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ABSTRACT 

The Niobec concentrator recovers niobium minerais (principally 

pyrochlore) from carbonate and si 1 icate gangue. In the process Sorne 15% of 

the Nb is rejected in a s1i.mes (-10 p.m) product. Recovery of pyrochtore from 

the slimes was studied. There were two main objectives: to develop a rl;!agent 

scheme for the selective flotation of pyrochlore and to determLne if 

flotation columns were better suited to sUmes processing than mechanieal 

cells. The study was performed using plant water which contained about 200 

ppm Ca, 100 ppm Mg and variable quantities of organics as the main 

contaminants. Selective pyrochlore collectors and selective silLcate 

depressants were evaluated. ~'our poss ib le routes to float pyroch lore 

selectively were found. AIl rO\ltes required prior carbonate flotatlon. 

Carbonate flotation was attempted using emulsified fatty acids and sod ium 

silicate dispersant (as conducted at Niobec) ln a flotation column. However, 

pyrochlore also floated because of inadequate sI imes dispers ion. There for e, 

new dispersants were tested, which proved effective only at high 

concentration, because of reaction with Ca and Mg cations ln the water. High 

dispersant concentration caused carbonate depression. 

An additional problem in the flotation column was bubble coalescence 

and collapse of the frotn. This was caused by the fatty acids, and enhanced 

by the high dispersant concentration. This problem had to be solved in order 

to cont inue flotat ion test ing. A nove 1 method of quant j fying coalesce nee 

using the change in gas holdup in the column was developed. A stable froth 

could be made at high fatty acid emulsifier concentration, but this promoted 

unselective flotation. Only by working at high percent solids 00% vs 1% by 

weight) could suffic ient emulsifier be introduced into solut ion wi thout 

exceeding the dosage (per unit mass of solids) above which flotation is 
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( unselective. For such high percent solids work must be conducted at pl~nt 

site. Pre 1 iminary plant co lumn work was encouraging. 

Since column flotation of carbonates from the slimes was not 

sat isfactory, as a compromise, column plant tests were conducted at Niobec 

on the flne carbonate stream. Tests were conducted in parallel with the 

conventional circuit cells. Column flotation gave superior metallurgy. 

Extensive testwork on other streams of very fine feeds (80% passing 8 ta 23 

l'ID) confirmed that column flotation is ide al for selective flotation of 

fines primarily due to reduced gangue entrainment. 



RÉSUMt 

Le concentrateur de Niobec r~cupère les minéraux de Niobium 

(principalement le pyrochlore) d'une gangue formée de carbonates et de 

silicates. Toutefois, 15% du Nb est perdu avec les schlammes (-10 #Lm). Ce 

travail porte sur la récupération du pyrochlore de ces schlammes. L'~tude 

avait deux buts: choisir les réactifs et leur séquence d'addition aftn de 

promouvoir une flottation sélective du pyrochlore et déterminer si les 

colonnes de flottation étaient mleux approplées (que les ce llules 

mecan ique) au trai tement des schahaaes. L'eau ut i l isée lors de ces tests 

provenait de l'usine et contenait principalement 200 ppm de Ca, 100 ppm de 

Mg et des quantités variables de matières organiques. On a évalué le 

potentiel des collecteurs sélectifs au pyrochlore ainsi que des déprimants 

sélectifs aux silicates. Quatre prC'cédés de flottation sélectLve au 

pyrochlore nous sont apparus possibles; tous requièrent une pré-flottatlon 

des carbonates. On a flotté les carbonates dans une colonne avec les 

réactifs employé. à Niobec, des émulsions d'acides gras, et du silicate de 

sodium c01llllle di.perlant. Le pyrochlore flottait également par suite d'une 

di.spersicn inadéquate des schlammel. Nous avons donc testé d'autres 

dispersants et avons trouvé qu'une bonne dispersion n'était possible qu'à 

haut dosage de dispersant, ce dernier étant neutralisé à basse 

concentration, en réagissant avec le~ c!ltion. de Ca et de Mg contenu. dans 

l'eau. toutefois, un dosage trop élevé de dilper .. nt déprime auss i les 

carbonate •• 

En presence d'acides gra., et à haut do.age de di.per.ant, on a pu 

l l • 
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{ observer deux phénomènes qui l'luisent considérablement a l'efficacité de 

flottation: 11 coalescence des bulles (dans l~ zone de récupératLon) et 

l'affusseruent de l'écume (zone de nettoyage). 

Pour Jtudier la coalescence des bulles causée par les acides gras 

et la concentratton élevée de dispersant, on a mis au pOlnt une nouvelle 

méthode pour quantdier la coalescence en mesurant la fractlon gazeuse 

dans la zone de récupérat ion de la co lonne. On a réso lu les prob lèmes de 

coalescence des bulles et de stabil1.tff de l'écume en émulsionnant l'aclde 

gras avec du lannagol; toutefoLS, la flottatlon perd alors toute 

sélectivlté. Seule une hausse du pourcentage de solldes (10% vs 1%) nous a 

perm is d'introduire assez d'émulsifiant en solution pour stabiliser 

l'écume sans toutefois exc~der le dosage d'émulsifiant (par masse de 

solides) causant la perte de sélectivité. Pour une telle concentration en 

solides, le travail doit être fait au concentrateur. Les travaux 

preliminaires entrepris en ce sens semblent encourageants. 

Puisque la flottatit>n par colonne des carbonates des schlammes 

n'était pas satisfaisante, on a dû par compromis, effectuer des tests au 

moulLn de Niobec sur leur courant de carbonates fins. Ces tests ont été 

condutts parallèlement • a un circuit de cellules mécaniques. Les colonnes 

donnèrent des résultats sup~rieurs. D'autres tests su: d'autres circuits 

de mat.érie l très fin (80% passant 8 a 23 "m ont démontré que la co lonne 

de flottation est idéale pour la flottatLon des fines à cause de la 

reduc t ion de l' entrainement de la gangue. 
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CtiAPTER l 

BACKGROUND 

1.1 INTRODUCTION 

The first part of this chapter presents a reVlew of the mdL'l 

Nb-mineraIs, especially pyrochlore, their composit1on and the most .;ommon 

methods of recovery, to end with a description of the Niobec ort! and 

concentration plant. In the second part, the flotation of fine part1eles 15 

addressed, emphasising the main difficulties that presently lim1t thelr 

treatment and introducing column flotation as a potential technique for the 

treatment of fines. The objectives of this research are stated and the 

method of attack outlined. Final1y, an overview of the chapter contents 15 

given. 

1.2 HAIN Nb-MINERALS AND THEIR PROCESS lNG 

The element niobium was Hrst discovered in 1802 and wu originally 

named columbium. lt was subsequently rediscovered in 1844 and was named 

niobium. Later, it was realized that columbium and niobium were the same 

element; however, both names are still used. In this work the name nlobLum 

will be used because of its vider acceptance in the scientific literature. 

1.2.1 Mineralogy 

Niobium is an essential constituent of approxillitely fifteen mineraI 

groups, mOltly oxides and hydroxides, some lilicltes and one borate 

(Perrault and Manker, 1981). From the economic point of view three groups 

are mOlt important and lupply practicaUy III of the niobium used 
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i.n the industrialized world (Biss, 1984a), These three groups are: 1) 

pyrochlore, 2) columbite-tantalite, and 3) perovskite-latrappite. 

I) The pyrochlore group: The pyrochlore group is the most important 

economi.c group. Pyrochlore group minera ls have a general formula; A2lY.1 06F. 

Where 'A' i.s mainly Na(l+) and Ca(2+); 'B' is mainly Nb(S+), Ti(4+) or 

Ta(S+). Depending on the nature and abundance of the B cation, the group lS 

d ivided into subgroups: pyrochlore (containing mainly Nb), betafite 

(containing mainly Ti), and microlite (containing mainly Ta), (Perrault and 

Manker, 1981; Hogarth, 1977), The nature and abundance of the A cations is 

the second argument for distinguishing species (Hogarth, 1977), where Na and 

Ca are partially replaced by K, Sn, Ba, Y+ (La-Lu), Pb, 'H and U. 

Interestingly this list does not indude Fe, although as will be seen, 

pyrochlore from Niobec does show Na replacement with Fe. 

The crystal structure of the pyrochlore group min~rals is cubic. The 

color is qUlte variable, ranging from white, beige, yellow, green, gray to 

black. Sorne other physical properties are: hardness, 5 to 5.5, density, 4 to 

4.4, luster, resinous; and refractive index, 2.0 to 2.2. Thus, it is an 

impossible mineraI to identify positively from its physical properties 

alone. The most common deposits of the group are found in the carbonatites 

and pegmatites derived from alkalic rocks. Common associate mineraIs in 

addi.ti.on to the forming mineraIs (calcite and dolomite in carbonatites; 

nepheline, orthoclase and albite in alkalic rocks) are zircon, and apatite 

(Razvozzhaev and Khodyreva, 1965; potekhina et al, 1967; Levinskii and 

Nikonova, 1971; Biss, 1982; Caronneau and Caron, 1965; Harris and Jackson, 

1966). pyrochlore tends to be brittle. This brittleness ia partly due to 

radi.ation damage as most of the species contain some uranium or thorium or 

both. 
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co lumb Lte, 
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The columbite-tantaLL te group. The group is represented bv 

FeNb206 and tantalite. The columbite forms a pseudo-soltJ 

solution serles with tantalite in naturally occurring speClmens. Thi.s gr0up 

provided the t'av mater1..Zl.l for the hrst, modern, l.ndustrially lmportant 

production of niobium. After the discoveries of large pyrochlore deposits 

its importance decreased. The minerals of the group are found essentlally ln 

pegmatites. 

3) The perovakite-latrappite group. This group is only margLnally 

important. lt i9 composed of several mineraIs characterized by different 

degrees of replacement of the original perovskite, CaTiOl by niobium or by 

the other elel1lents. The minerals of the group can be found i.n carbonatites, 

kimbe!' !.i.tes, basalts and skarns. 

1.2.2 Concentration Methods 

The choice of the concentrating method depends on the nature of the 

gangue, and on the mine ra 11 to be recovered. The pyroch Lore group 0 f 

minerals respond mainly to the flotation process, the cohllDbite-tantalite 

group to gravit y concentration and to a lesser degree, flotatLon. The 

response to flot.tion depends on the degree of veathering of the ore, the 

variety of Nb-species, the usociated silicate types and content, and the 

cho4ce of flotation reagents. For example, during the course of weathertng 

(Harris and Jack.on, 1966) the pyrochlore can be altered, e.g. co a 

microcrystalline form which ~eadily breaks up into slime-sized parttcles, 

increaaing the difficulties to recover pyrochlore by flotatLon. If the 

flotation responae of the Nb-species present are quite different, several 

Nb-coUectors may be required (Bin, 1982). If the silicate content lS hlgh, 

direct flotation lDay be impollible (Gorlou.kii et al, 1966; Raicevic and 
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Noblitt, 1979; Biss, 1984a). 

ALI the se factors determine whether or not a Nb-ore can be recovered 

by flotation. However, in a11 the cases quite complex flowsheets are 

required, always producing a low grade Nb20-, concentrate (e.g. less than 

20%). Niobec mines has been the sole producer that has succeeded on a 

commercial scale with a direct flotation process to recover the pyrochlore 

from carbonat ites. Niobec concentrates are typically 55% ~ 05 (from about 

o. 6% ~ Os ore). 

1.3 THE NIOBEC CONCENTRATION PLANT 

The Niobec mill (Les Services THG Inc) is located in St Honore P.Q., 

near Chicoutimi, about 525 km North-East of Montreal. The mi 11 processes 

2100 tonne pel' day of dolomitic and calcitic carbonatite ore, containing 

0.5-0. 7% ~ 05' present primarily as pyrochlore. 

1.3.1 Description of the Ore 

The ore composition (Ilp.e Table 1.I) is complex, with the Nb-minerals 

representing only about 1% of the total masse The most abundant contamin&nts 

are carbonates (mainly calcite and dolomite), silicates (mainly microcline, 

biotite and chlorite) and to a lesser extent apatite. The mineralization 

occurs in two diatinct zones, zone 1 and zone 2. Zone 1 contains about 0.70% 

Nb2 05; the main Nb mineralization is pyrochlore with a higher proportion of 

high Fe pyrochlore and columbite. Zone 2 contains a lower grade, about 0.63% 

The local names Na-pyrochlore Qnd Fe-pyrochlore are used to 

distinguish the low and high Fe types. Typically Na-pyrochlore contains 

about 8.6% Na and about 1% Fe, and Fe-pyrochlore, about 4% Na and about 4% 

Fe. Na-pyrochlore is the more common type (Bisa, 1982), and it is easier ta 
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TABLE 1.1 MINERALOGICAL COMPOSITION OF NIOBEC ORE. 

MINERAL Wt. lEP REFERENCE 
(":) -

CARBONATES 65 

DOLOMITE 7 KANNA AND 
SOMAS UNDARAN, 1976 

CALCtTE 8.2 

ANKE RI TE 

SULPHIDES 1 

PYRITE 1.5 NEY, 1973 

PYRRHOTtTE NEY, 1973 

OXIDES 

PYROCHLORE AND 1 2.6 DUVAL, 1980 
COLUMB ITE Cl 0 : 1) 

MAGNETITE, REMATITE 
AND ILMENITE. 2 6 FUERSTENAU AND PALHER, 

1976 

APATITE 7 5 HANNA AND 
SOMASm~DARAN, 1976 

ZIRCON 0.2 5.8 FUERSTENAU AND PALHER, 
1976 

SILICATES 21 

BIOTITE 1 .5 FUERSTENAU AND RAGHAVAN, 
1976 

CHLORtTE 4.5 

Na, K, FELDSPARS 1.8 
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treat. The ratio bet\oleen pyrochlore (Na+Fe types) and columbite in zone 2 is 

tO:l. Typi.cal compositions (PerrauLt, 1978; Perrault and Manker, 1981) of 

Na-pyrochlore, Fe-pyrochlore and columbite are given in Table 1.2. 

With the present reagent conditions at Niobec lt is known that as the 

proportion of Fe-pyrochlore and columbite increases, the overalt ~lb20~ 

recovery decreases. This relationship is shown in Figure 1.1 (Perrault, 

1978). When no Fe-pyrochlore or columbite is present, recoveries as high as 

77% can be obtained; \oIhen present, recoveries can be as 10101 as 55%. 

1.3.2 Flowsheet Description 

Recovery of pyrochlore is perfor1lled by flotation uling a very 

complex flowlheet (Biss, 1982; Bill and Duval, 1982; Bill, 1984a). Direct 

pyrochlore flotation hal proved difficuLt due to the similar flotation 

characteristics of the pyrochlore and the two main contaminantl.carbonates 

and silicates. In particular, the silicates present a major problem due to 

theu similar electrokinetic properties. table 1.1, includes the isoelectric 

point of charge (lEP) obtained from the literature. The lEP of pyrochlore is 

about 2.6, biotite about 1.5, chlorite about 4.5, and Na,l Feldspars (e.g. 

microc:line) about 1.8. These values are quite close limiting selective 

flotation, if ba.ed on physical adsorption of collector •• 

Figure 1.2 shows the main .ec t ion. of the flowlheet. the process 

consistl of ore reduction to 95% -208/AJA (ruulting in about 95% pyrochlore 

Liberation) , 

separatlon, 

delliming, carbonate 

pyroch lore flotat ion, 

flotation, des liming again, magnet ie 

sulphide flotat ion, leaching of the 

remaining carbonate and apatite, and finally, another lulphide flotation 

step. Figure 1.3 gives more details on the carbonate flotation and desliming 

stage.. Carbonate flotat ion i. performad in tvo .eparate circuitl, a fin~3 

11 
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Table 1.2. TYPICAL COMPOSITIONS OF THE Nb-MINERALS AT NIOBEC 

Nb2 0S Ti~ Na20 CaO FeO U308 Th02 TOTAL 
. 

Na-PYROCHLORE 68.95 2.72 8.61 15.17 1.08 0.16 0.98 97.62 

Fe - PYROCHLORE 68.22 3.19 3.8 13.87 4.18 0.22 2.15 95.63 

COLUHBITE 72.74 3.21 0.29 1.39 16.8 0.09 1.52 97.75 

MnO-l.71 

..... 
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circuit and a coarse circuit after cyclone classification. This improves 

overall Nb205 recovery to the non-floats compared to treat ing the complete 

size range in a single circuit. Desliming of the carbonates is done before 

the carbonate and pyrochlore flotation, the slimes being discarded. 

Desliming is necessary for selective flotation and to reduce reagent 

consumption. About 15% of the Nb20S is lost in the slimes. Figure 1.4 shows 

a typicai particle size distribution of these slimes. They are very fine: 

80% -10/Lm, 50% -3.5 pP1 and 30% -1 /Lm. 

Table 1.3 presents the reagents used at Niobec and their consumption 

in terms of g/tonne of fresh feed. Carbonate flotat ion is performed with 

fatty acids, depressing the pyrochlore with sodium silicate and sometimes 

starch. Pyrochlore flotation is conducted with a cationic collector, 

l-alkylamidoethyl-2-alkylimidazoline, manufactured by Hoechst and marketed 

as HOE-F2642 (F2642) (Biss and Nadeau, 1982). (F2642 ia also quoted as an 

amlne acetate by Hoechst, Hoechst, 1982). The selectivity of this cationic 

collector with respect to the gangue minerals is shown in Figure 1.5 (Biss, 

1984a). Its selectivity against silicates is poor, bei.ng best at pH 2-

However, selectivity against carbonates and oxides is high (Biss and Duval, 

1982). silicates are depressed by a combination of polyacrylamide, DK813 

(from Allied Colloids), and sodium silicate. Sulphide flotation is performed 

at pH 10.5 with potassium amyi xanthate. 

The pyrochlore flotation circuit consists of one roughing and six 

cleaning stages. In the cleaning stages the pH is gradually reduced from 6 

to 3 to achieve selectivity while minimising acid consumption by residual 

carbonates. The pH modifiers used in the pyrochlore notation are 

fluosilicic and oxalic acids. Oxalic acid is the preferred reagent. However, 

fluosilicic acid is used in the first cleaning stage because it does not 



17 

( 

TABLE 1.3 SUHMARY OF REAGENT CONSUMPTION AT NIOBEC 

CONSUHPTION PER TON. OF HILL FEED 

REAGENT g/tonne STEP 

FATTY ACIO 225 

FATTY ACIO EHULSIFIER 80 

STARCH 10 CARBONATE 
FLOTATION 

SODIUM SILICATE 450 

CATIONIC COLLECTOR: 530 
F2642 

COPOLYHER OF POLYACRY-
LAMIDE (DK-813) 65 PYROCHLORE 

FLOTATION 
SODIUM SILICATE 60 

FLUOSILICIC ACID 1570 
(H2 SiF6) 

OXALIC ACIO (~H20.) 2500 

POTASSIUM AMYL XANTRA- 5 
TE 

TRIETHOXY BUTANE 
( FROTHER) 

(TES) 10 

SODIUM HYDROXIDE 390 SULPHIDE 
FLOTATION 

COPPER SULPHATE 28 

HYDROCHLORIC ACID 2330 LEACHING 

( 
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Figure 1.S Flotation of pyrochlore by F-2842 
at dlUer.nt pH. (Biss and Nadeau, 1982). 



react with carbonates or their derived ions ta any signiflcant M 

troublesome extent. On the other hand, oxalic acid reacts with calclum lons 

to form calcium oxalate. This results in scale format ion in the pipes and ln 

the flotatlon cells, ln increased acid consumption and in effervescence, 

which makes the pulp foam and difficult to control ln flotation. For these 

reasons oxalie acid is used only in the latter cleaning stages. 

Since up to 15% of the Nb20S is lost in the slimes, the recovery of 

even some of this would improve the overall plant reeovery. Selective 

pyrochlore recovery from the slimes, however, is a complex problem and has 

not been addressed before at Niobec. The main proble11ls confronting recovery 

of pyrochlor~ by flotation from the slimes are the extreme flneneas and the 

sim; larity 

silicates. 

of Hotat ion properties, especially with respect to the 

1.4 FLOTATION OF FINES, GENERAL CONSIDERATIONS 

Several bookl and reviews (Klassen and Mokroulov, 1963e; 

Somasundaran and Arbi ter, 1978; Somasundaran, 1980; King, 1982; 

Somasundaran, 1986) have been presented on fine partielea processing. 

Selective f1otation of fines, particu1arly in non-su1phide processing, has 

proved difficult to achieve (Somasundaran, 1984). Consequent ly, ln 

20 

non-su1phide plant. Ilimes are nearly alway. rejected in a desliming step. 

This is the case in the proceasing of pyrochlore (Raicevic and Noblltt, 

1979). This results in lou of resources. For example, one-third of the 

phosphate mined in Florida, one-fifth of the World'. tunglten, and one-half 

of the tin mined in Bo1ivia are discarded a. slimel (Som •• undaran, 1986). 

These lo •• es have attracted much attention but, 8eneral1y, recovery from 
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slimes has been poor (Sresy et al, 1978; Banks, 1980; Iwasaki et al, 1980; 

Hu and Wang, 1982; Araujo et al, 1985). 

Selectlve flotation becomes progressively more difficult as particle 

Slze decreases. This is due to a combination of physical factors such as an 

i.ncreased contact time with the bubble and entrainment of hydrophi lic 

particles, and chemical factors, such as poor dispersion and less selective 

adsorption. These chemical factors, in turn, are influenced by water 

qua 1 ity. 

1.4.1 Physical Factors 

Contact time. particle collection efficiency is controlled by the 

product of collision and attachment/detachment efficier des (Laskowski, 

1974). For selective collection there mUlt be a difference in attachment 

efficlency. However, for fine particles (leu th an 10 p.m) a recent theory 

has suggested that attachment efficiencies become similar because contact 

time becomes very long (Oobby and Finch, 1986c). Thus there is an increased 

probabLlity that the contact time of fine gangue particles will exceed the 

induction time for gangul! particle attachment. This results in gangue 

attachment to bubblel (i.e. true flotation) and decreased selectivity. 

Entrainment. Entrainment is the non selective recovery of particles 

which are transported into the froth with vater carried in the wake of the 

bubbles. Since lening the vake is largely a matter of gravitational 

set t ling fin~ particles (-10/AJA) are preferentially entrained 

and recovered. Con.equently, entrainment recovery incre.ses with water 

recovery and decrea.ing particle size (Jowett, 1966; Tr.har, 1981; Johnson 

et al, 1974). Trahar (1985) has found that the role of entrainment vhen 

tre.ting ultrafine particle. i. often of such a ma,nitude that the true 



22 

flotation of fines ceases to be the dominant recovery lIIeChanLsm. The 

entraLnment problem in mechanical cells has been studied in detall to try tG 

reduce its magnitude (Johnson et al, 1974; Engelbrecht and Woodburn, 197'); 

Bisshop, 1976). Johnson et al (1974) suggested the use of more diluted feeds 

to reduce entrainment. Reduclng entrainment has also been attempted by use 

of water spraying over the surface of the froth (K1assen and Mokrousov, 

1963f; Kaya and Laplante 1987) and by the use of sonic vibratLon in the 

froth (Kaya and Laplante, 198i). Entrainment is e1iminated in column 

flotation by maintaining a net downward flow of water through a deep froth 

(Dobby and Finch, 1985; Yianatos et al, 1987d). The column has great 

potent ia 1 to illlprove separabi Ut y of the fines and was the reason it vas 

chosen in this study. 

1.4.2 Chemica1 Factors 

Dispers ion. Dispersion i9 an essential step ln any physical 

separation process (Yang, 1978; SOIll88undaran, 1986). Dispersion can be 

induced by mechanica1 agitation in systems with partic1es coarser than about 

10 ~m (Healy, 1979). However, as particle size decreases (and especial1y 

below 1 ~m), van der Waals and electrostatic forces (among othe.s) start to 

dominate and 1Ilechanical agitation is no longer sufficient to lnduce 

dispersion. This bec01lles 1Ilore critical with non-sulfide and multimineral 

system. where it i. more likely that species with opposite surface charge 

exist which promotes heterocoagulat ion. 

Water quality. Contaminants in water have been shown to have a 

detrimental effect on selective flotation (Fuer.tenau, 1975; Vreudge and 

poling, 1975; Broman, 1980; Hoover, 1980; Rybin.ki et al, 1984; Ofori and 

S01lla.undaran, 1985). Water quality plays an i1llportant role in disper.ton and 
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non selective adsorption. For example, cations such as Ca and Mg, and 

residual non-polar "rganics from the process can adsorb on the particles, 

reducLng electrostatic repulsion and inducing coagulation. 

1.4.3 Alternative Techniques for Processing of Fines 

There are some techniques that have the potential for effective 

treatment of fines: carrier flotation, selective flocculation, and flotation 

vith controlled disperaion Ind chemisorbing collectora. 

Carri~r flotltion. This technique conai.ts in flolting fines by 

using coarse partieles as a carrier (Wang and Somaaundaran, 1983). Carrier 

flotation is used, for example, ta remove anataae impurities from clay, 

using coarse calcite aa carrier particle., and olelte a. collector along 

vith Na2C03 and Na2Si03 Il modifiera. The mechani.m rupon.ible i. enhanced 

aggregation betveen anata.e and calcite vith almo.t no aggregltion between 

clay and ca lc i te (Wang and Soma.undaran 1 1983). 

This aggresation i. not due to electro.tatic attractions because at 

the flotation pH, calcite and anatue have Il .trongly negltive (-70 mV) zeta 

patent ial. Aggregation i. racher cauled by interact ion. between oleate 

layers ad.orbed on anatau and calcite. Even though oleate i. aiso adsorbed 

on clay, the strenath of this attachment is very w.ak and the adsorbed llyer 

can be eaaily detached by the strons agitation uud in the proce .. 

(SomAlundaran, 1984). 

Carrier flotation haa al.o been uaed for the recovery of apatite 

frOID phosphatic .limu u.ing .ulfur a. carrier mineraI (Greene and Duke, 

1962), Table 1.4 .how. that the recovery from Florida pho.phate slim •• vas 

improved by carrier flotation, whi1e that of Tennessee slimes was note For 

Tennessee slime •• with a higher fraction of plus 0.2 ~m partiele., eoarser 
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TABLE 1.4 COMPARISON OF RECOVERY OF APATITE FROM 
NO PHOSPHATIC SLIMES WrTH AND WITHOUT 
SULPHUR AS CARRIER MINERAL 

% RECOVERY 

FLORIDA SLIMES 

conventional method 3.6 
carrier flotation 22.4 

TENNESSEE SLIMES 

conventional method 54.5 
carrier flotation 55.8 

24 
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particles acted as carriers and sulfur partic:les nid note 

Another app Hcat ion of carrier flotat ion was a laboratory s tudy of 

separation of hematite fines (100% -38 pID) from quartz fines (100% -75 IIJU)' 

The carrier was coarse hematite (-212 + 150 p.m) in an oleic acid collector 

system (Cristovenau and Meech, 1985). In this system, hematite recovery vas 

increased. Hovever, carrier flotation was found to be very sensitive to 

changes in oleic acid addition, the relative proportion of fine and coarse 

material, conditioning time, and water quality. The au thon conc:lude that 

application of carrier flotation is only suitable when flotation conditions 

can be scabilized. 

Another drawback for this process may be the subsequent separation 

of valuables from the carrier particles, when the valuables minerals are 

being recovered in the froth. 

Selective flocculat ion/ flotation. This technique involves three 

steps: a) selective aggregation (flocculation) of we 11 dispersed fines, 

through utilization of a bonding agent (polymer flocculant) that ties 

specifie mineral particles together; b) separation of flocs and dispersed 

solids; and c) upgradiog of the flocs to release entrapped particles. 

For selective flocculation, several factors need to be considered: 

a) flocculant charac teris tics (type of funct ional group, physica 1 and 

electrochemical properties); b) mineral characteristics (surface charge, 

solub i 1 ity); and c) aqueous medium (water quality, pH, hydrodynamic forces). 

Host flocculaots are not very selective. However, select ivity can be 

increased through either incorporation (or substitution) of more selective 

donor atoms into the struc ture. Clauss et al (1976) incorporated hydroxamic 

acid groups in ta a polYécrylamide flocculant, producing a selective 
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flocculant for cassiterite from mixtures with quartz. These investlgators 

found that separation of cassiterite from quartz was possible at pH between 

3.5 and 7. 

Selective flocculation has been applied on a large scale Ln tron ore 

processing. The process (Colombo, 1978), involves grinding to 75-80~ -500 

meth vith N.OH and Na2Si03 <0.57 lb pel' t). The product is tre.ted at pHs 

10.5-11.0 with causticized corn stuch. This results in • strong selectLve 

flocculation of the hem.tite, the quartz .nd other lilicates remaining well 

dispersed. Simple thickening removes about one-third of silie. vith only 7t 

of iron in the overflow. The underflow is treated by cationic flot.tion ta 

remove the coarser remaining silica .nd produce a 65 to 66% iron concentrate 

.t 70% l'ecovery. This technique h •• also been Ihown to have potential in thl! 

recovery of sediment.ry phosphate ores (Arauj" et al, 1985). 

Flot.tion vith controlled dispersion .nd chemisorbing collector •• As 

mentioned, a vital condition for selective flotat ion is particle dispers ion. 

In this technique after dispersion, selective chemisorbing co llectors are 

added to be ad.orbed only on desired species. Chemisorbing rugents, due ta 

their lover solubi lit y are added vith oil. Oi 1 has been found to inc reue 

rec:overy and dectea.e collector consumption. The oil-collector mixture is 

added as .n emul.ion .nd the minute oil dropletl readily .dsorb on the 

surface. of minerals rendered hydrophobie by .cI.orbed chemi.orbi ng rugents. 

oil coatecl particle. .gg lomente, increa.ing flot.tlon r.te due to • 
partic le siu effect. 

This technique hu been laboratot'y te.ced (Yang, 1978) on Tilden 

taconi te ore vithout desl iming. After add ing a di.peraant (O. 1 - 0.5 Kg/t 

ferric .iUcate) , ore va. conditioned for tvo minutes at pHs 8-9. Flotat ion 
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{ was performed using 0.5 0.75 Kglt of fuel oil. Results show 87~~ Fe 

recovery with a grade of 65.8% Fe compared to the commercial selectlve 

floccuLatLon-catLonic flotatLon pracess which yielded only 70% Fe recovery 

at comparable grade. This technique becomes difficult (Espinosa-Gomez et al, 

1987b) when dispersion cannot he achieved at law dispersant concentrations 

which arise due ta a high concentration of cations dissolved in the process 

water. Since large &mounts of dispersants are required to get dispersion, 

there is difficulty in maintaining a balance between particle dispersion and 

particle flotation. 

Flotation calumn. can be applied in conjuction with anyof the three 

previau. techniques. Flotation column. would avoid entrainment and vould 

increase the potential of such techniques. In this study column flotation 

wa. planned in conjuction vith an approach similar to the third technique. 

1.4.4 Flotation Column 

A flotation cohan is shown schematically in Figure 1.6. There are 

two basic zones in a column, the collection and the cleaning zones. In the 

collection zone, particles from the feed slurry are contacted counter 

current with a bubble .varm produced by agas sparger at the bottom of the 

column. Hydrophobie particlel attached to the bubbles are transported to the 

cleaning zone. In the cleaning zone, vater is added near the top of the 

froth, providing a net downvard liquid flowate called a po.itive bia •• This 

positive bia. prevents the entrainment of fine hydrophilic particles into 

the concentrate (Dobby and Finch, 1985a; Yianato. et al, 1987d). The column 

has been used prilllarily in cleaning application. and can ac:hieve in a single 

( 
stage upgradings comparable to several seale. of mechanic.l cella ofeen vith 

,. 
11llproved ncovery (Coffin and Miuczak, 1982; AIIelunxen and Redfern, 1985; 
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Figure 1.6. Schematic representation of a flotation column 
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Wheeler, 1985). 

1.5 SIMILARITY OF FLOTATION PROPERTIES OF PYROCHLORE AND CONTAMINANrs 

HINERALS 

Selective pyrochlore flotation is rendered difficult because of the 

s imi lar flotation characteristics of pyrochlore and gangue minerals 

(particularly the silicates). The pyrochlore and the silicates have similar 

electrokinetic properties as evidenced by the similarity in their lEP values 

(Table 1.1). These close values limit selective flotation based on collector 

adsorption by electrostatic mechanisms. Reagents that exploit selective 

chemical interactions are required. Improved selectivity May permit direct 

pyrochlore flotation with the possible advantages of higher niobium 

recoveries, lover reagent consumption and a simpler circui t. Several 

reagents exploiting selective chemisorption have been studied but without 

great success (Bogdanov, et al, 1973; Pickett, 1959; Kennecot Copper Corp., 

1958) • 

A potential route ta increase the recovery and selectivity of the Nb 

ores at Niobec i9 the use of more selective (e.g. chemisorbing) reagents 

which allow recovery of the Nb lost in the slimes, while maintaining 

selectivity against the silicates. To control entrainment, the flotation 

device of choice is the notation column. More selective reagents and the 

flotation collan together should resuit in a simpler circuit than that 

current ly used at Niobec. 



-

-

30 

1.6 STATEHENT OF THES 15 OBJECTIVES 

The two main objectives of this work wert=: l) to develop a reagent 

scheme for the selective flotation of pyrochlore from the slimes discarded 

at Niobee, and 2) to determine if flotation columns were better suited to 

slimes processing th an mechanieal eells. 

1.7 HETHOD OF ATTACK 

To aehieve these two objectives the approach was broken down into the 

foHowing stepa: 

i) Characterization of the slimes (mineralogieal composition and 

partie le size distribution). 

ii) Evaluation of the effeets of the water eontaminants on selective 

flotation. This needed to be addressed sinee water is recycled at Niobee, 

and the only way to evaluate and select conditions is using plant recyc le 

water. The effects of two types of water (recycle and potable) from Niobec 

were evaluated by eleetrokinetic and mieroflotation studies. 

iii) Identification of selective niobium flotation collectors and 

selective silicate depressants based on chemisorption rather than 

e lectros tat ic interac t ions. 

iv} Hicroflotation testing of the reagents, with single minerals. 

v) Recyc le water treatment, to determine if there is any improvement 

in selectivity with a better water quality. 

vi) Dispersion study using recycle water to select best dispersion 

conditions. 

vii) Co lumn flotat ion testing of slimes with flotation and 

dispersion conditions identified in iv) and vi). 

viii) Plant testing to compare the column performance to that of the 
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mechanical celis with stream9 treating very fine particle sizes (e.g. less 

than 20 JLm) • 

1.8 OVERVIEW OF CHAPTER CONTENTS 

Chapter 2. Chapter 2 describes the basic work to develop the reagent 

scheme .. or the selective flotation of pyrochlore. This work involved a 

literature search for selective chelating agents for Nb-minerais flotation. 

The reagents selected were evaluated by microflotation using pure samples of 

pyrochlore and the main silicate contaminants. An electrokinetic study was 

conducted to help interpretation of results. During the testwork plant water 

was used to try to reproduce plant condition.. Further rnults 1nd 

discussion are given in a manuscript entitled 'Effect. of the type of water 

on the selective flotation of pyrochlore from Niobec.' From this work, some 

options were suggested ta float selectively the pyrochlore from the slimes. 

(More details about the flotation work are given in an Appendix which 

lnc Ludes three reports (prepared for the Centre the Recherches Minerals, 

Quebec) and a subsequent manu.cript entitled 'Effects of the vater chemistry 

on pyrochlore and silicate flotation'). 

Chapter 3. Chapter 3 describes the column flotation vork, including 

sample prepantion. In the fiut part it is shown that the column results on 

the s limes do not match plant resul ts on the deslimed material due to poor 

dispersion. A dispersion study vas conducted. It. manuscript gives the results 

of the dispersion study and allO the effect of di.persants on flotation, and 

on coducence and froth .tability. The manuscript is entitled 'Dispersion 

study on Still" froll Niobec.' The .. coalescence and froth ttability problems 

31 
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appeared when the dispersants vere used i.n flotaclon. Finally, i.n the last 

section, additi.onal details on the colwnn flotati.on resutts are presented 

using the dLSpersion conditions selected in the dupersion study. tt is also 

shawn that coalescence and froth stab i l ity problems pers i.sted, prevent i.ng 

further testing. (More detai.ls about !lal1lple preparati.on, and Hotation 

results and conditions are given in three appendices). 

and 

Chapter 4. 

froth co llapse 

Chapter 4 describu a detai led study of the coalescence 

prob lems in the frother-fatty ac id-dispersant-so l id 

system. This study WIS performed ta ascertain the origin of thue problel1ls. 

IL novel method of quant i fying codescence through measured changes in the 

gas holdup in the collection zone of the flotation cohlllln VIS developed. The 

chapter also review. coalescence and describes the basic principles of i.ts 

quantification by the method of gas holdup change. The chapter concludes 

vith a manuscript entit led 'Coalescence and froth eollapse in the presence 

of fatty acid', whieh gives an overview and includes the results and 

discussion. 

Chapter 

flotat ion of 

5. Chapter 5 describes the column flotation of fines. Colul1ln 

carbonates from the sl imes in the laboratory vas not 

satisfactory due to inadequate dispersion and froth collap.e/coalescence 

problelli. tt vas therefore not possible to detenaine whether the cohan vu 

the device but luited to treat the slimes which w.s one of the original 

objectives. As a 

fines carbonates 

compromise plant tests were conducted at Niobee vith the 

strea. al this offered the closest available uze 

distribution to the slillel. In. latter part of thi. chapter a manu.cnpt 

entitled 'Cohan flotation of very fine particle.' i. included which shoWI 
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additional work conducted by the author in other fine particle streams, 

inc l ud ing the resu l ts at Niobec, whic:h supports the superior performance of 

column Elotation on fines. 
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CHAPTER 2 

FLOTATION OF Nb AND SILICATE MINERALS FROM NIOBEC: 
SINGLE MINERAL MICROFLOTATION TESTS AND EFFECT OF 

WATER QUALITY 

2.1 INTRODUCTION 

34 

This chapter describes the basic work conducted to select lhe 

chemical reagents and conditions for recovery of the Nb-minerats hom the 

slimes discard at Niobec. The work involved: a) an electrokinetic study, b) 

a literature se arch for selective Nb-mineraI flotation collectors, and c) a 

microflotation study to select ber:t reagents and condition. from b). 

Experimental details are given in the first part of this chapter, the second 

part being a manusc:ript entitled 'Effects of the type of vater ln the 

selective flotation of pyroc:hlore at Niobec (Colloids and Surfaces, Vol. 26, 

pp. 333-350 (1987». This manuscript emphasises the effects of the type of 

vater on the selective flotation of pyrochlore. Further details are given ln 

Appendix l, vhich inc:ludes three reports (prepared for the Centre de 

Recherches Mi nérals, Québec:, and included vith permission) and a subsequent 

manuscript entitled 'Effects of the water chemlStry on pyrochlore and 

silicates flotation' (to be published in Minerals Engineering). 

2.2 SAMPLE CHARACTERIZATION AND PREPARATION 

2.2.1 Sample Source 

pyroc:hlore. It is difficul t to obtain sufficiently pure pyrochlore for the 

planned single mineral testvork frOID run-of-the-mine ore. The cOlDpromise was 
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to use a pyrochlore concentrate from Niobee. This will contaln residual 

flotatlon reagents. The solut ion was to isolate a coarse size fract 10n 

(106-150 p.m), clean it ta remove contaminant mineraIs and residual reagents, 

and grtnd (- 16 IA-rrV ta generate a large number of fresh surfaces. 

A pyrochlore concentrate was obtained while the plant was process ing 

zone ore. This concentrate was subjected to a lDineralogical examination 

(inc luding X-ray diffraction and optical and electron microscopy), to 

i.dentify the Nb-carrying speeies and contaminant mineraIs. Initial work 

employed loose grain and polished sections of size fractions 106-150 JA-m, 

53-75 l'm and 43-53 ,un- The main contaminant, were microcline, biotite and 

chlorite. 

To aid ln the identification of the Nb .. minerals a sample of the 

53-75 l'ID size fraction was processed on a Frantz Isodynamie Magnetic 

Separator, (Frantz) (Gaudin and Spedden, 1943; Hess, 1959) warking at a side 

s lope of 20. Magnetic fractions froID 250 mA to 1500 mA were isolated. X-ray 

diffractlon (using a Philipps PW 1710 diffraetometer) was performed on each 

magne t ic fraction, and seleeted fractions vere subjected to electron 

m ic roprobe analysis (using a Camebax Electron Microprobe, Mode 1 MSl, 

wave length andys ia, probe beam leu than 1 JJJD size) primari ly to determine 

Nb and Fe content of the mineraI part ic les. 

The reaults of the microprobe examination are summarized in Table 

2.1. The dominant Nb-speeies ia pyrochlore ranging from relatively strongly 

magnetic with Fe· 0.41% to relatively weakly magnetic vith Fe-0.03%. These 

pyrochlore types are refened to as Fe-pyrochlore and Na-pyrochlore, 

respectively. A minor Nb-species is colUlllbite (about 6% of the sample). The 

i ron content in the typea of pyroch lare prelent here ia lower than those 

reported by Perrault (1978) and Perrault and Manker (981) (Chapter l, Table 
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TABLE 2.1 SUMMARY OF THE MICROPROBE STUDY ON THE PYROCHLORE CONCENTRATE 

Frant1. % mass Nb mineral Mineral Grade % Mineral i. Mineral 
range (ruA) in range % Nb % Fe % Na in fract. in sample 

columbite 
-250 6.0 Fe pyroch1o~ e 66.1 0.41 8.31 95 5.7 

Na pyrochlore 69.0 0.00 8.4 5 0.3 

columbite 72.8 9.3 0.46 6 5.6 
+250 94 Fe pyrochlore 64.0 0.63 5.34 26 24.5 

. Na pyrochlore 67.4 0.03 8.36 68 63.9 

columbite 6 
overall Fe pyrochlore 30 
sample Na pyrochlore 64 



( 1.~), Le. an iron content of 4.2% and 1.04% for the Fe-pyrochlore 

and ~a-pyrochl"re, respectively. The Na content of the Fe-pyrochlore Ln the 

-250 and +250 mA fractions wu 8.31 and 5.34%, respeetively. The Na content 

ln the -250 mA fraction is similar to that reported by Perrault and Manker 

( 1981) in Na-pyroc!"llore (a. 6%); the ~a content in the +250 nIA fraction i5 

closer to that in the Fe-pyrochlore (4.18%). 

ather minerals. Mierocline, biotite and ehlodte were the minerais of 

interest. They were obtai ned as hand-picked .pee imens from the Niobee region 

and from Ward' s Natural Sc ientifie Co. 

2.2.2 Samples for the Eleetrokinetie Study 

Pyrochlore, mieroc li ne and biotite were obtained from Niobee. Pyrochlore 

wu isolated from the -150 +106/Lm fract ion of the coneentrate, u.ing heavy 

liquid (s-tetrabromoethane) separation at •• g.-2.9. The .ink (pyrochlore) 

fraction was washed repeatedly with aeetone to diss.,ive any residual heavy 

liquide Microcline and biotite vere hand-pieked specimen •• They were ground 

and upgraded using the Frantz. Mierocline WII isolated as the non-magnetie 

produet at the maximum setting of 1500 mA. Biotite was isolated between 

currents 350 mA and 650 mA. Repeated proeelling on the Frantz WII required. 

Sample purity in all caus wu cheeked by x-ray diffraction and optical 

microscopy; no contaminant. were found. 

The partiele .ize required for eleetrophoretic mobility measurements ln 

the device u.ed i. -3 /Lm (Yoon, 1971; Lozyk, 1978; and Kelebek, 1980). 

Upgraded .amples of the 106-150 ",m .ize fraction, weighing about 2 g, were 

u.ed to obtain thi. partiele size range. Each sample WII first dry ground 

to a 500 ml glll' eylinder and ln an agate 

di.perud for 

mortar and 

20 minute. 

then transferred 

usine an ul trasound bath. ne .ample was then 
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- allowed ta settle and the top 5 cm of suspension vas recovered. Different 

settling times were alloved for each mlneral to obtain a top lize of 3",m 

(see Appendix 2). The suspenuon thus reeovered was tranlferred to a :!OO ml 

flask and stored for future use. Deionized water was used throughout. 

2.2.3 Prepara:ion of Samples for Mieroflotation Tests 

The pyroch lore samples 

frac tion isolated frOID the 

were obcained from the Slme 106-150 p.m size 

concentrate, as duc ribed. The sil ieates 

(microc line, biot i te and ehlori te) vere obtained from Ward 1 s Natura 1 

38 

Scientific Co •• AU Il.ples were ground in a vibratory poreelain mili and a 

primary c lauification stage was conducted in a 5.08 cm (2 inch) 

hydrocyc lone (cyc lone) ta eliminate the -2 IJ. fraction ta the overflow. The 

underflov vas further c1allified using a War.an Cyclolizer (Kelsall and 

MacMam, 1962). The content of cones 1-5 vere collected and molt of the 

finest (-cane 5) fraction. To obt.in the feed for the microflotation telts 

the contents frOID canes 3, 4, 5 and -5 vere mixed. The partie le size 

distribution (PSD) of theu .ateriais wu determined using a particle 

size analyzer, the Sedigraph SOOOD (Sedi~raph) (Set! Appendix 3). The PSD '"as 

about 1 to 14 um for all the samples. Th is is close to the üzt: range used 

in the column flotation tests on the slimes (Chapter ). The e lectrokinetic 

properties of these silicates were similar ta those of the Niobee sdmples 

(see values in Appendix 4) • 

2.3 ELECTROK INETIe STUDY 

Much of this Itudy i •• ddreued in the .anu.cript (Iection 2.5) with 

additionai detaih in Appendix 1 (Reportl 3 and 4). 
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This section is intended to pro"ide more detait on the apparatus 

used and the calculation of electrophoretic mobility. This section al80 

summarizes the values of the isoelectric point of charge (lEP) of the 

mineraIs. 

2.3.1 Apparatus. 

Electrokinetic mobility of the particles was measured on a Mark II 

micro-electrophoresis apparatus (Rank Brothers) (see Figure 2.1). It 

consists of a transparent flat-type quartz cell in which observations of 

moving particles are made under voltage applied through platinum electrodes. 

The flat cell has a section of 0.1 cm x 1 cm. The inter-electrode distance, 

found by calibration wlth 0.100 M KCl at 25°C, was 7.08 cm. Movement of the 

part ic les was observed through the eye-piece micrometers, which were located 

on each side of a timer accurate to 1/10 of a second. One of the eye-pieces 

is fitted with a scale of 104/lm/division, the other 36/lm/division. The 

cell is immersed in a water bath whose temperature was determined during the 

observations with a total immersion therœometer with graduations of O.loC. 

The temperature used was 25 +/-0.5 t. 

2.3.2 Electrophoretic Mobility Determination 

Procedure. The (':.perimental procedure for the electrophoretic mobility 

measurement ia similar to that of Yoon (1971), Lozyk <l978), and Kelebek 

(1980). The micrometer positions of the inner faces of the front and back 

walls were located by focussing on the solid particles which adhered ta 

them. These positions were recorded and the difference between them was 

calculated to obtain the cell thickness. Cell thickness was then multiplied 

by a factor of 0.197 to determine the distance in millimeters from the front 
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Figure 2.1. Schematic representation of the micro-electrophoresis Apparatus 
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and back ce 11 wa 11s of the location of the zero fluid veloc ity where the 

characteristic P.lectrokinetic mobility of the migrating particles can be 

measured accurately. The eyepiece waS focussed at these locations. 

For each pH value, about 40 different particles were observed in 

order to calculate an average mobility value. In the case of extremely low 

pH values, due to electrolysis of the water during the prolonged observation 

time (necessitated by slow movement of particles) the number of particles 

which could be observed without gas liberation was about 8 to 20. 

The apparent charge on the particle surface was determined by 

observing the direction of motion of the particle~ under the influence of 

the applied field and taking into consideration the reversaI of the image by 

the lens. 

Before each determination the cell was washed in concentrated 

hydrochloric acid and then several times in distilled water. Next it was 

washed ln a 0.1 N NaOH solution and washed several times in distilled water 

again. To measure electrophoretic mobility, about 2 ml of suspension was 

transferred from a flask containing the sample suspension to a beaker with 

about 50 ml of the type of water to be tested. The pH was adjusted and 

allowed to equilibrate for about 4 hrs. After this time, the pH was measured 

again and part of the solution was used to rinse thoroughly the flat cell. 

About 5 ml of the suspension was transferred to the cell to measure the 

electrophoretic mobility. The remaining suspension was used to rinse the 

electrodes. 

Calculation of electrophoretic mobility. The electrophoretic mobility, u, 

vas calculated using the following relation: 
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particle velocity dit (cm/a) ...... u a_________________ . 

potential gradient E/l (volt/cm) 

where: 

d: distance travelled by the particle (cm) 

t: average time required to travel distance d, (s) 

E: applied field (volts) 

1: inter-electrode distance (cm) 

2.3.3 Summary of the lEP Values 

Table 2.2 summarizes the isoelectric point of charge (lEP) values 

obtained. The minerals studied were Fe-pyrochlore, pyrochlore (combined Fe 

and Na types) and the two main silicate contaminants: microcllne and 

biotite. Subsequent work did not distinguish between types of pyrochlon! 

since the electrokinetic behaviour was not significantly different. Initial 

testwork was conducted with four types of water and three pH modifiers. 

Subsequent work involved only the pH modifiers used at Nlobec (oxalic and 

fluosi Hcic acid), and the two types of water used at Niobec (potab le and 

recycle) • 

2.4 SELECTIVE Nb FLOTATION REAGENTS 

This section outUnes the procedure followed to select collectors 

and depreasants for pyrochlore and depressants for silicates. Selective 

reagents would simplify the complex flowsheet which i8 at present required 

to recover the pyrochlore at Niobec. Chelating agents were considered 

beeause the y ean be highly specifie for cation sites on a mineraI surface. 
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TABLE 2.2 SUMMARY OF THE ISOELECTRIC POINT OF CHARGE OBTAINED 
WrTH THREE pH MODIFIERS AND FOUR TYPES OF WATER 

(*) lEP 
MINERAL pH T Y P E o F W A TER 

MODIFIER ORGANIC DISTILLED POTABLE 
FREE 

PYROCHLORE HCl 2.5 3.5 2.7 
(**) 

PYROCHLORE C2~04 2.5 
(**) 

PYROCHLORE H2SiF6 2.4 
(**) 

FELOSPARS C2~04 2.0 

FELOSPARS H2SiF6 2.0 

BIOTITE C2H204 1.5 

BIOTITE H2SiF6 1.9 

PYROCHLORE HCl 4.6 2.3 
(***) 

PYROCHLORE C2~04 2.2 
(***) 

PYROCHLORE H2 SiF6 2.3 
(***) 

(*) IEP, isoelectric point of charge (pH at which the 
mobility of the particle is zero). 

(**) Combined Na, Fe-pyrochlore types 
(***) Fe-pyrochlore 

RECYCLE 

1.8 

1.8 

2.0 
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CA chelating agent contains at least two polar groups which are close enough 

to interact and occupy simultaneously more than one position in the 

coordination sphere of the cation). The reagents selected in this study wer~ 

tested by microflotation. The best reagents and conditions were later to be 

tested on the slimes by column flotation. 

