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Bioleaching of incineration fly ash by Aspergillus niger – precipitation of
metallic salt crystals and morphological alteration of the fungus
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A B S T R A C T

This study examines the bioleaching of municipal solid waste incineration fly ash by Aspergillus niger, and
its effect on the fungal morphology, the fate of the ash particles, and the precipitation of metallic salt
crystals during bioleaching. The fungal morphology was significantly affected during one-step and two-
step bioleaching; scanning electron microscopy revealed that bioleaching caused distortion of the fungal
hyphae (with up to 10 mm hyphae diameter) and a swollen pellet structure. In the absence of the fly ash,
the fungi showed a linear structure (with 2–4 mm hyphae diameter). Energy-dispersive X-ray
spectroscopy and X-ray diffraction confirmed the precipitation of calcium oxalate hydrate crystals at
the surface of hyphae in both one-step and two-step bioleaching. Calcium oxalate precipitation affects
bioleaching via the weakening of the fly ash, thus facilitating the release of other tightly bound metals in
the matrix.
ã 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction

Incineration offers a management option for treating inciner-
able municipal solid waste (MSW). In general, the volume of waste
is reduced by about 90%, and energy is recovered in the process.
Although all organic matter is oxidized during incineration, the
less volatile inorganic waste remains in the bottom ash while the
more volatile inorganic wastes are captured as residues (termed fly
ash) in air pollution control devices (for instance, electrostatic
precipitator [9]). MSW incineration fly ash is a granular material
that contains many hazardous constituents, amongst which are
heavy metals (e.g. Cd, Cu, Ni, Pb, Zn). When in contact with water,
these hazardous constituents may potentially be leached [25]. Due
to its toxicity, most of the fly ash is landfilled after detoxification, or
recycled as a secondary material [26]. Since some of the elements
(e.g. Cu and Zn) are present in high concentration and may permit
an economic recovery, fly ash may be considered as an artificial ore
[5]. The leached and recovered metals may be recycled for re-use as
raw materials [17].

Conventional pyro- or hydro-metallurgical techniques in fly ash
detoxification and heavy metal recovery include thermal treat-
ment, chloride evaporation process and chemical leaching.
Although these techniques provide a rapid treatment and complete
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destruction of toxic compounds in fly ash, they are very energy
intensive and result in the release of hazardous emissions during
treatment. The high cost and the negative environmental impact of
conventional methods have led to the investigation of bioleaching
(considered a clean technology) as an alternative in the extraction
of heavy metals from fly ash [24,26].

The main focus in bioleaching was initially the recovery of
metals from insoluble metal sulfide minerals in mining ores, based
on the ability of microorganisms to oxidize reduced iron and sulfur
compounds, via the production of organic or inorganic acids. There
are patents on pilot- or commercial-scale bioleaching plants, with
most focused on low-grade ore [8]. Recently, however, there have
been interests in the application of bioleaching in industrial wastes
as increasingly vast quantities of hazardous industrial wastes (such
as spent catalyst, electronic waste, MSW incineration fly ash etc.),
are generated [4,30]. Although much has been reported on
bioleaching by the chemolithoautotrophic acidophilic micro-
organisms of the genus Acidithiobacillus, fly ash is not a suitable
substrate for bioleaching due to its high pH [26]. Acidithiobacillus
sp. grow well under pH 2–3, while fungi are generally able to grow
over a wide pH range, from 1.5 to 9.8 [7,26].

Fungal bioleaching of heavy metals have been reported for solid
wastes including electronic scrap material [6], spent refinery
processing catalyst [2,27] and incineration fly ash [5,31,33]. In
general, bioleaching may be conducted using either one-step or
two-step. In the former, the microorganism is incubated together
with the metal-bearing waste. In two-step bioleaching, the
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microorganism is first cultured in the growth media and incubated
for a period of time before the metal-bearing waste is added to the
culture and the incubation continued.

