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An improved method of processing minerals containing the
more valuable metallic elements, such as monazite, wolframite,
and columbite, with solid caustiec alkali was examined. The
process, described as 'fritting', is found to have technical
and economic advantages over the conventional fusion and alkali
leaching processes. In the process, the mineral concentrate,
without further grinding, is intimately mixed with a slight
excess of sodium hydroxide powder and heated to the minimum
tenperature necessary to achieve reaction. The products, in
the form of loose aggregate, are leached with weter to remove

the soluble compounds.

The chemical and physical nature of the products was
determined by chemical analysis, X-ray diffraction, eleciron-
probe microscopy and infra-red spectroscopy. The products of
reaction of the valuable minerals, after contact with water were:
(1) Monazite:~ Sodium phosphate in solution; the rare earth
oxides as a precipitate.

(ii) Wolframite:- Sodium tungstate and some mangancsc as
sodium manganate in solution; the other part of manganese and
the iron as oxide precipitates.

(iii) Columbite:- Sodium manganate in solution; sodium niobate,

tantalate and iron, manganese oxides as a precipitate.

The principal advantages were:
(a) Reduction in elkali consumption (2/3 of that required
for alkali leaching and 1/3 of that required for the conventional
fusion process). -
(b) Particles of the size normally obtained by physical methods
of separation reacted at a satisfactory rate.
(¢) The products of reaction were readily leached with water,

and the precipitated oxides were in a finely divided state
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(~2pm) and reactive to acids.

The tungsten and tin contents of a wolframite-cassiterite
mixture werc separated by utilising the different rates of

reaction of the two minerals.

The high reactivity observed with several minerals below
the melting point of sodium hydroxide was interpreted as crystal-
lographic phase changes in sodium hydroxide initiating the
reaction, followed by liguifuction of morc sodium hydroxide
by the heot of rc.ction, thus giving good contsct between the

reactants for continued reaction.
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INTA(DUCTION

This thesis describes an improved netbod for chemically
processing a nunber of valuable minerals with codium hydroxide.
The optimum processing ceonditions for reacting wonazite,
wolframite and coluabite are described. These minerale cortain
high value metallic eleieunts, such as the rere escrths, thoriunm,
tungsten, niovium and tantalum, which play an important role in
moderrn industry in the production of special alloys, electronic

eguipment, nuclear materials,roctets and space craft,

Winning lietals from Ores.

The minerals containing the rare earths, niobium, tungsten
and the other relatively rare transition metals are widely
distributed in the earth's crust. The first stage for winning
one of these metals, once an ore has been discovered, is the
mining of the ore body. The run-~of-mine ore normally contains
a small quantity of values with a large bulk of useless material
and in this stote it is unsuitable for economic processiag by
chemical methods. Thus, the second stage in winning the metals
is plhysical separation of the valuable minerals from the
useless minerals or 'gangue'!, a procedure known as nineral
dressing. In mineral dressing the differences in the inherent
physical properties of the minerals such as colour, specific
gravity, surface chemical reactivity, magnetic and electrostatic
properties ere exploited; occasionally texture, hardness, redio-
activity, etc. are also used. Tor cxamplc, the minerals of
precent interest occur iu the roc'ts of igneous origin or their
weat ered materials whicl: are often found in river »r beach sand
deposits. The mineral dressing metiiod reguires oHhysical libera-
tion of the mineral grains in & rocl: hefore separation and usually
compinution of the ore is necded for this purpose. Ls the
minerals in beach sands are alizost completely liherated there is

no need for the costly process of comminution and therefore this
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type of ore is preferred. The valuable minerals in the sands
have a bigh specific gravity ( >5 ) hence they are readily
separcted from the large bull of less-dense gangue minerals

(3.G. <3) by sinmple gravity concentrotors such as Humphrey
spirals, tables or jigs. The concentration is normally achieved
from sands containing up to approximately 3 of values and the
enriched product contains 85 ~985 of vlues. The gravity method,
however, is not adeguate for the separatioas of individual 'heavy'
minerals from eazch other because of the small difference in their
specific gravities. Further concectration of individual minerals
is achieved by mapgncetic and clectrostatic separstors in which
differences in ferromagnetism and electrical conductance are
exploited. For instance, a mixture of hsavy mincrals containing
columhite, rutile, monazite and zircon can be (ideally)

separated into individual minerals by the following scheme:

Mixture of heavy uwincrals

electrostatic separator

i 1
Coanductors Hon-conductors
(Columbite, rutile) (monazite, zircon)
magnotic separator magnetic separator
magnetic non=-maguetic magnetic non-magnetic
(columbite) (rutile) (rlonazite) (zircon)

In practice, however, the differences in the propertiecs are
not so warked tuat a clear separstion cannct be achieved, ceven
with repeated 'cleaning' operations. In order to obtain suffi-
cient grade (- of required compouent) of saleable products often
5 considerable portior of each mineral has to be discarded as
unseparabie; thus the process becomes uncconoirical., There are
a number of such cases where the physical methods fail. For

instance, wolframite and cassiterite often occur associated
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together. lagnetic separation, the most practicable izethod for
separating these minerals, is often spoilt by the presence of
impurity iron in the grains of cassiterite. Other pairs of
minerals, such as xenotime (or monazite) and zircon, or
columbitc and cassiterite are examples for which physical
processing is not satisfactory. These pairs may be separated
by the flotation mcthod, in which surface chemical properties
are utilized, however, the method has not becen commercially
established for these minerals. Chemical methods of separation
arc possible alternatives for these particular pairs of minerals.
For this reason the possibility of selective chemical reaction
of pairs of minerals was considered during this work and one

example was investigated experimentally.

In the next major stage of winning valuable transition
metals, the single mineral concentrates which have been prepared
by mineral dressing are chemically processed to prepare suitable

materials for the manufacturing industry.

The traditional pyrometallurgical methods of extracting
netals such as iron, lead and zinc from their mineral concentrates
are unsuitable for metals such as tungsten, niobium, rarc carths,
etc. because:-

(1) some of the metals, such as thc rare carths, cannot be
produced frowm their oxides by carbothermic reduction except at
unreasonably high temperectures:

(2) others, such as tungsten, produce carbides in carbothermic
reduction;

(3) the metals, e.g. tungsten and niobium, have such high
melting points that they cannot be removed from a furnace as

a fluid,

The methods which have to be adaptcd for the final stage
of metal production are, for instance, hydrogen reduction of

a high purity oxide to yield a high purity metal powder (e.g.
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tungsten), fused salt electrolysis (c.g. rare earths), and
roduction with sodium, wmagnesiuw, ctc. (e.g. niobium, tantalum).
Iiowever, some applications of these elements involve compounds

such as the oxides.

o matter what the cventual application, a number of
chemical steges arc required to prepare aund purify a suitnble
material, and they con be approximately divided into
(a) Jdecomposition of the mineral,

(b) purification and preparation of a suitable pure compound
of the required metal, and
(¢) production of the metal or other final products from the

pure intermediate compound.

The first step of chemical treatment of the minerals
involves one of the following methods:
(i) 1leaching by acid or alkaline solution, sometimes under
oxidizing or reducing condition, or by a dissolved reagent with
which the metal forms a soluble complex;
(ii) roasting such as chlecrination and sulphation, usually
followed by leaching if the required product is not volatiles
(iii) dissolution in highly concentrgted acids (such as H,50),
EF'y, which ought not te be regarded as aqueous solutions) or in
molten zlkalis or salts (.aQH, ﬁaZCOB, KOH, KEoOy, ctec.)
The choice of method depends on the physico-chemical nature of
the concentrcte, the final product required, end cconomic aspects
of the operation. Tor example, columbite {iron mauganese niobate
end tantalete) is a refractory mineral which is not attacked
by common acids except hydrofluoric acid. The mincral can be
chlorinated whereby nicbium chlorides arce volatilized but this

method is not widely adopted. Usually, tiic mineral is

(1
(2)

decomposed by councentrated hydrofluoric acid or molten ellali.

For monezite (cerium thorium phosphete) sulphuric acid leaching

(3)

and alkali leaching methods are industrially practiced.
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Wolframite (iron mangznese tungstate) is also decomposcd by

agucous alkaline solution under pressurc at elevated temverstures

for several hours from which relatively pure crystnls of sodiunm

tunpgstate are obtained. (%) Another tungsten rineral is scheelite
[

(calecium tungstate) which iz decoupesed by acid lcaching.())

Lfter decomposition the noxt step involves purification
and isolation of a suitablc compound from the products of
decomposition rvactien. The idcal compound reguired is one which
can be readily reduccd to the metal (or rcacted to form the
required commodity), and which is easily scparatecd from the
solution, or a pure vapour phase condensatc. Also, it is often

ntored or transported and, thercfore, it should be stable,

non-corrosive, non-volatile, ctc.

General metiods of purification arc (i) fractional
crystoiiization, (ii) sclective precipitation, (iii) solvent
extraction, (iv) ion exchange, and (v) distillation. For
example the purification and sepsration of tantalum and niobium
are often achieved by fractional crystallization of complex

(6)

fluoride salts (merignac process) which is based on the
difference in the solubility of potessium fluotantalate (KETaF7)

and votaszium fluoniobatc (I u:bOF. I,0). The scparation of

2 5 "2

individual elements from the rare-earth oxidcs is zccomplished

by either of the firzt four methods. (7)(8) Sclective precipi-
tation of hydr:sted thoriuu oxide Tfroeam the rarc-ezrths by partial
neutralization is usually practiced when the oxices are dissolved
in nydrochloric acid. solvent extroction and lon coxciuange
methods zre used for tue separation of the individual raorc
carths. The purification of tungsten is conducted malnly by
repcated precipitation as calcium tunsctite followed by dissolu-
tion in hydrochiloric acid. Distillation is also uscd us the
scparation :nd purification means: niobium and tantalum chlorides

arec ceparated from the impure mixture of chlorides (9) containing



iron and tungsten (boiling noints:- TaCl
o}

a 2] il 21,99
I'QC:L_:B:LE (J’ ‘fV\/lG:jl{’/ (J)o

Nbel.:248°C,

Problems ir the Decomposition-of-the-~liner -1l strge

In the current chemical methods of decomposition most

minerals

are processed either by seid or alkali.

Table 1 the typical featurecs of the industrial processes for

monazite, wolfr

Table 1. Comparison of the typical features of

amite,

ctc. are cowmparcd:

industrial processcs for the minerals

s i ae

% Features

l,_.

e Es e e e e S

the current

In the following

Lcid leaching

hilkali leachiqg

Alkali fusion

Particle size
tof mineral

i

delivered
or ground

as

finely ground

(-300 mesh)

as delivered

?Selectivity

e

3
yof cxcraction poor ; good mnodcerate |
! i i
; |
Retention :
itime E long i long short i

. ed
| }
‘Temperaturc moderate moderate
of reaction | (boiling temp.) | (boiling temp.) high
- !
LI |
‘Lxccss ; ;
‘roagent i > 504 ‘ S 508 5108
: |
|Reactor ?
ymeterial i expensive expensive cheap
H

i

As shown in Table 1 the principal advantage of the alkali

process over the acid process is sclective dissolution of the

componcnts of the mincral;

for cxample,

the valuable component

tungsten in wolframite [(Fe,Mn)WOu] is converted to soluble
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sodium tungstate whereas iron and manpancese are precipitsted as
hydri.ted oxides (c.i. acid dissolves all the components). But
important disadvente;es are the need for cxcess alkali (e.g.
columbite: 150, cxcess), fine-prinding (c.g. monazite and
wolfrzmite have te be rcduced te -300mesh) or long resction
periods (c.p. monazite: 3 —lhrs., wolframite: Shrs.). In
2l%keli fusion proccsses the products are in a fusced mass which
dissolves only slowly in water, hencc they have to be crushed
before water leaching., The fusion somctines produce rcfactory
compounds (c.g. acid insoluble rare-carth oxides from monazitc).

(%) (10)

Owing to the slow lcaching rate the production scale is
eventually limited. In most casces it requires a large capital
investment in grinding facilities, high temperature furnaces
(e.g. 800°C for columbite) or leaching equipment. In addition
the opcrational cost may be high due to large excess consumption
of the rcagent and fuel, long reaction time, high temperature

requirenments, proloanged period of agitetion ctc.

In the worl: described in the remainder of this thesis
particular attention has becn given to a procesc for decomposing
a pumber of mincrals that overcomcs some of the problems associ-
ated witi: the two alkeli mncthods hitherto used commercially.

In the published literature nention is often wmade of excess
alkali without clearly stating the stoichiometric requircment.
Presumably attempts have becen made during the last half-century
te reduce the alkali consumption, but no thorough scientific
investigation of this aspect has becn published.

Recently, Choi ct. al. (11)(12) h

ave discovered in the
caustic tre:.tment of zircon that the coarse mineral can be

satisfactorily decomposed with rcduced consumption of alkali
and, furtherwmwore, the products of reaction 2re obtained in a

form of granular materials which disintegrated reoadily in water.
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much a nrocess would be beneficial if it could be applied to
other minerals. Dut, as the nature of the process was not
established the possibility of applying it to other ninerals

cannot be predicted.

The possibility of decomposing monazitc by a similar
process was investigated first. The optimum conditions for
complete, rapid reaction were found: the naturc of the products
and the sodium hydroxide reguircments werce also investigated,

Ls the tcuperatures reguired for reaction of both zircon and
monazite were much lower than those for the conventional fusion
porcesses, and also the products wecre in a state amenable for
further processing, the feasibility of the process for other
minerals was investigated. From the empirical results a working
theory has been devised for predicting the performance of other
irincrals in this process.

In the first half of the thesis the findings on monazite
are described. In the later part thc possibilitics of processing,

by sclcctive rcaction, pairs of mincrals arc discussed.
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PART T

e - o e

PRELIMINARY STUDIES

1. Reaction of o liincral with Sodium Hydroxide

In the study of reactivity the two important aspects to
be considered arc
i) thermodynamic Tfeasibility of r.actions betwsen various
minerals and sodiuw hydroxide and
ii) the kinetic aspects of the reaction.
In the following scction the thermodynamic feasibility
is considered first and the factors affecting the rnte of reaction

are discussed next.

1.1 Thermodynamic feasibility

In order to assc¢ss the thermodynamic feasibility of the
rcaction of various minerals with solid sodium hydroxide informa-
tion on the Gibbs free cnergy change of the reaction is reguired.
This information can be obtained from calculation. TFor this
purpose dota on the free energy of formation for the various
compounds involved in the reaction are roquired. But, the
requirced data for maeny of the compounds encountered in the
present ctudy have not been determired, Since the valuc of the
heats of formation for some compounds are aveiluble an attenpt
has been wuade to calculate the heat of reaction first and then
deducc the ertiropy change and hence the Gibbs frec encrgy change.
In the calculation of the heat of rcaction an estimated value of
heat of formation has been used for somc compounds where
the necessary information is lacking.

mstimation of hneat of formation

The heat of formation of & compound oxide from its elements
is equal to the sum of the heats of formatioa of the component
oxides plus the heat of formation of the compound from the

component oxides. The heats of formation for the simple oxides
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are known. ience, if we can estimate the heat of formation of

a compound from the component oxides, the heats of formation of

a compound from its element con be obtained with reasonable
accuracy. The compounds of present interest are double oxides
made up of two simple oxides (e.g. lie.;C.Ce05 FquNb205, etca)e
The reaction of o strong base oxide and a strong acid oxide
involves a large heat of reaction (e.g.B/ZNaZO + 1/2P205 = Nangu
AH0298 = =13%1lkczl). “hereas the heat involved in the reuction
between oxides of weakly besic and weakly acidic character is
small (e.g. FeO + Ti0, = FeTiOB,AH0298=

between oxides of weak base and strong acid or oxides of strong

-?%kcal). In the reaction

acid and weak base the heat involved would be in between.

(e.g. NaZO + FeZO3 = EHZFEZOM’AHOZQS = =U5kcal).
Hence, in the estiwmution of the heats of formation of compounds
for which the data are lacking these properties for the compcnent
oxides have been taken into coansideration, and a value of the
heot of combination of two similar oxides has been adopted.
For example, the hext of formation of Ea20e03 from its elements

was calculated as follows:

2iic + T/2 0, = Na,0 AH°298 = -9%kcal
Ce + 0, = CeO, AH0298 = 260 kcal
2,0 + Ce0, = Ma,CeO, AE0298 = =54 kcal®
2ila + Ce + 2/2 0, = Ra.CeO, OF°. ., = =L13 keal
2 2¥¢¥z 298

o) . . .
The value is estimated from the reaction:

. - 0 o Elhlew
Ne,0 + 8i0, = NazolOB, AH 298 = 5hkcal.

Other compounds .or which the hects of formation from
their elewments are lacking nave veen estimated in a similar
way. The known standerd heats of formation and the estimated
values used for the calculation of the heats of reactions are

shown in Table 2.
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Table 2. Heat of Formation

o
A form, from clements

Corn i Notes.
orpound keal/mole ote
Ccro,), -L19(est,) a
Felio, -285(est.) a
HnWo,, ~21h(est.) a
ye(mb03)2 ~519(est.) b
Fc(TaO%)2 -55%(¢cst, ) b
FeTiOS -295 Ref.(13)
FeCr,0, ~3h2 Ref. (14)
taOH -102 Ref.(14)
NaBPoq -b13 Ref. (1)
H,0(g) - 58 Ref.(14)
WNa W - H;f.