A literature survey in analytical chemistry of Nb was conducted to 

look for possible selective chelating agents (Yale, 1943; Moshier and 

Sc hwamberg, 1957; Majumdar and Chowdhury, 1958; Langmyhr and Hongslo, 1960; 

Laitinen, 1960; Charlot and Bezier, 1960; Brandt, 1960; Moshier, 1964; Buser 

et al, 1970; Gibalo, 1970; Chatterjee, 1978; Agrawal, 1979; Cheng et al, 

1982). Chelating agents can be extremely selective forming stable compounds 

with specifie metal ions. In principle, therefore, chelating agents would 

react with Nb whether in pyrochlore or columbite. Formation of an adsorbed 

chelating agent with appropiate hydrocarbon (hydrophobie) groups could cause 

flotation (Aplan and Fuerstenau, 1962; Nagaraj and Somasundaran, 1977; 

Muthuswami et al, 1983; Barbery and Cecile, 1983; Somasundaran and Nagaraj, 

1984; Fuerstenau and Pradip, 1984). Analogous reasoning was applied in the 

search for chelating agents for depression (of either Nb-mineraIs or the 

si licates) ln which case the adsorbed chelating agent should carry 

hydrophylic groups such as hydroxyle Also considered in the search were 

flotation reagents already tested for Nh and Ta, (Faucher, 1964; Gorlovskii 

et al, 1966; Abeidu, 1974; Biss and Hadeau, 1982; Burt, 1982; Luo and Chen, 

1985; Fuerstenau and Pradip, 1984; Collins et al, 1984), and flotation 

reagents suggested by some manufacturers, e.g. Hoechst Canada loc. and 

Allied Colloids. 

Tables 2.3 and 2.4, summarize most of the organie reagents found 

during this search. Table 2.3 shows the reagents suitable as Nb collectors. 
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TA8LE 2.3 ORGANIC REAGENTS MORE SELECTIVE AS Nb FLOTATION 
COLlECTOAS. 

ORGANIC REAGENTS MORE SELECTIVE AS Nb FLOTATION COLLECTORS 

N~MÇ STRUCTUf<E SELECT! V ITV REr1ARt:S 

8-Hyd~a.yqulnalln •• 
,.. 

1 

~ ln ac.tate solutions Paor 
~ •• ct Mit" 
Al.F •• Nb.Ta.Th.U.V.Cu.AQ. 

~ 

OH 
8enzen.a~sonic .cid As03H2 Cphenyla~sonic acid). ln aCld .. diu_. Nb ions 

~ Good a~e p~eclpit.ted .bove 

1 

pH.4.8 F. is also 
p~eclp.tat.d. v.~v stabl. 

- ~H Nb ca.pounds. 

# 
T~l al a:yl phasphate (TBP). 1 RQ F. and Nb a~e .Kt~act.d. 

RO~P=O Poor It ,. canvenient ta MO~k 

RO/ 
.t ve~v 1f'w pH. 

RO 
Dl.1~yl phosphate CHDEHP) • R~P=O Fe and Nb .~ •• Kt~.ct.d. 

HO/" 
Paer It 1. canvenl.nt ta wark 

.t v.~V 1DM pH. 

1 
-~ 

he st ~ .... 5 ~ ~ ft .... rn cr/d'A", pœ "'ci «.f'''ft'&! rt1 l; , • ..., ........... .i4 H· ... ' ..... _'.n - ~ 

1 

i 

t. 
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TABLE2.3 ORGANIC REAGENTS MORE SELECTIVE AS Nb FLOTATJON 
COLLECTORS. (CONTINUATION). 

DFcGANIC FlEAGENTS ..cRF SFLECTIVE AC; Nb FLOTAT!""" COLLECTORS 

NAME STRUCTL'RE SELECT rVlTy REftARKS -
SodiuM alkv1 .ulpha~e. 0 

Il _ + Good Gaod .elec~ivi~y ln ~he 
R-O-S-O ....... Na pH range af 2.~-3.5. 

Ô 
-

Al~Vl pha~phanlC eCld., •• Q. 

CP H
5 OH 

S~ronQIv depr ••• bv 2-.~hylh.Kyl ~hD.phanic acid. 
Paor F. C III) • 

~(CH2)3CHC H20-~O"N+ 
a 

Ali yI Caryl' ar~onic (or Preclpltat. v.rv .a.V .ntl.anac) eClds. RA.04H2 Good Nith F.CIIII,NbeV' and (RSb04H2' •• uch a. 

CH~ rt?O C. Cil) • 
p-tolylar.anac .cld. 

OH 'oH 

"' 

1 

1 

, 

Sulfasuccan ••• tel 
CH~ONH-<laH37 

OptllMJ. pH for T. et 2.4. 
N-octilldecyl sulfosucclne.et. Gaod If tron F.elll, ce" b. ca.pl •• 
(Aero.ol 181. ca" be ccuapleK. wa~h catrac .cad. 

1 
Në?°3-CH-COONa 

---- - --- - ---- - -------
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TABLE 2.3 ORGANIC REAGENTS MORE SELECTIVE AS Nb FLOTATION 
COLLECTORS. (CONTINUATION). 

ORGANIC REAGENTS "ORE SELECTIVE AS Nb FLOTATION COLLECTORS 

NAI'IE STRUCTURE SELECTIVITY RE"ARKS 
-

Cupf.rron CN-Nltro.oph.nv l 
Paor Und.,. st,.onO .cld 

hydrOl<yla.in., a_onIU •• alt) conditions 

< )-N--ON~ 
F.CIII),Nb.Sn,ra,TI.Vand 
Z,. p,.eclpltate. 

"N=O 
N-8enzoyl-N-phenyl- O~C _N ....... OH hydro:: yl.""n. 

Nb (VI can be .electlvely (N-phenylbenzohydroHa.ic .cid, R..... ""'R Good.l n • very s.p.,.at.ct f,.QM S;PA. N&PHA, BPHA). na,.ro.. pH Al.C.,F.(III'."o,T •• Th.an, 
ranee. U(VU 

Q- at pH 3.~ - ~ ••• Mlth 
tarta,.ate, EDlA. 

R . 
Cat.chol CPyrocatechol 1 

•• 2-dlhydroxyb.nz.n.'. Poer 1 QOH It for •• color.d chelate. 1 

Mlth F.(III', ~CVJ), 
TI,V.Nb and Ta,but .ost 

" OH 
of the r.actlons ar. of 

1 
1 ittl. practl.c.l 
1l11oortance. 

AfkY1 hydrul<a •• te •• 
R-C=N-O- N+ Poer OPtl~. flotatlan 

1 
a condition. at pH-7. 

OH 
1 

~ 
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TABLE 2.4 ORGANIC REAGENTS MORE SELECTIVE AS Nb 
OEPRESSANTB IN THE INVERSE FLOTATION OF PVADCHLORE. 

ORGANIC FcEAGENTS f10FcE SELECTIVE AS Nb DEf'FcESSANTS IN THE 
INVEFcSE FLOTATION OF PVFcOCHLOFcE 

NAf1E 

Phenylfluorone 
e2.3.7-Tra h vdroxy-9 
-phenyl-fluorone.2,6,7 
-thrihydrOKy-9-
phenvl150x.nthene-3-one. 

Pyrocatechol violet 
e3.3·.4-TrihydraKyfuchsan. 
-2 M -sulfoolC .cld). 

SELECTlvlTY 

Paar 

H 
GaocS 

RE~KS 

Sel KU v. far Nb Cv) and 
Feelll). Mark. bett~ 
... th 0.8" H3P04. 

Selective far Nb(III, at 
pH 4-S 
Selective for Alelll) .t 
pH -6 
Selective for Feelll' al 
pH ~.7-6.4. 

~ 
(X) 
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TABLE 2.4 ORGANIC REAGENTS MORE SELECTIVE AS Nb 
DE PRESSANTS IN THE INVERSE FlOTATION OF 

PYROCHLORE. (CONTINUATION). 

DRGANIC REAGENTS ..aRE SELECTIVE AS Nb DEf'RESSANTS IN THE 
INVERSE FLOTATION OF PYROCHLORE 

NAI'1E 

Cltrlc .c1d 
C2-hydraxyprop.n.-1.2.3 
-tr1c.rbaxy11c .cid). 

8ra.apyr09allol R.d 
CS,S'-Dlbra.opyrovallol 
aulfan.pth.l.in.8PR). 

T.rt.ric .cld 
(1. 2-DlhydroHy.than.-l. 2 
-dlc.rboMylic .cid). 

STRUCTURE 

~
H-C OOH 

HO 2.C OOH 
Hf:C 0 OH 

OH 
H~ 

B(' 

OH 
O .... ~O 

~. 

~SO- Br 
3 

........... ~ 

OH-CH-COOH 

OH-C H-COOH 

SELECTIVITY 

60Dd 
•• 1ecUvlty 
• .. th Aron ion •• 

Goad 

Poer 

~. 

F.E"ARKS 
CI-tric .cld c.n CCMlpl.K 
FeCIJ) .nd F.C!!!) 
c.tion •• !t 1. u.ed •• a 
d.pr •••• nt. for quartz • 
• lca. carbonat ••• nd Iron 
aMid •• 

Thi. r •• vent ln 
co~inetion M1th 
~'-n-octyl .. thvla.in. can 
ca.pl.x Nb et pH S. 

T.rt.rlc .Cld. for •• th. 
.o.t .t.bl. Ca.pl.M Mlth 
Nb. 

~ 
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TABLE 2.4 ORGANIC REAGENTS MORE SELECTIVE AS Nb 
DEPRESSANTS IN THE INVERSE FLOTATIDN OF 

PVROCHLORE. (CONTINUATION). 

ORGANIC REAGENTS "ORE SELECTIVE AS Nb DEPRESSANTS IN THE 
~VERSE FLOTATION OF PYROCHLORE 

STRUCTUf(E SELECTIVITY 

o-Dlhydraxy chro •• nol. 
(7,B-dlhydroxy-2,4 
-dlmethybenzapyrylium 
chlor.de) • 

~ ~ Good 

c'-

Xyl.nol Or.ng. 

"'A oldH - CH3 

H~~ 
H C H 

x= 
6 S03H 

FH
2

COOH 
CH2 N\ 

CH
2
COOH 

POor" 

~ 

REI'tARKS 

S.l.ctiv. d.pr •••• nt far 
G •• Zr,Tl,Th.~.W,V.T •• Nb.S 
n. 

R •• ct. with xyl.no! 
or.no •• t pH 2-3. 

g; 
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TABLE 2.4 ORGANIC REAGENTS MORE SELECTIVE AS Nb 
DE PRESSANTS IN THE INVERSE FLOTATION OF 

PVROCHLOAE. (CONTINUATION). 

ORtlANIC REAfiENTS MORE SELECTIVE AS Nb ~ .. RÊS8ANTS IN T .. 
I .. VERSE FLOTATION OF PVROCHLOAE .. 

NAI'1E STRUCTURE SI.LIECTlVITV T fcEl'tARKS 
1 

T.nnln (Ro •• T.nnln). 

ArCOO-CH 1 T_.Tl(IV) and Nb are 
1 quanti taU v.1 V 

H -C-üOCAr! 600d 
pr.capatated bv t.nnan 
4ra. ... ~Iy .~id OKalat. 

ArCOO -C-H solutions at pH 4.~. Al 
and Fe are not 

1 0 pr.~tplt.ted. s.p.r.tion 
t •• ven b.tter ln 

H -9-OOCArl pr •• ence of ca.ple.one 
III 

H -C 
1 

CH..OOCAr 
~ 

Ar. anole_t •• the r •• 'du. 
of th ••• t.divallie aeid. 
whaeh ha. the following 
fcrlllula: 

CQ-Q 

~o < ~~H 
HO OH GOGH 

IttzWrltg "zr-ee ...,fœ" .... *f·w·ezfit*i'~ia'..,')id'f.S .. + Mr':?=-""". Ac:!rtYW .. !S~~" -

,... 

~ 
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Some int.:resting points are 1) none of the reagents is selective for Nb only 

(although se lective complexing gangue depressants to be used in conjuc t ion 

are recommended i'l some cases); 2) for most of the reagents, Fe( Ill) is Il 

major interferant; and 3) some reagents have apparently good eelectivity but 

only within a very narrow pH range, for example, the 

N-benzoyl-N-phenyl-hydroxylamine (BPA) can reac t selee t ively with Nb but 

only at pH 3.5-3.6 and using tartarate and ethylene-diamine-tetraacetic acid 

(EDTA) to mask Al, Ca, Mg and Fe(lll). Table 2.4 presents sorne organie 

depressants apparent ly selective for Nb. This could permlt inverse 

pyrochlore flotation. Among them are pyrocateehol violet, tannin (at pH 

about 4.5) and bromopyrogallo 1 red. 

From the observations in Tables 2.3 and 2.4 the following flotation 

routes ta ach ieve se lee t ive pyroch lore flot a t ion were cons ide red : 

A) Direct flotation of pyrochlore (with prior carbonate flotation); B) 

Inverse flotation of pyrochlore (vith prior carbonate flotation), i.e., 

floating the silicates; C) Direct flotation of pyrochlore (wi thout prior 

carbonate flotat ion) • 

A) Direct flotat ion of pyrochlore (wi th prior carbonate flotat ion): One 

of the most important points noted from Tab le 2.3 is the need for low pH to 

aehieve any selectivity. Since up to 70% of the Niobec ore is carbonate, 

which is soluble in acid, it ia necessary to remove the carbonates prior lo 

lowering the pH (as ia dOt;le at Niobec for this reason, Chapter 1). After the 

removal of as much of the carbonates as poss ible, the ma in prob lem would be 

the se lectivi ty between pyrochlore and the silicates. Pyrochlore/si 1 icate 

separat ion was contemplated us ing the followi ng routes: 

1) pyrochlore flotat ion wi th N-benzoyl-N-phenyl- hydroxylamine and 

tartarate and ethy lenediam i ne tetracet ie acid (EDTA) as silicate 
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de pressants ; 

2) pyrochlore flotation with the different Nb-collectors (rable 2.3) 

uSlng citric aCld as silicate depressant, and also ta mask Fe(IIl). The use 

of cltric aCld as an Fe complexing agent to produce a hydrophilic compound 

LS suggested in Table 2.4. In addition, citric acid acts as a depressant 

for quartz, mica, carbonates and iron oxides (Cyanamid, 1976). It is al sa 

quite important to find the best pH for separation vith each individual 

reagent. For example, Table 2.3 suggests optimum pH conditions for alkyl 

hydroxamates, phenyl arsonic acid and S-hydroxyquinoline, as 7, 4.8, and 4.0, 

respectively. These potential Nb-collectora vere also tested using other 

silicate depreuants, e.g. sodium silicate, a copolymer of acrylamide 

(OKa13, from Allied Collidl), tlnnie .<:id, tartaric acid, and DA8ll (an 

anionic dispersant from Allied Colloid.). 

8) Inverse flotation of pyrochlore (vith prior carbonate flotation): rhe 

i.nverse flotation of pyrochlore from silicates also looks attractive. At all 

pHs above 4.5 the silicates present in the ore beu a negative charge. They 

can then be floated uaing cationic collectora while dept'essing the 

pyrochlore. This approach vas contemplated u.ing the folloving routes: 

1) depre.sion of pyrochlore uling the more selective Nb depres •• nts, 

as 1 isted ln Table 2.4, such aa tannin, pyrocatechol violet and 

bromopyrogallol redj followed by cationic flotation of silicates. The pH has 

to be above 4. Si 

2) depression of pyrochlore using leaa selective Nb depressants, 

such as tarurie acid, followed by cationic flotation of silicates at pH 

above 4.5. 

C) Oirec t flotat ion of pyrochlore (without prior carbonate flotat ion) • 

This appro.ch va. contemplated u. ing two type. of depressant9, sod ium 



hexametaphosphate to depress carbonates and ap.tite, .nd cltric aCld to 

de press silicates. Py::,(\rhlore flotation was to be attempted using hydroXilmlc 

acid-based Nb collectors at pH 5. 

Subsequent to completing the work other Nb chelatLng agents that 

could be used as collectors vere identified-- e.g. cinuamyl hydroxamlc aCld 

(Thiele and Pickard, 1899; Majumdar and Hukherjee, 1960). The idea behLnd 

this hydroxamic ac id vas to to prov Lde a longer hydroxanuc cha l n Ln an 

attempt to reduce the high reagent consumption required for some hydroxamlc 

acids tested (e.g. benzohydroxamic acid, see manu,cript). Others were 

methyl-benzy 1 arsonic acid (Luo and Chen, 1985); potus ium oc ty 1 hydroxamate 

(Fuerstenau and Pradip, 1984); iso-monyl imino-bis-methylene pholphonic ac id 

and dodecyl imino~bis-methylene phosphonic .cid (Collin. et al, 1984). 

There are clearly many more additional combin.tLons than can be 

tested during this vork. As vill become clear problems er.countered Ln 

conducting column flotation in the laboratory further reduced the number of 

combinat ions which could be evaluated. 

2.5 MICROFLOTATION TESTS 

The manu,cript givea moat of the detail. on the microflotation 

tests, vhich vere conducted using m.ny of the reagent combinat ions suggested 

in the previou. section. (Additional details are given in Appendix 1, 

Reports 4 and 5). All the tests vere conducted using plant vater to try to 

aimulate plant condition.. (Appendix l, in the IUnusCrLpt alao showi the 

results of further telt. conducted in a continuation of the study of the 

effects of the vatel' chemiatry on pyrochlore and 5 i licate 

flotation/depreuion) • 
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Department of Mining and Metallurgical Engineering 

McGill University 
3450 University St., Montreal, Quebec, H3A-2A7 (Canada) 
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ABSTRACT 

The effects on selective flotation of fine (1-16 p.m) pyrochlore of 

two types of water used at the Niobee concentrator, potable and plant 

recyc le, were assessed. Several pyrochlore collectors and silicate 

depressants were tested. 

Water effects were different for each mine r a1-reagent(s) 

combination. In general plant recycle water decreased selectivity and 

increased reagent consumption. Interpretation of results is given in terms 

of electrokinetic effects, hydrolysis of cations, and mineral-collector 

interactions. l'wo techniques of treatment for plant recycle water, cation 

precipitation and zeolite adsorption, were assessed. The former was found to 

be more effective under the tested conditions but recycle water continued to 

give poorer select ivity than the potable. 
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INTRODUCTION 

Water quality plays an important role in selective flotation. 

Spec i fic ef fects have been reported by many workers (Rybinski et al, 1984; 

Somasundaran, 1984; Fuerstenau, 1975; Vreugde and Poling, 1975; Broman, 

1980; Hoover, 1980) and Ln general the better the water quality the more 

selective is flotation. Water composition depends on origin and the mineraIs 

being processed. For example pulp containing salt-type mineraIs (calcite, 

apatite, dolomite) will contain more Ca and Mg cations th an that from a 

sulphide deposit. Another source of water contamination is the flotation 

reagents added to the pulp, particularly if water recycling is practiced. 

At the Niobec concentrator the water supply cames from the 

municipality (potable water) and plant recycle. 

The ore composition at Niobec is very complex (see Table 1), as is 

the flowsheet used ta recover the Nb-containing minerais, pyrochlore and 

columbite (Biss, 1984a). This flowsheet comprises desliming, carbonate 

flotation, magnetic separation, pyrochlore flotation at six different pHs, 

two sulphide flotation stages and leaching. Together pyrochlore and 

co lumb i te represent only about 1 % of the total mass of the ore. The Most 

abundant mineraIs are carbonates {mainly dolomite and calcite}, silicates 

(biotite, chlorite and Na,K, feldspars) and to a lesser extent apatite. Other 

constituent minerais are magnetite, hematite, pyrite and zircon. Selectivity 

is hindered by the similar flotation characteristics of the pyrochlore and 

the two main contaminants, carbonates and silicates. The silicates for 

example have electrokinetic properties similar to pyrochlore (see Table 1). 
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TABLE 1. MINERALOGICAL COMPOSITION OF NIOBEC ORE. 

MINERAL Wt. IEP 
(%) 

CARBONATES 65 

DOLOMITE 7 

CALCITE 8.2 

ANKERITE 

SULPHIDES 1 

PYRITE 1.5 

PYRRHOTlTE 

OXIDES 

PYROCHLORE AND 1 2.6 
COLUMBITE (10:1) 

MAGNETITE, HEMATITE 
AND ILMENITE. 2 6 

APATITE 7 5 

ZIRCON .2 5.8 

SILICATES 21 

BIOTITE 1.5 

CHLORITE 4.5 

Na .K,FELDSPARS 1.8 

" 



The isoelectric point (lEP) of pyrochlore i5 about 2.6, biotite about 1.5, 

chlodte about 4.5, and Na,K feldspars about 1.8. These close values limit 

selective flotat ion based on collector adsorpt ion by elec trostat ic 

mechani sms. In add i t ion to the close lEP be tween pyroch lore and silicates, 

their compositions are not fixed causing variations in their IEP. Typical Nb 

recoveries are of the order of 70% with about 15% Nb lost in the slimes 

rej ected before Hotat ion (Biss, 1984a). 

Potential routes to improve Nb recovery in the overall circuit are 

by: a) increasing Nb recovery in pyrochlore flotation and b) recovering sorne 

of the Nb lost tn the slimes. Both approaches require more selective 

flotat ion sys tems. Improved selectivity May permit direct pyrochlore 

flotation with the possible advantages of a) higher Nb-recoveries, b) 

possibly a lower reagent consumption, c) simpler circuits. 

Niobium recovery from the slimes is being studied. The investigation 

involves five phases a) charactedzrtion of the slimes (composition and 

part icle sue distribution) j b) determination of electrokinetic properties 

of pyrochlore and the principal silicate contaminants j c) evaluation of 

selective Nb-flotation reagents based on chemisorption rather than 

electrostatic interactions; d) micro-notation testing of the reagents with 

single mineraIs; and finally e) column flotation testing 0 f slÏmes with 

flotation conditions identified in dl. All testwork is being performed using 

potable and recycle water obtained from tr.: plant. Results from phases b), 

c) and d) are presented here. 
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EXPERIMENTAL METHODS AND MATERIALS 

Water treatment. 

Tvo techniques of recyc le vatel' treatment, Ca pree ipi tat ion and 

zeolitp adsorption, were assessed. 

Precipitation vas achieved by adjusting pH with oxalic aeid ta 

values of 3.6 or 1.9 and removing the preeipitates produced. Zeolite 

adsorption consisted of adding 3.25 g of zeolite (theoretical zeolite 

exchange capacity for Ca and Mg plus 25%) pel' liter of vatel' and sti.l'ring 

for 5 or 10 minutes at a pH of 10.5 or 7.2. A commercially available zeoli.te 

(Aldrich Chemical Co) identified as 'zeolite mixture' vas selected. 

Sample Preparation 

pyrochlore, feldspar (microcline) and biotite vere obtained from Niobec 

for the eleetrokinetic study. Pyroehlore vas isolated from a-ISO +106 #Lm 

coneentrate using heavy liquid separation at s.g.= 2.9. The sink 

(pyrochlore) fraction vas washed repeatedly with aeetone to dissolve any 

residual heavy liquide Feldspar and biotite were upgraded using a Frantz 

Isodynamie Magnet ie Separator. Purity was checked by X-ray diffl'actLOn 

(XRD, Philips PW 1710) and microscopie examination; no contaminants were 

found. Si licate samples for mieroflotation vere obtained from Ward' s 

Scientific Co •• Theil' electrokinetie properties were similar to those of the 

Niobee samples. 
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Electrophoretic mobility. 

The electrokineti.c study was conducted using a Mark II 

micro-electrophoresis apparatus (Rank Brothers) (Collins and Jameson, 1976). 

Electrophoreti.c mobility of the parti.cles was measured at pH values 2 to 

8.2, adjusted vith oxali.c acid (C2"20.) or fluosilicic acid (H2SiF6). 

Particle si.ze vas 1 to 3 p.m. Precipitates formed upon treating recycle water 

were a Iso tes ted. 

Mie roflotat ion. 

A microflotation cell specially designed for fine particles vas 

used, Figure 1. The design is similar to that proposed by Siwek et al 

(1981), but with a modified feed location. Single mineraI samples were used 

dudng the tests. The particle size range vas 1-14 p.m (close to the size 

range of the slimes). The optimum cell operating conditions were sample 

size, 0.5 gt air flow rate, 74 mL/min and froth depth, 4 cm. The test 

procedure i.nvolved preparation of the pul? (0.5 g of mineraI and 40 mL of 

water) t pH adjustment with oxalic acid or potassium hydroxide, and addition 

of the reagent(s) 

conditioning (for 4 

vith further pH adjustment as necessary. After 

or 10 mins, depending on reagents) the pulp vas 

transferred to the microflotation cell with the air already on. Level vas 

adjusted vith the test water containing frother. During flotation the 

froth level was cont inuous ly adjusted. Normally 3 floated products were 

cotlected ln each test, at l, 2 and 4 minutes of flotation, as weIl as the 

non-Cloats. The results are reported as mass remaining in the cell (%) vs. 

volume of liquid recovered to flosts, instead of flotation time as flotation 

time, gave a less consistent correlation. 
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Selective Nb flotation reagents. 

The se arch for selective reagents for pyrochlore has been attempted 

before without great success (Bogdanov et al, 1973; Pickett, 1959; Kennecott 

Copper Corp., 1958). However, many patent ial reagents remain to be tested 

(Moshier, 1964; Buser et al, 1970; Gibalo, 1970; Charlot and Bezier, 1960; 

Laitinen, 1960; Cheng et al, 1982; Biss and Nadeau, 1982; Faucher, 1964; 

Abeidu, 1974; Gorlovskii et al, 1966; Burt et al, 1982). In this work, two 

bas ic groups of reagents were tested, lis ted in Tab le 2, one sui ted to the 

flotation of pyrochlore, the second suited to the selective depression of 

silicates. 

F-2642, CA-540 and BHA are readily soluble in water; BPA and oxine 

are note BPA was disso1ved in ethyl alcohol and diluted with water. The 

oXlne was dissolved with acetic acid and diluted with water. Apart from the 

three depressants listed, tannic acid, hexametaphosphate, citric acid, EDTA, 

tartaric acid, starch, DA811 (Allied Colloids), DA813 (Allied Colloids, 

1982), AQ55D (from Eastman Chemical Products) and sodium silicate were also 

tested. 

The criteria for optimum pH and reagent(s) addition were as follows: 

a) select best pH for pyrochlore flotation using a given collector addition, 

b) at the best pH select minimum collector addition required to float 

pyrochlore, and c) select maXl.mum depressant addition that does not affect 

pyrochlore flotat ion. The concept behind b) and c) is to work in a very 

sensitive flotation regime to facilitate identification of any effect on 

pyrochlore select ivity. Conditioning time was 3 minutes for F-2642 and 10 

minutes for the others; conditioning times were estab1ished by tests on 

pyroch1ore. 
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TABLE 2. FLOTATION REAGENTS REPORTED IN THIS WORK 

PYROCHLORE COLLECTOR 

NAME TYPE SELECTIVITY / RE~GENT 
CûN::;u1'1 [ON •• 

POTABLE RECYCLE 

* AMINE ACETATE CATIONIC V.Go / 1 V. Go / 1 
(F-2642) WITH 
OK-B13 

BENZOHYOROXAMIC ANIONIC V.Go / 100 V.G. / 300 
ACIO (BHA) 

N-BENZ OYL-N-PHENYL- ANIONIC G / 21 G / 21 
HYDROXYLAMlNE (BPA) 

SULFOSUCCINATE ANIONIC V.G. 1 l G / 4 
(CA-SI.O) WITH 
TARTARIC ACIO 

SILICATE DEPRESSANT 

* POLYACRYLAMIDE CATIONIC V.Go V.G. 
(OK-BI 3 ) WITH 
F-2642 

TANNIC AeIO ANIONIC V.Go / 2.5 F / 1.5 
WITK F-2642 

. 
TARTARIC ACIO ANIONIC V.G. 1 10 G / la 
WITH CA540 

* REAGENT USED AT NIOBEC 
** V.G. • VERY GOOO, G ::II GOOD, F '" FAIR, P ::z POOR 

CONsUMPTION IN Kg / TONNE 

pH 

2-4 

6 

3.S 

9 

2-4 

6 

9 
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RESULTS 

Water treatment 

Table 3 shows the analysis of the as-received potable and recyc lt! 

water samples. The major difference lS the much higher Ca (199 vs 26 ppm), 

Mg (98 vs 1 ppm) and sulphate (110 vs 4 ppm) content of the recycle water. 

Table 4 shows the Ca, Mg content after treatment, a) by 

precipitation with oxalic acid, b) by zeolite adsorption. Precipitation at 

pH 3.6 has a minor effeet; at pH 1.9 the concentration of Ca++ decreases to 

less than 10 ppm although that of Mg++ is little aftected. The precipitate 

formed was identified by:{RD as Ca oxalate. Zeolite adsorption showed little 

effect; 10 mins stirring at pH 10.5 did reduce the concentration of Mg++ 

less than 50 ppm. 

Electrophoretic mobility. 

Mobility vs. pH curves vere obtained for pyrochlore, 11licrocline and 

biotite using potable vater with oxalic acid and fluo.ilicie acid. Figure 2 

shows the curves obtained with oxalic acid. The lEP for pyroehlore, feldspar 

and biotite vere 2.5, 2.0 and 1.5 using oxalic acid, and 2.4,2.0 and 1.9 

using fluo. i li cie acid. The mobility for both mierocline and biotite wu 

about the same; pyrochlore mobility VII consistent ly lowe r. 

Oxalic acid could not be used vith recycle vater due to the large amount 

of precipitate formed. Figure 3 showi the lIobility v •• pH for pyrochlore, 

microcline and biotite uling recycle vater and fluo.ilicie acid. Figure 3 

also includes for comparilon the pyrochlore mobility using potable vater. 

Note that: a) the ablohte electrophoretic mobility values for potable water 

are in generat higher than vhen uling recyc le vate., h) recycle vater 
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TABLE 3. WATER ANALYSIS 

ANALYSIS (ppm) POTABLE WATER RECYCLE WATER 

Total alkalinity in 
CaCO. 57 140 

Bicarbonate in 
CaCO. 1 1 

TOC (*) 0.1 2.1 

Phosphate 0.03 0.03 

Sulfate 4 110 

Aluminium 0.1 0.1 

Calcium 25.6 199 

Iron 0.02 0.02 

Magnesium 1.3 98 

pH 6.9 7.3 

(*) Total organic carbon 



TABLE 48. ANALYSIS OF RECYCLE WATER 
TREATED BY PRECIPITATION 

TYPE OF TREATMENT ELEMENT (ppm) 

Ca Mg 

UNTREATED 199 98 

TREATED pH 3.6 116 97 

TREATED pH 1.9 9 92 

TABLE 4b. ANALYSIS OF RECYCLE WATER 
TREATED WITH ZEOLITES 

FIXED CONDITIONS : 3.S g OF ZEOLITE / l 

STIRRING TIME pH ELEMENT (ppm) 

(min) Ca Mg 

UNTREATED 7.1 199 98 

5 10.S 196 83 

10 7.2 196 73 

5 7.2 200 59 

10 10.5 200 48 
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PRECIPITATION -.f IpREelP 
(uatng recycl •• at.r 
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-(ualnCl potable .ata,) 

4 

Figure 3. Electrophoretic mobility using recycle water. 
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reverses the zeta potential of the three mineraIs, from negative to positive 

in the pH range 3 to 4.2, c) using recycle water the three minerals become 

e lect rokinet ically indist inguishab le, d) recyc le water produced precipi tates 

with H1SiF6 ln the pH range 3 to 6.5, and above pH 9, and e) the lowering 

and reversaI in the zeta potential i.s ciosely related to the formation of 

preci.pitates. 

Figure 4 shows the mobi lit y cf the precipita te formed at pH 3-6.5 

along with pyrochlore (Figure 3) as a function of pH. The precipitates show 

a simi lar charge reversaI. 

Flotat ion. 

The flotat ion results represent the Most selective flotation 

condit ions found for pyrochlore vs the si licates. For pH modification 

oxalic acid was selected because fluosi.licic acid reduced pyrochlore 

flotation. Of the silicate depressants tested, only the three in Table 2 

proved effective. 

Amine acetate (F-2642). Figure 5 shows flotation as a function of pH and 

type of water with F-2642 and a polyacrylamide copolymer (OK-Sl3). Both 

reagents are currently in use at Niobec. In this case pyrochlore selectivity 

was tested vs microcline only, because this silicate is the one which causes 

problems with this reagent combination (Biss, 1984b). Flotation behavior is 

qui te different between potable water and recycle water. In general 

selectivity is increased as the pH is decreased below about 5. 

Figure 6 shows the flotation of pyrochlore, microc line, ch lori te and 

biotite with F-2642 and tannic acid, using potable water. Selectivity was 

achieved only with potable water. During the tests with recycle water a 
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Figure 4. Electrophoretic mobility of pyroc:hlore and 
precipi tates uSing recycl e water. 
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lower addition of tannic acid (1.5 kg/tonne instead of 2.5 kg/tonne) was 

required to avoid depression of all minerals. The filled circles represent 

pyroch lore recovery by entrainment, sugges t ing this mechanism is a Iso the 

cause of microcline, chlorite and biotite recovery in potable water. 

Fibure 7 shows the results of flotation using recycle water treated 

by precipitation, a) at pH 1.9, b) at pH 3.6. The full lines indicate a) 

flotation with potable water and b) flotation with untreated recycle water, 

for comparison. Results for treated recycle water at pH 1.9 approach the 

results for potable water. Results for treated recycle water at pH 3.6 

appear similar to the untreaterl recycle water. 

Benzohydroxamic aci.d (BRA). Figure 8 shows the flotation performance 

using BHA with potable and recycle water. Selectivity was achieved even 

without depressants. The effect of recycle water was ta lncrease the BHA 

consumption from 100 kg/tonne to 300 kg/tonne. However, in either cases 

consumption is excessive. 

N-benzoyl-N-phenyl-hydroxylaminf:: (BPA). Figure 9 shows the notation 

performance using BPA with potable and recycle water. In both cases 

selectivity was achieved against micrccline and biotite, but not chlorite. 

Several depressants for chlorite were tested but none was effective. 

Sulfosuccinate (CA540). Figure 10 shows the flotation performance with 

CA540 and tartaric ac id as a depressant wi th potab le and recyc le water. 

Recycle water in this case increased CA540 consumption (from 1 kg/tonne to 4 

l 
'1 kg/tonne) and enhanced microcline and chlorite flotation. 
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DISCUSSION 

Electrophoretic mobi lit y 

The higheT concentration of cations in the recycle water, 199 ppm vs 

26 ppm for Ca and 98 ppm vs 1 ppm for Mg, plays a major role in the lowering 

of the eleetrophoretic mobility of the particles. The reversal in the zeta 

potential is probably related to the high concentration of these cations. 

The fact that recycle water causes the three mineraIs to become 

electrokinetically similar is detrimental 

physisorbed collectors. However, this 

to selective flotation 

effect May be reduced 

using 

using 

chemisorbed reagents either as selective depressants for the silicates, or 

as collectors for pyroc·'lore. 

The reversaI in the zeta potential (from negative to positive) could 

be a source of pyrochlore lasses at Niobec, since a cationic collector is 

used. 

The presence of precipitates probably alters the zeta potent ial. 

These pTecipi tates may adsorb on the mineraI surface conveTt ing the zeta 

potential to that of the precipitate substance. This is known LO occur and 

has been suggested as a means of metal ion removal from contaminated water 

(Broman, 1975). This effeet is suggested by Figure 4 where pyrochlore 

mobility follows the same trend as that of the precipitates. Adsorption of 

precipitates May be more significant in this static electrokinetic study 

than in the dynamic flotation SySL'!M. Consequent ly extrapo lat ion to 

flotation must be done cautiously • 

Flotation 

F-2642 and DK-813 (Niobee Reagents). Figure 5 shows the importance of the 
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type of water in controlling flotation performance. With potable water, 

flotation selectivity is achieved at a pH below 3. At pH 6 to 8 both 

pyrochlore and microcline are depressed; at pH 10 both pyrochlot'e and 

microcline float weIl but without selectivity. The depression at pH 6 to 8 

may be related to a maximum in the degree of ionization of the depressant, 

but this has yet to be closely examined. 

Re 'yc le water induced a simi lar flotation response for pyrochlore 

and microcline, although there is some selectivity as pyrochlore is 

consistently more floatable. Again, the acid pH range shows the best 

selectivity. At pH 10 both pyrochlore and microcline flotation is 

suppressed. This is probably due to the high concentration of Ca and Mg 

cat ions in the recycle water. These cations are spec ially ac tive above pH 

10, reduc ing the negativE' charge and consequently the collector 

electrostatic interaction with mineraI surfaces (Fuerstenau and Palmer, 

1976) • 

The purpose of treat ing the recycle water was to improve 

selectivity, especially at acid pH values. Recycle water treated at pH 3.6 

gives little improvement. Treating the water at pH 1.9 shifted the response 

to one similar to that of potable water. This effect is achieved presumably 

because of the large removal of Ca cation (from 199 to 9 ppm). 

Finally, the adsorption mechanism pyrochlore-F2642 May be partly of 

a chemical type, otherwise flotation should decrease significantly at pH 

val ues from 3 to 4 and be low pH 2. 

F-2642 and 

when potab le 

Tannic Acid. Tannic acid depressed selectively the silicates 

water was used. However with recycle water pyrochlore 

selectivity was markedly affected. Pyrochlore selectivity was pursued using 
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recycle water treated at pH 1.9, but no substantisl increase was attained. 

This suggests tbat not only Ca but also Mg plays a aigni ficant role in 

pyrochlore selectivity. 

Benzohydroxamic acid (BHA). Recyc le water cauaed a large increase in RHA 

consumption, although selectivity remained good. The higher consumption 

could be due to complexation with Ca and Mg cations (Fuerstenau and Pradip, 

1984); consumption vas not reduced when using water treated at pH 1.9, 

presumably because Mg was not removed. 

The adsorption mechanism in this case May also be partIy chemical, to 

explain this anionic resgent interaction with the negatively charged 

pyrochlore surface. An important point is that thia reagent la very 

selective for pyrochlore vs microcline, biotite and chlorite, suggesting a 

collector based on hydroxamic acid May be worth considering. lt may be 

possible to reduce consumption if a larger chain hydroxamate was used, for 

example octyl hydroxamate (with 8 C atoms) 

N-benzoyl-N-phenyl-hydroxylamine (BPA). In this case both types of water 

produce a similar Nb flotation response (Figure 9). This illustrates the 

reactivity of this reagent with Nb (Majumdar and Bijoli, 1961). The 

flotation of chlodte May be due to electrostatic interaction since st pH 

3.6 chlorite is positively charged (see Table 1). 

Sulfosuccinate (CA540). Recycle water increased reagent consumption 

(Figure 10). Increased selectivity was attempted using treated recyc le water 

at pH 1.9; no improvement was found. 
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SUMMARY AND CONCLUSIONS 

The effects of tvo types of vatel' (potable and recyc le) on the 

selective flotation of fine (1-16 l'm) pyroehlore mineral from Niobec vs the 

main sil icate contaminants (microe line, biotite and ch lori te) was studied 

using several combinat ions of pyrochlore collectaI' and silicate depressant. 

Overall results are summarized in Table 2. In general recycle water 

decreased aelectivity and increased reagent consumption. Recycle vater 

reduces the electrophoretie mobility of the particles and the surface 

potential of the mineraIs becomes nearly indistinguishable. Consequently 

pyrochlore collectors vhich exploit chemical rather th an electrostatic-type 

interactions are required. The four flotation collectors reported here were 

selective. Selectivity vas further enhanced using the organic silicate 

depressants OK-Bl3, tannic aeid and tartaric acid. Only BHA and BPA did not 

require silicate depressants to attain seleetivity. No depressant vas found 

to be effective to depress microcline when using oxine. 

Two types of treatment for recyc le vatel' vere tested, zeolite 

adsorption and Ca precipitation using oxalie acid. The zeolite used did not 

improve selectivity probably because it did not adsorb Ca cations. 

Precipitation at high oxalie acid concentrations (pH 1.9) removed Ca 

efficiently but not Hg. The water thus treated this vay did regain some of 

the selectivity of the potable vater. With the data available it seems that 

selective reagents vith untreated vatel', rather than vater treatment, offers 

the best scope for success. 

( As a result of this research three options are contemplated to 
... 

selectively float fine pyroehlore from the slimes: using SPA at pH 3.9; 

using sulfosuceinate vith tartaric acid at pH 9; and using the reagent 



-- combinat ion used at Niobec. BHA (at pH 6), whi le teehnieally attraet ive, lS 

discounted due to high reagent consumption. In all cases a previous 

carbonate flotation, as eonducted at Niobee, is required. 
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2.7 SUMMARY AND CONCLUSIONS 

A search for selective chelating agents for Nb flotation was 

conducted and several reagents and conditions were suggE"sted. These were 

evaluated by microflotation tests using pure samples of fine (1-16 p.m) 

pyrochlore mineraI from Niobec, and the main silicate contaminants 

(microcline, biotite and chlorite). Flotation tests were conducted using two 

types of plant water, potable and recycle. An electrokinetic study on 

pyrochlore, microcline anà biotite was conducted to help interpretation of 

results. 

Hain find ings were: 

1) In general, recyc le water decreased se lectivi ty and increased 

reagent consumption. Recycle water reduced the electrophoretic mobility of 

the particles and the surface potential of the mineraIs became nearly 

ind istinguishab le. Consequent ly pyroch lore co llec tors which exploit chemical 

rather than electrostatic-type interactions are required. 

2) Four of the Nb flotation collectors tested were selective. 

Selectivity was further enhanced using the organic eilicate depressants 

DK-Bl3, tannic acid and tartaric acid. Only benzohydroxamic acid and 

N-benzoyl-N-phenyl-hydroxylamine did not require silicate depressants to 

attain selectivity. 

3) !wo types of treatment for recycle water were tested, zeolite 

adsorption and Ca precipitation using oxalic acid. The zeolite used did not 

improve selectivity probably because it only adsorbed Mg cation to any 

extent. Precipitation at high oxalic acid concentrations (pH 1.9) removed Ca 

.{ .. efficiently but not Hg. The water thus treated did regain Some of the 

selectivity of the potable water. 
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4) With the data available it seems that selective reagents with - untreated vater offer the best scope for success. 

5) As a result of this research three options are contemplated to 

float fine pyrochlore selectively from the slimes: ",8lng BPA at pH 3.9; 

using sulfosuccinate with tartaric aci~ at pH 9; and using the reagent 

combinat ion used at Niobec. Benzohydroxamic acid (at pH 6), white 

technically attractive, is discounted due to high reagent consumption. In 

a11 cases a previous carbonate flotation step, as conducted at Niobec, is 

required. 

6) There are still .uany potentially selective reagents that could be 

tested. As will become clear, problems encountered in conducting column 

flotation in the laboratory reduced the number of combinations evaluated. 
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..( CHAPTER 3. 

PREFLOTATION OF CARBONATES FROM SLIMES USING THE NIOBEC PROCESS: 
DISPERSION/ FLOTATION STUDY. 

3.1 INTRODUCTION 

In the previous chapter, three options vere suggpsted to float 

selectively the pyrochlore from the slimes. AlI three options required the 

preflotation of carbonates as is the practice at Niobec (Chapter 1). Column 

flotation of carbonates using the Niobec procedure was to be used. This 

chapter describes the column flotation work, including the sample 

preparation. lt will be shown that the column flotation results on the 

slimes do not match the plant results on the deslimed material. This 

suggested poor dispersion, the pyrochlore (with about 1% of the total mass) 

being heterocoagulated with the large (about 60 per cent) mass of 

carbonates. 

Coagulation becomes progressively more difficult to eliminate as 

particle size decreases, a difficulty enhanced in the present case by the 

presence of Ca and Hg cations in the plant vater, which reduce the surface 

potential (e.g. see Chapter 2, Hanuscript, Figure 3). A dispersion study was 

therefore initiated. The state of dispersion vas monitored using a particle 

size analyser, vhich gives a measure of apparent particle size. Details of 

the method are given. Results from the dispersion study and the effect of 

dispersants on flotation, and a discussion of the coalescence and froth 

stability problems which appeared when the dispersants were used in 

flotat ion are given in a manuscript. This manuscript is entitled: 

( "Dispersion study on slimes froID Niobec" ( to be published in the eIH 

Bulletin) • Finally, addition.l detai ls on the cohan flotation resul ts are 
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- presented uSLng the dispersion conditions selected in the dispersion study. 

3.2 SAMPLE PREPARATION 

The slimes for the column flotation study were generated from two 

locations in the plant while processing zone lare, the rod mill feed (- 3.8 

cm), and the slimes discard. The rod mi 11 feed was used because i t 

represented fresh unreagentized material while the slimes from the plant are 

partially reagentized with potentially unknown effects on flotation. 

'Throughout the preparation, dispersion problems were evident. To 

help alleviate the problems it was decided to remove the -1 ~m fraction 

(typically 20-30% of the slimes, e.g. see Figure 1.4 in Chapter 1). Thus the 

objective was production of about 1-10 l'm cohan feed. Subaequent work 

intended to progresslvely return the -1 ~m fraction to determine the 

liMiting content of this fraction for acceptable flotation performance. 

Rad mi 11 feed. 200 kg of ore (- 3.8 cm) was cone crulhed to about 

0.32 lIIIl and dry ground to 210 /Am (65 melh). Grinding was accomplished ln 1 

kg lots in a 19 Cm x 19 cm Abbe mill with a 10.7 kg ball charge. Grind ing 

vas typically for 3 minutes with the produc t Icreened at 6S muh, the +65 

ra.!sh returned to the IIi Il. A size by size study of the -2l01Am fraction 

showed that the Nb206 a ... y wu virtually uniform throughout mOlt of the 

size range, and slightly lower in the finest sizr. fractionl (0.5% vs 0.7'-

Nb205' Table 3.1). 'The 1-10 #Am (cohllln feed) wu ilolated from the -210pPl 

material by cyclonina. Figure 3.1. IhoWI the final cyclone configuration 

used and Fiaure 3.2 Ihovi the partiele lize di.tribution of the column feed, 

curve 1. Thil final coluan feed product repre.enLed about 6 % (12 kg) of the 

initial feed (200 kg). 

SUllei. Stille. frOID Niobec vere received at !1cCill U. in sealed 
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TABLE 3.1 METAL AND SIZE DISTRIBUTION FOR THE MILL FEED 

Produc t Wt Assay Distribution 
(microns) (% ) (%) Nb20S (%) 

Feed 100.0 0.63 

210 0.3 0.08 0.04 

210/150 12.2 0.47 9.64 

150/106 11.9 0.56 11.20 

106/75 14.1 0.64 15.17 

75/53 8.8 0.67 9.91 

53/45 8.0 0.74 9.65 

45/38 5.4 0.71 6.44 

-38 39.3 0.57 37 .65 

Ca le. Feed 0.59 100.0 

Feed (-38) 39.3 0.57 

38/Z 5 6.3 0.75 7.57 

25/15 5.2 0.65 5.41 

15/10 10.7 0.64 10.97 

-10 17 .1 0.50 13.70 

Cale. Feed 0.60 

( 



-

... 

..... 

FEED 
( 210 l'm) 

U/F (coarse) 

- O/F (rejected) 

COLUMN FEED 

Figure3.1aColumn feed preparation using rod mill faed. 

O/F (rej.cted) 

SLIMES --.... 1 

(-10"m) 

COLUMN FEED 
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plastic 200 L drums. The slimes were classified to remove the -1 ~m 

fraction. The cyclone configuration used to remove the -1 ~m fraction is 

shown in Figure 3.1b and the particle size distribution in Figure 3.2, curve 

2. 

A 5.08 cm (2 inch) hydrocyclone (cyclone) vas used to perform the 

preparation of the colurun feed. Plitt's equation (1976) vas used to guide 

selection of the desliming conditions. A particle size analyzer, the 

Sedigraph 50000 (Sedigraph) vas used to monitor the particle size 

distribution (PSO) (particularly the - 1 #lm fraction in the final cyclone 

product). Table 3.2 summarizes the cyclone conditions, the dSO estimated by 

Plitt's equation and the -1 ~ fraction in the cyclone underflov. More 

details about the selection of these cyclone conditions (e.g. operating 

conditions and number of stages) and the PSO of the products are given in 

Appendix 5. 

Column feed preparation, particularly from the rod mill feed, was 

time-consuming. This vas partly due to the large volumes of diluted (e.g. 1% 

v/v solids) pulps required to enhance the -1 #lm fraction removal which 

limited slimes preparation to batches of only 3.5 kg • Another factor was 

the multiple cyclone stages required to eliminate the - 1 ~m fractlon. These 

stages could be reduced to 1 stage (e.g. see Appendix 5, Table A.5.1) but 

only by using large concentrations (e.g. 1 % w/v in water) of dispersant 

during classification. This route was avoided to eliminate the risk of 

altering ~he surface properties of the column feed. The difficulties in 

preparing column feed prompted the use of dilute feeds (e.g. 1% v/v solids) 

in column flotation to preserve sufficient material to perform all the 

testwork. 
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TABLE 3.2 StoofARY OF CYCLONE CONDITIONS DURING COL!1MN 
FEED PREPARATION 

STAGE CYCLONE OIMEN. P % SOLIDS 
Di On Du kpa IN 

;1 cm FEED 

ROD MILL FEED 

1 1.06 1.43 0.48 68.90 2.10 

2 1.06 1.43 0.32 413.68 1.23 

1.06 1.43 0.32 413.68 1.00 

1.06 1.43 0.48 413.68 1.23 

3 1.06 1.43 0.32 413.68 0.60 

1.06 1.43 0.32 413.68 0.60 

SLIMES 

1 1.06 1.43 0.32 413.68 1.27 

1.06 1.43 0.32 413.68 0.33 

2 1.06 1.43 0.48 413.68 0.33 

1.06 1.43 0.32 413.68 0.33 

l 1.06 1.43 0.32 413.68 0.33 

1.06 1.43 0.32 413.68 0.33 

(*) d50 estimated by Plitt's equation 
(see more details in Appendix 5) 

d50 ( -llLm) 
(*) in UfF 
(ILm) (%) 

12.34 N.A. 

22.59 6 

22.26 6 

16.58 17 

21.71 5 

21.71 5 

22.64 N.A. 

21.34 N.A. 

15.67 N.A. 

21.34 N.A. 

21.34 4 

21.34 8 
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3.3 PllELIMINAllY FLOTATION TESTS 

3.3.1. Experimental Set Up and Condition •• 

Column tests vere performed in a 3.8 cm diameter 200 cm hign column 

using a poroua ceumic sparger (Fisher Scientific Limited, C.t. N. 11-139A). 

typically, the collJlDn was operated at a froth depth of 30 cm, a superficial 

gas rate of 0.6 cm/s, a superficial vuh vater rate of 0.6 cm/s, a feed 

density of 1% soHds, and a superficial feed rate, 0.7 cm/s. Figure 3.3 

show. the experiment.l set up. The v.ter and pulp flovrate. vere controlled 

u.ing peri.taltic (Hasterflex) pumps. Air f10wrates wereme.sured vith & gall 

flowaaeter previousty c:alibrated to the air prelSure uled (normally 68.9 kPa 

00 p.i»; calibr.tion curve i. shown in Appendix 6. In order to reproduce 

pl.nt reluIt., telts vere .lv.ys done u.ina pl.nt recycle v.ter. Tvo .. mple. 

of plant recycle v.ter vere u.ed: recyc le vater 1, containing 200 ppm Ca, 98 

ppm Mg and total organic carbon (TOC) of 2 ppm, and recycle water 2, 

cont.ining 107 ppm Ca, 80 ppm Mg, .nd TOC 43 pp •• unte.s indic.teci the 

reluIt. reported are vith recyc le vater 1. 

