of his separation of "bulk" 

and "surface" chelate (in essence a compr i mise procedure) / ;. 

could be in error. There could be two major sources of 

err or. Firstly, there could be problems caused by the 

flocculation of the precipitate. The flocculated material 

could have settled at an equivalent rate to the copper(II) 

oxide. This type of prol?lem was only acknowledged by 
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Nagaraj to exist in the experiment in which high 

concentrations of SALO were used at acidic pH values but he 

ignored it under all other conditions. Secondly, s orne of 

the chelate recorded as surface chelate could have been 

only weakly attached and as such could be detached in the 

turbulence of the flotation vessel. The attachment of the 

chelate to the surface is dependent on the physical state 

of the copper(II) oxide surface. Nagaraj's oxide was 

prepared by the oxidation of a copper(I) oxide sample to a 

copper(II) oxide and this could have resulted in weak bonds 

between the surface and inner layers of the solid. This 

type of problem was evident from the results of Nagaraj's 

attempt to reduce the amount of fine material by washing 

the solid in an ultrasonic bath. The effect of this 

treatment on the pore volume, surface area and solubility 

of the oxide is shown in table 2. 

Table 2. 

Nagaraj's data £rom an attempt to reduce the amount of fine 
material in his oxide sample. 

Pore volume Surface area solubili ty 

(cc/g) (ppm) 

Undesllmed 0,1 0,55 10 

Deslimed 0,2 1,09 2,5 

The results showed that the washing process did reduce 

the amount of fines as reflected in the lower oxide 

solubility but it also increased the pore volume and 
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therefore the surface area. The evidence suggests that 

the oxide surface was unstable and tended to detach in a 

way that increased the pore volume. 

Nagaraj also investigated the adsorption of SALo on the 

undeslimed and deslimed samples (see table 2). He found 

that the concentration of surface chelate formed at 

acidic pH values was more or less the same for both 

samples. On the contrary, the concentration formed at pH 

9,0 was substantially greater for the deslimed solid. 

This result was in agreement with the high surface area 

but not with the reduced solubility. It is considered 

that Nagaraj introduced additional complications such as 

differences between inner pore surface and outer surface 

by his choice of substrate. The present author therefore 

considered it vital to synthesise a more uniform, 

crystalline copper(II) oxide surface on which to study 

the adsorption of chelating type reagents on oxide 

minerals. 

A. 3.b) Cecile's study of the malachite-salicylaldoxime 

system. 

The aim of this work was to determine the nature of the 

species present on the surface of malachite, 

(oH)2' when it was reacted with salicylaldoxime (SALo) at 

a specific pH. 18-20 
In the first place Cecile derived 

the adsorption isotherm shown below by the residual 

method, ie. he determined the adsorption density from the 
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differences between the reagent concentration before and 

after mineral addition. His isotherm is reproduced in 

fig. 4. 
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Fig.4. Cecile's data £or the variation 
in adsorption density of SALO on 
malachite (pH ambient,time 600sec s) . 

Cecile found that after a poorly defined plateau, the 

adsorption density increased sharply. This was probably 

caused by the onset of the precipitation of Cu(SALD)2' 

Cecile next attempted, with the aid of infra-red 

spectroscopy, to determine the surface species involved. 

He measured the infra-red spectra of the following 

compounds in order to compare these spectra with the 

surface spectrum of the SALD coated malachite. 

1. Salicylaldoxime, H2L 

2. Bis-salicylaldoximato copper(II), Cu(HL)2 



- 28 -

3 . Ba sic-mono- s alicylaldoximato copper(II) , 

Cu(HL)DH or CuL 

The s urface spectrum at high concentrations of SALD was 

found to resemble the bis comple x , whereas at low SALD 

concentrati ons the spectrum wa s found to resemble the 

mono basic complex. The 

N-D stretching vibrations 

vibrations for aromatic or 

change in the intensity of the 

at 119b cm- 1 and deformation 

alipathic C-H at 1220 cm- 1 and 

1295 -1 cm was shown to correspond to the sharp increase 

in adsorption density . These results are illustrated in 

.I !O Ii: IIS2 emO

' 

fig. 5. 

Li= l l l ~ c:m" 

j' 
./ 

/ 
. ~f'----;---~ 2 .3 • I l 

AdSOrptiO~ density ,mo l es . m- 2X10 - 5 . . 
Fi&.5. Cec il e 's data on the variation i n peak height as 

Cecile 
a £unct i on o~ SALO ads orption density. 

therefore concluded that the first step in the 

ads orpti on of SALD on malachite was a two-dimensi onal 

ordering of the comple x ing agent. The ne x t stage 

corresponded to a three-dimensional organizat i on of 

several l a yers of complexes resulting from the removal of 

copper ions from the surfa ce. His proposed scheme is 

represented below. 
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Recently Cecile, in conjunction with a number of European 

research institutions, 19 has re-investigated the nature 

of the surface species. They have applied Fourier 

transform interferometry, which has enabled them to 

extend the wavelength range studied and also to detect 

minor absorption peaks. Their results confirmed the 

existence of absorption peaks similar to the bis and 

basic mono-salicylaldoximato complexes. However, they 

also identified numerous peaks which they could not 

attribute to any known compound. It must be concluded 

( 
that the nature of surface species is more complex than 

it had been previously assumed • 
../' 

Cecile and co-workers 19, have also attempted to use ESCA 

to study the nature of the surface species on SALD coated 

malachite. ESCA (electron spectroscopy for chemical 

analysis) is an analytical technique which allows the 

identification of the surface atoms. It can also be used 

by comparing surface spectra and reference compounds 

spectra to determine the type of surface species present. 

Unfortunately Cecile's results were not very conclusive 

because: 1 • the spectra of the basic mono and bis SALD 

copper complexes were very similar, 2. the peaks of 

malachite tended to interfere, and 3. the surface 

coating was not uniform . They were unable to confirm 

their adsorption mechanism which they had proposed 

previously on the basis of infra-red data . 

Cecile has concentrated on the charac t erization of the 
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surface species present on SALo coated malachite. 

However, the present author considers that Cecile and his 

co-workers have neglected to consider in any detail the 

mechanism for the conversion of the surface species from 

a two-dimensional to a three-dimensional ordering. It is 

considered that it is the degree of adherence of these 

multilayers of copper chelate to the malachite that 

dictates the efficiency of the recovery of the oxide. 

Furthermore, study of the precipitation of metal chelates 

on surfaces would be an important contribution to the 

understanding of oxide-chelate interactions. 

A.3.c) Fuerstenau's study of the haematite CFe 2o)) 

octyl hydroxamate system. 

D.W. Fuerstenau et al have studied the interaction of 

octyl hydroxamate on synthetic hae rna ti te thr ough 

adsorption studies, electrophoretic measurements and 

infra-red spectroscopy.35 He proposed an adsorption 

mechanism in which hydroxamic acid molecules reacted with 

Fe-oH sites to produce a monolayer coverage of an iron 

hydroxamate complex. Physisorption of further 

hydr oxama te through either H-bonding or hydrophobic 

bonding through the alkyl groups led to multilayer build 

up. 
o-c...-R. F< ! 
o -N-H 

I 
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I 
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H ydr oxami c a ci d molecules rather than the hydroxamate 

anion were believed to be involved since the maximum 

ads orpti on occurred at a pH which corresponded to the 

point of zero charge of the haematite, viz. pH 8,5. 

Fuerstenau considered that the adsorption of ions was 

unlikely since if this was the case, a greater 

sensitivity of the adsorption to pH would be e xpected. 

The adsorption isotherm at 20 0 C shown in fig. 6 clearly 

indicated a plateau at an adsorption density value of 

about 6,7-7,5 x 10- 10 moles. cm- 2 which Fuerstenau thought 

was probably caused by .the formation of a mon6layer. 
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Interestingly , he f ound that an increase in temperature 

result e d in a significant incre a se in the adsorption of 

hydroxamate such that, the adsorption density at 60 0 C 

corresp onded to many layers. He attempted to explain 

this f a ct by prop osing th at at higher temperatures the 
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surface chelate formed, might have had a greater tendency 

to displace iron from the surface sites and interact then 

with hydroxamic molecules in the vicinity of the surface 

to form 1:2 and 1:3 complexes. The following scheme was 

visualized. 

Infra-red spectroscopic 

O=c.-R 
r:e./ + 10K-

\O-N -H 1:1 <4mpl .. ( • .!.) 

1\'1 
Fe (XM)l" 

low-

'\:01\-

~()<"'ll oK 
(o.cI.s) 

Fe. (OHt X M 
( o.,).s) 

investigation of haemati te 

conditioned with hydroxamate confirmed the presence of 

hydroxamate complex at the surface . Fuerstenau 

considered that it was possible to distinguish between 

the infra-red absorption bands of ferric hydroxamate and 

the physically adsorbed hydroxamate. 

The present author considers that Fuerstenau did not 

investigate in sufficient depth the possibility that 

hydroxamate ads orbs as FeCXM)3' al though it is 

acknowledged that he did allude to its possible presence. 

It is considered essential that the relative role of 

adsorption of hydroxamate by displacement of surface 

groups, the precipitation of iron hydroxamate and iron 

hydroxy hydroxamate complexes and the physisorption of 
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hydroxamate be determined. The iron (I II ) oxide-octyl 

hydroxamate system was re-investigated with this aim in 

mind. 

A.4. Metal complexation. 

The tendency for a metal ion and a ligand to associate 

together to form a metal complex is expressed as a 

stability constant, ~, as defined below. 

h (M x+) d t th t t· f th were correspon s 0 e concen ra ~on 0 e free 

metal ion at equilibrium, (L -) corresponds to the 

concentration of ligand anion at equilibrium and 

(MLy(x- y )+) correponds to the concentration of the metal 

complex at equilibrium. 

Stabili ty constants of many reactions have been 

extensively reported and compiled. 44,45 There are 

three factors that are directly resp ons ible for the great 

range in the values of these constants. 24,46,47 

1. The bonding properties of the ligands which can be 

expressed in term of the concept of "hard" and "soft" 

acids and bases. 

2. The ability of many ligands to co-ordinate to a metal 

ion through more than one centre, producing five or six 

membered rings. 
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3. The preferred stereochemical arrangement of bonds 

about metal ions. 

A.4.a) "Hard" and "Soft" acids and bases. 

A ligand is described as a "soft" base if the donor atom 

is of high polarizability and it possesses empty, low 

lying molecular orbitals. Such a donor atom is usually 

of low electonegativity and is easily oxidised. 

C onversel y, in a "hard" base the donor atom is of low 

p olarizabili ty, hard to oxidize, has a high 

electronegativity and it's empty mole c ular orbitals are 

of high energy. Similarly, a metal ion is classified as 

a "soft" acid if it is of low charge, large size, and has 

several easily excited outer electrons. Conversely, a 

metal ion is a "hard" acid if it is of high positive 

charge, small size and lacks easily excited outer 

electrons. The classification of metals and ligands as 

"soft" or "hard" . . . t bl 3 and 4. 46 1S g1ven 1n a es 
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It has been generalized that metal complexes are usually 

more stable if they are formed between "compatible" metal 

and ligand types. The bonding between a "hard" metal and 

"hard" ligand gives the maximum electrostatic interaction 

with the resultant high stability. This electrostatic 

bonding model explains the increase in stability of metal 

hydroxides with an increase in charge to radius ratio. It 

is also useful in the explanation of the general increase 

in stability of high spin complexes of the divalent ions 

of the first row transition metal ions . 

The . 2+ 3+ radii of these ions vary ~n the order Mn >Fe > 

natural order of stability (Irving-Williams order). A 

highly deformed cation ("50ft") such as Cu+, Ag+ and Au+ 

forms stronger complexes with CN ,I and HS than with 

OH-, F-, and H
2
0. These transition elements in their 

low oxidation states have high d electron densities which 

can be transferred to a ligand via !l bonding. This 

transfer increases the covalent nature of the bond. 

A.4.b) Chelation. 

Many molecules or ions contain more than one donor atom 

and it may be sterically possible for them to co-ordinate 

one metal at two positions in it's co-ordination shell. 

This multidentate type bonding imparts extra 

thermodynamic stability to metal complexes which is 

,) , ,, 
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usually termed the "chelate effect". This effect is 

considered to be related to an increase in entropy. This 

entropy change could be caused by a number of factors, 

such as changes in translational entropy (change in the 

number of species), changes in rotational entropy of the 

ligand through loss of internal rotation with ring 

closure, changes in solvation entropy of the metal ions 

and the ligand and an entropy change arising from the 

ligand assuming the necessary conformation to co-

ordinate to the metal ion. 26 

In general, it has been observed that ligands which do not 

contain double bonds form very stable products containing 

5-membered rings. Ligands that contain double bonds, such 

as acetyl acetone, form very stable metal complexes 

containing 6-membered rings. 

Metal chelates can be formed through the co-ordination of 

two groups (bidentate) or many groups (multidentate). 

Bidentate ligands can be subdivided into those with two 

basic groups, two acidic groups and one acidic and one 

basic group. The most important chelating ligand 

containing two basic groups are th ose which have two 

nitrogen groups, such as ethylenediamine and 1,10 

phenanthr oline. They form very stable, water s olub le 

metal complexes. Simp le in organic acids, such C0
3 
2-as , 

and and organic dibasic acids, such as 

oxalic, or malonic, chelate to metal ions through two 

acidic functional groups. The metal complexes produced by 
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the reaction of a metal ion and a molecule which carries an 

acidic and a basic functional group are designated as 

"inner" complexes. For example, a divalent metal ion, M2+ 

with a co-ordination number of 4, reacts with a monobasic 

acid, HR as follows :-

M2+ + 2HR ~ MR2 + 2H+ 

The uncharged metal chelate often resembles an organic 

compound in its physical properties. In fact they are 

often soluble in organic solvents. This group of 

chelates is the subject of the present study, since they 

form insoluble metal chelate precipitates which, it is 

suspected, can adsorb on the mineral surface. Examples 

of chelates with an acidic and basic functional group are 

8-hydroxyquinoline and salicylaldoxime. 

A.4.c) Stereochemical. 

The stability of a metal complex is enhanced if the 

stereochemistry of the ligand allows the metal ion to 

adopt its natural coordination structure. This is 

illustrated in the case of the metal coordination of the 

straight chained , 

CH 2 CH 2 NH CH 2 CH 2 

N(CH 2 CH 2 NH 2 )3· 

triethylene tetramine, 

and the branched chained version, 

The former group easily forms 

a square planar structure with the metal, whereas the 

latter is prevented stereochemically from doing so and 

thus loses some stability. Strained bonds are often 

formed when a chelating reagent contains a substituent 
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that interfered with its coordination. For example -2-

methyl-8-hydroxyquinoline has a lower stability than 8-

hydroxyquinoline or 4-methyl-8-hydroxyquinoline because 

of the interference of the methyl group. In addition, 

the inclusion of a bulky alkyl group in N-substituted 

ethylenediamine decreases the stability of the copper 

complex as the size of the substituent increases from CH 3 

to n-C 3H7 • 
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B. SCOPE OF THE PRESENT WORK 

B.1. General 

Copper oxide minerals create unique problems in a 

flotation circuit, because they appear to require an 

excessive adsorption of the traditional collectors to 

become readily floatable. This can be overcome to some 

extent, by firstly sulphidizing the oxide surface by the 

addition of sodium sulphide, and then adding the 

collector. This process has not proved generally 

acceptable since it is difficult to operate successfully. 

Consequently chelating type reagents have been tested and 

shown to enhance copper oxide mineral recovery. The aim 

of the present study was to attempt to understand in a 

fundamental way the mechanism of adsorption of chelating 

reagents on oxide minerals. Preliminary experiments on 

iron(III) oxide and copper(II) oxide .were conducted in an 

attempt to formulate a general mechanism for the 

adsorption process. 

B.2. Preliminary Work 

8.2.a) Iron(III) oxide system 

In order to establish techniques of study of adsorption 

on oxide minerals an attempt was made to repeat some of 

Fuerstenau's 35 - octyl 

hydroxamate system. The iron(III) oxide available was 

found to have a much smaller relative surface area (i.e. 

larger particle size) than that used by Fuerstenau. On 
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the basis of these results it was suspected that the 

adsorption did nat occur by a simple displacement of 

surface ions but rather by the formation of a metal­

chelate precipitate, Fe(XM)3' where XM = hydroxamate. 

Further studies with this type of ligand were made with 

the iron(III) oxide N-phenylbenzohydroxamate system. 

This was chasen because it has the advantage of · high 

absorptivity, which made it possible to measure the 

concentration of the precipitate adsorbed 

spectrophometrically. Studies were also made with re­

crystallized iron(III) oxide which had a lower relative 

surface area and a larger particle size. The larger 

particle 

of the 

size facilitated electron microscope examination 

surface. This work was not developed in greater 

detail because the copper(II) oxide system was considered 

more important. 

B.2.b) Copper(II) oxide system 

The scope of the preliminary study was extended to 

include the adsorption of octyl hydroxamate on copper(II) 

oxide. Firstly, the concentration of reagent adsorbed 

was determined by the residual method. On the basis of 

these results it was suspected again that the adsorption 

might involve metal-chelate precipitation. In order to 

assess the relative concentration of the precipitate, 

Cu(XM)2' where XM = hydroxamate, formed under different 

conditions it was necessary again to use the reagent, N-

phenylbenzohydroxamate. This was partly because of the 
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need to analyse for the copper complex and also because 

the precipitate of the octyl derivative was insoluble in 

organic solvents. The precipitate could therefore not be 

the oxide surface to allow the extracted from 

concentration to be measured. The overall results 

suggested that the precipitation step was very important 

in the absorption process. It was therefore decided to 

investigate the copper(II) oxide system in more detail. 

8.2.c) Sulphidization process 

In a preliminary investigation it was considered of 

interest to study briefly the effect of the sulphidization 

process on the adsorption of reagents on copper(II) oxide. 

The investigation was concerned with the effect of sodium 

sulphide addition on the physical appearance of the oxide 

surface and on the adsorption characteristics of the 

xanthate ion. The results proved interesting in that the 

adsorbed material was not a uniform, smooth layer but 

rather a group of isolated patches of crystallites. It was 

considered outside the scope of this study to develop this 

research direction in great detail because of the 

complications introduced by the possiblity of oxidation of 

the sulphide. 
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B.3. Detailed Work 

B.3. a) Substrate choice 

Instead of naturally occurring tenorite or commercially 

available copper(II) oxide it was decided to study a re-

crystallized sample for the following reasons : 

1) In the preliminary work it was shown that the 

formation of copper-chelate precipitate was an important 

feature of the adsorption process. It was considered 

necessary to be able to distinguish between precipitate 

attached to the oxide surface (called surface chelate) 

and precipitate dispersed in the solution (called bulk 

chelate). This can be achieved by the exploitation of 

the difference in the specific gravities and therefore 

the settling rates of the oxide and the precipitate. 

However, for this method to work reasonably well, the 

copperCII) oxide particles were required to be 

sufficiently large so as to settle very rapidly. Reagent 

grade copper (II) oxide as supplied by most chemical 

supply houses has a very small particle size (surface 

1,00 
2 

The crystal size therefore area m /g). was 

increased by the re-crystallization of the oxide, 

2) the new oxide surface was smooth and uniform which 

made it easy to distinguish the surface chelate with the 

aid of the scanning electron microscope, and 

3) it was considered important to produce a material 

which was free of any obvious surface imperfections such 

as pore spaces, cracks, indentations etc. These sites 
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were considered to be possibly different to the bulk of 

the solid and so capable of having an influence on the 

adsorption process. Furthermore, it was considered that 

the access of solutions to and from pore spaces, for 

instance, would be substantially different from the more 

exposed areas of the surface. 

B.3.b) Reagent Choice 

The following features influenced the choice of chelating 

reagent for the adsorption studies. 

1) The reagents contained groups such as nitrogen and 

oxygen (i.e. "hard" bases) which strongly complexed 

copper(II) ions. The literature values for the formation 

constants 

choice. 

of the copper complexes were consulted in this 

2) The reagents contained an acidic and a basic group, 

ego 0-0 and N-O types, which complexed to copper(II) ions 

to form a water insoluble precipitate. 

3) The copper complex was soluble in a common, water 

immiscible organic solvent, such as dichloromethane. The 

solvent could therefore be used to extract the copper(II) 

complex from the oxide surface and also from the bulk 

solution. 

4) The reagent contained a chromophore with a high 

extinction 

absorption. 

co-efficient and high wavelength of 

This allowed the easy measurement of low 

concentrations of the copper(II) complex by 

spectrophotometric means. 
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Three types were eventually chosen: 

substitiuted derivatives At 9 =NOH 
1) Salicylaldoxime and 

2) 8-Hydroxyquinoline 00 OH 

3) N-phenylbenzohydroxamate 

8.3.c) Experimental Approach 

The approach can be subdivided into three main sections: 

1) The determination of the concentration of metal-

chelate precipitate present on the copper(II) oxide 

surface and in a dispersed form in the bulk solution. 

The influence of variables such as conditioning period, 

surface area, pH, temperature and dispersing agents (eg. 

gum arabic) on the formation of the precipitate was 

assessed. 

2) The scanning electron microscope was used to 

distinguish the presence of the surface chelate and also I 
to ascertain the distribution and structural nature of 

the gr owth . 

3) The chemical nature of the surface species was studied 

with the aid of infra-red spectroscopy. 

4) Supplementary experiments were performed in an attempt 
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to understand more about the factors which control metal­

chelate precipitation. In this regard a copper metal 

substrate was found more suitable than the copper(II) 

oxide particles. 
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C. PRELIMINARY WORK 

The aim in this section was to formulate a general 

mechanistic framework for the adsorption process. This 

would enable more detailed experiments to be designed to 

test the model. These will be discussed in section D. 

C.1 Experimental 

C.1.a) Materials 

Commercially available iron and copper oxides were used 

for the · adsorption experiments. The surface area was 

determined by the standard Krypton B.E.T. method at the 

Council for Mineral Technology, Randburg, South Africa . 

i) Iron(III) oxide (Merck chemicals, pro analysis), 

2 surface area 1,80 m /g. 

ii) Copper(II) oxide (B.D.H., 

2 

reagent grade), surface 

area 1,00 m /g. 

iii) Recrystallized iron(III) oxide. A 1:1 mixture of 

sodium tetraborate and 100% pure iron(III) oxide was 

heated in a platinum vessel at 1200 0 C for one hour. The 

melt was cooled at a rate determined by the crystal size 

required. The re-crystallized iron(III) oxide was 

removed from the crucibles with a hot dilute mixture of 

nitric and hydrochloric acids. All fines were removed by 

washing the solid in an ultrasonic bath. 
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C .1.b) Reagents 

N-phenylbenzohydroxamate (NPBA) was purchased from Merck 

chemicals . Potassium octyl hydroxamate - one mole of 

potassium hydroxide (56 g) in 140 ml of methyl alcohol 

was combined with 0,6 mole of hydroxylamine hydrochloride 

(42 g) in 240 ml of methyl alcohol. The solution was 

cooled to 10 DC and filtered. Methyl octanoate (0,33 

mole, 53 g) was periodically added to the filtrate at 

40 DC. The mixture was cooled to DoC and filtered to 

collect the hy dr oxa mate . Purification was achieved by 

re-crystallization from hot alcohol solution . 

