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ABSTRACT  
 
In this study, the treatment of fly ash, an industry waste produced from brown coal 
combustion in Victoria, Australia, has been conducted.  Victorian Brown coal is the 
single largest source meeting >85% of the electricity need in the State of Victoria, 
which in the meanwhile yields up to 1.3 million tonnes fly ash per annum. The fly ash 
generated has a distinctively high concentration of alkaline earth metals whereas 
both aluminum and silicon are lean. Regenerative ammonium salt, ammonium 
chloride, has been employed to extract the alkaline earth metals out of brown coal fly 
ash, and the dissolved cations in the leachate were subsequently precipitated by 
carbonation. The two real fly ashes have been tested in a multiple locked circuits to 
assess the leaching capability of the regenerated ammonium salt upon recycling. 
Moreover, to understand the fundamental issues underpinning the extraction of 
alkaline earth metals upon the co-existence of impurities in fly ash, the pure oxide 
compounds have also been studied.  
 
1- INTRODUCTION 
 
Coal is the most abundant and widely spread fossil energy resource in the world. For 
that reason, coal will continue playing an important role in the energy production of 
the future 1. Australia is heavily reliant upon the use of coal for electric power 
generation with approximately 84% (including brown and black coal) of electricity 
being generated in this manner. Victorian brown coal is the single largest source 
meeting >85% of the electricity need in the State of Victoria, which in the meanwhile 
yields up to 1.3 million tonnes fly ash annually, nearly all of which were simply 
dumped in ash pond 2,3. Irregular accumulation and inappropriate disposal of coal fly 
ash will lead to occupancy of vast lands, and serious pollution of soil, air, water and 
even organism. Comprehensive utilization of coal fly ash has been studied since 
1970s when energy crisis, resource exhaustion, and environmental contamination 
have been paid more attention around the entire world 4-6. 
 
In comparison to the fly ash derived from black coal, the brown coal fly ash is much 
rich in oxide forms of alkaline earth metals and transition metals whereas aluminium 
and silicon are very lean. Mineralogical and chemical composition of fly ash is 
directly affected by the geological origin of the coal and the type of method used in 



its combustion. Brown coal fly ash from Victoria has a chemical composition 
dominated by magnesium oxide (MgO), calcium oxide (CaO), iron oxide (Fe2O3) and 
sulphur oxide (SO3) and would be classified as being a strongly alkaline fly ash that 
is not useful for using as additive in cement 2.  
 
Leaching of metallic ions is an important unit operation used in hydrometallurgical 
industries for extracting certain element oxide. It essentially involves mixing the 
metal source with either an acidic or an alkaline reagent to produce a solution 
containing the required elements in their ionic form which can be extracted 
separately through further purification processes such as carbonation and 
precipitation 7,8. To date, leaching behaviour of numerous minerals has been 
examined extensively. The feedstock used includes natural mineral resources such 
as serpentine 9, wollastonite and olivine 10 and industrial wastes such as steelmaking 
slag 11, concrete 12and fly ash derived from coal combustion and municipal solid 
waste incineration (MSWI) 4,13,14.  
 
Most of chemical processing routes based on magnesium bearing minerals rely on 
leaching process using organic acid as the first step to selectively dissolve 
magnesium from the gangue minerals. Ammonium chloride (NH4Cl) has been used 
widely as elective leaching reagent for extraction of magnesium oxide from calcined 
magnesite and leaching kinetic have been studied 15-17.   
 
The use of brown coal fly ash is expected to achieve magnesium metal that is used 
widely as structural material for vehicles and aerospace applications which 
concurrently leads to the production of calcium carbonate to be used as a value-
added additive in local paper and pulp industry 5.  
 
In this study, two types of Victorian brown coal fly ash were tested in five cycle 
leaching-Carbonation closed loop using regenerative ammonium chloride as 
leaching reagent. The overall scope of this project is an efficient extraction of 
magnesium (as well as calcium), and hence for comparison and determination of the 
optimum condition for leaching, pure magnesium oxide and various mixtures of 
magnesium oxide with other major oxides in fly ash were also tested in five cycles of 
leaching-carbonation, so as to understand the inhibitory factors affecting the leaching 
behaviour of real fly ash samples.  
 
