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Abstract Bioremediation of hexavalent chromium by Asper-
gillus niger was attributed to the reduction product (trivalent
chromium) that could be removed in precipitation and
immobilized inside the fungal cells and on the surface of
mycelium. The site location of reduction was conducted with
assays of the permeabilized cells, cell-free extracts, and cell
debris, which confirmed that the chromate reductase was main-
ly located in the soluble fraction of cells. The oxidation–reduc-
tion process was accompanied by the increase of reactive
oxygen species and antioxidant levels after hexavalent chromi-
um treatment. Michaelis–Menten constant (Km) and maximum
reaction rate (Vmax), obtained from the Lineweaver–Burk plot
were 14.68 μM and 434 μM min−1 mg−1 of protein, respec-
tively. Scanning electron microscopy and Raman spectra anal-
yses manifested that both Cr(VI) and Cr(III) species were
present on the mycelium. Fourier transform-infrared spectros-
copy analysis suggested that carboxyl, hydroxide, amine, am-
ide, cyano-group, and phosphate groups from the fungal cell

wall were involved in chromium binding by the complexation
with the Cr(III) and Cr(VI) species. A Cr(VI) removal mecha-
nism of Cr(VI) reduction followed by the surface immobiliza-
tion and intracellular accumulation of Cr(III) in living A. niger
was present.
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Introduction

Chromium is one of the most frequently used and toxic heavy
metals, which has posed a great threat to the environment.
Sources identified as contributing to the wide dissipation of
Cr(VI) included chrome-plating, leather tannery, dyes and
pigments, anti-corrosion agents, textiles, etc. (Contreras et al.
2011; Dong et al. 2011; He et al. 2011; Sultan and Hasnain
2007). An alarming amount of chromium wastes was
discharged to the environment annually, which led to heavy
environmental pollution, especially to soils and waters
(Kamaludeen et al. 2003).

Among the nine valence states of Cr (ranging from −2 to +
6), Cr(VI) and Cr(III) are more significant to the environment
due to their stable oxidation forms in nature. Cr(VI) com-
pounds could cause serious injury to living organisms includ-
ing allergies, irritations, and respiratory track disorders. In
addition, it is a carcinogenic and mutagenic agent (Jin et al.
2014; Megharaj et al. 2003), and the toxicity is mainly result-
ed from the process of its reduction to Cr(V), and then Cr(V)
was oxidized to Cr(VI). In this process, free radicals and
reactive oxygen species (ROS) are generated (Kılıç et al.
2010). Moreover, non-biodegradable character and high sol-
ubility in aqueous environment contribute to the enduring
stability, which increases the toxicity and contamination abil-
ity of this heavy metal (Garavaglia et al. 2010). By contrast,
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derivates of Cr(III) are less toxic and mutagenic than Cr(VI),
due to the water-insolubility at neutral pH (Mohan and
Pittman 2006). Besides, Cr(III) is an essential micronutrient
for humans at low concentrations to use glucose, protein, and
fat for metabolism (Thacker et al. 2007). Thus, available
approaches to eliminate chromium pollution in the environ-
ment are concentrated on reducing hexavalent to trivalent
form.

Conventionally, physical–chemical techniques have been
employed to reduce Cr(VI) such as ion exchange, sedimenta-
tion, chemical reduction, and adsorption (Krishna and Philip
2005; Xu et al. 2011). However, the methods mentioned
above are limited by the disadvantages of secondary pollution
along with high cost and high energy requirement (Dhal et al.
2013). Thus, novel, cost-efficient, and more environmentally
friendly technologies are highly desirable.

