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Abstract

Zinc sulphide ore was leached in columns of various heights and under various irrigation rates. Sphalerite and pyrite bioleaching
kinetics agreed with the colonization shrinking core model where an initial colonization phase was followed by a steady rate phase.
Columns irrigated at the same rate showed colonization rate constants (u) of both sphalerite and pyrite that increased linearly with
the inverse of column height. Similarly, the shrinking core rate constants (k) were also inversely proportional to heap height. When
the irrigation rate was physically adjusted to compensate for height, columns ranging from 1 m to 8 m tall showed leaching curves
that were identical. In essence, sphalerite and pyrite heap bioleaching kinetics were proportional to the irrigation rate divided by the
height (L/h). The relationships governing the colonization and shrinking core rate constants were different for sphalerite and pyrite.
Sphalerite bioleaching was favoured over pyrite at lower values of L/h. The degree of sulphur oxidation was favoured at higher val-

ues of Lih.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Heap bioleaching technology has been used for more
than a decade in the copper and gold industries (Brierley
and Brierley, 2001; Bhakta and Arthur, 2002), and re-
cently has been piloted in the zinc industry (Lizama
et al., 2003). The heaps are irrigated with leaching solu-
tion from the top, and are aerated with air forced in
from the bottom. These heaps can range up to 10 m
in height, and measure several hundred thousand m?
in area. In general, heap leaching is simulated in col-
umns charged with ore that are irrigated from the top
and aerated from the bottom. Several column tests,
and some small pilot heap tests, are required prior to de-
sign and construction of full-scale heaps. But even com-
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prehensive column test programs do not guarantee
accurate prediction of full-scale heap behavior. Clearly,
robust and reliable parameters are needed to scale up
bioleaching data from columns to heaps.

Recent experiments with short columns (1 m)
revealed that bioleaching occurs in two stages. In the ini-
tial stage, bacteria come in contact with exposed sulp-
hides and begin to multiply, colonizing the available
sulphide mineral surface. In the second stage, only after
the entire sulphide mineral surface is colonized and
reacting, bioleaching follows shrinking core kinetics.
This has been denoted the colonization shrinking core
model (Lizama, 2004). In this model, the duration of
the initial stage is determined by the colonization rate
constant, u (d'). Once the initial colonization stage is
complete, the steady rate stage is determined by the
shrinking core rate constant, k (d™'). The values of these
two constants determine the rate of sulphide mineral
bioleaching. In this study, zinc sulphide ore was
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bioleached in columns of various heights and irrigated
at various rates. The roles of these two variables on
the constants p and k were defined.

2. Materials and methods
2.1. Experimental procedure

Zinc sulphide ore was obtained from Teck Cominco’s
Red Dog Mine in Alaska, USA. The ore contained
15.0% zinc, 5.6% iron, 4.4% lead, and 13.0% sulphide
sulphur. Lattice iron in sphalerite was 3%. This ore
was crushed to —13 mm, resulting in a Pgy size of
7.9 mm. The fines content (—150 um fraction) was about
9.6%. Prior to loading into columns, this ore was
agglomerated with water and sulphuric acid to a total
moisture content of 8% and an acid addition of 10 kg/t.

The ore was bioleached in PVC columns (10 cm in
diameter) at about 50°C for 300-600 days. Depending
on the height, each column contained between 32 kg
and 263 kg of ore. The height of the columns ranged
from 1 to 8 m. All columns were irrigated with raffinate
solution from a zinc solvent extraction circuit (Lizama
et al., 2003). This raffinate solution contained, on aver-
age, 12 g/L sulphuric acid, 12 g/L zinc, and less than
1 g/l iron. The raffinate solution FE; was about
640 mV SHE. Irrigation of the columns ranged from
0.03 L/m” min to 0.24 L/m? min. All the columns were
aerated at a rate of 50 L/m? min. A water trap at the
bottom of each column prevented incoming air from
short-circuiting out with the pregnant leach solution
(PLS) rather than traveling up the agglomerate bed.
Each column was inoculated with a 50-mL mixed cul-
ture of the moderate thermopbhiles Acidothiobacillus cal-
dus and Sulfobacillus thermosulfidooxidans. A. caldus is a
strict sulphur oxidizer while S. thermosulfidooxidans oxi-
dizes both ferrous ion and sulphur (Dopson and Lind-
strom, 1999). This mixed culture had a density of
about 10® cells/mL.

