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Hydroxamate vs. Fatty Acid Flotation of Iron Oxide 

by M. C. Fuerstenau, R. W. Harper, and J. D. Miller 

Data were obtained with hematite with octyl hydroxamate and 
oleate as collectors to determine the mechanism 01 collector adsorp­
tion and also to establish the roles that conditioning time and tem­
perature assume in this system. The presence 01 hydroxy complex­
es 01 iron are apparently necessary lor chemisorption 01 collector 
to occur, and it appears as il extended conditioning times and 
elevated temperature promote greater dissolution 01 the mineral 
and hence greater conce1ltraUons 01 hydroxy complexes. Data 
were also collected with two 1latural hematitic ores. With one ore 
that was ground to 70% - 151', an addition 01 0.4 tb per ton hydrox~ 
amate resulted i1l a final concentrate recovery of 86 % at a grade 
01 64 % iron. Satislactory conce1ltrate grade could not be obtai1led 
with jatty acid u1lder these conditio1ls. The effect of conditioning 
time prior to the addition 01 collector was also examined with an­
other ore. When the ore was c01lditio1led lor 3 min, 19% of the ir01l 
was recovered in the conce1ltrate at a grade 01 67 % Fe. With a 
conditioning time 01 7 min, 73% of the iron reported to the con­
centrate at a grade of 62 % Fe. These products were obtai1led with 
an addition 01 0.2 lb per ton hydroxamate. This ore also responded 
we!! to flotation with fatty acid. 

The use of potassium octyl hydroxamate as a collector 
for iron oxide has been the subject of an earlier study.' 
From this initial study, it was suspected that hydrolysis 
of sur face ferric iron was involved in collector adsorp­
tion. More recent work in other systems has shown that 
slight mineral dissolution, followed by hydrolysis of 
cations common to the mineral lattice. is apparently 
necessary, and that adsorption of these hydroxy com-

plexes probably occurs prior to the adsorption of collec­
tor. 

M. C. FunSTENAU tlnd J. D. MILLER, Me mbers AIME, tire P,ofn· 
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TroftStlCt io ns, September 1970, ond in AIME Tronsoct;ons, 1970 , Vol. 

247. 

In view of these facts , work has been continued on 
the hydroxamate-hematite and oleate-hematite systems 
to gain better insight into the mechanisms of collector 
adsorption on iron oxide. Microftotation experiments in 
conjunction with infrared analysis were used in this 
regard. In addition it was felt necessary to establish 
more clearly the responses that can be obtained from 
natural ores when hydroxamate is used as collector as 
compared to those obtained when fatty acid is used. 

Experimental Materials and Techniques 
Pure potassium oleate, potassium octyl hydroxamate. 

synthesized from hydroxylamine hydrochloride and 
methyl octanoate,' and a distilled Tall Oil were em­
ployed as collectors. Conductivity water was used in the 
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microflotation experiments, while tap water was used 
in the experiments with the natural ores. 

A natural sample of red crystalline hematite was used 
in the microflotation and infrared experiments. For 
flotation in the Hallimond cell, the mineral was ground 
dry and sized to 65 X 100 mesh. A I-g charge was de­
slimed and then added to a solution containing the de­
sired reagents. The system was conditioned for a pre­
determined period of time and then floated for 45 sec. 
Reagent-grade HCI or KOH was used for pH adjust­
ments. 

Infrared spectra of potassium octyl hydroxamate, pre­
cipitated ferric hydroxamate, hematite, and hematite 
contacted with octyl hydroxamate were determined, 
utilizing the KBr pellet technique. 

Two natural ores were used in this study: the one ore, 
termed ore I, contained 42 % Fe, present mainly as 
specular hematite with a minor amount of magnetite 
in a chert gangue. Prior to flotation in a Fagergren cell, 
500 g of this material were gTound for 10 min at 60 % 
solids by weight in order to achieve liberation. The 
product obtained had the following size distribution as 
determined by wet screening: 

81 .. ( It ) 

'" " .. 

Ore I 

C.m ulalln % 
Finer 

" ~ 
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The second ore, which contained 45% Fe iron in the 
form of red hematite, was flnely disseminated and was 
ground for 50 min at 60 % solids to effect liberation. The 
distribution of products was : 
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Ore II 

Cum. lallve % 
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The size distribution of are II, based on the settling 
characteristics of pure quartz, was determined with a 
Warman Cyclosizer. Because of the density difference 
between hematite and quartz, the actual size of the 
particles will be somewhat smaller than these val ues. 

