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In this study, the inﬂuence of mole ratio dosage of Mg(OH)2 and Mg(HCO3)2 to that of Fe2+ and factors inﬂuencing the rate of Fe2+ oxidation were studied using simulated AMD. In addition, the consequence of AMD treatment
ﬁrst with Mg(OH)2/Mg(HCO3)2 and then Ca(OH)2 were evaluated. The optimised method was applied to real
AMD. The result shows mole ratio of Mg(OH)2/Mg(HCO3)2 to Fe2+ 2:1 in which aeration accompanied with stir-
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ring was found the best proportion for complete removal of Fe2+ and other metals in the form of metal hydroxide
precipitate in b 30 min. Unlike the conventional method, pre-treatment of AMD either with Mg(OH)2 or
Mg(HCO3)2 prevent gypsum precipitation along with metal hydroxides. Thus, the metal hydroxide and gypsum
were obtained from AMD treatment separately. The metal hydroxides and gypsum could be used for different industrial applications. Furthermore, the possibilities of recovery and reuse of magnesium hydroxide from the
sludge were also developed. Generally, the analysis results conﬁrmed the importance of treatment order and possibility of applying the optimised method at the plant scale.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Acid mine drainage (AMD) is a major problem all over the world, especially where coal and gold mine activities are common. The main
source of AMD is oxidation of pyrite mineral ores, which are initially exposed to air, water and microorganism by intensive mining activities

( Ak c il a nd Ko ld a s, 2 00 6; Johnson and Hallberg, 2003, 2005;
Si ma te
and Ndlovu, 2014). Formation of AMD is a slow process and also
con- tinues to be produced long after the mine closed for centuries or
even millennia (Kalin et al., 2006; Logsdon, 2002). AMD has severe
impacts on the environment and water chemistry of receiving
resources, on human health and economic of the country in which
it takes place (Anawar, 2013, 2015; Chamier et al., 2015; Cheng
et al., 2011; Kefeni
et al ., 20 15; Ki m , 2 015 ; L uk ac s an d Or to la n o, 20 15;
No c et e et a l. ,
20 05). Generally, once AMD has been created and toxic metals
dis- solved into it; treatment and reuse of such wastewater becomes
complex and expensive.
There are extensive research reports on the treatment of AMD,
among which neutralisation of AMD using slaked lime (Ca(OH)2) or
limestone (CaCO3) is the most commonly used method. The application
of this
method offers simultaneous removal of metals and sulphate
2−
(SO4 ), metals are removed as metal hydroxides precipitate while
SO42− as gypsum (CaSO4·2H2O) sludge (Maree et al., 2004; Olds et
al.,
⁎ Corresponding author.
E-mail address: kkefeni@gmail.com (K.K. Kefeni).

2013; Tolonen et al., 2014). In fact, the sludge has no economic value
due to the difﬁculty of recycling the waste metals (Chen et al.,
2014). However, there is a recent report that used AMD sludge after
modiﬁca- tion (AMD sludge encapsulated in calcium alginate) for
removal of As
(III) and As (V) from contaminated water (L ee et al ., 201 5). In
AMD treatment, particularly, more emphasis has been placed on the
removal
2−

of Fe2+ and SO4 , because these ions are usually found in a high concentration in AMD. In the presence of limestone as a neutralising
agent, Fe2+ can be easily oxidised through aeration to Fe3+ and removed in the form of Fe(OH)3 precipitate, in the pH range of 4.5 to 8.0
(Ma ree an d Ple ss is , 199 4). In this process, acid water that
contained acidity of 4 g L−1 and 580 mg L−1 of Fe2+ was neutralised
and Fe2+ con- centrations were lowered to b 100 mg L−1 within 40 min
reaction time. At different pH values, the concentration of other
metals such as alu- minium, manganese and cadmium were
reduced to very low levels (Fe n g et al . , 20 00). Other treatments
such as an integrated lime and
2−