Solution throughputs to the columns were monitored
by careful tabulation of PLS volumes. Raffinate solution
and PLS were assayed every seven days for dissolved
zinc and iron by atomic adsorption. The pH and E;, of
raffinate and PLS were also measured. Free acid concen-
trations were determined by titration (Eaton et al.,
1995). At the end of the tests, leached ore residues were
weighed and assayed for moisture content. Final zinc,
iron, lead, and total sulphur in residues were determined
by incandescent plasma analyses.

2.2. Estimation of mass balances
In heap bioleaching, several chemical reactions occur

simultaneously; individual metal extractions cannot be
studied individually. The approach used was to examine

all the bioleaching reactions simultaneously as described
previously (Lizama, 2004):

ZnS + H2S04 + 0502 — ZnSO4 + H20 + S° (1)
FeS + HzSO4 + 0502 — FeSO4 + HQO + S° (2)
FCSZ + HQSO4 + 0502 — FGSO4 + HzO + 28° (3)

FeSO, + 0.5H,SO,4 + 0.250, — 0.5Fe, (SO4); + H,0O

)
Se + 1502 +H20—>H2804 (5)
PbS +20, — PbSO;, (6)

Galena oxidation (Reaction (6)) had a very small effect
on the ore material balance so it was ignored; less than
4% of the total sulphide sulphur was present as galena.
Sphalerite oxidation (Reaction (1)) was measured from
zinc leach data. Lattice iron oxidation (Reaction (2))
was calculated by multiplying the zinc leach data by
the iron content in sphalerite. Pyrite bioleaching (Reac-
tion (3)) was calculated by subtracting the calculated lat-
tice iron value (Reaction (2)) from the overall iron leach
data. Although pyrite does not oxidize according to
Reaction (3) it is convenient for accounting purposes.
Ferrous ion oxidation (Reaction (4)) was calculated
from the iron content and measured Ej, in PLS from
the column. Overall sulphur oxidation (Reaction (5))
was calculated by subtracting the measured acid con-
sumption from the sum of the stoichiometric acid de-
mands for Reactions (1)—(4). Reactions (1)—(5) serve as
a good approximation of bioleaching ore because they
condense the various reactive chemical species into com-
mon measurable parameters.

2.3. Kinetic analyses of bioleach data

Sphalerite and pyrite bioleaching data were inter-
preted according to the colonization shrinking core
model (Lizama, 2004). This model assumes that biole-
aching occurs in two stages: ore is first activated as bac-
teria colonize the available mineral surface; but once
colonization is complete the ore bioleaches following
shrinking core kinetics. The pertinent equations used
were

1-3(1— o)’ +2(1 —a) = Kt (7)

! e(ut)
K=t (8)

=401 — el

were « is the fraction of sphalerite or pyrite leached, ¢ is
time (d), k' is the observed rate constant (1/d), u is the
bacterial growth rate constant (1/d), kj is the observed
rate constant at the start of the reaction (1/d), and k is
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the true value of the rate constant when bacterial colo-
nization is complete and the reaction has reached a stea-
dy rate (1/d). The observed reaction rates, k" and k;, are
related to k by

Ccol
K== 9
Cons ©)
/ CcolO
ky=—"k 10
0 CMS ( )

where, Cys i1s the concentration of sphalerite or pyrite
surface available for bacterial colonization (cm?/kg),
Ceo1 1s the concentration of colonized sphalerite or pyrite
surface (cm?/kg), and Ceo10 1s the concentration of colo-
nized sphalerite or pyrite surface at the start of the test
(cm?/kg).

