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Introduction
Throughout the world, fly ash (FA), an abundant by-product

of coal combustion in power stations, is mostly disposed of in
landfills; only a small part of it is used constructively. Poor
management of FA is responsible for environmental problems
such as loss of usable land, contamination of plants and soil, air
pollution and eyesores.1

Most of South Africa’s power stations are coal-fired. Eskom,
the country’s largest electrical utility, generates nearly 20 Mt of
FA per annum, of which only 5% is used for cement and brick
making; the rest is disposed of in ash dams or stacked on land as
ash dumps (www.eskom.ac.za/annreport). FA tends to accumu-
late as heavy metals in toxic concentrations2 and is considered
an environmental hazard in South Africa. Metals, anions and
cations are leached from the ash heaps by the wastewater
derived from the ash slurry or by subsequent infiltration by rain.
This subsequently imposes a risk on surface and ground water.
There is therefore mounting pressure on power stations to
find alternative ways of using ash productively to protect the

environment and to reduce its disposal on land.
Combustion of South African coal produces FA that is highly

alkaline due to the presence of free lime. Several authors3–6 have
shown that FA can control acid mine drainage (AMD) generation
in situ in mine spoils and for remediation of acidic soils. The ash
increases the pH and immobilizes the contaminant elements as
amorphous hydroxides or oxyhydroxides.

AMD is produced when sulphide minerals, such as pyrite, found
in association with the coal or overburden, come into contact
with oxygen and water during mining. Sulphide minerals
undergo oxidation, which results in the generation of sulphuric
acid that mobilizes rock constituents. AMD is characterized by
high acidity (pH 2–4), high sulphate concentrations (1–20 g/l)
and frequently contains high concentrations of Fe, Mn, Al, Cu,
Zn, Pb and Cd. The extreme pH and high ionic content are
responsible for highly toxic wastewater. Its handling requires
expensive storage, remediation and disposal techniques.

The detrimental effect of AMD on the environment has been
widely studied and reported.7–9 Various options to neutralize
AMD have been proposed. One of the widely used and
well-accepted methods of treating AMD in South Africa is
neutralization with lime (CaO) or limestone (CaCO3). In view of
the costs involved in the liming process and diminishing lime
reserves, and because the efficiency of neutralization by lime-
stone progressively declines because of armouring due to the
ferric oxyhydroxides that form, alternative treatment methods
are being explored. Previous studies indicated that the treatment
of AMD with FA promises to be a viable alternative to liming.10

The successful implementation of this process is expected to
address two main issues: the reduction of the cost involved and
the effective management of FA. The cost involved compared
with liming will be less because FA is freely available in close
proximity to coal mines that generate AMD. Unlike FA, the liming
treatment requires secondary processes, such as biological
methods, for sulphate reduction and addition of reagents like
flocculants, which add to the costs. The treatment of AMD with
FA, however, generates solid residues (SR) that require disposal.

Mines are backfilled to avoid subsidence, provide support to
pillars and walls and to reduce the void volume in underground
coal mines.11,12 Greater mine stability prevents rock falls and
associated air blasts, which improves mine safety.13 Partial back-
filling does not completely eliminate the chance of subsidence
but may reduce it by 33% compared with non-backfilled mines.14

The suitability of FA as a backfill material has been studied by
various authors.15 The ash has pozzolanic properties and has
been investigated for its suitability as a cement replacement.16

The permeability of FA paste backfill is lower than that of soils or
mine spoils and unlikely to leach harmful elements in any great
quantity.17 That study resulted in FA being reclassified from
special waste to inert waste. It has also been reported that
backfilling by FA reduces subsidence and the production of
AMD.18 No studies were found, however, relating to the suitabil-
ity of SR resulting from AMD neutralization with FA as possi-
ble backfill material. X-Ray fluorescence (XRF) analysis has
shown that, despite being used for the active neutralization of
AMD, the recovered SR were still strongly alkaline and pos-
sessed pozzalinic properties.19 The suitability of SR for backfill-
ing can be physical or chemical. Those of SR to treat AMD
seepage passively in a backfill set-up generated alkalinity and
long sustained the pH of the leachates at neutral to circum-
neutral pH levels.20 In addition, it was observed that the
leachability of the trace elements was insignificant and so it was
safe to dispose of SR as a backfill material. This is a bonus as the
sludge emanating from the AMD-FA treatment can be managed
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Acid mine drainage (AMD) from a South African coal mine was
neutralized with fly ash (FA) from a local power station. An immediate
increase in pH and subsequent decrease in the electrical conduc-
tivity (EC) values were observed with the addition of FA. A
pH buffering region was observed for all the AMD:FA ratios investi-
gated. This was attributed to precipitation and hydrolysis of the
main AMD constituents such as Al and Fe and adsorption of the
precipitates upon the ash particles. A high percentage of major,
minor and trace elements and SO4