limestone process for the treatment of acid and removal of SO4 was
developed (Geldenhuys et al., 2001). This process comprised of three
stages where AMD is neutralised with limestone in the ﬁrst stage and
followed by addition of lime to raise the pH and precipitation of SO42 −
as gypsum. Calcium carbonate is precipitated out in the third stage;
CO2(g) is also recovered and recycled back into the ﬁrst stage. This investigation showed that the magnesium hydroxide is precipitated
ﬁrst, followed
by the addition of gypsum seeds for improved removal
2−
of SO4 . The Ca(OH)2 treatment stage also managed to remove trace
metals. Previous research reports also showed that Mg(OH)2 has the
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capability of raising the pH to 10, which is sufﬁcient for removal of
metals such as manganese and zinc. These metals cannot be removed
with limestone as the pH is not raised sufﬁciently. In addition,
Mg(OH)2 produces a faster-settling rate of metal hydroxide precipitate
as well as a denser sludge compared to Ca(OH)2 or NaOH (Marshall and
Armand, 1992).
Recently, industrial by-products are tested for remediation of AMD
by several researchers (Alakangas et al., 2013; Goetz and Rieﬂer,
2014;
Mackie and W alsh, 2012; Name and Sheridan, 2014; Ondra,
2015). For
2−
example, metals and SO4 were removed simultaneously from AMD
through neutralisation with by-products obtained from quicklime
manufacturing, and its application removed over 99% of Al, As, Cd, Co,
Cu, Fe, Mn, Ni, Zn and approximately 60% of SO42− from AMD (Tolonen
et al., 2014). Similarly, Name and Sheridan (2014) treated AMD
with
2−
metallurgical slags and removed 99.7 and 75% iron and SO4 within
30 min reaction time, respectively. Goetz and Rieﬂer (2014) also used
different types of steel slag leach beds in AMD treatment and reported
their efﬁcient removal of metals from AMD. In another study, a dairy
manure composite (animal dung) has been used as an efﬁcient bio-sorbent for the removal of trace metals from simulated AMD (Zha n
g,
2011). In general, these study showed that the possibility of AMD remediation with available resources and industrial by-products as an alternative to CaO or Ca(OH)
. However, in all these studies, no mention
2 −2
was made how the SO4 and metals could be separated or changed
into industrially useful chemicals.
Recently, a number of technologies have been developed in order to
recover valuable chemicals from AMD. For example, X in gy u et
a l.
(2013) used a low pH sulﬁdogenic bioreactor for possible recovery
of copper and iron. Similarly, Fe, Cu, Zn, and Mn were recovered
separately from AMD through a stepwise selective precipitation
method by Chen
et al. (2014). Cheng et al. (2011) also developed new fuel cell
technolo- gies that based on microbial fuel cells for AMD treatment.
While treating synthesised AMD, the developed technologies were used
for generation of electricity and simultaneously for extracting
useful goethite (α- FeOOH) nanoparticles. Undoubtedly, such
experimental results showed that the possibility of conversion of
environmentally considered pol- lutants into valuable resources. In
general, such innovative experi2−
mental designs for separate removal of SO4 and metals from AMD
have several advantages. For example, metal hydroxides obtained
from AMD could be used as additives to ceramics and paint as pigment (M a rcello et al., 2008; Michalkova et al., 2013; Silva
e t a l.,
2−
, which is
2012), as adsorbent and catalyst (Vogel, 1989). The
SO4
commonly removed from AMD as gypsum could be used for building
and construction materials (Sim a te a nd Ndl ov u , 2014). Besides
envi- ronmental protection, these industrially valuable chemicals
generat- ed from AMD signiﬁcantly decrease the amount of sludge
that has to be disposed of and also make the technology costeffective. There- fore, the main objectives of this study were to: (1)
investigate the in- ﬂuence of different parameters such as mole
ratio dosage of Mg(OH) 2/Mg(HCO 3)2 to that of Fe 2+, stirring rate
and temperature (2), evaluate the importance of pre-treatment of
AMD water rich in
2−

Fe2 + and SO4 with Mg(OH)2 or Mg(HCO3) 2 and then
2 − the ﬁltrate
with Ca(OH)2 for separate removal of metals and SO4 and (3) design, recover and reuse of the input chemicals (Mg(OH)2 and CO2(g).