Ne. WO, 395 ef.(1h)
Ne. MnO, =27k Ref.(14)
< +
e 51h0,, -461(est.) d
NaBTaOQ T 2h978(est.) d
MaFeO, ~-170 Ref.(15)
iaCr0), =31 Ref. (1h)
uaa'rio5 -372(est.) c

Hote:

a. Bstinated by adoption of the following values (14):

1/?F0205 + 1/2P205 = ¥el0) AU°296 = ~2lkcal.
b.  Ditto: [FeO + Cry0, = FeCry0, AH°298 = -1 keal.
c. Ditto: ©w 0 + £iD, = Hay8i0, AH°298 = -Shkcal,
d. Ditto:r 2/2Na,0 + 1/2v205 = NagV0, 6H, g = -85keal,
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Thernodynanic feasibility of reaction

The calculated heots of reactions for various irinerals
with sodium hydroxide are shown with the respective reactions
in Table 3., 411 the wninerals under investigation evolve heat
in the rcaction with solid sodium hydroxide.

Trom the calculated heat of rcaetion the change in Gibbs
free encrgy of reaction, AGT = AR - TA8°, can be cvaluoted
for the particular system under investigaotion. ©Since the
reaction system involves mostly condensed phascs the change in
entropy would be mainly influenccd by the gaseous phases involved
i.e. oxygen in the¢ reactant and water vapour in the product.
As the value involved with the water phase is greater than that
of oxygeir in all the rcactions the change in cntropy would result
a positive value (A5>0). Hence, the valuec in £G° would remain
as negative with cven grcater negative value. TFor example, in

the reaction of monazite,

4 T -.-_I r ‘:J)_ - a : T o .
ZCeP04(6)+lOJaOi(C)FLO 2N BPOH(C)+2haZCCOD(C)+5H20(g)

2(g)”

(o}

NG 294

-178-[298(5 = 0.05 - 0.025) & ~2h6kcal.

In other rcactions as well an increase in -AG° is expcetcd,
In other words, all the reactions give negative valucs in AG®
(rcaction) hence, the rcactions arc thermodynanically fcasible
under standard conditions,

For the rcactions at above the room tcuperaturc, similar
treatmeut can be made. The variation in e (formation) against
tenperature iz small and it can be neglected in the present
systeus. As the value of 7A3° would remain positive ond more-
over, incrcase, the thorrodynamic conditions for the reactions
are cxpected to be more fovourable at higher temperatures than

at 298%K.
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Table 3.

Heals of Neaction of Various Minerals

0.,

with Sodium Hydroxide at 29¢ E

Monazite:

. N 1
\T T
20ep04(0)+lOLaOH(C)+ /202(g) = 2Na. Poh( )+2Ha Cgoﬂ( )+51 0. )
AH0298 = ~178 keal.
Wolframite:
L = o W : s . ¢
IeWOq( )+) aOH ) /40 }OL( ) ﬂaFcOZ(c)+1 5H20(g)
au°® 298 = ~3L kcal.
) . 1/
i la.OH = Na W b M 2
MnLOh(C)+4naOh<c)+ 2 02 a2V04( )+Na2hn04(c)+?H20(g)
e
AH 298 = =63 kcal.
Columbitec:
v a0t = la N Nat H
Fe(hb03)2(0)+ il 0ﬂ(0)+ OZ(g) 2Na rboq( ) aLCOZ( )+3 .5 (
0 -
.F —_ had (?. a
AH 298 6% kcal
. . 1/ :
T ! I IN = 2N A N 8
1e(f103)2(0)+7 aohcc)+ L 02(8) 2ia aou( )+ aFe0 ( )+3 5H20(g)
AH0298 = -62 keal.
Chromite:
FeCry0), (o) +oMals oyt 7y O2(g) = 2ue,Cr0,  y+lale0,  |+2.5H,0
2 L(c) 2(c) (g)
1 TTO — 20 Y
Al 298 = //}{Culo
FeTi0., \+3Wa0l, +/% 0. = Na.TiO., .+ HaFeO,, \+1.5I0
2(c) () 277" 3(c) 5 2(e) 2 °(g)

[0}
AH 298

-20 kcal.

)



- 27 -

l.2 Fuctors affecting the rate of reaction

Of factors affecting the rate of a rcaction the following
factors wmay bc specifically important for a reaction system
where mineral and seolld sodium hydroxide are enccuntercd.

i) Degrce of contact betwcen the reactants:-

For a particulnr size of the particles of rcoctants and the
ratio of reagent to mineral the contact points between the
particles of r:actants would be inercased by intimate mixing

and pressing, for oxample.

ii) Rcisoval of product layer from the reaction surface:-
This may be mostly achieved by the mechanical acticn of water
produced in the rceaction as it escapes from the reaction

surfance under its own pressurc.

iii) Transport of the reagent to the reaction site:-

This would be most facilitated by the local melting of sodium
hydroxide due to the heat of reaction. All the resctions of

the minersls witl sodium hydroxide arc exothermic. The heat
evolvedin the rcaction would tend to remain in the vicinity of

the rcaction site since the matcrials involved arc poor conductors.
hus the adjscont, unreacted, sodium hydroxids could be heatzd

and it might become a wmolten state. The hcat producea by reaction
of monazite, for example, with solid sodium hydroxide is about

18 kcal., per mole of sodium hydroxide consumed. This heat is

much greater than the heat reguircd to take the corresponding
amount of the adjacent rcactants, say, from 25000 to the melting
point of sodium hydroxide and melt the sodium hydroxide:

~5 keal. lence, ot ¢ certain temperaturce oven below the melting
point of sodium hydroxidce (<320°C) local melting could be expectecd
once the riaction had started. If molten sodium hydroxide is
involved the rcactiou in a strict sense caanot be called solid -
solid recaction but, since the phenomena would be limited to

local sites and the whole system would remain unfused, it should
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be separately treated from the total fusion reaction. The

local melting of sodium hydroxide would facilitate the rate

of reaction in three ways (a) the molten sodium hydroxide

could penetrate the product layer more easily than the solid,

(b) the contact with fresh surface of the mineral would be

greatly improved, (c) the molten sodium hydroxide would probably

be more reactive than the solid. This action of local melting
would be enhanced as the temperature of the whole system approaches

the melting point of sodium hydroxide.

iv) Temperature:- Apart from the effect on the state of NaOH
temperature is expected to influence the rate of transport of
(molten) sodium hydroxide and the chemical reaction of the

mineral with the sodium hydroxide (Arrhenius law).

v) Particle size:- As the particle size of the mineral
decreases the specific surface will increase and the distance
between the mineral and the reagent will be shorter, hence
the availability of the reagent at a particular extent of
reaction would be greater giving rise to a faster rate of

reaction,
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2. A Preliminary Experimental Survey of the

Reactivity of some Minerals by D.T.A.

In order to obtein quick information on the reactivity
of a number of mincrals with solid sodium hydroxide the technigue
of differential thermal analysis (D.T.4.) was employcd, In
DeTo4. the measurcd variable is the temperature difference
between the sample and an inert (thermally stable) material,
as they are heoted. Thus, any thermal chengce which takes place
fairly rapidly can be detected by a pair of thermocouples, onc
in tho sample and one in the inert matcrial., The cffect is
normally indicated by &« peak in difference in temperature of
the two thermocouples. Since all the cconomic minerals under
investigation evolve heat when they react with sodium hydroxide
(sec Table 3), the temperature at which repid reaction occurs

can be detected in this way.

Various mixtures of minerals and sodium hydroxide werc
subjected to D.T.h. tests up to a tcuperaturc of 700°C. The
information on the reactivity in terms of temperature, thus,
has been obtained at the cxpense of relatively little time
and effort. The material and proccdurc employed, and the

test results are described in the fcollowing scctions.

2.1 Mineral samples

The minercl samples uscd for the D.T... tests are described
in Table 4. A few graus of each of the somples were preparcd
from the reletively high grade, coarsc-grained crystallinc material
by further purification mostly by hand sorting, heeovy liguid
separsticin, magnetic and clcctrostatic scparation. The identity
of the material was confirmed by means of chewical analysis,
optical and clectron probe microscopy, snd xeray diffraction,

whatever appropriate for the particular mincral. The details
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Mineral Jamples uscd for D.T.A. tests,

T

e

Minerals ; source purity Method of identification
: | _—
i
¢ Apatite l Swedish >95% Chenmical analysis
: i ,
Cassiteritel Odegi, 905~ Chemical analysis and
! } Nigeria clectron probe microscopy
. Chromite | Zwartkop, 954 "
! S. Africa
Columbite Nigerian 95.. W
. o
Garnet unknown 055 Optical microscopy and |
Almandite ¢lectron probc microscopy !
variety) |
Hematite Swedish 95 Chemical analysis and
physical detcrmination
Ilmenite Unknown 958" Optical microscopy and
clectron probe microscopy
! ,
Magnetite Unknown : 95% iagnetic properties and
chemical analysis,
Monazite lorean 95, Chemical analysis, x-ray
diffractometry and
electron probe micrescopy
Quartz Unknown 980 Optical microscoyy :
{
Rutile LAustralien o5 Optical and electron !
! probe microscopy
- ;
Scheelite Unknown 955. U.V.flucrescence and i
chemical analysis
Tourmalinc Unknown >0 Optical microscony
e comnd
Wolframite Unknown >90%. " X-ray diffraction,
chemical analysis
Xenotime Nigerian >900% Chemical analysis and
{ optical microscopy i
- , i
“Zircon Unknown > 9557 Optical and electron !

probe microscopy
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on the iadividunl minerals can be found in the table,

2.2 Mcthods
Apparatus

The DoT.A. apparatus used for the present investigation
was that built originally by Mr L. R. Barrett, Departmcnt of
Chemical Inpincering, Imperial Collcege. The scte-up consisted
of 5 main purts: a tube furnsce, & semple holder of two compart-
ments fitted with two sets of thormocouple wircs, a heating block,

a DoC. amplifizr and a chart recorder,

The original samplce holder, which was made of sintercd
alunira containing minute pores, was not suitable for the
present work bhecausc of the corrosive nature of molten sodium
hydroxidce. Thercforc, it was replaced by a silver cell fabricated
from a block of silver (12mm. x 2hmm. x lham.) which had two
holes drilled in it to contain sample and rceference material.
Another two small holes were madce on ecach side of the compart-
ments to install thermocouple wires (chromel-slumel) insuleted
by ccramic tubcs. The design and the therwocouple arrangemoent
are shown in Figs. 1 and 2, and Fig, 3 shows the samplc holder

arranged in the stoinless stceel heating block.
Procedures

There are a number of experimentol factors affecting the
o . (16

result of D.T.2. tests. The suggestlons by Arens ) have

been taken into coasideration in the preliminary runs and the

following conditions wcre employced throughout the tests.

(17)

i . ) o . . .
(i) lenting rate: 10 = 1°C/min. as I ackenzic rccommended
for the purposc of standerdization.

{(ii) Inert refcrence material: calcinced alwsina powder was used.

(iii)Temperature of the semple, not the reference matcerial,

was measurcd by means of a chromel-alumel thermocouple inscrted
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|
14mm :
! |
lo=" """~ ~ I
" —7mm —! e —— 4.
‘‘‘‘‘ \\Q' ——
~ pr— .

Fig.1 Sample holder for D.T.A.

SILVER A
<SAMPLE HOLDER

\
SAMPLE CELL ~| 2

CELL FOR
|~ INERT MATERIAL

[~ COMPENSATING
WIRE PIECE

q4 #i

M0
A:Alumel wire  cllc = Alle
C:Chromel wire g

T

potentiometer

O

Ri1A

To D.C.
amplifier

Fig.2 Arrangement of thermocouple wires for D.T.A.
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in the centre of the sample mixture.
(iv) Speed of chart recorder: 1 inch/lOmin.

(v) The test wus conducted under cimosphceric conditions,

The gencral proccdurce for the test was as follows:
A pre-weighed quantity of sodium hydroxide in = glass tube
(1omm, x 50mm.) with two small glass balls was mixed together
with a separctely weighed quantity of mineral sample by means
of shaking. Ia this woy a uniform mixture was obtained and the
pick-up of moisture was minimised. The weight of sample used
was in the renge 0.4 - 0.6g. depending on the size and bulk
density of the mixture. After placing the sawnle and the refer-
ence material in the cell, heating was started immediately and
the tempcraturc of the sample was measurcd by means of a potentio-
mcter at two minute intervals. sSomce additional readings were

also talten at any points where thermal changcs were noted.

2.3 Resulits of D.T.A. tests on various mincral ~ NaOH mixtures

isleven cconowmic minerals (monmzite, xcnotime, apatite,
wolframite, scheelitce, rutile, ilmenite, columbite, zircon,
chromite and cassitcritce) and four associated gangue minerals
(quartz, tourmelinc, garnet and hematite) were examined. Two
size renges of the mineral, 72/300 mesh and =300 mesh L.d. were
tested separately. An excoess quantity of sodium hydroxide,
epproximately 50 to 100" over the stoichiometric rcquirement,
wes citpleyed to cusure its reaction as well as to overcome
some opcrational difficultics such as insufficient contact of
thermoceouple hot junction with the sample as the heating
procceded, cspecially on melting of the sodium hydroxide.

The D.T... thermograms showed that many minerals rcacted
at lower tempuraturcs than the melting point of sodium hydroxide.,

The results arc described under the thrce headings:
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(i) those minerals which appear to recact at much lower tcmpera-
tures than the melting point of sodium hydroxide,

(ii) those which react approximately at the melting of sodium
hydroxide and

(iii) those which rcquire much higher temperatures in molten

sodium hydroxide for rcaction.

(i) 1Minerals with a low temperature peak

Thosce minerals which reacted in the temperaturc range
below the melting point of sodium hydroxide were ..onazite
[(Ce,™)P0,], columbite (Fe,hn)[(Nb,Ta)OBJZ , wolframite
[(Fe,Mn)woq], hematite (Fe203), garnet (Fe,il,silicate),
xenotime (YPoq), quartz (SiOZ), tourmaline (a complex boron
siliceste) and apatite [CaB(PO4)3F]‘ The thermograms for these
minerals are shown in Fig.4. The top curve in Fig. 4 shows the
thermal change of sodium hydroxide itself. Hence, the first
endothermic peak, at around 64°C which appears in all the thermo-
grams, corresponds to the characteristic peak of sodium hydroxide

caused by melting of sodium hydroxide monohydrate.

The pecaks at around 290°C and BlOOC are also character-
istic peaks of sodium hydroxide which correspond respectively to
the solid phasc change a-laOH ~>B-Na0l ( 280°C) and melting of
B-NaOH ( 315°C).

It is interesting to obscrve that many of the minerals
show their reactivitiecs at low tewperatures. Both the fine and
coarsec mouazite indicated somec rcactivity at temperatures as
low as 165°C (fine particles) and 185°C (coarse particles).

The coarse monazite shoucd onc morc exothermic peak at 34000.
The endothermic peak et around 450°C. is provably due to soume
phase change associated with product phases as no change in

weight was observed at the temperature (according to thermo-

gravimetric analysis).
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Fig.4 D.T.A. curves for NaOH and various mineral-NaOH mixtures:-
those minerals which show a reaction peak below the melting
point of sodium hydroxide. .
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The temperatures ot which the rest of minersls reacted were

180°¢ oo e oo columbite (fine particles)
P

o o . .
205°C, 207°C ... cou 0o rceapectively for the fine
and coarse wolfranite

206°¢C wee  eeo  o.. Thematite (fine perticles)
220°¢ oeo coa cee garnet (fine particles)
233°¢C oo oo ceo xzenotime (fine particles)
239°C caa P coe guartz (fine pérticles)
262°¢ oao soe ooe tourmaline (fine particles)
280°% cee oo ... apatite (fine particles)

The high tempcrature endothermic pcaks, around 45000,
with wolframite and xXenotime were found to be due to the fusion

of the product phascs.

(ii) Minerals rcocting on fusion of the sodium hydroxide

411 the coarsc particles of guartz, tourmaline, apatite,
monazite, scheclite and xcnotime rcacted on fusion of the sodium
hydroxide. The reactions were all exothermic except that of
tourmaline. The peak temperaturces ranged between 3130C and

245%C(see Tig.5).

{(iii) Minercls recguiring & high tempercture

The mincrals which reactcd betucon 400°C and 600°C vere
rutile {(fine sizc at 425°C, coarcse size at 571°C), garnet (at
49000), coarsc columbite (at 55500), zircon (at 55600) and
chromite (both sizcs at S65°C). The only reaction peak
obscerved with the finz gernet wes an endotherm. The zig-zag
recording in the high temperature rauge was due to the slow
evolution of a ganccus product (water) which indicated actual
rcaction but 2t o slow rate. Fig. 6 shows the thermograms for

these mincrals.