2– attenuation was achieved after
contact of AMD with FA in solution; this removal depended on the
final pH of the product water. Most of the contaminants were
removed to acceptable levels in one simple procedure by contacting
the AMD with FA in suitable ratios. Solid residues (SR) recovered
from neutralization reactions were tested for unconfined compres-
sive strength and elastic modulus in order to assess their suitability
as backfill material. Strength testing was carried out for 410 days
with and without the addition of ordinary Portland cement. The SR
with a pozzolanic binder added gained 300% greater strength than
without, both of which increased in strength over time. The imple-
mentation of this FA treatment process would not only be environ-
mentally beneficial but also would be to the advantage of coal
mines and power stations as a way of constructively using the large
volumes of waste that they generate.



effectively. In view of these encouraging results, we performed
further evaluation of the strength development of the SR recov-
ered from different AMD-FA neutralization reactions.

We report the conditions for the efficient use of South African
FA to neutralize and remove contaminants from AMD. The
neutralization reactions were carried out with the object of
determining the optimum amount of ash to be used to treat a
given volume of AMD. The variations in pH and electrical
conductivity (EC) over time were monitored during these reac-
tions and are critically discussed below. We also report on a
preliminary investigation of the suitability of SR as backfill
material using unconfined compressive strength (UCS) and
elastic modulus as parameters of strength development.

Materials and methods
The description of the materials and methods used in the

current study is provided in Appendix 1.

Results and discussion
The pH and EC trends for different AMD-FA neutralization

reactions are provided in Appendix 2.

Removal of major, minor and trace elements and sulphate
Table 1 shows the initial concentration of sulphates and various

elements in the AMD, as well as their concentration in the
process waters recovered after the neutralization reactions using
different amounts of FA. The contaminants were removed more
completely as the amount of FA was increased in the reaction
mixture. The final pH attained in the reaction mixture deter-
mined the degree of contaminant removal in the final process
water. Aluminium values decreased with increasing FA content;
the removal was optimum at lower AMD:FA ratios (except for
100:1). The formation of amorphous Al(OH)3 at pH ~5 was most
likely responsible for reduced Al in the process waters recov-
ered.21 Slight leaching from FA was observed for the 100:1 ratio
for Al, which is attributed to the low pH attained for this mixture.

Total Fe decreased in the process water with declining AMD:
FA ratios—no Fe was detected for 3:1, 2:1 and 1:1 mixtures. These
AMD:FA ratios all attained a pH > 9 over the reaction time, when
both Fe3+ and Fe2+ were expected to be out of solution.22 As the
pH increased, these cations underwent hydrolysis, forming in-
soluble amorphous hydroxides/oxyhydroxides [Equation (2B)].
The sulphate concentration decreased with decreasing AMD:FA
ratio, which indicated that the formation and precipitation of a
secondary mineral phase was responsible for its removal.