2. Material and methods
2.1. Chemicals

2.2. Simulated AMD
2.2.1. Experimental procedures
To study the removal of Fe2+ and other metals, a synthetic stock solution similar to gold mine (Western Basin, Gauteng, 900 mg L−1 Fe2+)
and lower concentrations (300 and 450 mg L− 1 Fe2+) were prepared
from FeSO4·7H2O. First, Mg(OH)2 was used as a neutralising agent, raising the pH to 9.5 and precipitating metal ions to form metal hydroxides.
Second, to study the impact of magnesium bicarbonate, a similar

amount of Mg(OH)2 was used and changed to bicarbonate by bubbling
CO2(g) for about 5 min. Thereafter, the solution was aerated for further
oxidation of Fe2+. To determine the optimum working conditions, four
major parameters: mole ratio of Mg(OH)2/Fe2+ and Mg(HCO3)2/Fe2+
(mole ratio 0, 1, 2 and 4), stirring speed (200, 250, 400 and 800 rpm),
temperature (14, 25, 35 and 49 °C) and rate of inlet compressed air concentration on the oxidation rate of Fe2+ were studied. In some of the experiments Fe(OH)3 was added to observe its impact on the rate of Fe2+
oxidation.
Batch studies
were also carried out to demonstrate the removal of
2−
Mg2+ and SO4 from solution with Ca(OH)2. In 8 L beaker, 5 L of simulated AMD and required amount of Mg(OH)2(s) were added. The system was aerated for rapid Fe2+ oxidation and stirred for 30 min, to
achieve complete oxidation and precipitation reactions. The reaction
was stopped when the pH of the AMD reached 9.5. Thereafter, the reaction mixture was allowed to settle and the clear liquid was decanted for
Ca(OH)2 treatment. The required amount of Ca(OH)2 was added to the
stirred decanted liquid, until the pH reached 11.5, and the mixture was
stirred for two hours, through monitoring the pH, Fe2+, alkalinity, SO42−
and Mg2+ contents. The sludge formed during Ca(OH)2 treatment was
allowed to settle and then decanted. The sludge with low water content
was treated by bubbling CO2(g) to form soluble Mg(HCO3)2. Further,
after settling the reaction mixture, the ﬁltrate was heated to 75 °C in
order to decompose Mg(HCO3)2 into CO2(g), MgCO3(s) and H2O. This
ﬁnal MgCO3 was heated and used as a source of CO2(g) and MgO(s).
These chemicals can be reused in the treatment process again to form
Mg(HCO3)2 and Mg(OH)2, respectively. Alternatively, the ﬁltrate solutions containing Mg(HCO3)2) can be used directly to treat fresh AMD.

The schematic diagram of the experimental set-up is given in Fig. 1.
2.2.2. Chemical analysis
Collected samples at various stages in the treatment process
were
2+
ﬁltered
(Whatman No 1 ﬁlter paper) and analysed for pH, Fe
2−

, acidity,

SO4 and other metal concentrations. The pH of the ﬁltrate was determined by digital pH metre, the metal concentrations in the ﬁltrate
were determined using inductively coupled plasma-optical emission
spectrometry (ICP-OES). The acidity was determined by titration to
pH 8.3 using a pre-standardised 0.1 N NaOH solution with 0.1 N HCl.
For determination of Fe2+ concentration, 10 mL of each 1 N H2SO4,
10 mL of Zimmermann-Reinhard Reagent and 10 mL of the sample
were added into a 100 mL Erlenmeyer ﬂask, and titrated with 0.1 N
KMnO4 solution until pale pink colour observed ( Flo res et a l.,
201 2).
2−
−1
The SO4 concentration (mg L ) was determined according to standard procedures outlined in (APHA, 1995).
2.2.3. Real AMD
In order to investigate the feasibility of application of the optimised
method for Fe+2 and other metal ions removal from real AMD, samples
were collected from gold mine (Western Basin, Gauteng)
and coal mine
2−
(Emalahleni, Mpumalanga). Initially, Fe2+ and SO4 concentration, pH,
Analytical grade chemicals of FeSO4·7H2O, purity ≥ 98% (Merck,
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Darmstadt, Germany), Mg(OH)2 (CP grade, May and Baker Ltd., Dagenham, England), Ca(OH)2 (95%, CP grade, Rochelle chemicals, South Africa), CO2(g) in cylinder (Technical grade, Wet, Afrox, South Africa) were
purchased. In addition, compressed air produced by high pressure;
Afrox, South Africa was used.