In order to better exploit this intrinsic capability of selected
microorganisms for metal leaching and recycling, more efforts are
needed to understand the behavior of both the microorganisms
and the metal substrate during bioleaching. The objective of this
study is to examine the fungal growth behaviour and its
morphology in the presence of the ash, the fate of fly ash particles,
and the precipitation of nano-sized metallic salt crystals during
bioleaching.

2. Materials and methods

2.1. Fly ash

Municipal solid waste (MSW) incineration fly ash used in this
study was obtained from Tuas South Incineration Plant in
Singapore. The fly ash was autoclaved at 121 �C for 15 min prior
to use.

2.2. Fungi inoculum preparation

A. niger was obtained from Dr H. Brandl (University of Zürich,
Switzerland) and was cultured as previously described [32]. 7-day
old conidia were harvested from the surface of potato dextrose
agar (Becton Dickinson Co.) using sterile deionized (DI) water. The
number of spores was counted under a microscope (Olympus
CX40) at 400� magnification using a Superior Marienfeld 0.1 mm
depth haemocytometer. The spore suspension was diluted with DI
water to the desired spore suspension concentration (107 spores/
ml).

2.3. Shake flask pure culture

1 ml of spore suspension was added to 100 ml of standard
sucrose medium with composition (g/l): sucrose (100), NaNO3

(1.5), KH2PO4 (0.5), MgSO4�7H2O (0.025), KCl (0.025), yeast extract
(1.6), and incubated at 30 �C with rotary shaking at 120 rpm [32].
All reagents were of analytical grade. The liquid medium was
autoclaved at 121 �C for 15 min prior to inoculation.

2.4. Shake flask one-step bioleaching

One-step bioleaching was conducted following reported
protocol [32]. In one-step bioleaching, the fungus was incubated
with ash at 1% pulp density. Sterile medium was added to
autoclaved flasks containing the fly ash, followed by inoculation of
fungal spore suspension. Samples of fungi pellet were withdrawn
after Day 7, 8, 17, and 27 for SEM, EDX and XRD analyses.

2.5. Shake flask two-step bioleaching

In two-step bioleaching, the fungus was first cultured in an
autoclaved sucrose medium (as in pure culture) and incubated at
30 �C with rotary shaking at 120 rpm without fly ash. After 2 days,
when a large pH drop occurred, sterile fly ash at 1% pulp density
was added to the culture and the incubation was continued.
Samples of fungi pellet were withdrawn after Day 2, 3, 7, 8, 17 and
27 for SEM, EDX and XRD analyses.

2.6. Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX)

Fungi pellet taken from pure culture, one-step bioleaching, and
two-step bioleaching were washed with deionized water for three
changes. The pellets were fixed with 3% (v/v) glutaraldehyde in
deionized water at 4 �C overnight before being washed with
deionized water and dehydrated over an ethanol gradient. Samples
were dried using a critical point dryer, mounted on copper stub and
sputter-coated for 120 s using a JEOL JFC-1300 Auto Fine Coater
fitted with a Pt target. A JEOL JSM-5600LV scanning electron
microscope (SEM) was used to examine the morphology of the
fungi and fly ash. For high magnifications, field emission scanning
electron microscope (FESEM), JEOL JSM-6700F was used. The
images obtained were analyzed using Image-Pro Premier software
to obtain the size of particles and fungal hyphae. Energy-dispersive
X-ray spectroscopy (EDX) (OXFORD Instruments 6647) was
coupled to the SEM for surface elemental analysis of the fungal
samples. The EDX data were analyzed using INCA Suite Version
4.01.

2.7. X-ray diffraction (XRD)

Fungal pellet samples taken from pure culture, one-step
bioleaching, and two-step bioleaching were washed with DI water
(three changes). After lyophilization, the pellet was mixed with
liquid nitrogen, ground in a mortar and pestle, and placed in the
sample holder for X-ray diffraction (XRD) analysis using a
SHIMADZU X-ray diffractometer (XRD-6000). The diffraction data
from the fungal samples were compared with that obtained from
JCPDS-International Center for Diffraction Data.

