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            387 Colloids and Surfaces, 1 (1980) 387-405 @ Elsevier Scientific Publishing Company, Amsterdam - Printed in Belgium FLOTATION CHEMISTRY OF HEMATITE/OLEATE SYSTEM R.D. KULKARNI. and P. SOMASUNDARAN Henry Krumb School of Mines, Columbia University, New York, NY 10027 (U.S.A.) (Received March 8th, 1980; accepted March 25th, 1980) ABSTRACT Oleate flotation characteristics of hematite have been investigated in thjs study under a wide range of experimental conditions of pH, temperature, ionic strength and collector concentration. The study revealed the following major features of this system which in- clude: (a) a maximum in floatability in the neutral pH range; (b) an increase in the flota- tion response of hematite with increase either in solution ionic strength at room tempera ture or in temperature at low ionic strengths; (c) marked temperature-ionic strength in- teractions yielding an inversion of the above effect under elevated temperature and high ionic strength conditions. None of these features can be satisfactorily explained by classic- al theories of collector adsorption based on electrostatic or chemisorption model. In this paper, the flotation results are explained taking the adsorption kinetics and the solution chemistry of the oleate into consideration. It is shown that the unique solubility charac- teristics of oleate, together with its tendency to form ionomolecular complexes, is largely responsible for the observed complex flotation behavior. INTRODUCTION Currently beneficiation of hematite ores is conducted using either direct flotation (hematite flotation) or indirect flotation (quartz flotation) tech- niques dependingupon the nature of the available ore bodies. In direct flota- tion, iron bearing mineral, mostly hematite, is floated using oleate ascollec- tor leavingsiliceousgangue, usually quartz, in the tailings. Kick et al. [1] were among the first to investigatethe utility of various collectors in hematite flotation from quartz. In their extensivestudy, they concluded that fatty acids and their soaps are superior collectors for hematite flotation and among these,sodium oleate is the best collector. Rietz [2], Kihlstedt [3] and Kivalo et al. [4] havedemonstratedthe successful use of tall oil in hematite flota- tion. Although the interest in the beneficiation of hematite oresby flotation dates back to the thirties, no systematicor exhaustivefundamental study on the behavior of this flotation systemhas been reported. Nevertheless, inde- pendent studies [1,3-13] carried out in the past have pointed out several features peculiar to the hematite/oleate system with someattempt to explain .Present address: Exxon Enterprises, 328 Gibraltar Drive, Sunnyvale, CA 94086 (U.S.A) 
        

        
    






				            

        

    









                    
                        
							Upload: dinhdung
                            Post on 17-Mar-2018

                            243 views

                        

                        
                            Category:
 Documents


                            4 download

                        

                    


                    
                        
                            Report
                        

                                                
                            	
                                    Download
                                


                        

                                            


                    
                        
                        
                            
                                    
Facebook

                        

                        
                        
                            
                                    
Twitter

                        

                        
                        
                            
                                    
E-Mail

                        

                        
                        
                            
                                    
LinkedIn

                        

                        
                        
                            
                                    
Pinterest

                        
                    


                    
                

                

                    
                    
                        Embed Size (px):
                            344 x 292
429 x 357
514 x 422
599 x 487


                        

                    

                    

                    

                    
                                        
