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The oxidation and precipitation of iron from ferrous sulfate solutions was studied at
high Fe*™ concentrations, as found in typical South African acid mine drainage, and
at high pH, as practised in the removal of iron from acid mine drainage (AMD) by the
high-density sludge process. The results obtained showed that the nature of the precip-
itates formed was largely determined by the rate of Fe*" oxidation. High pH promoted
higher-oxidation rates resulting in high-nucleation rates, and the consequent formation
of finer particles. The precipitation process in all cases was found to produce nano-
sized, growth limited primary particles. These primary particles later aggregated, pro-
ducing particles several hundreds of nanometres in size. At pH 8.0, these fine particles
aggregated due to Van der Waals forces, while at pH 10.0, ferrihydrite was found to
transform into goethite. The settling rates of the precipitates showed little dependence
on the pH. The precipitate formed at pH 6.0 contained consistently higher proportions
of Fé** compared to the precipitates formed at higher pHs. Interestingly, particles
formed at higher pH gave lower final BET surface areas, contrary to the trend that
would be predicted from the evolution of the population based average particle size.
© 2007 American Institute of Chemical Engineers AIChE J, 53: 2569-2577, 2007
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Introduction

The mining of sulfide ores often results in the disturbance of
the geological strata and the generation of pyrite containing
waste and tails. Contact between pyrite minerals, water and air
results in abiotic and biotic oxidation, which releases sulfate
(SO37), ferrous iron (Fe*") and protons (H™). The acid formed
causes the mobilization of other acid labile heavy metals, result-
ing in an acidic water stream that is heavy. The Fe** can oxi-
dize into Fe’ ", which then hydrolyzes into “ferric hydroxides”

Oxidation reaction 4Fe*" (aq) 4+ O,(g) + 4H" (aq)
s 4Fe*(aq) + 2H,0(1) (1)

Hydrolysis Fe’*(aq) 4+ 3H,0(1) « Fe(OH),(s) + 3H" (aq)
2
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The combined oxidation and precipitation of iron as shown
in the aforementioned equations is employed in the treatment
of acid mine drainage by the so called high-density sludge
(HDS) process.z’3 In this process, the ferrous iron is first oxi-
dized according to Eq. 1, by bubbling air through the metal-
laden wastewater at a pH ranging from 8.5 to 9.5.* The rate
of the forward reaction in Eq. 1 increases by 100-fold for
every unit change in the pH in systems with pH above five.
The same reaction has been found to increase by approxi-
mately 10-fold for every 15°C increase in temperature,5 due
to the dependence of the ionic product of water and the
hydroxyl ion concentration on temperature. The ferric iron
and other metals are then precipitated by adding lime to
maintain the pH around 9.5. This is followed by the addition
of flocculating polymers to increase solids density and
finally, clarification. Solids obtained this way have been
found to be voluminous, unstable and have poor dewatering
characteristics.” The solids concentration rarely exceeds 4%.
The cause of this poor settling, clarification and reduced
potential for thickening and filtration lies in the structure of
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the ferric precipitate formed. The recycling of sludge has
been found to increase solids concentration considerably.®”’
The problem in the earlier versions of the process, consisting
of a simple sludge recycle stream, was that the added alkali
was equally attractive to the recycled sludge as a precipita-
tion nucleation point. The solution to this was the introduc-
tion of a preconditioning tank, where the lime and the
recycled sludge were mixed together before oxidation. The
recycled sludge, thus, becomes alkalized prior to entering
the oxidation and neutralization tanks, thus, promoting pre-
cipitation on the surface of the recycled sludge particles.
This resulted in the formation of sludge that was more dense
than in the single-pass systems.

Despite the improvements cited previously, the disposal
of metal-laden sludge from acid mine drainage treated by
this technique still causes problems of low-solids density,
long-term instability, and the need for a large land area for
disposal. One of the motivations for this study was to de-
velop a deeper understanding of the particle formation
mechanisms. The study focused on two areas; first: an inves-
tigation into factors affecting the rate of oxidation of ferrous
iron, which indirectly generates the supersaturation needed
for solids formation, and second; an investigation into the
hydrolysis and precipitation of ferric ions in alkaline aque-
ous systems.