S.mples vere taken .fter .teady st.te cond i t ion. h.d been reached 

(minimUIII 10 

fluorescence. 

lIlinutes) • Che.ie.l .... y. vere perforllled u.ing X-ray 

Sample. vere •••• yed for Nb20S, SiO" c.o, A1203, Fe2 OS, and 

MgO. The.e a .. ay. vere lublequently .djulted u.ina • IDa .. b.lance program 

vhich atlO c.lculated the metal recoverie.. (Appendi" 7, gives the 

experimental and .dju.ted ass.y., .nd recoveries frOID the flotltion tests 

conducted). Typic.l condition •• t Niobec .re: pH 8, sodium liliclte, 

addition of 0.05-0.4 ka/tonne, fatty acid (Acintol FAl) (FA), douge of 

about 0.6 kg/Lonne. 'l1le FA is always added as an emuhion with lannagol 

(emulsifier) in a proportion of 3: 1. 
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- 3.3.2. Results 

The column flotation tests were aimed at reproducing the carbonate 

flotation results obtained by Niobec on the deslimed material using their 

conditions. Typical plant results are illustrated in Figure 3.4. Results are 

expressed as recovery of Nb205, Si O~, and CaO vs mass recovery to the float 

produc t. 'This representat ion permits s imultaneous illustrat ion of which 

species are being floated and which are being depressed. 

Column flotation tests vere performed to optimize sad ium si licate 

and fatty acid additions. Results of the test series, using sodium silicate 

and FA, are given in Figures 3.5 and 3.6, reapectively. In a11 cases 

rejection of pyrochlore (and silicates) ia superior at Niobec. For example, 

at 60% CaO recovery at Niobec (Figure 3.4), only about 8% of the Nb20§ and 

SiOil is floated wi th the carbonates whi le in the column tests (Figures 3.5 

and 3.6), about 40% Nb20S and 25% SiO~ are floated. In addition, Figure 3.5 

indicates that the main effect of inueasing sodium silicate addition is to 

depress the overall mass of material without any gain ln carbonate 

selectivity. 

slightly at 

Figure 

about 

3.6 shows the selectivity with the fatty acid increases 

4.5 kg/tonne. Conditions selected for further testwork 

were 3 kg/tonne Na2Si03 and 4.5 kg/tonne FA. 

'This poor rejection of Nb20S and SiOl in the column is attributed to 

a lack of dispersion between the carbonates, pyrochlore and silicates. This 

suspicion of poor dispersion was based partly on visual inspection and 

part ly on knowledge of the sys tem. For example, at pH 8 the carbonates are 

close to their point of zero charge (Hanna and Somasundaran, 1976) thus the 

surface charge is small and electrostatic repulsion is 108t. preliminary 

flotation tests using dispersants (e.g. lignosulphonates and polyphosphates 

(calgon» were conducted. These tests were not successful, consequent ly, a 
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- systematic dispersion study was undertaken to find the but dispersant! and 

the optimum dispersion conditions. 

The reluit! and conditions of thue flotatLon tests are give" ln 

Appendlx 7 and 8, respectlvely. More tests were conducted thar, are reported, 

since, due to the strong color differences between the carbonates and the 

silicates and the visually clear indication of coagulation and froth 

collapse, it was possible to judge the sucee., of a particular flotatlon 

test. At this stage the froth eollapse problema were partially reduced by 

increasing the superficial gas rate from 0.6 to 1.0 cm/s. 

3.4. MEASUREMENT OF DISPERSION 

Dispersion can be mellured by sedimentation technique. and evaluated 

in terms of a ratio betveen an initial and final concentration (Rinelli and 

Marabini, 1980). 

of the co lloidal 

lt has aho been evaluated by lIelluring the transmittance 

dispersion. (Correa de Araujo et al, 1986). In thi.s work 

dispersion vas evaluated using a X-ray sedimentometer, the Sed igraph 50000 

(Sedigraph) which gives a mellure of apparent particle siu. This technique 

has been used by the luthor in other application. (Elpi.nou-Comez, 1981). 

The Sedigraph emploYI a finely collillated X-ray bum to me .. ure the 

change vith time of particle concentration durina aettling in a sample celle 

The cell also descend. relative to the beam, to reduce the time required for 

analys ia. For good reproducibi li ty con. tant temperature and sample a ize are 

required. To illu.trate the use of the Sedigraph for detel'1llining dispersion 

an example from the manu.cript (.ection 3.5) will be uled. 

Figure 3.7 givu a typical plot produced by the Sedigraph. Re.uIts 

are directly exprelled a. cUlllulative mali percent v. equivalent .pherical 

diameter ( ".). Curve 1 repre.enta the Hnut sile distribution obtained, 
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using distilled water with 0.1% (NaP03h3.Na;?O (referred to Il callon), 10 

- minutes of mechanical agitatlon and five minutes in an ultruonic bath. 

Curve l, therefore, represents full dispersion. Curve 2 was obtained without 

any dispersant and using plant recycle water. The PSD represented by curve 2 

i5 coarser because of coagulation. By comparing the two curves a measure of 

dispersion relative to complete dispersion (or dispersion efficiency) can be 

developed. One way to achieve this is to take the rat io of cumulat lve 

percent passing a selected partiele size. A convenient size in this case li 

7 "m being about the mean of the fully dispersed psn. The effieieney of 

d ilpers ion, E, therefore is: 

% -7 lAID <at tesud conditions) 

E • --~--------------------~-------- * 100 
% -7 IJ.ID (fully d ilperaed) 

The range in E is 0 to 100 %. It cannat exeeed 100%, by de finit ion. 

If the lDaterial il so poorly dispeued that none appears finer than the 

se lected size this registera as E-O regard le .. of the oburved PSD of the 

lDaterial. 
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ABSTRACT 

The Niobec concentrator rejec ts up to 15% of the Nb as s limes 

(-10 /Lm). The recovery of Nb from these slimes by column flotation is being 

studied. An essential condition for selective flotation is slimes 

dispersion. A particle size analyzer, the Sedigraph 50000, was used to 

moni tor dispersion in plant waters with combinat ions of organic and 

inorganic dispersants and flotation reagents. Flotation reagents were 

particularly detrimental to dispersion with sodium silicate. The best 

dispersion candi t ions were selec ted for column flotat ion tes ts. These tests 

revealed 

stability. 

that reagent combination had a pronounced effect on froth 

Careful frother selection achieved good froth stability under 

conditions of good dispersion. Plant water increased the required dispersant 

concentrat ion caus ing mineral depression. 
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INTRODUCTION 

Slimes (-10 p.m) rej~cted at Niobee contain up to 15% of the overall 

Nb content (Biss, 1984a). Reeovery of Nb from these s1 imes would 

s ignificantly increase overa11 recovery. A suggested recovery coute involves 

two phases: 1) carbonate flotation (to remove most of the carbonates) 

depressing silicates and pyrochlore (as currently done at Niobec); and 2) 

selective (direct) pyrochlore notation from the silicates. Phase 2 has been 

addressed and several routes to achieve selective flotation are available. 

Phase 1 was attemptcd with the selective reagent scheme used at Niobec but a 

considerable amount of pyrochlore floated with the carbonates due to pOOl' 

slLmes dispersion. 

Slimes dispersion is essential to avoid pyrochlore flotation with 

the carbonates. Two factors inhibit dispersion of the slimes: fine partie le 

size (80% passing 8 m and 10% passing 1 p.m), and Ca and Mg cations in the 

plant water. Ca and Mg are adsorbed in the surface of the silicates and 

pyrochlore (Espinosa-Gomez et al, 1987a) compressing the electrical double 

layer and enhancing coagulation due to the low surface potential. In 

addition, at the pH of notation (about 8), the carbonates are close to 

their isoelectric point of charge or are positive, enhancing coagulation 

wi th the negative ly charged si licates. 

To attempt slimes dispersion several dispersants were tested, with a 

stress on those less affected by Ca and Mg cations to avoid high consumption 

and carbonate depression. This dispersion study is presented here; and also 

shown are some preliminary flotation results which were conducted in a 

flotation column. 
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Dispersion has been traditionally measured by sedimentat ion 

techniques and evaluated in terms of a ratio betveen an initial and final 

concentration (Rinelli and Marabini, 1980; Shimoiizaka et al, 1980). It has 

a1so been evaluated by measuring the transmit tance of the co lloida 1 

dispersions (Correa de Araujo et al, 1986). In this work, dispersion was 

evaluated using a particle size analyser, which gives a measure of apparent 

partic1e size. 

EXPERIMENTAL METHODS AND MATERIALS 

Reagents / Water 

Table 1 shovs the reagents used in this work, c1assified as 

dispersants, ryrochlore depressants, carbonate collee tors, and frothers. For 

many organic dispersants only the trade name vas known. 

The material used in this study is identified st Niobec as slimes 

from Zone 1. Zone 1 is charact~rized by its high columbite content. 

Co lumbi te losses are high at Niobec, because the reagent combinat ions used 

in plant vere designed for pyroch1ore recovery. 

A sample of al imes 000% - 15 1J."l) was deslimed at about 1 lJJI1 us ing a 

5 cm hydrocyclone. Two batches vere preparedj one vas used in the dispersion 

study (4% -1 /lm) and the other vas used as co1umn feed (9% -1 /lm) • 

Subsequp.nt vork will progressively return the - 1 p.m fraction to determine 

the limiting content of this fraction for acceptable flotation performance. 

Tvo samples of plant recyc le water were used: recyc le water l, 

containlng 200 ppm Ca, 98 ppm Mg and total organic carbon(TOC) of 2 ppm, and 

recycle water 2 containing 107 pprn Ca, 80 ppm Mg, and TOC 43 ppm. Unless 

indicated, the results reported wi II be vith recycle water 1. 
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TABLE 1. REAGENTS U5ED IN THI~ WOU 

----------------------------------------------------------------------
NAME 

Procol DA811 
AleolDer 75L 
AleolDer 74L 
Dispex N40 
AQ55D 
SFX 
Kelig 32 
Lignosol WT 
SFX65 
SodiulD silicate 
(NaP03)13. Na20 (Calgon) 
EthylenedialDlne
tetraaeetle aeld 
(EDTA) 
Allta.perse A-5 

SUPPLIER 

DISPERSANTS 

Allied Colloids 
Allied Colloids 
Allied Collolds 
Allied Colloids 
Eastman ChelD. Pros. 
Reeds Co. 
Reeds Co. 
Reeds Co. 
Reeds Co. 
Niobee 
Fisher Sei. Co. 
Aldrich ChelD. Co. 

AlkarU ChelD. Ltd 

PYROCHLORE DEPRE55ANTS 

Tapioca starch 
Heated Tapioca starch 

Niobee 
Niobee 

Hydrosols: 
FeC13·6H~O 
ZnS04· 7H20 
ZrOS04 • H2S04 .3H20 
Na2S03 + Fe504 
(Na.. )2 S04 

Acintol FA-3 
Lannagol DP6 

Dowfroth 250 
Dowfroth 400 
Dowfroth 1400 
Pine oU 
MIBC 
TEB (1-1-3-
triethoxy butane) 

Niobee 

CARBONATE COLLECTORS 

Niobec 
Niobee 

FOTHERS 

Dow Chelll. 
Dow Chelll. 
Dow Chelll. 

Niobec 

REMARKS 

anionie dispersant 
strong Ca,Mg, resistanee 
good Ca,Mg resistanee 
dispersant 
silicate dispersant 
Na lignosulphonate 
Na lignosulphonate 
Na lignosulphonate 
Na lignosulphonate 
silicate depressant 
dispersant 
Ca and Mg complexing 
agent 

dispersant 

Heated at 165 C 
for 15 lIIin. 
Mixture of a salt 
and Na2S103 

Fatty Acids 
Emulsifier 

Polypropylene 
glycol lIIethyl 
ethers 

-------------------------------------------------------------.--------
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Dispersion. 

A Sedigraph 50000 was used ta monitor dispersion. The efficiency (E) 

of dispersion was evaluated as: 

% - 7 ~m (at tested conditions) 

-------------------------------- * 100 
% - 7 ~ (fully dispersed) 

The choice of 7 JDD is arbitrary; it is approximately the arithmetic 

mean of the slime size range. 

Fully dispersed conditions were achieved using distilled water and 

(NaPOl}13.NazO (calgon) with 5 minutes of ultrasonic disperaion (Figure l, 

curve 1). For go ad reproducibility constant temperature and sample site were 

used in aIl the dispersions tests. The 95% confidence interval for the mean 

of E was +/-2%. 

Dispersants were first tested at natural pH (8.1) using a high 

concentration, and only those which gave 800d dispersion were tested at 

several concentraLlons and pHs ta determine the optimum. Mainly basic pHs, 

used for carbonate flotation, were tested. 

The suspension stability vith the best dispersants was then tested 

in the presence of the carbonate flotation reagents. 

Flotation r.olumn / Froth Coalescence 

Column tests were performed ln a 3.8 cm diameter 200 cm high eolumn 

using a porous ceramie sparger (Fisher Scientific Limited, Cat. No. 

11-139A). Typical operating conditions were: froth depth, 30 cm; gas rate, 

cm/s; wash vater rate, 0.6 cm/s; % solids, 1; and feed rate, 0.5 L/min. 

Froth coalescence was evaluated only qualitatively. lt vas 
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classified as: a) some, when froth bubble size increased from about 2 to 3 

mm ta about 4 ta 6 mm; b) strong, when froth bubble size increased ta more 

than 6 mm; and, c) very strong, when a froth bed could not be maintained. 

RESULTS 

Dispersion. 

Figure 1 shows typical particle size distributiQn (PSD) curves and 

efficiencies (E). Curve 1 shows fully dispersed conditions. In untreated 

recycle water, efficiency was only 6% (curve 2). The use of sodium silicate 

promoted coagulation in recycle water, E - 0% (curve 3), but excellent 

dispersion in distilled water, E • 93% (curve 4). 

Table 2 shows the best dispersants and their optimum concentration 

and pHs, defined by efficiencies higher than 85%. AQ55D produced good 

dispersion over a wide pH range. Figure 2 shows the influence of pH on 

dispersion for Alcomer 74L and Procol DA8Il. For A1comer 74L dispersion is 

reduced from 86% (curve 1), at pH Il.2, ta 40% (curve 2), at pH 8.1. On the 

other hand, for Procol DA8ll dispersion is reduced from 86% (curve 3), at pH 

8.1, to 3% (curve 4), at pH Il.2. The best dispersants (DA8ll, AQ55D, 

ca1gon) were tested using recycle water 2. Dispersion was the same for DA8ll 

and ca1gon, but for AQ55D, E was reduced ta 57%. 

Table 2 also shows the stability of dispersion after carbonate 

flotation reagents were added. Oo1y the dispersion produced by DA8ll, AQ55D 

and calgon remained unaffected by reagent addition. Dispersion with the 

lignosulphonates (SFX, Ke1lig-32, and Lignosol WT) was the most unstable in 

the presence of flotation reagents, especia1Iy in the presence of sodium 

silicate. Figure 3 shows how the 86% dispersion produced by Kellig-32 (at pH 
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TABLE 2. OPTIMUM DISPERSANTS AND CONDITIONS - WATER SAMPLE 1 

----------------------------------------------------------------------
NAME CONCENTRATION OPTIMUM EFFICIENCY STABILITY (1) 

(%) pH E (%)(* ) 

-_._-------------------------------------------------------------------
DA-8ll 0.025-0.05 8.1 86 excellent 

Al e olier 7SL 0.03 -0.05 8.8-11.2 91 fair (2 ) 

Al cOller 74L 0.05 11.2 86 fair 

AQ55D 0.05 4.6-11 .2 100 excellent (3) 
., 

SFX 0.1 11.5 85 poor (4 ) 

Kelig 32 0.1 8.1 86 poor 

Lignosol WT 0.1 11.1 91 poor 

Calgon 0.21 Il.1 100 excellent 
----------------------------------------------------------------------

(* ) 
(1) 

(2 ) 
(3 ) 
(4) 

The 95 % confidence interval for the lIean of E was +/- 2%. 
Stabillty of dispersion after carbonate flotation reagents (CFR) 
were added. 
CFR : Na2Si03' Star ch and Fatty Acid. 
E was reduced to about 65 %. 
E was redueed to 57 % using recycle water 2. 
E was reduced to 15 %. 

lOg' 
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FIGURE 1. PARTICLE SIZE DISTIIBUTION CUlVES FOI THE COLUMN FLOTATION 
FEED OBTAINED AT SEVERAL DISPERSION CONDITIONS. CURVE 1, 
FULLY DISPERSED; CURVE 2, IN RECYCLE WATER (WITHOUT 
DISPERSANTS): CURVE 3, IN RECYCLE WATER WITH Na SILICATE 
(4 ki/tonne) AS DISPERSANT: CUlVE 4, IN DISTlLLED WATEI 
WITH Na SILICATE (4 ki/tonne). 
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FIGURE 2. EFFEeT OF pH ON DISPERSION. CURVE l, IN RECYCLE WATER + 

ALCONER 7SL (0.05 %) AT pH Il.2; CURVE 2, SAKE 
CONDITIONS AS CURVE 1 BUT pH 8.1; CORVE 3, IN RECYCLE 
WATEI + PlO COL DA811 (0.05 %) AT pH 8.1; CURVE 4, 
SAKE CONDITIONS AS CUR\'! 3, BUT pH 11.2. 
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FIGURE 3. EFFECT OF FLOTATION REAGENTS ON DISPERSION WITH KELIG 32 
(0.1 %) IN RECYCLE WATER. CURVE l, FULLY DISPERSED; 
CUllY! 2, lŒLIG 32 ALONE; CUllY! 3, ICELIG 32 + FLOTATION 
REAGENTS. 
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8.1), curve 2, is reduced to 14%, curve 3, when flotat ion reagents are 

added. 

Flotat ion 

The best dispersion conditions (Table 2) were used in flotation. 

However, two problems were encountered: a) bubble coalescence, and b) 

depression of carbonates. 

a) Bubble coalescence. Coalescence wu observed from the onset of the 

column work with DF250. The froth depth (30 cm) could only be maintained at 

increased gas rate ( 1 cm/s). It was established by tests without solids 

that this coalescence was due to reagent combinations. Coalescence increased 

when organic dispersants were added. With some reagent combinat ions a froth 

eould not be maintained. Froth collapse in fatty acid systems has been 

reported elsewhere (Klassen and Mokrousov, 1963c). 

Table 3 summarizes the reagent combinat ions that promote 

coa le seence • In general fatty acids tended to cause coa lescence, and 

coalescence increased when fatty acid was combined with DASll. Coalescence 

is greatest when fatty acids combined with sodium silicate and organie 

dispersants. Several frothers (Table l) were evaluated to overcome the 

coalescence. The best frother was TEB at a concentration of 20 ppm. TEB 

eliminated coalescence caused by fatty acids, although it only part ially 

reduced coalescence caused by combinat ion of the fatty acid, sodium 

silicate, and organic dispersant. 

b) Depression of carbonates. Carbonate flotation wu affected by high 

dispersant concentrations. Reduc ing the amount of dispersant resul ted (as 

expected) in coagulation. A combinat ion of less dispersant and ultrasonic 

treatment (Kusnetsov et al, 1979) did not reduce the amount of dispersant to 
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TABLE 3. REAGENT COMBINATIONS THAT PROMOTE BUBBLE COALESCENCE 

REAGENT COMBINATION COALESCENCE (1 ) 
Dowfroth 250(2) TEB(3) 

Fatty Ac1d (F.A. )(4) some none 

Na silicate + F.A. some none 

Alcomer 75L + F.A. some none 

DA-811 + F .A. strong none 

Alcomer 75L + Na silicate very strong strong 
+ F.A. 

DA-8Il + Na silicate + F.A. very strong strong 

(1) - F.A. was always used with the emulsifier Lannagol DP6 
(2) - frother: polypropylene glycol ether 
(3) - frother: 1,1,3-triethoxybutane 
(4) Coalescence was stronger in the presence of solids and 

using water sample 2 (higher residual organtc) 
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a level which did not affect flotation. Another approach was to preclpltat~ 

Ca and Mg from the recycle water with EDTA or polyphosphates (calgon) and 

then disperse using lover dispersant concentrations. This approach also dLd 

not reduce the amount of dispersant ta a Level which did not affect 

flotation. In theory an increase in pH from 8 ta 10.5 shouLd increase 

silicate dispersion due ta the higher electro.tatic repulsion (Fuerstenau 

and Palmer, 1976). Hovever, as saon as pH was increased, strong coagulation 

occured. 

Preliminary 

conditions employed 

carbonate flotation tests were performed u.ing the same 

at Niobec, namely: sodium silicate (a. sillcate 

starch (a. pyrochlore depreslant), fatty acid. (mainly oteie 

acidl>, and emulsifier (Lannagol DP6). Table 4 shows some 

depreslant), 

and linoleic 

typical resultl. Niobium depression is incomplete; 21% of it is recovered in 

the carbonate float, which assays 0.34% Nb2 OS. Tvo po •• ible re.sons for thls 

high Nb content are 1) incomplete slimes dispersion, and 2) incomplete 

columbite depression (Biss, 1984b). 

Seven pyrochlore depre.lants (polysilicatel and heated starch 

(Iwasaki and Lai, 1965) were also te.ted (Table 1), but none gave better 

depression than Itareh alone. Thil second serie. of tests with 

polYlilieate. and heated Itarch vere conducted u.ing recycle water 2, (43 

ppm 

Table 

from 

instead of 2 ppm of TOC). With the same reagent condition. as chose in 

4, the Nb2 0S grade in the carbonate concentrate increa.ed ta 0.46% 

0.34%. This sugge.ts the re.idual organic. .ignific.ntly reduce 

flotation .electivity. 
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TABLE 4. FLOTATION RESULTS USING NIOBEC CONDITION~(*) 

PRODUCT Wt(%) ASSAY (%) RECOVERY (X) 

Nb20S Si~ MgO CaO Nb20S Si02 MgO CaO 
---------------------------------------------------------------------
CARBONATES 29.6 0.34 6.5 12.8 28.1 21.2 14.4 29.0 37.6 

TAILINGS 70.4 0.53 16.3 13.2 19.6 78.8 85.6 71.0 62.4 

FEED GRADE 0.47 13.4 13.1 22.1 

(*) CONDITIONS: fatty acid, 4.5 kg/tonne; emulsifier, 1.5 kg/tonne; 
starch. 0.5 kg/tonne; Na silicate, 3 kg/tonne. 
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DISCUSSION 

Dispersion. 

Two inorganic and e leven organic dispersants were tested. 

Dispersant efficiency was affected by water composition, pH, and flotation 

reagents (Table 2). 

The two inorganic dispersants tested were sodium silicate and 

calgon. Dispersion produced by sodium silicate (the reagent used at Niobec) 

was markedly different between recycle and distilled water (Figure l, curves 

3 and 4). Sodium silicate induced coagulation with recycle but produced an 

excellent dispersion with distilled water. This implies that good dispersion 

should be achieved vith sodium silicate if recycle water is first treated. 

Ca and Mg in recycle vater May promote coagulation due to particle bridging 

through polymerie silicates developed on the particle surface (Stumm et al, 

1967; Greenberg and Sinclair, 195~). Calgon produced excellent dispersion; 

however, consumption vas high partly due to sequestering of Ca and Mg ions 

and further interactions vith calcite and dolomite surfaces (Li and Lu, 

1983). 

A detailed discussion of organic dispersant interactions is not 

possible because not all chemical structures are available. However, it can 

be eoncluded that, in general, their behavior depends on structure and their 

affinity for Ca and Mg cations. For example, the consumption of Alcomer 74L 

is higher than that of Alcorner 75L due to its higher affinity for Ca and Mg 

(Allied Colloids, 1982); lignosulphonates stability was similarly reduced by 

sodium silicate possibly due to the same type of interactions with sodium 

silicate. Also EDTA, due to its shorter organie chain and high affinity for 
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Ca and Mg, works better as a complexing agent than as a dispersant. 

Froth Coalescence. 

Froth coalescence was a major problem. lt was eliminated in Many 

cases using TEB instead of Dowfroth 250. One possible explanation of the 

difference lies in frother structure: 

TEB struc ture: 

CHZ 

Dowfroth structure: 

CH3 ( 0 - CZ",,) n - OH 

OC2 HS 
1 

CH 

The OH group of Dowfroth 250 and the carboxyl group (COOH) of the 

fatty acid May interact forming an ester (esterification). No interaction is 

expected between the ether structure of TEB and the carboxyl group. Fatty 

acids failed to produce sufficient froth on their own. No comments can be 

made regarding the coalescence caused with organic dispersants, as their 

structure is not known. 

Froth coalescence was an unexpected problem and deserves more 

attention. There is relatively little literature on bubble coalescence in 

flotation studies although this pheaomenon May be process limiting in some 

cases. Quantification of coalescence is required for systematic study. 



Depression of carbonates. 

Depression of carbonates occured at the dispersant concentrations 

required for dispersion. possible reasons include (NaP03)u .Na20-carbonate 

and EDTA-carbonate interactions (Li and Lu, 1983). Even when stoichiometric 

quantities (with regard to Ca and Mg in solution) were added, depression was 

not eliminated. 

Thus far, good dispersion without flotation problems has not been 

achieved. To resolve the problems of selectivity in f1otation, more emphasis 

is required in the study of real systems, even though interpretation is more 

difficult. 
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SUHMARY AND CONCLUSIONS 

This paper describes dispersion of slimes in a carbonate flotat io\, 

stage of Nb-mineral procp.ssing. TVo inorganic and ~leven organic dispersants 

were tested. 

The main findings are: 

1) The Sedigraph is a practical, precise, and fast means of 

evaluating 1 quantifying dispersion. 

2) Dispersant behavior is affected by water composition, pH, and 

flotation reagents. For example, sodium silicate is an excellent dispersant 

with distilled water, but promotes coagulation with recycle water due to 

sodium silicate 1 Ca, Mg interactions. 

3) Dispersants caused two flotation problems, bubble coalescence and 

depression of carbonates. Froth coalescence was related to reagent 

combinations, e.g., DF250 with fatty acid caused froth collapse, possibly 

because the OH group in the frother interacted wi th the COOH group of the 

collector (esterification). 
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3.6 FURTHER FLOTATION RESULTS 

Flotation tests were conducted using the but dispersion conditions 

(Table 1 i.n the rnanuscripc). lt became apparent that the system was not very 

stable, and periodic froth collapse would occur. The problel1l became voue 

upon tvo apparently minor changes ln the system, the use of recycle water 2 

and a nev batch of fatty acid, in both eues becaule the originals lots had 

been exhausted. (Appendix 7 summadzes the flotation results and Appendix 8 

the flotation conditions, for most of the tests eonducted). 

'nte main difference betveen recycle water l and recycle vatel' 2 is 

their total organic carbon (TOC), 2 v. 43 pplD, rupectively. It is common at 

Niobec to experience this magnitude of change in the TOC. The mo.t obvious 

effect of recycle water 2 vas virtually complete ma .. flotation at the same 

fatty acid addition (4.S kg/tonne) uaed vith some sucee .. ",ith recyc le water 

1. Tests vere conducted to try to optilDize the fatty acid addition (Figure 

3.8). Fltty acid addition had to be reduced to about 1.5 kg/tonne vith 

recycle water 2. Allo, thele nev tests required a pyrochlore depressant, 

starch. Starch is someti.u used at Niobec, and va. selected here If ter 

tut ing several pyt'ochlore depressants (e.g. heated Itarch, and several 

hydrosols ; flotation re.ult. are Ihown in Appendix 8). However, the 

depression produced by the starch ulina recycle water 2 is silDilar to that 

obtained in recycle water 1 (e.g. Figure 3.6) vith no starch. 

The second change VII use of the nev batch of fatty ac id. Wi th this 

nev batch the collap.e problemli beca.e worlt making carbonate flotation 

impossible. Table 3.3 .hoVI a compari.on of the coaletcence and froth 

coUapte obtained vith the fint and the lfecond latty acid batche •• With the 

second batch, even flotation vith only lodiua .ilicate a. a dilpelunt could 
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TAB LE 3.3 • REAGENT COMB INATIONS THAT PROMOTE COALESCENCE 

IBATCH 1 OF FATTY ACIO (1) BATCH 2 OF FATTY AClD 
REAGENT 

COMBINATION ~ONCENT. COALESCENCE FROTH CONCENT. 
(* ) (PPM) PERSISTS (PPM) 

FATTY ACID 10-40 NONE YES 10-20 

(F.A. HU) 

ALCOMER75L 300 NONE YES N.T. 
+ F.A. 10-40 

Na silicate 10-40 NONE YES 20 
+ F.A. 10-40 10-30 

DAB11 250 NONE YES N.T. 
+ F.A. 40 

ALCOMER75L 300 STRONG NO N.T. 
+ Na silicatE 30 
+ F.A 40 

OA811 250 STRONG NO N.T. 
+ Na silicate 40 
+ F.A. 40 

(*) FROTHFR: 1,1,3, TRIETHOXY BUTANE 
(**) FATT':.' ACIO (ACINTOL FA3) WAS ALWAYS MIXED WITH AN 

EMULSIF 1ER (LANNAGOL OP6) IN A 3: 1 RATIO 
NOTE: ALCOMER 75L AND OA811 WERE SUPPLIED BY ALLIEO 

COLLOIDS; OTHER REAGENTS BY NIOBEC MINES 

COALESCENCE FROTH 
PERSISTS 

CONSIDERABLE YES 

VERY NO 
STRONG 
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not be performed. The exact nature of the difference betveen fatty aCLd 

batches is not known. 

At this point i t was decided to investigate coalescence/ froth 

collapse in the fatty acid system prior to attempting further flotation. 

3.7 SUMMARY AND CONCLUSIONS 

This chapter described the preliminary column carbonate flotation 

resuits. There was inadequate rejection of Nb20s. Poor dispersion was 

sUiipected and confirmed. A sys tematie dispers ion study vas eondue ted. 

Dispersion vas quantifyed using a partiele size analyser <Sedigraph). Tvo 

inorganie and eleven organic dispersants vere tested, the main findings of 

the d ispers ion study vere: 

1) The Sedigraph is a practical, precise, and fast means of 

evaluating / quantifying dispersion. 

2) Dispersant behavior is affected by vatel' compolition, pH, and 

type and dosage of flotat ion reagents. For example, sodium silicate is an 

exce llent dispersant vi th dist i lled vater, but promotu coagulation vith 

recycle water due to ,odium silicate 1 ca, Mg interactions. 

3) Dispersants caused tvo notation problems, bubble coalescence and 

depression of carbonate.. Bubble coalescence vas apparently related to 

reagent combinations. 

Coalescence and froth collapse proble.s inten.ified vhen u.ing a nev 

type of recycle vater and a nev batch of fatty acid. Flotation tuts then 

became impossible to conduct. 
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CRAPtER 4 

COALESCENCE AND FROTM COLLAPSE 

4.1 INTRODUCTION 

Coatescence and froth collaple problenu were described in the 

previous chapter. Attempts were made in particular ta avoid froth co llapse 

(see Sections 3.3, 3.5 and 3.6). Of the frothen tried, TEB 0,1,3 triethoxy 

butane) first appeared to stop the froth coUapse. Mowever, it became 

evident during the test work (see Section 3.6) that the systelD WIS still 

unltable, and that coalescence and froth collaple problem. would repeated1y 

re-occur. 

AI a consequence a lDore detai led study of coalescence and froth 

collaple in the TEB-fatty acid-di.per.ant-Iolid sy.telD wa, undertaken to 

ascertain the origin of the.e problem •• A novel lDethod of quantifying 

coalelcence through measured change. in the ga. holdup in the collection 

zone of the flotation column was developed. This chapter briefly reviews 

coalescence and describes the ba.ic principles of it. quantification by the 

method of gas holdup change. Following thi, (Section 4.3) is a lDanuseript 

entitled "Coale.cence and froth collap.e in the pre.ence of fatty acid" (ta 

be published in the journal "Colloids and Surfaces"), which give. an 

overview and include. the re.ult. and discu •• ion. 

4.2 COALESCENCE 

Flotation require. a Itable dilper.ion of fine (e.g. 1-2 mm) bubble. 

in the pulp phue. Fine bubble. sive hiaher particle collection ratel 

(Lllkov.ky, 1974) than coane bubblu and al.o provide a hiaher .pecifie 

.urface area and thu. hiaher clrryina capacity for partiel.l. A .table froth 
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is required, partly to effect some upgrading (Yianatos et al, 1987c; Moys, 

1978; Cutting et al 1981) and partly to transport the collected solids over 

the concentrate weir. Coalescence of bubbles in the pulp and in the froth 

(leading to froth collapse) are, therefore, detrimental to notation. 

Coalescence of bubbles can occur whenever two or more bubb les remain 

in contact long enough for the liquid film to become sufficiently thin that 

it ruptures. In flotation, stable bubble dispersions and stable froths are 

maintained principally by frother addition. Typical frothers include 

polypropylene glycol methyl ethers (e.g. DF250), 1-1-3- triethoxy butane 

(TES) and methyl isobutyl carbinol (MIBC). Conditions which give fine bubble 

dispersion in the pulp are not necessarily the ume as those which give 

stable froths. A froth may persists even when strong bubble coalescence in 

the pulp occurs (Klassen and Hokrousov, 1963b). 'The presence of soUd 

particles a190 influences froth stability. A high concentration of solids in 

the froth often promotes stability (Szatk.owski, 1987), sometimes giving rise 

to poor control over frothing (Lovell, 1986). In the case of low 

concentrations of fine well dispersed hydrophobic solids, however, the froth 

May tend to collapse (Oudenkov, 1967; Dippenaar, 1978). 

Clauical methods to study coalescence include: 

(i) refractLve index matching (in liquid extraction and effluent 

treatment processes) (Allak and Jeffreys, 1974), in which, for example, the 

refractive index of the dispersed (drops) and continuous (liquid) phases are 

chosen ta be similar, then one or more colored drops are fed into the 

transparent band and their behaviour followed; 

( i i) us ing a single drop (in liquid extrac t ion processes) (Lang and 

Wilke, 1971a), where a drop (phase-l) of a more dense liquid falls through a 

less dense fluid (phase-2) to the interface between phase-l and phase-2 
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liquids. The drop often remains at the interface a period of time before it 

coalesces with the bulk phase-l material. This time period ia measured as a 

quantification of coalescence; 

(iU) by photographic techniques (Roide et al, 1968; Crabtree and 

Bridgewater, 1971; Yianatos et al, 1986; Argyriou et at, 1971; Dekee et al, 

1986; Szatkowski, 1987); and, 

(iv) contacting two bubbles (Lessard and Zieminsqki, 1971; Klassen 

and Mokrousov, 1963a): a number of pairs of bubbles are contacted and 

coalescence percentage is determined. 

For pur poses of this discussion coalescence refers to an increase in 

the mean bubble size in the collection (pulp) zone of a column. Froth 

collapse is treated separately and only described qualitatively. The method 

used to quantify coalescence is through a measured change in the gas holdup 

in the collection zone of the flotation column. Coalescence causes an 

increase in bubble diameter and thus a decrease in gas holdup. This change 

in gas holdup can be converted mathemat ieally to an est imated change in 

bubble diameter (Yianatos et al, 1987a). 

4.2.1 Quantification of Coalescence by Change in Gas Holdup 

Gas holdup. The gas holdup is defined as the volume occupied by gas as a 

fraction of the total volume of gas and liquid (or slurry). Gas holdup ( Eg) 

can be measured by level dse (Chapman et al, 1983), by pressure difference 

(Argyriou, 1971; yo.hida and Miura, 1983; Oedjoe and Buchanan, 1966), and by 

conductivity (Dhanuka and Stepanek, 1978; Achval and Stepanek, 1975; Turner, 

1976; Begovich 

selected due 

1986) • 

and Watson, 1978). Pressure difference va. the method 

to the simplicity and accuracy of measurement (Yianatos et al, 
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The static pressure at Ievela A and B in a column (e.g. see Figure 

4.1.a) can be expressed mathematically as: 

PA :2 P atm + ps l g (1 - E g A) LA + .pg E g lA g 

PB .. P atm + psI g (1 - Eg B) LB ~ pg Eg LB g 

(1) 

(2 ) 

where P atm is the atmospheric pressure, psI and pcr, are the slurry and gas 

density, respectively, ( pg is sufficiently small that it can be neglected). 

Eg A and Eg B are the average gas holdup above the points A and B, 

respectively. Thus the differential pressure, ~P, between points A and B 

is: 

PA - PB ,. 4P ,. Psl g (1 - Eg) ~L 

where Eg is the average gas holdup between A and B. Upon re-arranging 

Eg = 1- PSI g XL (4) 

~P can be measured us ing water manometers (see FL· gure 4 l b) h • • ; t us, 

PA" Pw g ( ~L + hI) + P atm (5 ) 

(6) PB" Pw g h2 + P atm 

and, 

Ap .. Pw g (AL + hl - h2) 
Ap = Pw g fa L - Âb) 

and the Eg is given by: 

pw ~h 

(7) 
(S) 

Eg .. 1 - ---- (1 - ----) (9) 
PsI ~L 

If Psl ,. Pw (i.e. tvo-phase system, no solids), the solution simplifies to 

4h 
Eg .. 1 - Cl - ----) (10) 

ÂL 
or, 

Âh 
Eg ------

.4L 
(11) 

Host of the work here involves the air-vlter system, consequently 
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Figure 4.1.a. 5tatic pressure at levels A and B in a column 
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Figure 4.1.b. DifferentiaI pressure between points A and 8 in a column 
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Eq. (1I) is used. There are some tests vi th 1%, v/v solid feeds. For a so lid 

specifie gravit y of 3.2, 1% v/v is equiva1ent to Ps 1 2 1.007. 8y compari ng 

Eq. (9) vith Eq. (11) the assumption PSla P.vater introduces an error of 

less than 1% in the value of Eg from Eq. (11) • At higher pulp densities 

there is an appreciable difference betveen Eg given by Eq. (9), the actual 

holdup, and Eq. (11), the observed holdup. This ia illustrated in Appendix 

9. 

In the method described here (e.g. see Figure 1 in the manuscript) 

Eg is measured at several sections along the column. In this particular 

vork coalescence occurred close to the sparger, thus the measured Eg vas 

similar in aU the sections and the average Eg vas used. The method does, 

however, provide a technique for folloving coalescence vith distance from 

the bubble generator. For columns higher than about 2 m a correction factor 

must be applied to account for bubble diameter changes from section to 

section due to the hydrostatic head. Details on the experimental setup (e.g. 

see Figure in the manuscript) are described in the manuscript (Section 

4.3) • 

Bubble diameter. Gas holdup varies vith gas velocity Ug), liquid 

velocity (Jl), surfactant concentration, and can also vary vith the presence 

of solids (Yianatol et al, 1987a; XU et al, 1987). Jg and Jl are expressed 

in terms of superficial gas and liquid velocities (cm/s) i.e. volumetrie 

flowate per unit column cross-sectional area. Figure 4.2 shows 

qualitatively the relation.hip betveen Eg and Jg vith changes in Jl and 

frother dosage (i.e. bubble diameter, db). The linear Eg vS Jg relationship 

ia typical of bubbly flov conditions (Yianatos et al, 1987a; XU et al, 

1987), the desirable flov regime for cohan operation (Amelunxen et al, 

1985). Clearly, if gal rate and liquid rate are held conltant, any change in 
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Eg is attributable to a change Ln db. 

vianatos et al (1987a) developed a method of determining db from 

measurements of f g, Jg and H. This can be adapted ta estimate the change 

in db from changes in Eg. The method is described belov. 

4.2.2 Method to Estimate Bubble diameter 

The proposed method consists of determining the slip velocity (using 

Eq. (12) from experimental conditions and then calculating the bubble 

diameter that gives the same slip velocity using Eq (13). 

Jg Jl 

Us .. ------ + ------ (12) 

Eg l - Eg 

., "'-1 
g db- (1 - .Eg) 

Us • --------.. -~-------------- ( 13) 

0.611 
18,,0 + O.lSlleb ) 

Equat ion 12 i. the definition of st ip veloe i ty (re lat ive gal to 

liquid veloeity) for a eountereurrent gas-liquid system. Equation 13 is 

derived by an&lolY vith the expuuion of Kaaliyah (1979) for hindered 

settting in a mu1ti-.peeie. particulate sy.telD, where db i5 the bubble 

diameter (cm), g i. the aeceleration due to gravit y (cm/;', and '" i5 the 

liquid viscocity (g/elD •• ). Reb i. the bubble Reynold. number defined as: 
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db Us Pl El Cl - Eg) 
Reb = ------------------------------ (14) 

The parameter m is re1ated to bubble Reynolds number. Aceording to 

Richardson and Zaki (1954): 

for l<Re<200 

m" {4.45 + 18 (db/de» Re-O• I (t 5) 

where dc is column diameter, (cm) 

and, for 200<Re<500 

m ,. 4.45 Re -0.1 (16) 

where the Reynolds number il defined (Richard.on and Zaki, 1954) as: 

where 

db Ut Pl 
Re • --------

1'1 

Us 
ut ,. ------iit':., 

(1- Eg) 
(8) 

Because db oceurl direetly Ind indirectly (in Reb and m) in Eq. (13) 

an iterative solution is required. 

To pruerve the andogy vith partiele settling, Reb mu.t be smlUer 

than 500 (Yianato. et al, 1987a) correaponding ta db < 2 mm. Bubble. 

larger th an this rise in a tortuou'i path and the drag coefficient ia 

different. 

'nle method of solution is illu.trated in Figure 4.3 (Xu et al, 

1987), for Jg • 1.2 cm/. and Jl • 0.5 cm/ •• The U. from Eq. 12 i. plotted 

again.t Eg. The actual U., Eg cOlllbination depend. on db. The U. froa Eq. 

13 is p10tted again.t Eg for vlriou. db. Wh.re the tvo curvei interaect 
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- gives the 

Jl, Eg 

measured 

Eg for that db. For eumple, i.f for the gi.ven condi.ti.ons of Jg. 

is measured to be 10% then db must be about 1.0 II1II; if Eg lS 

to be 30% then db must be about 0.6 IIIID. There i.s no solutlon for db 

less than 0.6 mm. The physical i.nterpretation of thu i.s that It Jg. l.~ 

cm/s, Jl:a 0.5 cm/s the rDLnimum db i.s about 0.6 mm. 8ubbles smaller than 0.6 

mm will cause instability and loas of the bubbly flow regime (i.e. 

transi.tion to churn-turbulent flov (Xu et al, 1987)--where Eq. 13 no longer 

applies. 

The method has been tetted for a variety of collan geometnes and 

chemical conditions, e.g. see Table41 (column 1 i. the ume cohlllln used i.n 

this work) and Figure 4.4 from yianat08 at al (1987a). In all situation. the 

agreement i. vithin +/- 15% of the measurecl mean bubble diameter which i.s of 

the order of the error in measuring db (Yian.to. et al, 1987a). 

The model permit. bubble diameter ta be estimated from the gas 

holdup. lt is ulled in thi. coalescence Itudy to convert the change in gas 

holdup upon change in solution chemistry into the corresponding change li' 
db. 
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TABLE 4.1 CHARACTERISTICS OF THE COLUMNS WHERE THE HETHOD 
OF YIANATOS ET AL HAS BEEN TESTED 

COLUMN SHAPE DIAMETER HEIGHT SPARGER 

(side)cm cm 

1 circular 3.81 200 ceramie 

2 circular 5. 71 450 ceram ie 

3 rectangulal 2.5xl0 180 stee 1 
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AaSTRACT 

Bubb le coalescence and froth collapse oc:curred 

carbonac~/silicate separation tests in a flotation column using a commercial 

fatty aCl.d. Ta study this a method of quantl.fying coalescence i5 developt!d 

using the change in gas holdup in the collection (pulp) zone of che 

flotation column and the calculated change in bubble dl.ameter. 

Fatty acid (mainly oleic acid), l.n 3:1 ratlo vith lannagol 

emulsifier, caused significant coalescence. For example, 10 ppm of facey 

acid added ta 20 ppm of TES (1,1,3 triethoxy butane), a frother, caused a 

55 % decrease in gas holdup (corresponding to a 50 % increase in bubble 

diameter) and co llapsed the froth complete ly. Higher concentrat ions of 

lannagol stabiliud the froth, but failed ta prevent bubble coalescence. 

Solids in the presence of sodium silicate, a dispersant, further enhaneed 

coalescence and froth collapse. 

lt i9 observed that there vas no simple relation.hip between 

coalescence and froth collapse as a persistent froth could be maintained 

even vith high coale.cence. 

A mechanism of coalescence is proposed ba.ed on hydrophobie coating 

of the bubble cauling vatel' drainage. 
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INTRODUCTION 

Flotation requires a stable dispersion of fine bubbles in the pulp 

phase to collect mineral partlcles and a stable froth to carry the collected 

solids over the concentrate veir. Coalescence of bubbles in the pulp and 

froth collapse are, therefore, detrimental to flotation. 

Stable bubble dispersions and stable froths are maintained 

principally by frother addition. However, the relationship betveen the tvo 

is not necessarily simple; a froth may persists even vhen strong bubble 

coalescence in the pulp occurs (Klassen and Hokrou.ov, 1963b). An additional 

factor is the presence of solid •• For example, fine dispersed hydrophobic 

solids sometimes promote froth collapse (Dudenkov, 1967; Dippenaar, 1978) 

In a previous column flotation study carbonates vere floated from 

slimes disca-jed at the Niobec concentrator (Les Services !HG Inc) 

(Espinosa-Gomez et al, 1987b) u.ing plant recycle water and a fatty acid, 

Adntol FA3 (hereafter referred to as FA). 8ubble coalescence and froth 

collapse problem. vere described. !ypical conditionl vere a FA dosage of 

2 kg/tonne solide and pulp den.ities of 1 % w/v (low pulp densities were 

necessitated by availability of sample). Of the frothers tried, TEB (1,1,3, 

triethoxy butane), yielded the most Itable froth. However, coalescence and 

f~oth collap.e problem. repeatedly re-occured, and prevented further testing 

(Espino.a-Golle&, 1987>. 

As a consequence a more detailed study of coale.cence and froth 

collap.e in the pre.ence of FA wa. undertaken. Clas.ical methods to study 

coale.cence include: refractive index .atchin, (in liquid extraetion and 

effluent tnatment proceue.) (Allak and Jeffreys, 1974); u.ing a single 

drop (in liquid extraction proce •• e.) (Lanl and Wilke, 1971a); by 



- photographic techniques (Koide et al, 1968; Crabtree and Bridgwater, 1971; 

Yianatos et al, 1986; Argyriou et al, 1971; Dekee et al, 1986); and 

contacting two bubbles (Lessard and Zieminsqki, 1971; Klassen and Mokrousov, 

1963a). A novel method of quantifying coalescence through measured change in 

the gas holdup in the collection zone of a flotation column is described 

here. Coalescence causes an increase in bubble diameter and thus a decrease 

in gas holdup. The change in gas holdup can be converted mathematically to 

an estimated change in bubble diameter. The technique is used to examine the 

TEB-fatty acid-dispersant-solid system. At the same time froth stability is 

described qualitatively. 

QUANTIFYING COALESCENCE 

Gas holdup: Fractional gas holdup, Eg, was calculated from the pressure 

difference over a section of length L (Figure 1). Pressure is measured by 

water-fi lIed manometers, thus Eg is given by Eg s Âh/L, where dh is the 

difference in manometer readings. The flotation column was operated in 

closed and open circuit. When working in closed circuit the average gas 

holdup over the three sections (Figure 1) vas taken. When working in open 

circuit, the liquid superficial velocity above the feed point is different 

from that below, affecting gas holdup. Thus, only two sections below the 

feed point are used. 

The estimated absolute error in the readings of the manometers was 

~ 0.5 %. The standard deviation of Eg was estimated at 0.4 % from full 

test repeats. At a constant gas flowrate and chemical environment a decrease 

in gas holdup indicates an increase in bubble diameter, i.e. coalescence. 

(For columns 2 m or leu, changes in bubb le uze and gal holdup due to 

hydrostatic head can be ignored). 
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Resul ts from the coalescence study are reported as per cent change 

in gas holdup relative to the gas holdup with 20 ppm TES onlY,~Eg, i.e. 

( Eg( x) - Eg(20» 
~Eg = ------------------- x 100 0) 

Eg( 20) 

where Eg(x) is the gas holdup at condition 'x' and Eg(20) the gas holdup 

at 20 ppm TES. From full test repeats the standard deviat ion on ~Eg was 8 t. 

Subble diameter: Bubble diameter was estimated from the average gas 

holdup measurement and the column operating conditions using the technique 

described by Yianatos et al (1987a). The term bubble diameter in this paper 

is the 'Mean bubble diameter' of the bubble swarm. A typical relative 

standard deviation of the Mean bubble diameter in the presence of frother is 

about 20 % (Yianatos et al, 1987a). The conditions used in this work are 

similar to those used by Yianatos et al., bubble Reynolds numbers less than 

about 500 and bubble diameters between 0.5 to 1.5 mm. 

The approach to estimating db consists of determining the slip 

velocity (Eq. 2) from experimental conditions and then calculating the 

bubble diameter that gives the same slip velocity velocity (Eq. 3): 

Jg Il 

Us = ------ + ------ (2 ) 

Eg 1 - Eg 



( 

( 

.2 111-' g dl1" Cl - Eg) 

Us • -------------------

0.6.7 
18 #LU + O.15Reb ) 
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(3) 

Equation 2 is the definition of slip velocity (relative gas to 

liquid ve10city) for a countercurrent gas-liquid system, where Jg and JI are 

the superficial gas and liquid velocities (cm/s), respectively, and eg is 

the fractional gas holdup. Equation 3 is an adaptation of the expression of 

Masliyah (1979) for hindered settling in a multi-species system, where db i5 

the bubble diameter (cm) , g is the acceleration due to gravit y (cm/s~, Il i5 

the l iquid Vi5COC i ty (g/cm.s) , Reb is the bubb le Reyno Ids number, and m is a 

parameter re lated to bubb le Reyno Ids number (Yianat05 et al, 1987 a; 

Richardson and Zaki, 1954 ). Reb i5 defined as: 

db Us Pl fI 
Reb : --------------- (4 ) 

Because db occurs directly and indirectly (in Reb and m) in (Eq. 3) 

an iterative solution is required. 