Bioremediation technology has been suggested as a poten-
tial alternative to the conventional techniques for Cr(VI) re-
moval (Joutey et al. 2014; Park et al. 2005a). Particularly,
Aspergillus niger gains its popularity to tackle Cr(VI)-contam-
inated water. As a fungi, A. niger could be cheaply and readily
produced in a large scale from established industrial
fermentation processes as a byproduct (Park et al.
2005a, 2005b). The removal of metal ions from aqueous
solution by microorganisms usually depends on the in-
tegrated mechanisms involving bioaccumulation,
biosorption, and reduction processes. Present studies
suggested that reduction plays a significant role in the
process of hexavalent chromium removal by A. niger
(Park et al. 2005a). Although there are extensive studies
on Cr(VI) removal by A. niger, the precise mechanisms
of reducing Cr(VI) to Cr(III) are still unclear. Besides,
many researches explained the oxidative stress induced
by various heavy metals in plants (Rai et al. 2005),
algae (Aravind and Prasad 2005), and bacteria
(Ackerley et al. 2004; Hu et al. 2005). Yet, little liter-
ature elaborated the fungal oxidative stress induced by
Cr(VI). To close these knowledge gaps, more in-depth
investigations are needed. In this context, it is very
important to understand the adaptive changes of fungi
both biochemically and morphologically in response to
Cr(VI).

The objectives of this work are to study the mechanism of
A. niger in the reduction of Cr(VI) using different experimen-
tal approaches involving biochemical, Fourier transform-
infrared spectroscopy associated with Raman spectra, and
Scanning electronmicroscopy surface analyses: (1) Reduction
of Cr(VI) by various components and pretreated cell-free
extracts of biomass were carried out to validate the enzyme-
mediated reduction process, and the location of chromate
reductase was elucidated. (2) Biochemical analyses of activity
of total superoxide dismutase (T-SOD) and catalase (CAT),
and the malondialdehyde (MDA) content were carried out to

study the resistibility of fungi to Cr(VI)-induced free radicals.
(3) The morphological changes and reduction product were
studied through scanning electron microscopy (SEM). Fourier
transform infrared (FT-IR) and Raman analyses were conduct-
ed to study the interactions between Cr and functional groups
on fungal surface.

Material and methods

Reagents and cultivation of microorganism

All chemicals used were analytically pure grade throughout
this study and used without further purification.

An axenic strain of A. niger (CICC41115) was purchased
from the China Center of Industrial Culture Collection (Bei-
jing, China). The cultures were grown in sterilized potato
dextrose Agar medium (PDA) and Czapek Dox liquid
medium.

Time-course of Cr(VI) reduction by A. niger

Spores (3–4 days old) incubated on PDA slants at 37 °C were
used for the preparation of inocula. Experiment of Cr(VI)
reduction by living-cells of A. niger was conducted under
gyratory shaking of 150 rpm at 37 °C from 0 to 4 days in
250-mL flasks, which including 100 mL sterile Czapek Dox
liquid medium, inocula, and 50 mg L−1 Cr(VI) using potassi-
um chromate (K2CrO4) instead. The Cr(VI) stocks were filter-
sterilized using 0.22-μm filters (Millipore, Bedford, MA).
Aliquots of 2 mL were withdrawn every 2 h and then subject-
ed to centrifugation (6,000 rpm for 10 min at 4 °C). The
supernatants were harvested to calculate the remaining Cr(VI)
and total Cr.

Resting and permeabilized cell assays

Cells of A. niger were grown in Czapek Dox liquid medium
for 24 h and harvested by centrifugation as above. Cell pellets
of A. niger were washed twice with 100 mM potassium
phosphate buffer (PBS) (pH 7.0), and resuspended in the same
buffer. Thus, the resting cells were obtained. Resting cells
were treated with 10 μg mL−1 antifungal protein for 5 min
and rinsed with PBS above to achieve membrane-
permeabilized cells (Theis et al. 2003). Resting and perme-
abilized cell were transferred to sterile 100-mL Erlenmeyer
flasks which were spiked with potassium dichromate to final
concentration of 50 mg L−1, respectively. Flasks were
vortexed gently for 2 min and incubated at 37 °C for 6 h. At
the end of incubation, aliquots of 2 mL were withdrawn and
centrifuged as above; the remaining Cr(VI) was estimated
from the supernatants.
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Sub-cellular fractionation and localization of chromate
reductase activity

