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Abstract Recent studies have shown that a combina-

tion of coal fly ash (FA) and Al(OH)3 can be used to

treat neutral mine drainage (NMD) and reduce sulphate

concentration to within South African drinking water

quality levels, Class II (400–600 mg/L). The short-

comings of this method were the large amounts of FA

required to raise the pH to greater than 11 (3:1 liquid-

to-solid ratio) so that Al(OH)3 can be added to facilitate

removal of sulphate ions through ettringite precipita-

tion. This requires large silos to store FA, making up-

scaling of this treatment technology using normal

mixing methods to be unrealistic. In the current study, a

jet loop reactor was used to reduce the amount of FA

needed to increase the pH to greater than 11. The pH

was raised to greater than 11 by mixing 0.25 % of lime

(w/v ratio) and 13 kg of coal FA with 80 L of NMD in

a jet loop reactor. After the pH of the mixture was

above 11, amorphous Al(OH)3 (83.2 g) was added to

the mixture. This resulted in the sulphate concentration

decreasing to less than 500 mg/L. Bench-scale studies

using 0.25 % (w/v) of lime and 6:1 coal mine water to

FA ratio could not reduce the sulphate concentration to

below 500 mg/L. Therefore, the impingement and cav-

itation mixing techniques that happen in a jet loop

reactor played an important role in enhancing sulphate

removal.

Keywords Sulphate � Neutral mine drainage � Ettringite �
Impingement � Cavitation

Introduction

Mining activities in South Africa have left underground

voids and mine tailings containing pyrite (FeS2) mineral

exposed to O2 and H2O. Exposing FeS2 to H2O and O2

produces acidity as shown in Eq. 1. The acidity generated

enhances chemical weathering of the surrounding rock.

This causes leaching of potential toxic elements such as Al,

Mn, As and Cr into the water producing highly contami-

nated water termed acid mine drainage (AMD) (Lot-

termoser 2007).

FeS2 þ 7

2
O2 þ H2O �!bacteria

Fe2þ þ 2Hþ þ 2SO2�
4 ð1Þ

The mine water can be acidic or alkaline depending on

the type of geology that was disturbed during mining. If the

surrounding rock contains alkaline minerals such as

limestone, sodium hydroxide or dolomite, the resultant

water can be circumneutral due to in situ neutralization of

the acidity from FeS2 oxidation as shown in Eqs. 2–4

(Banks et al. 1997; Younger et al. 2002; Lottermoser

2007).

FeS2 þ CaMgðCO3Þ2 þ 3

2
H2Oþ 15

4
O2

! FeðOHÞ3 þ Ca2þ þMg2þ þ 2CO2 þ 2SO2�
4 ð2Þ
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FeS2 þ 2CaCO3 þ 3

2
H2Oþ 15

4
O2

! FeðOHÞ3 þ 2Ca2þ þ 2CO2 þ 2SO2�
4 ð3Þ

4FeS2 þ 16NaOHþ 15O2 ! 4FeðOHÞ3 þ 16Naþ

þ 8SO2�
4 ð4Þ

Chemical treatment of mine water is a costly process

(Potgieter-Vermaak et al. 2006; Labastida-Núñez et al.

2013). Previous studies have shown that the

concentrations of Fe, Al, Mn and sulphate in AMD

were significantly decreased during the treatment of mine

water with coal FA (Gitari et al. 2006; Petrik et al. 2003;

Vadapalli et al. 2008). Removal of sulphate ions from

neutral mine drainage (NMD) with coal fly ash (FA) was

found to be pH-dependent. Significant removal of

sulphate ions was noticed after precipitating out Mg2?

ions from the system at pH greater than 11 (Madzivire

et al. 2011). It was also discovered that addition of

Al(OH)3 at pH greater than 11 resulted in sulphate

concentration decreasing to below the WHO guidelines

for drinking water through ettringite precipitation

(Madzivire et al. 2010).

6Ca2þ þ 3SO2�
4 þ 2AlðOHÞ3 þ 32H2O

$ 3CaO � 3CaSO4 � Al2O3 � 32H2Oþ 6Hþ ð5Þ

The challenge experienced with this treatment

approach was the high amount of coal FA that was

needed. This means that large silos were required to store

the coal FA at the treatment plant. Also, the optimum

liquid-to-solid ratio of 3:1 needed using an overhead

stirrer mixing technique produced a thick slurry that

cannot be easily handled by normal pumps making up-

scaling of this process difficult and reduced the amount of

recovered treated water.