The method has been tested for a variety of column geometries and 

chemical conditions (Yianatos et al, 1987a). Table 1 summarizes results 

obtained on the column used here with three frother types. Estimated bubble 

diameter is within ! 15 % of the measured. 
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TABLE 1. BUBBLE DIAMETER: MEASURED VS ESTIMATED 

FR<mlER 'l''{PE (*) 
Dt· 2:)0 TEB 

FRaniER GAS BUBBLE DIAM. GAS BUBBLE DIAM. 
COOCENT. HOLDUP MEAS. ESTIM. HOLDUP MEAS. ESTIM. 

(PPM) (\) (mo) (\) (mn) 

5 9.5 1.2 1.15 Il.23 0.97 1.01 

10 12.9 0.86 0.9 13.15 0.85 0.89 

15 15.8 0.77 0.79 14.42 0.85 0.84 

20 15.5 0.69 0.8 17.7 0.82 0.74 

25 16.2 0.73 0.77 21.53 0.71 0.67 

(*) DF250 IS POLYPROPYLENE GLYCOL METHYL ETHER 
TES IS 1-1-3 TRIE'mOXY BUTANE 
MIBC IS ME'mYL ISOBl11'YL CARBINOL 

MIBC 

GAS BUBBLE DIAM. 
HOLOUP MEAS. ESTIM. 

(\, (mn) 

13.2 0.78 0.89 

13.3 0.75 0.89 

13.6 0.8 0.88 

15.3 0.73 0.81 

18.0 0.67 0.75 
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EXPERIMENTAL PART 

Figure shows the experimental set up. A Plexiglas column, 3.8 cm 

in diameter and 200 cm in height, was used. Bubbles were generated with a 

ceramic ball sparger of surface are a 19.6 cm2 , nominal pore diameter of 

60Jl.m and estimated porosity 160 hOles/col (Xu, 1987). During all the 

expenments temperature was kept at 25 :!: 2 oC. Wall effects should be 

negligible as the ratio of column diameter to bubble diameter is about 40, 

much greater than the limiting value of 10 suggested by Steiner et. al. 

(1977), and Collins (1967). 

The column was operated with and without solids. It was operated in 

closed circuit when working without solids, in which case the only feed to 

the system was wash water. With solids the column was operated ln open 

circuit, the solids being added through the feed inlet (Figure 1), and the 

concentrate and tailings discarded. Unless otherwise stated the feed was at 

1 % w/w solids of particles about 1-15 ~m (Espinosa-Gomez et al, 1987b) and 

wash water contained the same reagent concentration as the feed water. For 

the typical conditions of 2 kg FA/tonne solids, at 1 % w/w solids this 

translates to about 20 ppm FA. Consequently, FA dosages were in the 0 ta 

40 ppm range to simulate th~ previous conditions (Espinosa-Gomez et al, 

1987b). Column operating conditions were: superficial gas rate (Jg), 0.7 

cm/s; superficial wash water rate (Jw), 1.0 cm/s; and froth depth, about 

30 cm. The usual identification of collection zone and froth zone for the 

zones below and Aboye the interface, respectively, will be used (Dobby and 

Finch, 1986a). The superficial liquid rate (JI) in the cohan was 0.65 cm/s 

and 1.36 cm/s, for closed and open circuit, respectively. 

The flotation reagents used were: purified oleie acid (identified as 

low ln linoleic aeid, from Fisher Scientific); fatty aeid (Acintol FA3, from 



- Arizona Chemicals), which 

acid emulsifier (lannagol 
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contains mainly oleic and linoleic acids; fatty 

DP6, from Diamond Shamrock) , sodium sil icate 

(silicate mineraI depressant/dispersant, from National Silicate), and the 

frother 1,1,3-triethoxybutane (TEB, from National Chemical Products). These 

are the reagent suppliers used by Niobec Mines. 

Table 2 summarizes the test conditions. Sixteen tests were 

performed, se ven of them with solids. Tests 12,13 and 14 re-create the 

previous tests conditions (Espinosa-Gomez et al, 1987b) with only frother in 

the wash water. Test 16 involved 10 % w/w solids feed. 

RESULTS 

Figure 2 shows the estimated change in bubble diameter vs the change 

in gas holdup at JI a 0.65 cm/s (closed circuit) and JI ~ 1.36 cmls (open 

circuit). The gas holdup at 20 ppm TEB (Eg(20» was 13.3 t in closed 

circuit, and 17.8 % in open circuit. 

Figure 3 shows the change in gas holdup as a function of FA 

concentration, using Montreal tap water and Niobec plant recycle water. The 

error bars indicate the 95 % confidence interval on the Mean. Gas holdup 

decreased by 45 % at FA concentrations greater than 20 ppm, corresponding to 

a bubble diameter increase of about 56 % (Figure 2). As indicated, the froth 

collapsed below 10 ppm, but persisted above this value. 

Apart from the di fference in gas holdup at 5 ppm FA, bath tap and 

recycle water gave similar holdup and froth stability reluIts. For present 

purposes Montreal tap water provides an adequate simulation. The large 

volumes of water required, 14-20 L per test, precluded the use of recycle 

water (and distilled water) which was in restricted supply. 

Table 3 shows the effect of lannagol on gas holdup and froth 
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rABLE 2. SUt+1AAY OF TEST CONDITI~S 

TEST(*) REAGE:NT REAGEN'~' SOLIOS FEEC 

• C{)l18INATlOO PJNCOOAl-\TlOO (***) SYSTEM 
(**) RAf.(iE (****) 

(PPM) 

1 F.A. (5-40 ) NO CLOSED 

2 F.A. (5-40) NO CLOSED 

3 F.A. (5-40) NO CLOSEC 

4 F.A. (5-20) NO OPm 

5 F.A. (5-20) '{ES OPm 

6 F.A. (5-40) NO CLOSED 

7 F.A./Na silicate (5-40)1 (40) NO CLOSED 

8 F.A./Na silicate (5-20)1 (20) NO OPEN 

9 F.A./Na silicate (5-20)1 (20) '{ES OPEN 

10 LANNAGOL (10) '{ES OPEN 

11 OLEIC AeIO (5-40) NO CLOSED 

12 F.A./Na silicate (80)1 (20) YES OPEN 
(*****) 

13 F .A./Na silicatE (40)1 (20) '{ES OPEN 
(*****) 

14 F.A./Na silicatE (20)1 (20) '{ES (PEN 
(*****) 

15 F .A./lANNAGOL (5) / (1. 7-5) NO CLOSED 

16 F.A./Na silicatE (300)1 (300) '{ES (PEN 
(*****) 

(*) ALL mE TESTS WERE PERFORMED WI'ni rt:NrREAL TAP WATER 
EXCEPl' 'l'ESTS 2 AND 3, DOOE WI'ni PLANT RECYCLE WATER 

(**) F .A., FA'ITY ACIO (ACINTOL FAJ) ~ ALWAYS ADOED AS AN 
F.MULSI~, WITH 'l1IE EMULSIFIER LANNAOOL DP6 IN A 3: 1 
(ACIO : LANNAGOL)RATIO, EXCEPT IN TEST 15 

(***) SOLIDS WERE FEe AT 1 , W/W SOLIDS, EXCEPT IN TEST 16 
(10\ SOLIDS) 

(****) OPEN CIRCUIT WAS ESSENTIAL WHEN ~IN3 WI'nl SOLIDS 
(*****) ~LY montER ADOED IN mE WASH WATER 
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Figure 2.: Relationship between change in bubble size (Adb) YS 
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LANNAGOL 
(PPM) 

1.66 

2.50 

5.00 

Table 3. Effect of Lannagol on Froth Stabil i ty and Gas 
Holdup at 20 ppn TES and 5 ppn Fatty Acid (F.A.) 

RATIO OF INCREASE IN AVERAGE FRom 
F .A./tANNAGOL GAS HOLDUP (\) CHARACTERISTICS 

3 : 1 2.5 COLLAPSES 

3 : 2 8.5 \IoISTABLE 
(*) 

3 . 3 11.0 PERSISTS . 

(*) Large bubb1es, periodic collapse 
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stability at 20 ppm TEB and 5 ppm FA (a combination which causes froth 

collapse at FA:lannagol ratios of 3:1 (Figure 3». Froth stability increased 

as the lannagol concentration increased, with a persistent froth above 5 ppm 

lannagol. The gas holdup increased slightly with lannagol. 

Tests using purified oleic acid without lannagol showed froth 

collapse even up to 40 ppm; the froth was restored upon adding 10 ppm 

lannagol. Lannagol on its own gave stable fl'oths above 2-3 ppm, 

Figure 4 shows the effect of solids (Figure 4a) (conduc ted in open 

circuit) and sodium silicate (Figure 4b) (conducted in closed circuit), The 

general conclusion is that neithel' solids nor sodium silicate on their own 

significantly affected coalescence or froth stability. In both cases the 

froth collapsed at concentrations below 5 ppm FA, and it persisted at 

concentrations greater than 10 ppm. In detail it is noted that for the 

closed circuit tests at 5.ppm FA, 40 ppm sodium silicate increased the gas 

holdup by a further 10 % (cf Figure 3). 

Figure 5 shows the combined effect of 20 ppm sodium silicate and 

solids, Coalescence increased over that obtained for either on their own. 

For example, gas holdup decreased an additional 8 % at 20 ppm FA, 

corresponding to an additional increase in bubble diameter (from Figure 2) 

of 28 %. With solide, the froth collapsed at 5 ppm and only an unstable 

froth could be formed at 10 ppm. Above 20 ppm FA the froth persisted. 

Three tests (Tests 12-14) were done using only frother in the wash 

water, since this was the method used in the previous work (Espinosa-Gomez 

et al, 1987b). In these tests the minimum FA concentration required to form 

a froth was 40 ppm. This concentration compares with the maximum 

concentrat ion (30 ppm) used previous ly when trying to make a persistent 

froth, 
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One test (Test 16) t vas performed at 10 t sollds instead of 1 ~. l'he 

FA addition vas 3 kg/tonne solids. At t solids this is equivalent C-J 

JO ppm FA and 10 ppm lannagol. At 10 % solids, the equivalent concentration 

in solution incr ... .lses ta about 300 ppm F A and 100 ppm lannago 1 t 

respectively. A persistent froth vas readi ly formed at 10 ~ solLds. 

Subsequent pilot-scale column flotation tests at the plant site vith 15 ': 

solids and 0.6 kg FA/tonne solids and 110 frother gave persistent froth 

(Escinosa-Go.nez, 1987). 

DISCUSSION 

Method of determining coalescence: Gas holdup is a sensitive indicator of 

changes in bubble diameter in a bubb le swarm. A. the ab.o lute est lmated 

error in the manolDeter readingl il 0.5 % any ga. holdup challge greater than 

1.4 % is significant at a 95 % confidence interval. lt should prove a useful 

nev tool in the Itudy of coalucence. In addition, provided the restrictions 

in (Eq. 3) are relpected, the corruponding bubble diameter change c.tn be 

calculated. The method could also be adapted to detect progressive 

coalescence alona the column. In the present case coalescence "as not 

progressive, it occurred c 101e to the sparger. 

Hechanism. of coalelcence/froth collap.e: Frothers retard bubb le 

coalescence and froth collapse by a combination of lIechanillll inc luding 

electrostatic reput.ion, the Maransoni effect and Itabilization of vater on 

the bubble surface (Bikerman, 1958). 

lt has long been known that FA producu coane bubb lu and poor 

froth. (Kl ••• en and Hokroulov, 1963b). The effec t of FA here May be to 

cOllpete vith the frother at the bubble .urface. A pouibility i. that the FA 
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at the bubble surface because of its low solubilicy 

( Le j a, 1982a). The droplets will have a low surface 

tenuon and thus will spread. The bubble, therefore, acquires a hydrophobie 

coatLng WhLCh promotes film drainage. This effect was plainly evident in the 

absence of lannagol where 'oil patches' were visible in the froth. With 

suffiClent lannagol, about 7-10 ppm (in the presence of dispersed solids). a 

stable froth can be maintained in the presence of FA, presumably because of 

lannago l' s own frothing power. 

Hydrophobie coating as a mechanism of bubble coalescence has been 

suggested by Harris (1982). Examples of other substances which promote 

coalescence through formation of hydrophobic coatings are fuel oil and heavy 

metal xanthate precipitatel (Klassen and Mok'tousov, 1963). 

The change from froth co tlaple to pers istent froth was not 

accompanied by any significant change in coalescence (e.g. see Figure 5). 

This observation supports that of others (Klas sen and Hokrousov, 1963) 

showing there is no simple relationlhip between bubble diameter and froth 

stability. lt is paIsible chat similar competing mechanisms are at play in 

bath the collection and froth zones but in the dynamic environment of the 

co 11ect ion zone eoale.cence force. predominate, while in the 1Il0re stat ie 

froth, fi lm stabi Haing forces prevai 1. 

The incr ... e in coalescence and froth eollapu in the presence of 

solids and sodium .ilicate (Figure 5) ~ay also be the rnult of hydrophobic 

coating. Sodium silicate is known ta disperse these solids (Espinosa-Gomez 

et al, 1987b). 'Lbe effect of dispersed hydrophobie soUds on froth stability 

has been 

re.earcherl 

studied by Dudenkov 0967> and by Dippenaar (1978). Bath 

found that well dispersed hydrophobie partiele. aecelerated the 
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coalescence of bubbles and de-stabilised froths. It vas pOltulated that as 

bubbles with some hydrophobie particles on their surface came into contact 

each interface would try to establish its equilibrium position on the 

hydrophobie particle. This would reduce the thiekness of the film between 

the bubbles to almost zero on either side of the particle and lead to 

immediate rupture of the fi lm. It was a1so shown that floceulated fine 

particles tended ta reduce the effect of froth destruction, probably due to 

water retention in the aggregate. This May be why undispersed solids (Figure 

4a) did not affect the froth. 

Metallurgical 

(Espinosa-Gomez, 

implications: The objec t ive of the previous work 

1987 a) was to study carbonate flotat ion from the Niobee 

slimes reject using a flotation column. 8ecause of the need to run the 

column continuously (minimum 10 mins to reach steady state) preparat ion of 

even 1 % w/w solids pulps of 1-15 IJm particles required processing over 

250 L of slime pulp. This pulp had to be cycloned i.n several stages ta 

eliminate the colloidal (-1 J'm) fraction (Espinosa-Gomez, 1987). Thus, to 

prepare samples in the laboratory for continuous co1umn runs with 10 % or 

15 % w/w solid pulps was simply impractical; the one run at 10 % w/w solids 

consumed all the remaining sample. 

The use of dilute feeds does not normally introduce problems. For 

example, even lover values are used in microflotat ion tes ts (Espinosa-Gomez 

et al, 1987a) and similar values to those here are reported i.n pilot and 

plant flotation columns (Dobby, 1984; Dobby and Finch, 1985a; Laplante et 

al, 1988). Indeed, di luting the feed to flotation cleaning stages ia 

recommended for improving concentrate grades (Johnson et al, 1974). In this 

case, however, the dilute feed presented a problem. 
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The problem is related not to th.! presence or absence of solids as 

such but to the corresponding lannagol .::oncentration in solution. Reagent 

addition rate i.s usually related to the solids; in this case FA addition 

rate is typically 2 kg/tonne solids. At 1 % v/v solids this translates to 

about 7 ppm lannagol in solution and consequent coalescence and froth 

instabi.lity problems; at 15 % w/v (as at the plant) this translates to about 

100 ppm lannago 1 and no coalesc.ence/ froth co llapse prob lems. The simple 

expedient of increasing addition rates in the laboratory to compensate was 

ineffective since this induced unselective flotation (Espinosa-Gomez, 1987). 

The ooly viable solution is to cCIOduct the experiments at plant-site 

where there is no restriction on sollds availability. This conclusion is 

supported by Test 16 and the preliminary test results at Niobec refered to 

here, and reported in detail elsevhere (E8pinosa-Gomez, 1987). 
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CONCLUS IONS 

1) A novel, sensitive technique of quantifying coalescence by the change in 

gas holdup in a flotatioll column is described. Absolute changes ln gas 

holdup greater than 0.5 % should be detectable. The change in gas holdup can 

be converted to a change in bubb le size. 

2) The FA in 3:1 ratio with lannagol, increues coalescence up to about 

20 ppm r"A. 

3) Coalucence vas not related to froth Itability. Stable froths could be 

maintained at 1annagol concentrations greater th an about 3 ppm (in the 

absence of solids), with no change in coalelcence. 

4) Well dispersed hydrophobic fine particlee promoted further coalescence 

and froth instability. Lannagol concentrations greater than about 7 ppm were 

required for froth stability, in the presence of solide. 

5) The effect of fatty acid and solids on co.le.cence and froth collaple is 

tentatively related to hydrophobie coatina of the bubble, promoting drainage 

of the water fila. 

6) The coalucence and froth collapse problelll are related to usi.ng lov 

1 % v/w soUd pulpe as feed to a flotation coban. At typical addition rates 

of 2 kg FA/tonne solid, pulp. densities greater than 1 % w/w are required to 

ensure Adequate lannagol in solution ta promote a Itable froth. 
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4.4 SUMMARY OF CONCLUSIONS 

This chapter reviews coalescence and describes the basic principles 

of its quantification by a method of gas holdup change. Also, it presents in a 

manuscnpt, a detai Led study of the coalescence and froth collapse problems 

ln the frother-fatty ac id-dispersant-solid system. 

The main findings were: 

1) A novel, sensitive technique of quantifying coalescence by the change in 

gas holdup ln a flotation col1.an wu developed. Absolute changes in gas 

holdup greater than 0.5% should be detectable. The change in gll holdup can 

be converted to a change in bubble size. 

2) The fatty acid (FA) in a 3:1 ratio with lannagol increases coalescence up 

to about 20 ppm FA. 

3) Coalescence wu not related to froth stability. Stable froths could be 

maintained at lannagol concentrationl greater than about 3 ppm (in the 

absence of solids). wi th no change in coalescence. 

4) Well-dispersed hydrophobic fine particlu promoted further coalescence 

and froth inltability. Lannagol concentrationl greater th an about 7 tlpm were 

required for froth Itab i lit y , in the prelence of solidl. 

5) The effec t of fat ty acid and 10 lidl on coalescence and froth co llapse is 

tentatively related to hydrophobic cOlting of the bubble, promoting drainage 

of the water film. 

6) The codescence and froth collapse problellli are related to using low 

solid pulps, 1% w/w, Il feed to a flotation column. At typical addition 

rates of 2 kg FA/tonne solid, pulpi den.itiel greater th an 1% v/w are 

required to en. ure adequate concentration of lannagol in solution to promote 

a stable froth. 
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CHAPTER 5. 

COLUMN FLOTATION OF FINES 

5.1 INTRODUCTION 

Column flotation of carbonates from the slimes in the taboratory vas 

not satisfactory due to inadequate dispersion and the froth 

collapse/coalescence problems encountered. tt vas, therefore, not possi.ble 

to determine if the co lumn vas the device best sui ted to creat these sI imes, 

vhich vas part of the original objective. As a compromise, plant tests vere 

organized to compare che column with the mechanic.ll cella treating the fines 

stream (d80 about 25 l'm) at Niobec (Iee Figure 3, Chapter l). This stream 

vas se lected rather than the slimes them.elve. since the laboratory 

experience had indicated considerable pre-treatment (e.g. sizing and 

chemistry) of the slimes vould be required. The fines stream offers the 

compromise of the closest available size distribution to the slime. vith a 

chemistry already vell established. In addition, comparison vith mechanieal 

(convent ional) cells could be made vhich vouid test vhether the column vas 

capable of superior ruul tl on fine feeds. 

This chapter describes the column flotation of the fines stream. 

Comparison vith the coventional circuit indic.ted th.t the column provided 

superior metallurgy. This example of improved fine particle separat ion U81ng 

a col1.an WIS supported by vork vith other fine particle streams conducted by 

the alJlthor at Mt.lsa Mine Ltd, Australia. TOlether, the re.u1ts fro!'l the3e 

tvo plants 

cohan on 

Flot.tion of 

convincingly 

fine feeds. 

Very Fine 

demonstrate the superior cleaning action of the 

The work is prelented in a manu.cript, 1 Co lumn 

particlea' (to be publilhed in Volume l, No. l, of 
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Minerals Engineering). 

5.2 PILOT PLANT TESTING AT NIOBEC 

C01umn flotation performance wa~ evaluated on the fines carbonate 

circuit at Niobec. Column flotation results were compared in detail with the 

rougher flotation section of the circuit and with the overall circuit final 

produc t. Column flotation was run in parallel wi th the plant circuit. The 

prime objective was to compare the performance of the column with that of 

the convent ional circuit. Auxi 1 iary object ives were a) to measure 

entrainment and mixing characteristics of the column (using a tracer), and 

b) to determine rate constants to test a method of scale-up. 

5.2.1 Experimental Testwork 

Experimental set up. The experimental set up is shown in Figure 5.1. 

The column dimensions were 5.7 cm diameter by 1030 cm high. Capacity was 

about 150 g/min at about 15% solÏds (about 1.1 L/min of pulp). Feed tank 

capacity was 200 L which enabled constant operation for at 1east 2.~ hours. 

Feed was taken direct1y from the feed t,"nk of the plant fines carbonate 

circui t. 

Feed and tailing flows to the column were ke.,t constant using Moyno 

progress ive cavity pumps (Moyno: 2L2-CDQ). Wash watl'r was added at the top 

of the cohan through a circular piece of 0.32 cm copper pipe perforated 

with 0.08 cm holes using a Hasterflex pump. A second Masterflex pump W8S 

required ta deliver launder water to remove the floats. 

Air was added at a constant pressure of 137.9 kPa (20 psi) us ing a 

stainless steel sparger of approximate1y 60 cm surface area. (Calibration of 

the air floWlDeter ia given in Appendix 10). 
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1171111 
Wash Water Reservoir 

Taillngs 

Figure 5.1 Experimentai set up. 

( 
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Flotation. Six tests vere performed comprising reputs at thret! 

superficia l gas velocities (Jg), 1.0, 1.5, and 2.0 cm/s. Table 5.1 

summarizes the condit ions. Ta compare with co lumn performance, samples 0 f 

the plant rougher feed, rougher floats, t'ougher non-floats, and second 

cleaner (final) floats were taken during the column tests. (The term flolts 

is used r:1ther than concentrate sinee the carbonates which float represent 

the rejeet). Co ban samp1es vere taken after steady state condit Lons had 

been reached (about tvo times the nominal residence tLme of the test). 

Samp1es vere assayed for Nb20S' 5i029 CaO, Fe103, and MgO. Theu usays were 

subsequently adjusted using a mass balancing routine and distributions 

calculated. (Results are reported in Appendix 11). The particle slze 

distribution (PSO) of the products vas measured at McGill Univenity using a 

particle size analyzer (Sedigraph). 

Tracer tests. The tracer was Lie1; l g was added, dissolved i.n 10 ml 

of water, via a 20 ml s}'ringe direc t 1y into the feed line. No sa lLds Iole re 

used. Table 5.1 gives the prevailing conditions. 

Rate constant determinations. Samples intended for rate constant 

determinations vere taken frOID 8 taps, 0.32 cm in diameter, located at 

column heights of 205, 355, 505, 655, 740, 790, 840, and 870 cm. 

Fatty 

if the fatty 

addition (0.6 

acid frothability vithout solide. A test vas done to determine 

acid (Acintol, FA) can hold a froth vithout sol ids. A FA 

kg/tonne) similar to that used vith the solids wU uaed. FA 

was added u an emul.ion in a 3:1 ratio with lannagol, and no frother 'las 

added, as ia the practiee at Niobee in the carbon. te flotation circui t) • 
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TABLE 5.1 SUMMARY OF CONDITIONS 

TEST PROOUCT % SOLIOS OISTRIB. Jb J1 Jww 1 FROTH 
Wt (%) (cm! 9) (min) DEPTH 

(*) (**) ( cm) 

T-l feed 14.8 100.0 O. '3 1.5 0.39 16.8 90 
floats 19.9 50.6 
non-floats 5.8 49.4 

T-2 feed 13.9 100.0 0.16 1.5 0.39 16.3 90 
floats 16.3 33.5 
non-floats 7.1 66.5 

T-3 feed 14.3 100.0 0.25 1.0 0.4 17.5 85 
float s 23.5 53.3 
non-floats 5.3 46.7 

T-4 feed 14.2 100.0 0.1 2.0 0.41 18.6 110 
floats 19.7 53.6 
non-flaats 6.0 46.4 

T-5 feed 13.9 100.0 0.14 1.5 0.42 18.6 110 
floats 22.5 77.5 
non-flo.t. 2.9 22.5 

T-6 feed 14.7 100.0 0.24 1.0 0.41 17 .4 110 
flo.ts 28.3 56.2 
non-flo.t. 5.2 43.8 

Tracer 0.0 0.20 1.5 0.48 15.4 95 
Test 

(*) Using adju.ted values 

(**) Nominal residence time 

( 
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5.2.2 Results 

Flotation. In general, the column tests ran smoothly. Figure 5.2 

shows recovery and grade of floats as a funct ion of Jg for CaO, Nb20S, and 

Si02. Also i.ncluded are the recovery and grade values obtained froltl the 

rougher floats and forthe overall circuit. Pyrochlore rejection was best at a 

Jg .. 2.0 cm/s. For example, at 65% CaO recovery to the floats, the Nb20tj 

recovery lS only about 10% and 5% for the Si0l!' This ia qui te different from 

the results on the slimes obtained so far (e.g. see Figures 3.5 and 3.6 ln 

(;hapter 3), vhere at 60% CaO recovery, 40% ~OS and 25% Si02 are floated. 

Compared vith the rougher circuit, the column tended to recover more 

carbonates (65% instead of 60%), vith Lesa Nb20S (only 12% instead of 26%). 

Comparison of grade/recovery vith the overall fines carbonate flotat ion 

circuit vas not possible because the circuit non-float product joins that of 

the coarse circuit prior to 

obtained in the final floats 

the sampling point. However, the Nb2 05 grade 

product, after tvo cleaning st.ages, ia 

comparable to the floats from the (single-stage) column, 0.14% vs 0.12% for 

the column and the circuit, respectiveIy. 

Figure 5.2 allo inciudes the 95% confidence intervals, for CaO and 

Nb20S' consldering the experimental error in the repeat tests and in the 

chemical a .. ays. The error in the chemicai a .. ays vas small compared vith 

the error on the repeats. The only values vhich showed a marked variat ion 

vere at Jg • 1.5 cm/a. 

feed, 

1.0, 

Figures 

floats, 

1.5, and 

5.3 to 5.5 shov the part icie .ize distribution (PSD) for 

and non-floats, reapectively, for three cohan tests (Jg • 

2.0 cm/.) and the Niobec circuit. Figure 5.3 .hov. that PSD 

for all cohan telta vu reaaonably con.tant. lt alao .hova that the feed is 

very fine: 80% -25 p.m, 50% -15,."., and 30% -10/Ara. Fiiure 5.4, curve R.F. 
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(rougher floats), shows that the conventional circuit tends to Eloat ELner 

matertal WhlCh may be due to fines entrainment. This point is further 

suggested Ul curve F.F. (final :loats), where after two deaning stages the 

dmount of ELnes ln the floats is reduced and the PSD tends to that of the 

column Eloats. Figure 5.5, curve R.N.F. (rougher non-floats), shows that the 

non-fioats from the cLrcuit rougher tends to be coarser than from the 

column. This PSO agrees with the results from Figure 5.4, Sl.nce more ELnes 

are removed in the rougher floats, leaving a coarser material in the 

non-floats. 

Tracer tests. Figure 5.6 shows a plot of Li concentratinn vs time in 

the concentrate (curve 1), and the taiHngs discharge (curve 2). Curve 1 

indicates that essentially no water from the feed goes to the concentrate, 

L.e. there is zero recovery by entrainment. The dispersion coefficient (0) 

for tailing ducharge was estimated from the relative variance of the 

resLdence time distribution curve (RT!» curve (as for a dosed end vessel); 

the value was 0.0050 ml/s, showing a high level of plug flow transport, as 

expected from such a large column height to diameter ratio (Levenspiel, 

1972) • 

Rate conatant determinations. Within experimental erraI' all the 

samples showed the salDe a .. ays (Table 5.2). Thua, chis approach ta 

determining rite conatants was not successful. 

Fatty acid frothability without solids. In these tests coalescence 

and froth colapee occured, confirming the observation made at Mc:GiU under 

similar condition.. This i. in .harp contrait to the tening with solids 

were no SUCR p~oblem. were encountered. 

171 



- TABLE 5.2. GRADE PROFILE TESTS TD ~EASURE RATE CONSTANTS 

:-::ST LOCATION OF SOL IDS GRADE (~) 

TAP (cm) (% ) Nb2 Os CaO Si 0'2 
(**) 

T-1(*) FEED 14.8 O. 70 27.07 8.24 

870 13.5 0.501 29.81 5.54 

840 13. 1 0.543 26.79 6. Il 

790 13.1 O. 551 28.25 6. 12 

740 12.3 0.540 27.12 6.5 

655 12.2 0.556 28.36 6.31 

505 12.3 0.589 27.30 6.46 

355 12.4 0.589 27.69 6.95 

205 11. 1 0.607 27.52 7.38 

TAILS ~. d 1. 20 21.17 15.13 

T-3 (*) FEED 14.3 0.67 27.04 8.07 

870 N.A. 0.575 29.20 6.07 

840 11.9 0.550 27.93 6.23 

790 N.A. 0.567 17.51 6.24 

740 12. 0 0.563 28.60 6.20 

655 N.A. 0.568 28.07 6.31 

505 Il • 7 0.592 28.33 6.44 

355 12.4 0.563 29.15 6.38 

205 10.8 0.606 26.45 7.36 

TAILS 5.3 1.17 21. 3 15.8 

(*) Test conducted after flotation samples had been taken. 
For details about test conditions see Table 5.1. 

(**) Distance in cm from the bottom of the column. 



TABLE 5.2. GRADE PROFILE TESTS TO MEASURE RATE CONSTANTS 
( CONTINUA'fION) 

TEST LOCATION OF SOLIDS GRADE (X) 
TAP (cm) (X) ~O5 CaO SiOl! 

(** ) 

T-4 (*) FEED 14.2 0.63 27.14 8.13 

870 12.2 0.491 28.53 6.07 

840 12.3 1).488 29.15 6.06 

790 13.1 0.507 17.55 6.22 

740 N.A. 0.492 28.69 5.88 

655 N.A. 0.503 28.41 6.05 

505 13 .3 0.507 28.22 6.09 

355 14.3 0.496 28.55 5.80 

205 10.7 0.630 25.74 8.19 

TAILS 6.0 1. 22 2u.38 16.47 

(*) Test conductecl after f10tat lon samples had been takell, 
For details about test conditi'Jns :.ee Table 5.1. 

(**) Distance in cm from the bot tom of the column. 
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5.2.3 Oiscuss ion 

Flocacion. In general, che column performance lias superior Co the 

rougher ci.rcuit, and at leut equalled the ci.rcuit in grade. Column 

performance could probably have been further improved with expenence. The 

use of the colwnns to treat these fines feed de serves worth further 

evaluation: by exten.ion the column should also prove superior on the 

sl i.mes. 

It La noted that more Nb2 Os is recovered to the froth produc t than 

SiO t • This eicher mean. greater Nb-mineral/carbonate 10cking, some true 

flotation of the Nb-phAse, or Agglomeration with carbonates. The suspicion 

i8 that true notation OCCUrI. 

Tracer tests. Feed water recovery approaches zero. Tht s, it has been 

eatablished, is due to ttoe wash water, or more specifically the bias vater, 

that fraction which goes down through the froth (Yianatos et al 1987d). 

Provided Jg ls less than about 2 cm/s, feed water is rejected within about 

10 cm of the interface (Yianatos et al, 1987d). The current resul ts, 

therefore, further confirm this efficient feed water rejection. 8y 

extension, if feed watar recovery is zero then particle recovery by 

entrainment must be zero. 

Rate conatant determinations. Having established largerly plug flov 

transport then the sample. withdrawn vith increa.ingly distance from the 

feed inlet reprelent increa.ing flotation time. Conlequently, recovery (R) 

vs cime ( t) can be deteE'lIIined and the rate con. tant determined from a plot 

of ln ( 1-R) vs t (Lynch et al, 1981) • This was the idea. The method, 

however, wa. not succellful sinca the assayl vere virtual1y ident ical down 

the cohan. This i. at t ributed, in part, to the umple extraction technique 

which • illlu l taneouil y extract. pulp which i. wanted and loaded bubble. which 
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are not. This method of estimat ing rate constants has been abandoned in 

favor of varying mean retention time by varyi"ng tailings rate, in a 

variation of the traditional method of batch determination of flotation rate 

constants. 
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ABSTRACT 

This work presents plant-site evaluations of six feeds comprising 

very fine partic les (80% passing size, 8-23 Wu). Five of the streams 

contained mainly sulphides, (Mount Isa Mines (MIM) Limited, Australia), and 

one contained oxide mineraIs, (Niobec, Canada). AlI the testwork was 

performed using pilot-scale columns. For each stream, column metallurgica l 

performance was compared with mechanical cells in the plant and in the 

laboratory. Column results were better than plant and laboratory results Ln 

aIl cases, giving concentrate grades up to 6% higher (in absolute terms) at 

the same recoveries. Entrainment into the column concentrate was measured by 

the recovery of the -10 p,m non-sulphide gangue (NSG) fraction and by the 

recovery of feed water. Entrainment was much lower in the column than for 

the mechanical cells and accounted for most of the improved performance for 

the column. Some evidence of improved selectivity in the column vas found 

which accounted for the additiona1 improvement observed in some cases. 

INTRODUCTION 

Column flotation applications are becoming increasing1y common 

wor ldwide (Amelunxen and Redfern, 1985; Coffin and Miszczak, 1982; Whee 1er, 

1985; Huggins et al, 1987; Narasinham et al, 1972; Brunskill, 1986; Mauro 

and Grundy, 1984; Clingan and Mc Gregor , 1987). One of the main advantages of 

columns is the virtual elimination of entrainment by means of wash water 

addition (Yianatos et al, 1987d; Dobby and Finch, 1985). Entrainment poses a 

serious limitation to upgrading of very fine particlea in mech.nical ce1ls 
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(Johnson et al, 1974; Klassen and Tikhonov, 1964). 

This paper presents plant-site evaluation of the metallurgical 

performance on fine particle feeds in a pilot plant column and a comparison 

with convent ional cells. Six streams were evaluated, five at Mount lsa Mines 

(MIM) Limited, Australia, and one at Niobec, Canada. For brevity only three 

of the streams are discussed in detail. 

EXPE RlHENTAL PART 

CHARACTERISTICS OF THE STREAMS TESTED 

Figures lA and lB are simplified flowsheets identifying the streams 

tested st MIH and at Niobec, respectively. Tables lA and lB show the 

particle size distribution of the streams and Tables 2A and 2B show their 

composition. At HlM sizing was performed using a Haultain infrasizer. Table 

3 presents the cut sizes produced by the infrasizer according to mineral 

dens i ty. At Niobec, size dis tribut ions were determined us ing a Sed igraph 

50000. The 80% passing she (d(SO» varied froID 9 to 23 p,m, hence the 

reference ta 'very fine particles'. 



-- Figure lA. Flowsheet Indieating Streams Tested by Flotation 
Column at Mount tsa Mines (MlM) Ltd. 
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FIGURE lB. n.DIlSHEET INDICATIN:i 'lliE STREAM TESTED BY Ftm'ATION 
COLUMN AT NIOBE:C 
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TABLE l-A. FEED PARTICLE SIZE DISTRIBUTION OF THE STREAMS TESTED 
AT MOUNT ISA MINES (MLM) 

" 

STREAM (X PASSING) 
PARTICLE 

SIZE Cu RIT Zn RIT LGM HMP SLIKES Pb FINAL CONC 
(* ) CONC. CONC. RGHR CaNe. REVERSE FLOT. 

+53 #Lm 90.1 

+38 #Lm 88.9 96.7 92.9 

F3 83.4 97.2 88.3 83.3 81.5 

F5 74.6 82.7 59.4 65.6 64.9 

F6 61.8 74.7 49.4 54.3 56.2 

d(80) 16 9 20 15 17 
(p.m) 

(*) SIZING WAS PERFORHED USING AN INFRASIZER. SEE TABLE 3 
FOR CUT SIZES DEPENDING ON MINERAL SPECIES. 
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TABLE 1-B. PARTIeLE SIZE DISTRIBUT10N OF 
THE STREAM TESTED AT NIOBEC 

PARTIeLE % PASSING 
SIZE(· ) 

(P.II) FINES CARBONATE FEED 

40 95 

20 70 

10 30 

5 17 

2 la 

d(80) 23 

(*) THE SEDIGRAPH 5000 PARTICLE 
SIZE ANALYZER 

183 



TABLE 2-A. METAL AND MINERAL COMPOSITION OF THE STREAMS TESTED 
AT MIM 

ASSAY 
(X) 

Cu 

Pb 

Zn 

FeS:2 

NSG 

STREAM 

CU RIT Zn RIT LGM HMP SLIMES Pb FINAL CONC. 
RGHR CONC. REVER.SE FLOT. 

8.5-11.6 0 0 0 0 

0 2.2-2.7 8-11 30-40 47 

0 31. 5-35.2 24-31 10-15 6 

30-40 16-22 18-25 11-26 23 

33-40 20-24 16-25 11-19 11 

TABLE 2-B. METAL COMPOSITION OF THE STREAM TESTED 
A', NIOBEC 

ASSAY FINES CARBONATE FEED 
(1) 

~05 0.63-0.71 

MIO 14.0-14.4 

CaO 27.0-27.2 

S102 7.9-8.3 

P205 2.5-2.9 

F.(T) 7.4-7.6 
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TABLE 3. CUT SIZES (MICRONS) GIVEN BY THE INFRASIZER 

MINERAL S.G. eUT SIZE (MICRONS) 

F3 F4 F5 F6 F7 

QUARTZ 2.65 28 20 14 10 -10 

SPHALERITE 4.00 23 16 11 8 -8 

CHALCOPYRITE 4.20 23 16 11 8 -8 

PYRITE 5.00 20 15 10 7 -7 

GALENA 7.50 17 12 8 6 -6 

( 
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COLUMN SET UP AND OPERATING CONDITIONS 

Figure 2 shows the basic set up, and Table 4 gives the cotumtl 

dimensions and the accessories used. The interface level vas observed 

visual1y ln al1 cases, and control1ed manua11y by vash waler addition using 

a Masterflex pumtlj the feed and tai1ing flowrates were controlled uSlng the 

pumps described in Table 4. 

Table 5 is a summary of operating conditions. Superficial fluid 

velocities are quoted, i. e. the vo1umetric flow per unit column 

cross-sectiona1 are a (cm/s). Superficia1 gas velocity Ug) was varied from 

0.8 to 3.2 cm/s, the usua1 range being l.0-2cm/, at Niobec, and 2.5-) cm/s 

at MIM. Superficia1 wash water ve10city (Jww), 0.4-1.0 cm/si superficial 

tailing ve10city (Jt), 0.5-2.2 cm/s. The superficia1 bias rate (lb), which 

lS defined as the differ~nce between the superficial water rate in the 

tailing (Jt) and in the feed (Jf), varied from -0.1 to 0.9 cm/s. Jb was 

varied by adjusting Jf, to maintain a constant residencc time. The nominal 

residence time (i.e. residence time without alloving for the gas), vas 6-66 

minutes. Changing nominal residence time vas used tù generate grade/recovery 

relationships. Froth depth vas 40-150 cm. 

The column was operated as one or tvo stages. In the two stage 

operation, the tailings from the first stage vere stored and re-processed. 

The purpose of the two-stage operation vas to increase the total residence 

time, since the maximum residence time in one co1umn stage vas about 35 

minutes. 

Table 6 shows the values for (undi1uted) feed densities for each 

stream. At MIM they ranged from 25% to 50%; 15% solid vas typical for the 
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TABLE 4. COLUHN CHARACTERISTICS ~~ ACCESSORIES 

LOCATION COLUMN DIMENSIONS SPARGER PUMP 
DIAMETER X HEIGHT 

(cm x cm) 

MIM 5.08 x 1035 STEEL MONO 
(* ) 

NIOBEC 5.72 x 1030 STEEL MOY NO 
(t) (2L2-CDQ) 

(*) POROUS STAINLESS STEEL, SURFACE AREA • 56 cm2 

TABLE 5. SUMMARY OF OPERATING CONDITIONS 

COLUItfN SUPERFICIAL VELOCITIES (cm/s) 
DIMENSIONS 

D x L Jg(1 ) Jb(2) Jww(3 J 

5.08 x 1035 
0.8-3.2 -0.1-0.9 0.4-1.0 

5.72 x 1030 

(1) Jg, 
(2) Jb, 
(3) Jww, 
(4) Jt, 
(5) T, 
(6) FD, 

SUPERFICIAL GAS RATE 
SUPERFICIAL BIAS RATE 
SUPERlICIAL WASH WATER RATE 
SUPERlICIAL TAILS RATE 
NOMINAL RESIDENCE TIME 
nOTH DEPTH 

Jt(4) 

0.5-2.2 

T (5) 

(min) 

6-66 

188 

FD(6 ) 

(cm) 

80-150 
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TABLE 6. SUMMi-.. RY OF FEED DENSITIES 

STREAM RANGE 
(1 SOLIDS) 

Cu R/T CONC 20-28 

Zn R/T CONe 25-38 

LGH 35-48 

HHP SLIMES 46-50 
RGHR CONe 

Pb FINAL CONC 36-43 
REVERS! FLOTAT 

FINES CARBONATE 15 
FIED 
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feed at Niobec. In sorne tests the column feed vas diluted to reduce loading 

(Espinosa-Gomez et al, 1988). This increased mineral recovery in comparison 

to tests with undiluted feed at the same residence time. 

When possible the column was run in parallel with the existing plant 

circuit. On occasion this involved temporary changes in the plant circuit. 

In cases where comparison was not poss ible standard laboratory tes ts in 

mechanical cells (3L Agitair) were performed. 

EVALUATION OF METALLURGICAL PERFORMANCE 

To evaluate pe r formance , grade-recovery relationships were 

established. These were compared, column vs circuit and/or vs laboratory. 

Size-by-size analyses were performed, principally to estimate non 

sulphide gangue recovery by entrainment. 

Finally, the impact of operating variables, such as bias rate and 

gas rate, was evaluated. 

ESTIMATION OF ENTRAINMENT 

Entrainment was es t imated by measuring recovery of F7 (about -10 /lm) 

non-sulphide gangue (NSG) and feed water recovery (using salt tracers). 

Entrainment was compared wi th the estimated entrainment in the convent ional 

circuit cells at MIM where the feed to the conventional cells was assumed to 

be the same as for the column. The NSG (silicates plus carbonates) content 

was determined by differelice, as the total sulphide content is known. 

Occas ionally insolub le (Inso1) determinat ions were made which re flects 

silicate gangue. 

Entra i nment in conventional cells can be calculated if vater 

recovery to the concentra te is known (Johnson et al, 1974). By obta ining 
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( %solid values for the feed and products of a conventional eell, the 

resulting water balance allows calculation of the water recovery. At KIM it 

has been established {Johnson et al, 1974), for F7 NSG of specifie gravit y 

2.7, that for each unit of water reeovery in the concent rate, 0.8 uni t of 

NSG is recovered. Thus, multiplication of the water recovery by 0.8 gives an 

est imat ion of the expec ted entrainment in conventional cells. 

Feed wa ter recovery ta the column concentrate was de termined by 

tracer tests. A LiCl tracer was added in the column feed and samples from 

concentrate and tailings were eollected at controlled time intervals. Tracer 

recovery in the column concentrate is a measure of the recovery of feed 

water in the concentrate whieh is the boundary case for entrainment. 

RESULTS 

METALLURGICAL PERFORMANCE 

Figure 3 shows the lead and zinc grade-recovery relationship 

obtained on the low grade middlings (LGK) cleaner feed, by the column and 

the plant (two stages of closed circuit cleaning) (see Figure lA). In this 

stream a Zn-Pb concentrate is produced. For the same lead recovery, e.g. 

85%, similar lead grades (13%) were obtained in the column as in the plant, 

but with higher eolumn zinc recoveries (92% vs 86%) and grades (35% vs 33%). 

Figure 4 shows a grade-recovery relationship on the zinc retreatment 

concentrate (Zn RIT Conc), for the column and laboratory, the laboratory 

results being for one and three stages of cleaning. At a zinc recovery of 

85%, the colwnn concentrate grade was about 6% higher (50% vs 44%) than the 

best laboratory resul t. 

Normally, the zinc eleaner black feed contains zinc rougher 

concentrate and zinc retreatment concentrate. By temporary divertion of the 
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Zn RIT Conc ta final concentrate (i.e. opening the circuit) the upgrading ùf 

this stream in the column could be compared to the plant upgrading of the Zn 

rougher concentrate (this is the envisaged circuit arrangement us lng 

columns). The comparison is shown in Figure 5. The column on more diffi.cult 

feed matched the performance of the plant. 

Figure 6 shows a grade-recovery relatlonship, on the copper 

retreatment concentrate (Cu RIT Conc) (see Figure lA), for the column vs 

laboratory ce Ils. The co lumn gave improved separat ion. For example, at 97'~ 

copper recovery, the column produced a grade of 22% Cu vs 15.3% Cu in the 

laboratory. Di lut ion of the feed in the laboratory tes ts was used to take 

advantage of ies known effect in reducing entrainment. (The value of 15% is 

the effective %solids starting from 21% soUds if aU the wash water in the 

column were added ta the feed). It is clear that the column gives enhanced 

cleaning above that due to simple dilution. 

Figure 7 shows a grade-recovery re lat ionship on the fines carb ,nate 

flotation feed (Niobec), for the column and the plant roughing stage only. 

The grade-recovery curvel do not cover the lame range, but the improved 

grade/recovery of the column il evident. By extrapolation to 65% CaO 

recovery, the CaO grade is higher for the column, by about 2%. Co lumn 

concentrate produced in one leage was compared with circuit concentrate 

after two c leaning stages. In bath cases the grade was 32.5% CaO. Recovery 

for the fines circuit could not be determined, a. the fines circuit product 

is mixed with other products prior to sampling. 

SIZE SY SIZE BEHAVIOUR AND ENTRAINMENT 

Figures 8 and 9 show the rec:overy-.ize re lationlhip on the LGM, for 

the collan (one stage, the point at 89% Zn recovery on Figure 3) and plant 
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...... (two stages of conventional cleaning) 0 The shape of the recovery-size curves 

is similar. Notable differences are: in the plant, hlgher coarse gatena 

t'ecovery but lower sphalerite recovery; Ln the co tU1'Qn , lower COatse lron 

sulphide (tS) and gangue (NSG and Insol) recovery. The tower recovery 

(improved rejection) of the coarser 15 and NSG was the main cause of the 

increased colUllln zinc concentrate grade. 

Figures 10 and 11 show the recovery-size relationship for the Zn RIT 

Cane (the finest stream tested, about 75% -8 #Lm) , for one and two column 

stages, respectivelyo The most notable feature is the preferential recovery 

of the .finest sphalerite fraction in the first stage (Figure.IO). This may 

be related ta the troublesome medium rate constant sphalerite described in 

another publication (Johnson, 1987). Recovery of F7 NSG in the first stage 

was about 3.5%, and less than 1% for the 150 For the two stages, recovery of 

t5 and NSG was generally lovest for the finest fractions, e.g., the NSG 

recovery in the +F3 fraction was 25% vs only 12% in the -F5 fraction. The 

fact that 15 recovery is consistently lover than the NSG suggests N~G 

recovery is through composites 0 

Figures 12 and 13 show the recovery-size re lat ionship for 

chalcopyrite, pyrite (unlike in the PblZn plant, pyrite ia the only 1ron 

sulphide in the Cu plant) and N5G, in the CU RIT Conc (lime produc ts as 

Figure 6), for the one and two stages of operation, respectively. Ir. the 

first stage, chalcopyrite particl~s from F3 ta F6 vere preferentially 

floated 0 

was less 

operation 

part ic le 

reflecting 

Pyrite recovery was about 10% for all particle sizes. N5G recovery 

than 4% for a11 size fractions belov +53/»Do For the two stage 

(Figure 13), chalcopyrite recovery vas clou to 100% for all 

lizes 0 Pyrite and NSG recoveries inere .. ed mOltly at +53 #Lm 

the presence of compos i te part ie les 0 The rec:overy of F7 NSG wu 

200 
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about 12%, only slightly higher than for the intermediate size fractions. 

This illustrates that the column maintains good separation into the fine 

aize range. 

The flat shape of the IS and NSG recovery-size curves is quite 

different from the experience at MIM in conventional cells where the gangue 

recovery in the F7 fraction is generally the highest (Johnson and Jowett, 

(982). 

Table 7 shows the expected NSG recovery by encrainment in a single 

stage of conventional cell vs obaerved column gangue reeovery in the F7 

fraction, for the LGM, the Zn RIT Conc, and the CU RIT Cone. Table 8 shows 

the calculations performed to obtain the expected plant values for a single 

stage of conventional cella. ln general, the recovery of F7 NSG was much 

lower in the column than that expected by entrainment in the plant. 

Size by size mineral analysis was not performed on the fine 

carbonate f~otation at Niobec. However, sizing was done and it was found 

that the plant rougher concentrate was finer than the column concentrate, 

which was similar to the final concentrate. This is consistent with the 

interpretation that the column (and conventional cleaning stages) reject the 

fine hydrophilic components. 

TRACER TESTS 

Figure 14 shows typical residence time distributions (RTD) for the 

concentrate and tailings. Recovery of tracer (and, therefore, of water) is 

essentially nil. Comparing this to the measured recovery of F7 NSG in the 

column implies recovery is by mechanisms other than entrainment. 