2- EXPERIMENTS 
 
2-1- FLY ASH PROPERTIES 
 
Fly ash A and B tested here collected directly from an electrostatic precipitator in 
Hazelwood and TRUenergy power plants located in Latrobe Valley, Victoria, 
Australia. Both were washed and sieved and analyzed by X-ray Fluorescence 
Spectrometry (XRF) to quantify major elements. Table 1 tabulates the elemental 
compositions for major elements (in form of oxides) in fly ash A and B. As indicated 
in Table 1, fly ash A includes about 32.4% CaO and 29.3% MgO while in fly ash B, 
CaO is much lean, 9.4%; MgO has the similar content with fly ash A, whereas the 
content of Fe2O3 is as high as 42.3%, relative to 14% in fly ash A.  
  



 
 

Table 1 Elemental composition of two types of fly ashes, wt% 

  Fly ash A (%) Fly ash B (%) 

SiO2 5.82 8.92 

Al2O3 3.01 5.92 

Fe2O3 14 42.3 

CaO 32.4 9.4 

MgO 29.3 27.9 

TiO2 0.68 0.85 

Na2O 0.2 0.56 

K2O 0.17 0.16 

P2O5 0.41 0.11 

SO3 12.8 2.84 

MnO 0.67 0.7 

ZnO 0.035 0.028 

Cr2O3 0 0.05 

 
Figures 1 illustrates the X-ray diffraction spectrometer (XRD) charts for the fly ash A 
and B. Periclase (MgO) is the only Mg-bearing species in fly ash A whereas 
anhydrite (CaSO4)/lime (CaO) and complex of calcium with iron oxide and/or silicate 
are the most prevalent Ca-bearing species. Fly ash B consists of quartz (medium 
peak height), magnesia ferrite (MgFe2O4) with the strongest intensity, and a minor 
amount of potassium titanium oxide (K2Ti8O17).  
 

 
Figure 1-a. XRD chart for fly ash A 
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Figure 1-b. XRD chart for fly ash B 
 

 2-2-PURE MAGNESIUM OXIDE LEACHING 
 
As the major elements in fly ashes are magnesium, calcium and iron, investigating 
the leaching behavior of pure MgO, CaO and Fe2O3 and their mixtures were also 
conducted to elucidate the fundamental issues underpinning the extraction of 
mentioned oxides upon the co-existence of impurities in fly ash.  
 
Pure magnesium oxide used in this investigation was achieved by calcination of 
magnesium carbonate obtained from Sigma-Aldrich, Australia. Temperature and 
time of calcination in muffle furnace were fixed at 800°C and 12 h16. Magnesium 
oxide obtained was analyzed by Thermogravimetric Analysis (TGA) to ensure 
completed conversion. For each experiments, 10 g of magnesium oxide mixed with 
60 ml 4M ammonium chloride (L/S=6). L/S equal to 6 and 4M as ammonium chloride 
concentration was fixed based on unpublished previous research conducted in our 
team. A broad range of temperature (25, 40, 60 and 80°C) and time (10, 20, 30 and 
60 min) was considered and three replicas were carried out for each condition. Also 
pH of fresh ammonium chloride, after adding solid in it and after leaching was 
recorded.  
 
Leaching was conducted in a closed beaker (500 ml) with continuous stirring on a 
hot plate and the resulting residue after filtration were dried at 120°C overnight in an 
oven, and weighed to calculate the leaching percentage of magnesium oxide. During 
leaching air with a flow rate of approximately 1 L/min is bubbled into the beaker to 
spurge the evaporated ammonia vapor, which is trapped into deionized water. The 
resulting ammonium water is eventually titrated by acetic acid (1 M) to determine the 
amount of ammonia recovered.  

 

 

0

200

400

600

800

1000

10 20 30 40 50 60 70 80 90

ɵ (Deg)

SiO2

MgFe2O4

MgFe2O4 MgFe2O4

MgFe2O4

K2Ti8O17

MgFe2O4



2-3-FIVE CYCLE LEACHING-CARBONATION 

Reactions 1 and 2 can be employed successfully to extract alkaline earth metals 
from metal sources 18. In these two reactions, M refers to any alkaline earth metal 
available in fly ash.  
 
MO + 2NH4Cl → MCl2 + H2O + 2NH3(g)     (1) 
MCl2+CO2+2NH3+H2O → MCO3+2NH4Cl (2) 
  
60 ml Ammonium chloride was used to dissolve 10 g solid phase (L/S equal to 6) 
and the resulting leachate was subsequently transferred to carbonation beaker. 
 
The recovered ammonia in leaching process was added to increase pH to about 9-
10 whilst CO2 is bubbling. Carbonation was carried out at room temperature and 
stirring duration of 20 min. During this time, carbonate ions precipitated and 
Ammonium chloride was regenerated simultaneously. The resulting carbonate was 
filtered and dried overnight in the oven and analyzed with XRF to find carbonation 
yield for each species.  
 