Cell-free extracts (CFE) of A. niger were prepared by using a
modified method of previously published literatures (Camargo
et al. 2003; Cheng et al. 2010). Cells grown for 2 days in
Czapek Dox liquid medium were harvested after centrifugation
as above, washed, and resuspended in 100 mM PBS as above.
Cell suspensions were placed in ice bath and disrupted using an
Ultrasonic Probe (Scienta-II D) with amplitude of 40 % at
950 W with 2-s pulses and 4-s intervals for 15 min. Thus,
sonicates were obtained and then centrifuged at 10,000 rpm for
30min at 4 °C. The obtained supernatants were filtered through
0.22-μm filters to yield the CFE devoid of membrane fractions
(CFE was spread onto an agar plate for testing the viability.
After being cultured at 37 °C for 24 h, no colony was generated
on the agar plate, indicating that the sonication treatment is an
effective tool to disrupt the cells). The precipitations after
centrifugation were accordingly resuspended in same volume
of PBS and used for subsequent assays. CFE and cell debris
were used for chromate reductase assay in order to locate the
chromate reductase activity in the cells. All the assays were
conducted in triplicates with freshly prepared CFE.

Chromate reductase assay

With the purpose of investigating the roles of enzyme in
Cr(VI) reduction, CFE was subjected to three treatments—
10 mM AgNO3 at room temperature, 0.5 % sodium dodecyl
sulfate (SDS) at room temperature, and heat denaturing at
95 °C for 10 min. Treated and untreated (control) CFE were
used for Cr(VI) reductase tests. The initial concentration of
Cr(VI) in these tests was 10 mg L−1, considering the small
doses CFE in actual experiment. The protein concentrations in
the CFE samples were measured by the Bradford method with
bovine serum albumin as the standard. Kinetics of Cr(VI)
reduction by CFE was evaluated using different initial Cr(VI)
concentrations ranging from 50 to 500 μM. Reaction mixtures
in a total volume of 1 mL consisted of 0.4 mL CFE (0.11 mg
protein) and 0.6 mL different concentrations of Cr(VI) in
50 mM PBS (pH 7.0), and they were incubated for 30 min
at 37 °C. The amount of residual Cr(VI) in the reaction
mixture was quantified. Michaelis–Menten equation was used
to determine the Michaelis constant (Km) and maximum ve-
locity of the enzyme (Vmax). Km and Vmax were estimated by
linear regression analysis of the values obtained in the assay.

Cr(VI) effect on the antioxidant system of fungi

A. nigerwas treated with 0, 10, 30, 50, and 70 mg L−1 Cr(VI),
respectively, and the treated fungal cells were used to prepare
CFE by sonication as above. The protein concentrations in the
CFE samples were measured as above. The CFE enzyme

activities of total superoxide dismutase (T-SOD) and catalase
(CAT), and the content of malondialdehyde (MDA) were
measured by analysis kits (Nanjing institute of biological
engineering, China).

Characterization of reduction product

To identify the character of reduction product, the fungal cells
associated with the reduction product were characterized by
SEM, Raman spectroscopy, and FT-IR spectroscopy. For
SEM (TM3000, Hitachi, Japan) study, the fungal cells loaded
with/without chromium (after 48 h incubation) were triple-
rinsed to remove impurities with PBS (pH 7.0). Samples were
freeze-dried overnight at −55 °C before it was examined.

For Raman spectroscopy (Labram-010, Hotiba Jobin
Yvon, France) and FT-IR analyses, the fungal cells exposed
to 50 mg L−1 Cr(VI) and without Cr(VI) were incubated for
48 h. Then, the cells were separated by centrifugation at
6,000 rpm, 4 °C for 10 min. The supernatant was abandoned
while the pellets were washed with deionized water and dried
in oven at 70 °C overnight. The FT-IR spectra of dried cells
associated with or without reduction product in KBr phase
were recorded using FT-IR spectrophotometer (IR Affinity-1,
Shimadzu Corporation, Japan).