3. Results

3.1. Influence of column height and irrigation rate on
bioleaching kinetics

Three columns of different heights were irrigated at
the same rate: 0.17 L/m”min. These columns had
agglomerate bed heights of 2 m, 6 m, and 8 m. Sphaler-
ite and pyrite bioleaching data from these columns were
plotted according to Eq. (7), as shown in Fig. 1. The
three sphalerite data plots (Fig. 1A) became linear after
activation periods of between 40 and 200 days. The acti-
vation periods for the pyrite plots were much longer
(Fig. 1B). Linearity in these plots was not apparent until
200-500 days. The activation and steady rate stages of
sphalerite and pyrite bioleaching are more apparent in
Fig. 2, where plots of k' versus time are shown and
are simply the derivatives of the curves in Fig. 1. The ob-
served shrinking core rate constants, k', increased expo-
nentially from k; to k as bacteria colonized the sulphide
mineral surface, with C,, increasing from Ceojo to Cys.
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Fig. 1. Shrinking core plots of sphalerite leach data from columns of
different heights (A); shrinking core plots of pyrite leach data from the
same columns (B). All columns had the same irrigation rate. Model fit
curves are included. Correlations of fit between data and model curves
(R% were 0.99 or higher.
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Fig. 2. Plot of the observed sphalerite rate constants, k', versus time
for columns of different sizes (A); plot of the observed pyrite rate
constants for the same columns (B). Data correspond to results
obtained from Fig. 1. Model fit curves are included. Correlations of fit
between data and model curves (R?) ranged between 0.7 and 0.9.

The rate of exponential increases in k' were determined
by the individual bacteria growth rate constants, u.
Model curves based on calculated values of k' are also
included in the figure. The data sets in Fig. 2 behaved
as predicted by Eq. (8). Figs. 1 and 2 show that coloni-
zation of sphalerite and pyrite by bacteria in tall col-
umns was slower than in short columns. Even once
colonization was complete, the rate of sphalerite and
pyrite bioleaching was faster in short columns.

There was a lag between column start-up and onset of
pyrite colonization in the tall columns; exponential in-
crease in pyrite k£ was immediate only in the 2-m column
(Fig. 2B). This was not so in the case of sphalerite, where
the onset of colonization was immediate in all columns
(Fig. 2A). This may have been due to the tall columns
being acid limited during an initial period. Bioleaching
reactions (1)—(4) consume acid; if the mass of ore being
irrigated is very high in relation to the rate of acid deliv-
ery, the solution pH within the column will remain high
for some time. This would cause precipitation of ferric
ion that may affect pyrite leaching adversely. Initial acid
limitation would have no such effect on sphalerite biole-
aching. To account for the lag in observed pyrite coloni-
zation, artificially low k; were inserted into the model
equations.

Three columns, all having a 6-m-high agglomerate
bed, were irrigated at different rates: 0.09 L/m> min,
0.17 L/m? min, and 0.36 L/m? min. Sphalerite and pyrite
bioleaching data obtained from these columns were
plotted according to Eq. (7), and are shown in Fig. 3.
The sphalerite data plots in Fig. 3A all became linear
after an activation period of about 100-200 days. As ob-
served in past experiments, the activation periods for the
pyrite plots were longer and showed more variability;
the plots in Fig. 3B did not become linear until 150—
450 days. Fig. 3 shows that the rate of sphalerite and
pyrite bioleaching was faster with higher rates of irriga-
tion. Initial periods of colonization by bacteria, how-
ever, did not did not appear shorter with higher
irrigation rates. In summary, bioleaching of sphalerite
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Fig. 3. Shrinking core plots of sphalerite leach data from columns
irrigated at different rates (A); shrinking core plots of pyrite leach data
from the same columns (B). All columns were 6-m tall. Model fit
curves are included. Correlations of fit between data and model curves
(R?) were 0.9 or higher.

and pyrite was made faster by higher irrigation rates and
shorter column heights.