Ilmenite and cassiterite did not show any reaction pealk

irrespective of their size within the temperature tested (700°C),
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Fig.5 D.T.A. Curves for various mineral-NaOH mixtures :- those

" minerals which show a reaction peak on melting of sodium
hydroxide. :



_39_

Temperature °C
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Fig.6 D.T.A.Curves for various mineral-NaOH mixtures :-
those minerals which show a reaction peak at
moderately high temperatures of molten sodium hydroxide.
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though some slow reaction with ilmenite was noted above 55000
by 'noisc' recording. The fine hematite showed a reaction

peak at a teuperaturc low as 206°C (see Fig.h) but the coarse
hematite did not show any rcaction peak below 70000, Thermo-

grams for thesc minerals arc shown in Fige7e

A graphical summary of the reactivity of the minerals
according to D.T.h. peaks, is givern in Fig 8. The vertical
column rcpresents the temperature. The finc size of mineral
(-300mesh) is shown on the left hand side and the coarse size
(72/300) on the right hand side of the column. It is inter-
esting to note that many minerals of fine particle sizec are
densely populated in a temperature range from 160°C to 290°C
indicating, apparcntly a solid-solid reaction. All the phosphates,

. . o
tungstates, and silicates of coarse size rcact at around 300 C.

These data were used to select appropriate tempecratures

at which to study the various reactions in more dectail.
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Temperature °C
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Fig.7 D.T.A. curves for various mineral-NaOH mixtures -~
those which do not show reaction peak below 700°C.
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Fig 8 The reactivities

of minerals with sodium hydroxide

arranged according to the reaction peak
temperatures from the D.T.A. curves cobtained.
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PLRT 1T

A DuTAILED STUDY OF MOrAZITE R CTICM

1. Intrcduction

In a reaction of a refractory mincral with sodium hydroxide
one would normally expect the resulting products of reaction in
a fuscd mass. ilevertheless the finding from the treatment of
zircon(ll)(l2) suggests thet it is not always the case; &
mineral could be processed by the reagent without rundering
the product in a fused state. In other words the main disadvant-
ages of the conventional fusion process could be eliminated ot
the same time. These suggestions have been tested thoroughly

by experimental methods,

The preliminary reactivity study by D.T.A. indicated
the intcresting phenomenon that a number of minerals react at
much lower temperatures than would normally be expected.
Monazite, for example, showecd two rcaction rcgions below the
melting point of sodium hydroxide. With monazite however, it has

(3)(10)

been pointed out that the conventional fusion process
yields refractory oxides which dissolve in acids only with
difficulty. This appcars to be the main reason why the method
is not adopted industrially. It is of academic as well as
economic interest to study in detail the reaction of this

mineral.

The rcactivity of monazitc has bcen deterumined in terms
of tempcrature, time, size of particles and the ratio of sodium
hydroxide te mineral. The factors influencing the pliysical
form of the products have becn determincd. The chemical and
physical nature of the products hzs also been deterwincd by
chemical analysis, X~ray diffractometry, opticel and electron-

probe microscopy and infra-red spectroscopys.
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2. Dxperimental ketcrials

2.1 Monazite samploes

The monazite sample used for this investigation was
obtained from the Han Kuk Monazite Scparating Co. Lid., Xorez.
Two lots of monazite concentretes were received. The first
sample of 5kg wes cleancd by magnetic and gravity separation
methods and extcnsively uscd for the study of reactions. &
complcte chemical analysis of this cleaned sample (Monazite
Sample £) is shown in Table 5. The sccond sample was 20kg of
commercial concentrate (lionazite Sample E) and it was used as
received for lerge scalc tests. Table 6 shows the size distri-

bution of the two samples.

In order to obtain information on the modc of element
distribution a polished section was examined by an electron
probe micro-analyser, by Dr. J. Gavrilovic of the Mineral
Technology Department. The result showed that the content of
cerium, thoriuw, lanthanum and neodymium varied (approximately
* 10 — 20% relative) within individual particles as well as
from one particle to another, but the contcnt of phosphorus
hardly vericd. DMineralogical exzamination of the sample indicated
the prescnce of some impurity minerals such as garnets,
tourmaline, zircon and ilmenitc. It was found by grain counting

of the ?2/100 mush fronction that the total impurity content

wes approximately 6.

In order to compare the test results with monzzite of
differcnt origin, various commercial concentrates were obtained
through Mr. I. C. Schomburglk, FHational Rescarch Development
Corporation, Londoxn, %.W.l, They were Australian, Ceylomnesc,
Congolese, Indonesian, Korean (C), iMalayan, Nigerian and

Venetian origin.
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Table 5. Chenical analysis on Korean lMonazite Sample A
CeaO3 27.8
La203 13.0
NdZO3 11.8
' 5.6
I‘hO2

2.9
YEOB
P205 26.8
Si02 2.9
Fe203 1.7
Cal 0.8
Ti0, 0.6
A1203 0.4
Total®™ 94 3%

-

Also present in low concentrations

zr, U, Po, Yb, Ho, Gd, Dy, Lr, Sm and Pr.

Assay by Messrs. N.L.Andrew, F.A.Staff, J.Mills and A.C.Lwvbo,

Analytical Services Laboratory, Imperial Collecge.



Tablc 6. Screen sualysis of Korcan monazite samples

i Mesh HSeaaple A,u sample B.
L (B.B.) | !
Wt. ¢ 0 Cum. Wt. % 1 Wt. o Cum. Wt. &
|
+36 C.C 0.0 | 0.0 0.0
+52 0.0 0.0 1.5 1.5
+72 0.7 0.7 26.4 27.9
+100 17.9 18.6 49,6 77.5
+150 67.7 86.3% | 20.6 98.1
+200 11.9 98.2 1.8 99.9 ,
-200 | 1.8 0.1 i
Total 100.0 100.0 i f
]

2.2 Other Materials

Hodium hydroxide ;1 AVALAR sodium hydroxide pellets from

Hopkin and Williams Ltd., were ground in o dry porcelain ball
mill with porcelain balls for 2 hours. All possible care in
handling the chemicnl during and after grinding was taken to

avoid contumination from the atmospheric moisture and carbon
dioxide. The ball mill was flushed with nitrogen before grinding.
The finely ground sodium hydroxide was stored in & gas-tight
bottle and used for small scale reaction tests. Commercial

flakes were ground in separate batches and used for the large
scale tests,

Other Chemicals : The other chemicals used in this study were

of ANALLR grade reagents unless otherwise specified.
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3. bBxperimental Methods

3.1 Heet-tr.otment of samplce mixture

The monarite-sodium hydroxide wixture was prepared by
@mixing the weighed materials in a screw-capped glass bottle
(60ml) containing three porcelain balls. An intimate mixture

was obtained by means of relling and gently shaking the bottle,

The mixture was transforred to & silver crucible (35rl)
and a chrouwcl-alumel thermocouplec was inserted in the ccentre
of the sample., The crucible was hung in & preheated vertical
tube furnace. The tcomperature variation of the furnace was
within £ 19C, The open end of the furnace tube was loosely
closed cduring heating by a piece of asbestos cloth and a small
picce of light brick. The tcmperaturce of the sample was recorded
on a chart recorder during heating period. The arrangement of
the equipsicnt is shown in Fig. 9. At the end of the heating
period thce crucible was cooled in @ desiccator to determine

the dry weight of the reaction product.

3.2 Water-lcaching of the rcaction product

The reaction product of monazite with sodium hydroxide
vas leached with water in order to dissolve all the soluble
portioun of the prcduct. Approximat.ely 5g of dry products were
tronsf.rred to a 80ml centrifuge tube ond hot water (60°C)

was pourcd in with meanual agitation.

The reaction masg dissolved readily in cold water, but
hot water was used te ¢nsurc complete dissolution. After 15
minutes tue suspensicr was centrifuged for 5 winutes at 2000r.p.m.
The supcernatant solution was decanted into a flask. This opera-
tion was repeated twice. For the third washing 0.1 N sodium
hydroxide solution was used to maintain the alkalinity of the

solution, since the suspension becainc stable as the number of
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washings incrooscd. Wasbhing three times ensured complcte
dissolution of the soluble phosphorus prescent in the reaction
product., It was experimentalily found that 919 of the soluble
phosphorus was recovered in the first supernatont solution.

The second washing brought nearly complete washing (99%%).

Also, it wes found that only one washing wes ncecessary when

20ml of water was used for every gram of the reaction

products. A1l the leach solutions were collectcd in a volumetric
flask for the detcrmination of phosphorus. The phosphorus in
solution was detcrmined and used in calculating the percentage

of rcactione.

3.3 Acid-leaching of the Precipitated oxides

The residue {rom water lceaching, which contained the
thorium and rarc carth oxides, was leached with hydrochloric,
sulphuric or nitric acid. The leaching was carricd cut in a
250ml round-bottom flaslk fitted with two reflux condensers.
The flask was immersed in a glycerol bath kept ot a constant
tompcrature. Both the bath and the contents of the flask were
agitoted and heated by means of a combincd magnetic stirrer

and hotplate. The gercral arrangements are shown in Fig. 10,

Normally bg of the oxides to 120ml of an acid solution
werc used for the reaction rate tests. 5Solution samples of
S5ml were talzen at suitable time intervals. In order to
minimizc sampling crror, the stirring was stoppcd for one minute
to scttlec most of the particles and then a little wmore than
5ml of the solution was taken into a glass tube immerscd in
cold water. When it was coolced to 20%Cc cxactly 5ml of the
solution was transferred into a small frit glass funnel
mounted in a suction apparatus, under which the filtrate and
washings werc rcceived in a 25ml volumetric flask. Filtration

was necessary to remove the small quantity of gclatinous matter.
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The remainder of the sample solution was returned to the

reaction vessel without delay.

From &4 to 6 samples woere taken for each test run and

scnt for assay.

2.4 Differcntial leaching

The differential leaching carriced out with monazite
reaction products compriscd selective dissolution of unreactcd
sodium hydroxide, sodium phosphate and rarc carth oxides success-
ively in absolute alcohiol, watcr and hydrochloric acid. 1In
this way it was possible to separate the reaction products

into the above mentioned threc meterials plus unrcacted sands.

The crushed dry seomple as much as 5g, was first mixed
in a 100ml conicael flask with 50ml of absolute alcohol for
30min. by means of mechanical shaXer. The suspension weas
centrifuged and thce s0lid was rodispersed with alcohol in the
tube and recentrifuged. The supcrnatant solution collected in
a2 1 litre volumetric flask was dilutecd to the mark with water
and the quantity of sodium hydroxidce was determined by =acid
titration arnd flame photometry. The residuce aftcr centrifuging
was dricd in 2 vacuum desiccator over night. The weighed solid
residue after the slcohol leach wee dicsolved in watcer as
described in Section 3.2 The supcrnatant solution wos
analysed for phosphorus and sodium. The weighed, dry, residue
after alcohcl and water leach was disperscd in hot 8 ¥ hydro-
chloric acid which dissolved only the rerc carth oxides
lcaving behind the originel mineral unattacked. Previous
dissolution tecuts showed that no appreciablc dissolution of
monazite was observed with & N hydrochloric acid at 60°C within

a few minutes.

The dry weight of cach product scnarated was also calcu-

lated by the loss in weight ot each stage of leaching.
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3.5 Infra-rcd spectrescopy

In order to identify the frittin,. product of monozite
infra-rcd cbsorption meosurencnts were carried out using a

Grubb Parsons &pcctromaster.

Potassium bromide discs were proeparcd from the monazite
reaction products aznd standords according to the method suggested
aQ
by &tanficld cte. al(lo) ~5 follows:
Approximately 2mg of dry sampls and 200mg of dry potassium
bromide were mixed and pround in & minioture sgote ball wmill,
15um x 28mm, mounted in & Grindex shaking wachine. The well
mixcd sample was placed in a cylindrical die, 15mm in inner
diemcter, ond BOtons/in2 of pressure was applied slowly undoer
vacuum. After 3 or 4 minutes the vocuum was relcased slowly,
The thin discs were kopt in o desiceator over phosphorus

pentoxide.

The spectra for the sample and the standards were
rcecorded over the range of wavelength betwoen 4im and 25um

using & scan spccd of 2um/min. and lpm/min,

7.6 X-ray diffractometry

A-ray diffr: ctometry wes uscd meinly for identificotion
of monazite and the rare carth products. Debye - Scherrer
powder potterns were obtained with & camera of 9em diametcr.
The d-spacings were read direetly from the filr by means of a
graduated overlny, and the inteunsitics were estimated. The

. . s oo 1
intcerpretation woee made by reference to the A.2.Toli. Indexo( 9)

3.7 Analrvtical licthods for phosphorus, sodium and rare earth

clements.
3.7.1 Phosphorus

The phosphorus coatent in solution was determined by a
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o . . . . . (20)
gravimetric method similar to that described in the literaturc.
The method employs precipitation of phosphorus in nitric acid

solution as ammonium phosphomolybdatc [(NHA)3P04.12MOO .ZHNOB]

by addition of an excess of ammonium molybdate solutioi, in
appropriate volume of the sawple solution was acidified with
nitric acid, heatcd to 40°C, and ammonium molybdeste solution
added in excess (>2ml/mg P). After warming for 1 hour at

the tomperature it was filtered on No.lt sintered glass crucible
and the procipitate was washed with dilute nitric acid solution.
Phosphorus was determined from the dry weight of the precipitate

(110° - 120°% for 1 hr) by multiplying by 0.,0165.

3.702 Sodium

Sodium was determincd by flame photometry. The equipment
used was an 'HEL' Flame Photometer Mark II. The samplc solution
was atomised into a mixing chamber where it was mixed with air
and fuel gas and ignited in the burner. The concentration of
sodium was obtained from 2 calibration curve. The standard
solutions werc prepared from ANALAR grade disodium hydrogen
orthophosphate in the concentration range from 1 to 50 mg/lOOml.

No interference wes obscrved with Ce, IO and alcohol which

3 1

werce the mein constitucnts other than Ma and P.

2e7e3 Rare carth element and thorium

An X-ray fluorescencc analytical method was employed
for the determination of the rare earth elcments and thorium,
which was cerricd out by Mr N. Andrews and Mr J. Mills, Analytical

Services Laborctory, Imperial Collegce.

The c¢quipment used was a Philips PW 1220 Semi~automatic
X-Ray Fluorcscence Spectrometer, with associated recording
cquipment. The radiation detcctors were (i) scintillation
counter and (ii) gas flow proportional counter (90% argon and

10% methance gas mixture).
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The samples, which were solutions derived from monazite
or the products of reaction of monazite, were analyscd for Ce,
La, N4, and Th, Synthetic standard solutions, containing a
range of known concentrations of these four elements, were
preparcd from AMALER grade thorium nitrate, ammonium ceric
nitrate, ond reagent grade lanthanum and neodymium nitrates.

An internal standard solution was madc to contain Sr, Cr and

Ti in dilute nitric acid. The solution for analysis was prepared
by mixing 10ml of standard or sample solution, lml of concen-
trated nitric acid, and 5ml of internal standard solution.
Concentrated nitric acid was added with shaking to dissolve

any precipitate formed during mixing. The samples were analysed
in air-path conditions, the solutions during analysis were
contained in polythenc cups with 6p Mylar windows; about 15ml

of solution were reguired.In all cases, the analysing crystal

wes LiF < 200>, The samples were spun during counting at a

rete of 6 r.p.m.

Background counts were taken on both sides of cvery peak,
and the calculated mcan values of background at both peak
positions were subtracted frem the peak counts to give a net
peak intensity. Calibration graphs were drawn for each of the
four clements determined, and within cach of thc two sets of
samples, by plotting concentration of the standard solutions

against the nct peak intensity ratio, unknown : internal standard.
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L., Expcrimental Results and Discussion

4,1 Products of reaction

The reaction products of monazite were identified by
chewical an-lysis, x-ray diffrcection and infra-red spectroscopye.
In the first part of this Chapter the results obtoined by the
above mcthods will be described. 4 summary of the findings
will be given at the end together with o set of chemical cquations

descriving the stoichiometry of the overall rcactions,

4.,1.1 Products from differcntial leaching

The products of rcaction of monazite with sodium hydroxide
scparated into four catugories in the following order: (i)
alcohol-solublc, (ii) water soluble, (iii) acid-soluble, and
(iv) acid insoluble materials. The mein products of this separa-
tion scheme were: (i) unrcactcd sodium hydroxide in the alcohol-
soluble fraction, (ii) sodium phosphate and sodium hydroxide
produced by hydrolysis in the watcr-soluble fraction,

(1ii1i) rare carth oxides in thc acid soluble fraction and

(iv) unreacted mineral. The amount of sodium carbonate inciden-
tally formed was scparately determincd by measuring in a gas
burette the volume of carbon dioxide evolved when cxcess acid

wes added to the whole products. Two scrics of rcaction products
obtaincd from mixturcs containing various proportions of sodium
hydroxide zftcr heating to two diffcerent temperaturcs (ZOOOC,
360°C) werc diffcrentially leached.