                        TRANSCRIPT

                        Page 1
                        

387Colloids and Surfaces, 1 (1980) 387-405@ Elsevier Scientific Publishing Company, Amsterdam - Printed in Belgium
 FLOTATION CHEMISTRY OF HEMATITE/OLEATE SYSTEM
 R.D. KULKARNI. and P. SOMASUNDARAN
 Henry Krumb School of Mines, Columbia University, New York, NY 10027 (U.S.A.)
 (Received March 8th, 1980; accepted March 25th, 1980)
 ABSTRACT
 Oleate flotation characteristics of hematite have been investigated in thjs study undera wide range of experimental conditions of pH, temperature, ionic strength and collectorconcentration. The study revealed the following major features of this system which in-clude: (a) a maximum in floatability in the neutral pH range; (b) an increase in the flota-tion response of hematite with increase either in solution ionic strength at room temperature or in temperature at low ionic strengths; (c) marked temperature-ionic strength in-teractions yielding an inversion of the above effect under elevated temperature and highionic strength conditions. None of these features can be satisfactorily explained by classic-al theories of collector adsorption based on electrostatic or chemisorption model. In thispaper, the flotation results are explained taking the adsorption kinetics and the solutionchemistry of the oleate into consideration. It is shown that the unique solubility charac-teristics of oleate, together with its tendency to form ionomolecular complexes, is largelyresponsible for the observed complex flotation behavior.
 INTRODUCTION
 Currently beneficiation of hematite ores is conducted using either directflotation (hematite flotation) or indirect flotation (quartz flotation) tech-niques depending upon the nature of the available ore bodies. In direct flota-tion, iron bearing mineral, mostly hematite, is floated using oleate as collec-tor leaving siliceous gangue, usually quartz, in the tailings. Kick et al. [1]were among the first to investigate the utility of various collectors in hematiteflotation from quartz. In their extensive study, they concluded that fattyacids and their soaps are superior collectors for hematite flotation and amongthese, sodium oleate is the best collector. Rietz [2], Kihlstedt [3] and Kivaloet al. [4] have demonstrated the successful use of tall oil in hematite flota-tion.
 Although the interest in the beneficiation of hematite ores by flotationdates back to the thirties, no systematic or exhaustive fundamental study onthe behavior of this flotation system has been reported. Nevertheless, inde-pendent studies [1,3-13] carried out in the past have pointed out severalfeatures peculiar to the hematite/oleate system with some attempt to explain
 .Present address: Exxon Enterprises, 328 Gibraltar Drive, Sunnyvale, CA 94086 (U.S.A)
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 these findings. Thus it has been shown that the hematite flotation using ole-ate as collector is highly sensitive to pH [10] and that the best flotation re-coveries are obtained in the pH range of 6-8 [1,3-8,10-12]. Also, increasein the conditioning temperature has been reported to significantly improvethe hematite flotation response [5]. Recently we have shown that an increasein the solution ionic strength can also markedly increase the flotation of he-matite using oleate [8].
 The importance of oleate solution chemistry in the flotation process re-sults from the fact that the oleic acid in aqueous solution undergoes hydro-lysis and forms complex species which exhibit markedly different solubilityand surface active characteristics [13,14]. Among various oleate species,acid-soap, a complex of oleate ion and oleic acid, deserves special mention.It is prevalent in the neutral pH range and can be expected to be highly sur-face active. A change in pH or other variables such as temperature, changesnot only the chemical state of the oleate, but also the amount of it dissolvedin water as well as its effective surface activity at various interfaces. Sinceflotation process involves solid/liquid, solid/gas and liquid/gas interfaces, itis expected that the above-stated changes in the oleate properties would in-fluence oleate flotation response.
 Our study of flotation chemistry of hematite/oleate system is formulatedon the basis of the above considerations and is directed towards the under-standing of the fundamentals. This study involved investigation of the flota-tion of hematite using oleate, under a wide range of experimental conditionsof pH, ionic strength, temperature and oleate concentration along with thedetermination of bulk as well as interfacial properties of oleate and those ofhematite in aqueous solution, and analysis of the dependence of these proper-ties on solution conditions.
 EXPERIMENTAL
 Materials
 Minnesota massive (red) hematite lumps purchased from Ward's Natural&iences Establishment were crushed to -35 mesh, sieved and stored dry inpolyethylene bags. X-ray analysis showed the ore to be mostly hematite withminor amounts of quartz and magnetite. Dissolution of a representative oresample in hot concentrated hydrochloric acid, left 6.45% of the originalweight as insoluble residue, which was identified using X-ray diffraction ana-lysis to be mostly quartz with traces of hematite. Over 85% of this residuewas - 400 mesh, suggesting that quartz is finely dispersed in the hematite ma-trix. Streaming potential studies on 35/65 mesh hematite and the electro-phoretic mobility studies on hematite fines (-400 mesh) showed the isoelec-tric point (IEP) of these samples to be around pH 3.0. However, the titrationtechnique yielded a value of pH 7.1 for PZC* which is closer to the reported