EXperimentally. the procedures were somewhat differ­
ent when hydroxamate was used as collector as opposed 
to the Tall Oil fatty acid. In the case of hydroxamate, 
the charge was ground at 60% solids, diluted to 20 % 
solids, and conditioned for a predetermined length of 
time in a Fagergren flotation cell in the absence and/or 
in the presence of collector. MffiC (0.15 lb per ton) was 
added as frother, and Rotation was effected for 5 min. 
The rougher concentrate was cleaned with an addition 
of 0.08 lb per ton frother with a conditioning time of 
lh min before reflotation. All of the recoveries and 
grades reported in Figs. 7-10 refer to the fin<ll cleaner 
flotation concentrate. 

When fatty acid was used with ore I, the collector 
was added to the rod mill containing ore at 70% solids 
by weight. The ground product was diluted to 20% 
solids; the frother was added, and flotation was effected 
as described previously. There was no conditioning in 
the flotation cell prior to the rougher flotation. Again. 
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Fig. l-Relalion$hip between flotolion ,eco.e,), of hematite ond pH 
with 5 l 10-' mole per I ocly! hydro.amot! with yoriaus pe'iods al 
conditioning and lemperOlules. 

a conditioning time of II.! min was used before cleaner 
flotation was effected. 

All of the flotation products were analyzed for iron 
by X -ray fluorescence. 

Experimental Results 
The first series of experiments involved determining 

the flotation response of hematite as a function of con­
ditioning time and temperature in the presence of hy­
droxamate; see Fig. 1. When the system was conditioned 
for 3 min at foom temperature, moderate flotation was 
effected at pH 4, whereas complete fl otation was ob­
tained at pH 9.5. Increasing the conditioning time or 
increasing the temperature under these same conditions 
improved the flotation response and extended the pH 
J'ange in which favorable flotation was obtained. 

The phenomena occurring during conditioning were 
examined further both in the absence and presence of 
collector. As shown in Fig. 2, conditioning the solids in 
the absence of collector results in improved response: 
but when longer conditioning times are used in the 
PJ'esence of collector, even higher recoveries are ob+ 
tained. The collector addition was reduced to 2 X 10-' 
mole per I hydroxamate to show these effects more 
clearly. 

Potassium oleate was also used as collector, and the 
flotation responses obtained with an addition of 1 x 10'" 
mole per I for two periods of conditioning are shown in 

. 
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0. 1 Min., ~K/I, Ab.ut 
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Flototlon pH 

Fig. 2-Relolionship between lIalotion ,ecoyery of Mmlliite ond pH 
with 2 " 10" mole per I ocryl hydroxomole with ,o.ious period. of 
cllndilioning 01 25"C. 
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Fig. l-Rtlotionship between flotation reco,.e r, of he~ti le and P~ 
wi th 1 • 10-' mole per I potonium oleate Willi two period, of condl­
tioni n9 at 25· C. 

Fig. 3. In these cases, the co llector was present for the 
complete time of conditioning. Optimum flotation was 
effected in the vicinity of pH 8 to 8.5, and, interesting ly, 
a region of depression can be noted from about pH 5 
to 6.5. 

Infrared patterns were obtained for hematite in the 
absence and presence of hydroxamale. T he spectrum of 
hematite is presented in Fig. 4, and the presence of 
udsorbed water at 1620 and 3430 em-' can be noled. This 
agrees well w ith another published spectrum,· 

The principal absorption band of potassium octyl hy­
droxamate occurs at 1625 em-'. Other important bands 
can be found at 1550, 1465, 1330, 1300, and 1120 cm-' in 
Fig. 5. 

Two principal absorption bands of basic ferric h y­
droxamate, precipit ated at pH 3.0, are at 1518 and 1583 
cm" : see Fig. 6. The pH was maintained at this low 
value to prevent simultaneous precipitation of fenic 
hydroxide and contamination of the product. 

The spectrum of hematite condi tioned at pH 9.0 in 
the presence of hydroxamate is a lso shown in Flg. 6. 
Expanded scale (20X ) was required, and only the region 
between 1500 and 1700 cm" Is presented. Two absorption 
bands are present, and these are located at 1518 and 
1580 cm " . 

The effect of conditioning time on the Rotation re­
sponses of natural ores was also investigated. Ore I was 
Roated with 0.2 Ib per ton hydroxamate at pH 8.5. Con· 
ditioning periods of 3, 5, 7, and 10 min in the Rotation 
cell were used prior to introduction of collector in to 
the system. After hydroxamate was added, the syste m 
was conditioned for another 3 min. A.o; shown in Fig. 7 

! 