3.2. Normalization of sphalerite and pyrite leaching

Given the results discussed in the previous section, a
test was devised where the irrigation rate of a column
was compensated for by its height. Four columns rang-
ing in height from 1 to 8 m were irrigated at rates rang-
ing from 0.03 to 0.26 L/m” min. In essence, all of these
columns received identical volumes of solution per vol-
ume of agglomerate per unit of time, 0.03 L/m?® min.
The sphalerite and pyrite leach curves are shown in
Fig. 4. As Fig. 4A shows, the sphalerite leach curves
from the four columns were virtually identical. For
sphalerite bioleaching, therefore, adjustment of the irri-
gation rates nullified the differences in column height.
For pyrite bioleaching, Fig. 4B shows identical steady
rates but the activation periods were different for the dif-
ferent column heights. The relationship between column
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Fig. 4. Shrinking core plots of sphalerite leach data from columns
where the irrigation rate was adjusted for height (A); shrinking core
plots pyrite leach data from the same columns (B). All columns had the
same irrigation to height ratio, L/h. Model fit curves are included.
Correlations of fit between data and model curves (R*) were 0.99 or
higher.

height and irrigation rate was more complex for pyrite
than for sphalerite.

Plots of k' versus time for sphalerite and pyrite are
shown in Fig. 5. As expected, the sphalerite data plots
can be superimposed (Fig. 5A). This means that the
three sphalerite model parameters, k;, p, and k, were
identical when the irrigation rate was used to compen-
sate for column height. In the case of pyrite, the three
data plots had identical shapes but different intercepts
(Fig. 5B). This means that the pyrite curves had identical
values of p and k but different values of k;. There was a
lag between column start-up and onset of exponential
increase in pyrite k' (see Fig. 5B). No such lag was ob-
served with sphalerite; colonization was immediate
(Fig. 5A). This lag in pyrite colonization was likely an
acid limitation effect similar to that observed earlier
(see Fig. 2B). The pyrite lag was observed in all columns,
regardless of height; indicating that an L/h value of
0.03 L/m? min limited acid delivery to this ore. The pyr-
ite k; values at this L/h value were artificially low to ac-
count for the lag in colonization.

Ensuring that all the columns received identical vol-
umes of solution per volume of agglomerate over time
was accomplished by dividing the irrigation rate by col-
umn height and making sure this value was the same for
all of the columns. The common values of k and u evi-
dent in Fig. 5 indicate that these model parameters were
related to irrigation rate and column height by the
relationship:

ek =1(5) (1

where L is the irrigation rate (L/m? min) and 4 is the col-
umn height (m). To confirm this relationship, k, u, and
k; values from nine columns were plotted against their
respective values of L/h. The nine columns varied in
height and in irrigation rate but were all charged with
the same agglomerated ore.
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Fig. 5. Plot of the observed sphalerite rate constants, k', versus time
for columns having the same irrigation to height ratio, L/h (A); plot of
the observed pyrite rate constants for the same columns (B). Data
correspond to results obtained from Fig. 4. Model fit curves are
included. Correlations of fit between data and model curves (R?)
ranged between 0.71 and 0.95.
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Fig. 6. Plot of k versus L/h for sphalerite and pyrite.

Plots of the rate constant, k, versus L/h for sphalerite
and pyrite from the nine columns are shown in Fig. 6.
The figure includes values derived from the curves in
Figs. 1 and 3. Over the range of L/h tested, k values
for sphalerite were consistently much higher than those
for pyrite, meaning that sphalerite bioleached much fas-
ter than pyrite. Sphalerite values of k increased linearly
up to an L/h value of 0.085 L/m?® min. If L/h increased
beyond 0.085 L/m®min, the sphalerite k value de-
creased. Pyrite k values increased linearly only between
L/h values of 0.02 L/m® min and 0.85 L/m> min. Above
or below those L/h values, pyrite k values decreased
sharply. The detrimental effect on sphalerite and pyrite
k values by increasing L/h beyond 0.085 L/m® min was
likely due to excessive irrigation of the agglomerated
ore. Very high irrigation rates can destabilize the
agglomerate particles, resulting in migration of fines,
and compromising the ore bed’s permeability to air
and solution flow (Guzman et al., 1998). Typical irriga-
tion rates used in copper heap leaching are in the order
of 0.1 L/m? min (Brierley and Brierley, 2001; O’Brien
et al., 2003; Bernal and Velarde, 2003). Given that these
heaps are typically 6-m tall, the corresponding L/h value
is only 0.02 L/m® min, one-fifth of the critical 0.085 L/
m> min value observed in this study. The sharp decrease
in k for pyrite but not for sphalerite at L/ below 0.02 L/
m® min is likely an acidity effect. Since the bioleaching
reactions consume acid (Reactions (1)-(4)), a rate of
acid delivery that is too low will maintain a solution
pH high enough to precipitate ferric ion, resulting in
an underreporting of iron leaching. The column with
the very low k value at L/2 =0.015 L/m® min showed a
PLS pH that averaged 1.9 over its lifetime.