 *PZC = point of zero charge.
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 value of pH 8.2 for synthetic hematite [15]. The differences in the valuesobtained using electrokinetic and the titration technique can be explained onthe basis of the hematite surface contamination of silicate. Such a contaminat-ed surface is expected to yield an average IEP that lies between that for purehematite and that for pure silicate. For a given sample, the basis for averag-ing will differ depending upon the measuring technique. For example, theelectrokinetic ~hnique may show an average IEP based on the relative sur-face area while in titration technique, in addition, microscopic pore area willalso play an important role. Since hematite is known to exhibit porous sur-face structure, the titration technique can be expected to give a value closerto that of pure hematite than the electrokinetic technique.
 Radioactive 0Ieic-I-14C acid of 2.6 mc g-l activity with 99+% purity, usedfor the adsorption studies, was supplied by the Applied Science Laboratoriesin ampoules sealed under nitrogen atmosphere, and was used without furtherpurification after saponification. The stock solution so prepared was preserv-ed under nitrogen at 2°C. Required dilute solutions were made daily from astock solution of potassium oleate at a pH of "V 11.2 and maintained undernitrogen at 2°C.
 All chemicals such as KNO3, KOH, and HNO3 were either reagent or ARgrade and were used without further purification. Triple distilled water ofconductivity 10-6 to 10-711-1 cm-1, prepared in pyrex still and collected andstored in Teflon bottles, was used for all experiments.
 RESULTS
 Flotation
 A modified Hallimond cell with automatic control of flotation time andstirring intensity and time, was used for all flotation experiments. The flota-tion procedure consisted of desliming 0.8 gram of a sample till free of visiblefines and transferring it to a cylinder to which the desired collector solutionis added. It was then conditioned by stirring for ten minutes in a constanttemperature bath. After conditioning, the pH of the pulp supernatant wasmeasured and the pulp was transferred to the cell. Flotation was conductedfor ten seconds at a nitrogen flow rate of 20 ml min-i.
 The effect of pHon the Hallimond cell flotation of natural hematite isshown in Fig. 1. A strong dependence of flotation on pH is evident from thisfigure. Maximum flotation is obtained around the neutral pH range and thisis in agreement with the results reported in the literature [10]. In the past,the maximum around the neutral pH range has been attributed to the loca-tion of PZC in this pH region. As mentioned earlier, it has been proposed thatoleic acid preferentially adsorbs on the neutral surface sites which are presentin high concentration near the PZC. It has been found earlier [8] ,however,that the pH of maximum flotation response, pH*, shifted to higher pH valueswith increase in oleate concentration. If surface characteristics of hematitealone are responsible for the flotation behavior, such a change in the pH of
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 5 8 7
 FLOTA1ION pH
 . . 10 11t
 Fig. 1. Hematite notation using 3 x 10-1 M oleate at 1000C.
 maximum flotation should not have occurred. From a mechanistic view point,this result is very significant as it sheds doubt on the concept that the maxi-mum flotation response around neutral pH range is due to the existence ofPZC of hematite in that pH range [10].
 It has also been observed that under low ionic strength conditions, the in-crease in conditioning temperature improves the flotation response significant-ly while the opposite is true under high ionic strength conditions [8]. Also,while at room temperature the increase in ionic strength from 8 X 10-5 to2 X 10-1 M increased the recovery from 30 to 90%, at 94°C the recoverydecreased from 80 to 35%. The significance of this result to the actual flota-tion practice should be noted since it suggests that variation of temperatureor ionic strength can contribute to either an increase or a decrease of the flo-tation depending upon other solution conditions. These results are also inter-esting from a fundamental view point since they are opposite to what onewould expect on the basis of a flotation model based on the electrostatic in-teractions alone.
 Conditioning is a very critical step in flotation using oleate. Prolonged con-ditioning with intense agitation is required in this case. As can be seen fromTable 1, at low pH levels, 10 minutes of conditioning is found not to be ade-quate for obtaining maximum flotation response. However, at pH 8.1, even3 min of conditioning appears to be nearly adequate. It should be noted thatprolonged conditioning requirement is not unique to hematite/oleate systembut is characteristic of all the flotation systems employing oleate as collector,such as feldspar/oleate or wolfromite/oleate, again indicating the role of ole-ate chemistry in flotation.
 The flotation response of hematite using 3 X 10-5 M oleate is shown in Fig.2 as a function of pH under two different experimental conditions. In one
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 TABLE!
 Hematite! oleate flotationEffect of agitation
 Agitationtime
 Recovery(%)
 pH 7.3/75°C 01030
 03
 10
 03
 10
 157888
 52050
 677578
 pH 3.7/100°C
 pH 8.1/100°C