J 

"~;;;-..",,.~;;;;--,,"~",;-'-,"~!;j e~,_;;;;~c,~;:;;;,~C,;:_."",,,~;;;;-~ •• ro:'~,{,~ 
~'''··'' r ,,,.' . 

Fig. 4--fnl rared lpe<:ttum al hemalile. 

TUHSACTIOHS - VOL 20 

!lOO 2000 1800 It.OO ._ .200 '000 1 00 

,' .. v . . .. C ... ·' I 

Fig. S-Inlrared lpeel,"m 01 polassium octyl h,d,oJ.Omale. 

when the ore was conditioned for 3 min prior to collec­
tor addi tion, 19% of iron reported to the concentrate at 
a grade of 67 % F e. When the time was increased to 7 
min prior to colledor addition, the concentrate con­
tained 73% of the origina l iron at a grade of 62% . A 
conditioning time of 10 min did not result in any im­
provement in recovery over that obtained with 7 min. 
Three s tages of cleaner flotation were used in these 
experiments. 

[rOn recovery from this ore and concentrate grade are 
shown as a fUnction of hydroxamate addition in Fig. 8. 
The ore was conditioned in the Fagergren ceil for 10 
min prior to collector addition and {or 3 min after col­
lcctor addition. Recoveries of 32, 71, and 82 % were 
effected with collector addi tions of 0.15, 0.20, and 0.30 
lb per ton, respectively. Concentrate grades were 61, 62. 
and 57% with three cleaner Rotation steps. 

When 0.6, 1.0, and 1.25 Ib per ton fatty acid were used 
as collector, recoveries of 35, 73, and 82% were obtained 
at concentrate grades of 63. 59, a nd 59%, respectively; 
see Fig. 9. Four cleaning stages were employed to effect 
these grades. In these cases, grinding and conditioning 
for 10 min in the presence of collector were achieved 
at the same time in the rod mill. 

The results obtained with ore II with hydroxamate 
are presented in F ig. 10. The ore was conditioned in the 
Fager gren cell for 10 min prior to collector addition and 
for 3 min after collector addition. Additions of 0.4 and 
0.5 Ib pCI' ton resulted in recoveries of 66 and 87% with 
concentrate grades of 64 and 68% Fe. The concentrate 
was cleaned four times when 0.5 Ib per ton was added 
and two t imes with 0.2 and O.4tb per ton. 

Similar additions or fatty acid were made to this 
system. Satisfactory concentrate grades could not be 

; , 
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Fig. 6-lnlfCl red spect.a of fefrk h,drOIllmole pfecipi t(lled 01 pH 
3.0 (llId (If hemalite cantocted with hyd'ox(llOICIte at pH 9.0. 
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obtained when MISe was used as frother, since the 
pulp was essentially one column of foam. As a result, 
pine oil (0.6 lb per ton) was added instead, and con­
centrate grades of 61, 64, (lnd 49 % were obtained with 
concentrate recoveries or 58, 53, and 80%, respectively . 
In etich of these cases, the concentrate was given four 
stages of cleaning with no frother addition. 

Discussion of Results 
The optimum val ues of pH for flotation with oleate 

and hydroxamale are pH 8 and 9, respectively. Since 
the zpc of natural iron oxide is pH 6.7.' it can be con­
cluded that both of these collectors are adsorbing chemi­
cally under these conditions. The infrared results of 
oleate adsorption on hematite' and those of the system 
hydroxamate-hematite (FiiS. 4-6 ) con firm this premise. 
In the case of hydroxamate adsorption on hematite, the 
principal absorption bands OCCur at 1518 and 1583 em". 
These two bands correspond exactly to those present in 
basic ferric hydroxamate precipitated at pH 3.0. Fu rther. 
a color change of hematite occurs after hydroxamate 
adsorption. These facts suggest that the collector is 
present on the sur fa ce in multilayers of basic ferric 
hydroxamate. 

Th e region of depression noted about pH 5 to 6.5 when 
oleate was used as collector has also been observed by 
others." Flotation below about pH :; can probably be 
attributed to eleclrostatic attra ction of oleate ions to 
the positively char ged surface. 

In this system and others,'" , mineral dissolution has 
been lihown to be involved in the chemisorption of col · 
lectors. In i'ddition, flotation occurs in a pH range in 
which the cations (."ommon to the lattice hydrolyze. The 
hydroxy complexes o f ferric iron that will be present in 
solution as a function of pH arc presented in Fig. 11 . 
As shown. the species that is present in the most signifi­
cant concentration a. t pH j) is Fe(OH) ...... Other species 
such as Fe (OH) ,' and FeCOH ) ,' will also be present but 
at lower concentrations. These phenomena would seem 
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to indicate that basic salts of metal collector are in­
volved in the chemisorption process. In support ot this 
premise, only the basic salt of ferric hydroxamate is in­
soluble. Ferric hydroxamate is a colored soluble com­
plex. The interaction of hydroxy complexes with the 
mineral surface and with collector has yet to be estab­
lished, however. Detailed infrared and analytical work 
are required before an unders tanding will be achieved. 