Plots of the bacterial growth rate constant, u, versus
L/h from all nine columns are shown in Fig. 7. Again,
the figure includes values from Figs. 1 and 3. Both the
sphalerite and pyrite colonization rate constants were di-
rectly proportional to L/h over the entire range tested.
This means that even an excessive L/ did not interfere
with the ore colonization process. Colonization of sphal-
erite was much faster than pyrite at higher L/h values. At
very low L/h, however, colonization of the two minerals
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Fig. 7. Plot of u versus L/h for sphalerite and pyrite.

was very similar, as shown by the proximity of the
respective u values.

In contrast to the linear relationships with k& and g,
plots of k; versus L/h showed a power relationship, as
shown in Fig. 8. The power curve for sphalerite k; had
a negative exponent value, meaning that higher L/h val-
ues hindered bacterial attachment to the mineral sur-
face. According to Eq. (10), k; depends on the initial
concentration of mineral surface colonized, Cgo o, re-
lated to bacterial sorption to mineral surface (Lizama,
2004). Higher flows through the agglomerate bed mean
shorter solution residence times, and less time for bacte-
rial attachment. The pyrite k; versus L/h power curve
showed a positive exponent value, but this was an arti-
fact due to delayed onset of pyrite colonization at low
L/h values. The pyrite k;, values presented in Fig. 8 were
adjusted downwards to account for the colonization lag.
These lags were dominated by acid breakthrough in
PLS; the time required for the PLS pH to drop below
the 2.0 mark, where ferric ion precipitates. Fig. 9 illus-
trates how L/h, pH breakthrough, and pyrite coloniza-
tion lag were all related. Increased L/h brought about
a faster pH breakthrough in PLS (Fig. 9A), and the time
to pH breakthrough corresponded, more or less, with
the delay in onset of pyrite colonization (Fig. 9B).

3.3. Iron and sulphur oxidation

Proliferation of iron oxidizing bacteria in the
columns was inferred from the change in PLS solution
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Fig. 9. Plot of PLS pH breakthrough time versus L/h (A); plot of
pyrite colonization time lag versus pH breakthrough time (B). The pH
breakthrough time is the time required for the PLS pH to drop below
2.0.

potential, Ey,. This is because Ey, is related to the ratio of
dissolved ferric to ferrous ions, according to the Nernst
equation (Rossi, 1990):

Cre
Eq :771+59log§ (12)

Fe2+
where Ej, is the solution potential (mV SHE), Cges+ is
the ferric ion concentration (g/L), and Cge»+ is the fer-
rous ion concentration (g/L). A bioleaching bacteria
population growing exponentially on ferrous ion causes
the ferric to ferrous ion ratio to increase; hence Ej, is
often used as an indicator of bioleaching activity. The
PLS E;, from all columns in this study rose from about
500 mV to between 700 mV and 800 mV, within 200
days. Note that during this time pyrite leaching was
insignificant; all soluble iron originated from bioleached
sphalerite lattice iron (Reaction (2)). Fig. 10A shows the
initial increases in Ej}, in three of the nine columns. The
linear increases in Ej, corresponded to net exponential
increases in ferric ion concentration (Eq. (12)) and were
analogous to growth curves of iron oxidizing bacteria.
Since the bacteria-generated ferric ion was consumed
in the partial oxidation of sphalerite (Reaction (1)),
the slopes in Fig. 10A represented the differences be-
tween iron oxidation rates and sphalerite oxidation
rates. As Fig. 10B shows, the E}/t slopes increased log-
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arithmically between L/h, values of 0.021 and 0.85 L/
m?® min. Above or below those L/h values, net ferric
ion generation decreased drastically, as indicated by
the very low Ey/t slopes (Fig. 10B). A very high L/h of
0.110 L/m® min had the same detrimental effect on net
ferric generation as it did with the steady-rate constant
for sphalerite and pyrite. The low Ey/t value at an L/h
of 0.015 L/m* min can be explained by that column’s
acid limitation causing ferric precipitation.