C.1.c) Analysis 

C.1.c.i) octyl Hydrox amate 

A standard calibration curve for hydroxamate was 

determined as follows: 5 ml of hydrox amate solution of 

known concentration was added to a fixed volume of 

iron(III) perchlorate (10 ml) and the absorbance at 521 

nm (NPBA = 512 nm) measured spectrophotometrically. The 

solutions obeyed Beer's law up to an absorbance of 0,8. 

The iron(III) perchlorate solution was prepared as 

follows: A mi x ture of 5 ml 70% perchloric acid and 1 ,16 

9 iron(III) chloride was evaporated to dryness. The 

residue was e x tracted with 10 ml water and this was added 

to a 500 ml volumetric flask. Ethanol and 70% perchloric 

acid were added alternately until 25 ml perchloric acid 

had been added. 

volume. 

The solution was cooled and ma de up to 
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C . 1.c.ii) Tris-N-phenylbenzohydroxamate iron(III) 

A precipitate Fe(NPBA)3 was generated by adding an 

alcoholic solution of the reagent to a dilute aqueous 

solution of ammonium ferric sulphate. A stock solution 

of known concentration was prepared by dissolving a known 

amount of Fe(NPBA)3 in dichloromethane. Aliquots of the 

stock solutfon were further diluted and the absorbance at 

wavelength 435 nm measured. The extinction co-efficient 

-1 -1 of 4314 1 cm.mol was determined. 

C.1.c.iii) Bis-N-phenylbenzohydroxamate copper(II) 

A calibration curve for this complex in dichloromethane 

was determined in a similar manner to that for the 

iron analogue. An extinction co-efficient of 

was calculated for the peak at 262 nm. 

C.1.d) Adsorption Studies 

C.1.d.i) Residual Method 

A known mass of oxide (0,2 g) and a known amount of 

hydroxamate solution (13 g, at a set PH) were weighed 

into test tubes. The tubes were sealed and then placed 

in a mixing device that rotated the tube at an 

approximate 40 revs per minute. The apparatus is 

illustrated in fig. 7. This device kept the solid in a 

constant, gentle motion. The temperature was controlled 

by placing the device in a water bath controlled at a 

constant temperature. After the period of adsorption (48 

hrs for iron(III) oxide) the tubes were centrifuged 
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until all the solid had settled. 5 mls of t he liquid was 

then removed and analysed for hydrox amate. The 

adsorption density was calculated by s ubtracting the 

residual number of moles from the original number of 

moles. 

r ot a tior. de v i c e 

IL::) 

~ t ube 

s ampl e holder 

Fig 7 . Mi xing device f or prel i minary adsorp t i on experimen t s . 

C.1.d.ii) Direct Method 

Iron(III) oxide (2,0 gm) or copper(II) oxide was added to 

-3 -1 the solution of NPBA at pH 5,0 (1x10 mol.l ,100 ml). 

After 20 hours of conditioning the solid was centrifuged 

down and the residual concentration of hydroxamate 

analysed. The solid was dried at 110 0 C and then washed 

repeatedly with dichoromethane until the solution 

extracts became clear. The combined dichloromethane 

solution was then made up to a known volume and then 

measured spectrophotome trically at 435 nm or 262 n m. The 

amount of Fe(NPBA)3 Dr Cu(NPBA)2 was then calculated 

using the extinction co-efficients for these compl ex es. 
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C.1.e) Infra-red studies 

Infra-red spectra were recorded on a Perkin Elmer 180 

spectrophotometer using the pressed halide (KBr) disc 

me th od. 
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C.2 The IronCIII) oxide (Fe 20 J ) system 

C.2.a) Results 

C.2.a.i) Adsorption of octyl hydroxamate. 

The concentration of octyl hydroxamate ads orbed by 

iron CI I I) oxide from aqueous solutions controlled at pH 

7,55 and at pH 9,50 at 20 0 C for 4B hrs was measured. 

The hydr oxamate ads orp ti on density was calculated by 

dividing the concentration adsorbed by the available 

surface area of oxide. The adsorption densities are 

given in fig. B together with the results on the same 

system as derived by Fuerstenau. 35 
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The adsorption density of octyl hydroxamate on iron( lID 

oxide (surface area 2,18 m2/g) increased linearly with 

increased equilibrium hydroxamate concentration, up to a 

point where the adsorption density reached a value of 

approximately 7x10- 10 moles. cm- 2 and the equilibrium 

9x10 -4 -1 hydroxamate concentration was mol.l. Similarly, 

the adsorption density for N- phenylbenzohydroxamate 

under equivalent conditions also reached a plateau at 

approximately the same value, viz, 7,7x10- 10 moles.cm- 2 

(see point A, fig. 8). On the other hand Fuerstenau found 

that in his system (Fe 2 0
3

, surface area 7,90 m2/g) that 

the adsorption density (for experiments conducted at 

similar pH values) also reached a plateau at 

approximately the same value but in his case the 

-4 equilibrium hydroxamate concentration was lower at 4x10 

-1 mol.l • Fuerstenau calculated on the basis of the area 

of the polar head of the hydroxamate molecule (25A ) that 

the plateau could co-incide with the monolayer of 

hydr oxa rna te on iron ( lII) 

equilibrium was envisaged; 

Fe-OH( f ) + HXI1 ~ sur ace 

oxide. The following 

FeX~1( f ) + H20 sur ace 

The fact that the equilibrium concentration at which the 

plateau was reached in the present work did not co-incide 

with the value found by Fuerstenau from experiments 

performed at similar pH values, suggests that such a 

simple equilibrium probably does not exist. This is 

reinforced by the observation that the hydroxamate did 
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not desorb from the oxide when the hydroxamate solution 

was removed. In addition Fuerstenau noted that the 

ads orp ti on density increased significantly with an 

increase in the equilibrium hydroxamate concentration 

after the plateau had been reached. He ascribed this · 

additional uptake to physisorption of hydroxamate on the 

initial monolayer. In the present work it was found that 

a further hydroxamate concentration increase resulted in 

only a slight addition to the adsorption density at 

pH 7,55 and no addition at pH 9,50. 

Fuerstenau found that when the adsorption experiments 

were performed at higher temperatures and at pH 5,5 then 

the hydroxamate adsorption density was well ab ove 

monolayer coverage (see fig. 8). In fact he showed that 

-10 -2 the adsorption density rose to 20 x 10 moles.em for 

experiments at 60°C. This would give a theoretical three 

layers of hydroxamate on the oxide. The influence of 

temperature on the adsorption of octyl hydroxamate was 

not studied in the present work . However, it was shown 

that the hydroxamate adsorption density on iron ('rrI) 

oxide treated with N- phenylbenzohydroxamate (NPBA) at 

for 24 hours was significantly greater than 

monolayer coverage (point B, fig. 8). 

The results of these experiments indic a ted that the 

adsorption process was probably more complex than was 

originally suggested. Th e system needed further 
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investigation and in this regard it was decided to 

attempt to determine the physical appearance of the 

adsorbed species on the oxide surface. 

2.a.ii) Scanning electron microscope study. 

Iron(III) oxide was re-crystallized in order to produce a 

particle surface on which it would be possible to 

recognise adsorbed species easily under the scanning 

electron microscope. The original material was too fine 

for this type of study. Although NPBA was used for this 

section, it was considered that the octyl derivative 

would show the same type of result since the adsorption 

data had indicated that they behave similarly. 

Micrograph 1: This shows the solid after conditioning 

in aqueous solution without reagent at pH 9,0 for 24 

hours at 25 0 C. The surface was smooth and was almost 

completely free of any visible surface imperfections. 

Micrograph 2: 

NPBA (1 x 10-3 

This shows iron(III) oxide treated with 

mol.I- 1 ) at pH 9,0 at 25 0 C for 24 hours. 

By analolgy to the adsorption results for similar 

conditions it was expected that the hydroxamate 

adsorption density was close to a monolayer coverage. 

There is evidence for the formation of a new solid phase 

on the surface of the oxide. The new feature occurred as 

isolated patches, randomly distributed across the oxide 

surface . 

Micrograph 3: Iron(III) oxide was treated under the 

same conditions as the previous sample, except the 
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temperature was increased to 6S oC. The hydroxamate 

adsorption density was expected to be greater than 

monolayer coverage by analogy to the previous adsorption 

data. A similar growth on the oxide crystal surface was 

again visible under the S.E.M. In addition, the surface 

coverage of the growth was approximately the same as in 

the sample treated at 2S oC. 

This study has shown that some of the adsorbed 

hydroxamate occurred as isolated patches of a new solid 

phase on the oxide surface . These patches were apparent 

even at levels which would only have given a theoretical 

monolayer coverage. In order to account for the 

accumulations of hydroxamate at selected sites and still 

have a total theoretical monolayer coverage, it is 

neccessary to propose that other areas of the surface 

would be unaffected by the reagent. This suggests that 

there is no uniform layer of hydroxamate across the oxide 

surface. It was suspected that the surface growth could 

be tris-N-phenylbenzohydroxamate iron(III), because this 

complex is known to be insoluble in aqueous solution. It 

was therefore considered important to assess the role of 

this complex in the adsorption process. 
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2.a.iii) Formation of Fe(NPBA)r 

It is considered that a precipitate of Fe(NPBA)3 could 

form either on the oxide surface or in a dispersed form 

in the bulk solution. In this section no attempt was 

made to distinguish between the two forms of precipitate. 

The concentration of Fe(NPBA)3 formed could be determined 

because this species was very soluble in an organic 

solvent. It could therefore be extracted from the oxide 

surface and the concentration measured by 

spectrophotometric means. The concentration of Fe(NPBA)3 

formed (which can be converted to a hydroxamate 

adsorption density) is given in table 5. Als 0 included 

in this table is the hydroxamate adsorption density for 

equivalent experiments as determined by the residual 

me th od. 

Table 5. 

'rhe variation \"ith te!!lperature of "the c oncentrc.tion of the p:-ecipitate. 
, ( -} -1 : e(!r!?3A)3,!o=ned from U-pher.j'lbenzonydroxa!!Iate solutio!ls 1::<:10 mol.l 

100ml)ar.d iro~(III ) oxide(surface area ,.eo~2/g) 1. 0g)after 24hrs at pH 5.5 . 

Tecp. Fe (lr?B...\) 3 Adsorpt i on Adsorption Hydroxama t e 
de!lsity(HXI1) dens i t y (H:G1) unaccounted 

°c 
:loles.10-5 calc. ex. ca~c. by for. Fe(lJPBA)}, resid. Qeth. 

(by ex'";raction) 

moles.cm- 2x10- 1O I 
I 

25 0.36 3,00 7.72 4,72 

65 0 , 86 7.17 22,82 15.65 

The results confirm that Fe(NPBA)3 was formed on iron 

(III) oxide treated with the reagent at 25 0 C and at 
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However, the comparison between the hydroxamate 

adsorption density as calculated on the basis of the 

concentration of the precipitate and the adsorption 

density as determined experimentally by the residual 

method indicated that there was a fair proportion of 

hydroxamate .adsorbed that was not accounted for as 

FeCNPBA)3· An attempt was therefore made to determine 

tha chemical identity of the hydroxamate on the oxide 

surface with the aid of infra-red spectroscopy. 

2.a.iv). Infra-red spectra. 

The infra-red results must be considered in terms of the 

experimental problems associated with the measurement of 

spectra of solids dispersed in potassium bromide discs. 

Most authors study the infra-red absorption spectra of 

compounds adsorbed on solids with a very much higher 

surface area than they used for the derivation of the 

adsorption data. This is because the higher the surface 

area of the solid the greater the amount of adsorbed 

reagent in the disc and therefore the greater the 

sensi tivi ty. At high relative concentrations of 

ir on CI I I) oxide transmission of radiation is restricted 

to such a level that a spectrum is no longer obtainable. 

In this study the same samples were used for both the 

adsorption and infra-red studies. It was considered that 

the use of a higher surface area oxide could change the 

type of surface species formed. Unfortunately with this 

material the baseline absorbance due to the scatter caused by 
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the presence of the iron (III) oxide in the disc changed 

rapidly. This caused s light wavelength shifts and it 

also introduced un ce rtainty into the exact intensity of 

the peaks. The problem ·became · sign i'ficant 

when , in order to detect the very low intensities of 

the adsorbed peaks it was necessary to use the maximum 

scale expansion (x20) and noise damping facilities 

available on the instrument. The baseline slope was nO\~ such 

that it was only possible to measure the spectrum over a restricted 

range before the baseline setting needed adjustment. , However, . 

since the baseiine varied in a' constant way it was possible to detect 

peaks of the adsorbed reagent. 

The spectra of the following are i llustrated in figure 9 

and in tabulated form in table 6. 

a) Fe (NPBA)3' This solid was prepared by the addition 

of a NPBA solution to a solution of ammonium iron (III) 

sulphate. 

b) Fe
2

0
3 

was conditioned in a l xl0- 3mol . l- 1 NPBA solution 

for 24 hrs. at pH 5,5 and at 25 °C. The solid was 

centrifuged down and then washed twice with de-ionised 

water and then air dried. 

c) The same condition s as for (b ), except in this case 

the solution temperature was 65 °C. 

d) The Fe 203 from (c) was extracted (ie. washed) repeatedly 

with dicNoromethane. An ultrasonic bath was used to 

assist in the re-dispersion of the solid. 
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(a) 

(c) 

(d) 
3000 2900 1800 1600 1400 1200 

Wavenumber/em -1 

Fig. 9. Infra-red spectra of iron (III) oxide treated with N-phenylbenzohydroxamate. 

(a) Fe(N PBA)3' (b) Fe 203-adsorbed NPBA/2SoC, (c) Fe
2

0
3

- adsorbed NP8A/6SoC, 

(d) Fe 203 -adsorbed NPBA/65°C CH 2 C1 2 extracted. TabhE., 
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The results indicate that some hydroxamate species 

adsorbed on iron(III) oxide. There were a large number 

of similarities between the absorption peaks of the 

iron(III) oxide and Fe(NPBA)r Some weak peaks 

associated with the complex were not detected and some 

additional peaks such as those at 1740 cm- 1 , 

1118 cm- 1 occurred with the iron(III) oxide. 

1380 

The 

-1 
cm and '. 

oxide 

sample that wa~ treated to remove all the Fe(NPBA)3 still 

showed a number of peaks associated with hydr oxa ma te. 

Interestingly, the main peaks for Fe(NPBA)3' - 1 viz .1518 cm 

had disappeared which confirmed that the extraction 

procedure had been successful. The surface spectrum of 

the washed oxide sample did not resemble the spectrum for 

the simple salt of the reagent either. This salt has the 

-1 - 1 most prominent peaks at 1595 cm and 1555 cm • It was 

therefore concluded that the material which remained 

behind on the oxide surface was some other form of iron 

hydroxamate complex. 

C . 2 . b) Discussion. 

The results have shown that the concept of a uniform 

monolayer of hydroxamate adsorbed on iron(III) oxide was 

not applicable. Rather, the adsorption occurred as 

isolated patches of an iron hydroxamate precipitate. It 

was possible to show that some of this precipitate was 

the tris-N - phenylbenzohydroxamate iron(III) comple x . 

However, a large proportion of the hydrox amate adsorbed 
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was not accounted for by this complex. At higher 

condi ti oning temperatures the amount of hydroxamate 

unaccounted for was particularly large. There are a 

number of possible reasons for the failure to account for 

the hydr oxa rna te. 

1) The formation of a very finely dispersed precipitate. 

Hydroxamate in this form would not be accounted for by 

the extraction method. This possibility was considered 

unlikely because there was no visual evidence for it's 

formati on. 

2) The extraction procedure of the Fe(NPBA)3 precipitate 

was inefficient. This reason was .unlikely because t he 

precipitate was very soluble in dichloromethane. 

Furthermore, this would not expl a in the increa s ed loss 

at the higher conditionin~ temp e rature. 

3) The hydroxamate physisorbed onto the precipitate. 

The fact that the concentration of hydr oxama te 

unaccounted for increased with higher condi tioning 

temperature effectively excludes this possibility because 

physisorption is usually reduced under these conditions. 

4) The hydroxamate chemisorbs onto the oxide surface in 

a monodentate form. Fuerstenau has calculated that there 

- 1 1 
is one iron atom for every area of approximately 10 \"1m of 

the iron(III) oxide surface . If a hydroxamate molecule 

could co-ordinate to every available iron atom then a 

-10 - 2 hydroxamate adsorption density of 31,9 x 10 moles. cm 

would result. On the other hand Fuerstenau pointed 
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out that the size of the polar head of hydroxamate 

dictates that if the reagent chelates to one iron atom 

then approximately three iron atoms could be effectively 

covered by the adsorbing hydroxamate molecule. It would 

therefore be necessary for the hydroxamate to bond to the 

iron atom monodentately to allow access to all the 

available surface iron sites. It was hoped that it would 

be possible to distinguish between monodentate and 

bidentate bound hydroxamate on the iron surface with the 

aid of infra-red spectroscopy. The infra-red spectra of 

the oxide surface after the Fe(NPBA)3 had been removed 

was similar to the original except for the absence of a 

few key peaks. Unfortunately without standard spectra of 

hydroxamate molecules in both co-ordination modes it was 

not possible to conclude whether monodentate co-

ordination was a factor. 

5) The hydroxamate forms a chemisorbed layer by the 

displacement of the surface hydroxyl groups. This 

possibility is not favoured because the SEM study showed 

that the adsorbed species occurred as a distinct surface 

feature, even at levels corresponding to monolayer 

coverage. This suggested that other parts of the surface 

would be unaffected by the reagent. 

6) Iron hydroxy hydroxamate complex formation. 

p oss ible 

such as 

that a precipitate of an iron hydroxy 

Fe(OH)(HXM)2 Dr Fe(OH)2HXM (where 

I t is 

complex 

HXM = 

hydroxamate) or some iron hydroxy polymer, could form on 

the oxide surface. These complexes are unlikely to be 
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soluble in an organic solvent and therefore are unlikely 

to be extracted. Unfortunately, the importance of these 

species is difficult to assess because the equilibrium 

data relevant to these species is not available. 

7) Hydration of oxide. The increased adsorption at 

higher temperatures could be caused by an increase in the 

surface area of the oxide available due to breakdown of 

the iron(III) oxide structure and the formation of 

iron(III) hydroxide. 

C.3. Copper(II) oxide system 

C.3.a) Results 

C.3.a.i) Adsorption of octyl hydroxamate. 

Copper (II) oxide (surface area, 1,00 was 

conditioned for 48 hours with octyl hydroxamate at pH 9,6 

at various temperatures. The long conditioning period 

was required in order to achieve equilibrium at all 

temperatures. The variati on in the hydroxamate 

adsorption density with time is given in fig.10 ; 

The hydroxamate adsorption density on copper(II) oxide at 

20 0 C reached a value, viz. 120 -10 - 2 x 10 moles .cm ,that 

was very much larger than the adsorption density on 

iron(III) oxide under similar conditions. The adsorption 

density corresponds to approximately seventeen layers of 

hydroxamate J if one uses Fuerstenau 1 s 35 value for 

theoretical monolayer coverage, viz. 7 x 10- 10 moles cm~2 

At h igher temperatures an even larger uptake of 

hydroxamate by the oxide occurred. Interestingly it was 
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found tha t if the adsorption process was conducted at 

to point A and then the temperature was increased 

to 5S oC then the rate of uptake of hydroxamate was found 

to increase to point B. 

The 
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Fig10.variation ot adsorption density with time for CuO­
oetyl hydroxamate at various temperatures. 

adsorption data after 48 hours can be replotted in 

terms of the usual adsorption density vs. equilibrium 

concentration curve as shown in fig. 11 
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~ o~ ____ ~ ______ ~ ______ ~ ____ ~~ ____ ~ 
?! 0 5 10 IS 20 2S 

Equilibrium HXM concentration/moles.1- 1x10-4 

Pig.11.~dsorpt1on iso therm of oetyl hydroxamate on CUO at 20° C. 

This 36 graph resembles the isotherm derived by Lenormand 

except that the new data showed a slight increase in 

adsorption density at higher equilibrium concentrations. 

He compared his isotherm to the Giles classification of 

. th 48 1S 0 erms and decided that the data resembled a high 

affinity type. He concluded that the hydr oxa rna te 

chemically adsorbed on malachite. However, the present 

author considered that because the amount of hydroxamate 

was so much larger than the theoretical monolayer 

coverage that it was neccessary to consider other 

possible adsorption processes. By analogy to the 

iron( II I) oxide data it was suspected that a copper 

hydroxamate precipitate could be responsible for the 

large uptake of hydroxamate by the copper(II) ox ide. 

This possibility wa s investigated with the aid of infra-

red spe ctr osc opy. 
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3.a.ii) Infra-red study. 

The reagent NPBA, was used in this and subsequent studies 

because it was more soluble. The results for the octyl 

derivative were expected to be similar. 

The results of an infra-red investigation of the copper(II) . 

oxide - NPBA system are shown in figure 12 and in 

tabulated form in table 7. The following spectra are 

illustrated. 

a) Cu(NPBA)2' This solid was formed by the addition of a 

NPBA solution to a copper(II) sulphate solution. 

b) Copper (II) oxide (surface area 1,Om2/g) was treated 

with a NPBA solution for 24 hours at a pH 5,5 and at 25 °C. 

c) Copper (II) oxide was treated under the same conditions 

as for (b) but in this case the oxide was subsequently 

extracted with dichloromethane. 

The spectra illustrated in (b) and (c) were measured using 

the x 20 scale expansion facility. The significant change 

in the baseline slope due to the scatter caused by the presence 

of the oxide in the disc dictated that only a restricted 

wavenumber range could be measured before the baseline setting 

needed adjustment. In the case of (c) only the spectrum 

over certain wavenumber regions were measur e d. 
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-1 Wavenumber/em 

1200 

Fig . 12. Infra-red spectra of copper (II) oxide treated with N~phenylbenzohydroxamate. 

(a) Cu(NP8A)2' (b) CuO-adsorbed NPBA/2S·C, (e) CuO- adsorbed NP8A/2S·C-extraeted C~2CL2' 

Table 7. 

Infra-red spectroscopic data of copper(II) oxide conditioned with 
N-phenylbenzphydroxamate(KBr discs I wavenumber/cm- 1 ). 

--------------------------------------------------------------------
Cu(111'BA)2 Copper(II) oxide 

condit ioned 25°/60° 
Copper(II) oxide 
after extraction . 

--------------------------------------------------------------------
3040(m) 3045 

2920 (~) 2920 

2850(~) 2850 

1582(m) 1580 
Z 

1550(s) 1548 E 

1495(m) 
R 

1457(m) 1456 a 
1430( .. , br) 1435 

115 6(:0) 1155 

1070 (w) 1070 

1035(m) 1035 

1012(m) 1010 

1000(w) 

9 40(m) 938 

s - strong.m"'medium,w"' .... cak.br=broad 

=---------------------------------------------------------------------

1000 
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Copper(II) oxide which was treated with NP8A at pH 5,5 

showed absorption peaks which were very similar to those 

for Cu(NP8A)2. When the treated copper(II) oxide sample 

was extracted with dichloromethane no absorption peaks 

associated with Cu(NP8A)2 were observed. This evidence 

therefore strongly supported the proposal that the 

formation and the adsorption of preCipitate could explain 

the adsorption data. It was therefore decided to attempt 

to measure the amount of the precipitate formed. 