Table 9 summarizes the tracer test conditions and RTD parameters 

obtained. The low dispersion coefficients indicate close to plug flow 
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TABLE 7. EXPECTEO GAOOUE RECOVERY BY ENTRAI~ENT IN " 
COOVENTIONAL CELL VS COLUMN GAM;UE RECOVERY 
IN 'niE F7 FRACTION 

STREAM EXPECTED RECOVERY RECOVERY OF F7 FEED SIZE 
IN A caM:NTIONAL NSG IN THE COLUMN (' F7) 
CELL (t) (*) (\, (**) 

CU RIT 30 
cne 12 62 

Zn RIT 35 16 (**) 75 cne 

LGM 56 24 (**) 50 

(*) SEE TABLE 8 
(**) AVERAGE OF NSG AND INSOL RECOVERIES 

TABLE 8. ESTI~TlœI OF THE PERCENT F7 NSG RECOVERED IN 'ntE 
CCN:ENTRATE BY Em'RAINt1ENT FOR A SIN3LE STAGE OF 
COOVENTlœIAL CELLS (11) WITH 'IlfE SAME FEED AS FOR 
THECOLUMN 

S'1'REAM RECOVERY \SOLIDS 'SOLIOS RECOVERY RECOVERY 
OF SOLIDS FEED aH: OF WATER OF F7 

(') (\) NSG (\) 
C*) 

CU RIT 47 27 32 37 30 
c:cN: 

Zn RIT 56 34 
c:cN: 

40 43 35 

LGM 70 38 38 70 56 

(*) (RECOVERY OF WATER) 0.8 
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TABLE 9. SUftto1ARY OF TRACER TEST COODITI~S AND RTD PARAMETERS 

RTD OF TAI . nr:~ 
TEST LOCATI~ SOLIOS SUP. VELOCI'l"i FD RESIDDCE TIr4E OISPERSI~ 
(*) PRESEN1 (enVS) (an) (mins) COEFFICIENT 

(**) , Jt Jg Jww NCMINAI. MEAN m2/s 

1 MIM 'lES 1.8 2.8 0.9 120 8.4 5.5 0.0007 

2 MIM 'lES 0.8 2.8 0.8 120 18.5 11.8 0.0014 

3 NlœEC NO 1.0 1.6 0.5 95 15.4 14.6 0.0050 

(*) IN ALL CASES RECOVERY OF PEED WATER TO C<lCENTRATE WAS NIL 
(**) ESTIJ'I1ATED FRQt1 THE RElATIVE VARIANCE OF 'niE RTD 
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( conditions (as does the shape of the tailings RTD in Figure 14). There is a 

marked difference in the nominal and mean residence time in the case where 

solids are present. The difference is related to the volu~~ occupied by gas 

and solids. It is possible that the volume of gas in the column is increased 

in the presence of solids because the bubble/particle aggregate has a 

reduced rise ,elocity. 

COLUMN OPERATING VARIABLES 

Gae Rate: The superficial gas velocity generally used at MlM was from 2.5 

to 3.0 cm/s; however, when the column was run at values as low as 1.6 cm/s, 

no difference was observed in grade or recovery. At Niobec, Jg varied from 

1.0 to 2.0 cmls with no appreciable differences in grades or recoveries. 

Bias Rate: The superfici3l bias rates (Jb) used at MIM and Niobec varied 

from -0.05 to 0.9 cm/s. In aIl cases the experimental points layon the same 

grade-recovery curve. 

Froth Depth: The column was generally operated with a froth depth varying 

from 80 to lSOem. Some experiments with froth depths a~ shallow as 40cm did 

not show any difference in concentrate grade or recovery. 

Feed Densities: The column was run at feed percent solids from 15% to 

50%, with no difference in the position of the grade recovery curve. This 

characteristic is quite different from conventional cells were dilution of 

the pulp improves the position of the grade recovery curve by lowering the 

recovery of entrained solids. 
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DISCUSSION 

METALLURGICAL PERFORMANCE 

The co lumn gave superior tIletallurgy cOtllpared to the plant and 

compared to carefully controlled laboratory tests. The origin of this 

improved performance lies either in improved rejection of entrained mineraIs 

or improved selectivity between two floating species. 

Entrainment: The tracer studies and Table 9 show that the cotutIln 

effectively Iuppresies transfer of feed vater into the concentrate. Feed 

vater recovery approaches zero compared to 10% to 40% typical in mechanica1 

cells. The F7 NSG 

water recovery may 

floatable species. 

The abi lit y 

recovery recorded in the co han be ing higher than the 

reflect composite particles, or agglomeration with 

of the colUllln to luppre.. entrainment means long 

flotation times can be employed to recover the Ilov floating fines without 

undue loIS of grade. In this manner the collan can give high recovery of 

fine particles. (Note: this has nothing to do vith improved collection 

efficiency of fine particle. in columns, which may or may not be a factor). 

Selectivity: Improved lel'letivity betveen hydrophobie species (e.g • 

• trongly hydrophobie species VI veakly hydrophobie liberated sulphide 

minera1s and vaakly hydrophobie compo.ite particle.) in a column compared 

vith conventionai eelh il not so etear, but theu il lome evidenee. For 

example the sucee .. of colUllns in the leparation of Cu/Mo (Coffin and 

Miszczak, 1982; Hiszezak, 1986), Cu/Fe (AIIlelunxen and Radfern, 1985; Dobby 

et al, 1985), and Cu/Ni (Feeley et al, 1987; Hi.zczak, 1986) doe. not seelll 

entire1y attributable to luppreuion of entrainment Ilone. Selectivity may 
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be enhanced by the vet"ï deep froths possible in column flotation (Yianatos 

et al, 1987c). In this work the LGM data give the best evidence of improved 

selectivity. Figure 9 shows that the plant recovers more ccarse IS and 

coarse galena than the column. This recovery is thought to reflect composite 

partic les, in which case the column has shown superior rejection of 

compos ites. 

These differences of performance between the column and conventional 

cell (the column showing superior rejection of entrained particles and 

possibly superior selectivity) suggests caution should be exercised if 

columns and conventional cells are to be intermixed, especially if 

circulating loads move from one cell type to another. 

EFFECT OF COLUMN OPERA TING VARIABLES 

Gas Rate, Froth Depth, Bias Rate and Feed Dens i ty: Over the ranges tes ted 

there was no significant change in the grade recovery curve. This lack of 

dependance on operating variables appears to be a growing conclusion 

(Clingan and McGregor, 1987). It has ramifications in column control, making 

i t a fairly forgiving device to bring under stabi lizing control. For 

optimizing control gas rate is currently the favoured variable (Clingan and 

McGregor, 1987; Dobby et al, 1985). If the gas rate is kept high, then 

performance will vary with gas rate, for example further increases in gas 

rate will reduce recovery and grade (Yianatos et al, 1987d). At high gas 

rate, therefore, the position of the grade-recovery 

sensitive to gas rate. 

curve does become 

The lack of effect of froth depth does suggest froth depth be kept 

to a minimum. Entrained solid is known to be rejected within a few 

centimetres of the interface when the column ia operated in the correct 
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range of gas and bias rates (Yianatos et al, 1987d). Thui so tong as 

entrainment of liberated unwanted solid il the only problem, a shallow froth 

should suffice. This has the advantage of inereased collection zone volume 

and retention time. However, if secondary upgrading (rejection of composites 

or free unwanted hydrophobie minerals) il a factor in reaehing the target 

grade, deep (IOOem) froths may be necessary. Deep froths do provide a buffer 

against poor control of the interface, commonly mealured by pressure and 

thus subjected to error (Hoys and Finch, 1987; Chaddock, 1987). Deep froths 

also help damp out recovery of feed water if high gal rate. are being uled. 

Low ~ias rates offer the adv.ntage of increa.ed retention time. lt 

is not known how low a bia. can be and still yield acceptable e1eaning, 

although bias rates lover than 0.1 cm/s have been luggelted (MoYI and Finch, 

1987). The problem is on-line mea.urement of bia.. Current techniques 

measure slurry rather than the required w.ter which should ideally be 

controlled (Finch, 1987). 

The ability of the eolumn. to work with very high feed densities 

(e.g. 50%), while maintaining good cleaning action, m.kes them very 

attractive, as it means high cap.city (Eapinol.-Gomez et al, 1988). 
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SUMMARY AND CONCLUSIONS 

Several flotation streams of very fine particles (d80, 8-23 ~m) were 

studied by column flotation. Column metallurgical performance was compared 

to the plant where possible and to carefully controlled laboratory tests. 

Column results were better than plant and laboratory results in aIl the 

streams tested giving, in general, for the same metal recoveries, 

concentrate grades about 6% higher (in absolute terms). Entrainment was 

measured in the column by tracer tests and by the recovery of the NSG F7 

fraction in the concentrate. Entrainment was estimated for conventional 

cells in the plant. For a given feed, the entraiment of the NSG F7 fraction 

in the column was much lower than expected for a single stage of 

conventional cells. With two stages of conventional cleaning at lower feed 

%solids th an the column, a single stage of column cleaning was still 

superior. Evidence for improved rejection of relatively coarse composite 

particles in the column compared with conventional cells was also obtained. 
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5.4 SUMMARY AND CONCLUSIONS 

The fine stream at Niobec and other streams of very fine 

particl~s (d80, 8-23 ~m) vere studied by column flotatLon. Column 

metallurgieal performance vas eompared to the plant where possible and to 

carefully control Led laboratory tests. Entrainment was measured ln the 

column by tracer tests and by the recovery of the finest sLze fractLon. 

Entrainment vas estimated for mechanical cells in the plant. 

The main findings vere: 

1) Column flotation performance vith the fines carbonates showed that 

carbonate-pyrochlore separation was 

and the column floats equalled the 

cleaning stages. 

superior to the plant rougher circuit, 

circuit floats Nb205 grade after two 

2) !he performance of the coluan on the fine stream in comparison with the 

slimes discard was by far superior. For about the same carbonate recovery to 

floats (about 60% CaO recovery) the pyrochlore recovery i, 10% vs 40% for 

the slimes. This poor performance on the slimes i. attributed to inadequate 

dispersion. It is considered that with the chemistry establi,hed, the column 

will prove the ideal device for slimes proce •• ing. 

3) The conclu.ion that column flotation provide •• uperior metallurgy of 

fines is supported by test. on six streams in both oxide and sulphide 

mineral systems. In general, for the .ame metal recoveries, the column 

produced concentrate grades about 6% higher (in ab.olute term.). 

4) Elimination of feed vater recovery and hence elimination of particle 

recovery by entrainment in a floeation column has been demonlerated. Thi. la 

a major reason for the superior metallurgy in the column. 

5) Some evidence il prelented of superior .electivity in the column, perhaps 

related to the larle froth depthl (greater than 100 c.) u.ed. 



(. 

Water Qua li ty 

SUMMARY OF CONCLUSIONS 

(for the whole thesis) 
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Recycle water decreases the electrophoretic mobility of the particles and 

the surface potential of the partie les becomes nearly indistinguishable. 

TItus the use of co llectors which exploit chemical rather than 

electrostatic-type interactions ia required. 

In generai recycle water decreased selectivity and increaaed r'eagent 

consumption. 

Dispersion becomes particuJarly difficult with recycle water, requiring 

high concentration of dispersants which have a detrlmental effect on 

Hotat ion. 

Selective Flotation Options 

Four options are contemplated ta selectively float the fine pyrochlore 

from the slimes: ulling BPA at pH 3.9; using sulfosuccinate with tartaric 

acid at pH 9; using amine Icetate with polyacrylamide (as at Niobec); and 

using DHA (at pH 6). This last option is technically feasible, but not 

economically attractive. Several reagents which May be as selective and more 

economically attractive still remain to be tested. They were not tested due 

to the problems of dispersion and froth collapse/coalescence encountered. 

Dispersion and Carbonate Flotation 

Selective carbonate flotation (the stage prior ta pyrochlore flotation) 

could not be achieved using the Niobec reagent combinations, due to lack of 

d ispera ion. 
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To disperse the slimes, high dispersant concentrations are required which 

induce depression of carbonates. 

Bubble Coalescence, Froth Collapse 

Fatty acids promote bubble coalescence, and froth collapse, probably due 

to coating of the bubble giving a hydrophobie surface and promoting water 

drainage. These problems are further enhanced with dispersed solids e.g. 

with sodium silicate and other dispersants, possibly by promoting the 

rupture of the thin films between bubbles. 

Bubble coalescence and froth collapse can be avoided working at high pulp 

densities (e.g. greater than 10% soUds) which is best achieved at the plant 

site. This higher %solids is required to provide sufficieht concentration of 

fatty acid emulsifier to promote a stable froth. 

Column Flotation Tests 

Column flotation was found to be ideal for the selectlve flotation of 

fine particles, due to the reduction of entrainment and, to a lesser extent, 

improved selectivity. 
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CONTRIBUTlm15 TO ORIGINAL KNOWLEDGE 

1) Selective flotation of pyrochlore from silicates (microcline, biotite, 

chlorite), using two hydroxamate collectors: benzohydroxamic acid and 

N-benzoyl-N-phenyl-hydroxylamine, at pH 6 and 3.5, respectively was 

demonstrated in microflotation tests. 

2) Selective flotation of pyrochlore from silicates (microcline, biotite and 

chlorite) using sulfosuccinate (collector) with tartaric acid (depressant) 

at pH 9 was demonstrated in microflotation tests. 

3) A nev technique vas developed to evaluate and quantify dispersion. The 

technique uses a particle size analyzer, which gives a measure of apparent 

particle size. 

4) A nev approach was developed to quantify bubhe coalescence along the 

column collection zone. The method is based on measuring changes in local 

gas holdup. 

5) lt vas shown that the cohan is more eff .dent th an conventional cells in 

the selective 

Entrainment is 

some ("ascs. 

flotation of very fin,_ particles (leu than 20 /lm). 

greatly reduced and increased selectively can be achieved in 
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SUGGESTIONS FOR FUTURE WORK 

1) In the development of new flotation reagents it is necessary always to 

work with plant water or water of a quality similar to the plant, in order 

to elosely simulate conditions. 

2) Some reagents were found to be potentially selective for pyrochlore and 

deserve to be tested. These ean be elassified as selective pyrochlore 

collectors and selee tive pyrochlore depressants: 

1) Collectors 

- potassium octyl hydroxamate 

- cinnamyl hydroxamic acid 

- iso-nonyl imino-bis-methylene phosphonic acid 

- dodecyl imino-bis-methy lene phosphonic acid 

- methyl-benzyl arsonic ae id 

II) Depressants 

- pyrocateehol violet 

- o-dihydroxy chromenols (7, a-dihydroxy-2, 

4-dimethybenzopyrylium chloride) 

3) To recover the pyrochlore from the slimes by column flotation (or by any 

other physieal separation technique) it is essential to achieve better water 

quality to make dispersion possible at lover dispersant concentrations. Only 

when adequate dispersion can be achieved at lower dispersant concentration 

will select ive pyrochlore flotation be possible. 
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4) There i8 sufficient circumstantial evidenee that desliming at a size vell 

below that currently practised at Niobec will give a deslimed material which 

can be treated. Desliming at about 4 IJ.m and processing in columns is worh 

e val ua t l ng • 

5) Any future column testing involving the fatty acid system should be 

performed at higher pulp densities (e.g. greater than 10%), to avoid froth 

collapse. 

6) Co lumn flotation should be cons idered whenever the treatraent of very fine 

partie les is required. 

7) Column Hotation in eonjuetion with fine partiele separation techniques, 

8uch as carrier flotation, should be eon.idered, 

f .. 
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PROGRESS REPORT-PYROCHLORE PROJEeT 

REPORT :{I 3 

R. ESPINOSA-GOMEZ 

The present report summarizes the work done at McGi 11 University on 

the pyrochlore project, for the period of Mar~h to mid-July, 1984. The 

report is divided in three main sections: 

1) Microprobe study on two types of pyrochlore : a) high magnetic 

susceptibility (black pyrochlore), and b) low magnetic suscentibility. 

2)Electrokinetic study on pyrochlore (low and high Magnet le 

suseeptibility), black pyrochlore, feldspars and biotite, in the presence of 

three modifiers, hydrochlorie acid (HC1), oxalie acid (C2H204) and 

fluosilicic acid (H2SiF6). 

3) Procedure for selecting reagents for pyrochlore notation, in 

order to attempt a direct pyrochlore flotation. 
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1) HICROPROBE STUDY 

A mic roprobe study was performed on high and low magnetic 

susceptibility pyrochlore samples isolated from a pyrochlore concentrate. 

The isolation procedure is described in Report If 2. The low magnetic 

susceptibility fraction represented 95% of the total mass, and the remaining 

5% was the high magnetic susceptibility fraction (black pyrochlore). 

Table 1 summarizes the results. A total of S3 grains were assayed; 

34 of low magnetic susceptibility, and 19 of high magnetic susceptibility. 

The main difference between the two samples was their Fe-content. It 

averaged 0.04% FeO for the former, and 0.38: FeO for the latter. There was 

no significant difference between the other assays: Tio2 (2.68 vs. 2.58), 

Na20 (8.35 vs. 8.31), CaO 06.31 vs. 16.16) and Nb205 (67.33 vs. 66.24). The 

standard deviations of the assays were not large: FeO (.04 +/- .04), Ti02 

(2.68 +/- .5n, Na20 (8.35 ./- .47>, CaO (16.31 +/- .53), and Nb205 (67.33 

+/- 1.37). Variations may be due to the different grain compositions and to 

a lesser extent to the precision of the instrument. 

Table 2 shows that the low magnetic susceptibility sample is made up 

not only of low Fe-content pyrochlore grains, but possibly also of other 

pyrochiore subgroup mineraIs and some other Nb mineraIs. For eX8JY'ple, point 

number 33 has 13.23% FeO, 71.61% Nb2C'5, but very low content of Na20 (0.76% 

vs. 8.35%) and CaO (2.52% vs. 16.31%). Point number 24, has 0.16% Fe, but 

very low Na20 content (4.91% vs. 8.31%) • Point number 27, has 0.38% Fe and 

also very low Nb20S content (48.5% vs. 67.3%). The proport ion of these 

di fferent Nb species, is qui te high, about 27% of the mass relative to the 

low magnetic fraction, and 25% relative to the total. Certain ly, this 
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heterogeneous chemical composition May have an efffect on surfac~ 

propert ies, 

coagulat iGn. 

e.g., electrokinetic mobility (zeta potential), flotation, 

Table 3 shows that 2 out of 19 grains assayed ln the high magnetics 

fractions are not pyrochlore, but possibly hematite. They represent 10% of 

the mass relative to this fraction, but only 0.5% of the total. 

2. ELECTROKINETIC STUDY 

Samples of pyrochlore (Lowand high magnetic susceptibillty), high 

susceptibility pyrochlore (black pyrochlore), feldspars and biotite were 

carefully prepared to measure their electrophoretic mobility values (and 

zeta potentiaO. 

2.1 Preparat iOtl of samples. 

a) pyrochlore. The method used to isolate pure pyrochlore samples 

has been already explained in Report # 2. 

b) Feldspars. A pure sample of feldspars was obtained from Niobec. 

To increase its purity, it was carefully passed on the Frantz Many times set 

at its maximum current, and the low susceptibility fraction retained. After 

the Frantz, the mineralogical species were identified by X-ray diffracti.on. 
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The sample was made up of two species, microline (K(A1Si30S» and quartz 

(Si02) • 

c)Biotite. A pure sample of biotite was obtained from Niobec. To 

increase its purity, it was carefully passed on the Frantz many times set 

first at 350 mA and second at 650 mA (350/650). The 350/650 mA fraction was 

retained. After the separation the sample was carefully observed under the 

microscope. Biotite, was the only Mineral observed in the sample. 

The particle size required for electrophoretic mobility measurements 

is from 1 to 3 ume Samples weighing about 2 g vere used to obtain this 

particle size range. Each sample vas first ground to povder in a mortar 

grinder and then transfered to a 500 ml glass cylinder Cafter 20 minutes of 

sample dispersion in an ultrasound bath). The sample was allowed to settle 

and the -3 um frac t ion was recovered at the top of the cylinder. The 

suspension recovered vas transfered to a 200 ml flask and stored for futur 

use Deionized water was used for these steps. To measure electrophoretic 

mobility, about 2 ml of suspension were transfered from the flask to a 

beaker with about 50 rul of the type of water used in that particular 

measurement. The pH was adjusted and a llowed to equi 1 ibrate for about 4 hrs. 

After this time, the pH was measured again and 5 ml of the suspension used 

to measure electrophoretic mobility. The remaining 45 ml were used to rinse 

Many times the flat cell and wash the electrodes. 
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2.2 Types of water used. 

Three types of water were used on the study: organie free vater, 

distilled water and potable water from Niobee. Organie free water was used 

for eomparison, organies in the water ean modify the eleetrokinetic mobility 

of the partieles. The use of potable vatel' from Niobee was eonsidered of 

primary importance to simulate the real electrokinetie mobilities of the 

part icles in the plant. Potable water is used in the plant for 

pyroehlore-silieate flotation at Niobec. 

2.3 Apparatus. 

Electrokinetic mobility of the partieles was measured by a Mark II 

micro-electrophoresis apparatus (Rank Brothers). It consists essentially of 

a transparent chamber comprising a nat type quartz cell in vhich 

observations of moving partieles are made under an applied voltage through 

platinum eleetrodes. Movement of the partieles was observed through the 

eye-piece micrometers, which were located on each side of a timer accurate 

to 1/10 of a second. One of the eye-pieees is fitted with a scale of 104 

um/division, the other 36um/division. 

The water bath temperature of the micro-electrophoreses apparatu8 vas 

determined during the observations with a total immersion thermometer vith 

graduations of 0.1 C. The temperature used vas 25 C. 
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2.4 Calculation of electrophoretic mobility. 

The electrophoretic mobility was calculated using the following 

relation: 

particle velocity dIt (cm/ s) 

u ~----------------- = 
potential gradient E/l (volt/cm) 

where: 

d: distance travelled by the part ic le (cm) 

t : average time required ta travel distance d, ( s) 

E: strength of the applied field (v..,lts) 

1 : inter-electrode distance (cm) 

u: electrophoretic mobi lit y (cm/ s/vo 1 t/ cm) • 

2.5 Results 

A total of 13 electrophoretic mobility vs. pH curves were obtained. 

Five curves for pyrochlore (low and high magnetic susceptibility), 4 curves 

for black (high susceptibility) pyrochlore, 2 curves for feldspars and 2 

curves for biotite. 

Figure 1 presents the electrophoretic mobility vs. pH curves for 

pyrochlore in the presence of three types of water, organic free, distilled 

and potable water (from Niobee). The pH modifiers used were HCI and KOH. The 

mobility of the partieles and the PZC changed with the type of water. The 
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PZC were 2.5, 3.5 and 2.7 for free organic, distilled and potable waters 

respectively. A very significant decrease in electrophoretic mobility vas 

experienced vhen potable vater vas used. A complete analysis of the anions 

and cations presents on the potable water has not yet been performed. Sorne 

of the cations present are Ca: 23 ppm; Mg: 1.3 ppm; Pb: 0.3 ppm; Fe: 0 ppm; 

and Cu: 0 ppm. The natural pH of the vater is 8.2, so it tS possible that it 

contains a high concentration of carbonates. Other anions such as sulfates 

and phosphates may also be present. The presence of cations such as Ca and 

Mg May be the main reason for the lover values of electrophoretic mobility. 

Figure 2. Shows the electrophoretic mobility vs. pH for pyrclchlore 

with potable water using three types of modifiers, HCI, C2H204 and :12SiF6. 

The HCl and H2SiF6 tend to reduce the electrophoretic mobility to Il larger 

extent • However, there is no significant difference especially below pH 

3. The PZC were 2.7, 2.5 and 2.4 for HCI, C2H204 and H2SiF6 respectively. 

Figure 3. Shows the electrophoretic mobility vs. pH curves for 

pyrochlore, feldspars and biotite using potable water and C2H204 as 

modifier. The PZC were 2.5, 2.0 and 1.5 for pyrochlore, feldspars and 

biotite, respectively. The electrophoretic mobility for both feldspars and 

biotite were about the same. For pyrochlore the mobility was less, but not 

to a significant extent • 

Figure 4 Shows the electrophoretic mobility vs. pH curves for 



( pyrochlore, feldspars and biotite using potable water and H2SiF6 as 

modifier. The PZC were 2.4, 2.0 and 1.9 respectively. As with the C2H204, 

the mobility of feldspars and biotite were about the same. The mobility of 

the pyrochlore was reduced more than with the C2H204 but again not to a 

statistical significant extent. 

Figure 5 Shows the mobility vs. pH curves for pyrochlore (basically 

low magnetic susceptibility), and black pyrochlore, using distilled water 

and HCI/KOH as pH modifiers. The PZC were 3.5 and 4.6 for pyrochlore and 

black pyrochlore respectively. This difference is significant and May be 

related with the higher Fe-content in the black pyrochlore. 

Figure 6 Shows the mobility vs. pH curves for pyrochlore and black 

pyroch1ore using potable water and HCl as pH modifier. The PZC were 2.7 and 

2.3 for pyrochlore and black pyrochlore respectively. In general the 

mobility of the black pyrochlore was higher than that of the pyrochlore. 

Figure 7. Shows the mobility vs. pH curves for pyrochlore and black 

pyrochlore using potable water and C2H204 as pH modifier. The PZC were 2.5 

and 2.2 for pyrochlore and black pyrochlore respectively. For values above 

pH 6.5, the mobility of pyrochlore is higher than for the black pyrochlore; 

for values of pH below 6.5, the opposite is true. 



Figure 8. Shows the mobility vs. pH curves for pyrochlore and black 

pyrochlore using potable water and H2SiF6 as pH modifler. The PZC were ~.4 

and 2.3 for pyrochlore and black pyrochlore respectlvely. As in Figure 7, 

for values of pH above 6.5, the mobility of pyrochlore is hlgher than for 

the black pyrochlore, and vice versa for pH ~ 6.5. 

Figures 9 and 10, present the confidence intervals of the 

electrophoretic mobility values on pyrochlore and black pyrochlore. Each 

point is the main value of 20 mobility measurements and the bars point out 

+/- l standard deviation of such mean value. 

Figures 11 and 12, present the confidence intervals of the 

electrophoretic mobility values on feldspars and biotite. 

Table 4 summarizes all the PZC values obtained during the 

electrokinetic study. In general, the gangue minerals have PZC values below 

pH 2 and the pyrochlore, above 2.3. 

2.6 Discu •• ion of re.ult •• 

a) Electrokinetic propertiel of the pyroclore. 
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As shawn in Figures 1 and 2, the electrokinetic properties of the 

pyrochlore change aceording with the type of water and modifier used. In 

general the PZC was found at a pH ranging from 2.4 - 2.7. Only one curve, 

using distilled water, gave a significantly different value, 3.5. This high 

value May possibly be related to metalic trace metals present in the 

distilled water used which usually tend to inerease the PZC. With the 

present information no satisfactory explanation can be offered ta justify 

such an increase. 

As mentioned for the other eurves, the differences in PZC are small, 

2.4 - 2.7. Differences may be related to the strength of the particular acid 

to leach out the metal impurities present in the crystal lattice of the 

pyrochlore, and the ionic species that are formed. However, such differences 

may not be real, sinee it is quite difficult to detect the real pH for the 

PZC especially at low values of pH. The limitation is that at low pH 

values it lS not possible to increase the strength of the applied field 

required to increase the mobility of the particles, without having a strong 

risk of polarization. This faet limits the exact determination of the PZC at 

low pH values. 

Curve 1 from Figure 1 (organic free water), shows a sudden increase 

to a peak in the mobility of the psrticles st pH values between 3 and 4. One 

possible explanation can be the leaching of some impurities present in the 

crystal lattice, without further readsorption on the particle surface. This 

curve will be repeated to determine if there is some water contamination or 

if the peak is real. 

-( 
\ 

Curve 3 from Figure 3, shows a significant decrease in the mobility 
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of the particles in the presence of potable water. This water contains 

considerable cationic and anionic contaminants which strongly affect 

particle mobility. To ascertain which ions are mainly affecting the mobility 

, a complete analysis of the water is required. At present only some of the 

contaminants are known, e.g. Ca: 23 ppm, Mg: about 1.3 ppm, and Pb: less 

than 1 ppm; the se cations are known to reduce the mobility of the negative 

part ic les. 

The values of PZC obtained in this study (2.4-2.7) agreed with 

previous results obtained at Ecole Polytechnique (2.6-2.8), although, it LS 

important to stress that the type of water used in both studies were 

difterent, potable at McGill and distilled at Ecole Polytechnique. 

b) Electrokinetic properties of pyrochlore, feldspars and biotite. 

Figures 3 and 4 present the mobility of the pyrochlore, feldspar and 

biotite particles. In general, both C2H204, and H2SiF6 have more effect on 

the mobility of the pyrochlore than either feldspar or biotite, but not to a 

significant extent. 

These results suggest that the flotation mechanisms which govern 

pyrochlore flotation at Niobec (using a cationic collector), are not purely 

~lectrostatic. Unless a silicate (feldspars and biotite) depressant is used 

which can reduce the mobility of the silicates. 

since the PZC of the silicates is in a11 the cases below 2.0 and for the 
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pyrochlore, above 2.3, there is on1y a narrow margin (2.0 - 2.2) in which 

cationic collectors can se1ectively separa te the silicates. Thus, it may be 

convenient to remove the silicates in two steps: a) direct pyrochlore 

flotat ion at pH of about 3.8 (as is present 1y done); and b) inverse 

flotation of pyrochlore at pH 2-2.2 using acetic acid as pH modifier, and a 

strong cationic collector to float off the silicates. Apparently, it should 

be possible. This requires further attention. 

c) Electrokinetic properties of pyrochlore and black pyrochlore. 

nie black pyrochlore is the fraction of the pyrochlore in the ore 

which has a relatively high magnetic susceptibility. It can be recovered on 

the Frantz at currents of 250 mA, and represent about 5% of the total mass 

of the pyrochlore sample studied. 

Figures 5-8 show the electrophoretic mobility of the pyroch!ore 

particles (i.e. basically low magnetic susceptibility particles), under 

different conditions. The curves in Figures 6-8 were obtained using potable 

water and 3 different pH modifiers, HCI, C2H204 and H2SiF6. In general, the 

black pyrochlore presented a higher mobility, with the exception of values 

of pH above 6.5 when using C2H204 and H2SiF'6. 

The PZC for black pyrochlore and pyrochlore were 2.7 vs. 2.3, 2.5 

vs. 2.2, and 2.4 vs. 2.3 for HCl, C211204 and H2SiF6, respectively. 

i -.\ 
From this discussion it lS noted that electrokinetic properties 

differ according to the pyrochlore composition. Since the pyrochlore from 



- Niobec is made up of several chemical compositions, as 9uggested in the 

microprobe study, it can be expected that each part lcular compos i t ion has 

its own electrophoretic mobility. This is pursued later. 

d) Confidence intervals of the electrophoretic mobility values. 

Figures 9 and 10 present the confidence intervals of the 

electrophoret ic mobi li ty values on pyrochlore and black pyrochlore. 

Obviously there is a wide spread in the mobility measurements. One 

contributing factor is the differences due to the different chemical 

composition of the pyrochlores. The variations in chemical composition ,,,ere 

c learly shown ln Tab les 2 and 3. 

This heterogeneity May play a significant role in the collection 

mechanisms. Heterogeneity in the pyrochlore May also contribute to 

pyrochlore flotation losses, especially when flotation is performed at low 

values of pH, about 3. At these pH values the mobi lit y of the particles L9 

very low and consequently also surface potential i9 less negative. This 

leads to a weaker interaction with cationic collector. One possible way to 

solve this problem, is the inverse flotation of pyrochlore at pH values of 

about 2.1, using a strong cationic collector. 

246 

Figures 11 and 12 present the confidence intervals of the electrophoretic 

mobility values for feldspars and biotite. As mentioned in section 2.1, the 

feldspars are Madt> up of microcline and quartz. This mixture of silicates 
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May be one reuon for the range in mob i lit y values. In the case of mica it 

is well known that the biotite has a hetereogeneous composition, which gives 

it different electrokinetic properties. 

3. DIRECT FLOTATION OF PYROCHLORE. 

This section explains a proceoure to look for selective reagents for 

pyrochlore flotation, in order ta attempt a direct pyrochlore notation. 

A microflotation ee11 speeially designed for fine particles, will be 

used. The particle SLze range to be tested is about -16 + 3 um, which is 

qui te close ta the size distribution of the Niobee s limes. In aIl the tes ts 

po t ab le wa ter from Niobec wi 11 be used. 

The bes t reagents se lected Ln this study wi 11 be tested by eolumn 

flotation on the slimes from Niobee. 

The direct flotation of pyrochlore has been attempted on Many 

occasions aU around the world, (1 )-(9). Onlyone research team has been 

successful in developing a procedure which gave very good results; this was 

on Niobec ore (6)-(S). However, the flowsheet of the proeess lS eomplex due 

to the nature of the ore • 

Tab le 5, presents the ore composition and sorne literature values of 

the point of zero charge (pze) of the minerals in Niobec ore. Notice that 

the pyrochlore represent9 only about 1% of the mass • The most abundant 

contaminants are carbonates (principally dolomite, and calcite), silicates 

and to a lesser extent apatite and silicates. Direct pyrochlore flotation 

has proved difficult due to the similar flotation eharacteristics of the 

pyroch1ore and the two main contaminants, carbonates and si lica tes. In 

particular the silicates present a serious problem due ta their sin1l1ar 
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electrokinetic properties in an aqueous media. Notice from Table 5 that the 

PZC of pyrochlore lS about 2.6, biotite about 1.5, chlorite about 4.5, and 

Na,K feldspars about 1.S. These values are quite close, limiting selective 

cationic flotationj it is difficult to achieve selective depression of the 

silicates. To effect a selective anionic flotation it 1oI0uld be necessary to 

avoid the activation of the silicates by Fe(+)) and Al(+)) cations. Direct 

pyrochlore flotat ion 1oI0uid require a very se lee t ive Nb flotat ion reagent. 

The search for selective reagents for pyrochlore has been already 

attempted without any great sucees (10)-(12). HOlolever, there are many other 

reagents that can be tes ted. 

3.1 Selective Nb Flotation Reagents 

In order to search for avai lable Nb organ ic flotat ion reagents a 

sys tematic procedure was follawed. A literature survey ln analytical 

chemistry of Nb was carried out ta look for the more selective reagents 

0)-(1]),(21). Also considered were flotation reagents already tested for 

Nb and Ta, (l)(4)(5)(S){lS), and flotation reagents suggested by sorne 

manufacturers, e.g. Hoechst Canada lne. and Allied Colloids. For each 

reagent, the optimum selectivity conditions were examined. During the search 

two basic groups of reagents were found, one sui ted to the flotat ion 0 f 

pyrochlore (flotation collector), the second suitable to the selective 

depression of pyrochlore (flotation depressant). Some ideas on the 

selection of flotation reagents have been given elsewhere, (19)(20). 

rab les 6 and 7, summarize the organic reagents found during the 

search. Table 6 shows the reagents suitable as collectors. Some interesting 

points are noted: 1) none of the reagents is totally selective for Nb; 2) 
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for MOSt of the reagents, Fe(+3) cations cause chemical interference; 3) 

some reagents have apparentIy good selectivity but only within a very narrow 

pH range, for example, the BPA can react selectiv ely with the pyrochlore 

but only st pH 3.5-3.6 and using tartarate and EDTA to mask Al, Ca, Mg and 

Fe( 111). Table 7 presents some "rganic depressants that apparently are 

selective for Nb, allowing a possible successful inverse pyrochlore 

flotation. Among them are: pyrocatechol violet, tannin (at pH about 4.5) and 

bromopyrogallo 1 red. Also shown is a reagent that can complex fe cations, 

citric acid. 

3.2 Selection of simple flowsheets for the direct flotation of pyrochlore 

at Niobec 

Most of the flotation reagents potentially suitable for the direct 

flotation of pyrochlore are summarized on Tables 6 and 7. However, they have 

to be tested under several conditions to look for optimum results. The 

approaches to be' used are the following: 

A) Direct flotation of pyrochlore (with prior carbonate and apatite 

flotat ion). 

B) Inverse flotation of pyrochlore (with prior carbonate and apatite 

flotation), Le. floating the silicates. 

C) Direct flotation of pyrochlore (without prior carbonate and 

apatite flotation). 

f 
A) Direct flotation of pyrochlore (with prior carbonate and apatite 

.. 
notation) 
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One of the most important points noted from Tab le 6 i.s the need to 

go to low pH to achieve any selectivity. About 70% of the Niobec ore (Table 

5) is carbonates and about 7% apatite, which are both soluble ln acid. Thus 

it May be advisable to float these mineraIs prior to lowering the pH. After 

the removal of as much of the carbonates and apatite as possible, the main 

problem would be the selectivity between pyrochlore and the silicates. This 

separat ion wi Il be at tempted using the following routes: 

1) pyrochlore flotat ion us ing ci tric ac id as silicate depressant, 

and also to mask Fe(+3), and Nb collectora at various pH and collector 

concentrations.The use of citric acid as an Fe complexing agent to produce a 

hydrophilic compound, is suggested on Table 7. In addition citric aCld acts 

as a depressant for quartz, mica, carbonates and iron oxides (22). lt La 

aiso necessary to test the effect of pH. For example, Table 6 suggests 

optimum pH conditions for alkyl hydroxamates, 

8-hydroxyquinoline, as 7,4.8 and 4.0 respectively. 

phenyl arsonic ac i.d and 

2) 

tetracetic 

Pyrochlore 

acid 

flotat ion 

( EOTA) 

with 

as 

tartarate 

si 1 icate 

N-benzoyl-N-phenyl-hydroxylamine (BPA) as Nb collector. 

and ethylenediamine 

depressant and 

3) Depression of silicates at high acid concentration (pH' 1.8), 

and further pyrochlore flotation at optimum pH of the Nb collectora. For 

example, pyrochlore flotation can be attempted at pH of about 3 using sod ium 

alkyl sulphate. Citrie acid may be required to help silicate depression. 

B) Inverse flotation of pyrochlore (with prior carbonate and apatite 
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flotat ion) • 

The inverse flotation of pyrochlore from silicates also looks attractive. At 

a 11 pH above 4.5 the silicates present in the ore bear a negat ive charge. 

They can then be floated us ing cat ionic co llec tors whi le depress ing the 

pyrochlore. This approach will be attempted using the following routes: 

1) depression of pyrochlore using the more select.ive Nb depressants, 

as lis ted in Table 3, such as tannin, pyrocatechol violet and 

bromopyrogallol red; followed by cationic flotation of llilicates. The pH of 

the tests has to be always above 4.5; 

2) depression of pyrochlore using leu se lective Nb depressants, 

such as tartaric acid, followed by cationic flotation of silicates at pH 

above 4.5. 

C) Di rec t flotat ion of pyroch lore (wi thout prior carbonate and apat i te 

flotat ion) • 

This approach will be attempted using two types of depressants; 

sod ium hexametaphosphate to depress carbonates and apatite, and ci tric ac id 

to depress silicates. Pyrochlore notation will be achieved by hydroxamic 

acid and suitable Nb collectors at pH ., 5. 

Several other possibilities May exist with other reagents and 

cond i t ions. They wi Il be explored as information becomes avai lable. 
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TABLE 1. SUMMARV OF THE MICROPROBE STUDV ON PVROCHLORE OF 
LOW AND HIGH MAGNETIC SUSCEPTIBILITV. 

CONCENTRAT 1 ON (", 
L 1 

COMPOUND (", LOW MAGNETIC HIGH MAGNETIC 

(C \ 
SUSCEPTIBILITV SUSCEPIBILI TV 

( "C +/- 1 G" , ( "C +/- 1 G ) 

FeO .04 +/- .04 .38 +/- .18 

Ti02 2.68 +/- • ~7 2.~8 +/- .49 

N.a20 8. 3~ +/- .47 8.31 +/- .16 

C.aQ 16.31 +/- • ~3 16.16 +/- .47 

Nb20~ 67.33 +/- 1.37 66.24 +/- 1. 19 

94.71 +/- 1.22 93.68 +/- 1.34 

1 A total of 34 grain. "' ......... y.d. 
2 A tot.l of 19 grain. "' ......... y.d. 
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t"~ ,.... 

! CONCENTRATION (~) 

, 
POINT NUMBER 

1 

COMPOUND 

1 ·2 3 4 5 6 7 8 

FeO .05 .33 .05 0 .24 0 0 .09 

Ti02 2.63 2.28 2.48 2.47 3.16 3.02 2.62 2.35 
1 

Na20 6.72 4.37 8.68 8.24 8.05 8.58 8.49 9.33 
1 

1 

CiaO 16.88 15.19 16.19 16.57 16.94 16.47 16.35 15.S6 

Nb205 68.65 64.11 67.83 68.11 65.7 67.67 67.46 68.13 

, 
94.93 86.28 95.22 95.4 94.1 95.74 94.92 95.46 

-- ---

• Most likely other pyrochlore subgroüp min.r~15. 

r;l 
(J\ 



\ \ 

COMPOUND 

FeO 

Ti02 

NA20 

CAO 

Nb20S 

TABLE 2. MICROPROBE STUDV OF THE LOW MAGNETIC 
6USCEPTIBILITY PYROCHLORE ( -2~e mA, FRANTZ ), 

CONTINUATION. 

CONCENTRATION (~) 

POINT NUMBER 

*9 10 11 12 ·13 14 
~ 

2.06 0 .19 .02 .45 .01 

3.49 1.53 2.52 1.92 .94 2.21 

4.21 8.98 8.37 8.61 3.95 8.41 

14.- 16.1 15.66 15.91 15.29 16.44 

r 1:.1.67 67.24 68.4 69.81 68.82 

1:.13.98 94.85 90.45 95.89 
- ---

.. 1 - - 1 Most 1kely other pyrochlore subgroup M1nera s. 

~ ~ 

15 16 

.05 0 

3.45 2. 19 

7.96 8.64 

17. 11 15.63 

67 67.16 

95.~8 93.52 

N 

~ 
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COMPOUND 

F.O 

Ti02 

Na20 

CaO 

Nb205 

TABLE 2. MICROPROBE STUDY OF THE LOW MAGNETIC 
SUSCEPTIBILITY PYROCHLORE ( -250 mA, FRANTZ ), 

CONTINUATION. 

CONCENTRATION (~) 

POINT NUMBER 

17 18 -19 20 21 "" 22 

0 .01 5.34 .03 .06 1.4 

2.82 1.73 2.56 2.28 3.36 4.72 

8.15 8.75 .15 8.77 7.86 4.31 

16.58 15.43 10.65 16.33 17.6 13.86 

68.2 63.57 73.97 69.86 66.84 57.03 

95.74 93.5 92.67 97.27 95.28 81.33 

• Most likely other pyrochlor. subgroup mineraIs. 

li' 

23 ·24 

0 .16 

2.63 3.61 

8.54 4.91 
1 

15.9 17.73 

68.28 67.51 

95.35 93.29 

N 

~ 



,,:- ,,{,. 

COMPOUND 

FeO 

Ti02 

N.20 

CAO 

Nb205 

• 

TABLE 2. MICROPROBE STUDY OF THE LOW MAGNETIC 
SUSCEPTIBILITV PVROCHLORE ( -250 mA, FRANTZ ), 

CONTINUATION. 

CONCENTRATION (~) 

POINT NUMBER 

"" 27 
.. 

2S 26 28 29 30 

0 .05 .38 .4 0 .05 

3.29 2.58 1.75 1.65 2.49 4.21 

8.05 8.21 5.01 4.93 8.53 8 

17.05 16.47 10.21 10.05 16.33 16.34 

&6.65 67.8 48.51 49.44 66.89 64.58 

95.04 95.11 65.85 66.46 94.24 93.18 

Most likely other pyrochlore subgroup mineraIs. 

f 

31 32 

0 
•
03

1 

2.96 3. 17 1 

1 

8.2 8.28 

16.42 16.63 

66.23 66.29 

93.81 94.41 

~ 



TABLE 2. MICROPROBE STUDV OF THE LOW MAGNETIC 
SUSCEPTIBILITV PVROCHLORE ( -251 MA, FRANTZ ), 

CONTINUATION. 

CONCENTRATION (~) 

POINT NUMBER 
COMPOUND 

~33 34 ilverilge 

FeO 13.23 .09 .04 

Ti02 2.77 2.96 2.68 

Na20 .76 8.35 8.35 

CaO 2.52 15.31 16.31 

Nb205 71.61 64.24 67.33 

90.9 90.94 94.71 

·Most likely other pyrochlore subgroup miner.ls. 

r----_ .. _·' ..... -~;-~"'..,.""".'"i:; __ _ 

t '1 

N 
U1 
CD 
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COMPOUND 

F.O 

Ti02 

N.a20 

CAO 

Nb20:5 

1 

.5 

2.4 

8.~ 

16.2 

66.2 

93.8 

TABLE 3. MICROPROBE STUDV OF THE HIGH MAGNETIC 
SUSCEPTIBILITY PYROCHLORE (+250 MA, FRANTZ) 

CONCENTRATION (X) 

POINT NUMBER 

2 3 4 5 6 

.2 .2 .4 .2 .6 

3.5 2.8 2.8 2.3 3.7 

8.1 8.3 S.l 8.4 8. 1 

16.8 16. 1 14.7 16.1 16.8 

66.3 67.6 62.9 66.6 63.8 

94.9 95 89 93.6 93 

* Possibly, hematlte grains. 

7 

.6 

2.8 

8.1 

16.5 

66.1 

94 

IfS 

87.4 

..... . ":' 
• 1 

• 1 

• 1 

88 

fil" 

I\J m o 
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COMPOUND 

FeO 

Ti02 

N .. 20 

CAO 

Nb2D:5 

TABLE 3. MICROPROBE STUDV OF THE HIGH MAGNETIC 
SUSCEPTIBILITY PYROCHLORE (+250 mA, FRANTZ) ,CONTINUATION. 

CONCENTRATION (~) 

POINT NUMBER 

9 10 11 12 13 -14 15 

• 1 .6 0 .4 .6 83.3 .5 

2.9 1.8 2.6 2.3 2.1 3.6 1.9 

8.4 8.:5 8.4 8.3 8.4 • 1 8.6 

16.1 15.8 16.6 16.2 15.9 • 1 15.9 

67.1 66.4 68 66.8 66.7 .6 66.7 

94.5 93.1 95.6 94 93.8 87.8 93.6 

* Possibly, hematite grains. 

, '1 

16 

.3 

2.4 

8.e 

16.5 

66.5 

94 

~ .-
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TABLE 3. MICROPROBE STUDV OF THE HIGH MAGNETIC 
SUSCEPTI9ILITY PYROCHLORE (+250 mA. FRANTZ) ,CONTINUATION. 

CONCENTRATION (~) 

POINT NUMBER 
COl'!POUND 17 18 19 AVERAGE 

FeO .4 .5 .4 .39 

Ti02 2.8 2.7 2.1 2.58 

Na20 8.1 8.5 8.3 8.31 

CilO 16. 1 16.3 16.1 16. 16 

Nb205 66 65.7 66.6 66.24 

93.5 93.6 93.6 93.68 

l' 

~ 
1\) 
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T~BLE 4. SUMMARV OF THE POINT OF ZERO CH~RGES OBTAINED ON 

THE ELECTROKINETIC STUDV. 

*PZC 

MINERAL pH TYPE OF WATER 

MODIFIER ORGANIC DI9TILLED POTABLE 

FRE~ 

PYROCt-tLORE HCl 2.~ 3.~ 2.7 

PYROCHLORE C2H204 2.S 

PYROCHLORE H2SiF6 2.4 

FELDSPARS C2H201t 2.0 

FELDSPARS H2Si06 2.0 

BIOTITE C2H204 1. S 

BIOTITE H2Si06 1.9 

PYROCHLORE 
(BLACK) HCl 4.6 2.3 

PYROCHLORE 
(BLACK) C2H204 2.2 

PYROCHLORE 
(BLACK) H2Si06 2.3 

*PZC, point o~ zero charg., or rather, PZM, point of zero 
mobil ity. 
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TABLE 5. MINERALOGICAL COMPOSITION OF THE NIOBEC ORE. 

MINERAL Wt. PZC 
(,,) 

CARBONATES 63 

DOLOMITE 7 

CALCITE 8.2 

ANKERITE 

SULPHIDES 1 

PYRITE 1.5 

PYRRHOTITE 

OXIDES 

PYROCHLORE (10:1) 1 2.6 

COLUMBITE 

MAGNETITE, HEMATITE 
AND ILMENITE. 2 6 

APATITE 7 S 

ZIRCON .2 S.8 

SILICATES 

BIOTITE 1.5 

CHLORITE 4.5 

N., K, FElDSPARS 1.8 

( 
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TABLE 6. ORGANIC REAGENTS MORE SELECTIVE AS Nb FLOTATION 
COLLECTORS. 

. 
ORGANIC REAGENT9 "ORE SELECTIVE AS Nb FLOTATION COLLECTORS 

NA"'~ STRUCTURE ~EI"ECTIVITY REMARKS 

B-HVd~oMvqu'nol'n •• 

1 

~ ln AC.tAt. solutions Poor 
r.act Idth 
Al.F •• Nb.Ta.Th.U.V,Cu,AQ • 

..& 
R.f. U:5), (4), u:~n. (21). N 

OH 
Benz.n.arsanic Acid As03 H2 (pn.nylarsonic Acid). ln acid •• diu., Nb ions 

~ Gaod Are precipitated abo~e 
pH,4.B Fe ls also 
prec1pitated. Very stabl. 

R.f. CI3). (14), (1~). (21). - f-H Nb co.pounds. 

# 

TriAlkyl phosphAte CTBP) • 
1 RO F. And Nb Are eMtrAct.d. 

RO"P=O Poor It is canvenient to wark 

RO/ 
at very 10"'1 pH. 

R.f. (21) • 

RO 
Dlallo.v 1 phosphAte (HDEHP) • R~P=O F. and Nb are .xtrAct.d. 

Poar It '5 canv.n •• nt ta Mark 
HO at very 10l1li pH. 

Ref. (21). 

---- - ----

1 

i 

~ 
0'1 
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TABLE 6. ORGANIC REAGENTS MORE SELECTIVE AS Nb FLOTATION 
COLLECTORS. (CONTINUATION). 

ORGANIC REAGENTS MORE SELECTIVE AS Nb FLOTATION COLLECTORS 

NAI1E STRUCTURE SELECTIVITY REI1ARK9 
Cupfe,.,.on CN-Nit,.oaophenyl 

Paer Under .tronQ .cid hydrolCyla.lne, awaanlu •• al~) 

Q-N-ONH1 
conditions 
FeClll).Nb,Sn.Ta,Tl.Vand 
Zr pr.clplhh. 1 

Ref. Cl3), Cl4), Cl:5), (21). '-.......N=O 
N-Senzoyl-N-phenyl- O~C _N ....... OH 

1 hvdrol<yla.lne 
Nb (V) can be selec~lvaly 1 (N-phenylbenzohydrolCa.ic acid, R- -"'R Gaod,!n a ve,.y .eparated fraI!! BPA, NBPHA, BPHA) • n.,.,.o... pH 
Al,C.,F.Clll)."g,Ta,Th.and rang •• 
UCVU 

0- a~ pH 3.:5 - 3.6, .... th 
tartarate, EDTA. 

Ref. (13), (14), Cl:5I, ,21). 

1 R 
(py,.ocatechol 1 Cat.chol 

-?" OH 1.2-dihydrolCybenz.ne). 

1 
Poor 

Il for.s colo,..d chelate. 
... th Fe ( 1 ri) , "oCVI) , 
Ti,V,Nb and Ta,but .ost 

"- of the ,.eactlons .,.. of 
OH li Hie pr.chcal Ref. (3). (14). <lS). (21). 

• ",portance. 
--Any! nydrulCa",at ••• 

R-C=N-O- N~ Poo,. Dpti/llum flotation 

1 
condition. at pH-7. 

Ref. C:5).(101. OH 

~ 
a> 
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TABLE 6. ORGANIC REAGENTS MORE SELECTIVE AS Nb FLOTATION 
COLLECTORS. (CONTINUATION). 