 Fig. 2. The effect of adjusting pH after conditioning on hematite flotation at 26°C and2 x 10-5 M KNO, using 3 X 10-5 M oleate, collector.
 case, the conditioning is carried out at the pH of the flotation (Condition A)while in the other case, the conditioning is carried out at pH 7.6 (ConditionB). In the latter case, after conditioning, the pH of the supernatant solutionis quickly changed to a predetermined value and the flotation is carried outwithin 30 s. In this case, although the solution is equilibrated with respect topH, solid particles can be assumed not to have had an opportunity to comple-tely adjust to the new pH conditions. Such an assumption is consistent withour observation that desorption of oleate is dictated by relatively slow kine-tics [7, 15]. It can be seen from this figure that the flotation response is mea-surably different under the two conditions. Much higher flotation is realizedWider condition B. The data in the above-stated Fig. 2 can be better under-
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 stood if one invokes the role of liquid/air interface. The sharp fall in the flo-tation above pH 10 under condition B can be attributed to the increasing re-pulsion between the negatively charged gas bubble and the similarly chargedhematite particle. This is further substantiated by the fact that the decreasedflotation response at pH 11 under condition B is improved significantly bysimply washing the unfloated sample with water (pH 5.8) and floating it in it.The decrease in the flotation in the acid pH range on the other hand is the re-sult of reduced adsorption of oleate at the liquid/air interface as indicated bythe lower surface pressure of oleate solutions under these conditions [16].
 Surface tension
 A dynamic surface tension measuring technique was developed utilizingthe Wilhelmy plate method and a microbalance. Details of this techniquealong with results on the surface tension behavior of oleate system have al-ready been described elsewhere [16]. It was shown [16] that a definite cor-relation exists between the dynamic surface tension property and equilibri-um surface tension lowering and flotation characteristics of this system. Suchcorrelation was thought to be possible either because the collector adsorptiondensity on the bubble is a major factor determining flotation or because ofthe similarity between the processes of collector adsorption at the solution/gas interface and other parameters such as adsorption at the solid/liquid in-terface that have been shown to be involved in determining flotation response.An examination of the flotation phenomena suggests that all the above men-tioned factors can be possible causes for the correlation.
 OIMte adsorption on hematite
 Adsorption of potassium oleate on hematite was estimated by determiningthe change in the oleate concentration due to the hematite addition in aknown volume of solution. The adsorption cell used was similar to the oneused earlier [17] with minor modifications. In a typical experiment, a 0.5-ghematite sample is mixed with 100 ml of oleate solution under desired con-ditions and the oleate disappearanc;e is monitored by periodically withdraw-ing 1.5-ml alliquotes of suspensions, centrifuging it and determining the ole-ate concentration in the supernatant using radioactive tracer technique.
 The process of adsorption of oleate on hematite was found to be stronglytime dependent, with the equilibration time being a function of solution pH,ionic strength, oleate concentration and temperature. A detailed account ofthe adsorption behavior of this flotation system is presented elsewhere [7].A summary of the major characteristics is presented here.
 Typical results for the kinetics of oleate adsorption on the natural hema-tite at 75°C under varying pH conditions are given in Fig. 3. The strong pH"dependence of equilibration time and the total adsorption is evident fromthis figure. For example, while less than 100 s are required for equilibration
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 at pH 8.0, it takes more than 15,000 s at pH 4.8. Also, the total oleate ad-sorption increases with decrease in pH. The pH dependence is more clearlyseen in Fig. 4 where equilibrium adsorption is plotted as a function of pH.It should be noted that only the initial oleate concentration is kept constantin this case. The equilibrium oleate concentration is indeed dependent on theextent of oleate loss due to adsorption.
 It should be pointed out that under low pH conditions oleate will exist in
 6"-
 ~~
 }.."2
 I
 Fig. 3. Effect of pH on the kinetics of oleate adsorption on hematite with 1.5 X 10-1 Mpotassium oleate at 75OC.
 Fig. 4. Effect of pH on oleate adsfXption with 1.5 X 10-5 M potassium oleate at 75OC.
 solution as a dispersion. Under such conditions, disappearance of oleate fromthe solution can be due to phase separation and/or heterocoaguiation withhematite particles. To clarify whether significant phase separation occurred,several control experiments were conducted. In these experiments, normalt~t procedure was used except that no hematite was added. The decrease inoleate concentration can be attributed in such a case to the phase separation.These experiments revealed no significant loss of oleate from the solutioneven after eight hours of agitation. Alternatively, another set of experimentswas conducted with 0.5- and 0.25-g hematite samples in 100-ml oleate solu-tions. It was found that the reduction of hematite amount from 0.5 to 0.25 greduced the rate of loss of oleate from solution to half, without altering thekinetics of oleate adsorption. These experiments clearly confirmed that theloss of oleate from the solution was due to its transfer to the hematite sur-face.