3.a.iii) Cu(NP8A)2 formation. 

An indirect method was used to show that Cu(NP8A)2 was 

formed at the copper(II) oxide surface. The complex was 

removed from the oxide by extracti on into 

dichloromethane. 

in this solvent. 

CU(NP8A)2 was known to be very soluble 

The identity and concentration of the 

complex could then be checked spectrophotometrically by 

the comparison of the absorbance with that of standard 

solutions of Cu(NP8A)2. The concentration of Cu(NP8A)2 

formed when copper(II) oxide was conditioned with NPBA at 

ambient 'pH for 24 hours is given in table 8. 

The results indicated that the amount of precipitate 

formed was very large in comparison to the amount formed 

on iron(III) oxide. In fact the major part of the 

hydroxamate adsorbed could be explained by the formation 

of a precipitate of Cu(NPBA)2. 
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Table 8. 

The [ orma tion of CU (NPa~) 2 on copper( I I) oxide at various 
temperatures.n-phenylbenzohydroxar.tate(1xl0- 3col.1-1 ,100ml) 
Oxide(surface area 1, OOm2/g ,1, Og) 

----------------------- ----------------------------------
Adsorption Adsorption 
density density 

CU(IIPBA)2 

calc. from calc. by 
Cu(NPBA)2 resid. meth. 

(moles .cm- x10- 10 ) 

=- --------------- F=~----------------------------

25 5,82 375 367 

65 5.34 356 367 

C.3.b) Discussion. 

It is clear from the data presented that the adsorption 

of hydroxamate on copperCII) oxide involved the formation 

of a copper hydroxamate precipitate. At a constant 

temperature the concentration of hydroxamate adsorbed and 

therefore the concentraton of precipitate formed reached 

a constant value after approximately 48 hours. This 

plateau probably indicates that release of copperCI I) 

ions from the surface has ceased. This may have been 

achieved by the surface precipitate physically sealing 

the surface from the solution. An increase in 

temperature was found to cause an increase in the 

concentration of precipitate produced. This could have 

been caused by the displacement of the surface 

precipitate which would e x pose fresh copper(II) oxide 

surfaces. It could also be due to an increase in the 
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ability of the copper ions to diffuse through the 

precipitate layer. It was also shown that the adsorption 

density of hydroxamate was larger at higher equilibrium 

hydr oxama te concentrations. This suggests that a 

different structural form of precip~ate might have formed 

on the oxide surface. Different forms of precipitate 

might have different abilities to seal the surface from 

the s oluti on. The result could also indicate that, at 

higher hydroxamate concentration, there was a greater 

tendency for the precipitate to form away from the 

surface or alternatively to detach from it more easily. 

The relationship between bulk and surface chelate was 

investigated further in the detailed work. 

C.4. Xanthate and sulphidization. 

One of the most common ways to treat oxidised copper 

sulphides and copper oxide ores is first to add sodium 

sulphide and then to use a xanthate as the collector. 

The use of xanthates alone has been found to be 

insufficient to cause these minerals to float. I twas 

considered of interest to investigate the interaction 

between these reagents and the re-crystallized copper(II) 

oxide surface, in order that a comparison could be made 

with the chelating reagent - copper(II) oxide data. It 

was also hoped that a contribution could be made to the 

understanding of how the SUIPhidiz ~l~ on process works. ><J 

The extent of reaction of sulphide with copper(II) oxide 
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can be described by combining equations 1 and 2 which 

· describe the solubility of copper(II) oxide and 

copper(II) sulphide respectively, 

(CuO)s 
(CuS)s 
(CuO)s 

20H-' , pK=20,5 -------------1 
pK=38 ---------------------2 

A pK of -7,5 for equation 3 indicates that the formation 

of copper(II) sulphide is very strongly favoured and will 

result in the dissolution of copper(II) oxide until all 

the sulphide has been removed. 

C.4.a) Sulphidizati on procedure. 

2 Re-crystallized copper(II) oxide (1,0 gm, SA = 0,07 m /g) 

was added to a well stirred solution of sodium sulphide, 

(100 ml, 3 gil) at pH 10,0. All traces of sulphide were 

found to be removed from solution within minutes. Under 

the SEM it was possible to identify the presence of a 

surface feature on some parts of the oxide crystal 

(micrographs 4,5) • This feature consisted of a 

collection of very small, ellipsoid shaped crystallites 

of copper sulphide. It was possible to cover the entire 

oxide crystal by the use of higher concentrations of 

sodium sulphide. 

C.4.b) Xanthate adsorption. 

The treatment of copper(II) oxide particles with 

potassium ethyl xanthate resulted in the formation of 

isolated small crystallites on the oxide 
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surface (micrograph 6) . In this regard, xa n thate 

r e a Cj e nts. 
~-

C. 4 .c ) Reacti on - ti'etw een erCII) oxide and 

xanthate. 

Sul phid ized copper(II) oxide (1 , 0 g m) was added t o a 

- 4 solution of potassium ethyl xanthate (1 x 10 mol. -1 
I , 

100 mls) at pH 5,5. The uptake of xanthate by the ox ide 

was monitored directly by passing the sol u tion from the 

con ditioning vessel , via a f il ter and pu mp , to a 

s p e c t r op hot ome t e r • It was clear fr om the r es ul ts that 



_. I 
- l't -

the uptake of xanthate increased with sulphidization 

(fig. 13 , ). In fact, the rate of uptake at pH 10,0 was 

found to be directly proportional t a the level of 

sulphidization of the surface (fig. 11\·). 

It is concluded from these preliminary experiments that 

the sulphidization of a copper(II) oxide surface produces 

a distinct microcrystalline growth of copper sulphide and 

not a thin uniform layer. These crystals can oxidise 

rapidly to release copper ions to solution which can then 

react with the xanthate ion to produce a copper-xanthate 

precipitate. The importance of the sulphidization 

process with regard to flotation is that it probably 

eliminates gr owth of metal-xanthate precipitate at 

localised centres and it therefore encourages the 

precipitate to remain attached to the oxide. Further 

detailed study of the sulphidization process was n~t 

attempted because it was considered too complex to be 

included within the scope of this study. 

, 
~ 

" N , 
5 

" 
pH 5.5 

SvlphJdh. 

o,lgln.' 

'.~--~--~,~.----,~,----,~.--~". 

fig. 1;. Adsoljltlor. of xa.nthate by CuO and 
aulphldlzed CuO. 

o 

IS! 

" N 

' n 
" 
" 

" 

! 40 
o 
n 

E 
" ~ 
~ 

< 
~ 
., 30 

~ 
o 

" -, 
< 

pH 10.0 

°0 10 U 20 2$ 

Concentr3~lon H3 ZS/g.1- ' 

Flg.l+ 'larhtlor: in xanthate adsorption on CuO 
loll th sulph idlzat1c:n !evel. T1..cIIe IOllIim, 



- 75 - I 

D. DETAILED WORK 

The preliminary work discussed in section C suggested 

that chelating reagents adsorb on oxide minerals as a 

metal-chelate precipitate. The present section deals 

with the attempt to understand the factors which control 

the rate of formation of the precipitate and the factors 

which dictate whether it occurred on the oxide surface or 

in the bulk solution. 

0.1. EXPERIMENTAL 

D.1.a) Materials 

D.1.a.1) Re-crystallized copper(II) oxide. Copper(II) 

oxide was mixed in equimolar proportions with sodium 

carbonate and then melted in a platinum crucible heated 

in a conventional furnace. The melt was kept at 900 0 C 

for 20 hours and then cooled slowly. The small, dark, 

highly reflecting crystals of copper(II) oxide were 

repeatedly washed with water to remove all traces of 

sodium carbonate. Batch samples of oxide (50 g each) 

with surface areas 0,07 m2;g and 0,17 m2 ;g were produced 

by a slight variation in the cooling rate. Micrograph 7 

and 8 show the copper(II) oxide before and after 

recrystallization. 
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1t:rG.;ran.~ s . 
. e - C:71ltalJ. cd '''' .( 

D.1. a . iil C op per me tal 

S t andard "Maksal " ph osph orous de - ox i dis e d copper 

cylinders (15 mm diam . ) were used. The specifications 

were, Cu = 99 , 85% , P = 0 ,1 3%. 

D. 1 .b) Ana ly sis 

D.1. b . i ) Sali cy laldox i me and 5-nitrosalicy l aldox ime 

The concentrati on in sol ution of these reagents was 

measured as follows The solution was pas sed directly 

into a flow cell of a spectrophotometer whe re t he 

absorption spectrum was monitored continuously at a fixed 

wavelength . The concentration of r eagent was determined 

from the absorbance by assuming that the Beer - Lambe r t law 

applied. 

D.1 . b . ii) Bis - salicylaldox i mato copper(II) (refe rred 

to as Cu(SALO)2). The same method as adopted i n the 

prelimi nary work for the determination of Cu(NP6A)2 was 
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used (see section C.1.). An extinction co-efficient of 

-1 -1 6667cm .mol .1. was measured. 

0.1.b.iii) Bis-B-hydroxyquinolato copper(II) (referred 

to as Cu(ox)2. The same analytical method as adopted 

for Cu(SALO)2 was us ed, exc ept in t his case a n ex t inction 

co-efficient of 5091cm- 1 .mol- 1 .l- 1 . was measured. 

0.1.c) Infra-red studies 

It is preferable to measure spectra of the surface of a 

solid in situ immersed in the liquid phase from which 

adsorption is taking place. Although there has been 

considerable progress in the development of techniques 

for the infra-red e xamination of surface species in situ, 

50 it is still not possible to do this in aqueous media 

because of the high solvent opacity. This problem can 

only be overcome by the removal of the liquid. The 

sample can then be e xamined directly by diffuse 

reflectance spectroscopy or indirectly as a pressed KBr 

disc by transmissi on spectr osc op y. Reflectance 

techniques suffer from a radiation loss that reduces the 

sensitivity of the technique. In fact it has been 

claimed that the intensity of radiation from a "good" 

diffuse reflector reaching the detector is only about 10% 

of the intensity measured in transmittance spectroscopy. 

51 Furthermore, the measurement of surface species by 

transmission IR spectroscopy is experimentally very much 

easier. However, it is necessary with this technique to 

assume that the presence of the KBr diluent does not 
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affect the nature of the surface species. 

D.1.d) Scanning electron microscope studies 

There are a number of problems associated with the use of 

the S.E.M. to study the formation of a precipitate on 

copper oxide and/or copper metal . Firstly, it is 

necessary to remove the solid from the reagent solution 

because instrument facilities do not offer the option to 

monitor the reaction in situ. Secondly, the S.E.M. 

usually requires that samples are coated with a thin gold 

film in order to increase the conductivity and thirdly 

that they are viewed under a high vacuum. It is 

necessary to ensure that these procedures do not change 

the appearance of the surface features. Fortunately, the 

two substrates were sufficiently good conductors that it 

was possible to show by viewing an uncoated sample that 

this treatment had no effect. In order to prove that the 

vacuum also had no effect on the sample the standard 

electron microscope technique of viewing a mould of the 

sample was used. This confirmed that the vacuum did not 

alter the precipitate morphology. 

D.1.e) Adsorption isotherms 

D.1.e.i) Residual method 

The concentration of SALO adsorbed on copper(II) oxide 

could be measured directly by passing the solution, via a 

filter, into the cell of a UV-visible spectrophotometer. 

This technique was used only in those experiments in 
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which dilute SALD solutions and short equilibrium times 

were employed. 

0.1.e.ii) Extraction technique 

0.1.e.ii) 1 Apparatus 

A number of vessel designs and agitation methods were 

considered. Eventually the apparatus illustrated in fig. 

15 ' was chosen because it gave the most repro'ducible 

results. It also had the following advantages 

1. the size (150 ml) allowed easy control of the pH and 

easy recovery of the oxide, 

2. it was possible to control the agitat i on intensity in 

order to prevent the ox ide from accumulating 

liquid suface, and 

3. the temperature could be controlled . 
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Fi~1S.Experimental appara t us u sed for adsor p t ion studies . 
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Copper(II) oxide (1.0 g) was added to a well stirred 

solution of chelate (100 ml) kept at a controlled pH and 

temperature. 

controlled. 

The ionic strength of the solution was not 

After a set conditioning period the amount 

of bulk and surface chelate was determined. 

D.1.e.ii) 3. Separation of bulk and surface chelate 

The large difference in specific gravity between 

copper(II) oxide,viz. 6,5 and bis-chelate copper(II) 

approx. 1,70 results in a rapid gravitational settli~g of 

the mineral before the bulk or dispersed chelate 

settled. The efficiency of the separation process was 

investigated in the following experiments 

a) the oxide was added to a solution which 

contained the precipitate. The precipitate 

already 

had been 

produced by the addition of enough copper solution to a 

chelating reagent solution to produce Cu(chelate)2 

quantitatively. After a one minute conditioning period 

the oxide was separated from solution and then the oxide 

surface checked for any adsorbed precipitate, and 

b) the oxide was pre-conditioned with chelate solution 

for 5 minutes before the copper solution was added. The 

result of the first experiment was that the oxide was 

recovered free of eny adsorbed material. However, in the 

second experiment some precipitate (over and above the 

amount expected from the pre-conditioning period) was 

found to have adsorbed on the ox ide surface. It was 

concluded that any procedure to separate bulk and surface 
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chelate would be a comprimise. Nevertheless, a 

rees onably satisfactory procedure as summarised in fig. 

16 was adopted. It is considered that the results were 

semi-quantitative and that they did reflect trends. 

, 
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'" entrif 
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Fig.1b.E:x:perirnental schetlc for separation of bulk from 
surface copper chel ate. 

SURFACE 

The contents of the conditioning vessel were transferred 
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to a centrifuge tube which was spun briefly (10 secs, 

1000 revs/min) to accelerate settling of the oxide 

(simple decantation was unsuccessful because of the large 

carryover of oxide on the solution surface) . The 

solution was then separated into two equal fractions, one 

of which was filtered through 0,2fM Millipore filters 

to remove bulk chelate and the other not. The filtered 

and unfiltered solutions were then extracted with an 

organic solvent (usually chloroform) which made possible 

the determination of the concentration of the water 

soluble copper chelate complexes and the concentration of 

bulk chelate. Next, the oxide was redispersed and 

centrifuged at least 8 times in an attempt to eliminate 

weakly attached surface chelate. The wash solutions from 

these steps were combined and then extracted with the 

organic solvent. The concentration of bulk chelate 

determined in the wash solutions was added to the 

concentration determined in the original solution to give 

the total bulk chelate. In the final step the oxide was 

dried at 110 0 C for 30 minutes. The oxide was then 

extracted with the solvent to give the concentration of 

surface chelate. It was important to ensure that the 

oxide was absolutely dry because it was found difficult 

to remove the chelate when even small amounts of water 

were present. The concentration of bulk and surface 

chelate in the organic extracts was calculated from the 

extinction 

complexes. 

co-efficients for the copper chelate 
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D.1.f) Precipitation studies 

The apparatus used in the experiments in which a copper 

metal cylinder (diam.15 mm.,length 50 mm) was rotated in 

a chelate solution (1x10- 3 mol.1- 1 , 250 ml) is shown in 

fig. 17i . 

pH meter " 

I I 

I' 

" 
, 

CU~I 
II 
II 
I' 
I' 

" , ' 

Flg.17-.Experimental apparatus used to study cet al-chela te 
prec i pitat ion: 

The device was rotated (250 revs/min) 

solutions for a set length of time and 

in 

" I, 
I, 
I, 
I, 

the chelate 

then carefully 

removed. The precipitate was either extracted from the 

metal with an organic solvent or viewed under the S.E.M. 
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D.2. SOLUBILITY OF RE-CRYSTALLIZED COPPER(II) OXIDE 

The variation with pH of the copper concentration of an 

aqueous solution after contact with re-crystallized 

c opper (I 1) oxide for 2 hours was measured directly by 

passing the solution int 0 an atomic abs orpti on 

spectrophotometer. The results as illustrated in fig. 

18. show that the copper concentration decreased rapidly 

from a maximum at very acidic pH values to a minimum at a 

pH of between 7,0 and 8,5. At very high pH values the 

oxide again became significantly soluble. 
-1 
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pH 
11 

Flg. 11L Solubility of re - cr:rstalli::cd co!,po::r(!l) oxide a!'ter 2hours 
at 2SOC 

The pH of minimum solubility has been considered to 

represent the point of zero charge of an oxide. 52 

Consequently, copper (II) ox ide can be considered to be 
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positively charged below pH 7,0 and negatively charged 

ab ove pH 9,0. Recently Attia 52 combined together 

various known equilibrium equations, for example 

equations (a) to (e) below, in an attempt to deduce the 

solubility of the solids, copperCII) oxide and copperCII) 

hydroxide in open, aqueous solutions. 

Cuo(s) 
2-

+ C0 3 = CuC0 3(aq)+ 

pK 20,5 -------------------(a) 

20H-; pK 13,73 -------(b) 

2- () 2- - K ° ( ) CUO(s) + H20 + 2C0 3 = Cu C0 3 2 + 20H ; p 3,5 ------ c 

Cu(OH)2(s)= Cu2+ + 20H-; pK 18,8 ----------------------(d) 

Cu(OH)2(s) + 3CO~- = CU(C03)~- + 20H-; pK 7,2 ---------(e) 

The variation with pH of the concentration of copper ions 

in aqueous solution, as predicted by these equilibrium 

equations, was read from the original diagrams given by 

Attia. 52 This concentration is compared in table ,q with 

the results found after 2 hours conditioning for the re-

crystallized copperCII) oxide. The predicted copper 

concentration and the experimentally determined value 

both decreased with increasing pH values. However, the 

solubility of the re-crystallized version at pH 7,0 and 

pH 9,0 was significantly larger than the theoretically 

predicted value. It was expected that the solubility 

would be less than the predicted value because it was 

unlikely that the solutions would have been in contact 



- 86 - : 

with c opper (I 1) oxide long enough for the final 

equilibrium to be achieved. A number of reasons can be 

suggested for the discrepancy between the experimental 

and theoretical values 

1 • the equilibria were more complex than the equations 

allowed for, 

2. the oxide surface is converted to a hydroxide surface 

at high pH values, and 

3. the concentration of CO
2 

in the solution varied from 

the assumed value. 

Table 9. 

Comparison between the copper concentration,x,released from 
re-crystallized copper(II) oxide as determined experimentally after 

2hrs and the equilibrium concentration predicted theoretically,xpred" 

pH Cu(OH)2 CuD 
?e-crystallized I 

CuD 

( Attla's predicted values.) (this work) 

-
/10 CO2 CO 2 No CO 2 CO 2 CO 2 

xpred/ppm 
x/ppm 

5,0 104 104 2x102 2x1:)2 1,3x101 

7,0 1 1 2x10-2 2x10-2 9,Ox10-2 

9,0 6x10-4 1,3x10- 1 3x10- 11 2x10-3 2,2x1O- 1 

10,5 6x10-3 6x102 2x10-4 2 1 • 14 
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0.3. RESULTS AND DISCUSSI ON 

Thi s work is primarily aimed at understanding the mechanism 
of adsorption of chelating reagents on oxide minerals. It 
is not directly concerned with the monitoring of the 
floatability of the oxide, although the underlying assumption 

is that this function is related to the adsorption process. 
This assumption does not imply that the adsorption maxima 
always coincides with flotation maxima (if measured by the 
residual method) because it has already been documented that 
this is not a l ways the case. 21-23 However, it is felt that 

there will be a relationship between the adsorption of reagent 
at the oxide surface and it's floatability, ie. no or little 

adsorption, no or litt l e flotation. In this study an attempt 
has been made to investigate some of the factors, such as pH, 
temperature, surface area and dispersing agents, wh ich it is 
considered could influence the adsorption process. The rate 
of the adsorpt i on process, the chemical nature of the 
adsorbed spec ie s and the structural form of the adsorbed material 
were of particular interest. Furthermore an attempt was made to 
understand the factors which influence whether a reagent 
adsorbed on the oxide surface formed a we l l-attached phase that 
could influence it's floatability or formed a loosely-attached 
or non - attached phase which was unlikely to enhance it's 
floatability. 
The results will be dealt with separate l y in terms of the 

re agent used. 
D3.a) HYDROXAMIC ACIDS 
D.3.a.i.) General Features 
Hydroxamic acids form an important family of c helating reagents 

which have found extensive use in the solvent extraction and 
gravimetric analysis of metal ions. 53 Structurally, 
hydroxamic acids can be represented in their two tautomeric 
forms (I) and (II). 

I-\-N-OH 

I 
R,- C= 0 

N-O\-\ 

\ I 
R- c.. -0\-\ 

R-N-OH 

\ 
(.<.- C=O 

(I) (u) cm; 
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By substitution of the hydrogen atom attached to the 

nitrogen atom in (I) by alkyl or aryl groups numerous N-

substituted hydroxamic acids of type (III) can be 

obtained. The pK value of the hydroxyl varies from 7,05 

for o-nitrobenzohydroxamic acid to 11,33 for N-phenyl n­

butyrohydroxamic acid. 54 

It has been sh own by I.R. and U·V. spectral studies 54 and 

also 54 by an X-ray crystal structure determination that 

complex formation of hydroxamic acids usually takes place 

with the replacement of the hydroxylamine hydrogen by the 

metal ion and ring closure through the carbonyl oxygen. 

Q-N-ol-\ 
I I R-N-O 

I t "'M 
R-C. 0 ). 

1\"-

M 
R-,. - C. ==-0/ 

+ 

1\ 

Curi ously, hydroxamic acids form two types of copper 

hydroxamate precipitates depending on the nature of the 

substituents. 54 

hydroxamate) has been isolated using simple alipathic 

hydroxamic acids such as acetohydroxamic acid; on the 

other hand benzohydroxamic acid gave a bis chelate, CuR 2 • 

D.3.a.ii) N-phenylbenzohydroxamate (NPBA). 

This reagent was chosen in this study for the following 

reas ons. 

1. It was claimed to be moderately stable in air and 

light, and at moderate temperatures. 55 
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2. The copper complex was soluble in dichloromethane. 

3. The dissociation constant for the ligand was well 

known. 56 

4. The formation constants for the 1:1 and 1:2 copper 

complexes had been published. 

5. The formation of the 1:2 copper hydroxamate 

precipitate was claimed to be quantitative between pH 3,0 

and 6,4. 55 However, the following negative features 

associated with this reagent were recognized. 

a) NPBA was only slightly soluble in water (0,04 g/100 

ml) and so the concentration range open to study was 

restricted. 55 

b) The reagent has been noted to decompose at very high 

pH values. 58 

D.3.a.iii) Metal-species distribution 

It is advantageous to represent metal-complex equilibria 

visually in a species distribution diagram. These 

diagrams can assist in the interpretation of the 

adsorption isotherms, provided that it is acknowledged 

that they reflect thermodynamically favoured equilibria 

and therefore do not take account of kinetic factors. 