The hydrolysis begins with the ejection of a proton from
hexaqua ions, followed by the condensation of the resultant
hydroxylated orange monomeric iron complexes to form pol-
ycationic species that are red in color.® The condensation
occurs by either dehydration between the hydroxyl groups
(olation), and the formation of hydroxo bridges between
neighboring particles, or, in the absence of water molecules
in the coordination sphere, the condensation takes place
through a two-step associative mechanism that leads to the
formation of oxo bridges.”'” The aggregation of these clus-
ters is dependent on the rate of oxidation, which controls the
level of supersaturation and prevailing pH conditions.'! How-
ever, Van der Woude and De Bruyn12 and Pavlides,"® found
that the iron particles precipitated at low pH had a limiting
size, independent of the iron concentration and pH. Deproto-
nation of these positively charged polymeric species (also
referred to as colloids) by addition of a base led to coagula-
tion."* Tt is expected, therefore, that at high pH (6.0-10.0)
larger particles will be formed, compared to those formed by
Van der Woude and De Bruyn12 and Pavlides'® due to base
induced coagulation of the precursor polynuclear species.

Due to the very low solubility of most of the ferric iron
phases, very high-supersaturation levels are encountered in
iron precipitation processes. The high-supersaturation levels
promote aggregation in preference to growth. Although ferri-
hydrite is thermodynamically less stable, it has been found to
be kinetically favored, relative to the more stable phases, at
low pH."> The mechanism of ferrihydrite precipitation from
homogeneous solutions at these low pHs has been found to
start with the formation of nuclei, which are growth limited
to about 3—5nm."'® These nanosized particles may then aggre-
gate to form particles larger in size.'” All the studies cited
here were performed at low pH, in the range of pH 3-5. The
objective of this study was to investigate the particle process
mechanisms in the formation of iron precipitates at condi-
tions of higher pH (6.0-10.0) and high-iron concentrations,
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as encountered in the treatment of acid mine drainage by the
high-density sludge process.

Techniques and Experimental Methods
Technique for studying particle processes

A technique that is often used to make inferences about
particle formation processes during precipitation is based on
the moment transformation of the number-density function
n(L), which is obtained by integrating the same with respect
to the size of the particles L. Thus, the jth moment becomes

o0
m; = / Un(L)dL,
0

The symbols L, n(L) and m; represent the size of the par-
ticles, the number-density function of particles of size L and
the moment, respectively. From the integration of the afore-
mentioned term, the moments obtained are; zeroth moment
(mg), first moment (m;), second moment (m,), and third
moment (m3), which are proportional to the total number of
particles, total length of particles, total surface area of par-
ticles, and total volume of particles, respectively.ls’19 The
total mass of the particles can be obtained by multiplying m;
by the density of the particles.

When these moments are computed, they give a single im-
portant point for each of the samples taken during the course
of the reaction. A plot of the various moments against time
can be used to deduce the active precipitation mechanisms.
This technique has been successfully used by Ntuli and
Lewis,?’ Andreassen and Hounslow,?! and Randolph and
Larson."®

Experimental method

All the experiments were carried out in a 4 liter batch re-
actor, as shown in Figure 1. The reactor had four equally
spaced baffles and a central draft tube in order to maximize
mixing. The agitator was fitted with a Rushton turbine, and a
speed of 350 rpm was used for all the experimental runs.
The top of the reactor was covered by a lid with ports for
electrodes to measure pH, dissolved oxygen concentration,
and another port for sample collection.

The reactor was first filled with 4 L of deionized water,
which was then deoxygenated using nitrogen. The pH was

Air sparger

Stirrer

Lid with holes for probes

Baffles

U Draft tube

Figure 1. Experimental setup.
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adjusted to the desired level by means of a custom made pH
control system using a Hitech Micro Systems controller and
Hanna MAO911 pH electrode by injecting either 0.1 M H,SO,
or 0.1 M NaOH. The pH controller was calibrated against a
commercial Hanna 211 meter coupled to a Hanna MAO9I11
electrode using commercial pH buffer solutions. The accu-
racy of the pH stat was 0.1 pH units. Dissolved oxygen con-
centration was monitored by a YSI 5739 electrode coupled
to a Hitech Micro Systems controller. Iron, at a concentration
of 200 mg/L, was then added as FeSO,.7H,O. The air supply
was opened up to a flow rate in excess of the stoichiometric
oxygen requirements. After oxidation was complete and with
the stirrer still running, 1 L of the sludge was transferred to
an Imhoff cone and allowed to settle for 24 h, after which a
sample was taken according to the procedure below for iron
and solids analysis.