 The effect of oleate concentration on the equilibrium adsorption densit.Yat pH 8.0 and under different experimental conditions of ionic strength andtemperature is presented in Fig. 5. It is seen that the oleate adsorption on
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 hematite is strongly dependent on solution pH, ionic strength, oleate concen-tration and temperature. The effect of the above variables except pH is simil-ar to that observed for hematite flotation. For example identical tempera-ture-ionic strength interactions are observed in adsorption (see Fig. 6) andin flotation [8]. Under lower ionic strength conditions, the increase in tem-perature increases oleate adsorption at pH 8.0, but decreases it at pH 4.8.Under high ionic strength conditions, on the other hand, the increase in tem-perature decreases the oleate adsorption under all pH conditions. The increasein ionic strength increases oleate adsorption density. The adsorption rate isalso enhanced by increase in ionic strength, temperature or pH [15] . Underall conditions, the intensity of agitation has been found not to affect thekinetics of oleate adsorption suggesting that the process is not diffusion con-trolled [7].
 pH8.00t.EA~ 1.5 X 10-- M
 6'""0
 ~
 1
 I
 7ft
 ~ -o--~~-- -
 ~iwx
 z0
 i~ffi!S.
 il~
 !11
 KHOa
 . . . ,~~~IOM a oM e o.2M
 eG.2M
 YO 1 2 3 4 5 0 400t.EA TE CONCENTRATION.
 maI8/Iter IX 1 ~
 Fig. 5. Effect of ionic strength and temperature on the oleate adsorption isotherms onhematite at pH 8.0.
 eoTEMPERATURE. -C
 80
 Fig. 6. Temperature-ionic strength interactions in oleate adsorption on hematite at pH8.0 and 1.5 X 10-5 M oleate concentration.
 Oleate adsorption in relation to hematite flotation
 The flotation response of a system is generally correlated with its adsorp-tion properties with the increase in the flotation attributed to increased col-lector adsorption density on the mineral.
 In this investigation, all the flotation experiments were conducted with10 minutes of conditioning under varying experimental conditions. The ad-sorption tests, however clearly indicated that, under certain experimentalconditions, 10 min of conditioning is insufficent to attain equilibrium adsorp-
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 tion. Hence it was considered appropriate to correlate flotation results withthe oleate adsorption density at 10 min of conditioning rather than with theequilibrium adsorption density. Figure 7 depicts the variation in the flotationresponse as well as adsorption characteristics of this flotation system as afunction of pH. It is clearly seen that the flotation characteristics do not fol-low the adsorption behavior of this system. It is clearly seen that while flota-tion is decreasing below pH 7.5, the adsorption density is continuously in-creasing with decrease in pH.
 0-'0
 ~
 E
 iE
 fQ~~~
 Fig. 7. pH dependence of flotation and adsorption in hematite-oleate system with 1.5 X10-5 M potassium oleate at 75OC.
 Fig. 8. Flotation-adsorption correlation.
 The relationship between flotation recovery and adsorption density at pH8.0 and 4.8 is illustrated in Figure 8. It is seen that at pH 8.0 an increase inadsorption density sharply increases flotation recovery. It should be notedthat under the stated conditions, a similar adsorption-flotation correlationis obtained at 25 and 94°C conditioning temperatures. In other words, at pH8.0, increase in temperature increases flotation by increasing the oleate ad-sorption density.
 The change in pH from 8.0 to 4.8 and/or increase in solution ionic strengthto 2 X 10-1 M at 25°C yields an entirely new adsorption-flotation curve indicat-ing that the degree of dependence of floatability on adsorption is not univer-sally constant and that it is a function of at least pH and ionic strength. Un-der lower pH and higher ionic strength conditions, much higher adsorptionis required to obtain the same flotation as that at pH 8.0 under low ionicstrength conditions.
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 Fig. 9. Flotation-adsorption correlation. Effect of pH, temperature and ionic strength
 The effect of temperature on flotation-adsorption correlation at 0.2MKNO3 is illustrated in Fig. 9. It is noted that the increase in conditioningtemperature also produces a significant shift in the degree of correlation. Thusto obtain a given flotation recovery, much lower adsorption density is requir-ed under elevated temperature conditions.
 All the curves plotted in these figures are of elongated S shape, with linearincrease in recoveries in 10-80% range with increase in adsorption densities.Under these conditions the resulting flotation response can be related to ad-sorption through the following relation
 R=Qr+1i (4)
 Where Q and Ii are constant under a given set of pH, ionic stzength and temper-ature conditions. Q essentially represents the dependence of recovery on ad-sorption density. The values of Q and Ii are estimated for each curve and aretabulated in Table 2. It is seen that while the value of Ii remains essentiallyconstant, the value of Q is strongly dependent on pH, ionic strength and tem-perature. For example, at 2 X 10-1 M ionic strength the change in temperaturefrom 25 to 94°C changes Q from 35 X 1010 to 124 X 1010 and Ii from - 69 to- 71. It is proposed that the values of Q and /3 will reflect among other factors,the role of oleate adsorbed on the bubble as well as that of other surface act-ive agents present in the system, for example, as an impurity.