conductivity and TDS were determined. For each experiment, 500 mL of
AMD sample was taken and added into a 800 mL beaker, thereafter, the
optimised conditions on the simulated AMD were applied. Brieﬂy, required amount of Mg(OH)2(s) was added to the samples. The system
was stirred and aerated for rapid Fe2+ oxidation for 60 min. For the bicarbonate experiment, the same amount of Mg(OH)2 was added, continuously stirred and CO2(g) was bubbled for the ﬁrst 5 min, after
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Fig. 1. Schematic diagram of AMD treatment using Mg(OH)2/Mg(HCO3)2 and Ca(OH)2, for separate removal of metals and sulphate.

which air was introduced for oxidation. During each experiment, the
samples were taken at 0, 2, 5, 10, 20 and 60 min then ﬁltered, pH, con2−

ductivity, Fe2+ and SO4 concentrations were determined. On the other
hand, for AMD collected from a coal mine, based on the removal capacity of Mg(OH)2/Mg(HCO3)2 and Ca(OH)2 observed for AMD of a gold
mine, only 30 min reaction time was applied. Furthermore, only the
composition of the raw and ﬁnal treated ﬁltrate was taken and analysed,
in order to reduce the cost of analysis.
3. Results and discussion
3.1. Effects of Mg(OH)2, Mg(HCO3)2 and other parameters on the rate of
Fe2+ oxidation
3.1.1. Effects of Mg(OH)2 on the Fe2+ oxidation under different conditions
The effects of different parameters on the rate of Fe2+ oxidation
under batch conditions when Mg(OH)2 is used for neutralisation are
presented in Fig. 2. It was noted that free acid was removed rapidly
until only Fe2+ acidity was left in the solution. The acidity associated
with Fe2+ in the solution was removed as Fe2+ was oxidised as indicated by the similarity of the acidity and Fe2+ lines (both expressed in
mmol L− 1). The pH of the water remained below 5.5 while Fe2+ was
still in solution. The pH was raised to above 9 after complete removal
of Fe2+. The behaviour of Fe2+ oxidation observed in this study was

similar to that observed when CaCO3 was used for neutralisation
(Maree et al., 2004), Fe2+ oxidation takes place in the pH range of 5–
6
during magnesium hydroxide dosage (Fig. 2).
3.1.1.1. Effect of Mg(OH)2/Fe2+ mole ratio. The effect of mole ratio of
Mg(OH)2/Fe2+ on the rate of Fe2+ removal in the presence and absence
of synthesised Fe(OH)3 seeds are presented in Fig. 3A and B. In the presence of Fe(OH)3, as the mole ratio of magnesium hydroxide increased,
the rate of oxidation of Fe2+ also increased (Fig. 3A). The increase in
Fe2+ oxidation was accompanied by pH increase but for the sample in
which magnesium hydroxide was not added it was constant. Further,
the results have shown signiﬁcant oxidation of Fe2+ within a short
time for the mole ratio of Mg(OH)2/Fe2+ 2 and 4. This can be explained
in terms of the amount of magnesium ions available to facilitate oxidation of Fe2+ by providing the hydroxide ions to form Fe(OH)3
precipitate.
At high magnesium hydroxide concentration, relatively, constant
supply of Mg2+ for a longer period was observed, which in turn facilitated oxidation of Fe2+ to Fe3+ and its removal as Fe(OH)3 precipitate. In
addition, the results have shown that Fe2+ oxidation follows the same
trend for all magnesium hydroxide concentrations with Mg(OH)2/
Fe2+ ≥ 1.0. For all these ratios, the Fe2+ oxidation starts linearly followed by slowing down as the Mg2+ ions depleted from the solution. This
indicates that the reaction is faster at high levels of magnesium

Fig. 2. Effects of different parameters on Fe2+ oxidation using Mg(OH)2.
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Fig. 3. Effect of Mg(OH)2/Fe2+ mole ratio on the rate of Fe2+ removal at 25 °C and stirring speed of 250 rpm, A. with 1.72 g L−1 Fe(OH)3 and B. without Fe(OH)3.

