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Abstract This paper evaluates heterotrophic leaching of
arsenic (As) pre-adsorbed onto amorphous ferric
oxyhydrox ides (FeOx) and i t s subsequen t
biovolatilization under laboratory conditions during As-
pergillus niger static cultivation. With initial 90 mg.L−1

As concentration and absence of FeOx, the biomass As
accumulation capacity attained 1.4 mg.g−1 on the 15th
day of cultivation. While FeOx suppressed As biomass
accumulation up to 0.23 mg.g−1, it did not influence
biovolatilization activity. After 15-day cultivation, almost
1.8 mg As was released into the surrounding culture
media, accumulated and subsequently transformed into
its volatile derivatives, regardless of FeOx presence or
absence. The A. niger strain was able to enhance As
release from the FeOx surfaces; the total As medium
concentration increased to 3.1 mg.L−1 on the 15th culti-
vation day, and this amount was considerably higher than
the 0.128mg.L−1 As concentration leached from FeOx in
fungal absence. These observations indicate that complex
mutual interactions between As immobilized in FeOx
and filamentous fungi are environmentally significant
regarding As mobility and transformation in oxic
environments.
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1 Introduction

Ferric oxides, oxyhydroxides and hydrous oxides
(FeOx) found in almost all soils and sediments play an
important role in the arsenic (As) biogeochemical cycle
(Smedley and Kinniburgh 2002). The reductive disso-
lution of FeOx in anoxic environments leads to
adsorbed and coprecipitated As release (Nickson et al.
2000). In contrast, dissolved As in oxic environments
bind strongly to the FeOx surfaces (Ghimire et al. 2003).
These have high sorption capacity and are an important
contaminant sink in contaminated areas (Nguyen and
Itoi 2009). However, As sorption in the presence of
hydroxyl, bicarbonate or phosphate anions is reduced
by competition for sorption sites (Charlet et al. 2007).
Besides, the contribution of microbial metabolism on
adsorbed and coprecipitated As release from FeOx must
be considered. Although autotrophic microorganism in-
fluence on metal(loid)s leaching from ferric and ferrous
minerals is an intensively studied environmental prob-
lem (Garcia-Sanchez and Alvarez-Ayuso 2003), current
literature lacks investigation of As mobilization from
FeOx by filamentous fungi under aerobic conditions.

These fungi produce strongly acidic or chelating
compounds such as polycarboxylic organic acids, which
solubilize metal(loid)s from different oxidized ferric
minerals by redox processes or pH lowering with sub-
sequent complexation (Sayer et al. 1997). Released
metal(loid)s can be subsequently accumulated and me-
tabolized by microorganisms, with unique microbial
mediated As transformation into volatile metabolites
(Cullen and Reimer 1989). Various fungi, including
Aspergillus niger, Aspergillus clavatus, Neosartorya
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fischeri, Ulocladium sp. or Penicillium sp. have been
proven capable of As biovolatilization from aqueous
media and solid substrates (Edvantoro et al. 2004; Urík
et al. 2007). In addition, A. niger uniquely produces a
high quantity of organic acids associated with signifi-
cant pH decrease (Gadd 2004; Jernejc and Legiša 2004;
Kubicek et al. 2011) and it easily induces mineral phases
dissolution due to metabolites’ acidic or chelating prop-
erties (Hosseini et al. 2007). Since no special attention
has focused on possible biotransformation of arsenic
previously adsorbed onto mineral surfaces, this study
evaluates heterotrophic leaching of As adsorbed onto
FeOx and i ts subsequent accumulat ion and
biovolatilization under laboratory conditions in static
A. niger cultivation.

2 Materials and Methods

2.1 Fungal Strain

A. niger (van Tiegham) was obtained from the Myco-
logical laboratory of the SlovakMedical University, and
maintained on agar media.

2.2 Reagents and Solutions

A stock solution of arsenite [iAs(III)] (810 mg.L−1) was
prepared by dissolving sodium arsenite, NaAsO2

(Merck, Germany) in deionized water. FeCl3.6H2O
and NaOH used for FeOx preparation were of analytical
grade (Centralchem, Slovak Republic). Arsenic stan-
dards for chemical analysis were prepared by diluting
an As 1.000 g.L−1 stock solution (Merck, Germany,
H3AsO4 in 0.5 mol.L−1 HNO3).