Research has shown that gypsum is one of the mineral phases
that form.19

Several mechanisms could be involved in the removal of
sulphate, for example: the initial dissolution of CaO from FA in
the presence of the acidic AMD; Ca2+ released in the reaction
mixture [Equation (2A)] and its interaction with SO4

2– to form
CaSO4.2H2O (gypsum). This caused the initial sharp decrease in
SO4

2– content. Dissolution of Ba and Sr salts from FA and their
consequent interaction with SO4

2– may also lead to the formation
of barite (BaSO4) and celestite (SrSO4) or a mixed (Ba, Sr)SO4 salt.
As the pH increases to 3, Fe3+ precipitates to form amorphous
ferric hydroxides and oxyhydroxides, which are known to have
large surface areas and adsorb some of the SO4

2–. Oxidation of
Fe2+ occurs in the presence of oxygen and is maximum at pH 5–7,
with the hydrolysis of the resulting Fe3+ resulting in the formation
of amorphous ferric hydroxides, which adsorb more of the
SO4

2–.23 In this pH range a significant decrease in SO4
2– concentra-

tion was observed.19 Formation of amorphous Al(OH)3 and
incorporation of SO4

2– at pH >4 is also believed to contribute to
reduced SO4

2– content. At pH >9 a mineral phase known as
ettringite [Ca6Al2(SO4)3(OH)] forms and also contributes to the
decrease in SO4

2– concentrations.19

There was a marginal increase in K and Ca concentrations
in the process waters recovered from most of the AMD:FA
mixtures. These results follow the trend observed by Jenke and
Pagenkopf,22 who showed that the treatment of acidic waters
with alkaline reagents left these elements in the process waters.
Leaching of Na from the FA was observed only at a 100:1 ratio
but thereafter the concentration decreased gradually in the
process water with smaller mixture ratios. An increase in Mg
concentrations was observed in the process waters recovered
from mixture ratios. For lower AMD:FA ratios, however, signifi-
cant removal of Mg was observed within the pH range 9.5–11.5.
Optimum Mg removal between pH 10.49 and 11 has previously
been noted.24 Boron and Mo leached significantly from the FA,
especially at the low ratios of 3:1, 2:1 and 1:1. The leaching
strongly correlated with the amount of FA in the mixture,
confirming that the source of these trace elements was dissolution
of soluble salts in FA. It has been observed that as B occurs mainly
as surface oxide precipitates or is incorporated in the glassy
matrix of FA,25 its concentration in the process waters is controlled
by the rate at which surface precipitates and glassy phases
dissolve and also by the adsorption on the precipitates that form
as a result of the AMD:FA neutralization reaction. Boron
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Table 1. Concentrations of elements in the acid mine drainage (AMD) and process waters recovered using different AMD:FA ratios, in relation to the DWAF target water
quality for irrigation and domestic usage.

Parameter DWAF* guidelines

AMD 100:1 20:1 10:1 4:1 3:1 2:1 1:1 Irrigation Domestic

SO4

2– (mg/l) 18 889 15 250 12 457 10 489 6793 2627 2093 1705 – 0–200
Al (mg/l) 13.8 14 12.9 12.6 7.4 1.6 0.1 0 5 0–0.15
Fe (mg/l) 3523 2 295 2 104 1 410 444 0 0 0 5 0–0.1
Ca (mg/l) 497 540 514 520 546 731 722 462.5 – 0–32
Na (mg/l) 76.8 78.3 77.4 75.6 76.7 73.3 68.7 64.8 70 0–100
K (mg/l) 20.5 21 22.1 21.4 22.1 23.0 19.1 17.4 – 0–50
Mg (mg/l) 294 357 403 418 405 121 19 20.4 – 0–30
B (mg/l) 1.1 2 4.5 6.9 11.4 10.3 8.7 9.6 0.5 –
Zn (µg/l) 4911 5140 4428 3835 1021 37 31 20.3 1000 0–3000
Cu (µg/l) 320 373 241 182 122 64 49 39.4 200 0–1000
Pb (µg/l) 33.6 11.3 2.3 3.8 10.5 5.2 5.7 4.0 200 0–10
Mo (µg/l) 0 0.9 1.9 4.5 2.8 271 358 372 10 –
Co (µg/l) 640 651 607 653 543 3.7 7 8.9 50 –
Ni (µg/l) 922 1013 946 1018 807 28 32 62.6 200 –
Final pH 2.7 3.5 4.8 5.2 5.9 9.5 11.5 11.5 6.5–8.4 6–9

*Department of Water Affairs and Forestry, Pretoria. –, no data available for either irrigation or for domestic use.



concentrations were, however, observed to decrease in the
process waters recovered from the 3:1, 2:1 and 1:1 mixtures over
time when the pH of the final recovered waters was >9 (Table 1).
The decrease in B concentration at this pH is attributed to
adsorption on calcite. Other studies show that boron concentra-
tions are likely to be low in alkaline leachates that are actively
precipitating CaCO3(s).26 These neutralization reactions were
conducted in the open, so that ingress of CO2 and formation of
calcite was likely.