Superior mixing with a jet loop reactor can be used

as one way to reduce the amount of coal FA that can be

utilized in the treatment of mine water. The jet loop

reactor has been used in the selective hydrogenation of

palm olein (Sin 2005). It promotes a faster reaction rate

by exerting a higher mass transfer rate and mixing

intensity compared to continuous stirred tank reactor

(Sin 2005). Intense mixing in a jet loop occurs due to

hydrodynamic cavitation and impingement processes

that occur inside the reactor (Gavi et al. 2007; Mason

2007; Kumar et al. 2000). Hydrodynamic cavitation is

produced by pressure variations due to the changes in

the geometry of the system in which the solution is

flowing through. This happens when a solution flows

through a small orifice, thereby causing the pressure and

kinetic energy to drop (Mason 2007; Kumar et al.

2000). The turbulence produces an area of greatly

reduced fluid pressure causing vaporization of the

liquid, forming a cavity. Hydrodynamic cavitation can

be controlled by adjusting flow rate, pressure and orifice

size. Intense mixing of the reactants results in the for-

mation of metastable phases causing the kinetics to be

increased. A very important aspect of this type of pro-

cessing is that it can be scaled up easily. In this study,

the use of the jet loop reactor was investigated in order

to reduce the amount of coal FA required for the

treatment of mine water. This work was conducted in

the Environmental and Nano Sciences Research Group

laboratory (Chemistry Department) at the University of

the Western Cape, Cape Town, South Africa. This work

was finished in January 2011.

Materials and methods

The mine water used in this study was collected from a coal

mine in Mpumalanga Province, South Africa. The mine

water was analysed using inductively coupled plasma

optical emission spectroscopy (ICP-OES) and ion chro-

matography (IC). Fly ash was collected from electrostatic

precipitators of a nearby coal power station and sealed in

plastic bags devoid of air. The FA was analysed using

X-ray fluorescence spectroscopy (XRF) and X-ray dif-

fraction spectroscopy (XRD) for the elemental and min-

eralogy composition, respectively.

Optimization of the amount fly ash and lime required

The following experiments were conducted in order to find

the optimum conditions (jet sizes, amount of FA and

minimum amount of lime) required to increase the pH of

the mine water to pH greater than 11 in order to precipitate

sulphate in the form of ettringite.

A. Mine water (80 L) and coal FA (13 kg) were mixed

together using a jet loop reactor with jet nozzle sizes

set at 8 mm. The mixture of mine water and coal FA

was mixed by a combination of impingement and

cavitation in the reactor. The pH and EC were

measured after every 15 min, and samples were

collected after every 30 min. The samples were

filtered using a 0.45 lm filter paper and analysed

using ICP-OES and IC.

B. Mine water (80 L) was mixed with 16 kg FA using a

jet loop reactor with jet nozzle sizes set at 8 mm. The

mixture was mixed by a combination of impingement

and cavitation in the reactor measuring pH and EC

after every 15 min. Aliquot samples were collected

after 30 min, filtered using a 0.45 lm filter paper and

analysed using ICP-OES and IC.
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C. The jet nozzle sizes were changed from 8 to 6 mm.

Then, mine water (80 L) and 16 kg coal FA were

reacted in a jet loop reactor, measuring pH and EC

after every 15 min. Aliquot samples were collected for

analysis using ICP-OES and IC after every 30 min.

D. Mine water (500 mL) was mixed with coal FA (83 g)

using an overhead stirrer. Different amounts of lime

were added to the mixture (w/v % of lime to the

mine water). The various amounts of lime added

were 0.25, 0.5, 0.75 and 1 %. For each mixture,

0.52 g of Al(OH)3 was added after 15 min. The

reaction was carried on after adding Al(OH)3,

measuring pH and EC after 15 min and collecting

samples after every 30 min. The samples were

filtered through 0.45 lm filter paper and analysed

using ICP-OES and IC.