The mass distribution of the vach product and of the
principal c¢loments (ta, P and Cec) arc shown in Table 7. Some
of the results ore shown graphically in Figs. 11 and 12. The
percuntege of coxtrection cxpresscd in Fig. 11 rofers to the
mincral for vhosphate and oxides, and to the initial quantity
of MaOF in the mixture for unrcacted sodium hydreoxide., It

can be scen from Fig. 11 that the unreact.d sodium hydroxide
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Table 7 Results of differential leaching of Monazite reaction products
Test ‘ separated Products
es :
No . Initial wt. ratio mixed Description (excess NaOH) (Sod. Phosphate) (Oxides) (Unreacted sands)| Total %
Product, wk.% 0.59 15.50 17.57 66.36 100.0
i NaOH - 0.15 Flement Na 6.5 90.8 - - 97.3
Monazite ~ ~° distribution P 0.0 23.3 0.0 (76.7) (100.0)
% Ce 0.0 0.1 25.7 {74.2) (200.0)
i Product,  wt.% 0.97 26.89 28.25 43,89 100.0
5 NeOH (o Element Na 7.2 92.0 - - 9.1
Monrzite — 7 distribution| P 0.0 Ly .6 0.0 (55.4) (100.0)
% Ce 0.0 0.1 48.3 (51.6) (100.0)
. Product, wt.% L.89 40.13 39.83 15.15 1.00.0
3 NaOH - 0.60 Element 'Na 14.6 82.2 - - 96.8
Monazite ~ ~° distribution| P 0.0 77.2 0.0 éaa.S) (100.0)
. % Ce 0.0 0.1 79.7 20,2) (100.0)
Product, wt.% 5.67 46,90 . L1.69 5.74 100.0
L NaOH - 0.75 Element Na 22.3 79.1 - - 101.4
Monazite -~ ~° distribution! P 0.0 91.8 0.0 %8.2% glO0.0)
% Ce 0.0 0.1 9l.1l 8.8 100.0)
Product, wt.% 10.41 45,98 39.93 3.48 99,8
5 NaQH - 0.90 Element Na 28.8 69.6 - - 98.4
Monazite ~ ~° distribution! P 0.0 96.3 - 2.7 (100.0)
- % Ce 0.0 0.1 96.9 (3.0) (100.0)
Product, wt.% | 15.62 L .38 37.61 2.38 99.9
6 NaOH - 1.05 Element Na 4.7 60.2 - - 9.9
Monazite ~ ©° distribution| P 0.0 99,2 0.0 20.83 (100.0)
i % Ce 0.0 0.1 97.5 2.4 (100.0)

— undetermined; (

) estimated by subtraction
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ranged from 75/ to 34" in the range of initial molar ratio
from 1 to 7. The combincd sodium hydroxidc represcents that
quantity of sodium hydroxide which was in the form of sodium
compounds other than sodium cerbonate. This quantity wos
obtained by subtractior of the unrcactcd sodium hydroxide and
sodium carbonate from the initial quentity of sodium hydroxide
added,

The curves for solubilized phpsphate and oxides nearly
coincided together indicating that each is a sound measurc of

the extent of decomposition of the monazite.

The atom ratios, Na/P, in the water soluble portion of
the reaction products are shown {Fig. 12) for the two scrics

of products obtained at the two temperatures.

The sodium in the calculation of the atom ratios was that
derived from sodium compounds other than sodium carbonate. From
the figure it can be scen that the ratio for the high tenpera-
ture reaction was higher than that for the low temperature
reaction. In both cases the atom ratios ore lowor when NaOH
was defficient and gradually increased to an averagce value of
LLO for the high tcmperaturc reaction and 3.5 for the low
temperature rcaction., When the initial NaOH : mineral ratio
was greater than 4.0 the Na/P atom ratios of the products were

constant.,

The monazite solubilizecd was directly proportional to
the net sodium hydroxide consumcd (excluding sodium carbonate),
as shown in Figs. 13 and 14 respcetively for the high and low
temperature products. From the slopes of the lines it was
calculated that the net molar ratio, MaOH/[PO,], for the high
temperature reaction was 4.4 and that for the low temperaturce
reaction was 3.45. Although the net alkali consumption is
cxpressed in terms of the phosphate content it is not assumed

that sodium phosphate is the only sodium compound derived from
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the mincral. This point will be discusscd later (PART I1 L4,1.4)

in the light of further cvidence.

L,al.,2 X-ray diffrocction patterns of the reaction products

Debye - Scherrer powder puatterns werce obtained for the
various rcacticn products of monazite. The lincs in the film
were diffusce and some of thewm were Laint thot it was not possible
to mcasurc the d-spacings accurctely. However, the neasurable
lincs were comparcd with available A.5.T.M. Indcx(lg) or
artificially preparcd motcorials. The rcesults of thoe obscervotions

arc summarized in Tablc 8.

It was almost impossible to identify sodium compounds
even though considerable quantitics of sodium hydroxide and
sodium phosphatc were present in the samnlc. All the lincs of
the sodium phascs were faint and almost indistinguishablc
becausce of the scatturing action of the heavy atoms present.
An X-ray powdcer pattern of a synthotic 50% molar mixturc of

Ce0., and Na P04 showed that the lin¢s corresponding to 0602

2

were strongBWheress the lincs corresponding to NaBPOA werc

only faint. The intinsity of the strongest line of NaBPOQ

was much wealer than the wenkest line (57)) of 0002 and was

less then 10%  that obtained in the abscencc of CeOE, Although
some faint lincs corresponding to NaBPOh and NaeOll were detected
in some semples it was clecr thet this method wns inadcquate

for identifying the sodium compounds.

As indicated in the Table & the lincs for individual
rarc carths and thorium oxidcs (or hydroxides) were missing
in almost all of thc products even after treatment by water,
The patterns of the products indicated a phase not roported in
the A.5.T.Me. Index. All the distinguishable strong lines
corrcsponded to a phasce which had similer structurc to sodium

chloride; the lattice constant varied in o range of
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Teble 8 Interpretation of X-ray patterns obtained from various
products of monazite

Sample No. A1l A109 All3 A115 4112 AL11R A112R UFA A111RH Allldl
Description Heated Heated Heated Heated Heated Water Water Alcohol HC1 HNO3
of treatment:-~ | product product product product product leach leach leach leach leach
wt.ratio of of of of of of residues | residues| residues residues residues
monazite: NaOH | 1:1 mix 1:1 mix 1:0515 mixy 1:0,15 mix { 1l:1 mix of of of of of ‘

Terp. 360°C 360°C 360°C (~300 mesh) | (~300 mesh)] A111 A112 A111 AL11R A111%

360°C 200°C

Time, cte. 3 hr 0.5 hr 1 hr 1 hr 0.5 hr (oxides) | (Oxides) (sands) §sands)
Celp X X X X ? X X X X X
Las0 X X X X X X X X X X
La%O?{); X X X X ? X X X X X
Nd-0 X X X X X X X X X X
Nd%OE) 3 X X X X X X X X X X
ThOp X X X X X X X X X X
NaHzPOL[_ X X X X ? X X X X X
Na HPO;, X X X X X X X X X X
Na PO£+ ? ? ? ? ? X X 0 X X
NaOH X ? X 0 X X X X X X
NaP0(I) X X X X X X X X X X
NaPOZ (II) X X X X X X X X X X
Nazc 3 X X X X X X X X X X
20e02.Y203 X X X ? X X X X X X
monazite ? ? ? 0 ¢ 0 9] ? 0] ?
ilmenite 0 0 0 X ? 0 X X 0 0 '
anorthite X X X X X X X X X X
gehlenite X X X X X ? X X ? X
(Ca-Al-silicate)
zircon X X X X ? ? 4: ? X 0 0
gew.Pl}ase 0 0 0 ? ? 0 ? 0 X 0
ubic; NaCl (&iffused)

0 o
?tggct?re- 5.540) (5.544) (5,57§? - - (5.518) - (5.528) - (5.498)
Note: O : Possibly present
? : Doubtful (some lines match but are not distinct)
X : Not present or lines are unidentifiable
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ao = 5,49 to 5,57R. The heated product with 1:1 weight ratio
of monuzitce and sodium hydroxidce had ao = 50548 wherces in
the product incompletely lcached by ncid a_ = 5.498. The
maturial report:d in the £.5.T.M. Index which gave the closest
fit to the observed diffraction was a solid solution of CeO2
(75%) and ThOE(ZS%) in the same crystal structurc (#aCl) with

a, = 5. 478,

From the chemical fact thaot
(i) the heated product containcd Th, Ce, and other rare earth
clements together with sodium hydroxidey
(ii) the wutcr lcach solution from the heated products (withe
out free NaOH) contained cxcess sodium than that of contribu-
tion from I‘é}s’BPObr and Fa2003; and togcther with the structural
information that
(iii) the lines for individusl compounds, such os CeO2, La203,
Nd203’ ThO2 ¢tc., wcre missing in the pattern oxcept, though
with considerable uncertainty, that of the low temperature products,
the ncew phasce formed was probably o solid solution of these

oxides in wnich sodium wazs also associated, which moy be generally

1]

expressed as

r

. III Iv
N v
Xum20.y R2 OBazR O2

Yhers RIII: La, Nd, etcs, RIv : Ce, Th.

The unit ccll constant of the phasce bececame smaller in
the successive products of lcaching by alcohol, water, znd
acid from 5.543 to 5.49ﬁo The contraction of the 1ottice was

resumobly causced by the removel of sodium otons,
P

L.1.32 Infra-rcd absorption specira

For the purpose of identifying phosphate phascs present
in the rcaction products of monczite, infra-rcd cbsorption
measurcuments were made and conparcd with known standards,

Somc of the rccorded spectra arce shown in Fig. 15. Ac is
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(a)

Reaction product
of monazite and

NaOH obtained by
heating to 360°C.

(v)

Reaction product
of monazite and

NaQOH obtained gy
heating to 200°C,

(c)
Anhydrous Na

3P04
obtained by heat-
ing dodeca-hydrate
to 360°C.

(a)

Anhydrous NaZCO
(ANALAR)

3

Fig. 15 Infra-red absorption spectrographs
of the reaction product of monazite

and standard materials.
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apparent from the figure, the sodium phosphate phase present
in the recaction product was tri-sodium orthophosphate (Na3P04)'
The rcaction product obtained with fine monazite at 200°C z1so
contained the same phase. Both the low and high temperature
reaction products conteined no other phosphate phases than this,
Some of the absorption bands at wave lengths 6.9, 11.3, 14.2
and 1lh.4ym suggest that the reaction products of monazite

contain some carbonate possibly as Na2003.

Lol.,4 Summary:- Chemical Egquations

The chemical reactions occuring in the mixture of monazite
and sodium hydroxide are not simple to formulate in an cquation
since not only is the mineral composed of many clements of
different chemical nature but also because the reaction with
sodium hydroxide may be different depending on the tcmperaturec
and the quantity of sodium hydroxide available. The preliminary
study using the D.T.A, method indicated two predominant reactions
at two different temperatures. This was also observed by the
quantitative reaction tests carried out as a function of tempera-
turc. It was therefore, attempted to investigate in more detail
the reaction occuring at 200°C and 36000 respectively, and to
formulate the chemical recactions. The overall stoichiometric
recquirement of sodium hydroxide was detcrmined experimentally
to be 3.45 and 4.40 moles per molc of mineral respectively
for the reactions at the lower and upper temperatures. (Sce
Figs. 13 and 14) The sodium phosphate phasc in both reaction
products was identified by infra-rcd spectroscopy, as NaBPOlJr
(Part II 4.1.3.), no other sodium phosphate phascs were
detected in the products. The x-ray diffraction patterns, which
were of little use in identifying sodium phosphate phases,
indicated formation of a new solid solution which was similar
to that of(_Ce,Th)O2 phase, but of greater lattice constants
(sec Table 8).
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No apprceciable influence on the decomposition of monazite was
observed with the reaction under hydrogen flow. (Scc Fig.l6).
Only a slight change in colour of the the products (brown to
light brown) was noted but the extent of reaction was essentially

similar.

The formetion of sodium rare carth double oxide compounds

(NaZCeO Na LaOa) has bcen reportodczl)(az). It has also

31
been reported that thorium oxide (ThOZ) does not react with
sodium hydroxide even &t a tcuperature range as high as 8500 -

100%c. (21

From the inforaation available (summarized in Table 9)
the reactions occuring in the mixturc of monazite¢ and solid
sodium hydroxide at around 35000 moy be expressed chemically

as follows:

2CeP0), + 1OWoOH + %02 = 2MazPO, + 2Na,Cely + 5H0 oo (1)
ThB(P04)4 + 12Wa0b = 4Na3P04 + 3ThO, + 6H20 con (2)
RPoLF + LNaOH = NaBPOA + NaRO, + 2H,0 eeo X (3)

Where R represents trivalent elements such as La, Nd, ¥, ctc.
For the low tcmperature renctions the following equations are

probably moré realistic:-

| . . 3

CoPC), + 3NaOH +#92 = Na_P0, + CcOp + /2 5,0 o.. (B)
ThBCPOQ)q + 12NaOH = 4Na PO, + 3ThO, + 64,0 .. (2)
2RPOLF +6Na0H = 2Na31>oLF + 9203 + 2,0 ces (5)

The various rare carth compounds in the products, however,
would appcar structurally to-be in the form of z solid solution,
xNaao,yf(zOB,z(Ce,Th)O2° The calculation based on the chemical
assay results of the monazite and the above cguatioms (1 - 3)
gave the stoichiometric guantity rcquired to be a molar ratio,

NaOH/{Poq] =%4,50 for the high tempcraturc rezction whercas the
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Table 9 Summary on the Product of monazite
and stoichiometry.
f
Net molar ratio Possible Phases in the Product
; required (without
i
i description| excess NaCH) Phosphate Rare carths phases Na/P
: > ‘
§ NaoH/ [pot” ] Structurely Individually atom ratio in
for rare earths agueous solution
! High temp 4,40 (exp.) s0lid solution Na20e03 3.3~ 4,05
’: i of NaLa0 (exp.)
2
i Rea021on Na3P01+ Na, rare earths NaNd02 3.78
. (3607C) 4.50 (calc.) & Th oxides Na¥ 0, (calc.)
‘ Low temp 345 (exp.) Solid solution Partly double 1.8 - 3.5
} . + oxides (experimental)
: Rea"’;wn N POl individual partly individual| 3.0
(2007C) 3.10 (calc.) oxides (?) oxides (2) (calculated)
. Source Experimental & Infra-red X-ray powder References Experimental &
calculation spectrographs patterns (21) (22) calculation
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cxperimental determination gave 4.40. The ratios for the low
temperaturce reaction were 3,10 (calculation) and 3.45 (experimental
determination). The two values for the high tumperature reactions
are close¢ together supporting the postulate; however, the valucs
for the low temperature rcactions are somewhat apart, suggesting
that additional reactions such as (1) and (3) could account

for the excess sodium hydroxide consumed,

In view of thc fact that the atomic ratios, Na/P, varied
as the ratio of sodium hydroxide employed, it should be inter-
prcted thot the two setes of cquotions apply only to the two
extrcumes viz. the equations (1),(2) and (3) for the reactions
where high temporature and high ratio of sodium hydroxide are
involved and equations (2)(4) and (5) for the reactions where
low temperature and low ratio of sodium hydroxide arc involved,
bquation (2) would apply up to a temperzture zs high as 1000°¢C
regardless of the ratio of sodium hydroxide. It is thercfore
possible to obtoin any intermcdizte cases between the two
gxtremes, nomely the combinction of the equations depending
on the tempersturc and the ratio of sodium hydroxide employcd.
Nevertheless, it is considerced that the two sets of equations
proposed to account for the rcactions at the two diffcrcent

tenperatures would by no mcans be far from reality.

4,2 The rate of rcoction

In the aqueous caustic treatuent of monazite Bearse ct. al.

(3)

fine particles of the mincral (325 mesh 4.5.T.l.). They

have pointed out that the rcaction rate was slow even with

mentioned that the time taken for complcte roaction ranged from

2 to 3 hours at 140°C with the ground monazitec.

In the reaction with solid coustic alkali the time for
complcte reaction with unground monazite sands (sce Table 6)

was only a fcw minutes when the solid mixture rcached a temperaturc
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around 280°C., As the mixturc took a finite time to receh the
reaction tempercture and it could net be readily quenched to
s5top the reaction aftcr a specified time, it was not possible
to determine the relation between cxtent of reaction and time
of ruoction. The rate dota to be discussed are in the form of
extcnt/ﬁgéction after a speeificd time in the furnace which

was prcheated to the requircd temperatures.

The various factors which influence the rate of reaction

arc discussed in the following scctions,

L.2.1. The effect of temperature on the extent of reaction

The rcaction of monazite with solid sodium hydroxide was
investigatced as o function of temperature on two size ranges,
72/300 and -300 mesh fractions. An intimate mixture of 5g cach
of monazite and sodium hydroxide was heatcd for onc hour to
various temperaturcs in the manner described in Scction 3.1
(FiRT II). The pcercentage of the mineral reacted was obtained
by determination of the soluble phosphorus in the water leach

solution.