The low values of Ni observed in process waters for 3:1 and
2:1 mixtures can be attributed to precipitation as Ni(OH)2 or
increased adsorption on the precipitating amorphous Al,
Fe-oxyhydroxides. Lead values were low up to a ratio of 10:1,
after which a slight increase was observed for a 4:1 mixture.
However, Pb levels were stabilized for lower ratios. Cobalt, Zn
and Cu decreased in the process waters recovered from the low
AMD:FA ratios. Copper precipitates as cupric and cuprous
ferrite and can be adsorbed on the surface of FA at pH values
between 5 and 6.21,27 At pH 6–7, Zn co-precipitates with Si that is
solubilized from FA and forms willemite.21,27,28

We conclude that the main mechanisms that governed the
removal of contaminants were precipitation, co-precipitation
and adsorption at the surface of the FA particles and of the
precipitating amorphous Al and Fe hydroxides and oxyhydro-
xides. Certain trace elements such as B and Mo were observed to
leach with increasing FA in the reaction mixture and would have
limited this treatment process. It should be noted, however, that
most contaminants were significantly removed to trace levels.

The South African Department of Water Affairs and Forestry
(DWAF) guidelines indicate different patterns for different
elements in process waters (Table 1). Those from 3:1–1:1 and
2:1–1:1 mixtures have ‘acceptable’ levels of Al for irrigation and
domestic purposes, respectively. For Fe, Ni and Co the waters
recovered from our 3:1–1:1 mixtures met water quality target.
For Cu, even the water recovered from higher AMD:FA ratios
had acceptable levels for both irrigation and domestic purposes.
For Pb, except for the 100:1 and 4:1 mixtures, the water recovered
from the other mixtures met water quality targets. For Zn, the
water recovered from 4:1–1:1 mixtures was acceptable for either
domestic purposes or for both irrigation and domestic use. The
final concentrations of Na and K were within the acceptable
range either for irrigation or for both irrigation and domestic
use. None of the mixtures managed to remove Ca to the desired
limits. Process waters from 2:1 and 1:1 mixtures, however, met
the DWAF specifications for Mg. Although a maximum of
approximately 91% of the very high level of SO4

2– was removed
from the AMD, none of the waters recovered from any of the
mixtures reached the DWAF target. Boron and Mo seemed to
leach from FA in the waters recovered from all the mixtures;
the leaching was significant for low ratios. Although Mo was
observed to leach from FA, the concentrations of this element
were within the limits of the target water quality in the process
waters recovered from the high ratios (100:1 to 4:1). The waters
recovered from 3:1 and 4:1 mixtures had more or less the same
pH range specified by DWAF. The rest of the waters were either
too acidic or too alkaline and would need post-treatment correc-
tion of pH. Because all buffering constituents had been removed
by the ash treatment, pH correction would be trivial. Based on
the results indicated in Table 1, we conclude that the main
benefit would occur for AMD:FA ratios of between 4:1 and 3:1; in
our study the active treatment and neutralization of AMD with
FA to circumneutral or alkaline pH was optimized at a ratio of
3:1.

Strength testing

Solid residues without a pozzolanic binder
The UCS and elastic modulus are the two most important

mechanical properties of a backfill material. The chemistry of the
water used to prepare the samples plays an important role in the
strength development of the material being tested as demon-
strated by Benzaazoua et al.29 To avoid any discrepancy in the
chemistry of the waters that were used for mixing in this study,
the process water recovered from the 3:1 reaction mixture was
used to prepare a slurry with the solid residues recovered from
the neutralization reactions. The pH of the process water was
8.83 and the average moisture content of the solid residues
recovered from 3:1 and 4:1 mixtures was 29.5% and 33.4%,
respectively. The development of UCS and elastic modulus of SR
without binder is shown in Figs A and B in supplementary
material online. The mean specific gravities of the SR recovered
from the 3:1 and 4:1 mixtures were 2.3 and 2.2, respectively.