 Hematite slime behavior
 Several visual observations were made on the sliming behavior of hematiteparticles during conditioning and flotation step. Hematite by itself, in the ab-sence of any collector, tended to slime considerably producing red or orangecolored slimes.
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 TABLE 2
 Values of the coefficients a and p in the equation R = ar + p
 In general, the presence of oleate significantly modified the sliming tenden-cy of hematite. Excellent hematite slime aggregation was observed even at asIowan oleate concentration as 3 X 10-6 M, provided the solution pHwas below 7.0. The conditioning time required to get good aggregation wasfound to be dependent on the pH, ionic strength, oleate concentration andtemperature. Above pH 7.0 generally inferior slime aggregation was observed.
 An increase in ionic strength or oleate concentration and/or a decrease inpH was always helpful in improving and accelerating aggregation. For ~xam-pIe using 1.5 X 10-5 Moleate solution in absence of KNO3, no noticeableaggregation was observed at pH 8.0 while excellent aggregation was obtainedat pH 4.8 in 2 X 10-1 M KNO3 after just two minutes of conditioning.
 An increase in temperature also produced a significant enhancement ofhematite slime aggregation under lower pH conditions. At pH levels above8.0 however no noticeable temperature effects were observed.
 The hematite slime aggregates were observed to be quite stable and changesin the experimental conditions did not appreciably alter the aggregation be-havior. For example a well-aggregated hematite slime at pH 4.8 remained ag-gregated even after agitating it at pH 8.8 for several hours, even though at pH8.8 minimum aggregation was normally obtained.
 DISCUSSION
 On the basis of the above resul~ major features of this flotation systemcan be stated as follows:
 1. Hematite flotation response and the oleate adsorption characteristicsare very sensitive to pH especially in the neutral pH range; however whilemaximum hematite floatability is observed around pH 7 to 8, no such maxi-mum is observed for oleate adsorption density in this pH range. In fact, the coleate adsorption density is found to continuously decrease with increase inpH. Nevertheless, one does observe a maximum in the dynamic surface ten-
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 sion and the actual surface activity of oleate species at liquid/air interfaceunder these conditions [7, 16]. The pH of maximum flotation response (pH*)is dependent on the oleate concentration and follows the relation log CT =0.5 pH* + const. This phenomenon cannot be explained by considering theproperties of hematite surface alone.
 2. A direct correlation between hematite flotation and oleate adsorptiondensity exists only under a given pH and ionic strength condition. Decreasein pH or increase in ionic strength increases the oleate adsorption density,but results in lower sensitivity of flotation to adsorption density so that for agiven flotation higher oleate adsorption is required under these conditions.
 3. Increase in temperature under low ionic strength conditions increasesoleate adsorption on hematite and leads to the improvement in hematite flo-tation response. The improvement in the flotation response is, however, muchmore significant in the acidic pH range [7]. Under similar conditions, althoughthe dynamic surface tension property of oleate improves, its surface activity,as measured by surface pressure actually decreases under acidic pH conditionsand only marginally increases under basic pH conditions [7] .
 4. Increase in ionic strength at lower temperatures improves the oleate ad-sorption characteristics, its surface activity at liquid/air interface as well ashematite flotation characteristics while only marginally affecting the dynamicsurface tension property of oleate solutions.
 5. Like other oleate flotation systems, hematite/oleate system also needsprolonged conditioning time especially under pH levels below 8.0 where ole-ate adsorption at liquid/air interface as well as at hematite surface is ratherslow.
 6. Conditioning is a critical step in the flotation operation of this system.Once properly conditioned, one can obtain effective flotation under muchwider pH conditions. Under similar conditions, oleate desorption from hema-tite surface was also observed to be very slow [7]. However, under extremepH conditions although the oleate desorption is not significant, the flotationrecovery falls to lower values owing perhaps to the changes in properties ofthe liquid/air interface.
 7. Under high pH conditions, i.e. above pH 10, the low flotation recoveryis considered to be due to decreased oleate adsorption as well as the unfavor-able particle bubble interaction, owing to identical electrical charge on part-icles and bubbles.
 The above-stated results clearly demonstrate the complex nature of thisflotation system. As stated earlier, several theories have been developed inthe past to explain some of the special features of this flotation system. How-ever, none of them are considered satisfactory for explaining all the aboveproperties. The failure of these models is attributed to two reasons:
 (a) They have not taken into consideration the changes in the chemicalstate of the oleate in the solution under different experimental conditions. .
 (b) The role of other interfaces particularly the solution/gas interface hasbeen ignored.