2.8. Analysis of organic acid

Citrate, oxalate and gluconate were analyzed using HP 1100
series high performance liquid chromatography with variable
wavelengths detector at 210 nm, and carried out at 30 �C. The
mobile phase used was 5 mM sulphuric acid (Merck, analytical
grade), at a flow rate of 0.5 ml/min. Standards of the compounds
mixture were prepared using analytical grade reagents of citric
acid (Aldrich Chemical Co.), disodium oxalate (Merck) and D-
gluconic potassium salt (Sigma Chemical Co.) at concentrations of
0, 5, 50, 100, 200 mM for citrate and gluconate; and 0, 5, 10, 20,
50 mM for oxalate.

3. Results and discussion

3.1. Characteristics of fly ash

Fly ash obtained from the Tuas incineration plant in Singapore
was of very small particle size (averaging 26 mm) and was rich in
metals. Ca was the most dominant followed by K, Mg and Zn. Pb, Al
and Fe were also found in significantly amounts. A more detailed
description of the physical and chemical characteristics of fly ash
has been given in the supplementary material (Tables S1 and S2).

3.2. Acid formation in the presence and absence of ash

The quantity of acids produced by the fungi in the presence and
absence of ash is given in Table 1. The growth of fungi in sugar-
containing media results in the production of organic acids such as
oxalic acid, citric acid and gluconic acid. A. niger produces citric
acid at a higher concentration in the absence of fly ash, while
gluconic acid is produced at a higher concentration in its presence.
When the fungus is grown in the absence of fly ash and in a
manganese-deficient medium, the enzyme isocitrate dehydroge-
nase is unable to catalyse the oxidative decarboxylation of
isocitrate to alpha-ketoglutarate (in the Krebs cycle) and citric
acid is accumulated in the medium. In the presence of fly ash
however, manganese (from the fly ash) which functions as a
cofactor for isocitrate dehydrogenase is released into the medium,



Table 1
Maximum acid produced by the organism under different conditions.

Acid
produced

Pure culture
(mM)

1% pulp density

1-step bioleaching
(mM)

2-step bioleaching
(mM)

Citrate 51.6 38.6 33
Gluconate 16 171.16 163.7
Oxalate 4.62 1.93 1.27

Aspergillus niger produces citrate in the absence of fly ash, and gluconate in its
presence.
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and citrate is converted to organic acids (succinate, fumarate,
malate etc.). As a result, the accumulation of citric acid is
significantly reduced. Moreover, when fly ash is inoculated with
fungal spores, the alkaline calcium oxide present in the ash is
hydrated to form calcium hydroxide which increases the pH. Fig. 1
shows that while the pure culture has a pH � 3, the addition of fly
ash increases the pH in the bioleaching medium to about 11. The
alkaline medium activates glucose oxidase which converts glucose
to gluconolactone which is finally hydrolyzed to gluconic acid [11].
Gluconic acid and citric acid have been reported to be the major
lixiviants in leaching metals from fly ash in one-step and two-step
bioleaching, respectively [5]. The concentration of oxalic acid was
quite low in the medium, although studies have shown that the
alkaline medium favours its production [18] (one possible reason
for this is discussed in Section 3.3.2).

3.3. Formation of oxalate crystals

3.3.1. Pure culture
Fig. 2a and b shows the SEM and XRD of the pure fungal culture

taken after two days incubation. The fungal filaments (or hyphae)
are long, thread-like and connect end to end and showed a
complete absence of any crystal structures within the fungal pellet.
The fungal mycelium aggregated and grew as pellets (or beads).
XRD pattern of the pure fungal culture shows the absence of a
crystal structure.