Analytical techniques

The concentration of Cr(VI) was determined by the 1,5-
diphenylcarbazide method at 540 nm with UV–vis spectro-
photometry (UV-2550, Shimadzu Corporation, Japan) and
compared with standards Cr(VI) which was prepared with
K2CrO4. Total Cr concentration measurement was made using
flame Atomic absorption spectroscopy (TAS990, Purkinje
General, China). The concentration of Cr(III) could be ac-
quired by deducting the remained Cr(VI) from the total Cr in
the supernatant (Shen et al. 2012).

The responses of A. niger to the Cr(VI) stress were ana-
lyzed by a one-way ANOVA test. If the statistical test was
found to be significant at p<0.05, a Tukey’s test was used to
determine the difference. All the tests were conducted using
the Statistical Package for Social Science (SPSS v. 18). The
results shown in the figures represent the average of three
independent replicate treatments. The data obtained in this
study are presented as means±standard deviations.

Results and discussions

Efficiency of Cr(VI) reduction by A. niger

The time-course of 50mgL−1 Cr(VI) reduction by the A. niger
was shown in Fig. 1. Hexavalent chromium concentration
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decreased straightly to 0 in 84 h. The fungi showed high
efficiency to reduce Cr(VI) (exceeding 99 % in 84 h). Except
for Cr(VI) and Cr(III), other valence states of Cr (ranging from
−2 to +6) are unstable in nature , so we count the Cr(III)
concentration as deducting the remained Cr(VI) from the total
Cr in the supernatant. Compared with the decrease in Cr(VI),
the Cr(III) gradually accumulated until the Cr(VI) vanished,
and the final concentration of Cr(III) was 9.45 mg L−1. The
Cr(VI)-Cr(III) graph showed that A. niger could significantly
remove Cr(VI), and reduction of part of Cr(VI) by A. niger
that was verified by the Cr(III) remained in the supernatant.
However, whether the missing Cr(VI) was reduced or
adsorbed was still unclear, which will be discussed in the
following sections.

Characterization of chromate reductase activity in A. niger

Chromate reductase assays were carried out using resting and
permeabilized cells of A. niger by exposing the cells to
50 mg L−1 Cr(VI) for 6 h at 37 °C. Table 1 showed the degree
of reduction of Cr(VI) upon exposure of resting and perme-
abilized cells of A. niger to Cr(VI). As shown in this table, the
resting cells reduced 42.2 % Cr(VI), while degree of reduction
of 46 % Cr(VI) was observed by permeabilized cells of
A. niger. The results of resting and permeabilized cell assays

suggested that the enhanced permeabilization does not work
in the increase of degree of reduction.

Fungi was disrupted and separated into cell debris and
CFE. The reduction ability of these components to Cr(VI)
was analyzed, respectively. As shown in Table 1, when
50 mg L−1 Cr(VI) were introduced into the CFE, degree of
reduction of Cr(VI) attained 59 % within 6 h. The result
confirmed that Cr(VI) reduced by A. niger is mainly depen-
dent on CFE. Like most bacterial cases, chromium reductase
activity is related to the intracellular fraction (Myers et al.
2000; Ravindranath et al. 2011). Conversely, no significant
change of the Cr(VI) concentration was observed when cell
debris were introduced, which denoted that the cell debris
could not contribute to reduction of Cr(VI) directly, and the
2.1 % degree of reduction by cell debris may be on account of
physical absorption. The 6.1 % Cr(VI) degree of reduction by
supernatant metabolites suggests that a small part of Cr(VI)
could be reduced by some compositions in metabolites.

CFE was further suffered from 95 °C heat and protein
denaturants, in order to check out whether the reduction
process was enzyme-mediated or not. As shown in Fig. 2,
the reduction of Cr(VI) can be terminated by heat denatural-
ization. It indicated that the reduction of Cr(VI) was attributed
to Cr(VI) reductase or some unclear heat-sensitive reductants
in the CFE, which contributed to the Cr(VI) reduction. To
confirm the character of reduction substances, we treated CFE
with other protein denaturants at room temperature. Figure 2
exhibited that both heavy metals (Ag+) and surfactants (SDS)
may significantly affect or even terminate the effective reduc-
tion of Cr(VI). A control experiment of untreated CFE was
also conducted. The results indicated that the reduction of
Cr(VI) by CFE of A. niger was enzyme-mediated.