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 In order to properly evaluate the role of these two factors in flotation, itis necessary to first consider the chemical equilibria of oleate in solution.
 OLEATE CHEMISTRY
 Oleic acid is a weakly acidic insoluble compound in aqueous solution,which forms highly soluble salts with monovalent alkali metal ions such assodium or potassium. These soluble salts, under appropriate solution pH con-ditions can undergo series of hydrolysis reactions yielding complex oleatespecies [18]. The species that have been considered are oleate ion (R -), oleicacid (~) ,acid-soap (~~), acid-soap salt (R2HNa) and oleate dimer(R~-).The relative proportion of these species in aqueous solution is strongly de-pendent on the total oleate concentration, pH, temperature and ionic strength.
 The chemical equilibria between these oleate species can be represented inthe following manner [18]:
 RH -.K.1... RH pK. = 7.6 (5)
 ~---lW R- + H+ pK2 = 4.95 (6)
 ~--.RH + R- R2~ pK3 = -4.95 (7)
 ~--~--
 R~-2R- pK4 = -4.0 (8)
 R2H-+Na+ ~HNa(precipitate) pK5 = -9.35 (9)
 These equations suggest that at a given total oleate concentration, the de-crease in pH increases the oleic acid concentration and decreases the oleateion concentration, the oleate complex species being stable mostly in the neu-tral pH range. The behavior of this system is rather complex, especially be-cause of the different solubilities of these species in water. For example atroom temperature while oleic acid exhibits equilibrium solubility of only2.51 X 10-1 M, the oleate ions are highly soluble [19], and the acidsoap ions exhibit intermediate solubility. Besides, the salt of acid soap in itsundissociated form is expected to show least solubility. In general, true ole-ate solutions are obtained only in the basic pH range. The neutral and acidicpH solutions are turbid containing stable fine dispersion of various oleatespecies.
 A phase diagram describing the concentrations of various oleate species insolution as a function of pH at 25°C is given in Fig. 10. This diagram has beenconstructed on the basis of eqns (5H9) for 3 X 10-5 M total oleatesolution containing 8 X 10-5 M sodium nitrate. It is observed from thediagram that: (a) acid-soap is present in significant amounts in the neutralpH range, with a maximum at pH 7.8. Its concentration rapidly decreases as
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 Fig. 10. Activities of various oleate species in solution as a function of pH for a totalolate concentration of 3 X 10- 5 M. (calculated values. )
 the pH is changed from 7.8. (b) Acid-soap precipitation does not occur atany pH conditions. However, such precipitation will occur at neutral pH ifthe oleate concentration exceeds 10-4 M. (c) The pH of oleic acid pre-cipitation and the pH of maximum acid-soap formation are identical. (d) Atany given pH, the concentration of R~- is lower than that of R -. However,its concentration is expected to increase rapidly with increase in total oleateconcentration. (e) At pH 7.8 oleic acid precipitates and thus below this pH asecond phase appears which will be present as dispersion. The amount ofthis dispersed phase will increase with decrease in pH.
 It should be noted that among the various forms of oleate discussed above,acid-soap complex essentially represents a larger surfactant and thus can beexpected to be highly surface active.
 The surface activity of these oleate species can be investigated by monitor-ing the dynamic as well $ static surface tension behavior of oleate solutionsunder different pH conditions. Surface tension results obtained here showthat the oleate solution demonstrates maximum surface activity under con-ditions where acid-soap species are more prevalent.Mechanistically, depending upon the experimental conditions, oleate can "
 transport itself to the hematite surface in two distinct manners: (a) In a mole-cular or ionic state (solute form) which is possible under high pH and/or un-
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 der high temperature conditions, i.e. under conditions where oleate exists assoluble species such as R- or RRH-; (b) In a fine droplet state which is like-ly under high ionic strength and/or under low pH conditions. Under condi-tions (b) oleate will be present as a dispersion of oleic acid, and the adsorp-tion of it on the hematite surface would be similar to the process of hetero-coagulation involving positively charged hematite particles and negativelycharged oleic acid droplets. These two modes of adsorption, i.e. solute adsorp-tion and droplet adsorption, can be expected to lead to different magnitudeand kinetics of adsorption and, most importantly, .iifferent type of adsorp-tion, i.e. the solute adsorption would be much more uniform and homogen-eous over the hematite surface as compared to the droplet adsorption whichcan occur in patches.
 Examination of the adsorption and flotation data suggests that the soluteadsorption is characterized by faster adsorption kinetics, lower adsorptiondensity and higher flotation recoveries while the droplet adsorption is char-acterized by slower adsorption kinetics, higher adsorption density and lowerflotation response.