3.3.2. One-step bioleaching
Fig. 3a shows a section of a fungal pellet, with small particles on

the hyphae and a larger particle (of diameter about 50 mm) on Day
7 of bioleaching. The latter is likely to be a fly ash particle as its
diameter was close to the mean particle size of the fly ash (i.e.
26 mm). The surface composition of the large particle was
comparable to that of fly ash as revealed in the EDX analysis
(Fig. 3b) which confirmed the presence of C, O and Ca, along with S,
Al, Fe and Zn. Higher magnification of the small particles (Fig. 3c)
Fig. 1. pH profile during growth of pure culture, one-step and two-step bioleaching.
Day 0 in two-step bioleaching refers to time of addition of fly ash.
and the hyphae (Fig. 3d) shows that the small particles were likely
to be oxalate crystals that had precipitated on the hyphal surface.
The diameter of the small (nano) particles was about 50 nm. EDX
analysis (Fig. 3e) confirmed the presence of only C, O and Ca,
indicating that the particles were calcium oxalate. These results
suggest the adsorption of calcium oxalate precipitates and fly ash
particles on the surface of the fungi.

XRD (Fig. 3f) corroborates these findings; the peak pattern (Day
7) was similar to that of fly ash. XRD on Day 8 (Fig. 3f) confirmed
that the small particles were calcium oxalate. Interestingly, it was
noted that the fly ash peak was absent from Day 8, thus suggesting
that the ash particles, entrapped within the pellet, were
completely absent (i.e. dissolved) by that time. Samples taken
on Day 17 and 27 for SEM (Fig. 3g), EDX (data not shown) and XRD
(Fig. 3f) show results similar to that at Day 8. It was also evident
that the calcium oxalate precipitates were present throughout the
one-step bioleaching process. Fig. 3h shows that the diameter of
particle (about 130 nm) at Day 27 was larger than that at Day 7
(about 50 nm); the calcium oxalate crystal grew during bioleach-
ing, and peak intensity at Day 27 was higher than that at Day 8
(Fig. 3f).

Despite oxalic acid formation being favoured in the alkaline
medium, the amount of acid detected in the liquid medium during
the lag phase was very low, possibly due to the immediate
precipitation of insoluble metal oxalates, including calcium oxalate
[31]. The dominance of calcium oxalate over calcium gluconate and
calcium citrate can be attributed to the significantly lower
solubility product (Ksp) of calcium oxalate (about �10�9) compared
to calcium gluconate (about �10�3). Precipitation of calcium
oxalate crystals is also favoured by the pH of the bioleaching
medium (Fig. 1 and Table 2). For instance, the pH of the medium
was initially around 11 and gradually decreased to around 8.5 on
Day 7 during one-step bioleaching, and calcium oxalate precipita-
tion occurs (Table 2). Indeed, the precipitation of calcium oxalate
by several mycorrhizal species have also been documented, with
one ascribed function being detoxification of calcium, since it is
known that high concentration of free Ca2+ within cells is toxic
[14,15,20,21]. Such a detoxification mechanism may also be the
reason for the observed calcium oxalate precipitation in this
present study. Interestingly, EDX data (Fig. 3b and e) and XRD data
(Fig. 3f and Fig. 4a) show no evidence of precipitation of oxalates of
aluminium, copper, iron, manganese, lead, and zinc during
bioleaching, although others have reported fungal precipitation
of oxalates and citrates of cobalt, copper, chromium, and nickel
[12,13,22,28,29]. This is expected since the concentration of these
metal ions (at 101 ppm) in the fly ash is lower than that of calcium
(103 ppm) in the liquid medium.

3.3.3. Two-step bioleaching
Similar results were observed in two-step bioleaching. Samples

were taken immediately after the addition of fly ash in two-step
bioleaching. SEM photomicrographs confirmed the absence of
solid particles on the fungal surface and within the section of the
fungi pellet (data not shown). EDX results confirmed the presence
of only carbon and oxygen; no metal element was detected within
or outside the fungi pellet (data not shown). This confirmed the
absence of metal salt precipitation at the start of the two-step
bioleaching. Fig. 4b shows the section of fungal pellet at Day 7. The
SEM photomicrograph at Day 7 (Fig. 4b) in two-step bioleaching
was similar to Fig. 3d (i. e. one-step bioleaching), with small
particles on the surface of the hyphae within the fungal pellet.
Precipitation of particles on the surface of the hyphae both within
and outside the pellet is evident. EDX analysis (Fig. 4c) shows
results similar to Fig. 3e and confirmed that the particles were
composed of calcium, carbon and oxygen. This is supported by the
XRD spectrum (Fig. 4a) which shows evidence of calcium oxalate