The literature was consulted for the relevant equilibrium 

constant data. Unfortunately, the only data for the 

formation of copper hydroxamates were derived in a medium 

of 50% (v/ ) dioxane-water. 
v 

57 The approximate v a lue s 

for a medium of 100% water were derived by assuming that 

the variation in the constants with the medium was 
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app r oxi ma te 1 y the same as that for 8-hydroxyquinolato 

c opp er(I I) complexes, 
59 

i.e. the relationship be tween 

the medium and the constants was the same in both cases. 

The relevant literature data and the calculated value for 

100% water for NPBA is given in table 10. The acid 

dissociation constant (Ka) and the stability constant (P) 

were defined as follows: 

Ka = ~H+) ~L-) 
(HL) 

131 = (CuL+) 

(Cu2+) (L-) 

where (HL) is the concentration of the neutral reagent 

species and where is the c oncentrati on of the 

reagent ani on J and where (CuL+) is the concentration of 

the metal-reagent complex. 

~ 

Calculation or equllibrlUl:1 conate.nt da.ta for N-llhenylben:ohydrox8.111.ate in . -
100 water !romB-hJ'dro~qu1nollne data at 250C.59 

COI:lplexing ion Conatilllt Value 

e-ffYDROXlQUIlIOLINE 

H' pr.,\. 12,3) 
cu"" 10g8, 15,00 70:( diex. 

10g8, 14,00 

H' 

"A 11,5.( 

lOGt, 13 ,49 50" 1510% 
loS 8, 12,7) 

H' "A 9,70 
log 8, 

12,10 
, 

0'" d1ox . 

logt. 10,90 

Il-PK!JITL5};JlZO;f!Di!.OXAI·tATE 

pT. A 11 ,04 

log 8, 10, )6 50': d101;. 

log II, e.78 

H' pK,l '3.15 

10!> 8, 8,96 
0'" dlox. 

10& 1\ , 6", 5) 
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The c oncen trati on of the various copper hydroxamate 

-. 

·7 

-8 

-. 

complexes was calculated for specific total reagent and 

total metal concentration by combining the following 

equations: 

This 

CU(total)= Cu2+ + CuL+ + CuL2 

L(total) = HL + L- + CuL+ + 2CuL2 

method used to solve the equations is 

the appendix. The species distribution is 

diagramatically in fig. 1q. 
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Fig. 1,. Suecles distribution diagram at various coppeE and 
K:pher.ylbenzohydroxamate concentrations at 25 c~ 

The intrinsic solubility of the CuL 2 species (as defined 

in equation (f) below) is unknown in the case of the 

reagent, NPBA. 

CuL2(soln.) ~ CuL2(solid)--------(f) 

For the purpose of the construction of this diagram the 
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value was assumed to be similar to the known value of the 

59 8-hydroxyquinolatocopper(II) complex. 

A number of trends are evident in this diagram, viz. 

1. the bis complex, CuL 2 , is favoured at high pH's and 

at high L~T:C~ThT ratios, whereas the 1:1 complex is 

important at low pH values and low LT.,' CU-rOT ratios, and 

2. the point of precipitation of solid CuL 2 varies from 

pH 4,7 for high LToT'C" ... ", ratios to pH 6,8 for low 

ratios. 

D.3.a.iv) Adsorption isotherms 

A study was made of the concentration of Cu(NP8A)2 

produced when re-crystallized copper(II) oxide was 

conditioned with NP8A under different conditions. The 

following variables were considered; pH, time, surface 

area, temperature and the presence of dispersing 

reagents. 

D.3.a.iv) 1 Time, surface area 

The conditioning period required to establish equilibrium 

between dilute NP8A solutions at set pH values, and 

copper(II) oxide samples of different surface areas, was 

determined (fig. ~O ). 
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pii 9.0 
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Fig.20. The variation with pH in the concen tra tion of Cu(NPBA)2 formed on two 
different surface area copper(II) oxides. 

The following features were evident: 

a) The production of Cu(NPBA)2 on re-crystallized 

copperCII) oxide continued until the residual hydroxamate" 

concentration had dropped to a very low value. This 

differed from the preliminary adsorption results on the 

octyl derivative (see section C.3) in which relatively 

high equilibrium hydroxamate concentrations were "found . 

This variati on is considered to arise from the 

significantly different surface areas of the sample. 

b) The rate of formation of Cu(NPBA)2 was dependent on 

both the pH of the solution and on the surface area of 

the oxide. 

copperCII) 

The concentration of hydroxa mate adsorbed by 

oxide (surface area 0,07 m2 /g) after 16 hours 

at pH 9,0 or 3 hours at pH 3,5 was approximately 100 x 

-2 -2 10 moles. cm • 

of hydroxamate, 

This is equivalent to over 150 layers 

based on the Fuerstenau 35 calculation 

X 10 -10 -2 that one layer equals 7 moles. cm • 

c) Cu(NPBA)2 was considered to precipitate on the 

surface of the oxide. The small amount of bulk (or 
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dispersed) metal-chelate detected was probably caused by 

c opp er (I I) oxide carryover and could probably also be 

considered as surface chelate. 

D.3. a.iv) 2 Temperature. 

The rate of formation of Cu(NP8A)2 was found to be 

temperature dependent (table 11). Oxide conditioned at 

60 0 C for 10 minutes at either pH 3,5 or pH 9,0 adsorbed 

enough hydroxamate to form the equivalent of more than 

fifty theoretical layers. oxide only 

ads orbed enough hydroxamate at pH 9,0 to form the 

equivalent of five layers and at pH 3,5 to produce 

thirteen layers. These results are explained by the fact 

that an increased temperature caused a larger dissolution 

rate of the oxide and therefore a greater tendency for 

Cu(NP8A)2 to form. 

Table 11. 

The variation with temp'erature in the concentration of the precipitate, 
( -~ -1) Cu(NPBA)2.for.ned from N-phenylbenzohydroxamate SOlutlon~ 1x10 mol.l 

and re-crystalllzed copper(II) oxide(sur!ace area O,17m /g,1,Og). 

pH Temp./°C Time/min. Concentration/molesx10-5 

9,0 25 10 -:-0,30 

25 60 1,79 

60 10 3,16 

~,5 25 10 0,80 

25 ~ 1,97 

60 10 3,44 
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D.3.a.iv) 3 PH. 

The variation with pH of the concentration of Cu(NPBA)2 

formed on re-crystallized copper(II) oxide after a 2 hour 

conditioning period is shown in fig. 21 The solubility 

data for coppererI) oxide conditioned in blank aqueous 

solutions under similar conditions is also included. The 

copper concentrations were converted from p.p.m. to 

moles/100 ml in order to allow the direct comparison with 

the concentration of Cu(NPBA)2. 
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FiS.'l.1. Variation with pH of the concentration of Cu(!l'?B"')2 fOITI~d on 

rc-crystalli~ed Cue at 25°C . CuO(O,07m
2

/gm,1,Ogm) 

NPBA(1x10-3moLl-1,100mls) Time 2hrs,Teltp. 2SDC. 

The adsorption results showed the 

features. 

1 ) They resembled the ads orpti on 

36 
Lenormand. 

following important 

isotherm derived by 

2) There was no Cu(NPBA)2 formed on the oxide at a pH 

3 and pH 10. 
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3) There were two maxima at pH 4,0 and pH 7,5 in the 

total concentration of precipitate formed. 

4) A minimum in precipitate concentration at pH 5,0 

existed. 

5) The concentration of precipitate produced was 

generally larger at acidic pH values than at basic pH 

values. 

6) The concentration of copper ion released from the 

oxide between pH 4,0 and 5,0 corresponded well to the 

concentration of Cu(NPBA)2 formed over the same pH range. 

At higher pH values there was significantly more 

precipitate formed than copper ion released. 

These features can be understood with reference to: 

i) The metal complex species distribution diagram (fig. 

'9) . 

ii) The schematic representation of the variation with pH 

of the concentration of copper ion released from the 

oxide and the hydroxamate anion concentration as shown in 

fig. 22 • 

iii) The solubility of the CuL 2 (L = NPBA) precipitate. 

The species distribution data indicated that the species, 

+ CuL, predominated at low pH values and low reagent to 

metal ratios. It is therefore concluded that the 

formation of this species was responsible for the lack of 

hydroxamate adsorption at pH 3, ° . At pH 10,0 the 

species distribution diagram predicted that the CuL 2 

complex would predominate. The observation that no 
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precipitate of CuL 2 was detected on the oxide at this pH 

could be due to either competition between hydroxyl and 

hydroxamate ions f or the 

decomposition of the reagent. 

copper ions or to the 

36 The fact that Lenormand 

found a similar trend for the octyl derivative suggests 

that decomposition was not a factor. 

The CuL 2 species was shown in the species distribution 

diagram to predominate at pH values greater than 4,0. In 

addition, it was shown that the complex soon precipitates 

from aqueous solution because it has relatively low 

intrinsic s olubili ty. The interpretation of the 

variati on in the relative concentration of the 

precipitate formed on the oxide between pH 3,0 and 9,0 is 

complicated by the fact that the concentration of the 

constituents required, vary in opposition to each other 

with pH as shown in fig.22. 
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Fig.Zl. Schematic representation of the variation of the 
copper and hydroxama te anion concentra tian \~i th pH. 
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At acidic pH values the oxide was relatively soluble 

whereas the concentration of the hydroxamate anion was 

low. results in the rate of precipitation ~( of CuL 2 

on the oxide being controlled by the rate of release of 

This 

copper ions. Consequently, the adsorption data between 

pH 4,0 and 5,0 could have been predicted from a 

knowledge of the rate of release of copper ions. 

However, with further pH increases the concentration of 

copper r~leased drops significantly and the control of 

the rate of precipitation shifts to the concentration of 

the hydroxamate anion. The concentration of precipitate 

produced on the oxide surface was now larger than the 

concentration predicted from the solubility of the oxide. 

The reason for the enhanced formation of precipitate can 

be most easily appreciated from the comparison between 

the solubility of the oxide and the precipitate, 

expressed in the equations below. 

CuOs 

Cu2+ 

2+ -
~ eu + 20H ; pK 20,5 

as 

(this equation takes account of the formation constant of 

the complex and it's intrinsic solubility) 

These equations can be combined to give the overall 

equation to describe the reaction between the reagent and 

the oxide. 
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Ihis equation indicates that copper(II) oxide will 

dissolve in the presence of NPBA in an attempt to 

establish the equilibrium concentration of Cu 2+ based on 

the solubility the precipitate, ie. the 

concentration of 

product of 

L - and Cu 2+ are reduced to levels which 

satisfy this equation. Consequently, t 'he larger the 

initial concentration of the hydroxamate anion, the 

greater the rate the copper(II) oxide will dissolve in 

order to reduce the concentration of the anion, and 

therefore the greater the rate of precipitation. 

D.3.a.iv) 4 Dispersing reagents. 

Gum arabic, a polysaccaride' which contains some acidic 

functional groups60, was added to the reagent solution in 

an attempt to monitor it's effect on the growth of the 

precipitate on copper(II) oxide (fia. 23). 

'" '0 ' 

" rl 
o 

-!'. 3 
N 

01 
'" z 
" , o 

§ 
~ .. e , .. 
§ 

pH 9.0 

o 
~ 

3 o~ ____ ~ ____ ~-=::::====~==~ 
o '3 5 

'" , 

" " 
rl 
0 
E -... 3 
N 

01 
'" e , 
" 0 

~ 
0 
~ ., 
~ 

, 
' ., 
~ 
m 
0 
~ 
0 

0 0 
0 

pH 3.5 

, , 
G~ arabic/g.1- 1 , 1 

Gu:n arabic!g,l-

Fig.23. The formation of Cu(~:P:SA)2 on CuD in the presence of 

gum arabic at GOoC. CUO(O.17m2/g, 1 ,Ogm) NPBA(1x10-3mol.l- 1 .100mls) 

Time 10mins, Temp. 60°C 

The results showed that the formation of the Cu(NPBA)2 

precipitate was restricted by the addition of gum arabic. 

The addition of 0,02 g of the gum to the NPBA s olution 
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(100 ml) at pH 9,0 reduced the concentration of the 

precipitate produced from 316 x 10-7 moles to 107 x 10-7 

moles. The concentration was even further reduced by a 

larger addition of gum to the solution. At pH 3,5 gum 

arabic addition of 0,02 g per 100 ml effectively 

prevented the formation of the precipitate on the oxide 

surface. 

The influence of the presence of gum arabic on the 

concentration of copper ions released by the oxide was 

also investigated. It was found that the addition of 0,5 

g per 100 ml of the gum to a blank aqueous solution at pH 

9,0 increased the copper release from below detectable 

levels to 0,30 ppm. In the presence of the reagent this 

concentration was increased still further to 0,50 ppm 

(table 12). 

Table 12. 

Solubility of CuD in the presence 
of additives. 

Condition 

pH 9,0 

pH 9 ,O/NPBA 

pH 9,O/G,A. 

pH 9,O/NPBA/G.A. 

Conc./ppm 

0,0 

<0,1 

0,3 

0,5 

It is proposed that gum arabic acts by a combination of 

the following mechanistic pathways: 

a) Some gum arabic adsorbs on the copper(II) oxide and 

therefore effectively blocks the uptake of chelating 
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reagent. An increase in the concentration of gum offered 

would effectively increase the amount of gum adsorbed by 

the oxide which would result in a mare effective 

prevention of chelate adsorption. 

b) The acidic fraction of the gum farms a strang capper 

complex. This was evident from the increased solubility 

of the oxide in the presence of the gum. The 

concentration of precipitate farmed could be reduced by 

competition between the gum and the reagent for the 

capper ions. 

c) 

the 

Gum arabic could operate by effectively 

nucleation and crystal growth of the 

preCipitate. 

D.3.a.v) Infra-red spectroscopy 

reducing 

Cu(NPBA)2 

The infra-red absorption peaks associated with Cu(NPBA)2 

were identified an re-crystallized copper(II) oxide. The 

results were similar to the preliminary work (see Table 

7) • 

D.3.a.vi) Scanning electron microscope study 

The scanning electron microscope was used to study the 

structure of capper precipitates and the structure of the 

adsorbed material an copperCII) oxide surfaces. 

D.3.a.vi) 1. Precipitates 

The Cu(NPBA)2 precipitate was generated by the addition 

of a dilute capper solution to a NPBA solution controlled 

at a set pH. A spherulitic type growth of a collection 
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of long, tabular, well formed crystals was formed at pH 

3,5 (micrograph 9). At pH 9,0 the precipitate of 

Cu(NPBA)2 showed no distinct crystal form (micrograph 101 

D.3.a.vi) 2. Copper(Il) oxide (Surface Area = 2,18m
2
/g 

A crushed sample of re-crystallized copper(II) oxide with 

a high surface area was treated for 5 minutes only at 

o ( -3 -1) 25 C with a solution of NPBA 1 x 10 mol.l at pH 

9,0. The surface of the copper(II) oxide became 

effectively c oa ted by a microcrystalline gr owth 

(micrographs 11cnd12). 