ORGANIC REA GENTS MORE SELECTIVE AS Nb FLOTAT'"" COLLECTORS 

NA/'1E STRUCTURE SELECTIVITY - REMARKS 

Sadiu. alkyl .ulph.t •• 0 
Il _ + Gaod Good •• l.ctlvlty ln th. 

R-O-S-O ....... Na pH ranoe af 2.~-3.~. 

Ref. (4).(7). 8 -
Alkyl pho5phonlc .Cld •• e.Q. 

)2H5 OH 
StronQly depre •• by 2-ethylheNyl pha.phonic .cid. 
FeIlIl). Paor 

Ref. (lB> • 

~(CHhCHC H2-ofcr~ 
1 

Alkvl '.rvl> .rsonic (or Pr.eipitate very easv 
1 anttmonte> aClds. RA.04H2 Good with Fe(III'.NbCV> and 
1 (RSb04H2'.suCh as 

CH{~At'° 
ta(1) • 

p-tolylarsonic acid. 

OH 'oH 
Ref. (18) • . 

Sulfosuccln ••• t •• 
CH~ONH-<faH37 

OptllMJ. pH for Ta 6t 2.4'1 
N-octadecyl .ulfosuccina.ate Good if tron Fe(lfl' can be ca.ple" 1 

(Aerosol lB> • can be cD.-pleN. "lth cltrlC .cid. 1 

1 1 

1 N~03-CH-COONa Ref. (18) • 

-- ----

~ 
~ 
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TABLE 7. ORGANIC REAGENTS MORE SELECTIVE AS Nb 
DEPRESSANTS IN THE INVERSE FLOTATION OF PYROCHLORE. 

ORGANIC REAGENTS "ORE SELECTIVE AS Nb DEPRESSANTS IN THE 
INVERSE FLOTATION OF PYROCHLORE 

NAM':" 

Phenylfluorane 
l2.3.7-TrihydraMy-9 
-phenyl-fluarane.2.b.7 
-thrlhydroKy-9-
phenyli.OMAnthene-l-one. 

Ref. (13 •• (14 •• (1 S'. (2 U . 

PyracAtechol V1D~et 
(3.3·.4-TrihvJraM~fuch.one 
-2"-sulfonic Acid). 

Ref. (13). (4), US" (21). 

~TRIJCTIJ~F. SELECTIVITY 

Poor 

o 

H 
Gaod 

REMARI<S 

Selective for NblV) And 
Fe'!!!). Work. better 
Id th o. ex HlP04. 

Selective for Nb'!IJ. at 
pH 4-~ 
Selective for AIlIII. at 
pH -b 
Selective far Fe(III) al 
pH ~.7-b_4. 

,.~ 

~ 
(X) 
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TABLE 7. ORGANIC REAGENTS MORE SELECTIVE AS Nb 
DE PRESSANTS IN THE INVERSE FLOTATION OF 

PYROCHLORE. (CONTINUATION). 

ORGANIC REAGENTS "ORE SELECTIVE AS Nb DEPRESSANTS IN TH~ 
~VERSE-FLQTAT.O~ QF ~YROCH~ORE. 

NAME 

o-DihydrOMy ~hro.enol. 
(7.B-dihydroKy-2.4 
-dl~.thyb.nzopyry11u~ 

chlorid.). 

Ref. ( 13) • (14) • (15) • (21) • 

Xyl.nol Or.anoe 

R.f. (21' 

STRUCTURE SELECTIVITY 

c 
~ 

3 
~ 

CI-

OH~ - CH
3 OH 

+~ 

HO~ ~O 
x~Mx 

H C H 

x= 
6 S03H 

FH2 COOH 
CH N\ 

2 CHFOOH 

Good 

Poor 

~ 

REI1ARKS 

Selective d.pr •••• nt for 
G.,Zr,Tl,Th,MD,W,V,T.,Nb,5 
n. 

R • .a~t. w1th Kyl.nol 
or.anQ_ .t pH 2-3. 

" 

f'.) 
m 
CD 
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TABLE 7 • ORGANIC REAGENTS MORE SELECTIVE AS Nb 
DEPRESSANT6 IN THE INVERSE FLOTATION OF 

PYROCHLORE. (CONTINUATION). 

O~GANIC ~EAGENTS ~ORE SELECTIVE AS Nb DEPRESSANTB IN THE 
JNVERSE FLOTATJON OF PVROCHLORE 

NAHE 

Catrlc .. cid 
(2-hy~roMyprop.ne-I,2,l 

-tric.rboMylic .cid'. 

R.f. UB" (22' • 

BroMopyrog .. llol R.d 
(~,~·-Dibra.opyroQ.llol 
.ulfonepth.lein.8PR'. 

Ref. CIl', (14'. (1~'. (21). 

T .,.t.ric .cid 
Cl,2-DlhydroMy.th .. n.-l.2 
-dic .. rboMyliC .cid). 

Ref. (13). (14), (1:5). (21). 

STRUCTURE 

i H-C OOH 
HO ~C OOH 

Hf"C OOH 

OH 
HQ~ 

8r' 

OH 
O'"~O 

~B 
~SO-3 r 

'"'" ~ 
OH-C H-COOH 

OH-C H-C OOH 

SELECTI V ITY-

600d 

.electivity 
Idth lron 10n •• 

Good 

Poer 

REMARKS 

C1tr1c .. c1d c ... ., cotnpl.M 
F.eJJ) and F.eJII) 
cations. It 1. u.ed ••• 
d.pr •••• nt, for qu .. rtz, 
Mic .. , c .. ,-bon.t .... nd iron 
oMid •• 

Thi. r."Q.nt in 
combin.tian ~lth 
Di-n-octyl •• thyl ... in. c .. n 
co~l.M Nb .. t pH :5. 

Tart .. r1c aC1d. for~. th. 
.ost .t .. ble compl.x Mlth 
Nb. 

jIIIiA.. 

1\) 
....... 
o 

.1 
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TRBLE 7 • ORBANIC RERBENTS MORE SELECTIVE RS Nb 
DEPRESSRNTS IN THE INVERSE FLOTRTION OF 

PYROCHLORE. (CONTI~UQTION). 

OR&ANIC REA6ENTS MORE SELECTIVE AS Nb-D~~nESSANT8 tN THt 
INVERSE FLOTATION OF PYROCHLORE 

STRUCTU"E S~LECTl V 1 TV 
1 

REI'IARKS 

TAnnin CRa •• TAnnin). 

R.of. (13). (14) , (1:5) , (21) • 

Arcoo-crH~ 
H -C-üOCAr 

1 

ArCOO -cr-H à 
H -9-oOCAr! 
H -c-_.J 

1 
C I-LOO CAr 

~ 

Ar, lnaic~te. th. r •• idu. 
cf th. metadl;.ll~c .cid, 
Nhich h~. th. fcllaNl~g 
for.ulAI 

co-o OH 

OH~ ~ < }OH 
HO OH COOH 

Saod 

T~,Ti(IV) and Nb ar. 
quanti taU vel y 
preclpitated by t~nnln 
from weAkly Acid OXAlate 
solutions at pH 4.~. Al 
and Fe .r. nat 
pr.clpltated. SepAratIon 
1. Rven bette,. ln 
pre •• nce of campl.Kone 
III 

~ 

f\) 
...... .... 

--
./ 
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-Bot I?f-- Sample : Pyroehlore -
~ Modifier. : HCI/KOH 0 
2 Confidence Interval : ±lU 
u -.. 0 • ~ 
0 

Boot !~f 
WATER PZC ~ 

Q 
0 1 Organle 'ree water -2.5 ~ - 2 Dlstllled water -3.5 u • Potable water -2.7 w 3 

16.0 
1 •• 

2 4 6 8 10 12 14 
pH 

FIgure 1. Electrophoretic mobility vs pH curves for pvrochlore 
in the presence of three types of water ~ 
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MODIFIER PZC 

o CzHzO. 

a Hel 

A HzSi F. 

-2.5 

"'2.7 
-2.4 

1 

~.r~: 
A~· 

Sample : Pyrochlore 
Water : Potable water 

---- ~--------------

1 

'1 
1/ 

" " /f!J / 
I!J 

3 4 5 
pH 

6 7 8 

FIgure:. Electrophoretlc mobll1ty VS pH curves for pvrochlore 
wlth potable water and three pH modlflers 
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SAMPLE PZC 

<:> Pyrochlore - 2.5 • 
.. Feldspars - 2.0 • 

~ =~ 8 Biotite -. 1.5 ID 

I!I 
ID 

/1 1 - Water : Potable water //1 'f Modifier: C.H.O. 

--er/ ... ~L ------------
/ / C!) 

1 

./ / 1 
,,/ 1 

2 

1 
1 

3 4 5 6 7 8 

pH 

Figure 3. Electrophoretic mobllity vs pH curves for pyrochlore 
feldspars and biotite using potable water and ox~lic 
acid 
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iii Biotite 

2 3 

PZC 

- 2.4 

- 2.0 
- 1.9 

4 5 

pH 

.. 

Water : Potable water 

Modifier: HiSI F. 

6 7 8 

Figure 4. Electrophoretlc mobl11ty vs pH curves for pyrochlore 
feldspars and bIotIte uSlng pot~ble water ~nd fluOSI-
11C1C aCld 
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/ SAMPLE PZC 

E -24.0 
u -... -20.0 . 
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-16.0 
)C 

m7. B Pyrochlore -4.6 
<:> Black pyrochlor. -3.5 

8 

>- -12.0 ---.Q 
-8.0 0 

~ 
u -4.0 -Q) 

0 ... 
0 
.c 
Q. 4.0 
0 ... -u 8.0 • -w 12.0 

16.0 

---;-8----------Sampi. : Pyrochlor. 

Modifier. : HCf/KOH J Wal.r : DI.lmad walar 

~ 
pH 

Figure 5. Electrophoretlc mobllity vs pH curves for two types 
of pyrochlore, using dlstilled water and two pH modl
fiers 
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Sample : Pyrochlore 

Water : Potable water 

Modifier: Hel 

-------~----PZC 

o Black pyrochlore -2.3 

a Pyrochlore -2.7 

1 1 1 1 
3 4 5 6 7 8 

pH 

FIgure 6. Electrophoretlc moblllty vs pH curves for two types 
of pvrochlore uSlng potable water and Hel 
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PROGRESS REPORT-PYROCHLORE PROJECT 

REPORT If 4 

R. ESPINOSA GOMEZ 

The present report summarizes the work done at McGill University on 

the pyrochlore project, for the period of August to December 1984. This 

rep,nt deals wi th two main points: 

1) Electrokinetic study on pyroclilore, feldspars and biotite in the 

presence of fluosilicic acid 

Niobec. 

H2SiF6 ) using recycling plant water from 

2) Flotation results using some selective reagents. 

1) ELECTROKINETIC STUDY 

1.1 Results 

Samples of pyrochlore, feldspars and biotite were carefully prepared 

to measure their electrophoretic mobility; details on the preparation were 

g iven in Report # 3. Recyc le water from Niobec was used during these tests 

to compare with the results using potable water ( report" 3 ). The recycle 
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water simulates more closely the conditions at Niobec (1). The recycle 

water has the following cations in solution: Ca 174 ppm (vs. 23ppm for the 

potable water), 110 ppm Mg (vs. 1.3 ppm for the potable water) and Fe ' 0.5 

ppm (same value for potable water). The concentrat Lon of other cat ions and 

anions has not been determined yet. The pH modifier used during these tests 

was H2SiF6. 

Figures 1 ta 4 summarize the results of the electrokinetic study. 

Figure 1 shows a eomparison of eleetrophoretic mobility values of pyroehlore 

in the presence of recyc le water and potable water ( For more detai 15 on 

eleetrophoretic mobility values using potable water, see Report # 3). 

Several observations are made from this figure: a) the abso lute 

elecrophoretic mobility values for potable water are in general higher than 

using recycle water, b) recycle water reverses the zeta potential from 

negative to positive between pH 4.2 to 3.2. Below pH 3.2 the zeta potential 

remains negat ive unt il a pH of about 1. 9, c) reeye le water produced 

precipitates at pH values greater than 8.6 and in the pH range 3 to 6.5. 

Note that the lowering in electrophoretic mobility and sign reversaI 

corresponds ta the pH range in which precipitates are formed. 

Figures 2 and 3 show the mobility values for microcline (feldspar) 

and biotite respectively. In general, the recycle water caused similar 

effects for these mineraIs as for pyrochlore. The zeta potential for 

feldspar iB reversed to positive from 4.1 to 3.2, and finally below pH 1.8 

the zeta potential again returns to positive. For biotite the zeta potentia1 

ia reversed to positive from 4.2 to 2.9 and finally below pH 2.0 the zeta 

potential again returns to positive. 
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Figure 4 summarizes the mobility values for pyrochlore, feldspar and 

biotite using recycle water. 'The following observations are made: a) for 

the three minerals the reversa1 in zeta potential occurs in the pH range 3 

co 4.2, b) using recycle water the three minerats become 

electrokinetically similar, and, c) the lowering and reversal in the zeta 

potential is close1y related to the formation of precipitates • 

1.2 Discussion 

The higher concentration of cations in the recyc 1ing water , Ca 174 

ppm vs. 23 ppm for potable water and Mg: 110 ppm vs. 1.3 ppm for potable 

water, probably plays a major ro1e in tlte lowering of the electromobility of 

the part icles. The reversa1 in the zeta potential is probably also re1ated 

to the high concentration of these cations. However more details concerning 

the contribution of each cation is required; a more complete analysis of the 

water composition is being performed. 

The fact that recyc le water causes the three minerals to become 

e lectrokinetically simi 1ar is de trimental to se lective flotat ion. rf the 

three mineraIs bear the same charge and about the same zeta potential a 

cationic collector has equal chance of being adsorbed on any of the three 

surfaces. However, this effect may be reduced using selective depressallts 

for the silicates, or using very selective pyroch1ore collectors, which 

exploit chemical rather than electrostatic-type interactions. 
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The reversaI in the zeta potential trom negative to positive, could 

be a source of pyroehlore losses at Niobee, if th\~ collec t ion mechanisms are 

purely electrostatic. Even if these are not the only one to produce 

flotation, a reduction of their contribution to flotation could a190 cause 

a decrease in recovery. 

The presence of precipitates is another factor which directIy 

affects the zeta potential. These pree ipitates may adsorb on the mineraI 

surface converting the zeta potential to that of the prec ipitate substance. 

More studies on the origin and type of precipitates will be performed. 

In general it may be said that the better the qua li ty of the 

flotation water, the more readily can selective separation be achieved. 

used, 

2) FLOTATION RE~ULTS AND DISCUSSION 

A microflotation cell specially designed for fine partic1es was 

(Figure 5). The design is as the one originally proposed ehewhere 

(2) but with some modificlltions, espec ially in the location of the fe~d • 

Pure mineraIs samples were used during the tests e.g., pyrochlore (from 

Niobee), biotite, ehlodte and microcline (the most abundant si ticate 

mineral at Niobec). The particle size range of the minerais used tn 

flotation is about -14 + 1 utu j which is quite close to the size range to be 

used in the flotat ion of the slimes from Niobec. It is conven ient to work 

with the real particle size distribution because in this way it i8 possible 

to ascertain the order of collector concentration required and also to 
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become avare of the relative flotation rates of the particles. Before using 

the cell vith the selected flotation reagents (for more information about 

the reagents selected, see Report # 3) the best cell operating conditions 

were determined, e.g., the optimum sample size (1 g), air flow rate ( 74 

C.C./'l!ln.) and froth level 4 cm). In most of the tests, potable water from 

Niobec was used. Recycle plant water wu also used in sorne tests. Test 

conditions were as follow: Preparation of the pulp ( 1 g of mineral and 40 

ml of water), and pH adjustment vith Hel. Addition of the reagent ( to the 

same pH of flotation test) and pH adjustment again. Conditioning time 15 

minutes, 5 minutes of dispersion in an ultrasound bath and then the pulp was 

transferred to the microflotation cell vith the air flow already on. Level 

was adjusted with the test water (potable or recycle water) containing some 

frother. During the flotation (flotation time: 8 minutes) the froth level 

was continuously adjusted. Normally 5 concentrates were collected in each 

tes t, st 1, 2, 4 and 8 minutes of flotat ion j and non floats were also 

recovered. The results are reported as mus retained in the cell (%) vs. 

volume of liquid recovered to floats, instead of flotation time, as better 

correlation was observed on a vlliume basis than on a time basis. 

At present 3 of the potential collector (Nb-reagents) have been 

testedj a) phenylarson'c acid, b) 8- hydroxyquinoline (oxine) and c) 

N-benzoyl- N phenyl - hydroxylamine (BPA). (See structures in Figure 6). 

a) Phenylarsonic acid. 

This reagent was tested under the suggested literature conditions 

(3) at several concentrations. TIte flotation response was poor. This 

behavior may be related to the hydrogen radical in the benzene ring. It may 
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have been hydrolyzed at the pH teated, causing the complex to be 

hyd rophi lie. 

b) 8- Hydroxyquinoline (oxine) 

Since oxine is not soluble in water, it was dissolved with acetlc 

acid and its pH was further adjusted with ammonium acetate. Figure 7 to 10 

summarize the Elotation results using oxine. 

Figure 7 shows that recovery improves as the pH ia increased from 4 

to 6.5. 

Figure 8, shows the per formance of oxine at di fferent 

concentrations, and using 0.1 % oil (volume basis on the pulp) to help fines 

flotation. These flotation tests were carried out at pH 6. Notice that at 0 

collector addition there is already 23 % of Hotation. This tS due to 

physical entrainment in the microflotation celle This entrainment lS 

expected to be eliminated when using the flotation column. Figure 8, shows 

that using 20 ml of a solution 1 * 10(E-3) of oxine the pyrochlore 

recovery is over 90 %. Maximum recovery is limi ted to about 92 % because 0 f 

material being retained in the cell due to its design. 

Figure 9 shows the effeet of oil addition on the flotation recovery. 

Oil wu found to increase the recovery and to decrease the co llector 

consumption. The oi 1 ia added as an emulsion and the minute droplets readi ly 

adsorb on the hydrophobie surfaces of the minerals. The oil-coated particles 

agglomerate increasing the flotation rate due to a part ic le size effect. 

Optimum oil addition wu found to be 0.1 %. 
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Figure 10 shows the selectivity of pyrochlore relative to the 

silicates (biotite, chlodte and microcline) using potable water, pH 6.0, 

0.1 % oil add i t ion and 5 ml of 1 * 10(E-3) M solut ion of oxine. Wi th 5 ml 

of this solut ion only about 60 % recovery i9 obtained. However this low 

collector addition was used as recovery is then sensitive to any disturbance 

in the system. Notice from Figure 10 that : a) pyrochlore is more selective 

to this reagent than the silicates; b) the flotation efficiency follows the 

order: pyrochlore " microcline - chlorite " biotite. 

Figure 11 shows the selectivity of pyrochlore relative to the 

silicates using recycle water (instead of potable water). The rest of the 

flotation conditions are exactly the same as those used in the tests using 

potable water. Note that recycle water produces a lower selectivity than 

potable water. Microcline is now floated as weIl as the pyrochlore. However, 

both chlorite and biotite are not floated. 

Oxine precipitates Nb and Al at pH 6, (4). Consequently it is 

possible that oxine induces flot~~ion of the pyrochlore and microcline due 

to chemisorption at their Nb and Al sites respectively. Ca and Mg the main 

cations of the recyc le water, (Mg is also present in chlorite and biotite) 

do not precipitate with oxine to any extent below pH 9 (4). Thus, in some 

way recycle water is promoting futher oxine-AI interactions. At present no 

clear explanation can be given. However it i9 possible that the reduction of 

negative zeta potential (reduction in the electrophoretic mobility) of the 

microcline caused by the recycle water promotes adsorption of the anionic 

oxine. 

To increase pyrochlore selectivity it is necessary to add silicate 
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depressants, especially when working with recycle water. So far depressants 

have not been atudied but it ia planned to test several, among others 

citric acid, ethylenediaminetetraacetic acid (EDTA) and sodium silicate. 

Another way to increase selectivity is working with a better quality of 

water (e.g. potable water). That may be another solution to be considered. 

c) N-Benzoyl- N- Phenyl - Hydroxylamine ( BPA). 

Since SPA is not soluble in water it was dissolved ln ethyl alcohol 

and further diluted with water. 

Figures 12 to 16 summarize the results obtained with the BPA (so 

far only potable water has been used). Figure 12 shows the flotation 

response of pyrochlore at a pH of 3.55 and the effect of ail addition on the 

flotation recovery. The following points are noted: a) it is possible to 

float pyrochlore using BPA; b) recoveries as high as 90 % were obtained 

using 10 ml of a 1 * 10(E-2) M BPA solution, and, c) a 0.1 % oil addition 

caused a significant increase in pyrochlore recovery; consequently the SPA 

consumption can be reduced considerably. 

of a 

Figure 13 

1* 10(E-2) 

shows the effect of pH on pyrochlore recovery using 5 ml 

M solution of BPA, 0.1 % oil and 150 ppm of depressant 

(EDTA). Notice that from pH 3 to 6.5 the same recoveries are attained. This 

behavior agrees with the precipitation range in which SPA precipitates Nb 

ions (5). Thus a chemisorption mechanism must be responsible for the 

pyrochlore flotation. 

Figure 14 shows the effects of EDTA depressant concentration,(150 

and 730 ppm) , on pyrochlore and microcline flotation with SPA. Notice that, 

a) 150 ppm does not materially affect pyrochlore flotation; b) pyrochlore 
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flotation ceases at depressant additions of 730 ppm, and, c) microcline 

flotation is equally suppressed at 150 ppm and 730 ppm. 

EDTA was used because it is a very effective Al complexing agent, 

and therefore a potential microcline depressant (6); this appears to be 

veri fied. However if added in excess it can al50 complex the Nb ions, 

causing pyrochlore depression. 

Figure 15 shows the selectivity of BPA against biotite, chlorite and 

microcline, at pH 3 and using 150 ppm of EDTA. Notice that: a) selectivity 

of pyrochlore i9 good compared with biotite and microcline, and b) there is 

no selectivity between chlorite and pyrochlore. Figure 16 shows the same 

tests as Figure 15, for a pH of 4.55. In general the same behavior is 

observed at bath pH values. The only difference is that biotite and 

microcline are slightly more depressed at a pH of 4.55. However, the use of 

a selective depressant is still required to help selectivity. 

More reagents and depressants will be used in the following tests. A 

special emphasis will be given to the selection of good silicate 

depressants, and the testing of commercially available pyrochlore notation 

reagents, e.g. sulfosuccinates (PROCOL CA 540), and, phosphonic acids 

(FLOTINOR P-195, FLOTINOR P-184). The best conditions will be tested by 

column flotation. 
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Figure 11 Flotation selectivity of 8-Hydroxyquinoline, using recycle water. 
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The present report summarizes the work done at McGill University on 

the pyrochlore project, for the period January to March, 1985. The report 

is divided in two parts: 

A) Microflotation results using two types of collectors: a) phenyl 

ethylene phosphonic acid (P-184,PEP) and b) an imidazoline co11ector 

(F-2642). Severa1 de pressants were tested with each collector. 

B) Application of a fundamental model of particle capture process 

as a guide in fine particles flotation. 

A. MICROFLOTATION 

l'wo flotation reagents, pheny1 ethylene phosphonic acid (PEP) and an 

imidazoline collector (F-2642), both produced by Hoechst Canada Inc., were 

tested with pyrochlore and the silicate contaminants (microcline, r.hlorite 
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and biotite). The microflotation procedure described in Report * 4 was used 

in these tests. 

1. RESULTS 

1.1 Phenyl Ethylene Phosphonic Acid (P-184, PEP) 

Two phosphonic acids (phenyl ethylene phosphonic acid (PEP) and 

aliphat ic phosphonic ac id (APA» were provided by Hoechst Canada Inc. On ly 

one of them, PEP, has been tested. This was dissolved in distilled water to 

a concentration of 0.05 %. In all the tests 0.1 % oil (volume basis on the 

pulp), HCI and potable water from Niobec were used. 

Figures 1 and 2 show the range of optimum pH (4-5) and collector 

addition (above 4 kg/ton) respectively. Figure 1 also shows that st pH 

values above 6 even using a large collector addition (10 kg/ton) the 

pyrochlore flotation is very limited. 

In the subsequent tests a pH value of 4.5 and a collector addition 

of 1 kgf ton were used. The purpose of the low PEP dosage was to have a 

system more sensitive to any effect of depressants. Table 1 shows the 

selectivity of pyroch lore vs the silicates wi th and wi thout various 

depressants. Values less th an 1 indicate selectivity is being achieved; 

however, the Table shows satisfactory selectivity was not attained with any 

depressant. 

1.2 Imidazo li ne eo llec tor (F-2642) 

Special attention was given to this col1ector because this is the 

one current ly used at Niobee. The pH mod i fier used in the se tes ts was 

C2H204. Comparing Figures 3 and 4 shows the advantage of us ing C2H204 j the 
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H2Si06 tends to depress pyrochlore flotation more than the silicates. Figure 

5 shows that H2Si06 alone does not cause the depression, (see curve 1). 

Figure 6 shows the flotat ion wi th F-2642 in the pH range 1 to 7. 

pyrochlore flotation starts to decrease only below pH 2. However, even at pH 

l, good recovery is still obtained. 

The first depressant used was a polyacrylamide copolymer (OK-8l3) 

which is currently in use at Niobec; it induces agglomeration in the system. 

The co llector and depressant addition~ were l kg/ton and 5 kg/ton 

respectively. (No oil was used in the 'Cest of the tests with F-2642). Figure 

7 shows the recovery by entrainment in the microflotation cell, using no 

depressant, OK-813 ,and tannic acid. The magnitud of entrainment is in the 

arder DK-813 "'none"'tannic acid. In aIl cases, however, entrainment can be 

considered negligible. 

Four types of water were used in the OK-B13 depressant tests: a) 

potable water; b) recycle water; c) recycle water treated at pH 3.6, and d) 

recyc le water treated at pH 1.9. The recyc le water treatment ..,as simply to 

adjust to pH 3.6 or pH 1.9 and remove the precipitates produced. Figure 8 

shows the results for potable water and treated recycle water at pH 1.9, and 

Figure 9 the results for recycle water and treated recycle water at pH 3.6. 

With potable water pyrochlore selectivity vs microcline increases as the pH 

lS reduced from 5 to 2. At values above 5, selectivity is poor. Using 

treated recycle water at pH 1.9), the selectivity below pH 5 approaches 

that with potable water, at pH 10 selectivity is between that in potable and 

recycle water. With recycle water (Figure 9) the selectivity remains almost 

constant above pH 4, and appears to increase below pH 4; Using treated 

recycle water (at pH 3.6) the selectivity is about the same. 

Figures 10 and Il show the flotation results for pyrochlore vs 
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- microcline, chlorite and biotite at the more selective pH values using 

potable water. At pH 2 (Figure 10) there is good selectivity of pyrochlort! 

vs biotite and microcline; at pH 8 to 10 (Figure Il) selective fl~tation of 

pyrochlore cannot be attained. Figure 12 shows that at pH 2 using recycle 

water selectivity vs biotite and microcline is still achieved. 

Another depressant used was Na2Si03 (10 kg/ton). Figures 13 and 14 

show the result9 using potable and recycle water respectively. With the 

former, only selectivity vs biotite is achieved; with the later a marginal 

selectivity vs chlorite and biotite is achieved. 

Tannic acid (2.5 kg/ton) was also tested. Figure 15 shows good 

pyrochlore selectivity vs aIL the silicates at pH 6 using potable water. 

Using recycle water at pH 6, Figure 16, selectivity is only achieved with 

respect to the chlorite and to a lesser extent with respect to the 

microcline. This depressant ia a good dispersant. 

The depressant 9582, supplied by Niobec, Figure 17, was selective 

below pH 4 vs biotite, using potable water, and at pH 2 vs aIL the silicates 

tested. This depressant was not tested using recycle water because with 

potable water the results were not encouraging. However, further testing 

might be worthwhile. 

Other depressants such as EDTA, Calgon, DA-Bll and starch where a1so 

tested. The first three did not depress either the pyrochlore or the 

silicates, even using large dosages (more than 25 kg/ton). Starch depressed 

both pyrochlore and silicates at pH 4 but on1y when using more than 15 

kg/ton. 
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2. DISCUSSION 

2. l Pheny 1 Ethylene Phosphonic Ac id (PEP) 

This anionic collector did not yield any se1ectivity (Table 1). 

However, sorne poinu reveale.d by these tests were: a) bast depressants for 

m icrocline are DK-813, DA-811 and EDTA, aIl anionic depressants; b) best 

depressant for chlorite was EDTA; c) in general the best depressants were 

EDTA and DK-SB; and, d) according with Figure l, the adsorption of the 

phosphonic acid on the pyrochlore surface cannot be explained as a physical 

adsorption by e1ectrostatic interaction. In aIl the pHs tested pyrochlore 

and PEP have negative charge. Consequent 1y a chemisorption interac tion is 

suggested. 

2.2 Imidazoline Collector (F-2642) 

a) C2H204 vs H2Si F6 

Figures 3 and 4 showed that using potable water at pH 4 H2SiF6 

depresses the pyroch1ore better than C2H204. This is not due to the H2SiF6 

a1one, but rather it is a synergistic effect between H2SiF6 and the 

de pressant DK-SI3. This is shown in curve of Figure 5. The effects of both 

acids were not studied using recycle water, thus, it is difficu1t to 

extrapolate these results direct ly to the plant. 

b) Recovery by Entrainment 

The recovery by entrainment, Figure 7, changed accordingly with the 

type of depressant used. DK-S13 gave the lowest entrainment. This is 

possibly due to the agg1omeration induced by this depressant reducing the 
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masl of fines. Using no dcpressant the entrainment inereased but not to Any 

signifieant extent. Wi th tannie ac id entrainment increaaed stead i ly wi th 

time. It is possible that tanning induces weak hydrophobicity to the 

particles. However, in any case entrainment vas inligni ficant. 

c) pyroch lore Recovery vs pH 

Figure 6 suggests that the adsorption mechanism for pyrochlore is 

not only electrostatic but also of a chemical-type. Othervise flotation 

would stop below the pH corresponding to the iep ( 2.5). Th ia observat ion i s 

also supported by the results in Figure 9. If adsorption vere electrostatic, 

flotation should ceue at pH values from 3 to 4, and below 2, (1). 

d) DK-813 

Figures 8 and 9 showed the importance of the type of water in 

controll ing flotst ion performance. 

With potable water, flotation selectivity is achieved lit acid pH , 

belov 3. At pH 7 ta 8 both pyrochlore and microcline are depressel'; at pH 10 

both pyrochlore and microcline float vell but without selectivity. The 

depression at pH 7 to 8 May be related to the degree of ionizat ion of the 

de pressant • At these pHs, the same behavior was obtained vi th all the types 

of water used. 

Recycle water induees the same flotation response for aIl the 

minerals. This is illustrated in Figure 9 and vas observed before in the 

electrokinetic study Cl). Hovever, there is some selectivity, the pyrochlore 

being more floatable under a11 the conditions tested. Again, the acid pH 

range is the one showing best selectivity. At pH 10 both pyrochlore and 

microcline flotation is suppressed. This ia probably due to the large amount 
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of Ca and Mg cations in the recycle water vs the potable water, 199 ppm vs 

26 ppm Ca, and 98 ppm vs 1 ppm Mg. These cations are specially active above 

pli 10 red ucing the negative charge and consequently the co llector 

electrostatic interaction with the mineraI surfaces (2). 

The purpose of partially treat ing the recycle water was to try to 

improve selectivity, especially at acid pH values. Recycle water treated at 

pH 3.6 gave litt le improvement, Figure 9. However, Figure 8 shows that 

treat ing the water at pH 1.9, shifts the response to one similar to that for 

potable water. The amount of precipitatea removed at pH 3.6 and 1.9 was 260 

and 625 ppm respectiveIy. Another way to remove Ca and Mg is using Zeolites 

(3). An application of this method will be done shortly. 

Figures 10 and 12 showed that using both potable and recycle water 

it ia possible to achieve pyrochlore selectivity vs microcline and biotite 

at acid pH values, especially below pH 4. These results agree with plant 

prac t iee. However, a ehlori te depressant is al50 required. 

e) Na2Si 03 

Figures 13 and 14 showed that sodium silicate depressed biotite 

using potable water, and depressed chlorite and biotite, but only 

marginally, using recycle water. This reagent could be added with the DK-8l3 

to inerease chlori te depression. However, the addi t ionai benefits are 

apparentIy limited. This combination is used at Niobec. 

f) Tannic ac id 

Tannic acid, Figure 15 produced good silicate depression and 
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dispersion in a pH range from 4 to 7. This range lS convenient for 

flotat ion, especially when some of the gangue contam inants are carbonates 

and apatite. Tannie acid has the advantage of be ing a strong depressant for 

carbonates, apatite, hematite and pyrite (4). 

Three possible meehanisms of tannin depression have been postulated 

(S): a) physical adsorption by electrostatlc interaction, b) adsorption by 

hydrogen bonding and, c) chemisorption. Depending on the pH value, each of 

these mechanisms, is capable of silicate depression. Specifically below pH 

7, formation of hydrogen bonds between the active groups of the tannin and 

the hydroxyls present on the silicate surfaces, may cause tannin adsorption 

and depression. lnterestingly this mechanism does not affect sa strongly the 

pyrochlore. More studies are requi red ta unders tand bet ter these adsorpt ion 

mechanisms. 

g) Other depressants 

EDTA. This anionie depressant did not give good results in the 

presence of the eationic collector F-2642. lt is possible that due to its 

small number of OH-sites, it cannot impart enough hydrophi l icity to the 

partie les. Because of the St.' results other short chain anionic depressants 

such as citric acid and tartaric ac id were not tes ted. 

Calgon (Sodium Hexametaphosphate). This anionic depressant was not 

able to depress the si lieates despite its large number of active sites. 

However it did produce excellent dispersion without affecting flotation at 

all. The addition of a dispersant will be advantageous in ultrafines 

flotat ion. 
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DA-Bll This depressant showed the same behavior as calgon. 

Starch. This depressant was not selective. Large amounts were 

required to initiate depression. This must be related to its low degree of 

dissociation at acid pH. In addition, it induced flocculation, even at very 

low additions. Depressants that induce flocculation, should be avoided in 

fines flotation. 

2.3 Flotation Routes. 

So far two flowsheets are comtemplated to float the pyrochlore from 

the slimes: 

a) Direct pyrochlore flotation 

b) Direct pyrochlore flotation with prior carbonate flotation. 

a) Direct pyrochlore flotation. This flowsheet is contemplated using F-2642 

as pyrochlore collector and tannic acid as gangue depressant, with possibly 

calgon as a dispersant. Figure 15 showed that F-2642 can be sélective vs the 

silicates at pH 5 to 7. Although the use of tannic acid ~o depress 

carbonates, apatite, hematite and pyrite, has not been tested yet, studies 

show that its depression power is even stronger with these gangue minerais 

than with silicates (4). Also the flotation response of F-2642 with 

carbonates and apatite has not been tested here yet, but a previous study 

showed that their flotabi lit y is much leu than pyrochlore (6). 
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The disadvantage of this route lS that it is feasible only using 

potable water. With recycle water there are problems to depres8 biotite and 

microcline .• These limitations encourage further studies on treating the 

recycle water. 

b) Direct pyrochlore flotation with prior carbonate flotation. 

This route is feasible using both potable and recyc le water. lt 

involves first, a carbonate flotat ion (as ia current prac t ice at Niobec); 

second, pyrochlore flotation at pH 6 with F-2642 as collector, tannic acid 

as depressant and possibly calgon as dispersant; and third, a further 

pyrochlore cleaning stage at pH 2 ta 3 using F-2642 as collector and DK 813 

as depressant. Although bath waters can be used potable water lS preferred. 

Future work will involve two selective che lat ing agents: 

a-Hydroxyquinoline and N-Benzoyl-N-Phenyl-Hydroxylamine to be tested vith 

several silicate depressants. Also four other possible pyrochlore collectors 

wi 11 be tested: a) sulfosuccinate (PROCOL CA-S40), b) benzohydroxamic acid, 

c) sodium 

pre liminary 

described. 

alkyl sulphate, and, 

flotation column tests 

d) aliphatic phosphonic ac id. Sorne 

wi 11 be performed vi th the flowsheets 

B. APPLICATION OF A FUNDAMENTAL MODEL OF PARTICLE CAPTURE PROCESS AS A GUIDE 

IN FINE PARTICLES FLOTATION. (7) • 

The basic equation of this fundamental model is 
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Ek- Ec • Ea (1) 

where Ek is the collection efficiency, Ec the collision efficiency and Ea 

the attachment efficiency. Ec is defined as the rate at which partic1es 

collide with the bubble divided by the rate at which particles flowacross 

the projected area of the bubb1e. Ea is defined as the fraction of ail 

colliding particles that reside on the bubble for a time greater than the 

induc t ion time. This mode1 has provided a convenient explanation of recovery 

vs size curves based on three parameters: a) induction time, b) bubble 

diameter, and, c) partic1e density. The model predicts that collection 

efficiencies become similar (lack of selectivity) for particles less than 

5-10 ume This is because of the long contact time of the smaller partic1es 

with the bubbles, thus almost regard1ess of induction time, attachment 

efficiency approaches 100 %. Finally, the model al90 predicts that smaller 

bubbles do not improve selectivity, but do improve the rate of flotation. 

Since in this work the partic1e size of concern is -15 um, the model 

can be used to guide selection of flotation conditions. One way to increase 

selectivity is by working vith larger particle sizes. An increase in 

particle size can be induced by adding oi1. The minute drop1ets (i.e. 

emulsion) readily adsorb on the hydrophobic surfaces of the minera1s, 

increasing surface hydrophobicity and inducing agglomeration. 

Another way to increase se lectivi ty is by increas ing the difference 

in induction time (Ti) betveen va1uab1e and gangue minerals. This is the 
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objective of searching for selective reagents. A more subtle route suggested 

by the model, however, is to reduce the absolute value of the induction time 

Le. reduce the flotation rate constant. This can be eHected by keeping 

reagent dosage low (' starvat ion' dosage). The mode l was run ta s tudy 

selectivity between mineraI A (more floatable) and mineraI 8 (less 

floatable) as a function of induction time whi le maintaining a relat ive 

induction time of 2.5. The results are given in Table 2. 

Note at short induction times (Ti(A) = 10 ms) that selectivity of 50 

um particles poses no problem while at sLzes 14 um and less selectivity is 

poor (collection efficiency of 14 um A is only twice that of B). As the 

absolute induction time is increased the size for maximum selectivity shifts 

ta smaller values. For example for Ti(A) ,. 50 ms particles 14 - 16 um give 

good selectivity. (At Ti(A) 

particles i8 eS8entially 0 

= 50 

because 

ms attachment efficiency of 50 um 

particles of such size cannot have a 

contact time greater than 50 ms regardless where on the bubble they firat 

collide) • 

Increasing Ti means reducing collector dosage. Clearly there is a 

tude-off between selectivity &nd flotation rate (which will decrease as Ti 

increases). However flotation rate LS amenab le ta Sorne phys ical control e.g. 

decreasing bubble size will increase rate without decreasing selectivity. 

Column flotation tests will be conducted with 'starvation' collector dosage 

in mind. 
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CONCLUSIONS 

1) Phenyl ethylene phosphonic acid did not present good selectivity 

for pyrochlore flotation vs silicates. 

2) C2H204 was found to be a more suitable pH modifier than H2SiF6 

when DK-B13 is used as depressant. 

3) The type of water used was Eound to be very important for 

selective flotation. Potable water is better than recycle water. Treatment 

of recycle water offers some possibility of retrieving selectivity. 

4) Two flotation routes have been identified for selective 

pyroch lore flotat ion: 

a) direct pyrochlore flotation at pH 6 using F-2642 as collector 

and tannie acid as gangue depressant, and 

b) direct pyrochlore flotation with prior carbonate flotation, 

involving three steps: 1) carbonate flotation as is cut'rently practice at 

Niobec, 2) pyrochlore flota t ion a t pH 6 us ing F-2642 as co llec tOI' and tannie 

acid as gangue depressant, 3) pyrochlore flotation at pH 2 to 3 using F-2642 

and OK-B13 as gangue depressant. 

5) Column notation tests should be t'un with starvation collector 

dosage. 

( 
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TABLE 1. FLOTATION RESULTS USING 1 Kg/Ton PHENYL ETHYLENE 
PHOSPHONIC ACID AS COLLECTOR 

DE PRESSANT • SELECTIVITY INDEX 

(Kg/Ton) l'II CROCL 1 NE CHLORITE 

NONE .32 1.43 

DK-813 (A) .78 .9 
Ul.0) 

CALGON (B) 1.2 1.4 
(0.7) 

Na2Si03 1.39 1.29 
(2.0) 

DA-811 (C) .48 1.05 
U.O) 

EDTA (D) .8 .8 
(0.6) 

9:582 (E) 1.64 1. :52 
(0.2) 

• R (X) of silicate / R (X) of pyrochlore 
(A) Polyacrylamide copoly.er (from Allied Colloids) 
(B) CAlgon (Mainly sodium hexametaphosphate) 
(C) Silicate depressant (from Allied Colloids) 
(D) Ethyl.nediamine tetraacetlc acid 
(E) Silicate depressant 

BIOTITE 

.98 

1.15 

1.:57 

1.42 

1.29 

1.63 

1.72 
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TABLE 2. COLLECTION EFFICIENCV RATIOS FOR SEYERAL 
INDUCTION TIIES AND PARTICLE BIZES. 

"INERAL • Ti 

C •• ) 50 

A 10 
>1500 

B 2S 

A ~O 
0 

B 12S 

A l~O 

0 
B 37S 

A 400 
0 

B 1000 

• Ti (8) 1 Ti CA) • 2.5 
•• VERY LARGE 

Ek CA) 1 Ek (8) 

PART 1 ClE DIAIETER Cu.) 

14 10 6 

2 2 1 

>10000 >30000 32 

• • 3 V. L V.L. 

0 0 0 
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Department of Mining and Metallurgical Engineering 
McGil·l University, Montreal, Quebec, Canada, H3A 2A7 

and R. Bi ss 
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Abstract 

Flotation of pyrochlore and silicate minerals (albite, 

biotite, chlorite and microcline) in distilled water. Montreal 

tap water and plant recycle water from La Mine Niobec has been 

investigated. The recovery of pyrochlore with a secondaryamine 

-type reagent is much lower in recycle water than in the other 

waters. Treatment with oxal ic acid (to pH""2) improves the 

recovery in recycle water. No signfficant improvement is 

observed when the pH 15 lowered by HCl or H2SfF6' This suggests 

that the precipitation of Ca++ present in recycl e water leilds to 

improved recovery. This 1s confirmed by treatment of the recycle 

water with a cation1c exchange resin which resulted in excellent 

flotation of pyrochlore. 

Electrokinetic measurements show that Ca++ and Hg++ cations 

strongly reduce the negative charge at the pyrochlore surface. 

This hinders adsorption of the cationic collector. A possible 

mechanism of collector action ;s discussed. 

Treatment of recycl e water wi th acti ve carbon removes the 

organic matter. This improves pvrochlore select1 vit Y by reduc1ng 

the fl otati on of si l icate mfneral s. 
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INTRODUCTION 

Use of recycle water in f10tation plants 15 becoming 

increasingly common. This can have significant effects on 

flotation recovery and selectivity since the recycle water 

contains many disso1 ved compounds, both inorganic and organic 

which radical1y al ter the chemistry of the system. Specifie 

effects have been described by many investigators [1-6]. It 

has been genera 11y found that improvement of water qual ity leads 

to signi ficant1 y better flotation performance. 

The composition of plant recycle water depends upon its 

ori gin, the mi neral s being processed and the reagents used for 

the flotation process. For example, recycling water used for the 

flotation of salt-type minerals like calcite and dolomite leads 

to a gradual build up of Ca++ and f19++ fons in the recycle water. 

The purpose of the present work 15 to investigate the 

effects of water chemistry on the flotation of pyrochl ore and 

silicate minerals including albite. biotite, chlorite and 

microcline. These minerals are important in the flotation of 

pyrochlof'"e (a Nb-mineral) from associated sil icate mineral s at La 

Mine Niobec, Quebec. A simplified flowsheet of Niobec plant is 

shown in Figure 1. The water pl ant recycle water carries much 

higher concentrations of Ca++ and Mg++ ions and residual organics 

than the fresh water (referred to 10ca11y as potable water). In 

a previous pub1 ication [7] effeets of the type of water on the 

selective flotation of pyrochlore from Niobec were described. 

The resu1 ts were interpreted in terms of electrokinetic effects. 
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hydrolysi s of cations, and mineral-coll ector interactions. In 

the present work these studies have been extended to understand 

the nature of the chemical species present in recycl e water which 

affect fl otati on. Techn; ques to reduce the concentrati on of 

compounds artd the subsequent flotation of pyrochlore and si 1 icate 

minerals are described. 

Experimental Methods and Materials 

Microflotation 

A m;croflotation cell especially designed fOt' fine particles 

was used. The detai 1 5 of construction are described in the 

previous publication 

m1xing 0.5 9 mineral 

[7]. The mineral pulp was prepared by 

in 50 ml water, pH was adjusted to the 

desired value and the flotation collector in solution was added. 

After condi tion; n9 for 10 mi nutes 0.1 ml of 10~ Dowfroth 250 was 

added and transferred to the microflotation cell with the air 

already on at 74 ml/min. The froth depth was adjusted to 4 cm 

with the test water containing frother Dowfroth 250 (0.2 ml of 

lOi solution per 100 ml water). Flotation was conducted untfl 

the froth was barren, usually after 3-4 minutes. The floated 

product was coll ected, dried and wei ghed. 

Electrokinetic measurements 

Electrophoretic mobil ities of pyrochlore in water in 

presence of CaH and Mg++ cations and the flotation agent HOECHST 

HOE-F-2642 were measured using a Mark II electrophoresis 

apparatus (Rank Brothers) [7]. 



( 
Minerals 

Pure samples of silicate minerals, albite, biotite, chlorite 

and microcl ine were obtained from Ward's Natural Science Research 

Establ ishment. The materials were ground in a laboratory ball 

mn1. Two size fractions were holated, 149-53 ym by screening 

and 14-20}Jm by Cycl osizi ng (cone 3). 

Three samples of pyrochlore obtained from Niobec were 

investigated. Sample no. 1 was separated from the ore by 

tabl ing, and electrostatic separation. Sample no. 2 was 

originating in weathered brownish ore bodies and separated by 

tabl ing, magnetfc separation and leaching with HCl at 60 0 C. 

Sample no. 3 was Niobec production concentrate which was leached 

with Hel and washed with acetone to remove adsorbed flotation 

agents. The chemical composition of the three samples was as 

fol1ows. 

Table 1 

Percent Nb 20S Si02 P20S CaO Fe 

Sample no. 1 48.3 1.9 1.7 12.5 5.8 

Sample no. 2 60.0 0.9 0.3 8.7 4.2 

Sample no. 3 67.8 0.9 0.2 10.2 1.4 

Each of the samples was tested in the microflotation cell 

addfng only frother and no collecting agent. There was no 

perceptfble flotation which confirmed that the samples did not 

carry any surface activi ty. 
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Reagents 

The coll ecting agents used for the f1 otation of pyrochlore 

_ at Niobec is an amine type compound. [l- alkyl amidoethyl 2-

.... , 

a 1 ky 1 ; m; da Z 01 ; ne J. manufactured by Hoechst and sold under the 

Trade name HOE-F-2642 [8J. lt has the following chemical compo-

R _<lI -
N -
1 
CH2 

CH2 
1 

CH2 

- CH 2 - NH - C - Rl 
Il 
o 

R = 16 - 18 C 
R, = 4 - 6 C 

Two examples of active carbon. one h1gh porosity (trade name 

WPH) and the other low poros; ty (trade name WPU manufactured by 

Calgon Corporation were 1nvest1gated for water treatment. Bath 

were suppl ied in powder forme 

An ion exchange res1n was used spec1f1cal'y to remove Ca++ 

and Mg++. It was a hydrogen type cationic resin manufactured by 

Rohm and Haas (trade name Amberl1te I~-120 Plus). This is a 

styrene based resin produced in the form of beads. lt 1s a h1gh 

capac'ty resin and can be regenerated by treatment with 2' H2S04 

solution. 

Water treatment 

Water from three sources were used in the flotat10n stud1es, 

laboratory disti11ed water. Montreal tap water and plant recycle 

water from Ni obec. Each sampl e wu ana 1 yzed by atomic absorpti on 

spectroscopy to determine the concentrations of Ca++ and Mg++ 

10ns. The results are in Table 2 . 
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Table 2 

Concentration of Mg++ and ea++ in the water samples 
use d for f lot a t ion. (pp,n) 

Dfstilled water 

Montreal tap water 

Niobec recycle water 

Ca++ t1g++ 

<1 

38 

290 

<1 

2 

100 
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The plant recycl e water was further analyzed to determine 

the concentration of organ;c matter. The resul ts showed that the 

recycle water samples used in this investigation had a Tee (total 

organ;c carbon) value of 8.0 ppm, COD (chemical oxygen demand) 

279 ppm and gOD (biochemical oxygen demand) < 5 ppm. 

Hyd roge" Pe rox ide Trea tment • 

Recyc 1 e water was treated wi th H2 0Z to determi ne the effect 

of oxidation of organic matter. The pH of the water was lowered 

from its natura 1 pH (7.8) to 6, and 2 ml 301 H2 02 added per 100 

ml water. The water was agitated for 10 - 15 minutes. As a 

resu 1 t of thi s treatment the val ue of COD dropped to 159 ppm. 

Treatment with Active Carbon. 

The recyc 1 e water was treated wi th acti ve carbon to 

determine the possible removal of organ;c matter. The quantity 

of carbon added was in the range 1-8 g per litre of water. The 

weighed amount of carbon was added to 500 ml batches of recycle 

water and stirred for 1 hour. After the stirr;"g was stopped the 

carbon was found to settle wi thin about 20 mi nutes. The water 
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was however filtered to exclude any possibility of the adsorption 

of flotation agent by residual carbon . 

The water treated with active carbon had TOC value reduced 

ta < 0.4 ppmand COD value to 31 ppm. There was no significant 

difference in results between high porosity and low porosity 

carbon. 

Trea tment wi th ~ Exc hange Resi ns 

Amberlite IR-120 Plus is a high capacity cationic resin 

which adsorbs Ca++ and Mg++ ions releasing an equivalent quantity 

of H+ ion. About 100 9 resin was packed in a laboratory ion 

exchange column (25 cm height, 3 cm diameter). The recycle water 

was allowed ta percol ate through the resin bed. The water thus 

treated had negligible concentrations « 1 ppm) of Ca++ and M9++ 

ions. The pH of the water dropped ta ( 1.8. 

The ion exchange resin could be used repeatedly. When 

saturated with Ca++ and Mg++ ions the resin was regenerated by 

treatment wi th 2' H2S04' 

Results 

Flotation of pyrochlore. Effect of relgent concentration. 