Fig. 2. (a) Fungal morphology of pure culture of Aspergillus niger on Day 2 showing linear and intact hyphae (PPL1 = 1.63 mm, PPL2 = 2.15 mm and PPL3 = 2.87 mm), (b) XRD
analyses of the pure A. niger culture showing a complete absence of any metal and other crystal structures within the fungal pellet.
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precipitation on Day 7. SEM photomicrographs on Day 8, Day 17,
and Day 27 (data not shown) in two-step bioleaching were similar
to Fig. 4b. EDX results showed that the fungal pellet on Day 8, Day
17, and Day 27 contained carbon, oxygen and calcium (data not
shown), similar to Fig. 3e. XRD spectra on Day 8, Day 17 and Day 27
(Fig. 4a) shows that the peak pattern in the crystal structure
matched that of calcium oxalate hydrates.

Although the mechanism of calcium oxalate precipitation was
similar in both one-step and two-step bioleaching, the dissolution
rate of fly ash was different. XRD results at Day 7 in one-step
bioleaching (Fig. 3f) confirmed the presence of fly ash particles.
However, XRD results at Day 7 in two-step bioleaching (Fig. 4a)
shows the absence of fly ash. Instead, the fly ash peak is replaced by
calcium oxalate hydrate peak. The fly ash in two-step bioleaching
dissolved earlier than that in one-step bioleaching while the
calcium oxalate hydrate in two-step bioleaching formed earlier
than that in one-step bioleaching.

3.4. Adherence of oxalate crystals to fungus

3.4.1. Pure culture
As there were minimal amount of metal ions in the medium, the

formation of oxalate salts was insignificant in the pure culture and
hence could not be detected in SEM, EDX and XRD analyses.

3.4.2. One-step bioleaching
The speculated growth mechanism in one-step bioleaching is

the aggregation of swollen spores with fly ash particles after
inoculation, resulting in relatively large pellet nuclei. Adhesion of
un-germinated spores and fly ash particle to the large pellet nuclei
which contained newly-germinated spores and hyphae also
occurred and resulted in a tendency to reduce the overall number
of pellets in the medium [16,10]. This observation is consistent
with the early findings of free spore aggregation of A. niger in batch
flask culture and bubble-column fermenters [10].

Calcium oxalate precipitation affects bioleaching in several
ways. Due to the heavy leaching of calcium from fly ash, the fly ash
matrix may be weakened, thus facilitating the release of other
tightly bound metals in the matrix. In addition, the bioleaching rate
may also be enhanced as the organic acids released into the media
by the fungus are available for complexation with other metals as
the competition from calcium in the bioleaching of other metals in
reduced.

3.4.3. Two-step bioleaching
Although the mechanism of calcium oxalate hydrate precipita-

tion in two-step bioleaching was similar to that of one-step
bioleaching discussed earlier, the leaching rate of metals from fly
ash was different. Metals from fly ash were bioleached more
rapidly in two-step bioleaching compared to one-step bioleaching,
resulting in earlier formation of calcium oxalate hydrate. A more
rapid decrease in pH occurred in two-step bioleaching since
organic acids were already present in the medium prior to the
addition of fly ash (Fig. 1). Besides, the addition of fly ash after
fungal germination in two-step bioleaching effectively reduces the
toxic effects on the spore germination and fungal growth, and
accelerates bioleaching process [5,31]. This was also observed in
the two-step bioleaching of electronic scrap materials [6].
Moreover, in contrast to one-step leaching, aggregation of calcium
oxalate salt, fly ash and fungi hyphae did not occur in two-step
bioleaching.

3.5. Changes in fungal morphology

3.5.1. Pure culture
Fig. 2a shows the mycelial structure of the pure fungal culture in

the medium after 2 days. The hyphae were linear, with a diameter
of about 2 mm, which is the normal structure for A. niger [22]. SEM
photomicrographs of the pure culture at 3 days, 7 days and 17 days
(data not shown) show similar morphology. Due to the absence of
any stress factors in the pure culture, the fungi achieved exuberant
growth and were morphologically intact.