2 D.3.a.iii) 3. Copper(II) oxide (SA = 0,07 m /g). 
~~~~~--~~~~~------~~~~~~---

Re-crystallized samples of copper(II) oxide were treated 

at two pH values for 5 minutes and also for time 

intervals that allowed maximum formation of Cu(NPBA)2' 

The initial formation of precipitate at pH 9,0 occurred 

as long fibres across the surface (micrograph 13). 

Further growth caused coalescence with the resultant 

formation of a complete layer on the surface (micrograph 

14). Higher magnification shows the weave like structure 

of the fibres (micrograph 15). A similar study at pH 3,5 

indicated that crystal growth on copper(II) oxide was 

different. Nucleation occurred at a limited number of 

sites (micrograph 16) from which subsequent growth formed 

long, thin crystals (mi cr ograph 17 and 18). 

Interestingly, large areas of the crystal appeared to be 

unaffected by the presence of the new crystals. 
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An observation was made under the S.E.M. that has 

important implications with regard to the mechanism of 

chelate - oxide interactions. Micrographs 11 and 14 show 

two crystals of the oxide of approximately the same size 

conditioned in the one case with a NPBA solution at pH 

9,0 for 5 minutes and in the other case at pH 9,0 for 12 

hours. The total concentration of chelate formed on the 

overall 1,0 gm of oxide sample was the same in both 

cases. However, in the one case the relative surface 

area of the oxide was 2,18 m
2
/g and in the other case 

only 0,07 
2 m /g. More detailed examination of the 

structure of the surface growth indicated that there were 

some similarities between them, such as the fact that 

long fibres existed in both cases, and als 0 some 

differences, such as the fact that there was less order 

in the more rapidly precipitated material. If the rate 

of precipitation on the oxide surface was dependent only 

on the rate of metal release from the oxide particle then 

one would have expected that there should have been 

significant differences in the form and the concentration 

of the precipitate on the two particles. This is because 

the one particle was only exposed to solution for 5 

minutes whereas the other was exposed for 12 hours. 

However, the evidence presented suggests that the 

character of the preCipitate was not controlled solely by 

the particle onto which it precipitates but also by those 

particles adjacent to it. In the case of the high 

surface area oxide sample there would be an environment 
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of high Cu 2 + around the particle studied due to presence 

of a large number of smaller particles adjacent to it. 

This environment causes precipitation to occur more 

rapidly than in the case where all the particles are 

larger (as in the case of the higher surface area sample) 

and also possibly to be less specific. Unfortunately, it 

was not possible to repeat a similar type of experiment 

at pH 3,5 because it was difficult to control the pH 

accurately when the high surface area material was used 

However, based on the structural form of the precipitate 

as determined earlier under the S.E.M. (micrograph 9), it 

was expected that the results would be different from 

those at pH 9,0. It was also considered possible that in 

this case most of the precipitate might not be attached 

to the surface of the oxide. 
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D.3.b) HYDROXY-OXIMES 

D.3.b.i) General features 

Although the hydroxy-oxime functional group was 

recognized to be specific for copper ions many years ago 

61 it was only comparitively recently that intense 

interest has been focussed on this group. Reagents which 

contain it now form the basis of a series of copper 

selective extractants which are in use commercially to 

recover copper(II) from the acidic liquors used in the 

leaching of low grade ores. 62 Some examples of the 

trade names of these extractants are 

1. The General Mills LIX types and 

2. The Acorga P5000 type reagents. 

There are two very distinct groups into which reagents of 

this type can bE categorised. 

D . 3 . b • 1) 1. '" - A c Y 1 0 in ox i me san d r e 1 ate d 1 i g and s • 

These oximes have structure V. 

II ~ 
R-C-OH 

, I 
R-C=NOH 

(r) 

-The reagent forms with copper a 1:1 green, water-insoluble complex 

in the cases where R' and R" are either straight chain alkyl groups 

or phenyl groups. These complexes have been proposed 
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to have structure VI. 63 

Data 

R-CH-C-R 
I " o rN 
\,2 
(~) 

from solubility 64 and magnetic studies 65 have 

indicated that the correct structure is more complex and 

is most likely a polymeric version. 

However, if the substituents attached to the hydroxy-

oxime functional group are branched chain alkyl groups, 

ego in 1D-hydroxyeicosan-9-oxime, then either a 1:1 or a 

1:2 metal chelate precipitate is formed. 63 The latter 

version is found to be favoured at high reagent to metal 

ratios. 

D.3.b.i) 2. Sal icy 1 aId ox i me s and substituted 

derivatives. 

The structure of salicylaldoxime (SALD) and of various 

substituted versions is represented in VII . 

(m) 

SALD has found extensive use in the gravimetric analysis 

of copper ions. 66 It is considered to precipitate 
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copper quantitatively as Cu(SALO)2 in the pH region 3-10. 

However, between pH 1,5 and 3,0 precipitation is 

incomplete, and between pH 10,1 and 10,7 the precipitate 

is found experimentally to redissolve. 

The structure of Cu(SALO)2 (VIII) has been confirmed by 

an X-ray crystal structure determination. 67 
.. H-O 

/ \ / 
O-o",~/N~ 
~=N/ I ""0 0 

/ \ 0 ! 
O-H 
( 'lITL ') 

Co-ordination of the ligand to the metal occurs via the 

ni trogen and oxygen atoms. There are two important 

features to note :-

i) the formation of intramolecular O-H---O bridges 

between two co-ordinated groups. This has important 

consequences with regard to the formation of these 

complexes, and 

ii) the oximic oxygens of molecules above and below the 

plane interact with the copper atom to form a 

distorted octahedral geometry about the metal. This is 

important since the metal is thus effectively unavailable 

to co-ordinate to water molecules. (Some ligands such as 

8-hydroxyquinoline can form hydrated solids). The 

exclusion of water increases the amount of hydrophobicity 

that the formation of this precipitate can impart to an 

oxide surface. The formation of a basic 1:1 copper-SALO 
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precipitate at high pH's has also been noted but there 

has been little work published about it. 20 

D.3 . b . ii) Metal species distribution 

D. 3.b.ii) 1. Salicylaldoxime (SALO) 

Salicylaldoxime can exist in the following forms 

~f;-l 
· O~~~OHor 

1;-1 

O~~N-OH -- --- ----- ------ ----- ----

0
1;-1 o C=N-OH --------
OHI. 
+ 

O~:N-OH - ---- --------------

rArhl -Q~:N-O _____ ________________ _ 

H L1-
3 

The relationship between these complexes is well known 

and so the values could be obtained from the literature. 

44,45 Three complexes of SALO with copper ions are 

considered in the literature, viz . + Cu(HL), Cu(HL)2' 

2-(CuL
2

) 

Some researchers have disputed that Cu(HL)+ e x ists in 

aqueous me d ia. 68-6'3 The reason put forward to account 

for the failure to detect the 1: 1 species has been that 
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the 1:2 version has a significant l y increased stability 

due to the extra intramolecular bonds between the co-

ordinated groups. There are a number of determinations 

of the formation constant of the 1 : 2 species in dioxane 

solutions. 69 Ashurst has extrapolated data determined 

for a series of dioxane solutions in order to determine 

the theoretical value for a 0% dioxane solution. 

There is little information available in the literature 

about the conditions of formation of either the 1: 1 basic 

copper-SALO precipitate or the soluble species, CCUL 2 )2-

It was therefore decided to investigate the reaction 

between copper ions and SALO a t two pH values. The 

abs orbance of a SALO solution C1,1196x10- 4 -1 mol.l ,100 

ml) at a controlled pH was measured over the wavelength 

range 250 to 450 nm, by pumping the solution through the 

spectrophotometer cell as shown below in fig. 24'-. 

pH control 

Fig.2+. Appar.:t ':us to monitor 
rr. etal - c o~pl exat ion. 

Pump 

A filter was placed in the line in order to remove any 

solid material. The change in the absorbance on the 
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addi ti on of small quantities of copper solution 

-3 -1 (4,005 x 10 mol.l ) was then monitored. The drop in the 

absorbance of the reagent at pH 5,5 with copper addition 

is illustrated in fig. 2 •. The inset is included to show 

the data replotted to show the linear relationship 

between the c oncentra ti on of copper added and the 

abs orbance. 
0.8 

Q 
o 
; 
~ 0.4 
o • 
" < 

o 

1.0 

0.' 

• 0 
• " '"' 

~~----0~"~--~0.~8----~1~.2--~~'~~· 

Vol. eu 301n./m13 

t=====:~'~,·~======~~====::~~~~~------~ o _ = _ .s 

·,'!avelength/c.."l 

Fig.2S. Titration of SALO against copper solution at pH 5 ,5 . 

The calculation of the ratio of the concentration of SALO 

originally present and the concentration of copper 

required to reduce the absor bance to zero confirmed that 

a precipitate of Cu(SALO ) 2 was formed at pH 5,5. The 

same type of experime nt was repeated at pH 10,0 (fig. 26). 
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Fig . 26c Ti tration o f SALO against copper s ol ution at pH 10 . 

At this pH the absorption ma x imum of the reagent shifted 

to 355 nm. The addi ti on of up to 1,5 ml of the copper 

solution (4,005x10- 3mol. 1- 1 ) caused the spectrum to move 

from the reagent ma x imum at 355 nm to a new maximum at 

337 nm. The occurrence of an is osbestic p oi n t as sh own as 

point A in fig. 26 ' indicated that only two species were 

inv olved in t he equ i librium. On the basis of the 

measurement of the ratio between the concentrat i on of 

SALO and copper the following equilibrium is suggested :-
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Further addition of copper ions increased the intensity 

of the maximum at 337 nm, such that the absorption curve 

deviated from the isosbestic point. This was probably 

caused by the co-ordination of more copper as shown 

be low. 

The addition of still further copper caused the 

absorbance to decrease gradually. A precipitate could be 

detected visually and was suspected to be a polymeric 

form of the CuL complex, viz.(CuL)n. 

This study has shown therefore that 1) at low copper 

concentrations, 2-
Cu(SALO)2 is the most important 

species at pH 10. No attempt was made to measure the 

formation constants of this species but for the purpose 

of the construction of a species distribution diagram an 

approx value had to be chosen. The value chosen reflected 

the importance of this species at high pH values, and 2) 

the basic 1:1 precipitate only forms in the pr~sence of a 

large excess of copper ions. This solid is therefore 

unlikely to form on copper(II) oxide since this oxide has 

a very limited solubility at high pH values. The values 

chosen for the derivation of the metal complex species 

distribution are collated in table 13. 
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Table 13. 

Equilibrium constant data used in the calculation of the copper­

salicylaldoxime species distributlon(flg.2S). The medium was 
4 0 100' ' .... ater and the temperature 25 c. 

Equilibrium "'alue Reference 

H}L '" H2L + H+ pK1''' 1 • 72 45 

H2L " HL- + H+ 
pK2=9,18 45 

HL- ~ L2= ~ + H+ 
pK3- 12,08 45 

Cu2+ + 2HL- ~ CU(HL)2 log~2=15. 20 69 
~ 

Cu2+ + 2L2- ;= (CuL;l2- log I'l2~22,OO Assumed 

The species distribution was calculated using th~~ data 

in the same manner as outlined in the appendix. The data 

is presented diagramatically in fig. 27 '. 

CU(Hl)J 
~ ~ c" j~c~.)=_ c" 

---- -

<:ri\j01Ubll 'Y 
_ ~"~~ _ _ ii:~L::- __ 

~ 
ppt. 

~ 

-; 0 
0 e ... ~ 

~ -. 
° tot·'Xl~::IOl.] \ ~ H 

~u~ot.'xl -6::101 1- 1 

~ 
Ratio .. lxl0 

~ 

"' -00 , • 00 " 
, 

pi! 

!lg.27. Species di,trlbutlon diagrac [or different total SALO 
and copper concentrations. 

Intrinsic 301ubl1ity 

pp':. 

pH 
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The bis complex, Cu(HL)2' predominates over the neutral 

pH range. At low pH values and low total reagent 

c-oncentra ti ons the free metal ion species is more 

important. The comparison of this diagram with the 

equivalent distributi on diagram of N-

phenylbenzohydroxamate (section 3.a) indicates that the 

two ligands have similar ability to co-ordinate to 

copper. The intrinsic solubility of Cu(HL)2 in water is 

unknown and so the value given for the similar copper 

Dxinate species was used. 59 The precipitation point 

varies from pH 4,2 for high LTDT/CuTDT ratio solutions to 

pH 5,8 for low LTDT/CuTDT ratio solutions. 

D.3.b.ii) 2. Substituted SALD derivatives 

The first acid dissociation constant of a series of 

substituted ligands in solutions containing 75% dioxane 

have been determined previously. 68 (Table 14) 

Table 14. 

Acid dissociation constants for a series 0'[ 

substituted sallcylaldoximes. fhe medium was 
-. 0 75 / dioxane,lonic strength 0,1 ,temperature 20 C. 

Substituent Value 

SALO 10,70 

S- methyl 11,06 

S-chloro 10 , 25 

5-nitro 8.72 

----------------------------------------------
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These values illustrate the effect of the electrophilic 

(chloro and nitro) and nucleophilic (methyl) substituents 

on electron density of the ·donor atom. The decrease of 

the electron density on the donor atom causes the 

increase of the dissociation of the proton, ie. the 

increase of the dissociation constant. In the same study 

it was also established that the stability constants of 

the metal complexes showed a similar order, but 

unfortunately the value for the copper-nitro derivative 

complex was not determined. 

The nitro derivative (referred to as 5NSALD) was chosen 

for use in the present study because it showed very 

significant differences from the parent ligand. It was 

considered that ligands too similar to SALD would not 

show noticeable variations in behaviour. The nitro 

derivative of SALD was prepared from the aldehyde as 

follows 

The derivation of the species distribution diagram 

requires the values for the acid dissociation constant 

and for the stability constant of the copper complex. 

The acid dissociation constant could be measured 

relatively easily by titration against standard sodium 

hydroxide. The value determined of pK A = 5,05 showed a 
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similar decrease from SALO to that shown for the aldehyde 

in table 14. In order to be able to infer an approximate 

value for the stability constant of the nitro-derivative, 

it was necessary to consult some work on the stability 

constants of metal complexes of 

The values referred to are given 

Table 15. 

substituted aldehydes. 

in table 15. 70 

Equilibrium constants :for substituted aldehydes. The medium ""as 
S 0 SO'dioxane and the temperature 20 C. 

substituent pK 

None 9,35 12,00 

S-chloro 8,47 10,30 0,88 1,70 

5-nitro 5,96 7.90 3.39 4,10 

If one accepts the value of the pK for SALO in 0% dioxane 

as 9,18 and a forma ti on constant of log P2 = 15,20 then 

one can calculate, by assuming that the variation between 

the oxime and aldehydes would be constant, the values for 

the pKA and log 13 2 for the nitro derivative in 0% 

di oxane. In this way the pK A = 5,09 and the log f,. = 11 ,0 

were determined. The agreement between the 

experimentally determined pK A=5,05 and the value inferred 

pKA= 5,09 lends credence to the assumptions made. 

At this stage it should be recalled that the soluble 

complex, 2-(Cu(SALO)2) , was shown previously to be an 

important species at high pH's. Consequently, similar 

precipitation experiments were performed with the nitro 

ligand in order to test for the formation of a similar 
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complex. The controlled addition of the copper solution 
-3 .1 

(4,005x10 mol.l) to solution of the 5-a 

( -4 -1 nitrosalicylaldoxime 1,004x10 mol.l ,100 ml) at a pH of 

10 resulted in a linear decrease in the absorbance at 

430 n m (f i g. 2(l I) • 
0.8 

o 

0.5 

1.1 

°2~5~a---------'J~oa~--------~J5~O----------~40~a----------4rl,o---------~,00 

Wavelength/ nm 

Fig.28. Titration o~ 5-nitrosal1cylaldoxime against copper solution. 

The visual detection of a brownish precipitate, and the 

calculation of the concentration of copper required to 

reduce the absorbance to zero, indicated that a 1: 2 

copper-chelate was responsible. Interestingly, the 

soluble species, (CU(5SALO)2)2- was not detected under 

these conditions. 

It was found impracticable within the scope of this study 
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to determine the dissociation constant of the oximic 

hydr ogen accurately. The appr ox ima te value was 

determined by titration and was shown to be very low, 

. 10- 11 • v~z • The cause of the lack of formation of the 

(Cu(SSALO)2)2- species at high pH's could be either the 

weak dissociation tendency of the oximic hydrogen or the 

decreased formation constant of the metal complex. 

Unfortunately, there was no way of distinguishing between 

the two and so it was decided to exclude these species 

from the derivation of the species distribution diagram. 

The data used to derive the diagram is collated in table 

16. 

Table 16. 

Equilibrium constant data used in the calculation of the copper-
5-nitrosalicylaldoxime species distribution(flg.27). 

Equilibrium Type Value 

H2L .- HL- • ,~ oK 6,05 .J . a 

Cu2 + ... 2HL- .. Cu(flL)2 10ge2 11 t 10 

The data wys p:ocessed in the same way as previously in 

order to calculate the concentration of the free copper 

ions and the concentration of the copper complex at 

different total metal and ligand concentrations (fig. 

2q) • 
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?1g . 2Q. Species distr ibution f or 5-nitrosalicyl aldoxime. 

The comparison of these diagrams with the equivalent SALO 

data shows an interesting feature. It is clear that in 

the case of the nitro-derivative the formation of the 

bis-complex i s favoured over the free metal ion down to 

comparitively low pH values. This could have important 

consequences in adsorption s t udies since copper(II) oxide 

'bee omes increasingly more soluble under acidic 

c ondi ti ons. 

D.3 . b.iii) Adsorption isotherms 

In the preliminary work of this study it was confirmed 

that chelating reagents adsorb on copper(II) ox ide 

through the formation of an insoluble precipitate on the 

surface . Nagaraj 21-23 has also shown that the 

precipitate might be present in large amounts in a 

dispersed form in the bulk solution. Consequently, in 

most ads orp ti on experiments the concentrati on of 

Cu(SALO)2 precipitate was determined and not simply the 
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residual concentration of SALO . Howev e r, in the cas e of 

experiments with very dilute solutions of SALO and with 

nitro-substituted derivatives , the concentration of 

reagent remo·ved from s oluti on was measured directly. A 

reliable measurement of bulk and surface precipitate was 

not possible in these e x amples because the concentration 

produced was so low. 

The following variables were considered i n the derivation 

of adsorption isotherms, viz. time, surface area, 

pH, temperature, concentration and the presence of 

substituents in the aromatic ring. 

D.3.b.iii) 1. Time, surface area 

The concentration of surface Cu(SALO)2 and of dispersed 

precipitate (called bul k ) was measured as a function of 

conditioning time. The results for the copper(II) oxide 

sample (surface area 0, 17 

salicylaldoxime at 20 0 C 

shown in fig. 30 • 
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_N 
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o 
o , 

~ 
t 
~ I 

o 
o 
o 

TOTAL / 
4 ·' 
:,'" 

............ p~ 3. 5 

; .., 
! /' 

,-"L-__ ~ __ ~, ____ ~ __ ~. 

Tlme/hrs. 

2 m /g, 1 , 0 gm) conditioned with 

-3 -1 (1 x 10 mol . l , 100 ml) are 

pH 8 ,0 

•.... - su't:::. 

',~--~----7----7,----7----7--~ 
Time/hro. 

Fi g.3 D. Th e vari at ion with 
CU( SA LD) 2 on CuD. 

pH in the rate of formation of bulk and surfac e · 



- 124 - j 

The following important features were noted: 

a) The formation of the precipitate of Cu(SALo)2 was a 

gradual, continuous process. The reaction only reached 

equilibrium when the reagent concentration had dropped to 

a very low value. 

b) The rate of the forma ti on of precipitate was pH 

dependent. At pH 3,5 5x1o- 5 moles of Cu(SALo)2 was 

produced after a 2 hour conditioning peri od, whereas at 

pH 8,0 it took 6 hours to produce 4x1o- 5 moles. 

c) The concentration of surface chelate always exceeded 

the concentration of bulk chelate. At pH 3,5 after 2 

hours conditioning the concentration of surface chelate 

detected was 4x1o- 5 moles which c orresp onds to 

approximately 67 layers of chelate. (A monolayer equals 

7x1o- 1o moles.cm- 2 ). The concentration of bulk chelate 

formed under the same conditions corresponded to 16 

layers of chelate. The ratio of surface to bulk chelate 

at pH 3,5 was therefore 4,19. At pH 8,0 after 6 hours 

condi tioning the concentration of surface chelate 

corresponded to 39 layers whereas the concentration of 

bulk chelate corresponded to 24 layers. 

ratio of surface to bulk of 1,63. 

This gives a 

d) The adsorption results at acidic pH values were 

similar to the hydroxamate data. In both cases there was 

a relatively rapid precipitation of copper chelate. 

However, at basic pH values the rate of precipitation was 
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significantly larger in the case of the hydroxamate. 

D.3.b.iii) 2. pH , concentration 

The uptake of SALO by copper(II) oxide was found to be 

both pH and concentration dependent. The results for 

c opp er (II) ox ide (surface area 0,07 2 
m /g, 1,0 g m) 

conditioned with a) SALO (1x10- 3 mol.l- 1 ,100 ml,2 hrs) 

-5 -1 0 and b) SALO (1x10 mol.l ,100 ml,10 mins) at 25 Care 

sh own in fi~31 I. 

(~.) o ~, -~--:-~~-:---:---:;O>'--7". 
F:I 

Fig.31. The relationship between the pH 
and the amount adsorbed on CuD . 
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and concentration of the SALD solution 

When high concentrations of reagent were used the maximum 

formation of Cu(SALO)2 occurred at acidic pH values. The 

amount produced dropped rapidly with increasing pH, such 

that at pH 9,5 there was very little complex produced . 

In conttast when very dilute solutions were used the 

maximum uptake of SALO occurred at neutral pH's. At 

acidic and basic pH's the adsorption was minor in 

comparison. 

It is of interest to compare the adsorption isotherm for 

SALO and hydroxamate solutions (see fig. 2,1, \ ). I f one 
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bears in mind that the isotherms are not strictly 

comparable since they were derived from different batches 

of copper(II) oxide with different surface areas, it is 

still possible to infer that, 1) SALD formed a 

precipitate at lower pH's than hydroxamate and 2) 

hydroxamate tended to form more precipitate at neutral pH 

values than SALD. 

D.3.b.iii) 3. Temperature 

The rate of total precipitation of Cu(SALD)2 was found to 

increase with higher temperatures (fig. 3~ ). 

the same for all reagents studied. 

"' , 
o 
x 

, 

TOTAL 

o~o----~----~----~----~ 10 20 30 .. 0 

Tempe:-a ture/ °c 

Fig.31. Adsorption of salicylaldoxirne on CuQ at various 
tempera tures. CuC(O , 0 7-::12 / g) S,~LO ( lx 10- 3eo1.1 -1 ) pR 4.0 

This was 

D.3. b.iii) 4. Comparison between salicylaldoxime and the 

5-nitro substituted derivative. 

The adsorption of SALD and the nitro-derivative was 

monitored continuously by passing the solution, via a 

filter, directly to a spectrophotometer. In this manner 
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the change in concentration could be moni tored 

continuously. This method was found to be the onl y 

feasible manner in which to study the adsorption of the 

nitro derivative. This was bEcause it was found that the 

copper che la te of this reagent was insoluble in all 

organic solvents and sO it could not be removed from the 

surface. An attempt was made to increase the solubility 

of the copper chelate by incorporating alkyl groups ont 0 

the aromatic ring. Although this procedure did overcome 

the solubility problems of the complex it unfortunatEly 

resulted in the rEagent itself becoming too insoluble for 

use. 

The adsorption data are reflected in Fig. 33 · . 
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Fig. 33. Compari son between the rate 0 , 
adsorption of salicyladoxime and 5-
nitrosalicylaldoxime on CuD. 
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It wa s clear that i) the nitro-derivative adsorbs at 

verv low pH's, ii) at low pH's the SALO does not 

initially become adsorbed, and iii) at neutra l ~H the 

twc reagents adsorb in a sin'ilar fashion. 
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D.3.b.iii) 5. Discussicn 

The model proposed to explain the adsorption of chelates 

on copperCII) oxide was the same as was discussed 

previously. In this model the ads orption data were / 

considered in terms of the factors which controlled the 

formation and growth of a 1:2 copper-chelate precipitate. 

The concentration formed was proposed to be controlled by 

the dissolution of the oxide and by the complexing 

abili ty of the reagents as was reflected in the species 

distribution diagrams. 

The adsorption data for SALO and the nitro-derivative 

fitted the above model. The results of the adsorption 

experiments ccnducted at two different initial 

concentrations are considered first. Fig. 31 showed that 

when a very dilute SALO solution was used then maximum 

uptake occurred at neutral pH values, whereas when a more 

concentrated solution was considered then maximum uptake 

occurred at acidic pH's. A large uptake at acidic pH's 

was expected because the oxide dissolution data had 

indicated the maximum release of copper ions under these 

c ondi ti ons. However, in order to understand the 

ads orpti on maximum at neutral pH for very dilute 