In order to evaluate the rate of Cr(VI) reduction, the kinet-
ics of Cr(VI) reduction at different Cr(VI) concentrations was

Fig. 1 Changes in Cr(VI) and Cr(III) concentrations with the initial
concentration of 50 mg L−1 Cr(VI), at 37 °C

Table 1 Degree of reduction of 50 mg L−1 Cr(VI) by different cell
components

Cell components Reduction ratio of Cr(VI) (%)

Resting cells 42.2±2.8

Permeabilized cells 46.0±2.0

Supernatant metabolites 6.1±0.9

Cell-free extract 59.0±3.4

Cell debris 2.1±0.4
Fig. 2 The remaining Cr(VI) concentrations after reduction by CFE
suffered from 95 °C heat and protein denaturants. Different letters
indicate significant differences between different treatments (p<0.05)
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studied. The saturation kinetics of Cr(VI) reduction by the
CFE of A. niger fit the hyperbolic Eq. 1:

V 0 ¼ Vmax S½ �
Km þ S½ � ð1Þ

The Michaelis–Menten constant (Km) was 434 μM and
Vmax was 14.68 μM min−1 mg−1 protein.

Cr(VI)-induced oxidative stress in fungal cells

In Fig. 3a, we could observe that the MDA content increases
with the increase of Cr(VI) concentration, and the increase of
MDA content is especially obvious at 70 mg L−1 Cr(VI)
(p<0.05).

As shown in Fig. 3b, the T-SOD activity increases with the
increase of Cr(VI) concentration from 0 to 30 mg L−1 and
subsequently decreases at the Cr(VI) concentration ranging
from 30 to 70 mg L−1, which emerged a bell-shaped concen-
tration–response curves.

CAT activity is shown in Fig. 3c; a significant increase
appears when Cr(VI) concentration increases from 0 to
10 mg L−1 (p<0.05), and there is no obvious variation be-
tween the CAT activity at the Cr(VI) concentrations of 10, 30,
and 50 mg L−1 (p>0.05). And then CAT activity descends at
70 mg L−1 Cr(VI) concentration, which is similar to the bell-
shaped concentration–response curves of T-SOD.

Ackerley et al. (2004) elaborated the ROS toxicity to
biomass induced by heavy metals (Ackerley et al. 2004).
The ROS includes singlet oxygen (1O2), superoxide (O2− ),
hydrogen peroxide (H2O2), and hydroxyl radical (˙OH). The
process of ROS generation induced by heavy metals is oxida-
tive stress. Cr(VI) is toxic to cellular processes by both enzy-
matic and nonenzymatic mechanisms, with the production of
ROS in reduction process. This process may be a major factor
in causing damage to cellular components, including DNA
and protein (Hu et al. 2005). Generally, in this case, biomass
could engender stress response to resist the ROS damage by
producing more corresponding enzymes, such as SOD (to
convert superoxide to hydrogen peroxide) and CAT (to con-
vert hydrogen peroxide to water and oxygen) (Baptista et al.
2009). Besides, MDA content was broadly available to indi-
cate lipid peroxidation, which was related to the production of
O2 −. The evaluation of MDA levels represents the free-
radical-generating capacity of the microorganism via metal
ions stimulating (Zeng et al. 2012). For the purpose of under-
standing the fungal resistance to Cr(VI), we studied the rela-
tionship between the Cr(VI) concentration and the antioxidant
system of A. niger.