From Fig. A, it can be observed that after 14 days of curing, no
material was strong enough to be tested. After 90 days, the
samples had developed some strength. The UCS increased with
an increasing amount of ash used during the neutralization
reaction, which related to the remaining portion of free lime of
the ash after it was applied for neutralization. After 90 days,
compressive strengths increased to 0.05 MPa and 0.04 MPa for
the 3:1 and 4:1 mixtures, respectively. After 180 days, a further
significant increase in strength was again noted for both
mixtures. After 410 days, the increase in strength was even more
evident. Materials prepared using a 3:1 mixture achieved a UCS
of 0.20 MPa whereas that for 4:1 was 0.10 MPa. Strength develop-
ment of the material was very slow, possibly due to the slow
release of unreacted CaO from the solid residues during calcium
silicate hydrate (CSH) gel formation.19 An adequate UCS for a
backfill material in a typical mine is in the range 0.7–2 MPa,30

which clearly was not achieved within our testing period.
The elastic modulus could not be measured after 14 and

28 days of curing because of the instability of the material (Fig. B).
After 90 days, the modulus could be measured and the materials
gained some strength, with no major difference between the 3:1
and 4:1 mixtures. After 180 days, the distinctive behaviour of the
3:1 mixture was observed, with a much higher elastic modulus.
The same distinction was maintained after 410 days, with the
elastic modulus of the 3:1 mixture reaching 70.1 MPa. In general,
the SR obtained from the 3:1 mixture developed a significant
strength and the elastic modulus of the sample from the
4:1 mixture increased over time to acceptable, but to lower levels
(Fig. B). An adequate elastic modulus for a backfill material
varies depending upon the mining conditions, which include
mining method and depth.31 In our investigations, the elastic
modulus was generally greater the more ash in the AMD
neutralization reaction.

The greater compressive strength and elastic modulus of solid
residue samples recovered from low AMD:FA ratios indicate
that strength development was a function of reactions taking
place between unconsumed pozzolanic components in the ash
and the FA matrix. It also demonstrated that the components
contributing to strength development were similar to those
influencing the neutralization efficiency of the FA. It has been
observed that the less compacted the backfill material, the lower
the strength that is developed.29 The small difference in the
specific gravity observed between the two SR samples derived
from the 3:1 and 4:1 neutralization reactions may also have
contributed to the difference in the strength acquired by the two
materials.
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Solid residues with a pozzolanic binder
The strength testing results of samples that were prepared by

blending the slurry of SR with 3% of pozzolanic binder (OPC)
are presented in Fig. C online. Stability testing with binder was
carried out on only the SR recovered from the 4:1 mixture, over a
period of 410 days.

After 14 days, the UCS of SR blended with binder was lower
than 0.07 MPa, but significantly higher than the corresponding
material without binder (Fig. A). After 28 days, the strength
reached 0.11 MPa and after 90 days achieved an acceptable value
of 0.23 MPa for backfill purposes. The strength seemed to stabilize
after 180 days and was nearly 4 times more than that of the SR
without a binder. After 410 days, the UCS was ~0.30 MPa.

The elastic modulus with 3% pozzolanic binder was also tested
only on the SR derived from the 4:1 mixture. It was unchanged
between 14 and 28 days (53.5 MPa and 53.4 MPa, respectively),
after which it increased sharply to 92 MPa (Fig. C online). The
rise in elastic modulus continued between 90 and 180 days but a
slight decrease was observed at 410 days.