The results are plotted as percentage of rcaction against
teupersture in Fig. 17, from which it can be seen that the finc
and coarsc sizc of monczite rcacted differcntly. The coarse
monazite renctcd at a perceptible rate at around 25000 =2nd the
rate (as indicated by the quantity reacted in a fixcd time)
incrcasecd sharply up to about BOOOC. Whercas the finc mineral
rcacted at around 100°C and showed an apparent constant value
between 150°C and 26000, above which a further increase occurred
corresponding to the reaction observed with the coarse particles.
In other words thcre werc probably two critical reaction tempera-
tures, at around 100°C and 25000, at which there was a morked
increasc in the rate of rcaction. The rate of rcaction of the

mixturc between the two critical temperatures appears to be
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Fig. 17 Reaction of monazite with sodium hydroxide as a function of temperature on

two size ranges.

Residence time : 1 hour, Weight ratio : Na OH/monazite =1-0
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markedly slower than at the critical temperaturcs.

L,2.2 The progress of the reaction as a function of the

residence time,

The effect of heating on the rcoaction of monazite was
investiganted with mixturcs (1 : 1 by weight) of monazite and
sodium hydroxide at 36000. All the rucorded heating curves
showed that the cxothermic resction of coarse monazite started
as soon as the temperature reached 280°C(sec Fig. 18) The
timec taken to hent the 10g. samplc mixture %o this termperature
was normally loss then 1O0min. The exothermic peak was obiaincd
within 1 further 5 min,, during which time almost complete
reaction wos achieved. It can be seen from Fig. 20 that the
mincral reccted in those periods of timc (15 min.) amounted
to as much as 90;. In other words the reaction is cxceptionally
fast above 280°C considering its relative time from the
practical reaction at 280°C to the maximum tewperature is
almost independent of the mass treatcd. In o test with 1000g
of mixturc the time taken for this period wes only 18 minutes

(sec Fig. 30).

The hcating curves can be divided into the following

four charcctoristic parts (sce Fig. 18):

(1) heating period A :- the time for thce scmple mixture to
reach 280°C from room temperature,

(ii) hecating period B:- the timc from 280°C to the maximum
tcmperature,

(iii) heating period C:;- the time from the maximum temperaturc
to the constont equilibrium temperature,

(iv) hcating period D:- the holding time at thce constant

temperaturc.

The period A is significant in terms of heeting the

recactonts to the temperaturc of initial reaction. This will
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depend on the temperature gradient, the mass and shapc of the
reactant wixture, It took 8 min. and 10 min. for 10g and 30g
of mixture rospectively., With s mixture of loarge mass (1 kg)
with similar sheope the time taken to reach 280°C was 22 min.
This period of time could be reduced perhaps, by spreading the

mass into thin beds.

The period B is the period during which most reaction
takes place. It was obscrved with the mixtures of 10g, 30g
and 1 xg that the time tclken was respectively 4, 8 and 18 nmin.
Ls mentioncd earlier this period of time is less dependent on

the mass trcated due to the intense rcaction.

During pcriods C and D much of the remaining 100 of
the mineral reacts. Normally 959 of the monazite had reacted
by the end of period C. The last few poercent of monazite werec
slow to rcact, as cxpected, and therefore.the period D could
be long comparcd with the cearlier periods, depending on the
required cxtent of reaction. It is thought that the small
portion of the mineral which had becen out of contact with the
reagent up to the end of period C wos reccting as sodium hydroxide

slowly transportcd through the products.

L,2.3 Corrclation on the reactivity

The characteristic features of the reaction betwecn
monazite and sodium hydroxide are that it is exothcrmic and
it forms watoer vapour which is readily removed from the system.
In any type of rcaction the primary condition for rcaction is
to bring the reactonts in contoet with cach other. When the
contact is improved an increasc in the recctivity is cexpected,
particularly if the improved contact is meintained throughout
the reaction. In a system of solid reactants if one of the
reactants partly forms a liquid in one way or other, thc¢ contact

between the two specics would be much improved, lcading to
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greater rcactivity. As mentioned earlier, the hcat produccd

by the roaction/%gnazite with sodium hydroxide could give rise

to melting of small porticles of sodium hydroxide in the vicinity
of the rcaction site (sec Scction 1.2, PART I). The effect

will be promotcd as the rcaction procceds and the temperature

of the whole system approachcs the melting point. A fast
reaction can be expected once a small part of the system reacts,

because it is probably self-sustaining.

The formation of a low mclting mixture or compound
would be ongﬁgf starting thce recaction (e.g. the melting of a
cutectic mixture of sodium hydroxide and sodium carbonate (225)
occurs at 284°C (23)).

Or the other hand, in a number of experiments involving

(2k) h

solid-solid rceactions, Hedvall as obscrved a maXimum in
the reactivity coinciding with a phase transition of onc of
th¢ solids. 1In the reaction betwecen monagzite and solid sodium
hydroxidc the mineral is expected to be the solid having the
dominant effect on the rate of rcaction. As monazite itself
does not undergo any physical or chemical transition below
1000°C no Hedvall effcct was expected., On the other hand,
sodium hydroxide undergocs two crystallographic phase changes
in its solid statu. If the assumption that rate is determincd
more by the mineral than by thc sodium hydroxide is incorrect,
any of the solid phase changes that sodium hydroxide undergoes
between 25°C and 51500 could give rise to increescd rate of

. - (25)
reaction. Smothers, et. al.

have investigated in detail
the phase changes of sodium hydroxidce and caume to the following
conclusions:

Transition A: Melting of sodium hydroxide monohydrcte at 65°C°

The surface of the sodium hydroxide was distinctly fluid and the
liguid phase disappeared at approximately 75°C and the surface

was dry again,
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Tronsition B: lvaporation of water from solution formed during
transition A, 2listers in the sodium hydroxidec were observed

in the tempcrature ronge between 200 - 250000

Transition C: Treansition of a-sodium hydroxidc to B-sodium
hydroxide (280 - 297°C).

Trapnsition D: Melting of B-sodium hydroxide (315°C).

For the purpose of correlation, various rcsults arec
arranged together in Fig. 21. As is apparent from the figure
the reactivity of monazite is, to a considerable extent,
associated with the physical changes occurring in the sodium

hydroxide.

Progress of reaction

The progress of reaction between monczite and sodium

hydroxide as the mixturc is heated can be explained nas follows:

The monazite perticles in the initial mixture are brought
into closc contact with sodium hydroxide as the monohydratce
melts at 65°C. The initial reaction obscrved with the finc
particles of monazite is believed to be duc to the improved
surface coverage of the mincral by the molten sodium hydroxide.
The extent of reaction would be limited becnuse (a) only a

limited amount of NaOH.H,O is present, (b) oncec the surrounding

sodium hydroxide is usodaup further transport of unrecacted
sodium hydroxide to the rcaction site would be impossible if

it is purcly a solid-solid reaction. On further heating to
rv27OOC the mixture reacts rapidly duc tc the sum of the follow-
ing effcets:

(i) The crystallographic transformation of a-NaOH - @-NaOH
initictes the rceection.

(ii) The local liguifaction of morc sodium hydroxide by the

heat of rcvaction, and formestion of a low melting eutectic with
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other sodium compounds. During the course of hecting, it was
obscrved that the particles of monazite were coated with a thin
film of molten sodium hydroxide while the thermocouple insertcd
into the mixed nmass indicated 2'7OOC°

(iii) Increased recactivity ond mcbility of liquid sodium
hydroxidc,

(iv) The ready removel of gesvous water formed, hence the
cguilibriuvm is never attained.

(v) The action of water vapour genercted in stolchiometric
guantities at the site of roinction which helps to break up and

displacce the solid product from the surface of unreacted mincral.

4,3 The physical nature of the products

Thoe reaction products of monazite with solid sodium
hydroxide werc made up of highly porous aggregates of minute
particles loosely bound together (See Figs. 224 23 and 24).
The various products werce uniformly mixed together in the
aggregate., Fig. 23 shows a portion of the cggregate or 'frit!
and in Fig. 2L ot higher magnification (X50). It is intcresting
to notc two levels of aggregation. At low magnification the
frit appcarcd to be an aggregate of particles of comparnble size
to the original monazite sand particles (sce Fig. 23). 4t
higher megnification cuch of thesc 'particles' is seen to be
an aggregate of smaller pertiecles of product. The net result
is « frit containing wide channels through which o gas or
liquid can flow rcadily to all of the 'particles', where further
pcnetration can occur via shorter channels of smoaller crossce-
tional orea. This type of matcrial is ideal for proccssing by
gesecous or liquid rcagents. The aggregates were rendily
disintcgrated upon soaking in water. Tig. 25b shows the state
of disintegration after 1 min. in cold water. The rarc egrth
oxide residue left after disintegration in water was finely

divided; the particle size was..2um (see Fig. 26).
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4.L  Subsequent processing

The residues after water leaching of the monazite frits
contain all thc rarce earths and thorium as oxides. The subsc-~
guent processing would require dissolution of the oxides in
acids followed by purification and separation of the valucs.
The present work is concerncd only with the dissolution of

the oxidesa

In earlicr revnorts it has been pointed out that the
rcaction conditions during the caustic soda treatment influence
the rate of dissolution of the oxides. After caustic solution

(3)

trecatment Beorse et. al. found that the thorium was converted
into a rcfractory material ot the higher temperatures (200°¢)
wihich was difficult to dissolve in mincral acids. Kaplan and
Uspenskaya (10) mentioned that difficulties werc encountecred in
dissolution of thorium and rarc corth oxides formed by alkali

fusion at L0OO - BOOOC.

The first object of the dissolution experiments was,
therefore, to establish whether or not the oxides formed by
fritting proccss were cegually refractory as these produced
by the fusion mecthod. It was found that the oxides formed by
the fritting process were rcadily dissolved in common mincral
acids. In the following scctions the rate of dissolution and

optimun conditions for dissolution arec¢ deuscribed.

L,L.,1 Thc influcnces of temperanture and conccntrotion on

the dissolution of oxides in HCI

The leaching curves for the washed oxides formed at
36000 arc shown in Fig. 27. The rosult showcd that the oxides
dissolved complcetcly in undilutced concentrcted hydrochloric acid
at 60°C within an hour. Thrce clemcnts; lanthanum, ncodymium
and thorium dissolved completely within 20 minutes but cerium

reached its limiting dissolution only after one hour of leaching.
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Bimilar tests were carried out at lower tewperatures. The
rcsults obtaincd were similar to thosc obtained at 60°C (sce
Figs. 28 and 29). All the clements except cerium werc almost
completely dissolved within half an hour at L0°C. (Fig. 29).
Agzin, the rote of dissolution was less with cerium, but complete
dissolution was obtainced within one and half hours at the low

temperature,

L.L4,2 The raote of dissolution in other acids

The influence of the differcent mineral acids on the
dissolution at various temperaturcs and concentretions was
tested and is summerized in Table 10. It can be seen thet
hydrochloric acid is thc most effective and nitric acid is the
least cffective under comperable conditions. It was abserved
that sulphuric acid of the concentrations used, producecd acid
insoluble but water soluble white precipitates. Optimum
conditions for complcte dissolution were respectively with
conc. HC1 (11.5N) at 60°C (within 1 hour), 23N H,50, at 60°¢C

(within 1 hour) and conc. HNO5 at 110°C (within 2 hours).

bL.4h.3 9Phe influence of the heating time in the fritting reaction

The effect of various lengths of heating time at 36000
on the dissolution of oxides was investigated. The results
showed that there was no difference in the extent of acid
dissolution. All the oxides formed during verious lengths
of time dissolved completely and in o similar manncr leaving
only a small quantity of gelatinous precipitates (1.77)

which were later confirmed to be siliceous matter.
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Table 10. Dissolution in acids of Th and rare earth oxides

from monazite at various concentrations of acid

temperatures.

]
Tempo. o o 0 o]
11.5N Complete Complcte Complete
(undiluted) within within within
1 hr. 1 hr. 1.5 hrs.
HC1L
Complete
9 N e within — ———
7 hrs.
Incomplete
6. N a within e o
24 hrs.
Conplete
23 N _— within — —_—
1 hr
HZSOM
Complete
11.5 N — within —— m—
L,5 hrs.
Complete Incomplete
15.8 N | within within e ———
(undiluted) 1 hr. 2L hrs
HNO
3
Incomplete
11.5 N —_— within — —
24 hrs
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L L, L Influence of the quantity of acid

Acid dissolution tewts with the washed oxides werc crrricd
out using various proportions of hydrochloric acid to rarc carth
oxides, The samples werce taken in a 250ml conical flask with
a funnel placcd on its top and hezted on a constant temperature
hot plate, The tcumperature of the acid solution reached 60°C
within 5 minutes and was maintnined ot 650 p 500 during reaction.
The clarity of the suspension was noted every 5 minutes. The
results arv shown in Table 11, which indicatcs the time at which
clear solution was first obscrved. The optimum quantity of
hydrochloric acid to dissolve the oxides completely within
half an hour wss found to be 5ml/g oxidecs. The rotio can be
rceduced to 3ml/g oxides, but longer time will be roquired
(1hr 4Omin). With a rotio of 2ml/g (approximately stoichiometric

guantity) the dissolution was still incompletc even after 2 hours.

Table 11. Timc reguired for complete dissolution of oxideg at

various retio of BCl, ml/p solids, (3Solution
temperature: 6555°C)

-\\\\.Ti;zu.min % ; ] g !
~T *{ 5 110 {15 {20 {25 (30 { - {100} - (120

Ratio T . ;

60ml/g oxides I %xto

20 n X " b !

20 ; AN O I O I

15 ¢ P4 i X[ Xxto

10 v ' oz txixlo

75" W X f x| x1to

5 ¢ ﬂ ; X % Xl x{xi{x1{o

3 0 t X o x| xtxtrix 0

2 .0 L P I G N A S I G B % X box

(incomplete)

Notes: X for incomplete dissolution,

O for complete dissolution.
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Se Tests of the fritting method on

commercisz)l monazite concentrates

This scction consists of two parts: in the first part,
small scele tests on various monczitc samples; ~nd in the
second part, o large scale test with 0.5kg commercinl concentrates
will be described. The primary object of these experiments was
to test thoe applicobility of the process to a wide veriety of
commercial concentrates and on a larger quantity than in the
early tcsts. The results were comparcd with the original
morazitc (Korcan Monazite Sample A) in terms of fritting and
dissolution of the water~leachcd oxides in zcids. No major
differences from the previous results were observed in either

serics of tests,.

5.1 Small scole tests on various monazite samplces

5.1.1 Decomposition

Tcests of fritting were carried out using the previously
described, optimum conditions for monazite samples from 8
different localitics (See Table 12). As much as 15g of each
commcrcial concentrate, as reccived (unground), wns mixed with
an egual amount of sodium hydroxide powder and hcecated to 36006
for 1 hour. All the frits produced from the various samples
showed similar physical properties, i.e. porous naturc, rendy
watcr leoching, ctec. The colour of the frits veried slightly
from light brown to brown duc to the impuritics. Decomposition
wos almost complete in ~ll cases leaving only refractory impurity
mincrals such as ilmenite, cassitcrite, chromite, zircon, garnet,
etc. unattacked. The gquantity of residual sands (impurity)

varied from onc¢ sample to another (sce Table 12).

5.1.2., Acid=-lcaching of the precipitated oxides.

During the water leaching stage the oxides, 2s 2 fine
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suspension, were separatced from the unreactcd sands by decanta-
tion and dried at 110°C. 4 sanple froa coch specimen of dried
oxide was placcd in a beaker covered with a watch glass and
dissolved in concentrated hydrochloric acid (constant solid :
acid) by heating on a constant temporature hot plate. The

rate of dissolution varied from one sample to another but all
the samples gave complete dissolution within 30 minutcs, which
is comparable to that obtained with the oxides from the Korcan

Monazite sample A.

Table 12, Results of tests on various commercial monazite sands

Sample Unreacted Oxides « Dissolution time in ;
sands(%)¥ | produced(?’) in conc. HC1(30ml/g) i
at 709% 5°C
Australian 19.9 64,2 25 min
Ceylonese 7.h 73.5 15 ¢
Congolese 14,7 63.3 30 " %
; Indonesian 17.2 , 64,6 15 ¢ 5
i
]Korean(B) ' 18.5 62.3 s ¢ |
m : .
Korean(C)xhi 9.0 i 69.3 20 *
Lﬂalayan i 26,7 i 58.5 5 v
i
 Higerien 13.1 ! 75.8 25 &
Venetian 8.7 67.3 i 30 ©
Korean(t)
(Griginal 5.9 73.1 20 "
somple) | \ |
i 1
®

The percentage is referrcd to monazite sandse.
#x Samc sample as scale-up test or the 1lkg test.
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5.2 largce scale tests on commercial monazite concentrate

A batch test was carried out using 0.5%g of commercial
unground monazite concentrate (Xorean wmonazite sample C). The
conditions of trevtaent were esscntially similor to that of the
small scale tests except that the muffle furnace wes initinlly
at a slightly higher tempcr ture (lOOC) to offset the cooling

effect caused by introducing a cold charge.