solutions it is necessary to refer to the species 

distribution diagrams. Although the intrinsic solubility 

as defined in the equation below is not known, a 

reasonable value of 10-6 ,5 can be assumed by analogy with 
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59 . 
the known value for copper oxinate. 

These diagrams indicate that this value is exceeded at pH 

5,B for a 1x10-4 mol.1- 1 SALO solution and at pH 4,2 for 

a 1x10- 2 mol.1- 1 solution. It can be concluded that 

copper chelate precipitate was responsible for the uptake 

of SALO on copper(II) oxide. Comparison of the 

adsorption data for SALO at neutral and at high pH with 

the equivalent data for hydroxamate shows that there was 

less precipitation formed with the former. If the same 

intrinsic solubility value was used, then at pH values 

greater then B, no adsorption would be predicted. The 

lack of adsorption was caused by the formation of the 

(Cu(SALO)2)2- species. 

It is easy, within the terms of the above model, to 

explain the increased uptake with higher temperatures. A 

temperature rise caused en increase in the rate of 

release of copper ions from the oxide and thus an 

increased rate of precipitation. 

The relationship between the species distribution in 

solution and the adsorption data was well illustrated in 

the comparison between the SALO and the nitro-reagent. 

The adsorption data indicated that at pH 2,43 the nitro 

derivative was immediatly adsorbed from solution whereas 

the SALO derivative at pH 3,5 was only adsorbed after 20 

mins. This is explained by the requirement that for SALO 

precipitation the copper concentration needed to reach a 
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high value. The species distribution diagrams confirm 

that the copper complex of the nitro derivative is 

favoured to much lower pH's than SALo. No differences 

occurred between SALo and the nitro derivative at pH 7,0 

because under these conditions chelation was strongly 

favoured for both. 

Some refinements to the model are needed to account for 

the surface to bulk ratio of the chelate as given in fig. 

30 1. In the first place it is clear that surface chelate 

formation was favoured over bulk chelate formation. This 

indicates that initial nucleation of the precipitate took 

place on the surface of the copper(II) oxide and not in 

the bulk s oluti on. However, there was a distinct 

tendency for the surface to bulk ratio to decre2se at 

high pH values. In order to understand this phenomenon 

it is necessary to consider some experimental data on the 

flocculation of Cu(SALo)2 precipitates. Experiments were 

conducted in which the precipitate was generated by the 

addition of a copper solution to the reagent solution at 

pH 3,5 or at pH 9,0. In the former case the precipitate 

rapidly flocculated and therefore settled rapidly. 

However, at pH 9,0 the precipitate was found to be well 

dispersed. This dispersion was caused by the adsorption 

by the precipitate of either hydroxyl ions or possibly 

[Cu(SALo)~2- icns. It is therefore suggested that the 

same factors could be partly responsible for the tendency 

for more bulk chelate to form at high pH's. 
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D.3.b.iv) Scanning electron microscope study 

The scanning electron microscope has proved an extremely 

useful tool with which to study copper(II) oxide surfaces. 

This technique has made possible a study of the structural 

features of the growth present on copper(II) oxide surfaces 

treated with SALO under different conditions. The micro-

graphs chosen for illustration in this thesis show 

representati·ve particles (or particle surfaces) of the bulk 

oxide sample . All the features noted occur on all the 

surfaces but for obvious reasons it was not possible to display 

all these particles. 

D.3.b .iv) 1. Nucleation 

A sample of copper(II) oxide was treated with a SALO solution 

under conditions such that enough SALO was adsorbed on the 
-1 0 - 2 surface to give a coverage of approx. 9x10 moles.cm. 

Subsequent examination of this oxide surface under the S.E.M. 

at very high magnification (20x10 4 times) revealed the 

presence of small elongated crystallites (micrograph 19) . 

It is of interest to attempt to relate these crystallites to 

the molecular dimensions of copper - SALO complexes and 

thus to the concept of a monolayer coverage. It is 

assumed initially that the metal ion remains incorporated 

in the oxide lattice and that the reagent reacts by the 

displacement of surface ions. From a knowledge of the 

crystal s tructure of tenorite, ie. CuD, (the unit cell data 

aregiven in tablel'l)the average area per surface copper atom 

can be calcu lat ed approx. as O,10nm 2 This value is 

an approximation since the value will vary depending on 
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which crystal face oxide cleavage occurs. 1 If each copper atom 

reacted with a single SALO molecule then there would be 

20x10- 10 moles adsorbed on 1 cm 2 of the oxide surface. On the 

other hand if the steric restrictions of the size of the 

SALO molecule are considered then the maximum number of SALO 

molecules that could fit in a closely packed fashion on the 

surface can be calculated, ie. with the molecule protruding 

from the surface. The area covered by the Nand O.groups 

which are involved in chelation to the surface cppper ion 

was determined as O,26nm 2 from the van der Waals radii of 

these groups. This would given an adsorption density of SALO 

of 6,3x10- 10 moles cm.- 2 . The area covered by a SALO 

molecule is similar to the values calculated by others, ego 
2 35 2 71 2 72 octyl hydro xamate O,25nlll, ethyl xanthate O,29nm, stearate O,20nm . 

Other packing configurations such as when the aromatic 

group lies flat on the surface would give a larger area 

covered by the atom and thus a lower adsorption density. 

How~ver, this configuration is unlikely since the co-ordination 

to the metal ions is constrained by it's attachment to other 

lattice ions. 

The occurrence of a single SALO molecule attached to a surface / 

copper atom is unlikely to be detected by the S.E.M. even at 

the very high magnification used. Consequently since a distinct 

surface product (Dr crystallite) was detected on a treated 

oxide surface (no such feature was detected on the untreated 

oxide at the same magnification) at an adsorption density 

which would approximate a un i form monolayer coverage, it is 

considered that these feature represent isolated multilayer 
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patches of a copper - salicylaldoximate precipitate. The 

other areas on the surface would therefore be unaffected by 

the reagent. This is illustrated below . 

.. JIt 
Uniform monolayer Isolated multilayer 

An estimation of the approximate number of molecules of 

Cu(SALO)2 present in the crystallites can be made in two ways. 

In one method a visual estimate indicated that only about 

5% of the area displayed in micrograph 19 was covered by the 

crystallites. If it is accepted that uniform monolayer 

coverage approximates to the amount of SALO adsorbed then 

by simple proportion it can be estimated that the crystallites 

were made up of at least 20 molecular layers of Cu(SALO)2' 

The approximate amount of Cu(SALO)2 required to give a 

monolayer coverage can be determined from the unit cell 

dimensions as given in table 17 An average of 7xl0 - 1 a 

moles. cm- 2 was calculated on the area covered by the crystal 

faces of Cu(SALO)2considered most likely to be orientated 

towards the oxide surface. For example the area covered by 

the lOa and 001 cystal faces of Cu(SALO)2 are O,24nm2 and 

o,84nm 2 , respectively. Possible attachment to the surface 

in these cases could occur via the metal ion or by the 

hydrogen bonds to the hydroxyl group. 

In the other method an attempt was made to estimate the 

volume of material adsorbed on the oxide surface. This requires 

unfortunately an assumption of the depth of crystallites 
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which is almost impossible to estimate visually from the 

micrograph. 

The crystallite size was estimated as 

Length 

Width 

Depth 

0,03 pm 
0,004}-1m 

0,0001 }-1m 

Th 1 d t . d 1 2 10- 20 2( . e vo ume was e ermlne as , x cm assumlng a 

rectangular shape). 

The volume of one molecule of CU(SALO)2 can be calculated 

as 3,34x10- 22 cm 2 from the density which has been determined 
2 as 1,67g/cm. This indicates that there are 36 molecules in 

the crystallites. 

In conclusion of this section it appears from the evidence 

that a uniform monolayer of SALO adsorbing on the surface 

of copper oxide is insuffient to explain all the data. However, 

it is recognised that the evidence does not exclude the possibility 

that the formation of the crystallites , goes through a stage 

that involves an attachment of a SALO molecu~ to the surface. 

It is suggested in this thesis that the adsorption data 

is better explained in terms of nucleation and crystal 

growth theory. Nucleation occurs at isolated high energy 

sites on the surface. Once nucleation has occurred then 

subsequent crystal growth occurs at these sites. 
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Table 17 , 

Crystallographic details for tenorite. 

Monoclinic symmetry. 

Unit-cell dimensions. 

a = 4,68, b = 3,42, c = 5,13A o 

V = 81,08 cm 3 

° = 6,52g/cm 

Number of CuD molecules = 4. 

Crystallographic details for Cu-SALO chelate. 

Monoclinic symmetry. 

Unit-cell dimensions. 

a = 13,98, b = 6,08, c = 8,00 AO 

3 D=1,67cm 

Number of molecules = 2. 

D.3.b.iv) 2. Crystal growth 

Copper(II) oxide was treated with SALO solutions under 

conditions which allowed the study of the nature of the 

crystal growth after nucleation. 
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a. Time The nucleation sites were visible under the 

S.E.M. at a magnification of 2000 times (micrograph 20). 

Further growth resulted in these nuclei increasing in 

size to produce a uniform, rectangular shaped crystallite 

(micrograph 21) . There appeared to be no generation of 

new nuclei. Interestingly, the crystallites occurred as 

isolated patches on the surface and not as a uniform 

coverage and, therefore leaving a fair proportion of the 

surface unaffected by SALO. 

b . Surface area 

It is possible, by the variation of the surface area of 

an ox ide, to change the number of copper ions entering 

solution for a known mass of oxide in a set length of 

time. Crystal growth on oxides of different surface areas 

should reflect the effect of this change. The results 

did indeed show that for a copper(II) oxide sample of 

surface area 0,07 m2/g the crystallites were larger 

(micrograph 22) than for a sample of surface area 0,17 

m2/g (micrograph 23) . The crystallites were well formed 

in both cases. 

c. Reagent types 

A comparison was made of the surface growth on copper(II) 

oxide treated with SALO and with t he nitro derivative at 

acidic and neutral pH values. SALO formed isolated 

patches of flat, rectangular shaped crystals (micrograph 

24) • In contrast the nitro-derivative formed a fibrous, 

mat-li ke structure across most of the ox ide s urface 
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(micrograph 25). Closer examination of a sample treated 

briefly with the nitro-reagent revealed that the initial 

growth occurred as long, orientated blades (~icrograph 

26). An important difference between the nitro 

of the derivative and SALO is that the surface growth 

former reagent is more continuous and therefore it is 

expected to function as a better reagent in the flotation 

process. It is suspected that the reason for the 

difference in the structure of the precipitate was 

related to the chemical nature of the two reagents. The 

presence of the nitro-group on the aromatic ring could 

have restricted the development of the 

lattice. It was also possible that 

uniform crystal 

the degree of 

supersaturation of the copper complex in solution before 

precipitation was very much higher in the case of the 

nitro derivative. It is known that precipitates grown 

from highly supersaturated solutions tend to grow 

preferentially in one direction, i e • they are fibrous. 

This point will be developed further in the section 

dealing with 8-hydroxyquinoline. 
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D.3.b.v) Infra-red study 

Cecile et al 17-20 have studied in detail the infra-red 

spectra of SALO species adsorbed on a high surface area 

sample of malachite. At a low surface coverage they 

detected absorption peaks at positions similar to those 

of the 1:1 basic copper salicylaldoximate precipitate. 

At higher surface coverages they found that there was 

good agreement between the spectra of the adsorbed 

species and the 1:2 copper salicylaldoximate precipitate. 

Since the major difference between the 1 : 1 and 1: 2 

precipitates was caused by the loss of the oximic 

hydrogen, they concluded that the SALO adsorbed initially 

as shewn below. 

They considered that there was some form of interaction 

between the oximic hydroxyl group and the surface which 

caused a shift of the N-O stretching bands to the higher 

energies associated with the basic species. 

In the present study experiments were conducted on 

c opper (I 1) oxide with the view to confirming whether the 

same interaction occurred. It was found necessary to 
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increase the surface area to 2,18 m2/g in order to detect 

absorption peaks at low surface coverage. This surface 

area was still very much lower than the 50 m2/g material 
1 7 - 2 0 used by Cecile The data from an infra-red investigation 

of the copper(II) - SALO system are shown in figure34 and 

table181 The following spectra are illustrated. 

a) Cu(SALO)2' A copper(II) sulphate solution was added to 

a SALO solution at pH 5 until a precipitate formed. 

b) Cu(SALO)OH. A copper(II) sulphate solution was added to a 

SALO solution at pH 11 until a dark green precipitate 

formed. 

c) Copper(II) oxide (surface area 2,18 m2/g) was added 

d) 

-4 -1 to a 2,5x10 mol.l SALO solution at neutral pH and 

at 20 °C. Complete adsorption of the SALO would have 

. d t' d °t f 11x10- 10 moles.cm- 2 . glven an a sorp lon enSl y 0 

This low coverage approximates the amount required 

to form a monolayer of reagent on the oxide surface. 
2 Copper(II) oxide (surface area 2,18 m /g) was added to 

a 1x10- 3 mo1.l- 1 SALO solution at neutral pH and at 

20°C. The amount of SALO adsorbed of approximately 

45x10- 10 moles. cm- 2 was equivalent to multilayer 

coverage. 

73 
In addition, the possible assignments as given by Ramaswami 

for Cu(SALO)2 are given in table 18. : 

The spectra in these cases were adjusted to take account of 

the varying background in order to increase the visual clarity. 
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Table 18. 
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1303(s) 
1290(s) 

1250(..,) 
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1325(s) 
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- 144 -

The results show that there was a very good correlation 

between the infra-red absorption peaks of the surface 

species present on copper(II) oxide with a high surface 

coverage of SALo and the bis-SALo copper(II) complex . 

The only peaks of the bis-complex that were not observed 

were those of weak intensity. However, at low surface 

coverages the absorption peaks of the bis complex at 1650 

cm- 1 and 1510 -1 t d t t d cm were no e ec e • These peaks were 

also not observed for the 1:1 basic copper complex and 

were probably asociated with the presence of the N-oH 

bonds. There was no complete agreement between the 1:1 

complex and the surface species since the peaks at 1400 

-1 cm 1380 -1 cm -1 and 1290 cm , for instance,were not 

detected. In addition, some of the wavelength positions 

were slightly shifted. 

It has been previously shown that it was possible to 

identify isolated patches of precipitate on the surface 

of copper(II) oxide which had been treated with SALo to 

generate a theoretical monolayer coverage. This evidence 

would appear to eliminate the simple monolayer coverage 

of SALo concept as was envisaged by Cecile. 17-20 
The 

change in the absorption spectra of the surface species 

on moving from the first few layers to many layers could 

result from a structural change in the bis-SALo 

precipitate . The copper (II) oxide surface could 

constrain the development of the precipitate and thus 

force the development of a crystal lattice not usually 
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adopted. Subsequent growth would occur in the most 

favourable form which would be similar to the precipitate 

generated from copper and SALD solutions. 
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D.3.c) 8-HYDROXYQUINOLINE 

D.3.c.i) General features 

The class of compounds containing a hydroxyl group and a 

heterocyclic nitrogen atom capable of forming a 5- or 6-

membered chelate ring with metal ions have proved useful 
74 

as analytical reagents. The most important of these 

is 8-hydroxyquinoline, commonly known as oxine. 

Oxine has been used in the gravimetic analysis of copper 

solutions. It is claimed that this reagent 

quantitatively precipitates copper ions from solution 
74 

over the pH range 2,7 to 14,4. It has also been used 

in the solvent extraction of metal ions from solution. In 

fact the major constituent of the commercial Kelex type 

copper extractants is oxine. 75 

The reaction betwen oxine and copper in aqueous solution 

produces the hydrated complex; Cu(Ox)2.2H 20. In this 

complex the two oxine ligands form a square around copper 
76 

with the two water molecules taking up axial positions. 

An anhydrous version of copper oxinate can be 

produced by heating the hydrate at 110°C. This form of 

Cu(Ox)2 has the ligands bound in a plane to the copper: 
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Weak bonding to the oxygen atoms of adjacent molecules 

completes the distorted octahedral co-ordination 77 1, (this 

is a similar structure to Cu(SALO)2)' If the form is 

heated at above 200 0 C it rearranges to a more stable 

form. This modification has the ligands in a trans 

configuration around the metal but the arrangement is not 

co-planar since the nitrogen atoms are twisted out of 

plane to allow approach of the fifth ligand, an oxygen 

atom from a second molecule of Cu(Ox)2' This gives 

copper a rather distorted square pyramidal configuration 

and the structure can , be regarded as containing 

78 1/, 
essentially isolated dimer units. The form is also 

recovered from chloroform extracts of the copper oxinate. 

D.3.c.ii) Metal-species distribution 

A recent review of 8-hydroxyquinoline has discussed and 

critically evaluated the published data on the 

dissociation and solubility of oxine and it's metal 

chelate. 59 The values for the acid dissociation 

constant and the stability constant of the copper complex 

were extracted from this review. The values are listed 

in Table 19. ' 
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Table 1 q. 

Equilibrium constant data at 2SoC used in calculation or the 

copper-8-hydroxyquinolinate species distribution (flg.32). 
A refers to oxinate. 

------------------------------------------------------------
Equilibrium Type Value Medium 

H2A. ~ H+ +HA- pK1 
5,02 O,9KCl 

HA ~ H+ + A-
pK2 9,70 0.9KCl 

Cu2+ + A- ~ CuA+ log pi 12,10 0,1 Na+ 

logfh 23.00 

CuA2 (Solid)" CuA2 (Soln.) pS 6,48 

species distribution (fig. 35) for different 

and ligand concentrations could be derived 

data as was shown previousl\' (see appendix). 

total 

using 

T' .. pp Pt~----~c~'~'~.--------

Intrinllie solubility 

L· ot _1X l0- 2mol .l- 1 

C~to~·'Xl0-6D01.l-l 

.~ 

I:itrln31c: lIo!ubllity 

L
tot

-lx10-'mOl.l- 1 

CUtot _ 1X1 0-6mOl.l-l 

.,D,;-----'-:- -'-_'7 ____ -!-___ -:" 

" pH 

F1g.)S Species dhtrlbution f or copp.r-6-hydroxyquinoline cQmplexes at 
different total metal and lIgand concentrations. 

pH 
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The following important features are noteworthy: 

a) The CuL+ species is important at low pH values. 

b) The pH at which the amount of CuL 2 exceeds the 

intrinsic solubility, ie. the precipitation point, 

changes from 3,8 for solutions with a ligand to copper 

ratio of 102 to pH 2,6 for a solution with a ligand to 

copper ratio of 10 4 • 

c) Oxine does not form a soluble metal complex species 

at high pH values. 

It is beneficial to the understanding of the adsorption 

characteristics of the organic ligands studied to compare 

the log ~'). values. This gives another measure of the 

complexing ability of the ligand for copper ions. 

(Table 2.0). 

Lieand 

Table 20 

Comparison between logr.2 values 
for copper-chelate complexes. 

I'f-phenyl benzohydroxama t e 15.49 

Salicylaldoxime 15.20 

8 _hydroxyquinoline 23.00 

The magnitude of the value for oxine is very much 

greater than either of the other two chelating reagents. 
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One therefore expects differences ' in the rate of 

formation of the bis-chelate precipitates on copper(II) 

oxide surfaces at high pH values. 

D.3.c.iii) Adsorption isotherms 

The adsorption of oxine by copperCII) oxide was studied 

at different pH values and temperatures. In addition, 

the effect of the surface area of the oxide and the 

presence of a dispersing agent was investigated. 

Previous results had indicated that for chelate-

copperCII) oxide interactions, it was possible to account 

for all the adsorption in terms of the formation of the 

bis-chelate precipitate. Consequently, in the derivation 

of the adsorption isotherms for the oxine-copper(II) 

oxide system the amount of Cu(Ox)2 was determined. 

D.3.c.iii) 1. Time 

The rate of formation of Cu(Ox)2 depended on both the pH 

of the solution and the surface area of the oxide. The 

concentration of Cu(Ox)2 formed at 20 0 C on copper(II) 

oxide (surface area 0,07 m2 /gj 1,0 g) from a) Oxine 

-3 -1 (1x10 mol.l ,100 ml) at pH 3,5 and b) Oxine (1x10-

3 -1 mol.l ,100 ml) at pH 9,25 is shown in fig 36.. The 

concentration of Cu(Ox)2 formed at 20 0 C on copper(II) 

oxide (surface area 0,17 m2 /gj 1,0 g) from c) Oxine 

-3 -1 3 (1x10 mol.l ,100 ml) at pH 3,5, and d) Oxine (1x10-

-1 ' 
mol.l ,100 ml) at pH 9,25 is shown in fig. 37, . 
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The experimental details are refered to in the text. 

The following important features were noted 

a) C opp erCI I) ox ide samp le (surface area 

1 • The total concentration of copper oxinate formed 

increased with time until all the reagent was consumed . 

The eventual concentration of -5 5x10 moles of Cu(Ox)2 

corresponded to an equivalent of approximately 200 layers 

of chelate. Further conditioning at either pH 3,50 or pH 
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g,25 did not affect the concentration of copper oxinate 

on the surface or in the bulk solution. 

2. The rate of formation of total chelate was greatest 

at -5 acidic pH values hence 5x1o moles of Cu(ox)2 were 

produced in 2 hours at pH 3,50 and in 3 hours at pH 9,25. 

3. The concentration of surface chelate exceeded the 

c oncentra ti on of bulk chelate at both pH values. 

However, the relative ratio between the surface and bulk 

chelate changed from 3,90 at pH 3,50 to 1,68 at pH 9,25. 

The actual concentration of bulk chelate detected at pH 

3,50 corresponded to 40 layers of chelate. At pH 9,25 

this value increased to an equivalent of 80 layers of 

chelate. 

b) Copper(II) oxide sample (surface area 

0,17 m2/g) 

1. In the initial stages of the conditioning process at 

pH 3,50 the concentration of total chelate produced, 

increased rapidly. This process continued until the 

reagent concentration had dropped to a very low value. 

At this stage most of the chelate was recorded as surface 

chelate. Subsequent further conditioning of the oxide 

resulted in a decrease in the concentration of total 

chelate and of surface chelate. At the same time the 

concentration of bulk chelate increased, such that it 

eventually exceeded the concentration of surface chelate. 



- 153 -

The ratio between surface and bulk chelate changed from 

6,0 after 1 hour to 0,45 after 3 hours. The significant 

decrease in the concentration of the total chelate 

suggests that under these conditions some of the 

precipitate of Cu(Ox)2 redissolves. The species 

distribution diagram indicates that the soluble species, 

+ Cu(Ox) , is important at acidic pH values. It is 

therefore considered possible that the continued release 

of copper ions at pH 3,5 caused the mono species to 

become more stable than the bis complex. This feature 

and the change in the relative ratio between the bulk and 

surface chelate will be discussed later. 

2. At pH 9,25 the rate of the total precipitation of 

was again a relatively rapid process that 

continued until the reagent was nearly totally consumed. 

Subsequent further conditioning was found to have no 

effect on the total concentration of Cu(Ox)2 but it did 

have an effect on the ratio between the surface and bulk 

chelate. The ratio decreased from 4,3 after 1 hour 

conditioning to 1,4 after 2 hours . The decrease in 

surface chelate can not be attributed to the dissolution 

of the precipitate. Other factors which will be 

discussed later were considered to be responsible. 

3. There was significantly more bulk chelate detected at 

pH 3,5 in the experiments with the higher surface area 

oxide. At pH 9,25 the final concentration of bulk 

chelate was approximately the same in both cases. 
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D.3.c.iii) 2. E.!:!. 

The variation in the overall concentration of Cu(Ox)2 

produced in the copper(II) oxide-oxine system after a 2 

hour conditioning period at different pH values is 

reflected in fig. 38' ,' . 

Total 

O~--~----7----7----~--~----~---7, 
3 .. 5 6 7 8 9 10 

pH 

Fig.38. The variation with pH in the total amou~t of copper oxinate produced 
after ~ 2 hr.

1
contact between CuO(O,07m /g) and oxine solution 

(lx10- mol.l- ) at 20°C. 

The following features were evident :-

1) The rate of precipitation was at a maximum at pH 3,5. 

2) At more acidic pH values the rate decreased to some 

degree. 