The addition of cement as binder thus increased the UCS of
solid residues by 300%. The enhanced strength is attributed to
the extra pozzolanic components that favour the formation of
various hydrates such as CSH gels.29 The enhanced formation of
gypsum as a result of the interaction of Ca2+ and SO4

2– from the
process waters could also have led to increased strength.30

Although the SR recovered from the 4:1 neutralization reaction
with the addition of binder did not reach the critical UCS range
of 0.7–2 MPa, the gain in strength over time is promising for its
application as a backfill material, because it continues to
strengthen after placement. As mentioned, the current study
used 3% binder to enhance the strength development. The
addition of more binder to the SR (for instance, 6%) would be
interesting as it might enhance the strength development
further. On the other hand, strength development due to
addition of the same amount of binder as used in this study (3%
binder) to the SR recovered from lower AMD to FA ratios (for
example 3:1, as this section only dealt with the SR recovered
from the 4:1 ratio) would also be interesting as the strength
development of the SR recovered from the 3:1 mixture gained
more strength than the SR recovered from the 4:1 mixture in the
case of SR without binder.

Another study,19 that used ordinary municipal tap water (our
study used process water recovered from the AMD-FA neutral-
ization reaction) for testing the strength development of SR
recovered from 3:1 (AMD:FA) mixture with the addition of 1%
binder showed different results. It was observed that the SR
gained sufficient strength, and took far less time to achieve it,
than was observed in our work. This implies that the strength
development of SR depends on both the binder and also on the
water chemistry used. Similar phenomena relating to water
chemistry have previously been noted during the strength
development of cured mine tailings.31

Conclusions
The active treatment and neutralization of AMD with FA to

circum-neutral or alkaline pH was optimized at an AMD:FA
ratio of 3:1. The pH attained in the final process water was
dependent on the AMD:FA ratio used. Major contaminants were
more effectively removed as the FA content increased in the re-
action mixture. The final pH attained seemed to determine the
degree of contaminant removal in the final process water. Boron
and Mo were leached from FA, more significantly at low AMD:
FA ratios. The leaching was strongly correlated with the amount
of FA in the mixture, confirming that the source of these toxic

trace elements was soluble salts in the fly ash. The Co, Zn and Cu
content was reduced mostly in the process waters recovered
from the low AMD:FA mixtures.

We concluded that the main mechanisms that governed the
removal of contaminants were precipitation, co-precipitation
and adsorption at the surface of the FA particles and the precipi-
tating amorphous Al and Fe hydroxides and oxyhydroxides.
Specific trace elements were observed to leach with increasing
FA in the reaction mixture; their presence in the recovered
process water would be a limitation in this treatment process.
Our study concentrated on the reactions and trends between
AMD from a single coal mine and FA from one power station.
Previous studies with materials from different sources, however,
have shown that low pH and Fe- and Al-rich AMD can be
successfully treated with FA with the same degree of contaminant
attenuation. Most contaminants were removed by more than
one AMD:FA mixture to levels of water quality set by the
Department of Water Affairs.

The strength development of SR, especially that tested
without the addition of binder, was slow. The SR tested with 3%
OPC became three times stronger than that without.

The successful implementation of industrial processes to treat
fly ash could be a solution to the effective use and proper
management of waste fly ash, and thus of great benefit to power
stations. Fly ash is freely available in close proximity to coal
mines and its treatment does not require secondary processes or
addition of reagents. This would considerably reduce the costs
associated with AMD treatment and should be good news for
the mining houses.
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Appendix 1

Materials and methods

Neutralization reactions
The chemical composition of AMD varies considerably according to its

source, whereas the composition of FA is based on the mineralogy of the
parent coal and the power station from which it was derived. We investi-
gated only the neutralization reaction between the low pH, Fe- and
Al-rich AMD derived from a single coal mine and ash from one power
station in Mpumalanga province. AMD from different coal mines was
successfully treated with FA from different power stations, however, and
the results are provided in one of our technical reports.10

Fresh FA samples were collected from hoppers on the ash collectors.
Samples were stored in tightly sealed, plastic containers. The major
constituents (% w/w) and trace elements (mg/kg) of FA were determined
using XRF (Table 1A in supplementary material online).

Sulphate, Fe and Al rich AMD from a coal mine was collected in
high-density polyethylene containers, with air excluded, and refrigerated
at <4°C until analysed. Chemical analysis of AMD was conducted using
ion chromatography (IC) for sulphates; and inductively coupled
plasma–mass spectrometry (ICP–MS) for major, minor and trace elements
(Table 1).