Optimization of the jet loop reactions

Experiments were further carried out using a combination

coal FA and 0.25 % of lime (w/v) at liquid-to-solid ratio

of 6:1 in a jet loop reactor. The first set of three exper-

iments was done to investigate the effect of jet size on

sulphate removal. The jet nozzle sizes were varied from

6, 8, 10 and 12 mm. Mine water (80 L) was reacted with

coal FA (13 kg) and 0.25 % lime (w/v %). After 15 min,

83.2 g of Al(OH)3 was added. The reaction was allowed

to proceed for 150 min measuring pH and EC after every

15 min. Samples were collected after every 30 min, fil-

tered through a 0.45 lm filter paper and analysed using

ICP-OES and IC.

Results and discussion

The mine water used in this study was neutral mine

drainage (NMD) with a pH of 8.0 (Lottermoser 2007). The

water contained high concentration of Na and sulphate,

with very low concentration of Fe, Al, Mn, Ca and Mg as

shown in Table 1. This was because of the in situ neu-

tralization acidity produced from FeS2 oxidation by NaOH

according to Eq. 4.

The percentage composition of coal FA was determined

using XRF. The results obtained showed that the coal FA

was made of mainly SiO2 (48.27 %), Al2O3 (30.89 %),

CaO (6.71 %), Fe2O3 (2.81 %), MgO (2.12 %), TiO2

(1.26 %), P2O5 (0.89 %), K2O (0.84 %), Na2O (0.55 %),

SO3 (0.19 %) and MnO (0.02 %). The coal FA used was

Class F because the percentage sum of Fe2O3, SiO2 and

Al2O3 was greater than 70 % (ASTM 1994; McCarthy

1988).

Optimization of the amount fly ash and lime required

Coal FA and NMD were reacted together using a liquid-to-

solid ratio 6:1 and 5:1 in a jet loop reactor with jet sizes set

at 8 mm. The 5:1 and 6:1 liquid-to-solid ratios could not

overcome the pH barrier to achieve a pH greater than 11

after mixing for up to 120 min as shown in Fig. 1. The pH

in NMD and FA mixture increased due to the dissolution of

lime in FA.

CaOðsÞ þ H2O! Ca2þ þ 2OH� ð6Þ
The pH above 11 was required so that Al(OH)3 could be

added to precipitate out sulphate as ettringite. Ettringite is

more stable at pH 11.5–12.5; therefore, no Al(OH)3 was

added at this stage (Myneni et al. 1998).

Table 1 The composition of the mine water used in this study

Parameter (units) Mean ± standard deviation

pH 8.0

Alkalinity (mg/L of CaCO3) 554

Sulphate (mg/L) 1,475.25 ± 15.23

Cl (mg/L) 24 ± 0

Na (mg/L) 886.58 ± 36.77

Ca (mg/L) 70.35 ± 7.93

Mg (mg/L) 39.54 ± 1.87

K (mg/L) 9.94 ± 2.37

B (mg/L) 2.61 ± 1.34

Hg (mg/L) 2.43 ± 1.92

Sr (mg/L) 2.05 ± 0.09

Si (mg/L) 1.28 ± 0.78

Se (mg/L) 1.12 ± 1.65

P (mg/L) 1.03 ± 1.55

Al (mg/L) 0.55 ± 0.42

Zn (mg/L) 0.41 ± 0.72

Ba (mg/L) 0.20 ± 0.04

Cu (mg/L) 0.19 ± 0.05

Li (mg/L) 0.18 ± 0.02

Fe (mg/L) 0.06 ± 0.14

Ni (mg/L) 0.02 ± 0.15

Ti (mg/L) 0.017 ± 0.021

Be (mg/L) 0.017 ± 0.012

Mn (mg/L) 0.0094 ± 0.025

As (mg/L) 0.0014 ± 0.002

Cd (mg/L) 0.005 ± 1.07

Cr (mg/L) BDL

V (mg/L) BDL

Co (mg/L) BDL

Pb (mg/L) BDL

Mo (mg/L) BDL

BDL means below detection limit
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The jet nozzle sizes were changed from 8 mm to 6 mm

in an attempt to increase the mixing intensity of coal FA

and mine water through the increase in cavitation. This did

not achieve a pH of greater than 11.5 as shown in Fig. 2.