In the current research, increased free radical generation
was found in A. niger under Cr(VI) stress as indicated by the
MDA product, which is similar to the effect of heavy metals

on higher plants (Dhir et al. 2004; Saradhi and Mohanty
1993). In Fig. 3a, we could see that MDA levels rose up
steadily with the increase of Cr(VI) concentration, which

Fig. 3 Effects of Cr(VI) on fungal oxidative stress system under different
initial Cr(VI) concentrations; a MDA content; b T-SOD activity; c CAT
activity. Different letters indicate significant differences between treat-
ments with different Cr(VI) concentrations (p<0.05)
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suggested that the generation of free radical was concentra-
tion-dependent. In comparison with the MDA at 70 mg L−1 of
Cr(VI), MDA at lower Cr(VI) concentration presented no
evident distinction (p<0.05). The generation and accumula-
tion of Cr(VI)-induced ROS would induce fungi to produce
more antioxidant enzymes to protect their own cells from the
damage of free radicals. As shown in Fig. 3b and c, T-SOD
and CAT showed the similar trend which emerged as bell-
shaped concentration–response curves. Our result was in con-
sistent with the previous research which described the stress
responses of Phanerochaete chrysosporium as bell-shaped
curves (Zeng et al. 2012). The decrease of T-SOD and CAT
at higher Cr(VI) concentration was attributed to the excessive
ROS accumulation, leading to cell death and antioxidant
system breakdown. And at high Cr(VI) concentration, the
interaction between excess metals and cellular components
engendered ROS overproduction, leading to cytotoxicity out-
break. According to the observed feature of cellular damage
(MDA level) and antioxidant enzyme activity, we could con-
clude that the tolerance of A. niger to Cr(VI) mainly depends
on its ability to avoid oxidative stress.

Characterization of the reduction product

SEM analyses

In order to get further insight into the character of reduction
product species, the SEM studies of fungal cells, grown in the
absence and presence of 100 mg L−1 Cr(VI) in Czapek Dox
liquid medium, were undertaken and the results are presented
in Fig. 4. SEMmicrographs of untreated mycelia were regular

and integrated, while the mycelia upon treatment with Cr(VI)
showed distinct changes. The obvious changes in morphology
indicated that cells were suffered from toxicity of Cr(VI). And
also, we could see the crystal attached to the surface of fungal
cells in Fig. 4, which indicated the adsorption process. This
result is consistent with the previous study which demonstrat-
ed that particles on the cells surface of A. nigerwere Cr(VI) by
SEMmicrographs combinedwith EDAX spectra (Khambhaty
et al. 2009). We could confirm that the crystal was one of the
chromium compounds.

FT-IR and Raman analyses

Figure 5a shows FT-IR spectra of the pristine A. niger and
biomass loaded with chromium. The complex nature of the
biomass was indicated by a number of absorption peaks in the
control sample (Fig. 5a (I)). The band around 3,359 cm−1 is
indicative of the existence of the –OH groups, whereas the
C=O groups stretching at the band 1,740 cm−1 demonstrated
the presence of –COOH. The band at 2,928 cm−1 is represen-
tative of –CH stretching including –CH3 and >CH2 functional
groups attributed to fatty acids found in fungal membrane
phospholipids. The moderately strong absorption bands at
1,647 and 1,546 cm−1 were observed as amide I and amide
II respectively, whereas band at 1,035 cm−1 indicated the
presence of P–O alkyl (phosphorous compounds) of polysac-
charides (Yee et al. 2004). The band located at 2,360 cm−1

indicated the amine group of proteins. Since –CN stretching
can also appear around the wavelength of 1,350–1,000 cm−1,
the weak peaks at 1,074 and 1,313 cm−1 were identified as the

Fig. 4 SEM micrographs of
A. niger grown in the absence and
presence of 100 mg L−1 Cr(VI); a
grown in the absence of Cr(VI)×
150; b grown in the presence of
Cr(VI)×150; c grown in the
absence of Cr(VI)×1,000; d
grown in the presence of
Cr(VI)×1,000
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–CN stretching vibration of protein fractions (Bai and
Abraham 2002).