Leaching capability of the regenerated ammonium chloride upon recycling was 
confirmed during five cycle leaching- carbonation using pure MgO, mixture of 
MgO+CaO (1:1) and mixture of MgO+Fe2O3 (1:4). These ratios were selected based 
on molecular weight and weight percentage of these metals in real fly ash. 
Eventually five cycle leaching-carbonation for fly ash A and B was carried out and 
results were compared with pure oxide tests. It is noteworthy that, considering the 
mass loss of the liquid caused by evaporation and trap into solids, more than five 
replicas were conducted for the leaching process in the first cycle experiment, 
whereas the repetition number gradually reduces upon increasing the cycle number.  
 
Experiments showed that pH of regenerative ammonium chloride are higher than 
fresh ammonium chloride used in first cycle. As the acidic condition is favorable for 
leaching, small amount of Hydrochloride Acid (HCl 2 M) was added to solution at 
start point of each new leaching step to keep the same pH as fresh ammonium 
chloride used in first cycle.  
 
3- RESULTS AND DISCUSSION 
 
3-1- LEACHING OF PURE MAGNESIUM OXIDE  
 
3-1-1- INFLUENCE OF TEMPERATURE AND TIME 
 
Figure 2 illustrates the leaching percentage of magnesium ion as function of 
temperature and time using ammonium chloride 4 M and L/S ratio of 6. The error 
bars on this figure correspond to the standard deviations of the measured values. As 
can be seen from figure, the dissolution rate of magnesium oxide is extremely 
sensitive to temperature and time. For example at 25°C and reaction time of 10 min 
only 14% of magnesium oxide leached, while at 80°C and retention time of 60 min 
about 33% of magnesium oxide has dissolved in ammonium chloride. There is good 
agreement between our results and some works carried out on leaching of 
magnesium oxide out of magnesite 15,16. 



 
For a given reaction period of 60 min at 80°C, the results in Figure 2 indicate an 
insignificant variation of the leaching percentage from 30 min to 1h. This is 
consistent with our observation during experiment that solution started to be two 
phases after about 40 min of starting leaching, and a certain amount of leachate was 
trapped in solid phase.  

The TGA derivative mass loss curve for the solid residue obtained at 80°C and 1h 
reaction time, summarized in Figure 3. This graph indicates three distinct minimums 
obtained from differentiating mass loss against temperature. The first loss started 
before 200°C is supposed to be hydrate, the second one before 330°C can be 
attributed to ammonium chloride crystallization whereas the last one at about 490°C 
is because of hydroxide formation. Washing residue with water confirmed hypothesis 
of ammonium chloride crystallization as ammonium chloride is soluble in water and 
decreasing about 48% of residue weight is because of presence of ammonium 
chloride in system. Also research done by Wang et.al confirms this phenomenon. 
They studied crystallization kinetic of ammonium chloride in NH4Cl-MgCl2-H2O and 
their result illustrated crystallization tendency of ammonium chloride in high 
magnesium chloride concentration and temperature 19.  

For avoiding crystallization problem, saving time and respects to this fact that longer 
residence time than 30 min doesn’t increase leaching percentage significantly, 
optimum condition was fixed at 80°C and 30 min. This situation as optimum condition 
was employed for other leaching experiments carried out with pure oxides and fly 
ashes.  
 
3-1-2- AMMONIA RECOVERY 
 
As described before some of produced ammonia during leaching of MgO can be 
recovered by spurging air and transferring it in to deionized water. Theoretical and 
practical ammonia recovery during leaching for different time and temperature has 
been calculated and results presented in Figure 4. The theoretical ammonia recovery 
during leaching depends on the amount of magnesium oxide leached and the initial 
amount of ammonium chloride. It can be calculated from Equation 1 considering this 
fact that producing X mole of magnesium chloride leads to releasing 2X moles of 
ammonia. It is obvious that, the theoretical ammonia recovery has the same trend as 
practical ammonia recovery. However, the practical ammonia recovery is less than 
theoretical ammonia recovery, indicating that a certain fraction of the evaporated 
ammonia gas was not driven off out of the leaching agent. In addition to this, it was 
observed that higher reaction temperatures including 60°C and 80°C seemed to 
produce the highest percentage recovery of ammonia. This was an expected result 
since a higher temperature meant that more ammonia gas was released and 
subsequently captured. As an instance, the maximum practical ammonia recovery 
achieved (29.5 %) was at 80°C and reaction time of 1hr.  