hydroxide concentrations and slows down gently with the depletion of
the hydroxide ions. However, in the absence of magnesium hydroxide,
oxidation of Fe2+ is very slow as shown in Fig. 3A. The result clearly
showed that the rate of oxidation of Fe2+ can be enhanced by the addition of magnesium hydroxide. Therefore, taking into consideration the
cost of magnesium hydroxide, it is sufﬁcient to use a mole ratio of
Mg(OH)2/Fe2+ 2:1 than 4:1 to achieve a similar rate of oxidation of
Fe2+. Comparison of the two results also revealed that presence of
Fe(OH)3 seeds has an insigniﬁcant effect on the rate of oxidation and removal of Fe2+ (Fig. 3A and B).
3.1.1.2. Effect of stirring rate on the Fe2+ oxidation. As stirring rate increased, a general increase in Fe2+ oxidation was observed. Because
stirring increases the proper contact of reacting species in the mixture;
hence, initial rates were higher at higher stirring rates. The results of this
study are depicted in Fig. 1 of Supplementary materials (Fig. Sub. 1). At
the start of the reaction time, a sharp increase in pH and fast oxidation of
Fe2+ was observed. In particular, those with lower stirring rates (200
and 250 rpm) showed slightly slow oxidation of Fe2+ whereas the
higher (400 and 800 rpm) a little faster. The possible reason may be
that the faster stirring allows more oxygen to enter into the solution
and enhanced the oxidation of Fe2+. In addition, stirring increase the
number of collision of the particles, which in turn increase the rate of
Fe(OH)3 precipitate formation. Actually, there is no signiﬁcance differences were observed between stirring rates of 250 and 400 rpm. Furthermore, no differences were observed among the three higher
stirring speeds considered (250, 400 and 800 rpm) after 20 min reaction
time. Therefore, taking into consideration the power required for stirring, it is almost realistic to use 250 rpm stirring rates than higher ones.

3.1.1.3. Effect of temperature on the Fe2+ oxidation. The effect of temperature in the presence of Mg(OH)2/Fe2+ = 2 was investigated and the
results are presented in Fig. 4. The result showed increasing in temperature increased rate of Fe2+ oxidation and facilitated its removal in the
form of Fe(OH)3 precipitate. Actually, heat is one of the important parameters that facilitate a chemical reaction. According to nucleation theory of particle formation, reaction takes place to produce monomers
during the heating period, as the reaction proceeds the concentration
of monomers increase and nucleation occurs when the monomer concentration reaches beyond the saturation point (Pauline and
Amaliya,
20 11). In this experimental condition, the energy supplied by heat
due to temperature facilitated Fe3+ and hydroxide ion (OH−)
interaction, which in turn resulted in ease of Fe(OH)3 precipitate
formation. Sam- ples taken at 20 min of reaction time showed that
80, 94, 94 and 97%
of Fe2+ removal corresponding to 14, 25, 35 and 49 °C temperature, respectively. The percentage removal of Fe2+ that was observed at 5 min
for 49 °C (72%) is the same with that was achieved at 10 min of the sample under 25 °C. The results have shown as the temperature doubled the
rate of reaction also doubled, which means reaction time decreased by
half.
3.1.1.4. Effect of Fe2+ initial concentration. Effect of initial Fe2+ concentration on the rate of Fe2+ removal from AMD was investigated using initial concentrations of 300, 450 and 900 mg L−1 of Fe2+. For this study,
temperature of 25 °C, stirring speed of 250 rpm and Mg(OH)2/Fe2+
mole ratio of 2 were used. These conditions were chosen based on the
deemed optimum realistic conditions observed in the above sections. Irrespective of the amount of input concentrations of Fe2+, very fast increase in pH in between 0 and 1 min and almost constant pH in
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Fig. 4. Effect of temperature on the rate of Fe2+ oxidation in the presence of 1.72 mg L−1 Fe(OH)3 sludge, stirring speed of 250 rpm and Mg(OH)2/Fe2+ = 2.