The treatment of the mine water with coal FA in a jet

loop reactor, with jet sizes set at 8 mm, is shown in

Fig. 3. Results indicated that increasing the amount of

FA from 13 to 16 kg did not show any increased per-

formance in the cleanup of the mine water. Na con-

centration remained constant; Ca and sulphate
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Fig. 1 The pH, electrical conductivity (EC) and temperature profile during the treatment of NMD (80 L) with FA in a jet loop reactor with jet

sizes set at 8 mm [13 kg of FA (a) and 16 kg of FA (b)]
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Fig. 2 The pH, electrical conductivity (EC) and temperature profile

during the treatment of NMD (80 L) with 16 kg of FA in a jet reactor

with jet sizes set at 6 mm
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Fig. 3 Na, Ca, Mg and sulphate concentration during the treatment of NMD (80 L) with FA in a jet loop reactor with jet sizes set at 8 mm [l3 kg

of FA (a) and 16 kg of FA (b)]
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NMD (80 L) with 16 kg of FA in a jet loop reactor with jet sizes set at
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concentration increased due to leaching from coal FA

into the mine water. The concentration of Mg was

decreased by almost 100 % when the pH of the mine

water was increased to above 10. Magnesium is known

to precipitate out as Mg(OH)2 at pH greater than 11

according to Eq. 7 (Madzivire et al. 2011). The increase

in the concentration of Ca and sulphate resulted in the

increase in EC according to Eq. 6 (Fig. 1).

Mg2þ þ 2OH� $ MgðOHÞ2ðsÞ ð7Þ
Changing the jet nozzle size to 6 mm and maintaining

the amount of FA at 16 kg did not result in the significant

difference from the results obtained using a jet size of

8 mm (Figs. 3b, 4). The Na concentration remained the

same, while Ca and sulphate leached from FA into the

water. The Mg concentration decreased by almost 100 %

after the pH increased above than 10 after 60 min.

0

2

4

6

8

10

12

14

0 15 30 60 90 150

pH
 a

nd
 E

C
 (

m
S/

cm
)

time (min)

pH

EC

0

2

4

6

8

10

12

14

0 15 30 60 90 150

pH
 a

nd
 E

C
 (

m
S/

cm
)

time (min)

pH

EC

0

2

4

6

8

10

12

14

16

0 15 30 60 90 150

pH
 a

nd
 E

C
 (

m
S/

cm
)

time (min)

pH

EC

0

2

4

6

8

10

12

14

0 15 30 60 90 150

pH
 a

nd
 E

C
 (

m
S/

cm
)

time (min)

pH

EC

d

0

2

4

6

8

10

12

14

0 15 30 60 90 150

pH
 a

nd
 E

C
 (

m
S/

cm
)

time (min)

pH

EC

a b

e

c

Fig. 5 pH and EC profiles during the treatment 500 mL of NMD with different amounts of 83 g of FA and 0.25 % lime (a), 0.5 % lime (b),

0.75 % lime (c), 1 % lime (d) or 1 % lime only (e) using an overhead stirrer
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Al(OH)3 could not been added to precipitate sul-

phate as ettringite (Eq. 5), since the pH could not be

taken up to greater than 11. Ettringite is more stable at

pH 11.5–12.5 (Myneni et al. 1998). This prompted a

series of bench-scale experiments to evaluate the

minimum amount of lime together with coal FA that

could be added in order to increase the pH to greater

than 11.

Mine water (500 mL) was reacted with a combination of

FA (83 g) and various amounts of lime. The amount of
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lime was varied between 0.25 and 1 % lime (w/v), and the

results obtained are shown in Fig. 5.

From the results shown in Fig. 5, pH greater than 11 for

all the mixtures was attained after 15 min at which 0.52 g of

Al(OH)3 was then added to the mixture. After the addition

of Al(OH)3, the pH and EC showed a gradual increase.

Results obtained from the analysis of the product water

(Fig. 6) showed that the Na concentration remained con-

stant, and the sulphate and Ca ions concentration decreased

slightly after addition of Al(OH)3. Magnesium was

removed in the first 30 min due to the formation of

Mg(OH)2 according to Eq. 7.

From the results of the bench-scale experiments (Fig. 6),

the highest sulphate removal was noted in the case where

1 % lime only was used. This is because there were no

sulphate ions that initially leached into the water from FA.

In experiments where a combination of lime and FA was

used, sulphate ions initially leached into the water from FA

and then started precipitating after addition of Al(OH)3

through the ettringite formation according to Eq. 5.