These concepts a re supported additionally by the fact 
that flotation is enhanced when the solids arc condi­
tioned for longer periods of time in the absence of col­
lector (F igs. 2 and 7) . Longer cond itioning times enable 
more iron to dissolve from the mineral. As expected, 
there is a maximum effect produced with conditioning. 
In the case of ore I, this tu rned out to be 7 min. Part of 
the effect of elevating th e temperature in these systems 
is also probably related to this phenomenon: that is. 
greater dissolution of hematite will be obtained at higher 
temperatures with the result that more of the hydro­
lyzed species will be ultimately available for adsorption. 
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Essentially no difference was found between the re­
sults obtained with hydroxamate or fatty acid with 
ore I, although higher collector additions and high pulp 
density conditioning were required in the case of fatty 
acid, The high solids conditioning step may reflect the 
difference in solubility products of fer ric hydroxamate 
and ferric oleate. Although difficult to determine, it 
would be most useful to know these solubility products. 

From a practical st andpoint, hydroxamate can prob­
ably be produced for approximately 60\! per Ib, while 
this particular fatty acid can be purchased for about 
10c per lb. Very nearly the same products were obtained 
when 0.2 lb per ton hydroxamate or I lb per ton fatty 
acid were involved with this ore. 

On the other hand , with an ore that had to be ground 
to a very fine size (ore II) , good product gr ade and 
recovery were obtained with relatively small additions 

of hydroxamate, whereas almost no enrichment was 
effected with fatty acid when MIBC was used as frother . 
When pine oil was substituted fOT MIBC, acceptable 
concentrate grade was made, but only approximately 
50% of the iron reported to the concentrate. 
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Chlorination of Manganiferous Iron Ores 

by Y. Okahara and I. Iwasaki 

Chlorination behaviors of pure iron and manganese oxides were 
investigated bl,l combining a thermogravimetric analysis (TGA) 
technique with batch-boat roasting followed by leaching. Ferrous 
and manganous oxides couk! be chlorinated readily, but, in the 
absence of a reductant, the higher oxides of both iron and man­
ganese were difficult to chlOrinate. Thermogravimetric analysiS 
curvell were drawn to illustrate the complexities of the reaction.s, 
and the possible mechanisms were discussed, Then three manganif­
erous materials from the Cuyuna Range of Minnesota were treated 
by a process involving the selective chlorina tion of manganese fol­
lowed by leaching, The results were interpreted in the light of the 
chlorination mechanisms observed on the pure i.ron and manganese 
oxides. 

One of the unsolved problems challenging Minne­
sota's m ining industry is the development of an eco­
nomic process to utilize the manganiferous iron ores of 
the Cuyuna Range. Although these ores constitute one 
of the major domestic reserves of manganese (estimated 
at 432 million tons' ), their grade is too Jow for them 
to be mined solely for manganese. The nearly exclusive 
dependence of t he U.S. steelmaking industry on foreign 
manganese Ores has stimulated research over the years 
in treating the Jow-grade Cuyuna ores. As a result, a 
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number of processes have been proposed ..... Among 
these p rocesses is chlorination. 

Chlorination is the h igh-temperature conversion of 
metallic oxides to chlorides by either chlorine or hydro_ 
gen chloride gas, or by solid chlorides of sodium , cal­
cium, or magnesium. The metallic chlorides are then 
recovered by either vaporization or leaching. Although 
chlorination is an old art, it has become popular in 
recent years for the recovery of such new metals as 
titanium, zirconium, and niobium; for the removal of 
impurities like copper, lead, and zinc from p yrite cinder 
for ironmaking raw mater ials;' and tor the segregation 
roasting of copper" and nickel' ores. 

The chlorination processes proposed for manganifer­
ous iron ores have been relatively few (hydrogen chlo. 
ride chloridization-Ieaching, hydrogen chloride and cal­
cium chloride chloridization-vo latilization,' and chlo­
rination-selective condensation' ) , due presumably to 
the economics and to the corrosion problems involved. 
However, the successful application of chlorination pro­
cesses to other ores will undoubtedly contribute to 
technological advancements in the chlorination of man-
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