5.2.1 Procedurc

(i) Heat treatment and weter lcaching

The mixture 0.5kg of commercial monazite concentrate
and 0.5kg of ground sodium hydroxide was placed in two rcctang-
ular boxes made of plain iron sheet (LOcm x 15cm x Scm) and
heated in a preheated clectric muffle furnace (370°C) for an
hour. The frits were leached with water in a 4 litre beaker
by manual stirring. The pulp was allowed to scttle and the
supernatant solution was siphoned out. This operation was
repeated twicce more with fresh hot water and then with warm
19, sodium hydroxide solution., Unreacted sands were separated
by rcpeated suspension and decantation. The total quantity of
water consumed was 10 litres. The solution was assayed for
phosphorus and rare earth metals., The final oxide slurry was

centrifuged and dried in an oven ot 110°C.

(ii) Acid dissolution

Three 5g samples were taken from the dry oxides and dissolved
in conc. hydrochloric acid at 60°C using ocid to oxides ratio of
5ml/g oxides. During heating on a hot plate, the beakers covered

with watch glasses, were occasionally shaken.
5.2.2 Results

The product of heat-treatment was the usual light brown

porous frit; it was uniform throughout and just as readily
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leached as those obtained from the small scale tcsts. As shown
by the heating curves (Fig. 30) the exothermic effect which

was generally observed in small scale tests, again appeared
when the temperature of the sample reached,—JZ?OoC. The
maximum temperaturc obtained was a few degrees higher than the

pre-set furnace temperature.

The products of reaction after heat-treatment weighed
as much as 953g., After water leaching of thc whole frit 363g
of oxides and 4l1g of unreacted sands were obtained. The extent
of decomposition in terms of the phosphorus content was 95%

which could probably improved by further test work.

The washed oxides of rare earths and thorium dissolved
completely in conc. HC1l at 60 : 5°C. A clear solution, orange
yellow colour, was obbtained in 20 min. leaving behind a small
guantity of white siliceous suspension (2.4 of the washcd
oxides) which was easily removed by filtering. Thus, no diffi-
culties were encountered with processing the frits in this
larger scale which were comparable to those reported for the

products of fusion.,
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PART TII1T

APPLICATION TO OTiasR  MINERALS

1. Introduction

This part of the thesis is concerned with the application
of the fritting process to other high value economic mineral
concentrates containing a single mineral; e.g. wolframite and
columbite. The application to physicelly unseparated pairs of
minerals such as wolframite-cassiterite mixed concentrate will
be described under thc heading: Selective Reaction (Section 5,
PART IIiI).

The preliminary recactivity tests by D.T.A. indicated
that these minerals react with sodium hydroxide at moderate
temperaturcs and as the products are expected to be similar
chemically (see equation in Table 3), the study was extended
to include these minerals. The object of this part of the
study is twofold; first to understand more about the process,
particularly whether the same critical tewmperztures occurred
and second to obtain the optimum processing conditions.
Hence, the investigation of the detailed nature of the tungstate

and niobate products, for instance, was neglected.

The influcnce of temperature, time and ratio of sodium
hydroxide have been determined. The physical changes taking
place in the mixture during the course of hecating particularly
the liquifaction effect at lower temperatures than the melting

point of sodium hydroxidc werc also obscrved. The following
chapters describe the findings on the individual minerals.
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2. Wolframitc

2.1e Materials and Mecthods

Wolfraanite is a so0lid solution of iron and mangancse
tungstates generally represented by the chamical formula
(Fe,Mn)qu. A high grade wolframite concentrate, of unltnown
origin, was purified by magnetic seperation and vanning the
closely sized fractions, A polishcd scction of the 72/200
mesh fraction was examincdby areflected polarized light micro-
scopc and by an clectron-probe microanalyser. This examination
showed that the level of the tungsten content was uniform over
a number of grains, but the iron and manganese contents varied
from one grain to another but not within a grain. For examplc,
the number of counts from 4 grains randomly selected indicated
manganesc contents between & and 18%, and iron contents betwcen
16 and Lo!'y whereas the tungsten content remained constant at
5%, From the examination of the same polished section under
reflected polarized light it was noted that some grains of
hucbnerite were present. In other words the samnle was mineralo=-

gically a mixture of the two end members and intermediates.

The result of chemical assay of the purificd wolframitc
showed 53.0%%, 5.3 Fe, 6.95 Mn and 0.3/Ca. The Same purified
72/200 mesh fraction was usced for the rcoction tests.

Mcthods

The preparation of the reactants mixturc and the heat-
treatment were conductced in o similar way os that described
for monazite (3.1, PART II). The reaction products were leached
with water and the centrifuged supernatant solution containing
sodium tungstate was analyscd for tungsten by atomic absorption
spectrophotometry using a Hilger and Watts' Atomspec H1I170
(tungstoen hollow cathode lamp for the light source, wavelcngth at

Lo09R using oxidising flame with nitrous oxide - acetylene

gas mixturec.)
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The cxtent of rcaction was determined from the guantity

of tungsten which wos rendercd soluble.

2.2 Ixperinental Results

2.2,1 Lffect of the temperature

The reactivity of wolframite with sodium hydroxide is
shown in Fig. 31 as a function of tcmperaturc. 4 small increase
in extent of reaction (in a fixcd timc of 40 min.) was observed
at 200°C but on further heating to around EBOOC there was a
marked increasc. Most of the mineral rcacted around BOOOC
and complete reaction was obtained in 40 min. by heating to 3400C°
The products of reaction at this last teomperaturc werce of the
samc porous and friablce nature as those obtained with monazite
but the colour was greenish blue (Sce colour photograph Fig.22B)
suggesting the formation of sodium manganate. It was notable
that the products forwmed at 400°C were partly in the fused

state and those heated to 450°C were o totally fuscd mass.

2e.2.2 LEffect of the rotio of sodium hydroxide

The reaction of wolframite at various weight ratios of
sodium hydroxide to mineral was investigoted by heating the
mixtures to BSOOC for 40 minutes, The rcesults arce shown in
Fig., 32, from which it can be scen that the optimum weight ratio

for satisfoctory decomposition is 1.20.

2.2.3 Influcnce of the hczting period

The *imc dependence of the decomposition wos investigated
by placing the mixturc in o furnace prehented to 3500C for
v.rious longths of time. The ratio of sodium hydroxide to
wolframite uscd for the tests wes 1.20. During the coursce of
heating, the change in physical appcarance of the rcactant mass
was also cxamined by the naked cye in order to obtein some

apparcant evidence for the local liquifaction effect discussed
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previously. The observation wos as follows (Table 13):

Table 13. Experimcntal obscrvotions of the physicel change

of the wolframite -~ NaOH solid mixture during

heating.

(Time) (Temperaturc of (Description of Obscrvation)
the sample mix)

6min 275°¢C Initiation of reaction (indicated by
partial change in colour to brown,
local melting of NaOH and cevolution
of ges). Fndotherm in heating curve.

8min BOOOC Continuation of recaction indicated
by local fusion and evolution of gas
phase. Colour of the solid mix
turned from black to brown through-
out the mass.

15min 35500 Continuation of rcaction. The ratc
of grs evolution slowed down. The
colour was brown.

30min 35000 The temperaturc rcached the preset
value. Gas evolution was not distinct.
The surfacce of the mass showed dry
appearance.

LOmin 350°C No change except that the colour
changed from brown to decp blue-
green; suggesting formation of
NaEMnO4 in later stage of reaction.

. o
60min 350 C Sawmc as above.
o further change apparent.

From the above cbservotion it was agoin evident that
the local liquifaction of the rcagent telies plece even when
the temperature of the whole system is below the melting point
of sodium hydroxide.

The cxtent of reaction for various periods of heating
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are shown in Fig. 33%. As can be seen from the figurc, most of
the mincral particles had reacted (94%) during the first 20 min.
of heating, but it required a further 40 min. to completc the
remaining few percent. In other words o heating period of

1 hour was adeqguate for completc reaction.

Ls wos noted in Table 13, the products of wolframite
obtained after shorter periods than 30 min. were brown in colour
and no green colour in the solution was observed aftcer leaching
indicating that sodium mangonate was formed only in the later

stages of hecating in the presence of excess sodium hydroxide.

2.5 Summarvy of the results from wolframite

The cxperimental results on wolframite showed that the
mineral can be processed with solid sodium hydroxide by heating
the mixture in weight ratio of NaOH/mineral = 1.2 to BBOOC for
1 hour. Fine-grinding of the mineral is unnecessary and the
resultant reaction products can bc obtained in o form similar
to those obtained with monazite. The temperature at which the
reaction had started within 20 min. was also similar to that
for monazite. idcating to above 400°C left the products in a
fuscd state. Thus, the optimum temperature range for the
fritting process for wolframitc is between 340 and 59000e
During the course of hcating a thin liquid film coating the mineral
particles (indicatced by the shiny appcearance)wes obscerved
when the overell temperoture of the reactant mixture was 27OOC.
The physical form of the mixturc reuwnined unchanged at this
tine (on total fusion the rcactant mixture normally sank to
the bottom changing its shape). Also, evolution of = gascous
product (steam) was notecd at around 27500 indicating the
intense reaction. Similar phenomcena were observed with monazite
but were less apparent to the naked eye (probably due to the

colour of the original mineral). These, together with
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information on the extent of reaction, substantiate the postu-
late (section 4.2.3) that the high rcactivity around 280°C is
due to the resultant effects of exothermic rcaction leading

to local liquifaction and improved transport of the reagent
and also the Hedvall ecffect.

The chemical interaction of wolframite with sodium hydroxide

in the presence of oxygen may be described as follows:

(o 1 — i %
2FcW04 + 4NaOH + 502 = 2Na2WI)4 + F6203 + 2H20

In the presenfe of excess sodium hydroxide, sodium ferrite may

be formed:

Feao3 + 2Nz0H = 2NaFeO2 + H2O

However, the reaction will be reverscd on water leaching to give
hydrated ferric oxide., The reaction of the mangancsc part of
wolframite may be written as

MnWO, + 2Nz2OH + 20 + H,0

2 2

The manganese dioxide formed will be converted to form sodium

— 3 \/
> = NaZ.ﬂIO4 + MnO

manganate on further oxidation and in the presence of cxcess

sodium hydroxide:

MnO, + 2NaOH + %02 = Na,MnO, + H,0,
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3- Columbite

3.l Materials and mcthods

A high grade commecrcial concentrate of columbite originally
from NWigeria was obtained through Mr T, Deans, Institute of
Geologicel Sciences, London. W.C.l. The sizc distribution and
chemical assay of the concentrate are shown respectively in
Tables 14 and 15. A polished section of the sample was examined
by electron probe micro-analyser and showed that the concentrate
consisted of mainly columbite but with some tantalite as separate
grains. The level of the niobium content varied even within
a grain. The contents of iron and manganese were approximately

constant but those of niobium and tantalunm varied.

The sample was used for the reactivity tests after removing
minor quantities of light and highly magnetic impurity minerals.
Preparation of the sample mixture and the heat-treatment werc
conducted similarly to the monazite tests. A simplified method
of determining the percentage of reaction was employed. The
hected mass wos leached first by water, and the reacted and
soluble portion of the mineral was removed by decantation.

The coatings adhering to the unreactced mineral were dissolved
by hydrochloric acid in the presence of a small gquantity of
sodium fluoride. The dry weight of the remaining eolid was
used for calculating the unreacted portion of the mineral.
This method was checked by chemical determination and gave

approximately 2% greater values for thc percentage of rcaction.

3.2 Results on Columbite

3.2.1 Effect of the temperature

The influence of temperature on the reactivity of columbite
with sodium hydroxide' was  investigated for two size fractions:

72/200 mesh (standard size fraction for all the minerals in this
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Table 14, Screen Analysis of the Nigerian

Columbite Concentrate.

mesh, B.S. wt % Cunuvréléifa;zlve
+36 5.2 5.2
36/52 20.2 . 25.4
52/72 37.7 - 63.1
72/100 25.5 88.6
100/150 10.3 98.9
-200 0.1

Total 100.0

Table 15, Chemical Analysis of the Nigerian Columbite

Llements wte %
Nb205 £6,2
TiO2 1.9
FeO 18.0
MnO 2.0
Sn02 2-7
Total 97.8
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work for comparative purposes) and 52/100 mesh fraction (mean
size of the particular commercial concentrate). All the tests
were carried out using the same weight ratio (NaOH/mineral = 1.2)
and heating for 1 hour. The results are shown in Fig. 34,
Practically complete reaction was achieved at 52000 for the
72/200 mesh fraction. The temperature required for the unground
commercial columbite was 20°C. higher. There was no dectectable
reaction at either the solid phase transition temperature or

on melting of sodium hydroxide, zlthough fine sizes (~300 mesh)
of the mineral showed Teactivity at a temperature as low as

180°C (detected by D.T.A.). On further heating above the melting
point of sodium hydroxide it was observed during the experiment
that the rate of evolution of ges increased, i.e. the rate of
recaction was accordingly greater. The products of an incomplete
reaction at 41500. revenled that the mineral grains were covered
with a hard product layer which adhered firmly and was only
removed by crushing or hard rubbing. Chemically it was a

sodium niobate-tantalate mixture, which dissolved perticlly

in hydrochloric acid but completely in the presence of fluoride

or hydrofluoric acid.

A1l the products which were obtained by heating to a
temperature higher than 450°C were in the form of loose aggregates
(sec colour photograph Fig. 22C). 2Also it was obscrved that

nost of the incompletc reaction products gnve o fused mass.

3.2.2 sffect of the ratio of sodium hydroxide

In order to test the effect of the ratio of sodium
hydroxide on the rcaction of columbitc, mixturcs of vorious

weight ratios of sodium hydroxide to mineral were heated to
550°C for an hour. The results of the tests are shown in

Fig. 35, from which it is seen that most of the mincral (>95%)
reacted at the weight ratio of 1.0, however 1.2 was required

for complete reaction. Weight ratios greater than 1.2 were
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unnecessary and rather harmful, as the products from excess
sodium hydroxide were in the form of a fused hard mass which

was difficult to leach.

3e2e5 LEffect of time of heating

The effect of time on the reacticn of columbite was
investigated at 5500C using a fixed weight ratio of sodium
hydroxide to mineral of 1.20. The results arc shown in Fig.
36. Almost complete reaction (94%) was achieved within a short
period of time (20min.) but an additional 40 minutes of heating
were required to react the remaining few percent. In other
words the optimum time of heating for complete reaction of
commercial columbite sands was 1 hour at 550°C with the weight

ratio of sodium hydroxide to mineral at 1l.2.

3.3 Summary of the results from columbite

The experimental results have shown that the processing
of columbite by caustic fritting is possible. The quantity of
sodium hydroxide required can be reduced to less than half that
required by the convefitional fusion method; also the fine
grinding to pass 300 mesh required by the current industrial
process(h)(26) is unnecessary. The usual concentrste commer-
cially available (52/100 mesh) can be directly treated without
further grinding. The product of heating is not a fused mass

which the conventional fusion process produces, but it is in a

suitable form for the subseguent leaching.

The optimum processing conditions obtained with the
Nigerian unground concentrate were to heat the mixture in
weight ratio of NaOH/mineral = 1.2 to 55000 for 1 hour.

The chemical reactions occurring between columbite and sodium

hydroxide may be written for iron niocbate and tantalate (R:lb,Ta);
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. - ’l _
2Fe(R03)2 + 12Na0H +20, = 4Ha5R04 + Fe203 + 6H20,

and for manganese niobate and tantalates

; WaOl + 10 -
l\m(ROB)2 + 6laOH + 50, = 2Na3R04 + MnO,

In the presence of excess sodium hydroxide the ferric oxide

+ 3H20°

would be converted to sodium ferrite (NaFeOz) and so the
manganese dioxide to sodium manganate (NazMnOA) in oxidizing

condition,

The salts of niobium and tantalum undergo hydrolytic

decomposition during the queous processing according to the

following equation (20):

12Na5Nb04 + 45H20 = 7Na20.6Nb205.

6Na3TaOa + 50H20 = 4Na20.3Ta205,25H20 + 1ONaOH.

32H20 + 22NaCKE;
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L, Reactivities of Other Minerals

as _a Punction of Temperature

In addition to the gualitative information which was
obtained by the D.T... tcsts, (Section 2.3, PuRT I) this section,
together with the preceding sections, is concerned with guantita-
tive assessment of the reactivity as a function of temperature.
The minerals tested include cassiterite, xenotime, hematite,

magnetite, ilmenite, chromite, garnet, and guartz.

These mineral samples were of unknown origin unless
specified and they were purified by physical separation. The
confTirmation of the mineral species was made by means of reflected
light microscopy, electron microprobe analysis or X-ray diffraction.

In addition, chemical analyses were conducted where necessary.

The procedure for the rceactivity tests was essentially
similar to that for monazite, The mineral sample, up to bg, was
mixed with powdered sodium hydroxide from 50 to 100. in excess
over the assumed stoichiometric requirement to ensure reaction.