Optimization of the jet loop reactions

From the bench-scale experiments, it was found out that

the combination of 0.25 % of lime and 83 g of coal FA

can achieve a pH of greater than 11. The same experi-

ments (using the same proportions of lime and FA to 80 L

of mine water) were repeated using a jet loop reactor. The

results obtained using a jet loop reactor with jet sizes 6, 8,

10 or 12 mm showed that pH increased to greater than 11

after mixing mine water with 13 kg of coal FA and

0.25 % of lime for 15 min as shown in Fig. 7. The tem-

perature of the mixture increased gradually during mixing

mine water with coal FA and lime in the jet loop reactor

(Fig. 7a, b). The EC (Fig. 7) increased after addition of

coal FA and lime due to the dissolution of CaO according

to Eq. 6 and started to decrease after addition of Al(OH)3

because of the precipitation of SO4
2- as ettringite (Eq. 5).

The composition of the water recovered after treat-

ment of NMD (80 L) with 13 kg FA and 0.25 % lime for

15 min followed by addition of 83.2 g of Al(OH)3 is

shown in Fig. 8. Sulphate concentration decreased from

1,465 mg/L to 400–500 mg/L due to the formation of

ettringite (Eq. 5) after 120 min. The final concentration

of SO4
2- was within the limits set for Class II drinking

water guidelines (DWAF 1996). The Na concentration

remained constant, implying that there was no mineral

phase that could precipitate and remove Na from the

solution. Magnesium concentration decreased by almost

100 % after the first 15 min. Magnesium is known to be
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Fig. 8 Na, Ca and SO4
2- concentrations during the treatment of NMD (80 L) with 13 kg of FA, 0.25 % (w/v) of lime and 83.2 g of Al(OH)3 in

a jet loop reactor with at 6 mm (a), 8 mm (b), 10 mm (c) or 12 mm (d) jet sizes

Fig. 9 XRD spectra of FA,

Al(OH)3, lime and residues after

the treatment of NMD in a jet

loop rector for 120 min (E,

ettringite; L, lime; M, mullite;

G, gypsum; Bo, boehmite; Ba,

bayarite; C, CaCO3; H,

hematite; Q, quartz)
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precipitated in the form of brucite, Mg(OH)2 at pH

greater than 11 according to Eq. 7.

As depicted in Fig. 8 above the concentration of Ca and

sulphate increased during the initial 30 min. This was due

to leaching of Ca and sulphate ions into water from the FA.

After addition of Al(OH)3, the Ca and sulphate concen-

tration started decreasing due to the formation of ettringite

according to Eq. 5. The kinetics of the removal of sulphate

ions from mine water through the formation of ettringite

was enhanced as compared to using an overhead stirrer. In

the jet loop reactor, the reaction occurred faster due to the

efficient mixing caused by hydrodynamic cavitation inside

the reactor. Cavitation enhances rate of reaction due to

intense micro-mixing of the reactants (Mason 2007).

XRD analysis of the solid residues recovered after

treating NMD showed the disappearance of the lime and

boehmite and bayerite peaks in the FA, lime and Al(OH)3

spectra and the appearance of ettringite peaks in the solid

residue collected after 120 min as shown in Fig. 9 below.

The appearance of ettringite peaks in the XRD spectrum of

FA after treating NMD proved that indeed sulphate and Ca

concentration dropped due the formation of ettringite

crystals according to Eq. 5.

Conclusion

From the results obtained, sulphate and Ca initially lea-

ched into the mine water from coal FA. After addition of

Al(OH)3 to the mixture, the concentration of sulphate and

Ca started to decrease due to the precipitation of et-

tringite. Na remained almost constant during the treatment

of mine water with fly ash, while the concentration of Mg

decreased to approximately zero when pH was increased

to greater than 10. Experiments conducted using an

overhead stirrer has shown low sulphate removal com-

pared to jet loop experiments. This is due to the increased

rate of formation of ettringite caused by the superior

mixing in a jet loop reactor compared to an overhead

stirrer. Jet sizes did not have any effect on sulphate

removal. Cavitation and impingement mixing of NMD

and FA that occurred in the jet loop reactor resulted in a

gradual increase in temperature of the mixture. These

findings proved that the treatment of mine water with FA

can be up-scaled from bench scale to 80 L pilot plant

capacity using a jet loop reactor.
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