Samples were collected using a syringe and rapidly
quenched with H,SO4 to pH 3.0, and deoxygenated using
nitrogen to stop oxidation. One part of the sample was fil-
tered through 0.45 um filter paper. The filtrate was analyzed
for dissolved iron (Fe*"and total Fe) using a Merck Spectro-
quant® NOVA 60. The procedure for iron analysis was
based on the 1-10 phenanthroline method.”” The concentra-
tion of Fe** was found by difference. The other part of the
sample was washed several times with deionized water to
remove excess ions and then freeze-dried for 48 h. The
resulting solids were analyzed for particle-size distribution
using a Zetasizer Nano ZS series, and phases were identified
using XRD techniques. A portion of these solids was
digested in order to determine the quantity of iron in the sol-
ids for purposes of computing a material balance on iron.
The samples were collected at different time intervals until
the end of the oxidation reaction and after 1,440 min (24 h).
All the experimental runs were carried out at room-tempera-
ture, and repeated several times for reproducibility. There
was 23% variability in the results obtained, which is compat-
ible with 20% variability found by other workers.?

Results and Discussion
Oxidation of Fe*™*

The plot of the Fe*" concentration remaining in solution
as a function of time for pH 6.0 and 9.0 is shown in Figure
2. The plots indicate the rate of oxidation to increase with an
increase in pH as would be expected according to the rate
laws given by Stumm and Lee.’ The average rates of oxida-
tion were found to be 2.1 mg(Fe*")/L/Min, 4.9 mg(Fe*")/L/
Min, 9.8 mg(Fe’*")/L/Min and 19.9 mg(Fe*")/L/Min at pH
6.0, 8.0, 9.0 and 10.0, respectively. For the pH 6.0 case, the
average rate of oxidation obtained was more than
0.044 mg(Fe?*)/L/Min, which would be predicted from liter-
ature based calculations.” The reason for the higher than
expected rate was due to the catalytic effect of ferrihydrite
solids in the pH range 6.0-7.0 as found by Tamura et al.?
and Sung and Morgan.”® The oxidation rates found in this
work for pHs 8.0, 9.0 and 10.0 are significantly lower com-
pared to the rates that would be predicted from literature
based calculations.” This reduced rate could be due to the
increased complexity of iron speciation at higher pH.10 It is
also known that SOZ— (which is a dominating ion in this
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Figure 2. Fe?* remaining in solution as a function of
time.

case) reduces the rate of Fe?" oxidation.”>?* It is also very
likely that at higher ferrous iron concentration and higher
pH, the rate law given by Stumm and Lee’ may not hold.
The rapid initial drop in Fe** concentration for all cases
could have been due to direct aqueous oxidation while the
slower rates toward the end of the reaction could have been
due to transformation reactions involving Fe?"/Fe** metasta-
ble complexes and/or Fe>* adsorbed on the ferrihydrite
surface.”