In order to miniwmize the time required for the tests a simplified
technique was employed to evaluate the reactivity of each mineral.
The method consisted of dissolution of the reaction product in
water follocwecu by settling and decantetion. Since the water-
insoluble rcacted particles were usually fine and in suspension
whereas the unreacted mincral particles were coarse and settled
readily, it was possible to separate the two by repcated suspen-
sion and decantation. The final coarse solids were washed with
an appropriate selective solvent, usually an acid, to ensure

the removal of any reacted coating material. The dry weight of the
unreacted mineral was used to calculate the percent of rcaction.

L wet screencd size fraction of 72/200 mesh was used., This
method was useful where o pure mineral and coarse sizes were
encountcred, however it wos inadequate where finer sizes or

relatively impure minerals were to be tested. In this case
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chemical analysis had to be employed. Some details will be

given where appropriate in the followins sections.

L,1 The reactivity of cassiterite

Samples of Odegi cassiterite in pea size was hand picked
and crushed to obtain a 72/200 mesh fraction, which was further
purified by gravity separation followed by magnetic and electro-
static separations. The final clean sample was not sufficiently
pure (90.7/ SnOz) to employ the simplified technique 1n obtaining
percentages of reaction. The fine size fraction (-300 mesh)
was obtained by grinding the 72/200 mesh fraction. The results
of reactivity tests are shown for two size ranges as a function
of temperature in Fig. 37, from which it can be scen that the
effect of size appears to be considerable (approximatcly 505
difference in percentage of reaction). The coarse size cassiterite

did not react appreciably below 65000, but above this tenpera-
ture the reactivity increased gradually to 2L (at 770°C). The
fine size cassiterite started to react at a much lower tempera-

ture (350°C), but it was incompletec even at around 800°C (81%).

L.2 The reactivity of chromite

L. high grade of Zwertkop chromite concentrate (<IS0 6102)
was obtained from Dr,.Z.Cohen of the Department of Mining and
tMineral Technology. Thi sample was screencd to obtain the
72/200 mesh fraction and further purified by physical separation.
The purified sanplc assayed: L5.1 CrZOB’ 13.4 A1203, 23.7% FeO,
5.2% ¥Mg0O, O0.457 5102

scction of the prepared sample was examined by electron micro-

and Ti, Mn in minor guantity. 4 polished

probe analysis and the result showed that the distribution of
chromium varied from one grain te another due to substitution of
Cr by other elements., Although the overall chroiium content
was low, the grain counting over 100 grains, based on Cr element,

indicated only 4% non-chromite grains. Hence, the sample was
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regerded as 96% pure chromite.

The simplified technique was used for determining the

percentage of regction.

The results obtained from the reaction tests nre shown
in Fig. 38. The reaction of chromite with sodium hydroxide
initiated at around EOOOC and its reactivity grodually increased.
The reaction was still incomplete and amounted to S0 at 810°C.
The reaction products were all in a fused state, yellow in
colour, which is due to the sodium chromate formed. No frits

were obtained within the heating periods and temperatures studied.

.3 The rcactivity of ilmenite

A coarse gralned ilmenite ore was crushed to liberate
ilmenite from the associated gangue minerals and it was carefully
sized to facilitete physical separation. The 72/200 mesh fraction
was cleaned successively by a permanent magnet and a disc type
magnetic separator (of higher intensity). Examination of a
polished section of the purified sample showed that the distri-
bution of titanium and iron was generally uniform throughout
the grains with a similar level of element contcnt in all grains.
> and 48.9 Fe0. The ratio of
Fe/Ti was slightly higher (1.31) than the theoretical value

The assay results gave 48.4. Tio

(1.17). The excess iron may be due to the minute necedle-like
exsolved hematite grains in most of thne ilmenite grains which

the electron-probe microanalyser detected. Such impurity is
unavoidable in natural ilmenite, The simplified technique was

used in evaluating the reactivity of the minerzl. The results

of reaction tests are shown in Fig, 39 as a function of temperature.
The reeaction initiated at around 5000C but the rate was a slow

one: only a few percent of the mineral reacted during 1 hour
heating. Complete decomposition of the mineral was achicved

above 800°C within the same period of time. The reaction
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product after heating to this temperaturc had not fused but was
a hard porous mass, which gave relatively ready dissolution in

wator than a totally fused one.

L, The reactivity of iron oxide minerals

hoh,l Hematite

Coarse crystalline Swedish hematite lumps were crushed
and hand picked. The picked hematite was ground and wet screcned
to obtain 72/200 mesh fraction which was further purified by
magnetic separation. A porition of this sanple was ground to
pass 300 mesh and kept for use in fine size tests. Chemical

assay of the purified sample gave 97.2 % Fe?O In obtaining

percentages of reaction the simplified methodswas employed for
the coarse size, for the fine size tests, however, this method
was inadequate. For the purpose of evaluation of the simplified
method three different points were compared with the results
based on the chemical determination. The result was that the
reaction percent by the simplified method gave an average of

2%. greater than the method based on iron determination. This
was probably due to the impurity mineral of higher reactivity
such as quartz or a silicate mineral which was present in

minor quantity in the sample. OGilicious gangue minerals showed

relatively higher reactivity than iron oxide mincrals (see

D.T.L. results on siliceous minerals, Section 2.3, PLRT I)

The results for the reaction of hematite are shown for
two different size fractions in Fig. 40. The coarse size hematite
did not react below 40000, but above this temperature the extent
of reaction in a fixed time increased steadily with the tempera-
ture. he reaction was still incomplete (745 ) at the highest
temperature tested (820°C). Fine size hematite started to
react at 200°C but the reaction did not exceed 25% until the

temperature was raised to about 35000, beyond which the reactivity
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rose sharply. Almost complete reaction was obtained at 650°C,
hoh,2 liagnetite

A clean magnetite sample was prepared from a high grade
concentrate by further physical purification i.e. repeated wet
magnetic separation followed by demagnetization. The purified
72/200 mesh fraction was used for the reactivity tests. The
cuemical assay of the sample gave 63.5: Ie (Theo. 72.4 Fe).
The purity was such(87.65 magnetite) that the simplified method
was not applicable even for the coarse size and the percentages
of reaction were calculated from the chemical determination

of iron content.

The results are plotted as a function of temperature for
the two sizes in Fig. 41. Magnetite showed lower reactivity
than hematite. The extent of reaction of the coarse magnetite
did not exceed 10" below 600°C (460°C on hematite) and a tempera-
ture high as 820°C (660°C on hematite) was required to obtain
50% reaction, To a similar extent as hematite, the reactivity

of fine meagnetite was greater than the coarse.

L.5 The recactivity of Xenotime

A sample of commercial xenotime concentrate was obtained
from Mr I.C.Schomburglk, National Research Development Corporation,
London, S.W.l. The sample contzined approximately 20% of impurity
minerals such as zircon, monazite and minor quantities of weakly
magnetic iron minerals. The available physical separation
methods such as gravity separation, magnetic and electrostatic
separation did not improve the purity appreciably. The assay
of the clecaned sample showed 31.4% Y203, 17 .7% PZOS' The
simplified method of determining percentages of reaction was
not used for this mineral because of the impurity content.

The assay values of yttrium were used for calculating the

percentage of reaction. The determination of the yttrium
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content was obtained by x-ray fluorescence spectroscopy conducted

by Mr J. Mills, Analytical Cervices Section, Imperial College.

The results are plotted in Fig. 42 as a function of
tomperature, from which it can be seen that most of the mineral
reacted around BOOOC but complete reaction was achieved around
400°C, All the products obtained below 400°C were in & form of
porous aggreg:tes (sce colour photograph, Fig. 22D) whereas the
products at higher temperatures formed a fused mass. As was
indicated by the D.T.A. thermogram, this was probably caused by
the melting of the product phase. Also, it was observed that
the residual unreacted mineral after heating to 400°C were of

95% zircomn, quantitatively unattacked.

L.,6 The reactivity of siliceous minerals

4,6.,1 Quartz

Lumps of ecrystalline quartz were crushed and screened for
hand sorting. The hand picked quartz was ground to obtain
52/200 mesh fraction, which was further purified by gravity
separation and high intensity magnetic separation. The sample
was cleaned with hot hydrochloric acid to remove any carbonaceous
impurity. The final, washed, sauple was rescreencd wet, to
obtain the 72/200 mesh fraction which was dried and used for
the reactivity tests. The mineral was sufficiently purc to
employ the simplified technique in obtaining percentages of
reaction after heating. The results of the tests are shown
in Fig. 43 as a function of temperature. As was predicted
from the D.T.A. test the extent of reaction increased sharply
at 280°C as with & number of other minerals. The product of
reaction was white in colour and in a dry powdery state,

completely soluble in water.
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L, 6.2 arnet

T e e S

A high grade sample of commercially available abrasive
garnet (52 mesh) was purified by means of densc liquids followed
by magnetic ané electrostatic separation. The cleaned sample

was ground and screened wet to obtain the 72/200 nmesh fraction.

Garnet is a complex silicate and occurs in nature in
many verieties., The ultimate identification of the mineral is
not a simple task and for present purposes it was not necessary,
nevertheless observation of the physical properties such as
colour (red), hardness (>quartz) and specific gravity (3.8)
together with chemicel information obtained by an electron-
probe microanalyser lead to the conclusion that the mineral was

a variety of almandite (3FeO.A1203.3Si02).

The results of the reactivity tests are shown in Fig. L4k,
The recaction first became apparent below BOOOC and 50" of the
mineral rcacted in an hour at 56OOC. Complete reaction was
achieved within an hour at above 550°C. The products of

complete reaction were porous brown frits,
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Reaction of garnet with sodium hydroxide

as a function of temperature.
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heating for 1 hour)



- 126 -

5. belective Reaction

In the previous section it has been pointed out that
the current mcthodsof physical separation are not adequate for
treating some pairs of minerals due to the similarity of their
physical properties. Mixtures of interlocked minerals also

cannot be separated by physical methods,

Chemical processing prior to separation is a possible
alternative for these materials if one of the materials can be
preferentially reacted leaving the other as unreacted solid.

In order to react one mineral preferentially it is importa. t

to know the conditions for selective reaction. For this purpose
a wide range of information on the reactiviﬁies of the individual
minerals is required, Such information as the influence of
temperature, time, size of particles and the ratio of the

reagent to mineral would be useful. Among them the reactivity

in terms of temperature is most important, hence Fig. 45 has

been prepared, It gives this information for a number of economic
minerals as well as their associated gangue minerals. The
rezctivities of individual minerals of similar size.range of
particles (72/200 mesh) are given in terms of temperature at a

fixed period of reaction (1 hour).

Examination of the data indicates a number of possibilities
for selective reaction. lost of the siliceous gangue minerals
and phosphate minerals react at relatively low temperatpres
(around BOOOC) whereas some of the economic miner:ls such as
cassiterite, chromitec, ilmenite, etc. react at higher tempera-
tures, hence the gangue minerals can be selectively reacted.
Cften the unit price of a concentrate (price quoted for cach
percent of the valuable constituent) is increased with its
increased content. An intermediate cassiteritc concentrate
with interlocked siliceous gangue minerals, which is unsaleable

due to its low metal content, could be up~graded by removing
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the impurity by selective reaction at around Loo°c. Phosphorus
in iron ore is a highly detrimental impurity and sometimes an
ore containing a high iron content becomes worthiess duc to

the presence of this element. This kind of ore could perhaps

he processcd by this method.

The process of scparating minerals by selective rcaction
with sodium hydroxide has an advantage over any physical separa-
tion process in that the separation and the first stage of
chemical processing of one of the minerals (decomposition of
the mineral, sce early part of general introduction) are accom-
plished in the one operation. One of the separated products
is already in a refined state that it can be readily converted
into saleable industrial chemicals or further purified,

However, the cost of the process is mainly governed by the cost
of the reagent, which is relatively expensive, hence those
minerals to be treated by the alkali process should have at
least a moderately high value., Minerals such as cassiterite,
wolframite, columbite,, monazite and xXenotime gualify in this
respect. A mixed material which consists of two high value
minerals with a high content of the value is somctimes unsale-
able if they are not separated. Such a case is found in practice,
for example, a mixed concentrate of wolframite and cassiterite
for which physical methods are ineffective. Processing of the
material by reacting wolframite selectively with the caustic
alkali yielding two separate high value saleable products is

considered to be suitable.

In the following sections some possibilities of processing
mineral pairs are described with the pairs: wolframite and
cassiterite, xenotime (or monazite) and zircon, columbite and
cassiterite, and apatite with iron oxides as particular examples.
Some experimental work is discussed in which a particular mixed
concentrate of wolframite and cassiterite was processed sUCCESS=
fully.
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5.1 Selecctive rcaction of wolframite and cassiterite.

Wolframite and cessiterite possess similar physical
properties: the densities are 7 - 7.5 (wolframite)and 6.6 - 7.1
(casisiterite), and both minerals arc weakly magnetic. The
practical failure of the physical methods of separation can be
seen in an intermediatc concentrate containing high percentages
of both wolframite and cassiteritc, which has been rejected

from the physical processing plant of South Crofty Limited.

The individual reactivitics of these two minerals with
s01id sodium hydroxide differed greatly (sece Fig. 31 and 37):
wolframite reacted completely at 35000 whereas the reaction
of cassiterite was still incomplete cven at a temperature as
high as 800°C. Thus there is a possibility of processing the
mixed concentrate by reacting wolframite selcctively and leaving

cassiterite unreacted (see Fig. 46).

5.1.1 Selective recaction tests on the mixed tungsten-tin

concentrate from South Crofty Ttd.

Description of the ore - The sample of mixed tungsten-tin concen-

trate was obtained from Dr. i. Cohen, Department of Mining and
Ilineral Technology, and it contained a high percentage of tungsten
(26.25) as wolframite and tin (12.6)) as cassiterite, together
with metallic iron and iron oxides (totzl iron 19¥%). The size

distribution of the sample is shown in Table 16.

Fromn the results of the reactivity tests on the individual
constituent minerals which are shown in Fig, 46, it was estimated

that the probable optimum temperature was between 320 and 350°C.

Test Results

A series of tests for selective reaction was carried out
in which the weight ratio of sodium hydroxide to concentrate was

varied. The sample wes mixced with sodium hydroxide and heated to
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Table 16, Size distribution of the mixed tungsten-

tin concentrate from South Crofty Ltd,

—
Mcsh, B.wo. Wto ¥ Cumulative
wt.% rectaincd
+ 36 1.9 1.9
i 52 2.k L,3
72 8.9 13,2
100 15,8 29.0
150 20.7 k9,7
200 17.2 66,9
300 | 11.3 78,2
-300 ' 21.8
Total i 100.0
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BZOOC for an hour. All the rcaction products from the tests
were greenish blue in colour and in the form of loose aggregates
which disintegrated readily during the subsequent treatment
with water. The residue was filtered and washed again with water.
Thus the reaction products were split into two products: the
solution containing tungsten (as sodium tungstate) and the
residue containing unreacted cassiterite and precipitated iron
oxides. The respective products were assayed for tungsten and
tin. The results obtained are shown in Fig. 47 in terms of

the recovery of the major constituents concerned. In all cases
the recovery of tin and tungsten was above 80%. As expected,
the recovery of tungsten was increased with a greater ratio

of sodium hydroxide to concentrate, whereas the recovery of tin
showed the adverse effect. The best result was when the ratio
used was 1 : 1. In this case the recovery of tungsten in the
solution was 95.4 ¢ and that of tin in the leach residue was
94.8%. In other words, an effective separation was achieved

by heating the mixture of ore and scdium hydroxide in 1 : 1

weight ratio to 32000 for 1 hour followed by water leaching.

Further information relating to the tests is tabulated
in Table 17 where weight distributions of the separated products
and their grades are shown. ©Sincc the tungsten product was
obtained in solution, the concentration of which may vary accord-
ing to the quantity of wash watcr, the dry weight of the water-
soluble portion of the reaction product was used as the basis

for calculation.

The tungsten could be treated directly for the recovery
of tungstate or WOB' The leach residue containing tin could
be treated as a tin concentrate or further up-graded by a
physical separation method such as tabling or in a hydroeceyeclone
by which the bulk impuritices present as finely divided iron and

manganese oxides can be readily removed from the relatively



=133~

100+ Sn

S e _ —

90‘ ) '&“\
w

8041

701

60+
50}

40}

Recovery, °fo

30t
20.

10+

06 08 1.0 12 14
Wt. ratio of NaOH to mixed ore
Fig. 47 Results of selective reaction tests on the mixed

W/Sn concentrates with sodium hydroxide at
320°C for 1 hour



- 134 -

Table 17. Results of sclective reaction tests on

South Crofty tungsten-tin mixed Concentrates.
(Heated to 320°C for 1 hour.)