between 1 and 20 min of reaction time were attained. This showed
faster dissolution of Mg(OH)2 and slower formation of Fe(OH)3 below
1 min while in between 2 and 20 min, the rate of hydroxyl ion formation
from Mg(OH)2 dissolution and its rate of consumption by Fe3+ (in order
to form Fe(OH)3) were almost the same. However, rapid increase in pHs
were observed in the order of increasing input concentrations of Fe2+ in
between 20 and 35 min reaction time, and then remained constant at an
average pH value of about 9.5. In terms of Fe2+ removal, the results
showed that 89, 93 and 97% of Fe2+ removal in the ﬁrst 30 min, corresponding to the Fe2+ input concentrations of 300, 450 and
900 mg L−1, respectively. After 30 min reaction time, no signiﬁcant differences were observed in terms of percentage removal of Fe2+ among
the three different input concentrations of Fe2+. Based on the obtained
results, it is possible to conclude that rate of Fe2+ oxidation is mainly
dependent on the Mg(OH)2/Fe2+ ratio rather than initial input concentrations of Fe2+. The results of this study are presented in Fig. 2 of Supplementary materials (Fig. Sub. 2).
3.1.2. Effects of Mg(HCO3)2 on the Fe2+ removal under different conditions
Under this section, the inﬂuences of Mg(HCO3)2 mole ratio to that of
Fe2+ and temperature on the Fe2+ oxidation in the presence of
Mg(HCO3)2 are discussed.
3.1.2.1. Effect of Mg(HCO3)2/Fe2+ mole ratio. The results of Fe2+ removal
from simulated AMD when treated with Mg(HCO3)2 are presented in
Fig. 5. Relatively, the rate of Fe2+ removal was higher for the mole ratios
of 2 and 4 within 20 min reaction time. These mole ratios show higher
nucleation rates relative to the rest. This was attributed to the higher

concentration of Mg(HCO3)2 formed which can release an equivalent
number of magnesium and bicarbonate ions. Excess bicarbonate produced from magnesium bicarbonate dissolution remove proton acidity,
thereby raising the pH (Hedin and Nair n, 1992). In addition, due to
aer- ation, oxidation of Fe2+ to Fe3+ is enhanced and easily resulted in
pre- cipitation of Fe(OH)3. This can be observed from Fig. 5 that shows
faster
Fe2+ removal for higher Mg(HCO3)2 concentration. The differences in
the rate of Fe2+ removal between the two higher ratios were observed
only before 20 min reaction time. The same percentage removal of Fe2+
(94%) was recorded as observed from sample analysis taken at 20 min of
reaction time. Therefore, it is possible to conclude that Mg(HCO3)2/
Fe2+ = 2 is sufﬁcient for AMD treatment.
3.1.2.2. Effect of temperature in the presence and absence of Fe(OH)3 seeds
on the Fe2+ oxidation in Mg(HCO3)2 solution. The inﬂuence of temperature on the rate of Fe2+ oxidation in the absence and presence of
Fe(OH)3 are presented in Fig. 6A and B, respectively. The results show
that the higher the temperature and presence of seed enhanced the removal rate of Fe2+. On the other hand, insigniﬁcant differences in oxidation of Fe2+ were noticed between 35 and 50 °C temperature, under
both conditions. Similarly, the corresponding percentage removal of
Fe2+ for experiments conducted at 25 °C based on the sample taken at
10, 20, 30 40 and 60 min, in the presence and absence of the seed corresponds to 69, 88, 94, 97 and 97% and 69, 77, 88, 94 and 97%, respectively
(Fig. 6A and B), showing that insigniﬁcant differences between the two
conditions. Therefore, in order to minimise cost of treatment, AMD
treatment at room temperature in the absence of Fe(OH)3 seeds
seems more preferable.
3.2. Recovery of input chemicals

Fig. 5. Effect of Mg(HCO3)2/Fe2+ mole ratio on the rate of Fe2+ removal, temperature 25 °
C, stirring speed 250 rpm, Fe(OH)3 = 1.72 g L−1 and mole of Mg(HCO3)2 varied.

As previously stated, simulated AMD was ﬁrst treated with
Mg(OH)2, Fe2+ was oxidised and removed as a precipitate according
to reaction 1. In the second step, Ca(OH)2 was added for the complete
removal
of magnesium as Mg(OH)2(s) at pH 11.5, reaction 2, and
2−
SO4 removed through gypsum crystallization, reaction 3. Mg(OH)2
which was precipitated together with gypsum could be converted into
soluble Mg(HCO3)2 by bubbling CO2(g) through Mg(OH)2 rich sludge,
reaction 4. It was also noted that the solubility increased with decreasing in temperatures (Fig. 7). At 15 °C, based on the concentration of
Mg ions detected in the solution about 40% of Mg(OH)2 was dissolved
and converted to Mg(HCO3)2. The concentration of magnesium was
tested at an interval of 20 min to achieve the optimum recovery compared with the input magnesium. Finally, the sludge and the solution
part were separated. The solution part further heated to drive off
CO2(g) and form MgCO3(s), reaction 5. It should be also noted that the
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A
MgðOHÞ2 ðsÞ þ CO2 ðaqÞ→MgðHCO3 Þ2 ðaqÞ