Particle-Size Distribution
Solids formed after 5 min of reaction

The particle-number distribution, N, (£/m3) of the particles
formed after five minutes of reaction is shown in Figure 3.
At pH 6.0 and 9.0, bimodal distributions were obtained,
while unimodal distributions were obtained at pH 8.0 and
10.0. The peaks were at 1,280 nm and 4,800 nm at pH 6.0,
and 459 nm and 531 nm at pH 8.0 and 10.0, respectively.
The distribution at pH 9.0 showed the formation of smaller
particles with peaks at 190 nm and 712 nm. The total num-
ber of particles increased with higher pH due to the increase
in the amount of precipitate formed in the same time inter-
val. The wide span of the distribution in all cases supports
the initial formation of monomeric species, which condense
into larger polymeric species by an aggregative mecha-
nism.®?® The BET surface area (discussed in the section
Evolution of BET Specific Surface Area) showed that these
particles were aggregates. The open structure of the particles
indicated that the solids were made up of mainly amorphous
ferrihydrite, while traces of green rusts and lepidocrocite
were picked up by XRD analysis. The decrease in the size of
the particles at higher pH was due to the increased oxidation
rate, which resulted in high-primary nucleation rates and
depressed growth of the particles. These conditions of high-
oxidation rate (Figure 2) support high supersaturation levels,
resulting in the formation of thermodynamically less stable,
but kinetically favored ferrihydrite and green rusts.'>2® It is
because of the high-oxidation rates that the number of par-
ticles formed also increased significantly at pH 9.0 compared
to pH 6.0 (Figure 3b). In all cases the size of the particles
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Figure 3. Particle-size distribution after 5 min of reaction.
The graph on the right is a y-axis magnification of the graph on the left in order to show the distribution at pH 6.0.

obtained was larger than the limiting colloid size, reported
by Van der Woude and De Bruyn,'” of 3-5 nm. This could
have been due to the high pH (more hydroxide ions), which
induced deprotonation of the polynuclear species, and led to
coagulative aggregation. However, at higher pH, it would
seem that the rate of deprotonation was lower than the rate
of nucleation, hence, smaller particles were formed although
there was more base compared to pH 6.0. The bimodal distri-
bution obtained is typical of mixed phase systems, supporting
the view that different iron phases were formed during the
initial stages of the reaction.

Solids formed after 10 min of reaction

The particle-number distributions for solids formed after
10 min of reaction are shown in Figure 4. The precipitate
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Figure 4. Particle-size distribution after 10 min of reaction.

that had formed after 10 min at pH 6.0 showed high polydis-
persity, with modal peaks at 396 nm, 1,720 nm and 4,800 nm.
The number-density distribution of the particles formed at
pH 9.0 had a modal peak of 396 nm, while that for pH 10.0
was 1,280 nm. The distribution at pH 8.0 also showed a
bimodal distribution with peaks at 615 nm and 4,800 nm.
The higher proportion of smaller particles at 10 min com-
pared to 5 min was as a result of continued nucleation for
the pH 6.0, 8.0 and pH 9.0 cases. The particles are much
larger for pH 10.0, because the oxidation at this stage was
more than 90% complete (see Figure 2). The change (at
10 min) in the particle-size distribution compared to the one
at five min, could also be due to the formation of green rusts
and transformation of polymeric ferrihydrite phases. Visual
and XRD analysis showed that green rust complexes were
formed at this stage® except for the pH 10.0 case.
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The graph on the right is a y-axis magnification of the graph on the left in order to show distribution at pH 6.0.
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Figure 5. Particle-size distribution after 40 min of
reaction.

Solids formed after 40 min of reaction

The particle-number distributions are shown in Figure 5.
The particle-size distribution of the solids present at this
stage of the reaction showed a narrower monomodal distri-
butions at pH 6.0, 8.0 and 10.0 (Figure 5). The modal peaks
were 955 nm, 955 nm and 1,110 nm, respectively. Two
peaks (122 nm and 459 nm) were obtained at pH 9.0. The
disappearance of the larger particles previously obtained at
pH 6.0 and 8.0 was as a result of solution-mediated transfor-
mation of the green rusts as air continued to be bubbled
through the reactor. XRD analysis confirmed the absence of
green rusts in all precipitates at this stage of the reaction.®®
This disappearance of the larger particles cannot be attrib-
uted to dissolution, because the concentration of dissolved
iron continued to decrease during the course of the reaction.
The zeroth moment, (mg) also increased (see Figure 10),
which supports the view that there was nucleation of “new”
iron species. The decrease in the size of the particles for the
pH 10.0 case was clearly due to the transformation of ferri-
hydrite into goethite.29 From this it can be concluded that
the transformation of less stable species into more crystal-
line phases takes place in all cases but with the onset of
the same coming earlier at pH 10.0 than at any other pH.
From a wastewater treatment operation point of view this
could mean that it is more beneficial (disregarding the
increased mean particle size) to oxidize iron at pH 10.0, as
this results in a more stable precipitate compared to oxida-
tion at lower pH.