3.5.2. One-step bioleaching
In one-step bioleaching, the fungus showed a 6 day lag phase,

and samples were taken at 7, 8, 17, and 27 days. Fig. 3d shows the
surface of the fungal pellet at Day 7. Compared to the diameter of
the fungal hyphae observed in the absence of fly ash (i.e. the
control, with a diameter of 2 mm, as discussed in Section 3.5.1), the
fungal hyphae in one-step bioleaching were much larger in
diameter (�10 mm). SEM photomicrographs show that the
morphology of the fungus on Day 7 and Day 8 was similar.



Fig. 3. (a) Section of the fungal pellet in one-step bioleaching at Day 7 showing small calcium oxalate particles on the swollen hyphae (PPL2 = 6.43 mm) and a larger fly ash
particle (PPL1 = 50.92 mm), (b) EDX of the large particles in fungal pellet in one-step bioleaching on Day 7 confirming the presence of C, O and Ca, along with S, Al, Fe and Zn
(metals found in fly ash), (c) a magnified view of the small particles (PPL = 82.32 nm) showing that diameter of the small (nano) particles was about 50–100 nm, (d) surface of
the fungal pellet in one-step bioleaching on Day 7 showing increased diameter of fungal hyphae (PPL1 = 9.396 mm and PPL2 = 9.94 mm) and calcium oxalate particles on the
hyphae, (e) EDX analyses of the small particles in fungal pellet in one-step bioleaching on Day 7 showing peaks corresponding to Ca, C and O confirming the presence of
calcium oxalate crystals in the particles, (f) XRD analyses of the fungal pellet in one-step bioleaching showing formation of calcium oxalate crystals and dissolution of fly ash
particles after Day 8, (g) surface of the fungal pellet in one-step bioleaching on Day 17 (PPL1 = 4.25 mm, PPL2 = 9.47 mm and PPL3 = 9.99 mm) showing abnormally short,
swollen and highly-branched distortion, (h) a magnified view of the small particles section of the fungal pellet in one-step bioleaching on Day 27 showing increased diameter
of calcium oxalate crystals (PPL1 = 229.06 nm and PPL2 = 204.27 nm).
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Table 2
Optimal pH for precipitation of oxalates [23].

Metal (H2C2O4) pH

Cu2+ 1.2–1.6
Ca2+ >4.9
Sr2+ >5.1
Pb2+ 1.5–3.0
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Although the diameter of fungal hyphae observed on Day 17
(Fig. 3g) and Day 27 was similar to that on Day 7, some hyphae had
lost the linear structure and were abnormally short, swollen and
showed highly-branched distortion. Swelling of fungal cells in the
presence of fly ash has been reported (for e.g., Yarrowia lipolytica)
and attributed to the presence of heavy metals from the fly ash in
the medium [3]. In the present study, the heavy metals included
zinc, iron, lead and copper whose concentrations were 15 ppm,
1 ppm, 4 ppm and 1 ppm, respectively, in Day 7 of one-step
bioleaching. Although the concentration of lead and copper were
not high compared with that of calcium (4000 ppm), these metals
are very toxic to the fungus and their effect may indeed be
synergistic. For instance, a study in 2004 reported luxurious
growth and good metabolite production by A. niger in the presence
of Pb at a concentration as high as 40 ppm [1].