Test Noo
and Product of Product Assay
NaOH/ore Scparation Weight
(wt. ratio) % oW o 8n 1%
W/5n-6 Leached Portion™ 51,1 27.6 | 0.3
0.6 Residue 48.9 6.3 16.5
W/5n-7 Leached Portion 53.5 24 .3 O.h4
0.8 Residue 41.5 2.2 | 16.2
W/5n-8 Leached Portion 63,2 20.7 0.5 0
1.0 Residue 36,8 1.7 | 16.4 |27
W/5n-9 Leached Portion 67,1 17.6 0.6
1.2 Residue ! 32.9 1.9 17.3
i

=z

Leached portion = Reaction product ~ Residue after

water-leaching.
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coarse unreacted cassiterite. The rcacted iron and manganese
oxides are probably highly reactive so that some chemical method
such as acid washing after gravity or size separation would

lead to a high grade of cassitcrite concentrate,

5.2 Belective reaction of columbite and cassiterite

Again, like wolframite and cassiterite, these two minerals
have similar physical properties. They occur together in a
Nigerian deposit and couplete separation is difficult (28)(29).
Selective reaction with sodium hydroxide may be achieved by
choosing a suitable tenmperature of reaction. From Fig. 44 it
can be seen that coarse columbite completes its reaction
at 54000 whereas cassiterite initiates its reaction at 67000.
The optimum temperature for the selective reaction clearly
would be 54000. However, difficulty may be encounterecd in

separating the products after reaction since sodium niobate

and tantalate are not water soluble.

No testworlk has been carried out with this pair of
minerals but the products could possibly be separated by
physical methods such as tabling or any sizing techniques.

The proposed processing scheme is therefore:
1. Reaction with sodium hydroxide at 540°C for 1 hour (optimum

conditions Tor columbite).

2. Leaching with water:~ removal c¢f excess sodium hydroxide

and other soluble forms of product such as sodium manganate.

3. ALcid leaching of the residues in concentrated hydrochloric

acid:- removal of iron nanganese oxides.

L. The residues may now contain niobic-tantalic acid as fine
solids with coarse unreacted cassiterite (cassiterite is insoluble
in hydrochloric acid) and can be fed %to a concentrating table

or any other sizing equipment; or the Nb/Ta portion dissolved
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in HF (cassiterite is insoluble). £ proposed flow sheet is

given in Fig. 48,

5.3 Selective reaction of xenotime (or monazite)and zircon

The bases of the physical methods for separating these
minerals are the magnetic and electrostatic properties. 1In

practice, howcver, the separation is incomplete. '

The feasibility of processing the mixed minerals is
good since monazite and xenotime react completely below 400°¢
but zircon does not start to react until >5OO°C° Hence, zircon
can be separated by reacting only monazite and/or Xenotime at
400°C followed by water leaching. The product of water dissolu-
3Pou),

finely dispersed rare earth oxides, and unreacted zircon sands.

tion will contain all the phosphates in solution (Wa

After solid-liquid separation the sodium phosphate can be
recovered from the solution and the residues may be washed over

a fine screen to separate the fine rare earth oxides from the
relatively coarse unaltered zircon. The product of this process
usually gives the rare earth oxides as particles of size 2-3um,
which will readily pass through an industrial fine screen.

An alternative method may be separation by a concentrating

table where the fine oxide suspension can be washed away from

the zircon sands. No practical test work has been directly
carried out, however, reaction tests with monazite and Xenotime
containing some zircon impurity below 400°C indicated that all

the zircon in them remained guantitatively as unreacted particles.
4 proposed flow sheet for processing this type of mixed concentrate

is given in Fig. 49.
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5.4 Apatite-iron oxide minerals

(30)

An apatite ore such as from Sukulu contains finely
disseminated iron oxides. Concentration of this ore is carried
out by washing the mined ore to reject clayey materials followed
by magnetic separation where the most of the coarse grained iron
oxides are removed. Further concentration is conducted by flotaw-
tion where apatitc is floated using fatty acids as collector.

As the apatite is coated with an iron oxide layer the selectivity
of separation is usually low. (The buyers specify the total of

Fe, Al oxides less than % or in somec cases, lower than 0.5¢).

This type of intermediate apatite concentrate with
considerable iron content can be directly processed chemically
without further physical concentration by reacting the mineral
with sodium hydroxide. From Fig. 45 it can be scen that apatite
reacts completely at moderately low temperature (around 300°C).
Thus, the apatite can be converted into soluble sodium phosphate
leaving the iron hehind as insoluble oxide and the phosphate
can be recovered from the water leach solution. However,
practical difficulty may arise during the water leaching operation

because of the reverse reaction,

30a°" + 2P0, 07 Ca,(PO,) -
It is essential to convert the calcium to an insoluble form.
This could be echieved by either of the following methods:

a, Treatment of the reaction product by .SO3 or CO2 gas before
water lecaching to convert the calcium oxide formed into either
insoluble Ca»‘SOLF or CaCOB,
b. Addition of cxcess silica in the reaction mixture before

heat-treatment to combine with the calcium as Cazsioh.

The reaction products of apatite and solid sodium hydroxide
at BOOOC are in the form of poroﬁs aggregates and, as such are-

readily amenable to gaseous treatment. The calcium sulphate
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obtained in the first instance could perhaps be used for produc-
tion of plaster of Paris. The method (b) is based on the fact
that most ore contains some silica as quartz or silicates which
rcact readily with sodium hydroxide and consume the reagent

but this can be utilized as combining agent for the calcium

as water-insoluble calcium silicate. The quantity of silica
necessary would be adjusted to the ore treated. No test work
has been carried out to confirm the possibilities, although the
thermodynanic conditions are favourable (see Table 18). The
suggested processing methods are diagramatically presented in

Fig 50.

5.5 Processing of scheelite by solid alkalil

The direct decomposition of scheelite concentrates with
hydrochloric acid is widely used in industrial practice, although
treatment by sodium carbonate is also used. In the acid process,(5)
the finely ground ore is heated with concentrated hydrochloric
acid for 6 to 8 hours at 70 to 80°C. With stirring in an iron
reactor lined with rubber or some other acid resistant material.
Approxima%ely 250;: of the stoichiometric amount of the acid
and a small quantity of nitric acid arce consumed in the process.

In the alkali carbonate process two methods are used:

(31)

fusion and aqueous leaching. The fusion method is
carried out in a rotary furnace at S00 to 9OOOC, The consump-
tion of alkali is very high: 3175 or more of the stoichio-
metric amount is required‘in the charge to ensure a satisfactory
leaching of tungsten. Vhen gquartz sands are present in the
charge the addition of sodium carbonate is reduced to a range

of 50 to 1005 e¢xcess over the theoretical amount. The aqueous
sodium carbonate solution method employs an auvtoclave heated

to 200°C in which 250 to 450¢ over the theoretical quantity

of sodium carbonate is used depending on the grade of scheclite

ore.
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Tablce 18. Thernodynamic calculation on the
relevant rcactions in the treatment

of Ca-mineral. -

= C
CaO(C) + CO ) CaCo

2(g 3(c)

AG -31.1 kcal

O -—
298°K ~

CaO(c) + 803(8) = CaSOu(cj

)
AG 2980K = =82.6 kcal

CaO(C) + SiOe(c) = CaSiOB(C)

o
AG 6OOOK = =21.5 kcal

AG° = -30.9 kcal

600°K

AG

]

-269,.78 X cal

° 80 for CaCO

298K 3
" CaSO4 = =315,56 "

1" CELB(POL\L)E = —929:»7 k cal

"353. 3 k C@Ll
~341.7 . k cal

o .
) Na_ 3
AG 6OOOK for Hazolo3

v CaSiO3

] Ca23i04

i

~488,3 k cal

1
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Thus, high consumption of the reagent, long rcaction
period even with finely ground ore, and considerably high

tenperatures, particularly in the fusion method, are employed.

The reaction of scheelite with solid sodium hydroxide
gives complete reaction with 1:1 weight ratio of sodium hydroxide
to scheclite (360% stoichiometric amount) - at 35000 in an hour

(27)

without fusing the reaction mass.

No treatment of scheelite with sodium hydroxide has been
reported. The reason may be due to the reverse reaction in

the leaching stage:

Ca.WObr + 2NaOH = Na2w04 + Ca(OH)2

nevertheless, it may be possible to process the mineral by
this method by addition of silica in the charge or treating the
products with CO, or SO. as was suggested for apatite in the

2
previous section (5.4).

A suggested flowsheet for the processing is given in Fig.51.

This does not imply the optimum guantity. It could
be reduced, however, no further tests have been

carried out.
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Mixture with
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I
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2

—_—

Residues
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Fig. 51 A proposed flowsheet for processing of

Scheelite with s0lid sodium hydroxide.
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6. Some economic aspects of the fritting process.

Az the fritting process offers technicel advantages
over the conventional alkali processes it i1s worthile trying

to assess the possible economic advantages of the process.

Accurate assessment of the economy of the process is
not easy becausc the relevant information is not readily avail-
able, but comparison with caustic lcaching and fusion is possible

and this will be attempted in the following section.

The principal differences between the normal industrial
process and the fritting process which are relevant to the
economics are listed in Tables 19 and 20, and in Table 21 the
capital and running costs are compared. It can be seen that
the major cost is the reagent, therecfore the smaller reagent
reguirement for the fritting process is clearly the principal
economic advantage. When the lecaching and fusion processes
are comparcd on this particular point alone, as follows:

The leaching process:

£60/ton of NaOH™ x 1,5ton NaOH/ton of monazite

= £90/ton of monazite treated.

The fritting process:
£70/ton NaOH x 1.0 ton NaOH/ton of monazite

= £70/ton of monazite treated.

Sodium hydroxide in the form of solution is cheaper

than the solid.

The diffcrence.is £20 per ton of monazite treated. In other
words the economy zchieved by the fritting process would be

approximately‘20%.
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Table 19. Comparison of the current industrial
process with the fritting process.
Monazite Processing
1
Principal Caustic solution |[Caustic fritting Economy

stirring.

items ; process process (by the fritting
£ process)
!
i .
I Steam~heated Slight reduction
Equipment | reactor with Furnace in capitsl and
]| agitator operational costs.
i
Particle Fine grinding Economy in
size required as received grinding cost.
(~300 mesh)
Temperature ! 140°c 360°C Little difference
! or slightly higher
in fuel costs,
i
Time ; 4L hr lhr Lconomy in Yabour
; tnd maintenance
é cost,.
| j
; !
wt. ratio ! N _ ;’
WaOH ; 1.5 1.0 /3 economy f
mineral i |
Dissolution agitated dissolution with
stage ! dilution only occasional Little difference




Table 20.
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Comparison of the current industrial

process with the fritting process

Columbite Processing

¢

}

Principal § Fusion process Fritting process Sconomy
items ; (by the fritting
process)
Eguipment iron crucible, 51m}lar to Little difference
furnace fusion process
Temperature J{two stcp opera-~ o Slight reduction
tion: LOO0OOC -» sho~C in fuel
800°cC consumption.
Time 1 hr 1 hr Little differecnce
i
i
Particle 100 mesh 36 mesh Economy in
size R
grinding cost.
weight ratio
NaOH 3,0 1.2 Reduction in
mineral reagent
f consumption
3
|
; Dissolution Jmelt is poured recdy dis- Minor saving on
in water tinto water solution safety

precautions,

etc, !

-

t
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Table 21,

Estimated costs on monazite processing

(32)

(1ton/hr capacity for 5 year operation)

Principal equipment (ton/hr cap.)

Fritting procecss
Ore bin 50 ton cap, -.. & 2000
Feeder ... cea cee 500
Mixer, dry eca eoe 1000
Furnace, 0il ... evs 2000

Agitator tank ... P 2000

Auxiliary cquipment ... 1000
Building, maint., etc. LO00

Total £12,000
£2L00/year
Capital Cost per
ton treated 5/
Labour Cost, 15/- x 3men L5/~
Power, water ctc. 20/~
Reagent, NaOH lton '
at £70 £70

£73 - 10 - O

Ldvantage

Lezching by agueous alkali

Ore bin oo sow £ 2000
Feeder R eew 5C0
Grinding facilities 2000
Reactor, stainless steel 6000
Agitator tank eos 2000
Auxiliary equipment 1000
Building, etc. ... o000
£17,500
£3500/year
ceo e cen 8/~
eae 3 MEN ew. L5/~
oo ceo ceo 20/~
cao 1.5ton
at £60 £90

93 - 13 - 0

£9L4 - £74 = 220/ton treated *

This difference comes mainly from the reagent cost.)
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When the fusion and fritting processes are compared on
the same basis in the treatment of coiumbite, as follows;
The industrial fusion process for columbite:
£70 x 3,0 ton NaOH/ton of columbite
= &£210/ton of columbite treated.
The fritting process for columbite:
£70 x 1.2 ton NaOli/ton columbite
= &84 /ton of columbite treated.
In other words the cost by the fritting process may be as low

as 40% of the cost of the conventional fusion process.
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PART IV
SUMMARY

The reactivities of 2 number of minerals with solid
sodium hydroxide have been investigated. The process, described
as 'caustic fritting' is found to be uscful for treating a
number of economic minerals. The optimum processing conditions
for monazite, wolframite, and columbite have becn obtained.

The summary of conclusion drawn from the investigation is as

follows:

The Reactivity of Minerals

l. The rezgent, NaOH, not the mineral itself, has the dominant

effect on the reactivity of many of the minerals.

2. The initial reaction of a number of minerals is probably
associated with the phase changes of sodium hydroxide and the

local liquifaction effect caused by the heat of reaction.

3. All the economic phosphate and tungstate minerals, as well
as most of the siliceous gangue minerals are highly reactive at

temperatures lower than the melting point of sodium hydroxide.

4., The iron oxide minerals and most of the iron bearing minerals
are moderately inert to sodium hydroxide. Cassiterite is the

most inert of the minerals found in beach sandse.

5. Fine-grinding of the ore is un-neccssary to achieve a
satisfactory reaction rate when the mineral is processed by the
fritting method; ordinary gravity separation products can be
treated directly. Satisfactory decomposition is obtained by
using less alkali and lower temperatures than the conventional

fusion process.

6. The reaction products of fritting treatment arec in the form

of loose aggregates of small particles which aan be leached
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much more readily than a fused mass. The residual oxides after
water-leaching are rcactive to acids which facilitates subsequent

Processing.

7. For a good frit it is important to avoid heating to a
temperature at which one or more of the product phases melt,

and to employ the minimum ratio of sodium hydroxide.

8. Continuous operation is possible and the process could be

readily integrated into existing plant.

9. DIconomic minerals which are readily amenable to this type of
processing are monazite, Xenotime, wolframite and columbite.
Others which can be processcd, though with some difficulty arec

scheelite, apatite, pyrochlore, chromite and ilmenite.

10. The results of the reactivity tests on many minerals suggest
the possibility of processing by selective reaction of some pairs
of minerels that are difficult to separate by physical methods,
€.g. wolframite-cassiterite, xenotime (monszite) - zircon,

columbite-cessiterite, apatite-~iron oxide minerals.

11. The selective reaction test on a mixed wolframite-cassiterite
concentrate hos shown that the mixed values can be successfully
separated by reacting wolframite and leaving cassiterite as
unreacted solid, with recovery of more than 95 of tungsten

and tin in the respective products.

The summary of the findings on monazite, wolframite, and

columbite other than the above mentioned are as follows:
Monazite

1. There arc two temperatures at which o marked increase in
reactivity occurs. The Arrhenius cquation is not obeyed in the

low temperature range.

2. Of the product phases the rare carths and thorium oxides
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formed a solid solution within which some of the sodium was
also associated. The crystal structure of the new phase is
cubic of sodium chloride type with a range of lattice constant
aj = 5.57 —5.498 depending on the various condition of heat-

treatment and degree of leaching.

3. The sodium phosphate phase in the monazite reaction was
found to be trisodium orthophosphate (NaBPOQ), irrespective of

he reaction temperature.

L. The chemical equations for the monazite reaction with sodium

hydroxide have been formulated.

5. The exccss sodium hydroxide required has been determined

to be 20-30% of the stoichiometric requirement.

6. The optimum conditions of processing monazite are to heat
an intimate mixture of monazite and ground sodium hydroxide

(20 - 305! excess amount) to 350°C for an. hour.

7. No significant difference is found with monazite from
different origins, nor when the scale was incrceased from 10g.

to lkg.

Wolframite

1. ©Satisfactory decomposition of a commercial grade of wolframite
concentrate can be achieved by intimately mixing it with ground
sodium hydroxide in a weight ratio, NaOH/concentrate = 1.2,

and heating to 350°C.

2. The formation of sodium manganate can be preventcd by
reduction of the heating pericd to 30 minutes; the manganese

is tuen left as insoluble oxide.
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Columbitc

1. The optimum processing conditions of an unground commercial
concentrate (36 -~ 150 mesh) are to heat the mixture of concentrate
and sodium hydroxide in a weight ratio, NaOH/mineral = 1.2, to

54000 for an hour.

Mixed Wolframite~cassiterite concentrate from South Crofty

1. Thc optimum processing conditions for the mixed concentrate
are to heat an intimate mixture of the ore with ground sodium

hydroxide in l:1 weight ratio %o 32000 for an hour,

2. Grinding or sizing of the ore is unnecessary.
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