Solids formed after 90 min of reaction

The particle-size distribution for the precipitate present af-
ter 90 min of reaction is shown in Figure 6. The number dis-
tribution of the particles was monomodal with peak height at
1,110 nm, 1,280 and 712 nm for pH 6.0 8.0 and 9.0, respec-
tively. The larger particle size at pH 8.0 was due to Van der
Waals induced coagulation since the point of zero charge for
most iron oxide hydroxides is around pH 7.0-8.0.° The
disappearance of the smaller size particles compared to the
previous distributions, and the increase in the modal size
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Figure 6. Particle-size distribution after 90 min of
reaction.

showed that the active size enlargement mechanism was
aggregation for these particular pH cases. At pH 10, the
modal size was 531 nm. The significantly smaller size was
due to the dissolution of ferrihydrite to form the more stable
goethite.29 Thus, this stage represents the onset of “goethite
nucleation”.

Solids formed after 180 min of reaction

The number distribution of the particle size was monomo-
dal with the peak at 1,110 nm, 1,480, 712 nm and 955 nm
(Figure 7) for pH 6.0, 8.0, 9.0 and 10.0, respectively. The
increase in the modal size at pH 10.0 was due to the growth
and/or agglomeration of goethite formed from the dissolution
of ferrihydrite.

Solids formed after 1,440 min (24 h) of reaction

The size distribution was narrower and monomodal with
modal height at 1,720 nm, 2,300 nm, 1,280 nm and 2,670 for
pH 6.0, 8.0, 9.0 and 10.0, respectively. In all cases there was
a marked increase in the modal size of the particles accom-
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Figure 7. Particle-size distribution after 180 min of
reaction.
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reaction.

panied by a corresponding decrease in the number of par-
ticles. The larger particle size obtained at pH 8.0 was due to
Van der Waals induced agglomeration since the point of zero
charge of most iron oxide phases is around pH 7.0-8.0.° The
distribution is shown in Figure 8.

Polydispersity and spread of the particle-size distribution

The span of the particle-size distribution for each of the
samples was estimated by calculating the relative standard
deviation (RSD) of each distribution according to the equa-
tion following

Standard deviation

RSD% = X100

Mean size (L)

The variation of the RSD for each particle-size distribution
measurement is shown in Figure 9. The plot indicates that
the spread and the polydispersity of the particle size
decreased with time for the pH 6.0, 8.0 and 10.0 cases. This
is in agreement with the observed disappearance of the

Time, Mins

Figure 9. Variation of the RSD of the particle size dis-
tribution with time.
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bimodal distribution and the emergence of a more uniform
monomodal distribution. This trend could be due to the
increasing order/crystallinity of the precipitated solids with
time. Considering the pH 9.0 case, although there is a gen-
eral decrease in the RSD, it is not systematic as in the other
cases. The lack of consistency could mean that the particle
formation processes are more complex at pH 9.0 than at any
other pH considered in this work.

Evolution of number of particles (m,) and mean
size of particles (L)

The evolution of the zeroth moment (1) is shown in Fig-
ure 10. The increase in the total number of particles, up to
40 min for cases pH 6.0, 8.0 and 9.0, was most likely due to
nucleation. While breakage would have a similar effect on
my, this is unlikely to be the cause of the cited observation
since there was always a corresponding decrease in the
amount of iron in solution which indicated consumption of
supersaturation. The decrease in mg at pH 9.0 from 40 to 90
min was sharper than at pH 6.0 and pH 8.0. This indicated
that the aggregation rates were higher at pH 9.0 than at pH
6.0 and 8.0 since aggregation is the only mechanism respon-
sible for a decrease in the number of particles in this
instance. From 90 min to 1,440 min there was a continued
decrease in mq for the three cases showing that Van der
Waals forces were responsible for inducing aggregation or
flocculation since there was no more supersaturation remain-
ing in solution. For the pH 10.0 case, after five minutes of
reaction, the value of my had already decreased. This is
expected since at this stage the oxidation of ferrous iron was
almost complete. _