 
Figure 2. Effect of Temperature and time on leaching percentage of pure magnesium oxide 

 
 

 

Figure 3. Derivative mass loss of dried residue against Temperature running TGA 
(T=80°C and t=1 h) 
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 Figure 4. Theoretical and Practical ammonia recovery, dashed lines are related to Theoretical 
Ammonia recovery and solid lines correspond to practical ammonia recovery  

 
3-2- FIVE CYCLE LEACHING-CARBONATION  
 
3-2-1- PURE OXIDE MIXTURES 
 
The leaching and carbonation percentages of main species in pure MgO, MgO+CaO 
and MgO+Fe2O3 during five cycle leaching- carbonation has been presented in 
Figure 5.a and b respectively.  As can be seen from Figure 5.a, nearly identical 
results for leaching of magnesium ions in all of three different mixtures was observed 
and leaching percentage slightly declined from 35% to 28% upon increasing cycle 
number. This observation confirms that leaching mechanism of magnesium doesn’t 
depend on weight of magnesium oxide in feed solution. Figure 5.a also shows the 
leaching percentage of calcium in mixture of MgO+CaO and iron in mixture of 
MgO+Fe2O3. Calcium leaching percentage in mixture of MgO and CaO is about 82% 
in the first cycle and drops gradually to about 74% in the fifth cycle. There is the 
same trend for Iron leaching percentage in mixture of MgO+Fe2O3 and leaching 
percentage dipped slightly from 37% in first round to 29% in last round.  
 
Figure 5.b demonstrates carbonation percentage of magnesium, calcium and iron in 
above mentioned mixtures of oxides. Figure indicates this fact that carbonation 
percentage of magnesium is approximately the same in pure MgO and MgO+CaO 
but it is more in MgO+Fe2O3. Carbonation percentage of magnesium in leachate 
obtained from leaching of pure MgO and MgO+CaO drops dramatically from 96% to 
76% during five cycles whilst magnesium ion carbonated in mixture of MgO+Fe2O3 is 
almost 99% in first cycle and diminishes to 90% in last cycle.  
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Calcium carbonation percentage in leachate obtained from leaching of MgO+CaO is 
less than magnesium and decreases from 90% in first cycle to 76% in last cycle. In 
the case of MgO+Fe2O3, iron carbonate is negligible as high pH is not favorable for 
precipitating iron ion in the form of carbonate. It can be concluded that amount of 
magnesium in initial solution and accordingly concentration of dissolved magnesium 
can affect the carbonation quality of magnesium. Also interference of other metals 
and their competition for carbonation may cause decreasing carbonation yield. 
Presence of only 2 g magnesium in initial mixture of MgO+Fe2O3 and negligible 
competition of iron for carbonation may lead to maximum possible carbonation of 
magnesium close to 99%.  
 
The Scanning Electron Microscopy (SEM) image of carbonate precipitates for the 
first and last cycles of pure MgO, MgO+CaO and MgO+Fe2O3 are shown in parts a, 
b and c of Figure 6 respectively. The SEM observation on the pure MgO precipitates 
confirms presence of round powder structure and the agglomeration of carbonate 
powder in last cycle. In the case of carbonate obtained from precipitation of 
MgO+CaO, these particles are agglomerates which consist themselves of small 
aggregated particles of calcium carbonate and magnesium carbonate.  
 
Apparently, agglomerates in the precipitate obtained from MgO+Fe2O3 are 
aggregation of irregular particles of magnesium carbonate and small crystals of 
ammonium chloride. Individual structure of magnesium carbonate particles in 
different mixtures confirms this fact that presence of other particles as well as 
concentration of major ions in leachate can affect shape and size of clusters formed.   
 

 

Figure 5.a- Leaching % for Mg, Ca and Fe during five cycle leaching-carbonation 
In Pure MgO, MgO+CaO and MgO+Fe2O3 at optimum condition (T=80°C , t=30 min) 

 

0

10

20

30

40

50

60

70

80

90

100

1 2 3 4 5

Le
a

ch
in

g
 %

Cycle Number

Mg in 

PureMgO

Mg in 

MgO+CaO

Mg in 

MgO+Fe2O3

Ca in 

MgO+CaO

Fe in 

MgO+Fe2O3



 

Figure 5.b- Carbonation % for Mg, Ca and Fe during five cycle leaching-carbonation  
In Pure MgO, MgO+CaO and MgO+Fe2O3 at optimum condition (T=RT , t=20 min) 

 

 

Figure 6. SEM image of carbonate precipitate for first and last cycle of  
a) MgO, b) MgO+CaO and c) MgO+Fe2O3  
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3-2-2- FLY ASHES 

 

The leaching and carbonation percentages of different species in fly ashes A and B 
are presented in Figures 7.a and b. In the case of fly ash B, the amount of carbonate 
decreased dramatically upon increasing cycle number and reached to 0 in cycle 3, 
thus sequential leaching-carbonation was stopped at cycle 3.  
 
