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Extended ball-milling has been shown to provide enhanced 350 - - - 25
rates ol solubility in a variety of mincral systems (Balaz et al.. 3004l - »
19920 1999: Balaz. 1996: Tkacova ct al.. 1996: Welham. 1990, 250+ S T2
1997a.b: Welham and Llewcellyn, 1998). For the metal sul- P~ = _
phides (Balaz et al.. 1992, 1999: Balaz, 19961 this may be par- g acop % - 15 E
tiallv or wholly accounted for by oxidation (Welham. 1996, ;c 150+ Ar‘ﬂ'\‘“i:>\ by :;
1997a). 100 \-\

There have been a few earlier investigations {Tkacova ct 50- 205
al., 1996; Welham. 1997b: Welham and Llewellyn, 1998} into T
the cffect of extended milling time on the solubility of a min- OOT e 41 - “'110 — ‘1000

cral that does not apparently undergo phase change during
extended milling. Because of the potential commercial im-
portance of this type of enhanced solubility. this article pre-
sents a model of the dissolution of milled ilnienite in a sul-
phuric acid leach.

Structure of Milled Materials

The structure of milled material can be examined by a
combination of BET absorption and X-ray diffraction. The
results of this. as previously published (Welham  and
Llewellyn. 1998). arc shown in Figure 1. The material ap-
pears o consist of compact clumps that are impervious o
nitrogen and have mean radius R, in the range 150 to 300
nm. Embedded within these clumps are microcrystalline
grains with average radius 1, in the range .5 to 2.5 nm. The
clumps are presumably cemented together with amorphous
material generated during the milling process. While it would
be straightforward 10 simply paramelterize this description. it
is instructive to see how it might arise physically.

Consider tirst the breakdown of crystalline particles during
the milling process. This probubly involves the fracture of
large particles. the probability of fracture during a ball im-
pact being proportional to some positive power # of the par-
ticle radius r,,. The relative rate of decrease in particle vol-
ume b, namely = 177 db /de, is thus proportional to #{f, and
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milling time (h)

Figure 1. Experimental cluster radius R, (@) and crys-
tallite size r, (m) as functions of milling time.

R, wos derived from the BET surface arca. and r, was de-
termined by Xeray diffraction.

this leads to un equation of the form

-l

ru0) = rg(0)(1 = ar) (N
where « is a constant deseribing the mill efficiency. and r,(0)
is the crvstallite radius at time 7= 0. It is an interesting fea-
ture of such an cquation that. particularly if n > 1, it is well
approximaled by a simple logarithmic dependence of the form

rolt)= - RBlogt (2)

over a runge of as much as two decades in ¢ around the value
( ={2" - D/u. This agrees with the experimental data in Fig-
urc 1. and {rom this the numerical values of 4 and B can be
determined. Because Eq. 2 is valid over only a limited range
of time. the constunts 4 and B have no direct physical
meaning. For simplicity. we adopt the form Eq. 2 in the sub-
sequent development.

Because crvstallites are assumed to break apart during the
milling process. their number increases with increasing milling
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time. The increase in crystallite number., however. is accom-
panicd by the generation of amorphous material that cffec-
tively coats the crystallites and binds them together into
clumps. The rate at which this amorphous material is gener-
ated during the milling process can be described in a similar
way. Supposc that the amorphous fraction of the total mate-
rial is /. then we expect that

F(ry=1=(l+h) " (3)
where h and m are new constants. W shall find later that
this cxpression, with sn =34, fits the derived experimental
data well.

There is a further hidden parameter that specifics the con-
centration of crystallites. but this is effectively determined by
Egs. 1-3 and the law of conservation of mass. and is not
actually required in the analysis. The one remaining descrip-
tive parameter is the radius R, of the composite clumps. Since
these are cemented together by amorphous material, we
should cxpect their size to remain acarly constant over the
milling period. except perhaps in the first stages when the
amount of amorphous material is very low. From Figure 1,
the clump radius R, does not show any clear trend with
milling time, but does vary significantlv. The besl that can be
done is to parameterize this curve dircetly.

Kinetics of Dissolution

The kinctics ol dissolution can be regarded as proceeding
in two scparate stages. Pictorially this is analogous to the dis-
solution ol a sugar lump in a cup ol hot coffee-—first the
intcrgranular material dissolves and the lump falls rapidly
apart, following which there is slower dissolution of the crys-
talline grains. (The analogy should not be pressed tao far!) In
reality the two stages overlap, but the ditference in time scales

is sufficiently great that this can be ignored in the interest of

simplicity.

Consider first a composite lump of radius R immersed in
acid, and assume that the dissolution is reaction-rate limited
rather than diffusion limited. Let the reaction rate for amor-
phous material be G.and that for crvstalline material F, with
G > H. Since a fraction F of the exposed surface is amor-
phous. the rate of dissolution would appear to be

d (4 . N

—{:WR’ = —4d7R-TI'G. (4
dr\ 3

but. when the intercrystalline amerphous material is dis-
solved away, the crystalline grains. which constitute a fraction
(1= 77 of the clump. fall away as well, so that the factor F
can be removed from Eq. 4 The result. after a fittle manipu-
lation. is that

R=R,~Gi (5)

and the fraction of total material dissolved is

After a time =2 R, G.oall the fraction F is dissolved and the
rate D) must be set equal to zero.