Amounts of sulphide sulphur reacted and sulphur
oxidized to sulphate were estimated using Reactions
(1)—(5). This allowed the determination of sulphur oxi-
dation in each column, as defined by

sulphur oxidation
__sulphide sulphur oxidized to sulphate

1
sulphide sulphur reacted x 100%

(13)

Sulphur oxidation is an important parameter in heap
leaching because it influences the overall acid balance
of the process. Sulphur oxidation also influences the
deportment of dissolved ferric ions by determining the
pH breakthrough time in PLS; more sulphur oxidation
generates more acid, lowers solution pH, and facilitates
pH breakthrough. Fig. 11 compares PLS pH and sul-
phur oxidation at three different L/h values. As ex-
pected, increasing L/h, thereby increasing the rate of
acid delivery, brought about faster pH breakthrough
(Fig. 11A). But, surprisingly, faster L/ also resulted in
more sulphur oxidation (Fig. 11B). About 60% of the re-
acted sulphide sulphur oxidized fully to sulphate over
the course of the test when L/h was low (0.021 L/
m® min). When L/ was high (0.085 L/m> min) sulphur
oxidation increased from an initial 40% to almost
100%. The rate of acid delivery to a column is directly
related to L/h; a column will be acid limited at a very
low L/h. But acid limitation did not stimulate acid gen-
eration through sulphur oxidation. Instead, increasing
the rate of acid delivery through increased L/h stimu-
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Fig. 10. Plot of PLS E;, versus time for three of nine columns (A); plot
of Ep/time slopes from all nine columns versus L/A (B).

Fig. 11. Plot of PLS pH versus time for three columns with different
L/h values (A); plot of sulphur oxidation versus time for the same three
columns (B).



H.M. Lizama et al. | Minerals Engineering 18 (2005) 623630 629

lated sulphur oxidation, generating more acid (Fig.
10B).

3.4. Modeling based on Llh

Column tests serve to simulate heap bioleaching. The
results obtained with the various column tests allowed
modeling of zinc heap leaching based on L/h. The L/h
versus k, u, and kj relationships in Figs. 6-8 were used
to predict the sphalerite and pyrite leach curves of hypo-
thetical heaps stacked with ore similar to the one used in
this study. The results are shown in Fig. 12. Only L/h
values between 0.02 and 0.09 L/m> min were used, corre-
sponding to the boundary conditions observed and de-
scribed above. Below 0.02 L/m’® min the theoretical
heap would be acid limited, decreasing the pyrite leach
rate significantly. Above 0.09 L/m’ min the sphalerite
and pyrite leach rates would also decrease significantly,
probably due to localized flooding. From the sphalerite
and pyrite leach curves in Fig. 12, instantaneous nor-
malized leach rates were calculated and plotted in Fig.
13.

The leach curves in Fig. 12 show how bioleaching
slows down at lower L/h. Decreasing L/h lengthens leach
times required to achieve target recoveries. Further-
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Fig. 12. Predicted leach curves of sphalerite and pyrite for hypothet-
ical heaps operated at different L/h values.
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Fig. 13. Predicted instantaneous leach rates of sphalerite and pyrite
for hypothetical heaps operated at different L/h values.

more, the L/h-based time requirements become longer
as the target recovery is increased. The L/h effect on
leach curves is stronger for pyrite than sphalerite; the
sphalerite leach curves change relatively little compared
to pyrite over the same range of L/A. This means that L/
h has a strong effect on leaching selectivity between these
two minerals. Lower L/h may decrease both minerals’
bioleach rates but result in higher zinc to iron extraction
ratios. The zinc to iron extraction ratio decreases with
increasing L/h. The curves in Fig. 13 show how the
instantaneous leach rates (%/d) peak and decline at dif-
ferent times according to L/h. The peak rate times are
delayed as L/h decreases, again the effect being less pro-
nounced for sphalerite than pyrite. This allows tailoring
the leach time to maximize for the extraction of one
mineral over another. For example, minimization of
acid generation and iron extraction are key economic
factors in zinc heap leaching because most of the acid
and all dissolved ferric ion must be removed from PLS
in order to not compromise the zinc solvent extraction
circuit (Lizama et al., 2003).