Open beaker tests were carried out to determine the change in pH and
EC with time for different mixtures of AMD and FA. The AMD was

placed in a beaker and a known mass of FA was added, according to the
AMD:FA mixture ratio required. For example, for a 1:1 (AMD:FA) ratio,
800 g ash was added to 800 ml AMD. The mixtures were stirred for
240 minutes using an overhead stirrer (with a multi-bladed radial impel-
ler). The pH and EC were recorded at different time intervals using a
calibrated Hanna HI 99 1301 portable pH/EC/TDS/temperature probe.

After the reaction, the mixture was allowed to settle until the solid and
liquid phases were separated. Thereafter, the supernatant was decanted
and filtered using a 0.45-µm pore membrane. The samples were split into
two batches for cation and anion analysis. The samples for cation analy-
sis were acidified with analytical grade HNO3, whereas samples for an-
ion analysis were diluted with ultra-pure water and preserved in a
refrigerator at 4°C.

Strength testing

Preparation of SR
The SR for strength testing was obtained by reacting AMD and FA

in 3:1 and 4:1 ratios using a 250-l agitator, to facilitate neutralization.
Agitation was carried out until the mixture attained a neutral or
circum-neutral pH. At the end of the neutralization reactions, the
mixtures were transferred into buckets and were left for a few hours to
allow phases to separate. The supernatants were then separated from
the wet SR and both were kept in tightly sealed plastic containers.

Preparation of the samples and curing for strength tests
The samples as cylinders for the strength tests were made by slurrying

the SR with process water resulting from the neutralization of AMD with
FA. Sufficient water was added to each sample to obtain pumpable
slurry, as defined by the marsh cone tests.32 Once prepared, the slurries
were split and poured into different cylindrical tubes for curing. The
cylinders were prepared in duplicate for each AMD:FA ratio for each
curing period. The cylinders were covered with plastic bags, a bottle of
water being placed nearby to maintain the required level of humidity
during the curing process. Additional samples were prepared for curing
and strength testing, by blending the slurries of SR with 3% ordinary
Portland cement (OPC), a pozzolanic binder. The schedule of curing and
strength testing, with the different blends and periods of curing, is
given in Table 1B online. The period of curing ranged from 14 to 410 days.
Samples blended with 3% OPC were tested only for the 4:1 ratio up to
410 days.

Appendix 2
This section presents results and discussion of the pH and EC trends

during the neutralization reactions for various AMD:FA ratios.

The variation of pH with time during neutralization reactions
Figure D online shows the pH variation over time as the AMD was pro-

gressively neutralized with FA. Consistent trends were observed from
high to low AMD:FA ratios, i.e. the more FA added, the higher the pH of
the mixture. For all the AMD:FA ratios, on addition of FA there was an
immediate increase in the pH of the reaction mixture (except for the 100:1
mixture) followed by a pH plateau and finally a neutral or higher pH (for
1:1, 2:1 and 3:1 mixtures). This immediate increase in the pH on initial
contact with AMD can be attributed to the dissolution of free CaO on the
surface of the FA spheres, which is readily soluble.

On contact with AMD, under the low acidic regime the free CaO in FA
undergoes dissolution to release OH– ions.

2CaOs + 2H+ ⇒ 2Ca2+ + 2OH– (2A)

AMD constituents such as Fe3+, Fe2+, Mn2+ and Al3+ undergo hydrolysis,
thereby consuming the released OH– ions and in turn releasing protons
(H+)

Fe3+ + H2O ⇒ Fe(OH)3(s) + 3H+ (2B)