The change of the population based mean size (L;o) of
the particles as a function of time is shown in Figure 11. For
cases pH 6.0 and 9.0, the initial decrease in from 5 to 10
min was due to high-rates of nucleation at the expense of
growth and aggregation.28 From 10 min up to 90 min the
mean particle size increased due to aggregation. This is sup-
ported by a corresponding decrease in m for both cases. The
near constant mean particle size between 90 and 180 min
again showed that the system could have reached a state of
dynamic equilibrium between particle breakage/or attrition
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Figure 10. Evolution of my during the course of the
reaction.
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Figure 11. Evolution of population based average size
during the course of the reaction.

and aggregation. For the pH 8.0 case, there was a gradual
increase in the particle size up to the end of the reaction.
This increase was due to Van der Waals induced aggregation
(flocculation) of the iron precipitates. A decrease in the pop-
ulation based average size for the pH 10.0 case from 5 min
to 90 min was due to the transformation of ferrihydrite into
goethite. An increase in the average size from 90 min to
1,440 was due to the aggregation and/or growth of goethite.
In conclusion therefore, the formation of ferrihydrite particles
at pH 6.0 to 9.0 is dominated by nucleation at the initial
stages followed by limited growth. Aggregation dominates
after the oxidation stage has been completed. At pH 10.0,
the process is dominated by aggregation of ferrihydrite at the
initial stages, followed by the dissolution/reprecipitation of
goethite, and finally by the aggregation of goethite.

Although the average particle sizes were different for all
the cases, there was no significant improvement in the set-
tling behavior of the bigger particles, as shown in Figure 12.
The solids densities (m/v) were 0.87%, 0.92%, 0.85 and
0.90% for pH 6.0, 8.0, 9.0 and 10.0, respectively. From these
values, the implication is that it is more favorable to operate
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Figure 12. Settling rates of the solids at different pH
levels.
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Figure 13. Evolution of the BET specific surface area
during the course of the reaction.

these processes at the higher pH and, thereby, benefit from
the kinetic advantages, given that the settling behavior hardly
changes with pH.

Evolution of BET specific surface area

The change in the BET surface area with time is shown in
Figure 13. The increase in the surface area from 5 to 40 min
for the cases pH 8.0, pH 9.0 and 10.0, and up to 90 min for
the pH 6.0 case could have been due to two factors. First,
the disappearance of the large particles which produced the
second and third peaks in the particle-size distribution could
have resulted in an overall increase in the surface area of the
particles (see Figures 3 to 6). Second, by considering Figure
2, it can be seen that in the corresponding time intervals for
the pH 6.0, pH 8.0 and 9.0 cases, there was a corresponding
consumption of supersaturation due to nucleation and a
resultant increase in the proportion of smaller particles. This
would have the same effect of increasing the BET surface
area as in the first instance. The drop in the BET surface
area after 40 min and 90 min for the pH 8.0, 9.0, and pH 6.0
cases, respectively, was most likely due to aggregation,
resulting in the formation of ferrihydrite flocs. Indeed XRD
analyses at these time intervals showed the major component
of the precipitates to be ferrihydrite. The traces of green rusts
and lepidocrocite, which were detected in the earlier stages
could not be detected any more. The decrease in BET sur-
face area at the same point at pH 10.0 could not be
explained. The next increase in the BET surface area for all
cases could have been due to aging which resulted in the for-
mation of more crystalline phases. Also, sulfate is known to
promote the aggregation of ferrihydrite particles and hinder
the penetration of nitrogen,’' a phenomenon that would result
in lower BET surface areas. Measurement of the sulfate in
solution showed that it was either adsorbed on the precipitate
or incorporated in the precipitate, or both, during the early
stages of the reaction. As the sulfate was released toward the
end of the reaction, the disorder of the particles diminished,
resulting in the formation of more crystalline species, and,
hence, higher BET specific surface areas. During the earlier
stages of the reaction the surface area of the particles formed
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Figure 14. Change in Fe?*:Fe3* ratio with time.