3) At more basic pH values the rate decreased 

significantly to a minimum at pH 4,5. Further pH 

increase caused the rate to gradually increase through to 

pH 10,0. 

4) The adsorption isotherm resembled the hydroxamate and 

salicylaldoximate system in the acidic regions. It 

differed at higher pH values in that the rate of 
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precipitation was greatest at pH 10,0. 

The adsorption data can be explained in terms of the 

model discussed previously for the hydroxamate system. 

In summary, this model suggested that the isotherm could 

be subdivided in four pH regions : 

1) A region (very low pH values) in which soluble copper 

complexes are found. These species do not adsorb on the 

oxide. 

2) A region (between pH 3,5-4,5) in which 

precipitates rapidly. The rate of precipitation is 

controlled by the rate of release of metal ions. 

3) A region (between pH 5,0-8,0) in which the 

precipitation of CuL 2 is somewhat slower. The 

precipitation rate usually exceeds the rate of release of 

copper ions from blank solutions. The rate is rather 

controlled by the degree of solubility of the 

preCipitate. 

4) A region (above pH 8,0) in which the reagent and 

hydroxyl ions compete for copper ions . 

In the case of the oxine data the presence of region 1 can 

be inferred from the species distribution diagram. The 

soluble species, Cu(Ox)+ and Cu 2 + predominate at pH 

values below 3 and at low LToT : CU ToT ratios. The 

precipitation point of Cu(Ox)2 as read from the species 

distribution diagrams for a total reagent concentration 

of 1x1o-
2 

mol.1- 1 were NPBA pH 4,7, SALo pH 4,2 , oxine 
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pH 3,2 and 5NSALO pH 2. Region 2 was therefore 

expected to extend to lower pH values for oxine and 

5NSALO than for NPBA or SALO. 

Oxine differs from the other reagents in that region 3 

and 4 are combined. The complexing ability of oxine for 

copper ions as is reflected in the formation constants 

given in Table 20 l is significantly greater than the other 

reagents. Oxine is thus more readily bonded to copper 

than hydroxyl ions at high pH values. This can be re-

illustrated by the comparison between the solubility of 

the oxide and the precipitates of Cu(SALO)2 and Cu(Ox)2 

as sh own below. 

CuO + 2H2L~ Cu(HL)2 + H20 ---------pX -1,18 
(where H2L=SALO) 

CuO + 2HL ~ CU(L)2 + H20 ----------pK -8,98 
(where HL=Oxine) 

The equilibrium constant for the dissolution of the oxide 

and the formation of the precipitate is much greater in 

the case of oxine. 

D.3.c.iii) 3. Temperature 

The overall rate of formation of precipitate was again 

found to be temperature dependent (fig.39). 
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Fig .39. The variation with temperature in the concentration of copper oxinate 
formed (bulk and ·surface) from the CuD-Dxine system. 

However, in this case at pH 3,5 the ratio between the 

c oncentra ti on of surface and bulk chelate changed 

significantly at higher temperatures . The ratio changed 

o 0 from 3,25 at 25 C to 0,77 at 55 C. At pH 10,0 there was 

no change in the ratio of bulk to surface chelate. It is 

considered that the reason for the change in the tendency 

to form bulk and surface chelate is connected to the 

structure of the precipitate formed. This aspect is 

discussed later in section D.3.c.v) 3. 
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D.3.c.iii) 4. Dispersing reagents 

The addi ti on of gum arabic to the chelating reagent 

solution at pH 9,25 was found to reduce the formation of 

surface chelate and at the same time to increase the 

concentration of bulk chelate, fig. 40. The extent to 

which the concentration of surface chelate was reduced 

was linearly related to the concentration of gum arabic 

added. In addition, the presence of gum arabic appeared 

to increase the overall concentration of copper oxinate 

produced at this pH. At pH 3,50 the concentration of 

surface chelate was also reduced by gum arabic addition 

to the conditioning solution. However, in this case the 

extent of reduction for equivalent concentrations of gum 
was more severe. This suggests that gum arabic coats the 
surface and reduces nucleation of the precipitate at the oxide 
surface. Hetergeneous nucleation requires the presence of 
another surface to assist in the overcoming of the energy 
barrier required to bring molecules together to form nuclei. 
Gum arabic could act by adsorbing at the high energy sites on 

the oxide surface, ego dislocations etc., and could thus reduce 
nucleation of the precipitate at these pOints. 

~ 
1,5 J 

I pH 9,25 ~ 

0 I pH 3,50 0 
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" " ~,,+/ " ·c. " ~ ~ ~ 0 
~ /' 

a 
1 .. ~ 

~ 
.. .. ~ 

~ .. 
• ~ 
u • 
" 

u 
a ~ 

" 0 

" 0 0 
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Fig. 40. Adsorption of a-hydroxyquinoline by CuD in the presence of gum arabic. 

CUO(O I17m2/g,1.0gm)OXlne(1X10-3~Ol.1-1,1 00mla) time 30mins I temp. 20°C 
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D.3.c.iii) 5. Discussion 

The model for the adsorption process as developed up to 

this stage can account reasonably well for the variations 

in the overall metal-chelate precipitate formation. 

However, it does not offer an adequate explanation for 

the formation of bulk and surface chelate. In addi ti on, 

the model cannot be used to understand the change in the 

ratio between bulk and surface chelate with conditioning 

time. It was necessary to consider the results of infra-

red spectroscopic data and S.E.M. data in order to 

rationalise these features. 

D.3.c.iv) Infra-red spectroscopic study 

An a t tempt was made with the aid of infra-red · 

spectroscopy to confirm the chemical nature of the 

adsorbed species on copper(II) oxide conditioned with 

ox i ne • In this regard, the literature spectra were 

consulted, the spectra of freshly precipitated and aged 

precipitate measured, and the spectra of the adsorbed 

species on a high surface area material determined. 

D.3.c.iv) 1. Copper oxinate precipitates 

An a t temp t was made with the aid of infra-red 

spectroscopy to confirm the chemical nature of the adsorbed 

species on copper(II) oxide conditioned with oxine solution 

(1x10 -3 -1 mol.l ,pH 10). In one case the precipitate was 

separated rapidly from solution by filtration (called 

freshly precipitated material), whereas in the other caS2 

the precipitate was kept in contact with the solution for 
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2 hours (called aged precipitate). The infra-red spectra 

of these solids were measured as KBr discs. 

of the spectra are represented in fig. 41~ 

-------------- ---

'V I ' \11 I 
c\ , 

\ I 

,,,. 
1112 

"50 
i'lavenumber/ em- 1 1110 

Fig. 41. Infra-red spectra at copper oxinate precipitates. 
------ refers to fresh precipitate 

-- refers to aged precipitate 
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The sample of aged capper oxinate differed from the 

freshly precipitated material in that i) a broad band 

appeared at A, ii) the splitting of the band at B 

disappeared, iii) the shoulder an the band at C 

disappeared and iv) there was a 

between the peaks between 791 cm- 1 and 

larger separation 

783 cm- 1 • It was 

suspected that the broad band at A was associated with a 

hydroxyl group which would indicate that the spectral 

changes could be due to the hydration of the copper 

oxinate. In this regard the infra-red spectra of the 

literature data on the hydrated species, 

and the anhydrous version, Cu(Dx)2' were consulted. 7q 

The details of the spectra over the same wavenumber range 

are represented in table 21. 



- 161 - I 

Table 21. \ 
1q 

Literature data for infra-red spectra of copper oxinate 

preclpi t3. tea. ("iavenumber! em -1 ) 

Cu(Ox)z 

785 781 

788 

804 805 

819 818 

1118 1109 

1500 1495 

1570 1560 

1590 1590 

1610 

A comparison between the above spectra and the spectra of 

fresh and aged precipitate led to the conclusion that the 

former resembled a mixture of the anhydrous and hydrated 

copper oxinates, whereas the latter was similar to the 

hydrated version. For example, the peak at 1118 -1 cm 

associated with the anhydrous version occurred as a 

shoulder in the spectrum of the fresh precipitate but not 

at all in the spectrum of the aged version. In addition, 

the splitting between the peaks which occurred between 

791 
-1 cm and 783 cm- 1 increased from 5 cm- 1 to 7 -1 cm 

probably because of the decrease in the intensity of the 

-1 anhydrous peak at 785 cm • 
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D.3.c.iv) 2. Copper(II) oxide (surface area 2,18 m2/g)_ 

Oxine system. 

A sample of the original oxide was ground further in an 

agate mortar in order to increase the surface area of the 

material. A high surface area material was required for 

this experiment because it was intended to study the 

species adsorbed initially. The concentration adsorbed 

2 by the original oxide (SA = 0,07 m /g) was so low that it 

was only detectable after the material had been in contact 

with the solution for some time. 

The infra-red spectrum of a copper(II) oxide 

conditioned . briefly « 5 mins) with a 1x10-3 

oxine solution at pH 10 was identical to the 

sample 

mol.l- 1 

spectrum 

obtained for the anhydrous copper oxinate precipitate. 

D.3.c.iv) 3. Copper(II) oxide (surface area 0,07 m2/g) ~ 

OXl.ne system 

Copper(II) oxide was conditioned 2 hours at pH 10 with a 

1x10-3 mol.l -1 oxine soluti on. The ads orbed surface 

species was again found to resemble the anhydrous 

species, Cu(Ox)2' although in this case there was als 0 

evidence for the forma ti on of some of the hydrated 

version. The loR. spectrum of the bulk precipitate was 

different from the surface species in that it more 

closely resembled the hydrated species (fig.42 ). 
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Surface 

820 787 
Bulk 

80' 

820 

1112 

Fo 42 The infra-red spectra of bulk (or non-attached) and surface copper 19 . . 
oxinate isolated from the CuO-Oxine system. 

D.3.c.iv) 4. Discussion 

The infra-red data on copper oxinate precipitates 

suggests that the initial precipitate formed from 

solution was the anhydrous version, Cu(Ox)2' and that 

this species then slowly hydrated to form Cu(Ox)2.2H 20. 

In a similar fashion it was shown that the species formed 

initially in the copper(II) oxide- Oxine system was the 

anhydrous version and that this species also subsequently 

became partially hydrated. It is considered feasible 

that this hydration of the copper oxinate could be 

responsible for the significant increase in the bulk-

chelate and the decrease in the surface-chelate which 

was noted in some experiments when the oxide was 

conditioned for an extended period. Hydration of surface 

species could result in their detachment because this process 

probably involves a rearrangement in crystal structure which 

causes a rupture of the bonds responsible for the attachment 

of the precipitate to the surface. 

This possibility was investigated further with the aid of the 

scanning electron microscope. 
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D.3.c.v) Scanning electron microscope "study 

The scanning electron microscope was used to determine 

the physical appearance of the precipitate on the oxide 

surface . In this study it was hoped to be able to 

distinguish the reason for the detachment of surface 

chelate from high surface area material and not from 

lower surface area material (see fig. 36,37). 

D.3.c.v) 1 • Low 

investigatiun (surface 

surface area copper(II) 

2 area 0,07 m /g). 

oxide 

The oxide was treated with 1x1o-3 mol.I - 1 oxine solution 

at pH 3,5 for 30 mins. At a magnification of only 1000 

times, relatively large hexagonally shaped platelets were 

visible on the oxide surface (micrograph 27,28). Some of 

the platelets were very well formed but they only 

occurred in isolated patches on the oxide surface with 

the result that large areas of the oxide were unaffected 

by the crystal growth. 

D.3.c.v) 2 . High surface area copper(II) oxide 

investigation (surface area 0,07 m2 /g). 

a) The oxide was treated with a 1x 1o-3 mol.l- 1 oxine 

solution at pH 3,5 for 30 minutes (micrographs 29,30). 

The following features were noted under the S.E.M . , 

1) the oxide particles tended to adhere together to form 

aggregates (micrograph 29), and 

2) three types of surface growth were visible, 

(micrograph 29). 
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i) hexagonally shaped crystallites, similar to those 

detected in micrograph 27. 

ii) a fibrous type growth which appeared to grow across 

the surface. This feature is enlarged in micrograph 3D, 

and 

iii) a whisp-like feature that appeared to grow away from 

the particle surface (micrograph 29). 

b) The same oxide sample was viewed again under the 

S.E.M except in this case, the oxide was treated for 4 

hours -3 -1 in a 1x1o mol.l oxine solution at pH 3,5. It 

was noted that most of the precipitate had disappeared 

from the surface and only minor amounts of the 

hexagonally shaped platelets remained (micrograph 31). 
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3. 0 is cuss i on 

When the rate of precipitation of Cu(Ox)2 on the oxide 

was slow, then well formed, hexagonally shaped platelets 

were formed. These platelets did not appear to detach 

from the surface easily, possibly because: 

a. they were relatively large and therefore hydrated 

slowly (the infra-red evidence had suggested that copper 

oxinate precipitates hydrate with time) or 

b. they were grown slowly and therefore were more 

intimately associated with the surface . 

However, in the case where precipitation was rapid, as 

for when a high surface area oxide was used, then other 

physical forms of copper oxinate were preferred. It is 

suggested that these, forms ego the fibrous form, were 

not as stable with regard to remaining attached to the 

surface. This could possibly be due to the higher 

surface area of the fibrous form which would therefore 

hydrate relatively rapidly. It could also be due to the 

fact that the rapid nature of the precipitation excluded 

intimate attachment of the precipitate to the oxide 

surface. 

It was concluded that at this stage the model for chelate 

adsorption on copper(II) oxide had to be extended to 

include a factor which would take account of the 

structural type of precipitate formed. With this in 

mind some of the factors which control metal-chelate 

precipitation were investigated in more detail. 
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E. METAL-CHELATE PRECIPITATION STUDIES 

A more fundamental study of metal-chelate precipitation 

on copper(II) oxide was complicated by the fact that a 

variable such as pH, controlled both the oxide 

dissolution and also the formation of the precipitate. 

Consequently, it was extremely difficult to investigate 

the relationship between the amount of copper released 

from the oxide and the nature of the precipitate, and 

also to determine the factors responsible for the 

formation of bulk chelate. In order to do this, other 

systems were considered for which the control of copper 

release was to some extent independent of the pH. Copper 

metal was found to be the most suitable in this regard. 

The factors which control the nucleation and crystal 

growth of a precipitate from solutions of the relevant 

species has been fairly well studied and theoretical 
80-82 

models exist to account for most experimental data. 

There has also been some work reported on the 

precipitation onto an inert solid. However, there has 

been little work published on the formation of 

precipitates on solids, in which one of the species 

required to form the precipitate, comes from the solid 

itself. A novel way to study this phenomenon (in a 

practicable way) is to use a substrate which releases 

copper ions in a contolled manner. 

In this regard copper metal is ideal because it oxidises 
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in an aqueous environment as follows: 

2 Cu + O2 + 2H 20 ~ 2 Cu 2+ + 40H-

S3 

The release of copper ions from the metal at a set pH can 

be controlled by the variation in either the O2 content 

of the solution or the surface area of the metal. 

E . 1. Precipitation from well stirred solutions 

E.1.a) 8-Hydroxyquinoline 

E.1.a . i) . Polished copper metal 

The amount , of copper oxinate formed on highly polished 

copper metal after a 12 hour conditioning in well stirred 

oxine solution was measured. In addition, the surface of 

the me tal was viewed under the 5.E. M. in order to 

determine the precipitate morphology. 

E.1 . a.i) 1 Adsorption study 

The relationship between the pH of the ox ine solut i on 

and the amount of copper oxinate produced is shown in 

Fig . 4"3 . 
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The results clearly confirmed that it was possible to 
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control the release of copper ions and thus also to 

control the precipitation of copper oxinate. This 

experiment has simulated to some degree the conditions 

present in the low surface area oxide system because in 

both experiments the precipitation was controlled by the 

slow release of copper ions from the surface. It was 

also noted that no bulk chelate was detected in the 

copper metal experiment. Obviously, nucleation and 

crystal growth were favoured at the point of copper ion 

release. 

E.1.a.i) 2 Scanning electron microscope study 

Well formed, hexagonal shaped platelets of copper 

oxinate were formed on polished copper metal treated with 

oxine at either pH. These platelets grew from small 

nuclei into large crystallites that eventually covered 

the entire metal surface (micrograph 32,33). 

E . 1.a.ii) Etched copper metal 

The surface area of the metal was increased by etching 

the metal surface with concentrated nitric acid. This 

treatment had the effect of increasing the rate of 

release of copper ions from the surface (although there 

was no direct evidence of an actual increase in Cu 2 + 

it was inferred from the greater rate of precipitation of 

metal-chelate on the surface). 
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E.1.a.ii) 1 Adsorption study 

The forma ti on of metal-chelate precipitate on etched 

copper metal was found to be controlled by 

c oncentra ti on of the oxine and not by 

copper released (fig. 4 11-). 
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This type of adsorption simulated the high surface area _ 

oxine system. However, again there was no bulk chelate 

detected. 

E.1.a.ii) 2 Scanning electron microscope study 

There were significant differences in the crystal 

morphology of copper oxinate precipitates grown on etched 

copper metal. When acidic oxine solutions were used two 

types of crystal habit were adopted, viz. hexagonal 

platelets and fibrous (micrograph 34). The former habit 
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was identified in the previous e xperime nt. However, when 

basic ox ine s oluti ons (and therefore higher 

concentrations of oxinate anion) were used only the 

fibrous type material was detected (micrograph 35) • The 

physical appearance of the fibrous material was found to 

be dependent on the concentration of the ox ine solution 

(micrograph 36). The higher the concentration of the 

oxinate anion the finer the fibres that grew on the 

metal. The finer fibres sealed the metal surface more 

effectively with the result that the total uptake of 

metal chelate by the metal was less than in the case of 

the coarser fibrous growth . This is illusrated in fig. 

45". 
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E.1.b) Salicylaldoxime 

The same type of experiments were conducted with SALO as 

the reagent. The precipitate of copper-salicylaldoximate 

on the metal always occurred as uniform, well-formed 

crystallites as shown in micrograph 37. There was no 

difference in the precipitate produced on polished and 

etched metal or from solutions at various pH's. 

E.1.c) Conclusion 

Walton has specified that the most important single 

feature in determininig precipitate morphology is the 

degree of . 80 . AId supersaturat~on. t ow egrees of 

supersaturation precipitation crystals are expected to be 

well formed, the shape depending on the crystallographic 

structure and surface energetics . At higher 

supersaturations growth is modified, high-energy planes 

emerging and dendritic crystals being produced. At high 

supersaturations colloidal phenomena are observed. It is 

possible to apply this theory to the results of the 

copper metal study and thus also to the oxide system. 

Well formed hexagonal platelets of copper oxinate should 

only be formed from solutions where the degree of 

supersaturation was low. This was indeed found to be the 

case because hexagonal crystals were noted only where the 

copper ion concentration was low (low surface area), and 

where the oxinate anion concentration was low. Fibrous 

type (equivalent to the dendritic form in the Walton 

model) precipitates were predicted to form only at higher 



- 178 -

supersaturations, i.e. where the copper release or 

oxinate anion concentration ~as increased. 

The fact that no colloidal phenomena were observed in 

these experiments (this would correspond to bulk chelate) 

could be caused by the fact that the supersaturation 

level never reached very high values. 

The results of the SALo experiments can also be explained 

in terms of the degree of supersaturation. A lower 

supersaturation level was expected for SALo than for 

oxine since the log ~2 value (or solubility product) for 

the latter was much greater than the former. One 

therefore predicts that SALo would form well formed 

crystallites on copper metal and on copper(II) oxide 

surfaces . 

E. 2. Diffusion controlled growth of precipitate 

It was noted that when copper tubes were placed in well 

stirred ox ine solutions that copper oxinate occurred only 

on the surface of the metal and not in the bulk of the 

solution . However, in experiments in which the tube was 

placed into undisturbed solutions bulk chelate was 

detected. Table 2~ shows the distribution between bulk 

and surface chelate for undisturbed, ox ygena ted and 

aerated oxine solutions , and also for stirred solutions 

at two pH values after a 20 minute period. 



Air 

O2 

Air 

At pH 
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Tabl e 22 . 

Concentration of bulk and surface chelate(in moles x10- 7 ) 

pr oduced on copper metal ~~der various experimental conditions. 

pH 3,80 pH 9 , 50 

Bulk Surf ace Bulk Surface Condi ticn 

2 , 6 8, 1 2, 9 8 , 7 Non-stirred 

23,2 0,9 2, 4 9,0 Non-stirred 

0,0 51, 9 0 , 0 109,2 St irred 

9,50 precipitate formation was favoured on the 

surface of the metal, although a small amount did detach 

when the tube was removed from the solution. The crystal 

form of the precipitate was both as hexagonal platelets 

and as a fibrous form (micrograph 38) . 

However, 

!)on- nt.lrl·~'U 

nnd n't 25° 

when the tube was placed in non-stirred, 
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oxygenated solutions at pH 3,8 bulk chelate rather than 

surface chelate preferentially formed. The growth of 

this precipitate away from the surface was recorded 

photographically as shown below (photograph A and B). 

The diffusion layer around the copper cylinder was large 

because of the stationary nature of the solution. It is 

sugges ted that the relative diffusion rates of the metal 

i on and the oxinate anion species within this layer 

controlled whether the precipitate was recorded as 

surfac e or bulk chelate. At basic pH values there are 

two factors in favour of precipitation occurring on the 

surfa ce . Firstly, at th is pH the effective concentration 

of the oxinate ani on was large and therefore the 

diffu sion rate of oxinate to the surface was rapid enough 

to replace the concen tra tion removed as the precipitate. 

Secondly, the diffusion of copper ions from the metal 

surface was restricted by the presence of excess hydroxyl 



- 181 -

ions. However, at acidic pH values the concentration of 

oxinate anion was lower and so that at anyone moment the 

diffusion rate of oxine to the surface was expected to be 

insufficient to replace the concentration of anion 

removed 

addi tion, 

by the formation of the precipitate. In 

the copper ions were not restricted from 

diffusing away from the surface. The net result of these 

factors was that crystal growth occurs in the direction 

of greatest concentration of oxinate anion which in this 

case was away from the surface. 

A large diffusion layer around coppereII) oxide particles 

could exist if:- 1) the solution was not well stirred 

and 2) the solid had a high porosity which restricted 

access of the solution to all of the solid. In these 

cases bulk chelate would be expected to form rather than 

surface chelate. 
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F. ATTEMPTS TO MEASURE SURFACE HYDROPHOBICITY 

This study was primarily concerned with the attempt to 

understand the mechanism of adsorption of chelating 

reagents . on oxide minerals. A knowledge of the 

adsorption process should assist in the determination of 

the best conditions under which these minerals could be 

recovered by flotation. In an attempt to relate the 

adsorption data to the tendency for a mineral, to float, 

it was considered important to measure the relative 

hydrophobicity of ·oxide samples coated with the different 

chelating reagents under different conditions. In this 

regard, three types of experiments were performed, viz. 

1. Bubble pick-up method on copper(II) oxide particles, 

2 . Single bubble stream flotation method on copper(II) 

oxide particles, and 

3. Contact angle measurement on chelate coated copper 

metal. 

F.1. Bubble pick-up method 

This method has been proposed as a useful micro-technique 

for monitoring the relative hydrophobicity of mineral 

84 surfaces. A bubble attached to the end of a 

microsyringe was lowered through the solution into a 

carefully prepared indentation in the mineral particle 

bed. After a set length of time the bubble was removed 

and the amount of solid attached to it recorded. 

Unfortunately it was found that this method was very 