As can be seen from Figure 7.a, magnesium leaching in pure MgO and fly ash A are 
nearly the same and decreases from 36% in cycle 1 to 27% in cycle 5 whereas 
leaching percentage of magnesium in fly ash B is lower than this amount and 
changes slightly from 23% to 21% in cycle 3. As discussed before, the leaching 
percentage of magnesium in different Mg - bearing mixture was the same, but from 
the XRD result of fly ash B, MgO is not the dominant form and most of magnesium 
has strong association with iron in the form of MgFe2O4. In other words, unless a 
strong acid is used, the majority of magnesium in fly ash B would not be extracted 
out. In the case of calcium, calcium extraction in fly ash A and B are not as high as 
calcium in the MgO+CaO mixture. The leaching for calcium from fly ashes was 
reduced from 32% for the first cycle to only 10% during 5 cycles for fly ash A and 
from 37% to 30% for fly ash B during three cycles. In addition to CaO that is soluble 
in weak acid, calcium in fly ash A are also partly fixed by iron oxide and/or quartz into 
complex Ca2Fe2O5 and calcium silicate and may be this is the main cause of 
reducing calcium extraction in comparison to pure oxides mixtures. Also some of 
calcium in fly ash B is in the form of calcium ferrite (CaFe2O4) which cannot be 
dissolved in ammonium chloride. Interestingly, the fraction of iron leached depends 
on the initial amount of different forms of iron in the original samples. 
 
Figure 7.b shows the carbonation percentage of magnesium and calcium in fly ashes 
A and B compared to pure oxides mixtures during five cycle leaching-carbonation. 
As mentioned before, an alkaline solution with pH > 7 is not favorable for iron 
carbonate formation, so the iron carbonation degree is negligible for all of different 
mixtures as well as fly ashes. In this figure, carbonation percentage of both of 
magnesium and calcium in fly ashes A and B have been compared to pure oxides 
mixtures. Fly ash A shows the similar carbonation behavior to pure oxides in first and 
second cycle for both of magnesium and calcium and the carbonation percentage is 
as high as 93% and 90% for magnesium and 90 and 81% for calcium. After second 
cycle clearly the carbonation percentage drops gradually and at the last cycle 48% 
and 32% carbonation for magnesium and calcium was achieved respectively. This 
discrepancy can be attributed to increasing concentration of interfering ions such as 
SO3, K2O and Na2O upon increasing cycle number. The fly ash B is much worse, 
with the carbonation degrees for Ca2+ and Mg2+ cations decreasing sharply from 
31% and 40% for magnesium and calcium in first cycle to around zero in third cycle. 



 

Figure 7.a- Leaching % for Mg, Ca and Fe during five cycle leaching-carbonation 
In pure oxide mixtures compared to fly ash A and B (T=80°C and t=30 min) 

 

Figure 7.b- Carbonation % for Mg and Ca (Fe carbonation is negligible) during five cycle 
leaching-carbonation in pure oxide mixtures compared to fly ash A and B (T=RT and t=20 

min) 
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4- CONCLUSIONS 

Intensive investigation on the leaching and carbonation propensity of dominant 
oxides in brown coal fly ash using ammonium chloride has been conducted in this 
paper. Apart from parametric investigation on the influence of time and temperature 
on leaching and finding optimum condition, five closed loops leaching-carbonation 
was performed to explore reusability of leaching agent. The major conclusions are 
drawn as follows: 
 

1- Optimum condition for leaching of magnesium was determined based on 
using pure MgO, results showed increasing time and temperature increases 
leaching percentage. Ammonia can be recovered successfully during leaching 
by spurging air in solution and trap in deionized water. 
 

2- An identical result for magnesium leaching yield in MgO bearing mixtures was 
observed. Fly ash A rich in magnesium in the form of MgO showed the same 
results as pure oxides but Fly ash B was less because of abundance of 
MgFe2O4 which is chemically stable. Leaching and carbonation percentage 
of magnesium and calcium dropped upon increasing cycle number.  
 

3- Magnesium and calcium carbonation percentage of more than 90% leads to 
successful extraction of magnesium and calcium for fly ash A. 
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