 The forces responsible for oleate adsorption could be chemical such asthose responsible for the formation of iron oleate or physical such as electro-static. In the neutral or basic pH range, the electrical interaction is not favor-able and thus only the formation of iron oleate bond appears possible. In sucha case, adsorption would take place in spite of the electrical repulsive inter-action between negative oleate species and negatively charged hematite sur-face. In the lower pH regions (below 8) however, some degree of electrostaticinteraction is possible since at least part of the hematite particle may exhibitpositive charge and thus be oppositely charged to the oleate-oleic acid drop-lets. It has been shown [20-22] that the incipient condition of heterocoagu-lation requires only some differences in the magnitude of charge between twodissimilar surfaces so that one surface is positive in relation to other. Suchelectrical interaction would of course become more significant as the pH ofthe system is lowered below 8.0. Below pH 3.5, i.e. below the apparent PZCof hematite used in the present study, the surface will be positive and will in-teract with oleate droplet. This is possibly the reason for the sudden increasein flotation or the presence of a hump around pH 4 in the flotation-pH cur-ves observed in most cases [7, 16] .
 The transition of adsorption mechanism from solute state (fast) to thedroplet state (slow) in the neutral pH range can account for the prolongedconditioning required in this flotation system. These requirements would in-deed be characteristic of the oleate system irrespective of the type of miner-al being floated. Increase in temperature, which not only increases the mole-cular transport but also increases solubility of various oleate species, can beexpected to increase adsorption kinetics and hence lower the conditioningtime.
 The above discussion clearly indicates that oleate chemical equilibria playa comDlex role in influenci~ the hematite flotation behavior. One can essen-
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 tially view oleate as a mixture of three collectors, i.e. oleate ions, acid-1loapand oleic acid. The relative concentrations of these three collectors will bedependent on the experimental conditions of pH, total oleate concentration,temperature and ionic strength. Since these three collectors differ significant-ly in their polarity, surface activity and solubility, they are expected to res-pond also differently to hematite and to lead to different degrees of flotation.On the basis of this consideration, one can explain the variation in flotationunder different conditions, where different degrees of flotation response isobserved, at a given oleate adsorption density. Explanation is summarizedbelow:
 Oleate adsorption density r on hematite can be written as:r = rR- + rRRff + rRH (10)
 whererR- = adsorption density of oleate ionsrRRW = adsorption density of acid-soaprRH. = adsorption density of oleic acid
 Each state of oleate is expected to have a different value for Q. The term Qas described earlier represents the flotation response of the collector at a giv-en adsorption density and is deimed as dRld r where R is flotation recovery.One cannot evaluate Q experimentally since unfortunately, the individual ad-sorption densities rR;, rRRW and rllli- cannot be determined directly sincethe adsorption experiments yield only net oleate adsorption. One can, how-ever, obtain values of these functions by selecting extreme conditions whereonly one of the three species is expected to predominate. For example at pH4.8, oleic acid is expected to predominate in the solution. Under such con-ditions, the total adsorption can be attributed to a single component. Thus:
 dB..dr
 pH 4.825°C
 -SJJL
 -dr~= as!!.
 dBdr
 dBdr
 pH 8.0=aRR~
 pH 12.0=aR-
 =dRdrRR~
 =~drR"
 The value of these constants were evaluated from the experimental resultsas:
 QRH = 35.3 X 1010 cm2 mole-1QRR~ = 165 X 1010 cm2 mole-1
 The values of £rR- could not be evaluated since at pH 12.0 no appreciableflotation or adsorption was observed.
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 The present treatmenm suggest that the hematite flotation might be moresensitive to the presence of acid-soap in the solution than oleic acid. This isdirectly evidenced from Fig. 11 where the hematite flotation is plotted as afunction of pH along with the estimated concentration of acid-soap at aconstant total oleate concentration of 3 X lO-sM. It is remarkable that themaximum in flotation corresponds closely to that of acid-soap concentra-tion. The above correlation clearly suggesm the possibility of a major role byacid-soap in hematite flotation.
 Alternatively, a parameter "reduced adsorption density" (r) may be de-fined as:
 r=crr
 such that the eqn (4) reduces toLimit
 lO<R<90 R=f+.8 (13)
 Since reduced adsorption density r involves the term cr, it takes into ac-count the influence of the chemical state of the collector in the solution.
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 Equation (13) contains only one constant (which is a true constant under allexperimental conditions) and represents a general correlation which is inde-pendent of experimental conditions. Flotati<:?!.l response is plotted in Fig. 12as a function of reduced adsorption density r under a wide range of experi-mental conditions. It is to be noted that a general cQrrelation between flota-tion and reduced adsorption that is valid under all conditions of pH, ionicstrength, temperature and oleate concentration, has resulted from the aboveanalysis based on oleate chemical equilibria.
 Fig. 12. Hematite notation as a function of reduced adsorption density of oleate on hema-tite under various experimental conditions.
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