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subjective and very difficult to duplicate with re-

crystallized copper(II) oxide. The amount of oxide 

attaching to the bubble could very easily be varied by a 

suitable choice of deformation of the bubble and pressure 

of application. The main reason for this behaviour was 

probably connected to the very smooth surface and fine 

particle size of the oxide paticles which appeared to be 

sufficiently hydrophobic to attach to the bubble in the 

absence of reagent. 

F.2. Single bubble stream flotation method 

The apparatus used in this section was developed at MINTEK 

as an alternative to the more traditional Fuerstenau type 
85 

flotation cell. In this system a single bubble stream of 

nitrogen is passed through a mineral pulp kept in suspension 

by a centrifugal pump. At the surface the mineral laden 

bubbles are diverted to the sides from where the mineral can 

be recovered. Unfortunately there were practical problems 

associated with the use of this apparatus to float the 

re-crystallized copper(II) oxide. The turbulence created 

by the upward movement of the air bubbles resulted in rather 

high solid collection in the absence of reagent . The particle 

size of the oxide was apparently too small for use in this 

kind of flotation cell. 

F.3. Contact angle measurement on copper metal 

An air bubble attached to the end of an open tube (diam. 0,5 mm) 
was lowered through the solution onto a copper plate as 

shown below. The copper plate was pre-conditioned with 
the chelating reagent. 

The ~ngle of attachement was measured later from the 

ph 0 tog r 'a ph. The bub b 1 e was the n lower edt 0 ale vel t hat 
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ensured a large contact area and then raised back to the 

original P osi ti on where the angle was 

measured (angle 2). 

Cu ulate . Angl e . 

The results are listed in table 23. 

Table 23. 

Contact angle measurement 

Uncoated eu Oxine SALO 5- :1i troS,\LO 

Angle 1/degrees 15 18 30 25 

Angle 2/degrees 
15 15 66 32 

l'o tassium 
ethylxanthate 

17 

32 

again 
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The measurement of a contact angle in the above manner 

is not meant to be an absolute method but rather to give 

an indication of a trend. Angles of 15 ° were reported 

because, with the method used, it was almost impossible 

to distinguish angles between 0° and 15°. In addit ion, 

those contact angles between 15° and 20° were considered to 

indicate that the hydrophobicity of the surface was so low 

that no attachment between the bubble and the metal occurred, 

ie. that the surface was hydrophilic . A significant 

hysteresis between the two contact angles also indicated 

hydrophobicity. 

The low contact angle on copper metal indicates that the 

metal is hydrated to some degree. This agrees with previous 
86 

findings that copper metal is not naturally floatable. In 

addition air oxidized copper metal has a surface layer 

consisting of a mixture of copper(I) and copper(II) oxide 

which would be expected to make the surface hydrophilic~7 

A bubble contact angle greater than 30° is considered to 

indicate that a significant change has occured at the metal 

surface due to reagent adsorption. Ethyl xanthate was 

expected to have a contact angle of 66° as has been previously 

found. It is suggested that the fact that the measured angle 

was much smal le r could have been caused either by variations 

in the experimental techniques used or by changes in the form 

and concentration of the adsorbate on the surface. 

The most significant feature of the contact angle data 

was that oxine adsorption did not appear to increase the 

hydrophobicity (and thus the contact angle) of the metal 

surface, whereas the other reagent did. This agreed with the 
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adsorption data for copper(II) oxide-oxine system. In 

this case it was shown that the adsorbed copper oxinate 

became hydrated with time when left in contact with water. 

Oxine was therefore predicted not to function as a collector 

for oxide minerals unless an additive, such as fuel oil, 

was added. This is in fact what has been concluded by other 

researchers from the results of studies to develop a 

commercial process to recover oxidised zinc and lead 
28 

ores in Italy. 
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G. SUMMARY OF THE MODEL FOR THE ADSORPTION OF CHELATING 

REAGENTS ON OXIDE MINERALS 

The adsorption process can be divided into various 

stages; oxide diss oluti on, metal c omplexati on, 

precipitation and post-precipitation processes. 

G.1 Step 1. Oxide dissolution. 

A measure of the tendency for a metal oxide to dissolve 

in aqueous media can be derived from the consideration of 

the solubility product data of the relevant metal 

hydroxides. The concentration of metals ions released at 

equilibrium at pH 4 and the charge to radius ratio for 
I 

the metal ion is also given in table 24 .. 

Table 24. 
Solu~ility of various metal hydroxides . 

Hydroxide pKsp 
1':+ -1 LogI mol.l Classification Charge/radius 

Al. (OR) 3 31,6 -1,60 nrSOL 5,9 

Ca(OH)2 4,9 15,10 SOL 2,0 

Cr(OH)3 30,3 -0,30 SEI>IT-SOL 4,8 

Cu(OH)2 19,7 0,30 SEtH-SOL 2,8 

Fe(OH)3 37,9 -7,90 I11S0L 4,7 

Ni(OH)2 16,8 3,20 SOL 2,9 

Zn(OH)2 15,6 4,40 SOL 2,7 

It is clear that ferric hydroxide is significantly less 

soluble in aqueous media than copper hydroxide. The 

differences in the solubilities between Ca 2+, Cu 2+, Fe 3+ 

and Zn 2+ hydroxides can be understood with reference to 

the simplistic electrostatic concept of bonding. The 

high charge to radius ratio for the ferric ion results in 
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a stronger attraction for the hydroxyl ions than in the 

case of, for instance, the zinc ion. 

G.2. Step 2. Metal - chelate complexation 

The chelating reagents used in this study contained 

active groups which are classified, like the hydroxyl 

ion, as hard bases (see INTROD.) Consequently, the 

formation constants for metal-chelate complexation vary 

with the metal ion in the same manner as the solubility 

products of the hydroxides. The ferric ion therefore 

forms a more stable complex with oxine than the copper 

ion. However, iron(III) oxide releases very few ions to 

solution and therefore there is very little metal-

complexation in solution in this case. By comparison 

copper(II) oxide releases a relatively large \ 

concentration of copper ions to solution and therefore 

metal-complexation in solution is a very important 

factor in the adsorption process. 

The greater stability of the 

hydroxyquinoline as compared 

copper 

to 0-0 

comple~ of 8-

type chelating 

reagents (eg. hydroxamate) can be attributed to the fact 

that the basic character of the oxine nitrogen is greater 

than that of the carbonyl oxygen. However, it does not 

follow that the copper comple x of ~ aminophenol, which 

shows approximately the same basicity as oxine, has the 

same stability. In the ~ aminophenol group the co­

ordination to a metal is restricted by the presence of 
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the hydrogen atoms which exert a steric blocking effect. 

Also, the greater resonance interaction possible in the 

oxine .chelates as compared with the ~ aminophenol and 

salicylaldoxime could account for the greater stability. 

G.3. Step 3 Precipitation 

The variation in the concentration of copper-chelate 

complexes with changes in the pH, concentration and 

temperature of the ' solution can be derived from the 

values of the acid dissociation constant of the ligand 

and the formation constants of the copper complexes. It 
, 

is possible with the aid of th~s data and the knowledge ' . . ........ - , 

of the intrinsic solubility of the neutral bis-chelate 

copper complex to determine the conditions which favour 

metal-chelate precipitation. 

Precipitation is a complex phenomenon that is affected by 

many variables some of which are difficult to control. 

Walton78 has I' t d b fIt lS e anum er 0 re evan factors that 

affect precipitation. 

1) the number of impurities in the solution. 

2) catalysis by active sites in the container 

walls, electrodes, stirrer etc. 

3) the method of mixing of reactants. 

4) the rate of stirring. 

5) temperature. 

Nevertheless, it is possible to consider precipitation to 

occur in two stages, viz. nucleation and crystal growth. 
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The interaction between metal ions and chelate molecules 

leads to the formation of a cluster w~ich can become 

sufficiently large to become consolidated into small 

crystallites or nuclei upon which irreversible crystal 

gr owth ensues. 

A + A ~ A2 

Ax _ 1 + A ~ A x (critical cluster or nucleus) 

Ax + A ~ A Nucleation x-1 
-'> crystal growth. 

The presence of a substrate can lower the energy barrier 

to nucleation and hence catalyse the nucleation process. 

Copper(II) oxide acts as a very effective site onto which 

the precipitate can heterogeneously nucleate. It is 

likely that the copper(II) oxide surface contains surface 

defects such as dislocations and edges which are more 

likely to catalyse nucleation. 

Crystal gr ow th is controlled by the degree of 

supersaturation of metal complex. This in turn is 

controlled by the rate of release of metal ions from the 

oxide surface, the chelate anion concentration, the 

formation constant of the precipitate, the instrinsic 

solubility of the precipitate and the efficiency of the 

stirring of the oxide-chelate vessel. A low degree of 

supersaturation can be caused by a limited release of 

copper ions (eg. low surface ares oxide), a low pH, a 

relatively low formation constant or a relatively high 

instrinsic s olub ili ty. High sup ersa tura ti ons are 
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generated by the use of a high surface area oxide, a 

high pH or a reagent with a high formation constant. The 

precipitation crystals produced on the oxide surface from 

solutions of low supersaturations are well formed and are 

in isolated patches (points of nucleation). 

Higher supersaturations produce a more 

precipitate by dendritic type growth. The 

tends to cover larger areas of the surface. 

fibrous type 

precipitate 

Very high 

supersaturations can cause the precipitate to nucleate 

homogeneously 

In Nagaraj's 

and form a colloidal or bulk precipitate. 

experiments part of the cause of the 

formation of so much bulk precipitate could be the very 

high degree of supersaturation. 

It is possible by the use of additives such as gum arabic 

to interfere with the precipitate growth and to cause 

nucleation to occur in solution and not on the surface. 

G.4. Step 4. Post-Precipitation processes. 

The metal-chelate ·precipitate is subject to a number of 

physical and chemical processes which can tend to 

disperse it from the oxide surface. The most obvious 

physical process involves the detachment of precipitate 

because of attrition between the various oxide particles. 

This factor would be dependent on the structural form of 

the precipitate. It is considered that the precipitate 

which occurs on the surface as a fibrous layer (see 

micrographs for 5NSALO) is less likely to detach because 
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of attrition than a precipitate which occured in isolated 

patches which protrudes from the surface. 

The chemical processes that operate on the precipitate 

are specific. 

to convert 

form. The 

For example, copper oxinates are believed 

slowly from the anhydrous to the hydrated 

nature of this conversion is such that the 

attachment to the surface is lost and the precipitate is 

dispersed in the bulk of the solution. The rate of this 

conversion is dependent on the physical state of the 

precipitate 

the well 

suggested 

with the fibrous form hydrating faster than 

formed crystals. In the case of SALD it is 

that the precipitate can adsorb ions from 

solution and therefore it can act as its own dispersant. 
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H.ADSORPTION RESULTS IN RELATION TO THE FLOTATION PROCESS 

At this stage it is possible to make an intuitive 

assessment of the adsorption results with regard to the 

flotation process. It is considered that in this process 

there are two important features, viz. a) the 

concentration of precipitate adsorbed on the oxide and b) 

the physical nature of the precipitate. The former 

factor is concerned with the need for the oxide particle 

to attain sufficient hydrophobicity such that it 

preferentially attaches to introduced air bubbles. The 

latter factor determines whether the preCipitate remains 

adhered to the oxide surface for a period long enough for 

the particles to be floated. 

The classical idea of the adsorption on oxide minerals 

was that the organic reagent combined with surface metal 

ions by the displacement of other adsorbed species such 

as H20 to form a uniform layer. The organic reagents 

used were designed such that one portion of the molecule 

was responsible 

other part was 

for attaching to the metal ion and the 

directed to impart to the oxide a 

hydrophobic nature. In the case of copper oxides it has 

now been shown that the adsorption process involves 

precipitation of the species which is formed between the 

organic reagent and metal ions. The precipitation occurs 

at the source of metal ions, ie. at the oxide surface. 

This process resulted in the formation of isolated 

patches of adsorbed material on the oxide particle. 
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These patches corresponded to the nuclei from which 

crystal growth proceeded. 

It is considered that the form of the precipitate is an 

important factor in the control of the recovery of the 

oxide minerals by the flotation process. The type of 

precipitate formed is suggested to dictate whether it can 

withstand the physical displacement forces in the 

f Iota ti on cell. Precipitate morphology can vary from 

well shaped crystallites to fibres depending on the rate 

of precipitation. This is in turn determined by the 

degree of supersaturation of the metal complex. In 

addition, it is suggested that the presence of isolated 

patches 

might 

of crystalline precipitate on the oxide 

not be sufficient to impart enough 

surface 

overall 

hydrophobicity to the oxide particle. A fibrous type 

precipitate which 

would be expected 

grows laterally across the 

to overcome this problem 

surface 

to some 

extent. However, in some cases this type of precipitate 

appeared to detach from the surface relatively easily. 

In conclusion, the results suggest that the most 

satisfactory conditions to aim for in the flotation 

circuit are those that produce a strongly adhering 

crystalline precipitate with a high surface coverage of 

the mineral surface, ie. to use conditions which produce 

solutions of low theoretical supersaturation. 

It i s suggested that the reagent does not adsorb as a 

uniform monola yer on the surface but rather as patches 
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of multilayers . However, there is no indication at this 

stage what degree of surface coverage with these nuclei 

would be required for floatability. It is recognised that 

the reagent concentration level used in this study would be 

uneconomic but it is suggested that the reagent could be 

modified to increase it's hydrophobicity. Furthermore, 

it is considered that under the above conditions that the 

amount of reagent required for flotation could be reduced 

by the elimination of : the large losses due to the reagent 

being consumed to produce non-attached or bulk copper chelate . 

• 
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I. FUTURE WORK 

There are a number of research avenues considered worthy 

of further investigation. 

1) An extension of the range of oxides covered to include 

oxides such as ti taniumCIV) oxide, tinCIV) oxide and 

zinc( II) oxide. 

2) The use 

quinoline . 

3) A study 

substituents 

of the nitro derivative of 8-hy dr oxy-

of the effect, of the addition of alkyl 

onto the aromatic ring in salicylaldoxime, 

on the crystal morphology of the copper precipitates. 

The aim would be to relate the degree of supersaturation 

to the crystal shape. 

4) Extend the study of the precipitation of metal 

chelates on different sizes of copperCII) oxide crystals. 

This would entail the production of a batch of oxide with 

as Iowa surface area as possible. Some of this oxide 

would be crushed into different particle sizes and then 

mixed with some of the original uncrushed material . The 

oxide would then be studied under the scanning electron 

microscope to determine any differences in the metal­

chelate precipitate on the original oxide particles. 

5) A more detailed study of the effect of additives such 

as gums, starches etc . on the adsorption . 

6) A more in-depth analysis of the sulphidization 

process. 

7) Further work on the factors wh i ch cnntrol the 

precipitation phenomenon . 
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J. APPEND IX 

1. Calculation of the species distribution 

Let: 

LTDT = total reagent concentration 

CU TDT = total metal concentration 

HL = Concentration of hydroxamic acid 

L = Concentration of hydroxamate ani on 

CuL+ = Concentration of 1 : 1 copper hydroxamate 

• CuL 2 = C oncentrati on of 1:2 c opp er hydroxamate 

K1 = (H) (L-) ----------(1) 

(HL) 

K2 = (CuL+) ----------(2) 

(Cu2+) (L-) 

K3 = (CUL2 ) ----------(3) 
(CuL+) (L-) 

Then 

• + 
LTDT = HL + L + CuL + 2CuL 2 .•. . ..• • 4 

2+ + CU TDT = Cu + CuL + CuL 2 •..•.•. 5 

complex 

complex 

Substituting into equation (2) in order to eliminate CuL+ 

and CuL 2 terms gives -: 

2+ 2+-CU TDT = Cu + K2x(Cu )x(L) + 

2+ - 2 K2xK3x(Cu )x(L) •.•••.• 6 

Cu 2 + = Cu TDT /(1 + K2x(L) + K3xK2x(L-)2) ------(7) 
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Thus 

Cu 2
+ = CuTDT/(A) (8) 

Substitute equation (4) into equation (1) 

LTDT = (H)X(L) + L + K2xCu TDT x(L) + K3xK2x(~)2 ---- (9) 
K 1 A A 

Multiply through by A 

(H)x(L-)x(A) 
K:I. 

K3xK2x(L)2 

(L)x(A) + K2xCu TDT x(L) + 

( 1 D) 

Resubsituting the expression for A and multiplying the 

equation out and then collecting together the terms of 

the cubic equations, ax 3 
+ bx 2 

+ cx + d_ 

Thus a = «H x K3 x K2)/K1) + K3 x K2) 

b = «H x K2)/K1) + K2 + 2 x K3 x K2 x Cu - L x K3 
ToT TOr 

X (K) 

c = (H/K1) + 1 + K2 x Cu' - L x K2 
~ Tor 

d = -l,o .. 

The cubic equation was solved for L by using the Newton-

Rampson method to solve polynomical equations_ This 

method involved assuming as a first approximation to the 

obtained from the solution to the following expression, 

L2 = L 1 - f(U 
-f'(L.) 

------------------- (12) 

f (Ll = the value of the original cubic expression 

calculated by substituting L1 = LTDT , 
f (L) = the value of the first derivative of this 

expression as calculated by substituting L1 = L 

Successive approximations of L can be determined by 

iterating this procedure until there was little change in 
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the value of L. Substi tuti on of L into equa ti on 7 

enabled the Cu 2+ concentrati on to be determined. The 

concentration of CuL+ and CuL 2 could be derived by 

substitution int 0 equation 2 and 3. 



- 200 - . 

REFERENCES 

1. BURKIN, A.R., Chem. Ind., 690(1983). 

2. LEJA, J., "Surface Chemistry of Froth Flotation", 
Plenum press, New York(1982). 

3. BARZYK,W., Malysa,K., and Pomianowski,A., Int. J. 
Miner; Process.,~, 17(1981). 

4. HARRIS, P.J. and FINKELSTEIN, N.P., N.I.M. Rep. No 
1896( 1977). 

5. FINKELSTEIN, N.P. and POLING, G.W., Min. Sci. Eng., 
~, 4, 177(1977). 

6. DE CUYPER,J., Erzmetall., ~, 3, 88(1977). 

7. BOWDISH, F.W. and CHEN, T.P., Trans.A.I.M.E., 
226, 21( 1963). 

8. WRIGHT, A.J. and PROSSER, A.P., 
Trans.I.M.M. ,74, 259(1964). 

9. BOWDISH, F.W. and STAHMANN, W.S., Trans.A.I.M.E., 
238, 118( 1967). 

10. SOTO, H. and LASKOWSKI,J., Trans.I.M.M., 
82, C153(1973). 

11. CASTRO, S., SOTO, H., GOLDFARB,J. and LASKOWSKI, J., 
Int. J. Miner. Process., 1, 151(1974). 

12. CASTRO, S., GOLDFARB,J. and LASKOWSKI,J., Int. J. 
Miner. Process, 1, 141(1974). 

13. BUSTAMANTE, H. and CASTRO, S., Trans. I.M.M., 84, 
167(1975). 

14. QUEIROLO, C. and CASTRO, S., Trans I.M.M., 85, 
C166(1976). 

15. CASTRO S., GAYTAN, H. and GOLDFARB, J., Int. J. 
Miner. Process, l, 71(1976). 

16. BUSTAMANTE, H., SPARROW, G.J. and WARREN, L.J., 
Chem.Aust., 48, 10,375(1981). 

17. BARBERY, G., CECILE, J.L., and PLICHON, V.M., Proc.12th 
Int. Miner. Process.Congr, Inst. Min. Metall. 19-34, Sao 
Paulo(1977). 

18. CECILE, J., PhD thesis, Pub.Bureau de Recherces 
Geol.et Minieres, Orleans, Cecex(1978). 



- 201 - / 

19. CECILE, J., RepDrt Df the Bureau de Recherches Geol 
et Minieres, Orleans, Cedex(198o). 

20. CECILE, J.L., CRUZ, M.I., BARBERY, G. and FRIPIAT, 
J.J., J. Coll, Interface Sci., 80, 2, 589(1981). 

21. NAGARAJ, D.R. and SoMASUNDARAN, P., Trans. A.I.M.E., 
226, 1891(1980). 

22. NAGARAJ, D.R. and SoMASUNDARAN, P., in "Recent 
Developments in Separation Science", ~, CRC Press, 
Florida, 81-94(1979). 

23. NAGARAJ. D.R., PhD thesis, CDlumbia Univ. New 
Yorke 1979). 

24. BELL, C.F., "Principles and applications of metal 
chelation", Oxford Chern. Series, Clarendon 
Press(1977). 

25. VIVIAN, A.C., Mining Mag., 36, 348(1927). 

26. HOLMAN, B.W., Bull. 1oM.M., 315, 53(1930). 

27. DE WITT, C.C. and VON BATCHELDER, F., J.Am. Chern. 
Soc., ~, 1247(1939). 

28. RINELLI, G, and MARABINI, A.M., Proc. Xth Int. 
Miner. Process. Congr. Paper 20, p493, Ins. Min Metall. 
London (1973). 

29. MARABINI, A.M. , Trans. I.M.M., 84, C1??(1975). 

30. MARABINI, A.M., Trans. 1oM.M., 87, 76(1978). 

31 • PETERSON, H.D., FUERSTENAU, M.C., RICKARD, R . S . and 
MILLER, J.D. , Trans. A.1oM.E., 232, 388(1965). 

32. PALMER, B.R., GUTIERREZ, G. and FUERSTENAU, M.C., 
Trans A.I.M.E., 258, 257(1975). 

33. SCOTT, J.W. and POLING, G.W., Can. Metal. Quat., 12, 
1(1973). 

34. FUERSTENAU, M.C., HARPER, R.W. and MILLER, J.D., 
Trans. A.I.M.E., 247, 69(1970). 

35. RAGHAVAN, S. and FUERSTENAU, D.W., J. Coll. 
Interface Sci., 50, 2, 319(1975). 

36. LENoRMAND, J., SALMAN, T. and YOON, R.H., Can Metall. 
Quat., ~, 125(1979). 



- 202 -

37. KIERZNICKI, T., MAJEWSKI, J. and MZVK.J., Int. J. 
Miner. Process., 2, 311(1981). 

38. ATADEMIR, M.R., KICHENER, J.A. and SHERGOLD, H.L., 
Int. J. Miner. Process., ~, 9(1981). 

39. MUKAI, S. and WAKAMATSU, T., Proc. 11th Int. Miner. 
Process. Congr., 671, Inst. Min Metall. Cagliari (1975). 

40. BOGDOANOV, I.S. et al., Proc. Xth Int. Miner. 
Process. Congr., Paper 7. p 553. Inst. Min. Metall., 
London( 1973). 

41. RYBOI, V.I., Chern. Abs., .§.§.' 7441d(1977). 

42. KOCHKIN, V.I., Chern. Abs., 79, 20997q(1973). ; 

43. TRAHAR, W.J., Trans. LM.M., ~, C64(1970). 

44. SILLEN, L.G . and MARTELL, A.E., "Stability 
constants" Chern. Soc. special pub. No 17, London(1964). 

45. SILLEN, L.G. and MARTELL, A.E., "Stability 
constants", supp. No.1, Chern. Soc. special pub. No. 25, 
London( 1971). 

46. PERRIN, D.D., "Masking and Dernasking of chemical 
reactions", Chern. Anal., Vol.33, Wiley Intersci., New 
York (1970) • 

47. BASOLO, F. and JOHNSON, R.C., "C oordinati on 
Chemistry", Pub . W.A. BENJAMIN Inc., New York(1970). 

48. GILES, C.H., MacEWAN, T.H., NAKHWA, S.N. and SMITH, 
D., J.Chern. Soc. 3973(1960). 

49. ASBRINK, S. and NORRBY, L.J., Acta Cryst., Sect. B 
~, 8(1970). 

50. ROCHESTER, C.H., Adv. ' Coll. Interface Sci., 12 
43(1980). 

51. FULLER, M.P. and GRIFFITHS, P.R., Am. Lab., 10(10), 
69(1978). 

52. ATTIA, V.A., Trans. I.M.M., 84, 829, C221(1975). 

53. AGRAWAL, V.K., Rev. in Anal. Chern., 2, 1-2,3(1980). 

54. CHATTERJEE, B., Coord. Chern. Rev., ~, 281(1981). 

55. SHENDRIKAR, A.D., Talanta, 16, 51(1969). 



- 203 -I 

56. AGRAWAL, Y.K. and TANDON, S.G., Talanta, 19, 
700(1972). 

57. SHUKLA, J.P. and TANDON, S.G., Talanta, ~, 
711(1972). 

58. SHPAK, E.A. et al in Chern. Abs 92, 87387e. Zh. Anal. 
K him. , ~ ( 9 ), 1849 ( 1979) • 

59. STARY ·, J., "Critical evaluation of equilibrium 
constants involving 8-hydrbxyquinoline and its metal 
chelates", International Union of Pure and PPlied 
Chemistry, Chern. Data Series, 240, Oxford, 
Pergarnon,(1979). --

60. ANDERSEN, D.M.W. and KARAMELLA, K.A., J. Chern. Soc. 
C. Org., 8, 762(1966). 

61. FEIGL, F., Mickrochernic, 2,74(1923). 

62. HOSKING, J.W. and RICE, N.M., Hydrornetallurgy, l, 
217(1978). 

63. FRITZ, J.S., BEUERMAN, D.R. and RICHARD, J.J., 
Talanta, 18, 1095(1971). 

64. SUTER, H.A. and WEST, P.W., Anal. Chirn. Acta, 13, 
501(1955). 

65. CHAKRAVORTY, A., Co-ord. Chern. Rev., 13,32(1974). 

66. B08TELESKY, M. and JUNGREIS, E., Anal. Chirn. Acta, 
.2l, 449( 1955). 

67. JARSKI, M.A. and LINGAFELTER, E.C., Acta Cryst., 22, 
1109(1964). 

68. BURGER, K. and EGYED, I., J. Inorg.Nucl. Chern., ~, 
2361C 1965). 

69. ASHURST, K.G. and HARRIES, A.J., NIM Tech. Mern. No 
14125, Randburg, South Africa(1979). 

70. CLARKE, K., COWAN, R.A., GRAY, G.W. and OS80RNE, 
E.H., J. Chern. Soc., 245(1963). 

71. GRANVILLE, A., FINKELSTEIN, N.P. and ALLISON, S.A., 
Trans. I.~1.M.,~, C1(1972). 

72. SCHNEIDER, V.L., HOLMAN, R.L. and BURR, G.O., 
J.Phys. Coll. Chern., ~, 1016(1949) . 



,:'" 

- 204 -

73 . 
, 

RAMASWAMI, K.K., JOSE,C.I. and SEN, Q.N., Indian J. 
Chem., 15~( 1967) 

74. WELCHER, F.J. and BOSCHMANN, E., "Organic Reagents 
for Copper", R.E. Kreiger Pub. Co., New York(1979). 

75. ASHBROOK, A.W., Co-ord. Chem Rev., 16, 285(1975). 

76 . FANNING, J.C. and JONI\SSEN, H.B., J.lnorg. Nucl. 
Chem., 25, 29(1963). 

77. HOY,R.C. and MORRIS, R.H., Acta Cryst., .·22, 476 
(1967). 

-78. PALENIK, G.J., Acta Cryst., .12, 687(1964)~ 

79. FANNING, J.C. and JONASSEN, H.B., J. Inorg. Nucl. 
Chem. 25, 29(1963). 

80. WALTON, A.,"The Formation and properties of 
Precipitates," Interscience, New York(1967). 

81. PACKTER, A. and CHAUHAN , P., Kristal and Technik, 8 
" -12, 1357(1973). 

82. PACKTER,A., CHAUHAN, P. and SAUNDERS, D.F., Kristal 
and Technik, i (1), 45(1969). 

83. WALKER, R.J., Chem. Ed., 57 (11), 189(1980). 

84. LEE, A.F., J. of South Afric3n Inst. Mining Metallo, 
29" 9S( 1969). 

85. HARRIS, P., Proc. Conf. on Recent Advances in 
Minerals Science and Technology, Sandton, South Afriia, 
March 1984, in press. 

86. GAUDIN, A.M., "Flotation," 2nd ed., Mcgraw, New York(1957). 

87. OGLE, I.C.G. and POLING, G.W., Can. Metallo Quat..!.i. 
1.37(1975). 


	SKMBT_36313031316180
	SKMBT_36313031316200