Figure 5a (II) showed the fluctuation in the spectrum of the
biomass after sorption of chromium. The decrease in width
and intensity of the band around 3,359 cm−1 and the weakness
of the band at 1,740 cm−1 with respect to the control spectrum
collectively illustrated that hydroxyl and carboxyl groups
contributed to adsorption. The decrease of –CH groups at

band 2,928 cm−1 corresponds to the reduction of phospholip-
id. The spectral analysis showed that there were several re-
markable decreases in the absorption intensity of –NH
(2,360 cm−1) and –CN (1,074 and 1,313 cm−1) after Cr
adsorption, which indicated that the –NH and –CN group of
protein were involved in Cr(VI) binding. Similarly, obvious
weakness occurred at band 1,035 cm−1 suggesting that –PO4

3

−, which consisted in polysaccharide, participated in Cr(VI)
binding. As major compositions of fungal cell membrane,
phospholipid, protein, and polysaccharide played important
roles in the Cr(VI) biosorption. The intensity of the peak at
1,647 and 1,546 cm−1, which moderately shrunk, indicated
that amide I and amide II were involved in Cr(VI) binding in
some way. Though various functional groups were expressed
in different experimental conditions, our results were basically
in line with the reported articles that many potential “ligands”
including carboxylate, amine, phosphate, hydroxyl, sulfhy-
dryl, and other functional groups were the sites of metal
uptake (Kapoor and Viraraghavan 1997). In present study,
functional groups such as carboxyl, hydroxide, amine, amide,
cyano-group, and phosphate were responsible for Cr(VI)
binding as ligands. The identification of these functional
groups in the FT-IR spectrum of pristine and Cr(VI)-pretreated
biomass is indicative of their contribution to the biosorption of
chromium by the A. niger biomass.

As a complementary analysis, Raman spectroscopy test of
fungi supplement with Cr(VI) was conducted. In Fig. 5b, a
broad and high peak was observed, from about 317 to
1,124 cm−1, with several unconsidered fluctuation. A series
of published literatures demonstrated that Cr in different va-
lence states has different absorption peaks in Raman spectra.
Cr(VI) compounds have characteristic peaks in area around
500, 900, and 1,000 cm−1, whereas Cr(III) compounds have
distinctive bands around 300 and 600 cm−1 (Kikuchi et al.
2005; Vaskova and Kolomaznik 2013). This indicated that
both of Cr(VI) and Cr(III) compounds were present on the
mycelium. In conclusion, the FT-IR and Raman analyses
confirmed the adsorption effect of Cr(VI) by A. niger. So we

Fig. 5 a FT-IR spectra of (I) the pristine A. niger and (II) A. niger loaded
with chromium, b Raman spectroscopy of A. niger loaded with Cr(VI)

Fig. 6 Conceptual diagram of chromium removal mechanism by
A. niger involving two simultaneous processes. Process I including: (1)
Cr(VI) in solution was adsorbed on the surface of fungal cells; (2) Cr(VI)
accessed into cells due to the high penetration of Cr(VI); (3) Cr(VI) was

reduced to water-insoluble Cr(III); Process II including: (1) A small part
of Cr(VI) in solution was reduced to Cr(III) by cell secretions; (2) the
reduced Cr(III) was adsorbed on the surface of cells
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conclude that part of Cr(VI) was reduced to Cr(III), and
another part was absorbed on the surface of cells.

Mechanisms of Cr(VI) reduction by A. niger

Through series of tests above, a cellular and enzymatic mech-
anism of fungi on reduction of Cr(VI) is present in Fig. 6.

In general, the Cr(VI) reduction mechanism by A. niger
could be divided into two parts: (1) Cr(VI) in solution was
immobilized by coordination with the functional groups on
the surface of fungal cells, including carboxyl, hydroxide,
amine, amide, cyano-group, and phosphate as depicted above,
and the Cr(VI) complex was generated; a small part of Cr(VI)
in solution was reduced to Cr(III) by some reduction sub-
stances in cell secretions. Furthermore, extracellular Cr(VI)
complex and Cr(III) were immobilized on the surface of
fungal cells, which can be seen in the SEM micrographs. (2)
Cr(VI) accessed into cells due to its high penetration, and then
Cr(VI) was reduced to water-insoluble Cr(III) species, which
accumulated as precipitation; however, intracellular penetra-
tion of Cr(III) is rather impossible (Smutok et al. 2011), so
Cr(III) species were immobilized in cells.
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