at pH 9.0 was higher than at pH 6.0, in agreement with parti-
cle size measurement results. After the aggregation step, the
BET surface area of the particles formed at pH 9.0 was
lower than for the particles formed at pH 6.0. This could
have been due to the presence of Fe>* ions in the precipitate
formed at pH 6.0, while the precipitate formed at pH 9.0 was
predominantly Fe** at this stage. The Fe’"/Fe’" composi-
tion of the precipitates is shown in Figure 14. Another reason
for this trend could be that the extent of aggregation is
higher for the pH 9.0 case than for the pH 6.0 case, which
resulted in lower BET surface areas. This can also be quali-
tatively inferred from Figure 9. The fact that there is an ini-
tial increase followed by a drop in the BET surface area all
cases, and that the drop coincides with the disappearance of
the bimodal distribution is very significant. The first signifi-
cance is that the cycle of reactions that lead to the formation
of the final product in the first three cases must be the same;
the second is that from a solid-liquid separation point of
view it should be technically better to effect solid-liquid sep-
aration before the ferrous iron is completely oxidized in the
three cases. The final BET specific surface area (=200 m?/g)
found for the precipitates formed in the pH 6.0, 8.0 and 9.0
cases after 1,440 min is typical of ferrihydrite.'” The trend in
the evolution of the BET specific surface area for both types
of solids indicate that regardless of the pH of operation the
sequence of reaction steps that lead to the formation of the
final product could be the same for these cases, except at pH
10.0. It is also important to mention that the individual spe-
cific surface areas have very little meaning since many dif-
ferent ranges have been reported for the same iron phases.
For example, Johnsson®® reported surface areas of ferrihy-
drite of 42.9 m?/g. More illustrations are found in Cornell
and Schwertmann.''

Conclusion

The rate of oxidation of Fe*" in ferrous sulfate solutions
for the pH 8.0, 9.0 and 10.0 cases is much slower than would
be predicted from the rate equation given by Stumm and
Lee,® Tamura et al.,2* Deng33 and Millero et al.>* The reduc-
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tion in the rate of oxidation was probably caused by a com-
bination of the formation of solid complexes of Fe?" and fer-
rihydrite35 and the high sulfate concentrations.”>** At pH
6.0, however, the experimental rate of oxidation was higher
than that predicted from literature based calculations (2.1
mg(FeH)ﬂ_,/min, and 0.044 mg(FeH)/L/min, respectively).
This increased rate was due to the catalytic effect of the fer-
rihydrite solids.*>*> The initial rapid decrease in Fe*" in so-
lution represents direct aqueous oxidation, while the slower
one represents the oxidation of complexed Fe’" and Fe®"
adsorbed on ferrihydrite solids. This latter stage of the reac-
tion represents the so-called instability of iron hydroxide
sludge encountered in the treatment of acid mine drainage.
To counter these transformation effects most operations
employ a post precipitation stabilization stage before final
disposal.*

The characteristics of ferric particles formed from homo-
geneous ferrous sulfate solutions are controlled by the rate of
oxidation. High-oxidation rates (achieved by raising the pH)
produce high-supersaturation levels, leading to high-primary
nucleation rates and the formation of small particles. How-
ever, there is competition between deprotonation induced
aggregation and nucleation. At pH 6.0, deprotonation domi-
nates and the particles formed are larger in size, whereas at
higher pH, although there is more base available for deproto-
nating the cationic species, the high-oxidation rates dominate,
resulting in the formation of smaller particles. However, at
pH 8.0, Van der Waals induced aggregation dominates,
resulting in the formation of larger particles. At pH 10.0,
these stages, which take place during the initial stages of the
formation of ferrihydrite, could not be distinguished due to
the more rapid kinetics experienced at this pH. The absence
of hydroxyl ions necessary for deprotonation explains why
Van der Woude and De Bruyn,12 Pavlides'? and Dousam and
De Bruyn®® found a limiting size (3-5 nm) for the ferrihy-
drite particles compared to the several 100 nm obtained in
this work. From the evolution of the zeroth moment, it can
also be inferred that ferrihydrite size enlargement is aggrega-
tion dominated and growth limited. The aggregation is also
enhanced around the point of zero charge of the precipitating
iron species. Although the final particle sizes obtained in all
cases are different, the solids formed have very similar set-
tling characteristics. It seems logical, therefore, to operate
acid mine drainage treatment plants employing hydroxide ox-
idation and precipitation at higher than current pH values as
this ensures higher throughput of sludge of the same settling
character compared to lower volumes of sludge of the same
settling characteristics that would be produced at current
(lower) pH values.
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