2.3 Amorphous FeOx Preparation

The FeOx sorption material was prepared by alkaline
(40 g NaOH) precipitation of FeCl3 (54.06 g
FeCl3.6H2O) in 1 L of deionized water under laboratory
conditions. After 12-h stirring at 150 rpm, freshly pre-
pared precipitates were filtered, washed with distilled
water and dried at 80 °C. Sample X-ray amorphous
characteristics were established by X-ray powder dif-
fraction (XRD) analyses (Fig. 1) on difractometer
BRUKER D8 Advance in Bragg-Brentano geometry
(theta-2theta). The XRD patterns were collected using
Cu Kα1 (λKα1=1.5406 Å) radiation in the 10–65 2θ

range with 0.01 step size and a counting time of 1 s per
step (Bačík et al. 2011).

2.4 Bioleaching Experiment

Prior to incubation, Erlenmeyer flasks (100 mL) con-
taining 35 mL of Sabouraud dextrose broth (HiMedia,
India) were inoculated with 5 mL spore suspension
prepared from a 2-week-old culture. Five milliliters of
iAs(III) stock solution was added to attain 90 mg
iAs(III).L−1 concentration and/or the weight of 0.5 g of
FeOx was added to the media. Flasked culture media
without supplemented As or FeOX and non-inoculated
flasks containing FeOx and iAs(III) were used as con-
trols. All treatments were stirred for 2 h on a rotatory
shaker at 150 rpm (Unimax 2010, Heidolph, Germany).

The strainwas grown in stationary culture for 15 days
under laboratory conditions. Fungal biomass was re-
moved by filtration on the 2nd, 6th, 10th and 15th
cultivation day, washed with deionized water and dried
at 60 °C, and the biomass dry weight was recorded. The
pH of each culture filtrate, including controls, was de-
termined before further analysis. All treatments were in
triplicate.

2.5 Analysis of Arsenic in Biomass and Culture
Medium

Total biomass As was analyzed following microwave
digestion (Multiwave 3000, Anton Paar, Austria) in
8 mL of concentrated HNO3, by hydride generation

Fig. 1 XRD patterns of X-ray amorphous ferric oxides/
oxyhydroxides (FeOx) utilized as sorption material in this study

2172, Page 2 of 6 Water Air Soil Pollut (2014) 225:2172



atomic absorption spectrometry (HG AAS) with the
Perkin-Elmer Atomic Absorption Spectrometer model
1100 (USA) equipped with a hydride generator Labtech
HG-2 (Czech Republic). Arsine was generated from
sample solutions containing 1.5 mol.L−1 HCl using
1 % m/v NaBH4 in 1 % m/v NaOH as reducing agent
after pre-reduction with KI (Bujdoš et al. 2000;
Hagarová 2007).

Analytical procedure accuracy was tested by analy-
ses of certified reference materials (CRM) of plants
NCS DC 73349 (bush branches and leaves) and NCS
DC 73350 (poplar leaves); both from the China National
Analysis Centre for Iron and Steel, Beijing, China.

The residual As concentration in spent media
was determined by galvanostatic dissolved
chronopotentiometry on EcaFlow 150 GLP (Istran,
Slovak Republic). A compact flow-through elec-
trochemical cell type 353c with Pt auxiliary, Ag/
AgCl reference and ET-Au working electrode was
utilized (Istran, Slovak republic). Spent media
were acidified prior to analysis with 0.1 mol.L−3

HCl and dissolved As was quantitatively oxidized
by addition of 0.01 mol.L−3 KMnO4 excess
(Lešková et al. 2013).

3 Results and Discussion

Total biomass As significantly increased during 15-day
cultivation of the A. niger strain in initial 90 mg.L−1

iAs(III) concentration; attaining 1.4 mg.g−1 accumula-
tion capacity (Fig. 2). In contrast, A. niger accumulation

of arsenate with initial concentration of 75 mg.L−1 was
only 0.055 mg.g−1 in comparison to Mukherjee and
Bhattacharya (2001) experiment. This could be contrib-
uted to different arsenate and arsenite uptake mecha-
nisms, preferentially transported by different membrane
transporters (Maciaszczyk-Dziubinska et al. 2012).
However, in the presence of the FeOx amorphous phase,
almost all As was adsorbed onto its surface in initial
cultivation stages, significantly suppressing As bioaccu-
mulation (Fig. 2). A. niger metabolic activity then in-
duced slow As release into the media from FeOx sur-
faces (Fig. 3), increasing the amount of bioavailable As
to 3.13 mg.L−1 after 15-day cultivation (Fig. 4). This is
considerably higher than inorganic As release triggered
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Fig. 2 Changes in Aspergillus niger biomass As content during
cultivation in media supplemented with iAs(III) in FeOx presence
(white circle) and FeOx absence (black circle)
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Fig. 3 Changes in FeOx As content during 15-day Aspergillus
niger cultivation (black circle) or microorganism absence (white
circle) on media enriched with iAs(III)
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Fig. 4 Log scale changes in As media concentration during 15-
day cultivation of Aspergillus niger strain in the presence of FeOx
(white circle), in the absence of FeOx (black circle) and changes in
As concentration in the presence of FeOx without fungal strain
(black triangle)
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by natural FeOx dissolution in the absence of A. niger
(Fig. 4). Here, the As average concentration in medium

surrounding FeOx was less than 0.128 mg.L−1. This
confirms the significant influence of filamentous fungus
on As release from FeOx clearly identified in Fig. 3.