The dissolution process tor the crystallite grains proceeds
in the same mannc:. except that the initial complication of
partial composition is avoided. The fraction of total material
dissolved by this process. assuming it to begin after a negligi-
bly small delay. is

(ry~ Hry'
e (7)

3
'

Dj:\lff)b

\

and the total dissolution after time ¢ is D= D, + D~ so that

' R, ) ' = Hey'
nu)_Fh~(f12)+uf)b~£i——i)y

o

(8)

For initial vaiues of R, and 1y as given in terms of the milling
time by the experimental data of Figure 1, this equation has
only two unknown parameters, the reaction rates G and H,
and the unkaown function F. which we expect to have the
form ol Eq. 5. Clearty ¢ and H must remain the same for all
milling times and depend only upon temperature, while F
must be the same for all temperatures and depend only upon
milling time.

Results

The extent of dissalution as a function ol leaching time for
these milled powders s shown in Figure 2. There is clearlv a

1 e e s e e

dissolution fraction

leach time (h)

(R, - Gt) Figure 2. Optimum fit of the model (lines) to the data at
D=1 ( TR ] (0) 80, 100 and 120 C for milling times of 0.25 (),
) 1(m),5(a), 25 (@), and 100 h (O).
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Figure 3. Values of F derived from the initial fitting of
the model to the experimental data.

substantial increasc in the rate of dissolution at all tempera-
tures with increasing milling time.

It should be noted that, for the sumples leached for 8 h at
120°C. hvdrolysis of the solubilized titanium had occurred.
precipitating TiO, iWelham and Llewellyn, 1998). The un-
certain amount of this phase precipitited for cach milling time
is unknown and the fraction of ilmenite dissolution for the
longest leach time is thercfore uncertain. A high temperature
is more likely to lead to hvdrolysis, and therefore the 8-h
data points for the 100 and 120 C runs were not used during
the fitting process.

Initiallv. the values of & and H were determined by suc-
cessive approximations, allowing the value of I7 to be deter-
mincd for each sepurate milling time. Figure 3 shows the de-
duced variation of # with milling time, while the plotted curve
is given by Eq. 3, with = 3.4 and £ =0.73 h "', This cxplicit
form of the relationship (Eq. 3) was then inserted into the
calculations and the values of the rate constants, G and H,
were dteratively refined to give best fit to the experimental
data for all three lcaching temperatures.,

From the rate constants derived from the model, an Arrhe-
nius plot can be used to estimate the activation energy of
cach stage: this plot is shown in Figure 4. The activation ¢n-
crgivs of the two stages are 22 and 70 kJ-mol 7! for the first
and second stages. respectively. These values are in reason-
able agreement with the values of 15 and 70 kJ-moi™ " previ-
ously derived from the same experimental data (Welham and
Llewellyn. 1998). These data were caleulated assuming two
stages of reaction. an initial stage that was assumed to be
completed in the first half hour of leaching, and a first-order
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Figure 4. Arrhenius plot for the rate constants G ()
and H (m) derived from the model.
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chemical-reacticn-controlled stage beyond this. The pre-
sented date fit for the second stage of dissolution (Welham
and Llewellyn. 1998, fig. 3b) suggests that the second stage
does not oceur antit > | h of leaching. Recalculating the ac-
tivation cnergy of the initial step based on the initial step
lasting 1 h. gave an activation energy of 21 kJ-mol "', which
is closer to the vafue derived rom the present model.

Discussion

The use of 4 wo-stage process is in accord with the previ-
ous results. that indicate a rapid initial stage of dissolution
followed by a slower second stage (Welham. 1997b; Welham
and Llewellvn. 19951, even for unmilled powders (Duncan and
Metson, 1932a.k; Wetham and Llewellyn, 1998). The experi-
mentally determined activation energics of the two reactions
arc similar to those derived from the model, suggesting that
the model 15 & good approximation to reality.

The evidence from other svstems is that the ilmenite will
eventually become amorphous with extended milling (Koch,
19900, that is. r..-> 0 and F - L. thereby removing the term
for the slower reaction Hs from Eq. 8. Under these circum-
stances the rate of dissolution will be determined by the size
of the clurmps. with smaller clumps dissolving much more
rapidly than large clumps. because of the greater specific sur-
facc arci. Thus since the effeet of milling is to decrease r,
and increase [t is necessary to also minimize R, to ensure
the maximum rate of dissolution. It is clear from Figure |
that dry mdling for longer than about 5 h results in an in-
creasc in Ry, indicating that the rate of rewelding of particles
under impact is greater than the rate of breakage. Thus, it is
necessart to decrcase the rewelding to minimize the value of
R,. In industrial practice this is simply achicved by wet
milling. which :ncreases the proportion of fines (Taggart,
1954 Wills. 1992). Indeced, there is also evidence that small
( <0.1% 1 amouats of other chemicals in the water also aids
the formation of surface area. with increases ol up to 70%
reported (E1-Shall. 1985),

Conclusions

A model has been formulated to explain the two-stage dis-
solution of a phasc that has undergone extended milling. The
model is based on the measured specific surface arca and
crystallite size of the milled powders along with the fraction
of amorphous material around the cerystallites, which could
not be meusure.l. The model agrees well with experimental
results. with clese agreement between the kinetic and ther-
modvnamic parimeters indicating that the model is a good
representation of the dissolution process. The critical param-
eters for the modcel were found to be the crystallite size and
the fraction of material in the disordered layer. with mini-
mization ot the former and maximization of the latter giving
the most rapid dissolution. The size of the clumps, cach com-
prising numerous crystallites with their amorphous coatings.
also needs to be minimized.
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