Swollen morphological structure of A. niger in a nickel-
containing medium (similar to that observed in this study) has
Fig. 4. (a) Undefined XRD analyses of the fungal pellet in two-step bioleaching confirmin
Day 7, (b) section of the fungal pellet in two-step bioleaching on Day 7 showing sma
PPL2 = 5.97mm), (c) EDX analyses of the fungal pellet in two-step bioleaching at Day 7 sho
crystals on the fungal surface, (d) surface of the fungal pellet in two-step bioleaching at Da
PPL2 = 6.32 mm and PPL3 = 5.32 mm).
also been reported [22]. Apical growth usually occurs in fungi
where a complex network of internal and external signals is
involved. Changes in the network components affect the shape as
well as direction of growth. Excess metal ions in the growth
environment may cause swelling at the tips, and an increase in
branching and thickness of transverse walls at subapical parts. This
was a strategy adopted to survive adverse conditions by increasing
fungal branching. Hyphal growth requires enzymes such as chitin
synthases and chitinases involved in chitin synthesis and
degradation. Excessive degradation or reduced synthesis of cell
wall components may result in loosening of cell wall, which in turn
leads to swelling [19]. All these factors may be the reason for the
observed morphology although this may not have a significant
impact on the organic acid production or leaching unless the
enzymes involved in the mechanism are affected.

Fig. 3g shows no precipitated particles on the hyphal surface.
XRD results (Fig. 3f), however, show calcium oxalate crystal peak at
Day 17; the growth of new fungal hyphae encapsulated the
precipitated calcium oxalate salt, fly ash and old hyphae and no
new calcium oxalate precipitated on the newly germinated
hyphae.

3.5.3. Two-step bioleaching
In two-step bioleaching, the fungus was first cultured for two

days before the addition of fly ash to the medium. Samples of fungi
pellet were withdrawn on Day 2, 3, 7, 17 and 27. SEM
g the formation of calcium oxalate crystals and dissolution of fly ash particles from
ll particles on the hyphae and increased diameter of hyphae (PPL1 = 4.45 mm and
wing peaks corresponding to Ca, C and O confirming the presence of calcium oxalate
y 8 showing abnormally short, swollen and high-branched hyphae (PPL1 = 5.59 mm,
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photomicrographs of the fungi on Day 2 and Day 3 (data not
shown) show that the fungi had long, thread-like hyphae
(diameter around 2 mm; as discussed in Section 3.5.1), which
were very similar to what was observed in pure culture (Fig. 2a).
Fig 4b shows swollen hyphae and precipitated calcium oxalate
crystals on the fungal surface on Day 7 in two-step bioleaching,
similar to what was observed on Day 7 in one-step bioleaching.
However, the diameter of hyphae in two-step bioleaching was
around 5 mm smaller than what was observed in one-step
bioleaching (10 mm; as discussed in Section 3.5.2). As the fungi
had already grown and germinated before the addition of fly ash,
the effect of fly ash on the fungus was not pronounced. On Day 8
however, the fungal morphology (Fig. 4d) was similar to the fungal
morphology observed on Day 17 in one-step bioleaching (Fig. 3g).
The diameter of the hyphae (about 7 mm) was larger than the
diameter of the hyphae observed in the pure culture (2 mm) but no
oxalate crystals were seen on the hyphal surface. Again, some
hyphae had lost the linear structure and were more highly
branched and swollen, probably due to the presence of toxic metals
in the bioleaching broth as was the case in one-step bioleaching.
The fungal morphology on Day 17 and Day 27 in the two-step
bioleaching was similar to that on Day 8. The on-set of the
distortion and swollen structure of the hyphae occurred earlier in
two-step bioleaching compared with one-step leaching. It is likely
due to the earlier on-set of growth in the former. Despite this, the
effect on bioleaching appears insignificant, possibly due to the high
production of organic acids before the addition of fly ash and
exposure to toxic conditions.

4. Conclusion

This study investigated the morphology of A. niger and the
precipitation of metals in one-step and two-step bioleaching.
Unlike in control cultures, branched and swollen fungal hyphae
were formed during one-step and two-step bioleaching, due to the
high toxic metal concentration (concentration of heavy metals at
the end of bioleaching: zinc (40 ppm), iron (7 ppm), lead (5 ppm)
and copper (2 ppm)). Calcium oxalate was precipitated in both
one-step and two-step bioleaching, possibly as a strategy to
decrease calcium toxicity to the fungi. Other metal oxalates were
not detected in both one-step and two-step bioleaching. Fly ash
particles were found within the fungi pellet in one-step bioleach-
ing due to the aggregation of newly-germinated spores with fly ash
particles.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.btre.2014.05.009.
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