Effect of the quantity of collector on the flotation of 

pyrochlore 15 shown in Figure 2. The results were better 

with distil1ed wattr. Maximum recoury of about 55 - 60 percent 

was achieved with 1.0 mg collector per 9 mineral in tap water 

while in disti11ed water only 0.5 mg collector per 9 mineral was 

requ i red. 
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Flotation wU very poor in pl ant recycl e water under simi 1 ar 

condition, e.g. with 1.0 mg collector per 9 mineral, only 20\ 

pyrochlore was floated. A much larger quantity of reagent was 

reQuired to obtain recovery similar to that in disti1led water. 

In general. the flotation recovery of iron pyrochlore (Sample 

2) 15 lower than that of sodium pyrochlore (Sample 1). Samples l 

and 3. both sodium pyrochlore showed virtual'y same recoveries. 

poor flotation of iron pyrochlore is a1so noted in the plant. 

Flotation ~ pyrochlore. Effect of~. 

The effect of pH on the flotatfon of pyrochlore 15 shown in 

Fi gure 3 for disti1l ed and tap water and in Figure 4 for recycl e 

water. With tap water and distilled water the effect of pH in the 

range 2 - 6 on the recoyery of pyrochlore is negligible. 

However, with recycle water lowering of pH fncreases the recovery 

of pyrochlore, the increase being greater when the pH is lowered 

by oulic acid. 

At t'l1obec, the flotation pH ;s progressively decreased from 6.5 

ta :::: 2.5 in the clean;ng circuit, using fluasil;cic and oxalic acids. 

F1 otatfon of Silicate Minerals. 

Flotation recoveries of the four silicate mfnerals, albite, 

bi otite, chlorite and m1crocl fne as a function of reagent 

concentration fn tap water and in disti 11ed water are recorded in 

Figure S. Flotatfon recoyeries in recycle water are shown in 

Figure 6. Recoverfes are higher in recycle water. Sma 1 1 

di fferences are observed between tap and di still ed water. 

The effect of pH on the flotation of sil tcate minera 1 s in tap 

water and d1st111ed water 1 s shown in Figure 7. The resul ts for 



f1 otation in recycle water are shown in Figure 8. In al1 cases 

the recovery of sil icates decrease with decrease in pH except 

biotite which shows Minimum recovery at pH 4. ~ecovery with 

oxalic acid is slightly lower th an with HC1, the opposite to the 

find;ng for pyrochlore (F;gure 4). Again, the removal of CaH by 

precipitation with oxalic aCld was considered the cause. 

Effect of Electrolytes. 

In order to test the hypothesis regardi ng the rol e of Ca++. 

sodium carbonate was added in slight excess and CaC03 and MgC03 

prec;pi tates removed. Thi s treatment lowered the CaH and "9++ 

concentrations to 6 and 15 ppm respecti vely. But the recovery of 

pyrochlore was still low (Table 3). This was thought to be due 

to the introduction of Na+ ions. 

To explore this Na2C03 was dissolved in dfstilled water 

(0.15g g/100 ml) and the pH adjusted to 6 with HCl or H2S04' 

This treatment resulted in the release of Na+ equivalent amounts 

to (Ca+, Mg++) in the recycle water. Flotation results with this 

water are recorded in Tabl e 3. The recovery of pyrochlore was 

poor and is comparable to that obta;ned with untreated recycl e 

wa ter. 
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Table 3 

Flotation of pyrochlore in disti1led water 
-W-lffïaTs-soTveaëlilorTaë and sUlpnatea tplir. --- -------- ------- -- ------- -- ---

Percent Recovery 

Water Sodium Pyrochlore Iron Pyroc hl ore 

Disti1led Water 86 26 
(no salt added) 

Recycle water 26 21 
( untreated) 

Recycle water 28 20 
+ Na2C03 

Disti1led water 28 1~ 
+ chloride 

Distilled water 38 18 
+ sulphate 

These results indicate the deleterious effect on pyrochlore 

flotation of electrolytes in general (rather than Just Ca++). 

Effect of Treatment with Active Carbon. 

Figure 9 shows the results of flotation of pyrochlore and 

silicate minerals in recycle water at pH 6 treated with 

increasing quantities of active carbon. The results show that 

there is no significant improvement in the flotatlon of 

pyrochlore with up to 8 9 active carbon per 1 itre of water. 

However, there is a reduction in the recovery of silicate 

minerals by up to 40' (absolute) in the case of chlorite. The 

quantity of active carbon required to get maximum depression of 

silicates appears to be about 6 9 per litre of water. 
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Figure 10 shows the effect of pH on the flotation of 

pyrochlore and silicate minerals in recycle water treated with 

aeti ve carbon (6 9 per litre of water), The reduced recovery of 

silicates is ma;ntained (compare with Figure 8) while that of 

p y roc h 1 0 r e i s 1 a r gel y u n a 1 t e Y' e d (c 0 'n p ëI r e 'II i t n Fig ure 4). Bio t ; t e 

agaln shows a minimum recover~, at pH 4. 

Effect of Treatment with Ion Exchange Resin. 

The ion exchange treated water showed a pH of 1.8 due to 

replacement of Ca++. ,..g++ with H+. Flotation of pyrochlore was 

very poor « 5' recovery) in such strongly acidic water. The pH 

of this water was raised by NaOH. The results obtained for 

pyrochlore w; th ion exchange treated water are compared wi th 

those wi th untreated water ; n Tab 1 e 4. 

Tab 1 e 4 

Comparison of the results of pyrochlore flotation in untreated 
recycle water and the recycle water treated with ion exchange 
res;n. 

pH 

2 

4 

6 

Percent Recovery 

Untrea ted Wa ter 

76 

26 

15 

Water treated w1 th 
10n exchange res1n 

84 

74 

66 

Recovery in treated water 15 s1gnfficantly hfgher. Maximum 

recovery 15 sti 11 at pH 2. It drops by 10 - 15' when the pH f 5 
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raised above 2; this is poss;bly related to the Itelectrolyte" 

effect mentioned before. 

The resul ts obtained with the ion exchange treated water for 

various sil icate mineral sare shown in Figure 11. The pH effect 

follows the same trend as with untreated water (Figure 8) but now 

pyrochlore recovery is constantly higher than s'ilicate recovery. 

Electrokinetic measurements. 

The resul ts of the electrokinetic mcasurement represented by 

the variation of zeta potential with ionic or reagent 

concentration are shown in Figures 12 and 13. Figure 12 shows 

the variation of zeta potential of pyrochlore with increasing 

concentraions of Ca++ and Mg++ ions. Increasing Ca++ and Mg++ 

i on concentra ti on makes the zeta potenti al 1 ess negati ve whi ch 

i ndicates adsorption of Ca++ and Mg++ cations. 

Figure 13 shows the effect of the reagent HOECHST F 2642 on 

the zeta potential of pyrochlore at pH 6. The initially negative 

zeta potential of pyrochlore is sharply changed to a positive 

values with only 5 ppm of reagent. 

DISCUSSION 

The flotation of pyrochlore h very poor in recycle water at 

i ts natural pH (",7.5). The recovery increases when the pH i 5 

lowered hy oxalic acid used at Niobee, but no significant 

improvement is observed if the pH 15 lowered by Hel or by H2SiF6' 

Th i s suggests that the pree; pi ta t i on of Ca++ ions in the recyc 1 e 

water leads to better flotation of pyrochlore. 



-
In the tests conducted to precipitate Ca++ by NI2Co) the 

recovery of pyrochlore did not improve signif;cantly. The 

release of an equi valent quantity of Na+ was thought to be 

responsible for this. The resul ts obtained wHh disti11ed water 

w; th di s501 ved Nael and Na2S04 showing low recovery of pyrochl ore 

confirmed this and suggest an 'electrolyte effect' which hinders 

the flotation of pyrochlore. 

Removal of Ca++ and Mg++ ions by ion exchange res1n gave 

excell ent recovery of pyrochl ore at pH 2 - 2.5. The recovery 

drops when the pH i s rai sed. Th; s ; scons i stent wf th the nega

tive influence of 'electrolyte effect' u Na+ 15 1ntroduced from 

the NaOH used to increase pH. 

The reagent HOECHST F 2642 has a seconda ry ami ne group. Thi s 

would make ft a cationic collector functioning over a pH range 

2 - 6 in water free of el ectrolytes. 

The electrokinetic measurements show pyroehlore 15 negatively 

charged. and it changes to posfti ve on react10n with the 

collector. This change 1s consistent with the cation1e nature of 

the reagent and an electrostatic mechanism of adsorption. 

Adsorption would be hindered 1f the pyroehlore surface charge 15 

inereased by some other agent. and the electrokinet1c 

me a su rements show Ca ++ and Mg++ to i nc rea se the cha l''ge. 

It seems to be a little 5urprising that the cationtc 

collector funct10ns at pH down to nearly 2 (1n the absence of 

electrolytes) s1nce tncreasfng H+ 10n concentration would 

1ncrease positive charge on the surface. It 1s suggested that 

the secondary amfne group fnteracts with the H+ fons Ho the 
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mineral/solution interface forming aminium species. 

35& 
The chemi ca 1 

interaction energy overcomes electrostatic repulsion at pH down 

to near1y 2. Only at extremely low pH (<< 2). as Occurs with the 

ion exchange treated recycle water does the positive surface 

charge become suffic;ently high that adsorption of the cation;e 

reagent ;s hindered. 

Effect of Organics. 

Treatment w;th active carbon sign;fieantly lowers the 

concentration of organic matter 1n recycle water. This does not 

lead to significant improvement in the flotat10n recovery of 

pyroch1ore but it is benefici al in reducing the flotatfon of 

silicate minerals. This means improved selectivity. 

The exact compost ti on of the organ;c matter 15 not known. 

It woul d probably consi st of degradation products of reagents 

used in different flotation stages and generated in tailing 

ponds. Their presence could have a negatlvf.! effect on flotatiCln 

performance by promoting the f10tation 0 " si licate minerals wlth 

pyrochlore thus reducing select;vity. Treatment with active 

carbon leads to a large removal of these organics result1ng in 

improved sel ectivi ty. 

Water treatment, implication for metallurgy. 

A combination of active carbon treatment to remove organics 

and reduce silicate flotation and ion exchange to remove ta++, 

Mg++ and increase pyrochlore recovery. appears to be means of 

improv1ng selective flotation of pyrochlore. This 1s se en from 

Table 5. 



( Table 5 

F1otation of Pyrochiore and Silicate Minerais 
in Active CaÏSon - and Ion~change Treated Water 
- -arrëÏ Exposurë to uiitreated Recyc.!..! Water. 

Mineral pH 2.2 pH 4 
Percent Recovery Percent Recovery 
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After exposure Wi thout Afte r exposure Wi thou t exposure 
to untreated exposure to to untreated to untreated 
recycle water untreated recycle water water 

water 

Pyrochlore 80 84 71 74 

Albi te 46 34 65 58 

Biot i te 55 50 34 21 

Chlor i te 44 36 32 26 

Microcline 38 26 60 52 

In practice this wi 11 probab1y mean active carbon treatment 

of the recycle water before contact with the mineral s; (stage CF 

in Figure 1) once adsorbed the organics causing some silicate 

flotation will be difficult to remove. Ion exchange treatment. 

on the other hand, coul d be conducted in the pyroch1ore flotation 

circuit (stage PF in Figure 1). Since carbonates are present in 

the ore, control of Ca++, Mg++ concentration will be dffficult 

unless most of the carbonates have been prev10usly removed. 

Pyrochlore/sflicate selectivity will still require a 

progressf ve decrease in pH. At pH 6, biotite can be removed 50 

( that its high recllvery at pH 2 ls not a problem. As pH is 



_ redueed recovery of the other snicates decreases wh;le that of 

pyroehlore increases. Progressive pH decrease 15 a1so required 

to minimise solubilizing Ca++, M9++. The ion exchange resfn a1so 

acts as a pH modifier; it would be necessary to balance its pH 

and Ca removal effects. 

Su mm a r yan d Con c lus ion s 

The present study on the effect of water chemistry on the 

flotation of pyrochlore and silicate minerals leads to the 

following conclusions. 

1. Flotation of pyroehlore by l-alkylamidoethyl-2-

a1kylimidazoHne which has an -NH group is adversely affected by 

the presence of Ca++ and Mg++ fons. An lelectrolyte effect l 

whieh causes 10w recovery in presence of any strong electrolyte 

(e.g., NaCl or Na2S04) is a1so observed. 

2. The presence of relative1y high concentrations of Ca++ 

and Mg++ in pl ant recycl e water causes low recovery of 

pyrochlore. The recovery is improved by lowering the pH of the 

recycle water from 6 to nearly 2 by oxalic acid which 

pre c ; pit a tes m 0 s t 0 f the Ca + + ion 5 • L 0 we r f n 9 0 f pH b Y He 1 

does not lead to sfgnificant1y improved recovery sinee Ca++ are 

not precipitated. 

3. The adverse effect on pyrochlore flotation due to Ca++ 

fons is related to the surface charge at the mineral becomfng 

less negative. This hinders the adsorption of the secondary 

amine which funetions as a cattonic collector· 
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4. The removal of Ca++ and Mg++ by ion exchange resin leads 

to exellent flotation of pyrochlore at pH 2 - 3. 

5. Removal of organic matter present in the recycle water 

hel ps pyrochlore sel ecti vi ty (1 owerfng the flotation of si 1 icate 

minerals). lThis could be useful in improving the selectivHy of 

pyrochlore flotatfon.] 
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APPENDIX 2. The Use of Stoke's Law to Calculate Settling Times to 
Recover -) um Particles for Electropho tetic Mobility 
Measurements. 
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The rate of fall of a small sphere in a viscous fluid can bl:! 

calculated us ing stokes 1 Law: 

Where, 

2 g a2 (dl - dt) 
v = 

v = terminal velocity (cm/s) 
g = acceleration due to gravit y (cm//-) 
a = radius of the partic1e (Clll) 
dl= density of the particle (g/cJ) 
d2= density of the medium (g/cm3) 
71 = viscocity of the medium (poise) 

Assuming the following conditions ( e.g. for a pyrochlore particle): 

a = 1.5 x 10-4 

71 = 0.01002 poise 
dl = 4.2 
d2 = 0.9982 

thus, 
2 x 980 (l.5 x 10-4 )2 (4.2- 0.9982) 

v = 
9 x 0.01002 

v = 0.001566 cm/s 

thus, if the top 5 cm in the graduate cylinder are to be recovered, the 

settling time will be. 

5 cm min 
t = ------------------- x 

0.0001566 cm/s 60 



( 

( 

t = 53.2 min. 

Therefore after 53.2 min of settling, the pyrochlore particles which would 

remain in the top 5 cm would be about 3 p.m in diameter or smaller. 
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APPENDIX 3. Particle Size Distributions of Samples Used in the 
Microflotation Tests. 
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APPENDIX 4. Electrokinetic Properties of Synthetic Samples Used 
in the Electrokinetic Study. 
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TABLE A.4.1. COMPARISON OF ELECTROKINETIC PROPERTIES OF 
SYNTHETIC SAMPLES VS NIOBEC SAMPLES (*) 

MlCROCLINE BIOTITE 

NIOBEC SYNTHETlC NIOBEC SYNTHETlC 

pH u pH u pH u pH u 
( **) (**) (**) (**) 

8.2 1.547 8.1 1.80 B.2 1. 38 8.1 1. 53 

7.5 1. 77 6.9 1.44 7.3 1.38 

6.6 1. 57 6.9 1. 50 5.85 1.48 

5.5 l.29 5.2 1.35 4.95 1.29 5.8 1.49 

4.5 0.972 4.5 1.291 

4.1 0.944 3.8 1.085 3.7 1.043 3.7 0.927 

3.6 1.218 3.45 1.119 

3.5 1.213 3.0 0.890 2.9 0.910 

3.2 0.868 2.5 0.392 2.3 0.283 

2.66 0.495 2.7 0.761 1.72 (***) 1.97 (***) 

2. 1 0.140 1.9 (***) 

(*) Conditions: Potable ~ater and H2SiF6 as pH modifier 
(**) Eletrophoretic mobility, expressed as (cm/s/V/cm)* 10-4 
(***) Close to lEP. Polarization occured 
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APPENDIX S. Column Feed Preparatlon. Selectlon of Cyclone Conditlons 
(Operating Conditlons and Number of Stages). Particle 
Size Distrlbution of the Products. 
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A 5.08 cm (2 Loch) hydrocyclone (cyc lone) Ioras used to perform the 

preparaClon of the column feed. Plitt's equati.ûn (1976) was used to gUide 

sel~ctlon of deslLming conditions. The Sedigraph 50000 (SedLgraph) Ioras used 

to monltor the partlc le size distnbution ( PSO), particularly the -1 um 

fraction in the cyclone underflows. Plitt's equation is expressed as 

fo 110ws. 

Oc, Ill., Do, Du, 

h 
Q 
Ps, P 

~ 

a cut size ( pa) 

a cyc lone, inside, overflolor, and underflow 
diameters, respectively, cm. 

a apex-vortex distance, cm. 
a pulp flowrate, L/min 
• solid and liquid densities, g/cm3 

• viscocity, cp 
• solids percent volume in feed slurry. 

Table A.5.1 SUmmarlzes the experimental cyclone conditions during 

column feed preparation and the % passing -1 um in each of the cyclone 

stages. 

Figure A.5.l shows the particle size distributions generated during 

an entire step to select cyclone conditions for column feed. (The cyclone 

feed to these tests are the slimes overflow from stage 1 in Figure 3.1.a, 

Chap ter 3). Curves 1-5 are the cyc lone underflows of tests 1 to S. And curve 

66 ia che column feed (Test 6) generated with the flowsheet shown in Figu~e 

3.1.a, Chapter 3. 
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TABLE A.5.1 EXPERIMENTAL CYCLON CONDITIONS DURING COLUMN 
FEED PREPARATION 

TEST STAGE CYCLONE OlMEN. P ; Q d50 
Di Do Du kpa (*) 

Il il cm (%) L/min (um) 

ORE 

1 1 1.06 1.43 0.32 103.46 3.33 25.80 17.59 

2 0.80 0.79 0.87 ~13.40 0.33 31.15 3.24 

2 1 1.06 1.43 0.32 103.46 3.33 25.80 17.59 

2 0.80 0.79 0.87 413.40 0.33 31.15 3.24 

3 1 1.06 1.43 0.32 103.46 3.33 25.80 17.59 

2 1.06 1.43 0.32 289.55 3.33 41. 91 24.83 

4 1 1.06 1.43 0.32 103.46 2.33 25.80 16.52 

2 1.06 1.43 0.32 413.40 3.33 46.73 27.14 

5 1 1.06 1.43 0.48 68.95 2.33 25.80 12.53 

2 1.06 1.43 0.48 413.82 0.33 46.73 15.66 

6 1 1.06 1.43 0.48 68.95 2.10 25.80 12.34 

2 1.06 1.43 0.32 413.82 1.23 43.90 22.58 

1.06 1.43 0.32 413.82 1.00 43.90 22.26 

1.06 1.43 0.48 413.82 1.23 46.73 16.58 

3 1.06 1.43 0.32 413.82 0.60 43.90 21. 71 

1.06 1.43 0.32 413.82 0.60 43.90 21. 71 
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TABLE A.5.l EXPERIMENTAL CYCLON CONDITIONS DURlNG COLUMN 
FEED PREPARATION (CONTINUATION) 

TEST STAGE CYCLONE DlMEN. P 
Di Do Du kPa 

1 /1 cm 

SLIMES 

7 (**) 1 O. AO 0.79 0.87 413.82 

8 1 1.06 1.43 0.32 413.82 

1.06 1.43 0.32 413.82 

2 1.06 1.43 0.48 413.82 

1.06 1.43 0.32 413 .82 

3 1.06 1.43 0.32 413.82 

1.06 1.43 0.32 413.82 

(*) calculated using PHtt's Equation 
(**) using a dispersant (calgon, IX) 

~ Q dSO 
(*) 

(X) L/min (um) 

0.67 31.15 3.31 

1.27 43.90 22.64 

0.33 43.90 21.34 

0.33 46.30 15.67 

0.33 43.90 21.34 

0.33 43.90 21.34 

0.33 43.90 21.34 
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APPENDIX 6. Gas Flowmeter Calibration for the Laboratory Flotation 
Column. 
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APPENDIX 7. Laboratory Flotation Column Results, Experimental and 
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fi 

TEST • Rl ..,... 

-
FEED 
CARB5 
TAILS 

C1-W 

FEED 
CARBS 
TAILS 

C1-W 

...... ... 

EXPERIMENTAL ~LUES 
******************* 

f10wrates 
solids 

100.00 
0.00 
0.00 

, sol. Si02 Fe203 

1.00 13.40 11.00 
1.00 11.70 10.80 
1.00 19.90 14.80 

410.00 

Fr..oNRATES AND METAL UNITS 
************************* 

grades 
~O CaO 

13.20 22.40 
13.30 24.90 
13.40 16.50 

f10wrates metal un1ts 
so1ids water S102 Fe 203 ~O CaO 

100.00 9900.00 13.52 11.44 13.27 22.74 
76.85 8018.17 8.92 8.04 10.18 18.94 
23.1!) 2291.83 4.60 3.40 3.10 3.80 

410.00 

METAL RECOVERIE5 
**************** 

• 5i02 Fe 203 M30 cao Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 65.98 70.26 76.66 83.28 74.37 
TAILS 34.02 29.74 23.34 16.72 25.63 

METAL GRADES 
************* 

5102 Fe 203 M;JO cao Nb205 

FEED 13.52 11.44 13.27 22.74 0.51 
CARBS 11.61 10.46 13.24 24.154 0.49 
TAIL5 19.87 14.70 13.38 16.42 0.57 

388 

Nb20S 

0.49 
0.51 
0.57 

Nb205 

0.51 
0.38 
0.13 



( TEST * R2 

FEED 
CARBS 
TAILS 

C1-W 

FEED 
CARBS 
'rAILS 

C1-W 

(. 

EXPERlMEtJ'J'AL VAI.tJES 
*************~«**** 

flowrates grades 
solids , sol. 5i02 Fe203 M;JO CaO 

100.00 1.00 13.40 11.00 13.20 22.40 
0.00 1.00 12.60 11.30 13.40 24.90 
0.00 1.00 19.30 15.50 13.30 17.30 

410.00 

FLCl'IRATES AND METAL UNITS 
************************* 

flowrates metal units 
solids water 5i02 Fe203 r-t;10 CaO 

100.00 9900.00 13.66 11.63 13.31 23.04 
81.51 8479.97 10.10 8.79 10.85 19.87 
18.49 1830.04 3.56 2.84 2.45 3.18 

410.00 

METAL RECOVERIES 
**************** 

Si02 Fe203 fttlO CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 73.94 75.56 81.55 86.22 78.47 
TAILS 26.06 24.44 18.45 13.78 21.53 

METAL GRADES 
************* 

Si02 Fe 203 M:JO CaO Nb205 

FEED 13.66 11.63 13.31 23.04 0.53 
CARBS 12.39 10.78 13.31 24.37 0.51 
TAn.s 19.25 15.38 13.28 17.18 0.62 

Nb205 

0.49 
0.55 
0.63 

Nb205 

0.53 
0.42 
0.11 

389 



..,-- TEST 1 R3 

FEED 
CARBS 
TAILS 

C1-W 

FEED 
CARBS 
TAILS 

C1-W 

.-

...... 

EXPERIMENTAL VALUES 

******************* 
flowrates 

solids 

100.00 
0.00 
0.00 

, sol. Si02 Fe 203 

1.00 13.40 11.00 
1.00 6.16 8.82 
1.00 18.10 13.60 

410.00 

FLC7IIRATES AND METAL UNITS 

************************* 

grades 
~O CaO 

13.20 22.40 
13.00 29.60 
13.50 18.70 

flowrates meta1 units 
solids water Si02 Fe 203 J'otJO CaO 

100.00 9900.00 13.48 11.50 13.27 22.7t 
38.32 4203.33 2.35 3.31 4.97 11.30 
61.68 6106.68 11.13 8.20 8.30 11.42 

410.00 

METAL RECOVERIES 

**************** 
Si02 Fe 203 MgO CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 17.42 28.74 37.46 49.74 30.02 
TAILS 82.58 71.26 62.54 50.26 69.98 

METAL GRADES 
************* 

Si02 Fe 203 J'otJO CaO Nb205 

FEED 13.48 Il.50 13.27 22.71 0.50 
CARBS 6.13 8.63 12.97 29.48 0.39 
TAILS 18.05 13.29 13.46 18.51 0.57 

390 

Nb20S 

0.49 
0.40 
0.58 

Nb205 

0.50 
0.15 
0.35 
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TEST. R4 
EXPERIMENTAL VALUES 
******************* 

flowrates grades 
solids , sol. Si02 Fe203 r-t30 cao Nb205 

FEED 100.00 1.00 13.40 11.00 13.20 22.40 0.49 
CARBS 0.00 1.00 7.71 9.61 13.20 28.60 0.45 
TAILS 0.00 1.00 19.90 13.60 13.30 16.80 0.57 

CI-W 410.00 

FLONRATES AND METAL UNITS 
************************* 

flowrates metal units 
so1ids water Si02 Fe203 M'30 CaO Nb205 

FEED 100.00 9900.00 13.57 11.37 13.23 22.70 0.50 
CARBS 51.25 5484.08 3.91 4.83 6.76 14.58 0.23 
TAILS 48.75 4825.92 9.66 6.54 6.48 8.12 0.27 

Cl-W 410.00 

METAL RECOVERIES 
**************** 

Si02 Fe 203 ~O CaO Nb205 

FEED 100.00 100.00 100.00 100.00 )00.00 
CARBS 28.80 42.47 51.06 64.23 45.27 
TAILS 71.20 57.53 48.94 35.77 54.73 

METAL GRADES 
************* 

Si02 Fe203 M'30 CaO Nb205 

t. 
FEED 13.57 11.37 13.23 22.70 0.50 
CARSS 7.62 9.42 13.18 28.45 0.44 
TAILS 19.82 13.42 13.28 16.65 0.56 



, TEST 1 R5 -

FEED 
CARBS 
TAILS 

C1-W 

FEED 
CARBS 
TAILS 

C1-W 

,~ 

..... 

EXPERIMENTAL VALUES 
••• ** •••• ***** •• *** 

flowrates 
so1lds 

iOO.OO 
0.00 
0.00 

, sol. Si02 Fe203 

1.00 13.40 11.00 
1.00 6.64 9.55 
1.00 16.50 12.70 

410.00 

FLCWRATES AND METAL UNI'l'S 
***.**************.****** 

grades 
~O CaO 

13.20 22.40 
12.90 29.80 
13.30 19.70 

flowrates metal units 
so1ids water Si02 Fe 203 ~O CaO 

100.00 9900.00 13.48 11.47 13.19 22.62 
30.20 3400.27 2.00 2.84 3.90 8.98 
69.80 6909.73 11.48 8.63 9.29 13.64 

410. 00 

METAL RECOVERIES 
**************** 

Si02 Fe 203 M:JO cao Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 14.83 24.76 29.56 39.70 25.91 
TAILS 85.17 75.24 70.44 60.30 74.09 

METAL GRADES 
************* 

Si02 Fe 203 ftt30 CaO Nb205 

FEEO 13.48 11.47 13.19 22.62 0.51 
CARBS 6.62 9.41 12.90 29.73 0.43 
TAILS 16.45 12.37 13.31 19.54 0.54 

392 

Nb205 

0.49 
0.44 
0.55 

Nb205 

0.51 
0.13 
0.38 



( TE:ST , R6 

FEED 
CARBS 
TAILS 

CI-W 

FEED 
CARBS 
TAILS 

C1-W 

( 

E:XPERlMENTAL VALUES 
******************* 

flowrates 
solids 

100.00 
0.00 
0.00 

, sol. Si02 Fe 203 

1.00 13.40 11.00 
1.00 9.30 10.30 
1.00 18.70 13.60 

410.00 

F~TES AND METAL UNITS 
****.***.*****.***.* •• *** 

grades 
~O CaO 

13.20 22.40 
13.50 27.30 
13.40 18.50 

flowrates meta1 units 
solids water S102 Fe 203 ~O CaO 

100.00 9900.00 13.64 11.58 13.37 22.88 
52.54 5611.72 4.82 5.25 7.05 14.21 
47.46 4698.29 8.82 6.32 6.32 8.67 

410.00 

METAL RECOVERIES 
•• * •• **.** ••• **. 

S102 Fe203 fttJO CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 35.34 45.37 52.71 62.11 47.54 
TAILS 64.66 54.63 47.29 37.89 52.46 

METAL GRADES 
**.*** ••• **** 

S102 Fe 203 fttlO CaO Nb205 

FEED 13.64 11.58 13.37 22.88 0.50 
CARBS 9.17 10.00 13.41 27.05 0.45 
TAILS 18.59 13 .. 33 13.32 18.27 0.55 

Nb205 

0.49 
0.46 
0.56 

Nb205 

0.50 
0.24 
0.26 

393 



TEST. R7 -

FEED 
CARBS 
TAILS 

Cl-W 

FEED 
CARBS 
TAILS 

C1-W 

..,.., 

-

EXPERIMENTAL VALUES 
* •• *.***.**.*** •• *. 

flowrates 
solids 

100.00 
0.00 
0.00 

, sol. Si02 Fe 203 

1.00 13.40 11.00 
1.00 9.49 10.50 
1.00 23.80 15.30 

410.00 

FLCJoIRATES AND METAL UNITS 
*** ••• * •• * •• * •• *** •• *.*** 

grades 
M:}O Cao 

13.20 22.40 
13.30 27.10 
13.90 13.60 

flowrates metal units 
solids water Si02 Fe 203 ~O cao 

100.00 9900.00 13.59 11.58 13.37 22.85 
70.52 7391.50 6.60 7.12 9.29 18.88 
29.48 2918.50 7.00 4.46 4.08 3.97 

410.00 

METAL RECOVERIES 
••• * •• * •• **.***. 

Si02 Fe203 M;JO CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 48.52 61.48 69.48 82.63 67.84 
TAILS 51.48 38.52 30.52 17.37 32.16 

METAL GRADES 
** •• * •• **.*** 

Si02 Fe 203 M:JO cao Nb205 

FEED 13.59 11.58 13.37 22.85 0.50 
CARBS 9.35 10.09 13.18 26.78 0.48 
TAILS 23.74 15.13 13.85 13.47 0.55 

394 

Nb205 

0.49 
0.49 
0.55 

Nb205 

0.50 
0.34 
0.16 



( TEST * RB 

FEED 
CARBS 
TAILS 

CI-W 

FEED 
CARBS 
TAILS 

C1-W 

EXPERIMENTAL VALUES 

******************* 
flowrates 

solids 

100.00 
0.00 
0.00 

% sol. Si02 Fe203 

1.00 13.40 11.00 
1.00 8.88 10.20 
1.00 23.90 15.60 

410.00 

FLOIIRATES AND METAL UNITS 

************************* 

grades 
~O CaO 

13.20 22.40 
13.40 27.90 
14.10 13.90 

flowrates metal units 
solids water Si02 Fe 203 ~O CaO 

LOO.OO 9900.00 13.69 11.63 13.48 22.96 
ii6.91 7034.33 5.81 6.54 8.84 18.42 
33.09 3275.67 7.88 5.09 4.64 4.54 

410.00 

METAL RECOVERI ES 

**************** 
Si02 Fe 203 M:JO CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 42.46 56.23 65.61 80.23 64.68 
TAILS 57.54 43.77 34.39 19.77 35.32 

METAL GRADES 

************* 
Si02 Fe203 ~O CaO Nb205 

FEED 13.69 11.63 13.48 22.96 0.49 
CARBS 8.69 9.78 13.21 27.53 0.47 
TAILS 23.80 15.39 14.01 13.72 0.52 

395 

Nb205 

0.49 
0.47 
0.52 

Nb205 

0.49 
0.32 
0.11 
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TEST # R9 
.... EXPERIMENTAL VALUES 

******************* 

flowrates grades 
solids % sol. Si02 Fe 203 M;JO CaO Nb205 

FEED 100.00 1.00 13.40 11.00 13.20 22.40 0.49 
CARBS 0.00 1.00 6.91 11.00 12.91 29.33 0.42 
TAILS 0.00 1.00 14.29 11.99 13.39 22.57 0.53 

C1-W 410.00 

FLCl"IRATES AND METAL l/NITS 
************************* 

flowrates metal units 
solids water Si02 Fe 203 M;JO CaO Nb20S 

FEED 100.00 9900000 13.65 11.49 13.29 22.70 0.51 
CARBS 5.78 982.30 0.40 0.63 0.75 1.69 0.02 
TAlt.S 94.22 9327.70 13.25 10.86 12.54 21.00 0.48 

CJ.-W 410.00 

METAL RECOVERI ES 
**************** 

Si02 Fe 203 ~O CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 2.92 5.52 5.62 7.47 4.77 
TAILS 97.08 94.48 94.38 92.53 95.23 

METAL GRADES 
************* 

Si02 Fe203 ~O CaO Nb20S 

FEED 13.65 11.49 13.29 22.70 0.51 
CARBS 6.90 10.97 12.91 29.31 0.42 
TAILS 14.06 11.53 13.31 22~ 29 0.51 

,~ 

...... 



l 

( 

TEST. R23 

FEED 
CARBS 
TAILS 

CI-W 

FEED 
CARBS 
TAns 

CI-W 

EXPERIMENTAL ~LUES 
******************* 

flowrates grades 
solids , sol. Si02 Fe 203 M;JO CaO 

100.00 1.00 13.40 11.00 13.20 22.40 
0.00 1.00 12.70 9.88 13.30 23.80 
0.00 LOO 11.60 10.40 13.60 24.40 

410.00 

F~TES AND METAL UNITS 
************************* 

flowrates metai units 
solids water Si02 Fe203 M;JO CaO 

100.00 9900.00 13.04 10.44 13.25 23.11 
98.81 U0192.38 12.90 10.31 13 .. 09 22.82 
1.19 117.62 0.14 0.12 0.1'; 0.29 

410.00 

METAL RECOVERIES 
**************** 

Si02 Fe203 ~O cao 1a>205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 98.94 98.82 98.78 98.75 98.75 
TAILS 1.06 1.18 1.22 1.25 1.25 

METAL GRADES 
************* 

Si02 Fe 203 ~O Cao Nb20S 

FEED 13.04 10.44 13.25 23.11 0.48 
CAR8S 13.06 10.44 13.25 23.10 0.47 
TAILS 11.60 10.41 13.60 24.39 0.50 

397 

Nb205 

0.49 
0.46 
0.50 

Nb205 

0.48 
0.47 

0.01 



i ' .... 

..... 

-

TE5T, R24 

FEED 
CARBS 
TAILS 

C1-W 

EXPERIMENTAL VALUES 
******************* 

flowrates 
solids 

100.00 
0.00 
0.00 

, sol. 5102 Fe 203 

1.00 13.40 11.00 
1.00 11.30 9.27 
1.0" 13.50 11.00 

410.00 

FLCMMTE5 AND METAL UNITS 
************************* 

grades 
MgO CaO 

13.20 22.40 
13.30 24.60 
13.80 20.30 

flowrates meta1 un1ts 
so11ds \illater 5102 Fe 203 MgO CaO 

FEED 100.00 9900.00 12.97 10.61 13.48 22.01 
CARBS 34.94 3869.17 4.00 3.29 4.61 8.64 
TAILS 65.06 6440.83 8.97 7.32 8.86 13.37 

C1-W 410.00 

METAL RECOVERI ES 
**************** 

Si02 Fe 203 M;JO CaO Nb205 

FEEO 100.00 100.00 100.00 100.00 100.00 
CARBS 30.86 30.98 34.24 39.26 34.44 
TAILS 69.14 69.02 65.76 60.74 65.56 

METAL GRADES 
************* 

5102 Fe2CJ3 MgO cao Nb205 

FEED 12.97 10.61 13.48 22.01 0.49 
CARBS 11.45 9.41 13.20 24.74 0.48 
TAlLE 13.78 11.25 13.62 20.55 0.49 

398 

Nb205 

0.49 
0.48 
0.49 

Nb205 

0.49 
0.17 
0.32 
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( 

TEST t R25 

FEED 
CARBS 
TAUS 

C1-W 

EXPERIMENTAL VALUES 
******************* 

flowrates 
solids 

100.00 
0.00 
0.00 

, sol. 5102 Fe 203 

1.00 13.40 11.00 
1.00 11.00 10.30 
1.00 13.60 11.20 

410.00 

FLaNRATES AND METAL UNI'l'S 
************************* 

grades 
lit} 0 CaO 

13.20 22.40 
13.00 25.10 
14.60 20.70 

flowrates metal units 
solids water 5102 Fe 203 lit} 0 CaO 

FEED 100.00 9900.00 12.95 10.93 13.75 22.28 
CARB5 34.45 3820.42 3.84 3.56 4.41 8.66 
TAILS 65.55 6489.58 9.11 7.37 9.33 13.62 

CI-W 410.00 

METAL RECQVERIES 
**************** 

Si02 Fe203 ftt:)0 cao Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 29.67 32.54 32.10 38.87 36.92 
TAILS 70.33 67.46 67.90 61.13 63.08 

METAL GRADE5 
************* 

5i02 Fe 203 lit} 0 cao Nb205 

FEED 12.95 10.93 13.75 22.28 0.46 
CARBS 11.15 10.32 12.81 25.14 0.49 
TAILS 13.89 11.25 14.24 20.78 0.44 

399 

Nb20S 

0.49 
0.48 
0.42 

Nb205 

0.46 
0.17 
0.29 
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4# 

TEST' T28E 

FEED 
CARBS 
TAIL.S 

C1-W 

EXPERI~AL V~LUES 
******************* 

f10wrates 
so1ids 

100.00 
0.00 
0.00 

, sol. Si02 Fe203 

1.00 13.40 11.00 
1.00 12.10 11.30 
1.00 14.00 11.50 

410.00 

FLONRATES AND METAL UNITS 
************** •••• ******. 

grades 
M30 CaO 

13.20 22.40 
12.70 22.40 
13.10 21.50 

f10wrates meta1 units 
solids water Si02 Fe 203 MlO CaO 

FEED 100.00 9900.00 13.26 11.27 13.02 22.06 
CARBS 42.42 4609.25 5.16 4.74 5.42 9.56 
TAILS 57.58 5700.75 8.11 6.53 7.60 12.49 

CI-W 410.00 

~AL REC~RIES 
.******.*** ••••• 

Si02 Fe 20 3 ftt)0 CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 38.88 42.07 41.62 43.36 45.38 
TAILS 61.12 57.93 58.38 56.64 54.62 

METAL GRADES 
*********** •• 

Si02 Fe 203 M30 CaO Nb205 

FEED 13.26 11.27 13.02 22.06 0.47 
CARBS 12.16 11.18 12.78 22.55 0.51 
TAILS 14.08 11. 34 13.20 21.70 0.45 

Nb205 

0.49 
0.50 
0.44 

Nb205 

0.47 
0.22 
0.26 

400 



( 

{, 

TEST • T74 

FEED 
CAR8S 
TAILS 

CI-W 

EXPERIMENTAL VALUES 
******************* 

flowrates 
solids 

100.00 
0.00 
0.00 

, sol. Si02 Fe203 

1.00 13.40 11.00 
1.00 8.69 9.60 
1.00 17.60 l3.00 

410.00 

FLCJtmATES AND METAL UNITS 
************************* 

grades 
M;JO CaO 

l3.20 22.40 
12.80 25.70 
13.50 17.90 

flowrates meta1 units 
solids water Si02 Fe 203 M;JO CaO 

FEED 100.00 9900.00 13.10 11.15 l3.16 22.11 
CAR8S 52.12 5570.08 4.61 4.96 6.68 13.47 
TAILS 47.88 4739.93 8.49 6.19 6.47 8.64 

C1-W 410.00 

METAL RECOVERIES 
**************** 

Si02 Fe 203 M:JO CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 35.18 44.50 50.80 60.94 48.88 
TAILS 64.82 55.50 49.20 39.06 51.12 

METAL GRADES 
************* 

Si02 Fe 203 M:JO cao Nb205 

FEEO 13.10 11.15 13.16 22.11 0.45 
CARBS 8.84 9.52 12.82 25.85 0.42 
TAILS 17.74 12.93 13.52 18.04 0.48 

401 

Nb205 

0.49 
0.40 
0.46 

Nb205 

0.45 
0.22 
0.23 
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TEST 1 T73 

FEEO 
CARBS 
TAILS 

C1-W 

EXPERIMENTAL VALUES 
******************* 

f10wrates 
solids 

100.00 
0.00 
0.00 

, sol. Si02 Fe 203 

1.00 13.40 11.00 
1.00 9.00 9.83 
1.00 17.30 12.60 

410.00 

FLC7iJRATES AND METAL UNITS 
************************* 

grades 
~O CaO 

13.20 22.40 
12.70 25.50 
13.40 18.50 

f10wrates meta1 units 
solids water Si02 Fe203 ~O CaO 

FEED 100.00 9900.00 13.19 11.13 13.10 22.17 
CAR8S 50.83 5442.44 4.63 4.96 6.48 13.02 
TAILS 49.17 4867.56 8.56 6.16 6.61 9.15 

C1-W 410.00 

METAL RECOVERIES 
**************** 

Si02 Fe 203 M:]O CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 35.11 44.61 49.50 58.73 48.11 
TAILS 64.89 55.39 50.50 41.27 51.89 

METAL GRADES 
************* 

Si02 Fe203 ~O CaO Nb205 

FEED 13.19 11.13 13.10 22.17 0.45 
CARBS 9.11 9.76 12.75 25.62 0.43 
TAILS 17.40 12.54 13.45 18.61 0.48 

402 

Nb20S 

0.49 
0.41 
0.46 

Nb205 

0.45 
0.22 
0.24 
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TEST. R28 

FEED 
CAR85 
TAILS 

C1-W 

EXPERIMENTAL VALUES 
******************* 

flowrates 
solids 

100.00 
0.00 
0.00 

, sol. 5102 Fe 203 

1.00 13.40 Il.00 
1.00 11.60 10.90 
1.00 13.40 Il.00 

410.00 

FLCJtlRATE5 AND METAL UNITS 
************************* 

grades 
MJO CaO 

13.20 22.40 
12.90 23.50 
13.10 22.20 

flowrates metal units 
solids water 5102 Fe 203 MJO CaO 

FEED 100.00 9900.00 13.36 11.00 13.14 22.33 
CARB5 4.56 861.78 0.53 0.50 0.59 1.07 
TAILS 95.44 9448.22 12.83 10.50 12.55 21.25 

CI-W 410.00 

METAL RECOVERIES 
**************** 

S102 Fe203 ~O CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARSS 3.96 4.52 4.48 4.80 5.74 
TAILS 96.04 95.48 95.52 95.20 94.26 

METAL GRADES 
************* 

5102 Fe 203 M30 CaO Nb205 

FEED 13.36 11.00 13.14 22.33 0.46 
CARB5 11.60 10.90 12.90 23.50 0.58 
TAILS 13.44 11.00 13.15 22.27 0.46 

Nb205 

0.49 
0.58 
0.43 

Nb205 

0.46 
0.03 
0.44 

403 
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TEST • R29 

FEED 
CARSS 
TAILS 

CI-W 

EXPERIMENTAL VALUES 
******************* 

flowrates 
solids 

100.00 
0.00 
0.00 

, sol. Si02 Fe 203 

1.00 11.40 11.00 
1.00 11.40 10.40 
1.00 13.50 11.00 

410.00 

FLCJtlRATES AND METAL UNITS 
************************* 

grades 
M:JO cao 

13.20 22.40 
1'3.10 23.30 
13.10 22.10 

flowrates meta1 units 
solids water Si02 Fe 203 M:JO CaO 

FEED 100.00 9900.00 11.62 10.71 13.14 22.80 
CARBS 82.01 8528.72 9.20 8.72 10.78 18.84 
TAILS 17.99 1781.28 2.42 1.99 2.36 3.96 

C1-W 410.00 

METAL RECOVERIES 
**************** 

Si02 Fe 203 ~O cao Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CAR8S 79.16 81.44 82.05 82.62 84.11 
TAILS 20.84 18.56 17.95 17 .38 15.89 

METAL GRADES 
************* 

Si02 Fe 203 r-t]0 CaO Nb205 

FEED 11.62 10.71 13.14 22.80 0.52 
CAR8S 11.22 10.64 13.15 22.97 0.53 
TAILS 13.46 11.05 13.lt 22.03 0.46 

404 

Nb205 

0.49 
0.55 
0.46 

Nb205 

0.52 
0.43 
0.08 
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TEST * R29A 

FEED 
CARBS 
TAILS 

C1-W 

EXPERIM~rAL VALUES 
** •• **~* ••• ******** 

flowrates 
solids 

100.00 
0.00 
0.00 

, sol. Si02 Fe 203 

1.00 13.40 11.00 
1.00 12.10 10.80 
1.00 14.20 11.30 

410.00 

FLCJtIRATES AND METAL UNITS 
** •• *.******.*******.**** 

grades 
rot;JO CaO 

13.20 22.40 
13.10 23.40 
13.20 22.00 

f10wrates meta1 units 
solids water Si02 Fe 203 fttJO CaO 

FEED 100.00 9900.00 13.43 11.08 13.18 22.47 
CARBS 36.16 3989.69 4.37 3.89 4.74 8.45 
TAILS 63.84 6320.31 9.05 7.18 8.44 14.02 

C1-W 410.00 

METAL RECOVERIES 
**********.***** 

Si02 Fe 203 M30 cao Nb205 

Fe:e:D 100.00 100.00 100.00 100.00 100.00 
CARBS 32.56 35.16 35.97 37.62 37.95 
TAILS 67.44 64.84 64.03 62.38 62.05 

METAL GRADES 
***** •••• *.** 

Si02 Fe203 rot;JO cao Nb205 

FEEO 13.43 11.08 13.18 22.47 0.48 
CARBS 12.09 10.77 13.11 23.38 0.50 
TAILS 14.18 11.25 13.22 21.96 0.47 

405 

Nb205 

0.49 
0.50 
0.46 

Nb205 

0.48 
0.18 
0.30 
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TEST , R29B 

FEED 
CARBS 
TAILS 

C1-W 

EXPERIMENTAL VALUES 
******************* 

f10wrates 
solids 

100.00 
0.00 
0.00 

, sol. Si02 Fe 203 

1.00 13.40 11.00 
1.00 11.50 10.60 
1.00 15.30 11.20 

410.00 

FLOIIRATES AND METAL UNITS 
************************* 

grades 
M;JO CaO 

13.20 22.40 
13.20 24.00 
13.30 21.00 

f10wrates metal units 
solids water Si02 Fe 203 ~O CaO 

FEED 100.00 9900.00 13.43 10.94 13.23 22.44 
CARBS 48.67 5228.81 5.59 5.17 6.42 11.67 
TAILS 51.33 5081.19 7.84 5.76 6.82 10.77 

C1-W 410.00 

METAL RE~OVERIES 
**************** 

Si02 Fe 203 M:)O CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 41.61 47.30 48.49 52.02 51.87 
TAILS 58.39 52.70 51.51 47.98 48.13 

METAL GRADES 
************* 

Si02 Fe203 M30 CaO Nb205 

FEED 13.43 10.94 13.23 22.44 0.46 
CARBS 11.48 10.63 13.18 23.98 0.49 
TAILS 15.28 ' 11.23 13.28 20.98 0.43 

406 

Nb205 

0.49 
0.48 
0.42 

Nb205 

0.46 
0.24 
0.22 
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TEST • R32 

FEED 
CARBS 
T~ILS 

C1-W 

EXPERIMENTAL V~LUES 
******************* 

flowrates 
solids 

100.00 
0.00 
0.00 

, sol. Si02 Fe203 

1.00 13.40 11.00 
1.00 6.51 12.80 
1.00 16.30 12.10 

410.00 

FLCWRATES AND METAL UNITS 
************************* 

grades 
M;JO Cao 

13.20 22.40 
12.80 28.10 
13.20 19.60 

flowrates metai units 
solids water Si02 Fe203 M]O CaO 

FEEO 100.00 9900.00 13.36 11.83 13.12 22.25 
CAR8S 30.20 3400.27 1.97 3.79 3.87 8.50 
TAU.s 69.80 6909.73 11.39 8.04 9.25 13.75 

C1-W 410.00 

METAL RECOVERIES 
**************** 

Si02 Fe 203 M;JO caO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS l4.74 32.04 29.51 38.20 21.155 
TAILS 85.26 67.96 70.49 61.80 78.35 

METAL GRADES 
************* 

Si02 Fe203 J'tt30 CaO Nb205 

FEED 13.36 11.83 13.12 22.25 0.48 
CAABS 6.52 12.55 12.82 28.14 0.34 
TAILS 16.33 11.52 13.25 19.70 0.54 

Nb205 

0.49 
0.34 
0.53 

Nb205 

0.48 
0.10 
0.38 

407 
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TEST ft R33 

FEED 
CARBS 
TAILS 

C1-W 

EXPERIMENTAL VALUES 
******************* 

flowrates 
solids 

100.00 
0.00 
0.00 

, sol. ~i02 Fe 203 

1.00 13.40 11.00 
1.00 2.38 6.19 
1.00 10.30 11.40 

410.00 

FLOfIRATES AND METAL UNITS 
************************* 

grades 
M:j0 CaO 

13.20 22.40 
14.70 31.10 
13.90 24.10 

flowrates metal units 
solids water Si02 Fe 203 M:j0 cao 

FEED 100.00 9900.00 11.78 11.17 13.56 23.30 
CARBS 1.19 527.62 0.03 0.07 0.17 0.37 
TAILS 98.81 9782.38 11.76 11.10 13.38 22.93 

C1-W 410.00 

METAL RECOVERIES 
**************** 

Si02 Fe203 M:j0 cao Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 0.24 0.66 1.29 1.59 0.46 
TAILS 99.76 99.34 98.71 98.41 99.54 

METAL GRADES 
************* 

Si02 Fe 203 M:]O CaO Nb205 

FEED 11.78 11.17 13.56 23.30 0.59 
CARBS 2.40 6.19 14.70 31.09 0.23 
TAILS 11.90 11.23 13.55 23.21 0.60 

Nb205 

0.49 
0.23 
0.70 

Nb205 

0.59 
0.00 
0.59 

408 
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TEST * R35 

FEED 
CARBS 
TAILS 

C1-W 

EXPERIMENTAL VALUES 
******************* 

flowrates 
solids 

100.00 
0.00 
0.00 

% sol. Si02 Fe 203 

1.00 13.40 11.00 
l.00 11.90 10.40 
l.00 16.00 11. 70 

410.00 

FLCWRATES AND METAL UNITS 
************************* 

grades 
M:JO CaO 

13.20 22.40 
13.30 23.70 
13.20 19.40 

flowrates meta1 units 
solids water Si02 Fe203 MlO CaO 

FEEO 100.00 9900.00 13.32 10.90 13.24 22.31 
CARBS 66.35 6978.47 7.93 6.95 8.81 15.77 
TAILS 33.65 3331.54 5.39 3.95 4.44 6. ~~4 