ð4Þ

MgðHCO3 Þ2 ðaqÞ þ heat→MgCO3 ðsÞ þ CO2 ðgÞ þ H2 OðlÞ

ð5Þ

MgCO3 ðsÞ þ heat→MgOðsÞ þ CO2 ðgÞ

ð6Þ

3.3. Real AMD

B

2+

Fig. 6. Effect of temperature on the rate of Fe
oxidation with stirring speed of 250 rpm,
Mg(HCO3)2/Fe2+ = 2, A. without Fe(OH)3, B. with 1.72 mg L−1 Fe(OH)3 seeds.

bicarbonate solution can be directly used in the ﬁrst step for treating
fresh AMD. Furthermore, MgCO 3(s) can be heated in order to form
MgO(s), reaction 6. The recovered metals from the sludge were calculated based on the amount of pure chemicals initially used. Accordingly,
84, 87 and 91% of Fe, Ca and Mg in the form of Fe(OH)3, CaSO4·2H2O
and MgO were recovered after treatment, respectively. These recovered
chemicals could be reused and make the process cost-effective.
/

2Fe2þ ðaq:Þ þ 1 O22 ðgÞ þ 2Hþðaq:Þ þ 3MgðOHÞ ðsÞ→2FeðOHÞ
ðsÞ
2
3
þ 3Mg2þ ðaq:Þ þ H2 OðlÞ

ð1Þ

Mg2þ ðaq:Þ þ CaðOHÞ ðaq:Þ→MgðOHÞ ðsÞ þ Ca2þ ðaq:Þ
2

ð2Þ

2

The analysis results of real AMD from gold mine are presented in Fig.
8. This real AMD has a conductivity of 6.4 mS cm−1, pH of 2.69, acidity
2200 mg L−1 CaCO3 equivalent and 922 mg L−1 of Fe2+. Similar to simulated AMD, better removal of Fe2+ was observed when AMD sample
treated with Mg(OH)2 that is bubbled by CO 2(g) or (Mg(HCO3)2).
After 20 min reaction time, 70 and 82% of Fe2+ were removed when
Mg(OH)2 and Mg(HCO3)2 were used, respectively. The corresponding
Fe2+ removal for samples taken at 60 min was 85 and 91%, respectively.
The result clearly shows better performance of Mg(HCO3)2 than
Mg(OH)2 for fast Fe2+ oxidation. The acidity decreased to 400 and
250 mg L− 1 of CaCO3 equivalent after treated by Mg(OH)2 and
Mg(HCO3)2 for 60 min, respectively. Compared with the simulated
AMD, more magnesium hydroxide or magnesium bicarbonate mole ratios to Fe2+ were required for complete oxidation of Fe2+. Such disparity is due to the difference in acidity strength and other trace metals
which consume hydroxide ions in forming their corresponding metal
precipitates in real AMD. Thus, for complete removal of toxic trace
metal pollutants from AMD, initial determination of the concentrations
of all trace metal ions present in the real AMD are required. Based on the
analysis results, it is possible to apply the required dosage for fast removal of trace metal contaminants.
For AMD sample from a coal mine, two steps treatment using either
Mg(OH)2 or Mg(HCO3)2 and followed by Ca(OH)2 were tested and the
analysis results are presented in Table 1. The analysis results showed
that treatment with Mg(OH)2 almost completely removed transition
metals and others (Al, Mn, Fe, Co, Ni, Pb and Zn) through their corresponding hydroxide precipitate. For clarity, their corresponding percentage removals are given in Fig. 9. The Ca(OH)2 treatment of the
ﬁltrate
obtained from Mg(OH)2 and Mg(HCO3)2 removed 75 and 67%
2−
2 − min showing rapid removal, respectively. However, inof SO4 , in 30
removal is an indication of additional reaction time recomplete SO4
quirement for minimizing its concentration. This could be inferred
from the high concentration of calcium detected in the2−
ﬁltrate (Table
1). It should be noted that after complete removal of SO4 any calcium
residue can be easily removed as CaCO3(s) through bubbling excess
CO2(g). On the other hand, it had removed almost complete magnesium
but none of the treatment conditions removed sodium (Table 1). Such

2−

2þ

SO4 ðaq:Þ þ Ca ðaq:Þ þ 2H2 OðlÞ→CaSO4 · 2H2 OðsÞ

ð3Þ

Fig. 7. Effect of temperature on the solubility of CO2(g) in aqueous solution of Mg(OH)2.