The protons released from the hydrolysis reactions offset the
pH increase from the CaO dissolution and hence a buffer region, or
pH plateau, was observed. The pH buffer region will only be overcome
when all the AMD components have been fully hydrolysed. The time
taken to overcome the buffer region also depended on the amount of FA
in the mixture. The smallest AMD:FA ratio of 1:1 exceeded the buffer
region in 10 minutes, whereas the 100:1 and 20:1 mixtures did not do so
in the contact time investigated because of the insufficient neutralizing
capacity of these mixtures (Fig. D). It should also be noted that the final
pH attained also depended on the amount of FA in the mixture and
increased with increase in FA. The buffer region was observed at a similar
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pH range for all mixtures, confirming the role played by the hydrolysis of
the AMD components: Fe3+, Fe2+ and Al3+ undergo hydrolysis in the
pH range 4–722 and the buffer region in these experiments was observed
at pH 4.5–7. Another important observation was that the time taken to
overcome the buffer region was inversely proportional to the amount of
FA in the mixture: for the AMD:FA ratios 2:1 and 3:1 the buffer region
lasted for nearly 120 minutes whereas for mixtures 4:1 and 10:1 the corre-
sponding time was nearly 240 minutes (Fig. D). In the case of the 100:1 to
20:1 mixtures, the FA did not provide enough alkalinity to increase the
pH of the solution to overcome this pH plateau in the reaction time
tested.

The observed pH plateau indicate that after an initial stoichiometric
neutralization, leading to an increase in pH to 4.5–6.5, the AMD compo-
nents hydrolysed in the buffer zone, before the residual alkalinity of the
FA allowed a further increase of pH. In addition, FA particles become
coated (‘armoured’) with Fe and Al oxyhydroxides in the buffer region,
preventing the neutralization reaction based on readily soluble species
from continuing.33 The later pH increase may indicate that FA continued
to release substantial alkalinity via the slow dissolution of its glassy
phases.34 Abrasion of particles during continuous stirring may have
enhanced this alkalinity release.35 Three factors thus seemed to dictate
the pH and nature of the final solution obtained, namely, the amount

of FA in relation to the volume of AMD, the quantity of hydrolysable
constituents available in the AMD, and the reaction time.

The variation of EC with time during neutralization reactions
Figure E online shows the variation in EC with time for different AMD:

FA mixtures. High ratios (100:1 to 10:1) did not show any significant
reduction in EC in the final water, as values remained between 7 and
9 mS/cm. This can be attributed mainly to the fact that, at such ratios, the
pH did not exceed 5.5, and most AMD constituents remained in solution.
Another factor may be the small amounts of FA added, so that the soluble
species that would be released from the ash and thus their availability for
reaction, were minimal. Ratios 4:1 to 2:1 showed a steady decrease in EC
as contaminant species were removed from solution by precipitation or
adsorption onto FA particles. For the lowest ratio (1:1), after a steep EC
decrease in the first 30–60 minutes, a slight increase occurred. This can be
attributed to the high FA content in the reaction mixture.

The factor that could lead to enhanced EC at high FA content was the
dissolution of soluble salts on the surface of ash particles and dissolution
of unreacted CaO, which contributed to increased concentration of
unreacted OH– ions.

This article is accompanied by supplementary figures and tables online
at www.sajs.co.za
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Table 1A. Chemical composition of the fly ash used in the neutralization experi-
ments.

Major oxides Concentration (%w/w) Trace element Concentration (mg/kg)

SiO2 51.5 As 12
TiO2 1.4 Cu 43
Al2O3 26.3 Mo 5
Fe2O3 5 Ni 89
MnO 0.1 Pb 47
MgO 2.5 Sr 1385
CaO 7.8 Ba 863
Na2O 0.8 Cr 178
K2O 0.7 Zn 61
P2O5 0.4 Co 28
H2O 0.1
LOI* 2.5

Total 99.1

*Loss on ignition.

Table 1B. Schedule of curing for strength testing of solid residues.

Solid residues: AMD:FA ratio AMD:FA ratio
3:1 4:1

Binder: No 3% No 3%
OPC* OPC OPC OPC

Time of curing before
strength test (days) 14

28
90 90 90

180 180 180
410 410 410

*OPC, ordinary Portland cement.

Fig. A.UCS of solid residues (for 3:1 and 4:1 mixtures) as a function of time without
the addition of cement.

Fig. B. Elastic modulus of solid residues (for 3:1 and 4:1 mixtures) as a function of
time without the addition of cement.



Fig. E. EC as a function of time for various AMD:FA ratios.

Fig. C.UCS and elastic modulus of solid residues (4:1 mixture) as a function of time
with the addition of OPC.

Fig. D. pH as a function of time for various AMD:FA ratios.