The previously mentioned leaching effect is general-
ly mediated by extracellular products via three different
mechanisms: (1) lowering the medium pH value of the
medium and inducing dissolution of the substrate that
binds the pollutant, (2) forming organometallic com-
plexes which are readily dissolved in the medium and
(3) competing for sorption positions on the substrate
surface (Burgstaller and Schinner 1993). Here, we ob-
served significantly low pH in the media only on the
second day of cultivation (Fig. 5a). The medium pH
then readily increased to its final value of 7 to 7.5. This
is explained by imbalance in acidic metabolite produc-
tion and its enhanced consumption in later cultivation
stages, reducing acidic FeOx dissolution efficiency. It
has been reported, however, that oxalate acid production
is highly effective even in the 5 to 8 pH range (Ruijter
et al. 1999), which correspond to media pH after the
second cultivation day. Strains of A. niger are common-
ly applied in commercial organic acid production
(Magnuson and Lasure 2004), especially for citrate
and oxalate produced to maximum concentration of
200 mmol.L−1 in similarly designed experiments
(Santhiya and Ting 2006). Therefore, we conclude here
that the As release from FeOx is significantly enhanced
by microbial organic acid production or competition of
metabolites with arsenic for sorption positions on the
FeOx surfaces, rather than by acidic FeOx dissolution.

Surprisingly, the amount of biovolatilized As during
cultivation of A. niger is comparable in both FeOx
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Fig. 5 Changes in culture media pH (a) and Aspergillus niger
biomass dry weight (b) during 15-day cultivation in the presence
and absence of iAs(III) and FeOx

day of cultivation

0 2 4 6 8 10 12 14 16

am
ou

nt
 o

f b
io

vo
la

til
iz

ed
 A

s 
(m

g)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

iAs(III) + A. niger
iAs(III) + A. niger + FeOx 

 iAs(III)  iAs(III) + FeOx

re
al

tiv
e 

co
nt

en
t o

f A
s 

(%
)

0

20

40

60

80

100 FeOx 
culture medium
biomass 
volatilized

Fig. 6 Biovolatilized As during
Aspergillus niger filamentous
fungus cultivation in FeOx
presence (white circle) and FeOx
absence (black circle). The inset
illustrates relative As distribution
in each cultivation system
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cultivation day
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presence and absence (Fig. 6). Therefore, it can be
concluded that the limiting step for As biovolatilization
is fungal metabolic capacity, rather than efficient As
release from FeOx into the surrounding media (inset
Fig. 6). The amount of biovolatilized As increased
steadily and reached its maximum on the last day of
cultivation, and the As loss from cultivation system was
considerably high with average value of 1.8 mg.

Biomass increase was more significantly influenced
in the presence of FeOx than iAs(III), and only a small
biomass dry weight reduction was observed during cul-
tivation in the presence of iAs(III) compared to the
control (Fig. 5b). While FeOx presence slightly en-
hanced fungal growth on the 10th day of cultivation, it
proved more toxic in early growth stages than iAs(III).
Subsequent release of As from the FeOx surface into the
medium was shown in biomass weight decrease (Fig. 3).

4 Conclusions

The A. niger fungal strain releases arsenite from the
FeOx surface. This mechanism is most likely controlled
by the production of organic chelating ligands, rather
than by acidic FeOx dissolution. After 15-day fungal
cultivation in the presence of FeOx with pre-adsorbed
iAs(III), almost 1.8 mg As was released into the sur-
rounding culture media, accumulated and subsequently
transformed into its volatile derivatives. Our results
confirm that fungal biovolatilization activity is con-
trolled by specific biovolatilization rate of the strain
itself and not by desorption of As from FeOx. This
indicates the biogeochemical significance of fungi in
As interaction with FeOx affected by their activity. This
includes the production of exo-metabolites which in-
duce As leaching from FeOx surfaces and As biotrans-
formation into volatile derivatives following its uptake.
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