treated water could be used for agricultural purpose. However, if such
water is required for drinking purpose, a ﬁnal treatment with ion exchange or reverse osmosis is required for complete removal of any residual metals.
2−
concentration almost
During AMD treatment with Mg(OH)
2, SO4
2−
remained constant, only 1.8% of SO4 incorporated into the metal hydroxide precipitate. This might be due to high solubility of MgSO4
which is 26 g L−1 (Hedin and Nairn, 1992), but bubbling CO2(g)
through
2−
Mg(OH)2 slightly decreased the concentration of SO4 , which corresponds to 11.6% removal. Generally, separate removal of trace metals
and gypsum has got many advantages. For example, unlike the conventional method, the produced sludge is not voluminous and disposed in
landﬁll sites. Studies have shown that metal hydroxide sludge produced
from AMD are industrially important for the production of inorganic
pigments (Ma rc el lo et a l. , 2 00 8; Mic h a lk ov a et a l. , 201
3; Si lva et a l. ,
2012), and ferrite (Wei et al., 2008). Gypsum also very important as
it is one of the raw materials in cement production, which could be
used for construction materials (Simate and Ndlovu, 2014). As Fig. 1
shows, the experimental set-up is easily manageable, compressed air
is cheap
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Fig. 8. Changes observed in different parameters during real AMD treatment using Mg(OH)2 and Mg(HCO3)2: A. conductivity and pH, B. rate of Fe2+ oxidation.

and can be obtained using air compressor and the only chemicals required are Mg(OH)2 and Ca(OH)2. Therefore, the method could be easily
applied to the plant scale without any complexity.
4. Conclusions
This study demonstrated the importance of integrated Mg(OH)2 or
Mg(HCO3)2 and Ca(OH)2 process for effective AMD treatment. Both
Table 1
−1
Concentrations of cations and anions in mg L
before and after treatment of AMD collected from coal mine area.
Parameter

Feed

Mg(OH)2

Ca(OH)2

Mg(HCO)2 Ca(OH)2

2.5
0.0
7434
5500

3527
60
9.2
60
7299
50

5626
30
12.9
2132
1850
0.0

3527
60
7.3
50
6572
0.0

5066
30
12.8
3548
2158
50

186
1.1
2.1
301
509
23.7
1888
457
67.8
7.6
8.8
6.9
5.1
19.7
18,307

172
1.4
1.7
987
511
1.4
0.0
11.2
0.2
0.3
0.1
0.9
0.8
0.0
2753

174
1.2
0.0
11.2
1346
0.9
0.0
1.1
0.0
0.0
0.3
0.2
0.5
0.0
2105

187
1.1
1.9
178
546
1.1
0.0
1.3
0.1
0.4
0.0
1.1
0.7
0.1
18,277

188
0.9
1.9
1.3
1935
0.1
0.0
0.5
0.0
0.5
0.0
0.1
0.3
0.1
7461

−1

Dosage (mg L )
Time (min)
pH
Alkalinity (mg L−1 CaCO3)
Sulphate
Total acidity (mg L−1
CaCO3)
Sodium
Lithium
Potassium
Magnesium
Calcium
Aluminium
Iron(II)
Iron(III)
Manganese
Copper
Zinc
Lead
Cobalt
Nickel
TDS (mg L−1)

Mg(OH)2 and Mg(HCO3)2 in the mole ratio of 2:1 to that of Fe2+ are effective for metal removal under a pH controlled conditions. Fe2+ with a
concentration of 900 mg L−1 was completely oxidised within 10 min reaction time and precipitated as Fe(OH)3 together with other metal hydroxides, in the absence of gypsum precipitation. The application of
optimum conditions achieved on simulated to real AMD also showed
that the effectiveness of Mg(OH)2/Mg(HCO3)2 and Ca(OH)2 process. In
addition, the metal hydroxides could be further processed in order to
obtain commercially useful chemicals. The recovery and reuse of input
chemicals used in this process make the process more attractive and
cost-effective. Mg(OH)2 or Mg(HCO3)2 is superior to Ca(OH)2 and limestone in precipitating metals as hydroxides separately from gypsum.

Fig. 9. Percentage removal of some selected metals given in Table 1.
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