Cl-W 410.00 

METAL RECOVERIES 
**************** 

Si02 Fe203 M;JO CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 59.52 63.75 66.49 70.68 69.87 
TAILS 40.48 36.25 33.51 29.32 30.13 

METAL GRADES 
************* 

Si02 Fe203 fttJO CaO Nb205 

FEED 13.32 10.90 13.24 22.31 0.47 
CARBS 11.95 10.47 13.27 23.76 0.50 
TAILS 16.03 11.74 13.19 19.43 0.43 

409 

Nb205 

0.49 
0.49 
0.42 

Nb205 

0.47 
0.33 
0.14 



410 

TEST' R36 - EXPERII~TAL VALUES 
******************* 

f10wrates grades 
solids , sol. Si02 Fe203 r-t]0 CaO Nb205 

FEED 100.00 1.00 13.40 11.00 13.20 22.40 0.49 
CARBS 0.00 1.00 5.11 8.25 14.30 28.90 0.39 
TAILS 0.00 1.00 10.10 9.71 14.00 28.40 0.42 

C1-W 410.00 

FLCJolRATES AND METAL UNITS 
************************* 

f10wrates metal units 
solids water Si02 Fe203 r-t]0 CaO Nb205 

FEED 100.00 9900.00 Il.70 10.34 13.61 25.44 0.45 
CARBS 1.19 527.62 0.06 0.10 0.17 0.34 0.00 
TAILS 98.81 9782.38 11.64 10.24 13.44 25.10 0.45 

C1-W 410.00 

METAL RECOVERIES 
**************** 

Si02 Fe 203 M:JO CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 0.52 0.95 1.25 1.35 1.02 
TAILS 99.48 99.05 98.75 98.65 98.98 

METAL GRADES 
************* 

Si02 Fe203 "'30 CaO Nb205 

FEED 11. 70 10.34 13.61 25.44 0.45 
CARBS 5.13 8.26 14.30 28.86 0.39 

"". TAILS 11.78 10.36 13.60 25.40 0.46 

~ .... 
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TEST • R80A 

FEEO 
CARBS 
TAI[.S 

C1-W 

EXPERIMOOAL VALUES 
******************* 

flowrates 
so1ids 

100.00 
0.00 
0.00 

%; sol. Si02 Fe 203 

1.00 13.40 11.00 
1.00 10.40 9.10 
1.00 22.50 15.30 

410.00 

F~TES AND METAL UNITS 
************************* 

grades 
M}O CaO 

13.20 22.40 
12.90 25.00 
13.50 13.00 

f10wrates metal units 
solids water Si02 Fe 203 M}O cao 

FEED 100.00 9900.00 13.36 10.76 13.11 22.21 
CARBS 75.75 7909.16 7.90 7.03 9.83 19.05 
TAILS 24.25 2400.84 5.46 3.72 3.28 3.16 

C1-W 410.00 

METAL RECOVERIES 
**************** 

Si02 Fe 203 ~O CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 59.14 65.38 74.98 85.76 72.43 
TAILS 40.86 34.63 25.02 14. '). 27.57 

METAL GRADES 
************* 

Si02 Fe203 ~r CaO Nb205 

FEED 13.36 10.76 .. 3.11 22.21 0.46 
CARBS 10.43 9.28 12.97 25.14 0.44 
TAILS 22.51 15.36 13.52 13.05 0.52 

411 

Nb205 

0.49 
0.41 
0.51 

Nb205 

0.46 
0.33 
0.13 



,..-----------_ .. _---

....... 
....... TEST • R80B 

FEED 
CARBS 
TAILS 

C1-W 

EXPERIMENTAL VALUES 

******************* 
flowrates 

solids 

100.00 
0.00 
0.00 

, sol. Si02 Fe203 

1.00 13.40 11.00 
1.00 10.80 9.49 
1.00 16.00 16.00 

410.00 

FIJltIRATES AND METAL UNITS 

***********'************** 

grades 
~O CaO 

13.20 22.40 
12.60 24.60 
13.70 11.10 

flowrates meta1 units 
solids water Si02 Fe203 M;JO CaO 

FEED 100.00 9900.00 12.49 10.90 12.98 22.05 
CARBS 79.36 8266.33 9.15 7.59 10.14 19.74 
TAILS 20.64 2043.67 3.34 3.31 2.84 2.31 

C1-W 410.00 

METAL RECOVERI ES 

**************** 
Si02 Fe 203 ~O CaO Nb205 

FEEC 100.00 100.00 100.00 100.00 100.00 
CARBS 73.24 69.66 78.13 89.54 77.16 
TAILS 26.76 30.34 21.87 10.46 22.84 

METAL GRADES 

************* 
Si02 Fe20) ~O cao Nb20S 

FEEC 12.49 10.90 12.98 22.05 0.48 
CARBS 11.52 9.57 12.78 24.88 0.47 
TAILS 16.19 16.02 13.75 11.17 0.53 ---

412 

Nb205 

0.49 
0.46 
0.53 

Nb20S 

0.48 
0.37 
0.11 



( 
TEST' R80C 

EXPERIMmTAL VALUES 

******************* 
flowrates grades 

solids , sol. Si02 Fe 203 ~O Cao 

FEED 100.00 1.00 13.40 11.00 13.20 22.40 
CARSS 0.00 1.00 10.70 9.43 12.70 24.00 

TAILS 0.00 1.00 25.30 16.10 13.60 11.20 

CI-W 410.00 

FLCWRATES AND METAL UNITS 

************************* 
flowrates metal units 

solids water Si02 Fe 203 ~O cao 

FEED 100.00 9900.UC 13.25 10.74 13.00 22.09 
CARBS 83.30 8656.35 9.02 8.04 10.72 20.21 
TAILS 16.70 1653.65 4.23 2.70 2.28 1.88 

CI-W 410.00 

METAL RECOVERIES 

**************** 
Si02 Fe203 M;JO CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 68.07 74.88 82.48 91.49 81.25 
TAILS 31.93 25.12 17.52 8.51 18.75 

METAL GRADES 

************* 
Si02 Fe 203 M10 CaO Nb205 

FEED 13.25 10.74 13.00 22.09 0.47 
CARBS 10.83 9.65 12.87 24.26 0.46 

( TAILS 2~.33 16.14 13.63 11.25 0.53 

Nb205 

0.49 
0.45 
0.53 

Nb205 

0.47 
0.39 
0.09 

413 



-
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TEST 1 RB1 

FEED 
CARBS 
TAILS 

Cl-W 

EKPERlMENTAL VALUES 
******************* 

f10wrates 
solids 

100.00 
0.00 
0.00 

" sol. Si02 Fe203 

1.00 11.00 11.00 
1.00 7.29 8.02 
1.00 21.40 14.30 

410.00 

FLCliRATES AND METAL UNITS 
************************* 

grades 
MlO CaO 

13.20 22.40 
12.'50 27.50 
13.50 14.40 

flowrates meta1 units 
solids water Si02 Fe 203 ~O CaO 

FEED 100.00 9900.00 11.66 10.44 13.01 22.85 
CARBS 66.42 6985.58 4.55 5.57 8.45 18.07 
TAILS 33.58 3324.42 7.11 4.87 4.55 4.78 

C1-W 410.00 

METAL RECOVERIES 
**************** 

Si02 FelO3 ~O cao Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 39.02 53.40 64.98 79.06 59.14 
TAILS 60.98 46.60 35.02 20.94 40.86 

METAL GRADES 
************* 

5102 Fe 203 M:JO CaO Nb205 

FEED 11.66 10.44 13.01 22.85 0.48 
CARBS 6.85 8.39 12.73 27.20 0.43 
TAILS 21.18 14.49 13.56 14.25 0.58 

Nb205 

0.49 
0.42 
0.58 

Nb205 

0.48 
0.28 
0.20 

414 
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TEST * R82 

FEED 
CARBS 
TAILS 

C1-W 

EXPERIMENTAL ~LUES 
******************* 

f10wrates 
solids 

100 .00 
0.00 
0.00 

, sol. Si02 Fe 203 

1.00 13.40 11.00 
1.00 7.95 8.41 
1.00 19.60 13.40 

410.00 

FLOIIRATES AND METAL UNITS 
************************* 

grades 
~O CaO 

13.20 22.40 
12.60 27.00 
13.50 16.00 

flowrates meta1 units 
solids water Si02 Fe 203 M;JO CaO 

FEED 100.00 9900.00 13.29 10.78 13.07 22.15 
CARBS 54.70 5825.35 4.38 4.67 6.93 14.85 
TAILS 45.30 4484.65 8.90 6.12 6.14 7.30 

C1-W 410.00 

METAL RECOVERIES 
**************** 

Si02 Fe 203 M30 CaO Nb20S 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 32.99 43.28 53.02 67.04 48.12 
TAILS 67.01 56.72 46.98 32.96 51.88 

METAL GRADES 
************* 

Si02 Fe 203 ~O CaO Nb205 

FEED 13.29 10.78 13.07 22.15 0.49 
CAR8S 8.01 8.53 12.67 27.14 0.43 
TAILS 19.65 13.50 13.56 16.12 0.56 

415 

Nb205 

0.49 
0.43 
0.56 

Nb205 

0.49 
0.24 
0.25 
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TEST • R83 

FEED 
CARBS 
TAILS 

C1-W 

EXPERIMENTAL VALUES 
******************* 

flowrates 
solids 

100.00 
0.00 
0.00 

, sol. Si02 Fe203 

1.00 13.40 11.00 
1.00 7.97 8.81 
1.00 14.70 11. 20 

410.00 

FLaNRATES AND METAL UNITS 
************************* 

grades 
r-t;JO Cao 

13.20 22.40 
12.20 27.00 
13.20 20.90 

flowrates meta1 units 
so1ids water Si02 Fe 203 ~O CaO 

FEED 100.00 9900.00 13.35 10.83 13.08 22.25 
CARBS 20.57 2446.56 1.64 1.82 2.51 5.56 
TAU.s 79.43 7863.45 11.71 9.01 10.56 16.69 

C1-W 410.00 

METAL RECOVERIES 
**************** 

Si02 Fe 203 M30 CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 12.30 16.81 19.23 24.99 18.39 
TAILS 87.70 83.19 80.77 75.01 81.61 

METAL GRADES 
************* 

Si02 Fe203 ~O cao Nb205 

FEED 13.35 10.83 13.08 22.25 0.48 
CARBS 7.98 8.85 12.23 27.03 0.43 
TAILS 14.74 11.34 13.30 21.02 0.50 

416 

Nb205 

0.49 
0.43 
0.49 

Nb205 

0.48 
0.09 
0.39 
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TEST' R90 

FEEO 
CARBS 
TAILS 

C1-W 

EXPERIMENTAL VALLJES 
******************* 

flowrates 
solids 

100.00 
0.00 
0.00 

, sol. Si02 Fe 203 

1.00 13.40 Il.00 
1.00 10.10 10.30 
1.00 21.30 12.80 

410.00 

FLCWRATES AND METAL UNITS 
************************* 

grades 
M:]O CaO 

13.20 22.40 
13.00 25.70 
14.00 16.40 

flowrates meta1 units 
solids water Si02 Fe 203 M:]O CaO 

FEED 100.00 9900.00 13.55 11.06 13.27 22.63 
CARBS 68.43 7184.99 6.84 7.02 8.86 17.48 
TAILS 31.57 3125.02 6.71 4.03 4.41 5.15 

C1-W 410.00 

METAL RECOVERIES 
**************** 

Si02 Fe203 ftt30 CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 50.49 63.51 66.76 77.23 72.71 
TAILS 49.51 36.49 33.24 22.77 27.29 

METAL GRADES 
************* 

Si02 Fe 203 r-t]O cao Nb20S 

FEED 13.55 11.06 13.27 22.63 0.50 
CARBS 10.00 10.26 12.95 25.54 0.53 
TAILS 21.25 12.78 13.98 16.33 0.43 

Nb20S 

0.49 
0.53 
0.43 

Nb20S 

0.50 
0.36 
0.14 

417 
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TEST' R90A 

FEED 
CARBS 
TAILS 

C1-W 

EXPERIMENTAL VALUES 

* ** ****** ********** 
f10wrates 

solids 

100.00 
0.00 
0.00 

, sol. Si02 Fe 203 

1.00 13.40 11.00 
1.00 10.60 10.50 
1.00 19.40 12.10 

410.00 

FLCWRATES AND METAL UNITS 

************************* 

grades 
MlO CaO 

13.20 '22.40 
12.80 25.60 
13.80 17.30 

flowrates metal units 
solids water Si02 Fe 203 MlO CaO 

FEED 100.00 9900.00 13.58 11.04 13.17 22.59 
CARBS 65.06 6850.83 6.82 6.82 8.34 16.57 
TAILS 34.94 3459.17 6.76 4.22 4.83 6.02 

C1-W 410.00 

METAL RECOVERIES 

**************** 
Si02 Fe203 M:JO CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 50.24 61.74 63.35 73.35 69.26 
TAILS 49.76 38.26 36.65 26.65 30.74 

METAL GRADES 

************* 
Si02 Fe 203 M30 CaO Nb205 

FEED 13.58 11.04 13.17 22.59 0.49 
CARBS 10.48 10.48 12.82 25.47 0.52 
TAILS 19.34 12.09 13.81 17.23 0.43 

Nb205 

0.49 
0.52 
0.43 

Nb205 

0.49 
0.34 
0.15 

418 
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TEST' R90B 

FEED 
CARBS 
TAILS 

Cl-W 

EXPERIMENTAL VALUES 
******************* 

f10wrates 
solids 

100.00 
0.00 
0.00 

, sol. Si02 Fe 203 

1.00 13.40 11.00 
1.00 10.30 10.30 
1.00 17.00 11.70 

410.00 

FLCJ.iRATES AND METAL UNITS 
* •• ****** ••• *.* ••• **.* ••• 

grades 
MJO CaO 

13.20 22.40 
12.70 25.50 
13.70 19.30 

f10wrates meta1 units 
solids water Si02 Fe203 MJO CaO 

FEED 100.00 9900.00 13.48 10.98 13.19 22.48 
CARBS 52.05 5562.96 5.34 5.37 6.61 13.25 
TAILS 47.95 4747.04 8.13 5.61 6.57 9.23 

C1-W 410.00 

METAL RECOVERI ES 
***********.**** 

Si02 Fe 203 M30 cao Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 39.63 48.87 50.16 58.93 54.67 
TAILS 60.37 51.13 49.84 41.07 45.33 

METAL GRADES 

************* 
5102 Fe203 MJO CaO Nb205 

FEED 13.48 10.98 13.19 22.48 0.48 
CARBS 10.26 10.3l 12.71 25.46 0.50 
TAILS 16.96 11.71 13.71 19.26 0.45 

419 

Nb205 

0.49 
0.50 
0.45 

Nb20S 

0.48 
0.26 
0.22 
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TEST' R90C 

FEEO 
CARBS 
TAILS 

C1-W 

FEED 
CARBS 
TAILS 

CI-W 

EXPERIMENTAL.'~LUES 

******************* 

flowrates 
solids 

100.00 
0.00 
0.00 

, sol. Si02 Fe203 

1.00 13.40 11.00 
1.00 10.60 10.30 
1.00 16.60 11.60 

410.00 

Ft.a.iRA'l'ES AND METAL UNITS 
************************* 

flowrates 
solids water Si02 Fe 203 

100.00 9900.00 13.52 10.96 
50.46 5405.20 5.32 5.21 
49.54 4904.80 8.20 5.76 

410.00 

METAL RECOVERIES 
**************** 

Si02 Fe203 M:JO 

FEED 100.00 100.00 100.00 
CARBS 39.36 47.49 49.51 
TAILS 60.64 52.51 50.49 

METAL GRADES 
************* 

Si02 Fe 203 fttJO 

FEED 13.52 10.96 13.30 
CARBS 10.54 10.32 13.05 
TAILS 16.54 11.62 13.55 

420 

grades 
°Nb205 fttJO CaO 

13.20 22.40 0.49 
13.10 25.60 0.51 
13.60 19.50 0.47 

meta1 Wlits 
fttJO CaO Nb205 

13.30 22.52 0.49 
6.58 12.89 0.26 
6.71 9.63 0.23 

CaO Nb205 

100.00 100.00 
57.23 52.50 
42.77 47.50 

CaO Nb205 

22.52 0.49 
25.54 0.51 
19.44 0.47 



( TEST 1 RlOO 
EXPERIMENTAL VALUES 
******************* 

flowrates grades 
solids , sol. Si02 Fe203 M:}O Cao 

FEED 100.00 1.00 13.40 11.00 13.20 22.40 
CARBS 0.00 1.00 11.20 9.93 12.40 25.10 
TAILS 0.00 1.00 13.20 10.50 12.60 22.80 

C1-W 410.00 

FLQiRATES AND METAL UNITS 
************************* 

flowrates meta1 units 
solids water Si02 Fe 203 M30 CaO 

FEED 100.00 9900.00 13.29 10.74 12.90 22.62 
CARBS 1.19 527.62 0.13 0.12 0.15 0.30 
TAILS 98.81 9782.38 13.15 10.63 12.75 22.32 

CI-W 410.00 

METAL RECOVERIES 
**************** 

Si02 Fe203 r-t;)O CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 1.00 1.10 1.14 1.32 1.19 
TAILS 99.00 98.90 98.86 98.68 98.81 

METAL GRADES 
************* 

Si02 Fe 203 M;JO CaO Nb205 

FEED 13.29 lO.74 12.90 22.62 0.47 
CARBS 11.20 9.93 12.40 25.10 0.47 
TAILS 13.31 10.75 12.90 22.59 0.47 

( 

Nb205 

0.49 
0.47 
0.45 

Nb205 

0.47 
0.01 
0.46 

421 

() 
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TEST t RIOOA 

FEED 
CARBS 
TAILS 

C1-W 

EXPERIMENTAL VALUES 
******************* 

flowrates 
solids 

100.00 
0.00 
0.00 

, sol. Si02 Fe 203 

1.00 13.40 11.00 
1.00 12.80 10.40 
1.00 16.60 12.20 

410.00 

FLCWRATES AND METAL UNITS 
************************* 

grades 
~O CaO 

13.20 22.40 
12.70 24.30 
13.40 19.90 

flowrates meta1 units 
solids water Si02 Fe 203 M:30 CaO 

FEEO 100.00 9900.00 13.78 10.98 13.02 22.73 
CARBS 68.43 7184.99 8.58 7.13 8.77 16.48 
TAILS 31.57 3125.02 5.20 3.85 4.25 6.25 

C1-W 410.00 

METAL RECOVERIES 
**************** 

Si02 Fe203 M:30 CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARSS 62.26 64.91 67.38 72.50 71.35 
TAILS 37.74 35.09 32.62 27.50 28.65 

METAL GRADES 
** •• ***** ••• * 

Si02 Fe203 ~O CaO Nb205 

FEED 13.78 10.98 13.02 22.73 0.48 
CARBS 12.54 10.41 12.82 24.08 0.50 
TAILS 16.48 12.21 13.46 19.80 0.43 

422 

Nb205 

0.49 
0.49 
0.43 

Nb205 

0.48 
0.34 
0.14 



( TEST * R100B 
EXPERIMENTAL VALUES 

*********.********* 
flowrates 

solids 

FEED 100.00 
CARBS 0.00 
TAILS 0.00 

Cl-W 

, sol. Si02 Fe 203 

1.00 13.40 11.00 
1.00 10.10 10.10 
1.00 13.20 10.50 

410.00 

FLCWRATES AND METAL UNITS 
*******.**** •• ****.*.*.** 

grades 
M;JO CaO 

13.20 22.40 
11.00 24.10 
12.80 13.80 

flowrates metal units 
solids water Si02 Fe203 M;JO cao 

FEED 100.00 9900.00 11.84 10.51 12.12 21.94 
CARBS 76.17 7950.80 8.60 7.98 9.01 18.62 
TAILS 23.83 2359.20 3.23 2.53 3. II 3.31 

Cl-W 410.00 

METAL RECOVERI ES 

****.*********** 
Si02 Fe203 M30 CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 72.67 75.92 74.32 84.89 76.34 
TAILS 27.33 24.08 25.68 15.11 23.66 

METAL GRADES 
.*****.*.**** 

Si02 Fe 203 ftt30 CaO Nb205 

FEED 11.84 10.51 12.12 21.94 0.44 
CARBS 11.29 10.47 11.82 24.45 0.45 

( 
TAILS 13.57 10.62 13.06 13.91 0.44 

'./,. 

423 

Nb205 

0.49 
0.41 
0.43 

Nb205 

0.44 
0.34 
0.11 
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..... TEST i Rl00e 
EXPERIMENTAL VALUES 
******************* 

flowrates grades 
solids % sol. Si02 Fe 203 M;)O CaO Nb205 

FEED 10.00 1.00 13.40 u.oo 13.20 22.40 0.49 
CARBS 0.00 1.00 12.30 10.20 12.50 24. ~o 0.46 
TAILS 0.00 1.00 15.60 11.70 13.80 20.50 0.42 

C1-W 410.00 

FLCWRATES AND METAL UNITS 
************************* 

flowrates meta1 units 
so1ids water Si02 Fe203 M;)O CaO Nb20S 

FEED 10.00 990.00 1.37 1.09 1.31 2.26 0.05 
CARBS 5.51 955.70 0.67 0.56 0.69 1.34 0.03 
TAILS 4.49 444.30 0.70 0.53 0.62 0.92 0.02 

C1-W 410.00 

METAL RECOVERIES 
**************** 

Si02 Fe 203 JIot]O CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 49.09 51.74 52.69 59.38 57.46 
TAILS 50.91 48.26 47.31 40.62 42.54 

METAL GRADES 
************* 

Si02 Fe203 M;)O CaO Nb20S 

FEED 13.65 10.92 13.12 22.57 0.46 
CARBS 12.16 10.25 12.54 24.31 0.48 

4' • TAILS 15.49 11.74 13.83 20.43 0.43 
..... 



(, TEST * RlOOD 
EXPERIMENTAL VALUES 
******************* 

f10wrates 
solids 

FEED 100. 00 
CARBS 0.00 
TAILS 0.00 

C1-W 

, sol. Si02 Fe203 

1.00 13.40 11.00 
1.00 12.70 10.30 
1.00 18.90 12.30 

410.00 

F~TE5 AND METAL UNITS 
************************* 

grades 
1130 CaO 

13.20 22.40 
12.60 23.90 
13.70 18.20 

flowrates metal wlits 
solids water Si02 Fe203 M;JO CaO 

FEED 100.00 9900.00 13.70 10.81 12.97 22.64 
CARBS 80.65 8393.97 10.05 8.43 10.31 19.12 
TAILS 19.35 1916.03 3.65 2.39 2.66 3.51 

C1-W 410.00 

METAL RECOVERIES 
**************** 

Si02 Fe 203 ftt30 CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 73.37 77.92 79.49 84.48 82.22 
TAILS 26.63 22.08 20.51 15.52 17.78 

METAL GRADES 
************* 

Si02 Fe203 M;JO CaO Nb205 

FEED 13.70 10.81 12.97 22.64 0.46 
CARBS 12.46 10.45 12.78 23.71 0.47 
'rAILS 18.84 12.34 13.74 18.15 0.43 

( 

425 

Nb205 

0.49 
0.45 
0.42 

Nb205 

0.46 
0.38 
0.08 
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TEST • R100E 

FEED 
CAR8S 
TAILS 

C1-W 

EXPERIMENTAL VALUES 
******************* 

flowrates 
solids 

100.00 
0.00 
0.00 

, sol. Si02 Fe203 

1.00 13.40 11.00 
1.00 12.70 10.30 
1.00 17.60 11.80 

410.00 

FLCJtIRATES AND METAL UNITS 
************************* 

grades 
fttJO CaO 

13.20 22.40 
12.60 23.60 
12.90 20.00 

flowrates meta1 units 
solids water Si02 Fe203 fttJO CaO 

FEED 100.00 9900.00 13.64 10.78 12.88 22.64 
CARBS 77.76 8108.57 9.73 8.14 9.99 18.21 
TAILS 22.24 2201.43 3.90 2.63 2.88 4.44 

C1-W 410.00 

METAL RECOVERI ES 
**************** 

Si02 Fe 203 M:JO CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 71.38 75.55 77.60 80.41 78.39 
TAILS 28.62 24.45 22.40 19.59 21.61 

METAL GRADES 
************* 

Si02 Fe203 fttJO CaO Nb205 

FEED 13.64 10.78 12.88 22.64 0.46 
CARBS 12.52 10.47 12.85 23.41 0.46 
TAILS 17.55 11.85 12.97 19.95 0.45 

426 

Nb205 

0.49 
0.44 
0.44 

Nb20S 

0.46 
0.36 
0.10 



'. 

( TEST * R100F 
EXPERIMENTAL VALUES 
******************* 

f10wrates grades 
so1ids % sol. Si02 Fe 203 ~O CaO 

FEED 100.00 1.00 13.40 11.00 13.20 22.40 
CARBS 0.00 1.00 8.72 8.53 11.40 28.70 
TAILS 0.00 1.00 14.60 11.20 13.10 21.50 

CI-W 410.00 

FLOfffiATES AND METAL UNITS 
************************* 

f10wrates meta1 units 
solids water Si02 Fe 203 M;)O CaO 

FEED 100.00 9900.00 l3.61 10.90 13.01 22.47 
CARBS 14.20 1815.49 1.23 1.21 1.62 4.07 
TAILS 85.80 8494.51 12.37 9.69 11.38 18.40 

C1-W 410.00 

t'ti:.'TAL RECOVERI ES 
**************** 

Si02 Fe203 t'gO CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 9.07 11.13 12.47 18.13 12.60 
TAILS 90.93 88.87 87.53 81.87 87.40 

METAL GRADES 
************* 

Si02 Fe203 M;JO CaO Nb20S 

FEED l3.61 10.90 13.01 22.47 0.49 
CARBS 8.69 8.54 11.43 28.69 0.43 

( 
TAILS 14.42 11.29 13.27 21.44 0.49 

Nb20S 

0.49 
0.43 
0.49 

Nb205 

0.49 
0.06 
0.42 

427 



, TEST 1 R100H 
'- EXPERIM~AL VALUES 

******************* 

flowrates grades 
solids , sol. Si02 Fe203 1ItJ0 CaO 

FEED 100.00 1.00 13.40 11.00 13.20 22.40 
CARBS 0.00 1.00 11.20 9.87 12.70 25.70 
TAILS 0.00 1.00 18.70 12.40 13.20 18.30 

Cl-W 410.00 

FLC1NRATES AND METAL UNITS 
************************* 

flowrates metal units 
solids water Si02 Fe203 1ItJ0 CaO 

FEED 100.00 9900.00 13.80 10.88 13.00 22.75 
CARBS 62.55 6602.67 6.85 6.22 8.02 15.94 
TAILS 37.45 3707.33 6.95 4.66 4.97 6.80 

Cl-W 410.00 

METAL RECOVERIES 
**************** 

Si02 Fe203 r-t}0 CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 49.65 57.17 61. 74 70.08 62.80 
TAILS 50.35 42.83 38.26 29.92 37.20 

METAL GRADES 
************* 

Si02 Fe203 1ItJ0 CaO Nb20S 

FEED 13.80 10.88 13.00 22.75 0.47 
CARBS 10.95 9.94 12.83 25.48 0.47 
TAILS 18.55 12.44 13.28 18.17 0.47 

-#"" 

~ .. 

Nb20S 

0.49 
0.46 
0.46 

Nb20S 

0.47 
0.30 
0.18 
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TEST * RIOS 
EXPERIMENTAL VALUES 
••••••••••••••••••• 

f10wrates grades 
solids , sol. Si02 Fe 203 ~O CaO 

FEED 100.00 1.00 13.40 11.00 13.20 22.40 
CARBS 0.00 1.00 10.90 9.71 13.00 24.60 
TAILS 0.00 1.00 21.50 14.00 13.20 15.00 

CI-W 410.00 

FLOtIRATES AND METAL lJNITS 
••••••••••••••••••••••••• 

flowrates metal units 
solids water Si02 Fe 203 ~O CaO 

FEED 100.00 9900.00 13.42 10.84 13.11 22.34 
CARBS 76.05 7939.29 8.28 7.48 9.94 18.74 
TAILS 23.95 2370.71 5.15 3.36 3.17 3.60 

CI-W 410.00 

METAL RECOVERIES 
•••••••••••••••• 

Si02 Fe 203 M30 CaO Nb20S 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 61.66 68.99 75.84 83.91 73.57 
TAILS 38.34 31.01 24.16 16.09 26.43 

METAL GRADES 
••••••• * •••• * 

Si02 Fe203 ~O CaO Nb205 

FEED 13.42 10.84 13.11 22.34 0.48 
CARBS 10.88 9.83 13.07 24.65 0.47 
TAUS 21.49 14.04 13.22 15.01 0.53 

429 

Nb205 

0.49 
0.46 
0.53 

Nb205 

0.48 
0.35 
0.13 
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APPENDIX 8. Summary of Laboratory Column Flotation Test Conditions 
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( TAlLE A ••• I Suaurv of Flotltllln Can.ltlonl 

TEST DISPERSANT FA NiSI03 STARCH FROTHER DH Jg OBSERVATIONS 
ICONt. 11 k9/tDnnl (aD.) Ic./s) 

RI 4.5 DF250 (20) 8.1 0.6 shlli. 

R2 4.5 A DF250 1201 8.1 0.6 stlblt , 

R3 4.5 4 DF250 1201 8.1 0.6 stilli. 

R4 4.5 3 DF250 1201 8.1 0.6 stlbll 

R5 2.25 l DF250 1201 8.1 0.6 shbl. 

RII 6.5 . DF250 1201 8.1 0.0 stlbll ,) 

RIO 4.5 5.5 DF250 1201 8.1 0.6 still. 

R11 4.5 ~ DF250 1201 8.1 0.6 stibll 

RIS algen 10. Z1I 4.5 DF250 (201 11.5 0.6 C:irb. dlarill. 

RI~ cilgon (0.2Il 4.5 DF250 1201 7.4 0.6 clrb. d.orlls. 

R20 ED"A (0.098) 4.5 DF250 (20) Il 0.6 Clrb. dlDress. 
~il aon (0.053) 

R21 cil~Dn 10.053) 4.S DF250 (20) 11.6 0.6 ODDr dlSDlrSlon 

R"· ... cilgon (0.105) 4.~ DF250 (20) 11.0 0.0 poer DisalrS10n 
ultris~nlc tr'it 

R2~ llqnDsuloh. SFI pODr SilIcate -
iO.ll 4.5 Df2S0 (201 11.6 0.0 dearl551on 

frDth unstlbll 

R,4 hgnosuloh. sn 4.~ " DF250 (201 11.5 0.0 frath unstlble .. 
(0.11 bett,r rlsul t5 

q'c ". IlgnDsul oh. SFI 4.~ DF250 (20) 11 0.6 frDth \lnstabl, 
10. 1) 

R26 cilaon (0.6) 4.5 DF250 (201 11.5 0.6 cirb. d.arln. 

( 
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TABLE A.a.l SuIl.fV cf Flot.tlon CondItIons 

(Conhnu.tlon) 

TEST DISrE~5ANT FA NiSIO~ STARCH FROTHER .JH ~Q OBSERVA TIONS 
iCONe. I) k~/tonnl (aal) :::I/S) 

127 DA 811 (O.~S) 4.5 VI: DF2S0 {~O) a.l O.~ arb. j!crus. 

T:7A DA 811 (O.O~) 4.5 O.: DF:50 (~O, B.l 0.0 trath col i ion 

T278 DA 811 (0.05) 4.5 O.~ DF250 (ZO) 8.1 0.0 shah 
na 5011115 

T27C DA 811 (O.O~) 4.5 Il, = DF:50 (:0) 8.: 0.0 froth col: iDS. 

mD DA 811 !O.O~) 4.S O.: DF400 (20) 8.: 0.11 troth colliOS!! 

T27E DA ail (0.0250) 4.5 i).2 DF250 (20) 9.1 O.a Iroth colliOS' 

T29 DA 811 (0.05) 4.5 O.: DF2S0 (20) 11 1.0 Ireth colliaS!! 

129 DA 811 (0.05) ".5 O.: DF250 (20) Il 1.0 Iroth :ollns! 

T29A DA 811 (O.02~) 4.! 0.2 DF250 (20) 11 1.0 Iroth colliOSI 

T298 DA Bll (0.0125) 4.5 0.2 DF250 (20) 11 1.0 froth collios! 

!29C DA 811 (0.0625) 4.5 O.~ DF250 (20) 11 1.0 oDer dlso.rslon 

R32 4.5 l 0.5 DF250 i20) 8.2 1.0 Iroth anshble 

R33 4.5 3 O.~ DF250 (20) 8.2 1.0 Iroth unstiblt 

R30 DA 811 (0.00625) 4.5 . 0.4 DF250 (20) 8.1 1.0 cirb. dlDrlli. .. 
Ind Iroth collios, 

R31 DA 811 (0.00625) 4.5 3 0.4 DF250 (20) 8.1 1.0 cirb. alDren. 
InD Irath callaoll 

T28 Ag 55D <0.025) 4.5 O.: DF250 (20) 11.2 1.0 no .. llctIV. 

T28A Ag 55D (0.0125) 4.5 4 DF250 (201 11.2 1.0 Iroth cal hall 

T288 Ag S5D 10.0125) 4.5 .. DF250 (20) 11.2 1.0 Iroth colliall 

T28C ~g :SD II).om) 4.S 4 DF2S0 (20) 11.2 1.0 Iroth coilaasi 

... T28D AD 55D (0.001125) 4.5 .. 0.5 DF250 1201 11.2 1.0 froth caillau • 
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( 
TABLE A.I.! SUII.rv of Flot.tlOft CondItIons 

ICont.nultlonl 

TEST DISPERSANT FA N.&10: STARCH FROTHEF. aH J9 OBSERVAT IONS 
ICONe. %1 kqltann. iapll (Cils) 

R2a Ag 550 (0.05) 4.5 .. 0.5 DF~50 (20) 11. ~ ~.O stible " 
R29 Ag 550 (0.02) 4.5 . 0.5 DF2S0 (201 11.2 1.2 froth coll.asi .. 

R29A Ag S5D 10.021 4.5 .. O.: DF250 (20) 11.2 1.0 stible ~ 

R298 Ag 550 (0.00625) 4.5 3 0.5 DF250 (20) 11.2 1.4 stAbll 

Rl5 AG S5D (0.05) 3 0.5 Of250 (201 11.2 1.45 stable 

R36 AU S50 CO.031 . 0.5 DF2S0 (20) Il.2 1.45 shble .. 

T40 AlCDIER III d.tull ln 

T.bll 2 

T41 ALCOfIR lit d.tuls ln 
Tlilii 2. 

142 ALCDllER SIt d.tuis ln 

Tlill. 2. 

RSO 4.5 l DF2S0 (20) a.l 1.0 frottl cal liait 
no soi Ids 

R50A 4.5 3 .. DF2S0 (201 a.l 1.0 frattl callioSI , 

R501 4.5 3 4 Df2S0 (20) 1.1 1.0 frotll coll iaSI 

T50 4.S 3 0.5 DF250 (20) a.l 1.0 stroftq ca.lIs. 
frottl unshbll 

TSI 4.5 
., 

Df250 (60) 1.1 1.0 Itron9 coiles. ~ 

frattl unlt.bl. 

T52 4.5 l 4 Df250(20) 1.1 1.0 Itron, cOil,.. 
frottl uftstlbl. 

TS3 4.5 l 4 Df250 (60) 8.1 1.0 stron, coll,.. 
no lohdl frottl unltlUI 

« 



TEST 

T54 
no 5011 ds 

T55 
no sol1ds 

T56 
no sohds 

T57 
no toilas 

T58 
no sollds 

T59 
no sohds 

T59A 
no sollds 

R80A 

RBO' 

R80C 

R81 

Re2 

R83 

R90 

R90A 

R901 

R90C 
•• 

TAlLE A.'.I SUlllrvof Flotltl0D Condition. 
(Contlnultlon' 

DISPEItSANT FA NaS103 STARCH FRDTHER aH Jo 
/CONC. %1 kqltonn, /00.1 /ca/s) 

- 4.5 . 4 DF:!50/1201 8.1 1.0 .-

. 4.5 3 4 PINE aIL 8.1 1.0 
(40' 

- 4.5 .. 4 PINE aIL 8.1 1.0 " 
(10' 

- M 3 4 PINE aIL 8.1 1.0 
1601 

- 4.5 3 4 "IIC mOI 1.1 1.0 

- 4.5 3 4 TEB /201 B.l 1.0 

- 4.5 l 4 TE8 (40' 8.1 1.0 

TESTS CONDUCTED MITH RECYCLE MATER 2 

- l 3 2 TEl (20' 8.1 1.0 

- 3 3 4 TEl (20) B.l 1.0 

- l 3 b TEl (201 8.1 1.0 

- 1.5 . 4 .1 TEl (20' 8.1 1.0 

- 0.75 3 4 TEl (201 8.1 1.0 

- 0.25 3 4 TEl 120' 8.1 1.0 

- 1.S 3 1 TE' (20) 8.1 1.0 

- 1 3 1 TE8 (20) 8.1 1.0 

- 1 3 2 TES (20' B.l 1.0 

- 1 3 4 TEl (20) 8.1 1.0 

434 

DISERtJAT! ONS 

strana cOll.s. 
frottl" unltAbl. 

strona cOIIII • 
froth unltAbl. 

bubbl y 
flol r'911. 

stron, cOll Il. 
froth COHIDII 

Itron9 c0111I 
'roth colhas. 

IISI cOlllI. 

stAbl. 

ltiblt 

stlbl. 

shblt 

sliblt 

stiblt 

slibl, 

shbl. 

stlbl. 

stAblt 

slibl. 
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( 
TAlLE A.8.1 SUlllrv of Flatltlan Candltlans 

(Con t; nu. t 1 on) 

TEST DISPERSANT FA SALT + STAR CH FRDTHER aH Jg OBSERVA TI ONS 
N.~S10l 

(CONC. I) kq/tann. (11111) (cals) 

RIOO FrCl:.6H20+ 2.86+ TE' (20) 9.3 1.0 shblt 
Ml2S103 2.95 

RIOOA F.CIJ.6H20+ 0.95+ TEl (20) 9.~ 1.0 stlbl. 
NI25103 0.98 

RIOOI (NH4,2504+ 14.7+ TEl (20) 9.3 1.0 stilll. 

NI25103 2.94 

RJOOC (NH4l2S04+ 4.9+ TEl (20) 9.3 1.0 stilll. 
N.25103 0.98 

RIOOD ZnSD4.1H20+ 3.05+ TES (20) 9.3 1.0 stlill. 
NI25103 2.71 

RIOOE Zn504.7H20+ 1.02+ TEl (20) 9.3 1.0 stible 
N.25103 0.92 

RJOOF N.2S0l+ 0.1044+ TEB (201 9.3 1.0 stible 
FrS04.7H2D+ 0.1044+ 

MI~510j 1.88 

RIOOH ".2503+ 0.052+ TEB (20) 9.3 :'0 stible 
F,S04.7HZO+ 0.052+ 

•• 25103 0.940 

RIOS 4.5 . 0.5 TES (20) 8.1 1.0 stible 
" 

( 
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TABLE A.B.Z EFFECTS OF ALCOMER AND Na2SiOJ IN COALESCENCE 

TEST ALCOMER Na2Si03 STARCH FATTY SOLIOS COALESCENCE 
No. 75-L AC ID 

kg/tonne 

40 12.5 0.5 4.5 YES none 

40A 6 YES none 

40B 4 3 0.5 4.5 YES strong 

40C 4 3 0.5 4.5 NO strong 

40D 4 3 NO none 

40E 4 3 4.5 NO strong 

40F 4 3 4.5 NO some 

40E' 4 3 4.5 NO strong 

40H 4 0.5 4.5 YES strong 

40J 4 0.5 4.5 NO some 

41 4 4.5 NO some 

41A 4 4.5 NO some 

41B 4 3 4.5 NO strong 

41C 4 3 4.5 NO some 

41D 3 4.5 NO strong 

42 3 4.5 NO some 

42A 3 NO none 

42B 4.5 NO some 

42C 4 3 4.5 some 
.r--

..... 
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APPENDIX 9. Observed (using water manometers) vs Actual Gas 
Holdup, for Pulp Densities from 1.0 to 1.4. 
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Using Eqs. 9 and 11 a relationship can be calculated to correct the 

observed (using water manometers) vs the actual gas holdup at any putp 

density. Figure A.B.1 shows these relationships for slurry densities from 

1.1 to 1.4 g/cm •• 

Eg = 1 -

Ah 
Eg = 

AL 

pw 

Psl 

Ah 
(1 - ----) 

ÂL 
(9) 

(lI) 

For example, if for a slurry PsI = 1.1 the observed gas holdup la 

5.% the actual is about 12.%. Note that negative values of observed holdup 

are possible. 
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Figure A.8.l 

Actual holdup 
E. ('fft) 

-5 o 5 10 

Apparent holdup, E,IAPP ('4) 
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APPENDIX 10. Gas Flowmeter Calibration for the pilot Size Column 
used at Niobec. 
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Figure A.10.l Gas floWIDeter calibration 
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APPENDIX 11. Flotation Results Obtained at Niobee Experimental 
and Adjusted Assys: Metal Distribution. 
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\. TEST. Tl 
EXPERIMENTAL VALUES 
******************* 

flowrates grades 
solids , sol. Si02 Fe20J M:)O CaO Nb20~1 

FEED 140.40 14.80 8.30 7.85 14.30 27.20 0.72 
CARBS 0.00 19.90 1.10 4.35 15.10 33.10 0.18 
TAILS 0.00 5.80 15.10 10.50 12.60 21.10 1.19 

C1-W 600.00 

FLONRATES AND METAL UNITS 
************************* 

flowrates meta1 units 
solids water Si02 Fe203 M30 CaO Nb205 

FEED 140.40 808.25 11.58 10.67 19.64 38.00 0.99 
CARBS 69.03 249.12 0.78 3.09 10.53 22.89 0.13 
TAILS 71.37 1159.13 10.80 7.58 9.11 15.11 0.86 

CI-W 600.00 

METAL RECOVERIES 
**************** 

Si02 Fe 203 M;JO CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 6.72 28.93 53.63 60.25 13.21 
TAILS 93.28 71.07 46.37 39.75 86.79 

METAL GRADES 
************* 

Si02 Fe 203 M30 CaO Nb205 

FEED 8.24 7.60 13.99 27.07 0.70 
CARBS 1.13 4.47 15.25 33.17 0.19 , . TAILS 15.13 10.63 12.76 21.17 1.20 

'A 
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TEST 1 T2 

FEED 
CARBS 
TAILS 

CI-W 

FEED 
CARBS 
TAILS 

CI-W 

444 

EXPERIMENTAL VALUES 
******************* 

flowrates grades 
solids , sol. Si02 Fe203 M;JO CaO Nb205 

l38.80 13.90 8.26 7.67 14.10 27.50 0.68 
0.00 16.30 1.06 4.44 15.30 33.10 0.14 
0.00 7.10 12.60 9.46 13.00 23.60 1.02 

600.00 

FLa-lRATES AND METAL UNITS 
************************* 

flowrates meta1 units 
so1ids water Si02 Fe203 ~O cao Nb205 

138.80 859.76 11.31 10.49 19.39 38.00 0.94 
54.19 352.67 0.60 2.43 8.32 17.96 0.08 
84.61 1107.09 10.72 8.06 11.07 20.03 0.86 

600.00 

METAL RECOVERIES 
**************** 

Si02 Fe203 M:JO cao Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 5.28 23.16 42.91 47.28 8.12 
TAILS 94.72 76.84 57.09 52.72 91.88 

METAL GRADES 
************* 

Si02 Fe203 M}O CaO Nb205 

FEEO 8.15 7.56 13.97 27.37 0.68 
CARBS 1.10 4.48 15.35 33.15 0.14 
TAILS 12.67 9.53 13.08 23.68 1.02 "', 

.. 
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TEST * T3 
EXPBRIMENTAL VALUBS 
******************* 

flowrates grades 
solids , sol. Si02 Fe203 JIot30 CaO Nb205 

FEED 130.50 14.30 8.07 7.59 14.10 27.00 0.65 
CARBS 0.00 23.50 15.80 4.58 15.20 32.80 0.20 
TAUS 0.00 5.30 15.80 10.80 13.00 21.30 1.17 

C1-W 616.00 

FUltIRATES AND METAL UNITS 
************************* 

flowrates metal units 
solids water Si02 Fe 203 JIot30 CaO Nb205 

FEED 130.50 782.09 17.26 9.99 18.40 35.28 0.88 
CARBS 65.30 233.04 8.63 2.97 9.92 21.41 0.12 
TAILS 65.20 1165.04 8.62 7.02 8.48 13.88 0.76 

C1-W 616.00 

ME:TAL RECOVERIES 
**************** 

Si02 Fe 203 M:10 CaO Nb205 

FEBD 100.00 100.00 100.00 100.00 100.00 
CARBS 50.03 29.72 53.94 60.67 14.01 
TAILS 49.97 70.28 46.06 39.33 85.99 

METAL GRADES 
************* 

Si02 Fe 203 r-t]O CaO Nb205 

FBBD 13.22 7.66 14.10 27.04 0.67 
CARBS 13.22 4.55 15.20 32.78 0.19 

( 
TAILS 13.23 10.77 13.00 21.28 1.16 
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• TEST" T4 

FEED 
CARBS 
TAILS 

CI-W 

FEED 
CARBS 
TAILS 

C1-W 

'1" 

..., 

EXPERIMENTAL VALUES 
******************* 

flowrates 
solids 

149.60 
0.00 
0.00 

, sol. Si02 Fe203 

14.20 8.06 7.54 
19.70 1.11 4.46 
6.00 16.50 10.80 

631.00 

FLCWRATES AND METAL UNITS 
************************* 

grades 
~O CaO 

14.20 27.10 
15.30 32.90 
12.80 20.40 

flowrates metal units 
solids water Si02 Fe 203 ~O CaO 

149.60 903.92 12.17 11.11 21.20 40.61 
80.99 460.00 0.87 3.66 12.40 26.63 
68.61 1074.93 11.30 7.45 8.79 13.98 

631.00 

METAL RECOVERIES 
**************** 

Si02 Fe203 ftt)O CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 7.13 32.97 58.52 65.57 11.42 
TAILS 92.87 67.03 41.48 34.43 88.58 

METAL GRADES 
************* 

Si02 Fe 203 fttJO CaO Nb205 

FEED 8.13 7.43 14.17 27.14 0.63 
CARBS 1.07 4.52 15.32 32.88 0.13 
TAILS 16.47 10.85 12.81 20.38 1.22 

Nb205 

0.64 
0.13 
1.22 

Nb205 

0.95 
0.11 
0.84 

440 



TEST' T5 

FEED 
CARBS 
TAILS 

CI-W 

FEED 
CARBS 
TAILS 

CI-W 

( 

EXPERIMENTAL VALUES 
******************* 

flowrates 
solids 

137.10 
0.00 
0.00 

, sol. 5i02 Fe203 

13.90 7.97 7.46 
22.50 1.57 4.72 
2.90 28.60 15.50 

646.00 

FLOfIRATE5 AND METAL UNITS 
*.***.******.*********.** 

grades 
~O cao 

14.40 27.30 
15.20 31.80 
10.90 11.40 

flowrates metal units 
solids water 5i02 Fe203 M30 CaO 

137.10 849.23 10.78 10.01 19.58 37.26 
105.52 437.88 1.74 5.11 16.13 33.65 
31.58 1057.35 9.04 4.91 3.45 3.61 

646.00 

METAL RECOVERI ES 
**.*******.***** 

Si02 Fe 203 M;O CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 16.16 51.01 82.38 90.32 35.78 
TAILS 83.84 48.99 17.62 9.68 64.22 

METAL GRADES 
**********.** 

S102 Fe203 ~O CaO Nb205 

FEED 7.86 7.30 14.28 27.18 0.61 
CARBS 1.65 4.84 15.29 31.89 0.28 
TAILS 28.62 15.54 10.93 11.43 1.70 

447 

Nb205 

0.60 
0.29 
1.70 

Nb205 

0.83 
0.30 
0.54 
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• TEST • T6 

EXPERIMENTAL VALUES 
******************* 

flowrates grades 
solids , sol. Si02 Fe203 M30 cao Nb20S 

FEED 158.90 14.70 7.72 7.23 14.10 27.00 0.63 
CARBS 0.00 28.30 1.29 4.70 15.50 32.150 0.20 
TAILS 0.00 5.20 16.30 10.90 12.80 20.80 1.14 

C1-W 631.00 

FLOIIRATES AND METAL UNITS 
************************* 

f10wrates meta1 units 
solids water Si02 Fe203 M30 CaO Nb20S 

FEED 158.90 922.05 12.53 11.73 22.61 43.27 0.99 
CARBS 88.19 263.87 1.06 4.07 13.60 28.64 0.18 
TAILS 70.71 1289.19 11.47 7.66 9.01 14.64 0.81 

CI-W 631.00 

METAL RECOVERIES 
**************** 

Si02 Fe 203 H;JO cao Nb205 

FEEO 100.00 100.00 100.00 100.00 100.00 
CARBS 8.43 34.70 60.16 66.18 18.22 
TAILS 91.57 65.30 39.84 33.82 81.78 

METAL GRADES 
************* 

Si02 Fe 203 ~O CaO Nb205 

FEED 7.89 7.38 14.23 27.23 0.62 
CARBS 1.20 4.62 15.43 32.47 0.20 

"" TAILS 16.23 10.83 12.74 20.70 1.14 

... 



(. 

( 

TEST • Pr..ANT 
&KPERIMENTAL VALUES 
******************* 

flowrates 
solids 

FEED 100.00 
CARBS 0.00 
TAILS 0.00 

C1-W 

, sol. Si02 Fe 203 

1.00 7.77 7.32 
1.00 2.54 5.26 
1.00 13.20 9.52 

410.00 

FLOflRATES AND METAL UNITS 
************************* 

grades 
M;JO CaO 

14.30 27.10 
15.30 31.30 
13.50 23.20 

flowrates meta1 units 
solids water Si02 Fe203 M30 CaO 

FEED 100.00 9900.00 7.84 7.37 14.37 27.20 
CARBS 49.96 5356.44 1.25 2.62 7.63 15.61 
TAILS 50.04 4953.56 6.59 4.75 6.74 11.58 

CI-W 410.00 

METAL RECOVERIES 
**************** 

Si02 Fe 203 ftt;JO CaO Nb205 

FEED 100.00 100.00 100.00 100.00 100.00 
CARBS 15.97 35.51 53.10 57.41 23.30 
TAILS 84.03 64.49 46.90 42.59 76.70 

METAL GRADES 
************* 

Si02 Fe203 M30 CaO Nb205 

FEED 7.84 7.37 14.37 27.20 0.65 
CARBS 2.51 5.24 15.27 31.25 0.30 
TAILS 13.17 9.50 13.47 23.15 0.99 

Nb205 

0.65 
0.30 
0.99 

Nb205 

0.65 
0.15 
0.50 
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