Given the differential leaching effects and the effects
on sulphur oxidation and ferric deportment, L/h shows
potential as a design and operational tool for heap biole-
aching. The various ways in which column leaching per-
formance was influenced by L/h are summarized in
Table 1. At high L/h, both sphalerite and pyrite bioleach
rates are faster although the selectivity of the former is
lower. A high L/h also results in more acid and ferric
generation. At low L/h, bioleach rates of both sulphide
minerals are slower but sphalerite selectivity is higher.
There is also less acid and ferric generation at low L/h.
The upper limit of L/h is dictated by the hydrodynamic
properties of the agglomerate; at some point the high
flow of solution will cause localized flooding and migra-
tion of fines. When the composition of the agglomerate

Table 1
Influence of L/h over bioleaching in columns or heaps
Effect Limiting
conditions
Increase L/h e Faster bioleach rate e Flooding
e Faster mineral colonization e Decomposition
e Faster pH breakthrough of agglomerate
e More sulphur oxidation/acid e Migration/

generation washout
e Decreased selectivity in of fines
sphalerite vs pyrite bioleaching
e Faster net ferric generation
Decrease L/h o Increased selectivity of e Acid limitation

sphalerite vs pyrite bioleaching ¢ Excessive ferric
e Less sulphur oxidation/acid precipitation
generation
Slower net ferric generation
Slower pH breakthrough
Slower mineral colonization
Slower bioleach rate
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is compromised, bioleaching rates will drop. The lower
limit of L/h is determined by ore mineralogy: at a given
flow rate the rate of acid delivery will be insufficient for
the amount of sphalerite and pyrite under reaction. Ores
with higher contents of sphalerite and pyrite will have
higher acid requirements than lower grade ores.

4. Conclusions

The findings in this study identified the ratio of irriga-
tion to height ratio, L/h, as a key parameter in heap
bioleaching. This ratio controlled both the colonization
and steady-rate stages of bioleaching, as well as the acid
and iron balances. In addition, L/h served as a scale-up
factor by normalizing leach curves from columns of dif-
ferent sizes (see Figs. 4 and 5). Adjusting solution flow
to column height has been proposed as a scale-up factor
in column testing of copper ores (Rood, 2000). In that
study, leaching from columns of different heights was
normalized by controlling the solution application vol-
ume, or L/h. That observation has now been made clear
in the present study; the three kinetic parameters in
bioleaching, k, k;, and u are all functions of L/h. The
relationships presented here serve not only for further
understanding of heap leaching, but also for modeling
purposes. Data from small column tests can be scaled
up with good confidence to predict heap leach perfor-
mance. Already existing heaps can be controlled by
using L/h as an operational parameter.

Analyses and modeling of heap leach data using L/h
does have its limitations. Conceptually, L/h is the
normalized rate of reagent delivery to the ore. In this
case, the reagent is a leach solution that contains acid,
dissolved oxygen, and ferric ions. When two columns
of different heights are irrigated at the same rate, the
shorter column receives a greater amount of reagent
per mass of reacting ore in a given time period. This fas-
ter reagent feed will result in a faster leach. But when
two ores of different grades are leached in columns, they
will have different reagent requirements and most likely
will have different L/h relationships. Reagent delivery is
already used as an operating parameter in copper heap
leaching, where it is known as the irrigation ratio (Sch-
litt et al., 2003). The irrigation ratio is the total volume
of leach solution applied to an ore bed, in m’/t, to

achieve a target copper recovery. Although this study
quantified the effects of solution delivery, study of the
delivery of those individual reagents (acid, ferric ion,
dissolved oxygen) warrants further study.
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