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a b s t r a c t
Previous researches had demonstrated that microorganisms were able to reduce Cr(VI), which has 
been always regarded as a threat to human health. However, reduced Cr(III) exposed to natural 
environment is still possible to be re-oxidized to Cr(VI). In this present study, the system including 
Aspergillus niger and bentonite-sodium alginate beads (BSBs) was used to reduce and fix Cr(VI) from 
aqueous solution by batch mode. The A. niger and BSBs were characterized by spectrophotometry, 
inductively coupled plasma-optical emission spectroscopy (ICP-OES), scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS) and 
X-ray synchrotron radiation technology. Multiple mechanisms such as interlayer cation-exchange 
and bioremediation involved in Cr(VI) removal process. The results of spectrophotometry and 
TEM-EDS revealed the removal of Cr(VI) by A. niger through bioremediation. Also, the interlayer 
cation-exchange between Cr(III) and BSBs was revealed by ICP-OES, SEM-EDS and X-ray synchro-
tron radiation technology analysis. Experimental data showed that A. niger cultured in the system 
could reduce Cr(VI) nearly 100% while cell did not form intracellular Cr-containing minerals with 
trace amount of Cr in cell, and approximately 0.2 mg·L–1 Cr(III) was fixed per gram of BSBs. This 
research provided a promising application of BSBs–A. niger system in Cr(VI) remediation where A. 
niger was capable of reducing Cr(VI) to Cr(III), and then Cr(III) could be immobilized through inter-
layer cation-exchange by BSBs.
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1. Introduction

Cr(VI) discharged by anthropogenic activities like leather 
tanning, electroplating, and anodizing baths, has attracted 
global concerns about its harmful impacts on human health 
[1–3]. For example, Cr(VI) has various routes of exposure 
like dermal absorption, ingestion and inhalation, which 
causes skin ulceration and increases the risk of lung can-
cer in more severe cases [4]. Cr(VI) has more pathogenicity, 
mobility, and bioavailability than Cr(III) which means Cr(VI) 

pollution is a complicated issue for human [5,6]. Accordingly, 
Cr(VI) has been categorized in class A human carcinogen 
by US Environmental Protection Agency (USEPA), and its 
maximum contaminant level is stringently constricted in 
0.05 mg·L–1 [7,8]. Remediation of Cr(VI) contamination is an 
imperative requirement for humans.

At present, traditional methods of Cr(VI) remedia-
tion include physical and chemical approaches, which are 
divided in adsorption, membrane filtration, ion exchange, 
and electrochemical treatment and so on by mechanisms 
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[1,9,10]. These approaches have several drawbacks such as 
high-cost, high technology requirement and production of 
chemical sludge [11]. Consequently, microbial remediation 
gradually gained preference as an alternative to traditional 
physical and chemical methods, because it needs less expense 
and exerts less influence on environment [12–21].

Besides microorganisms, clay minerals like hydrotal-
cite [21], montmorillonite [23,24], zeolite [25], and bentonite 
[26–28] are also utilized by researchers to remediate metal 
pollution through cation interlayer exchange. However, the 
agglomeration and precipitation of clay mineral particles 
leads to deterioration of efficiency of metal contamination 
removal [29]. In order to eliminate this situation, research-
ers combine coagulant like sodium alginate with adsor-
bents to stabilize adsorbents. Sodium alginate imposes 
no direct influence on the removal of Cr(VI), because it 
couldn’t remove Cr(VI) separately, and it could improve 
the efficiency of adsorbents through preventing from their 
aggregation [29–31].

This study investigated the Cr(VI) remediation by 
Aspergillus niger which is resistant to Cr [32], with beads con-
sist of calcium bentonite and sodium alginate which could 
stabilize bentonite and prevent from aggregation of benton-
ite. Proportion of removed Cr(VI) was measured at differ-
ent initial Cr concentrations, and the mechanism of Cr(VI) 
removal by A. niger with beads was revealed by inductively 
coupled plasma-optical emission spectroscopy (ICP-OES), 
scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), energy-dispersive X-ray spectros-
copy (EDS) and X-ray synchrotron radiation technology. 
This finding may provide a novel method for promoting 
efficiency of Cr(VI) remediation.

2. Materials and methods

2.1. Aspergillus niger, culture and bentonite-sodium 
alginate beads

A. niger used in experiments was preserved in the 
Microbial Geochemical Laboratory of Peking University 
[33], whose Cr(VI) tolerance reached up to 100 mg·L–1. The 
culture medium (per L) contained NaCl 2 g, NaNO3 0.5 g, 
MgSO4·7H2O 5 mg, NH4Cl 0.1 g, yeast extract 0.5 g, beef 
extract 1 g, tryptone 3 g, and glucose 3 g [33].

The production method of bentonite-sodium algi-
nate beads (BSBs) is shown in Fig. 1 and as follows: 3 g 

bentonite and 2 g sodium alginate were completely mixed 
in 100 mL deionized water. And then, we added the mix-
ture into high-pressure steam sterilization pot heated to 
120°C for 1 h. As soon as the temperature dropped to 70°C, 
we took it out of pot then immediately injected the mixture 
evenly into sterile 1% CaCl2 solution by a sterile syringe. 
The homogeneous BSBs (beads with diameter 2 mm) were 
obtained after cooling in 1% CaCl2 solution for 12 h.

2.2. Influence of different initial Cr(VI) concentrations on Cr(VI) 
removal efficiency

A. niger was pre-cultured in medium for 48 h in LRH-
150 incubator (Shanghai Qixin Scientific Instrument Co., 
Ltd., Shanghai, China) at 30°C ± 0.5°C, 150 rpm. After 
incubation, 1 mL inoculum and 10 g BSBs were added into 
new mediums respectively (Fig. 1) with a series of Cr(VI) 
concentrations (10, 30 and 50 mg·L–1, initial pH 5.7), with 
a medium containing 50 mg·L–1 Cr(VI) without A. niger 
as a control group. All the mediums were then incubated 
at 30°C ± 0.5°C, 150 rpm for 18 d. Proportion of removed 
Cr(VI) (P) was calculated by the equation:
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where Ci
Cr(VI) means initial concentration of Cr(VI) (mg·L–1) 

and Cf
Cr(VI) means final concentration of Cr(VI) (mg·L–1) [32].

Total Cr (Cr(III) and Cr(VI)) and Cr(VI) concentrations 
were measured every day. Cr(III) was expressed as the value 
of total Cr minus Cr(VI) contents. Total Cr was measured 
by inductively coupled plasma-optical emission spectros-
copy (ICP-OES; Spectro Blue SOP). And Cr(VI) was deter-
mined by sensitive and selective reaction between Cr(VI) 
and diphenylcarbazide (DPCI) through spectrophoto-
metric methods (Thermo Evolution 220) at 540 nm [34,35].

2.3. Influence of different weight of BSBs on amount of 
fixed total Cr

In order to investigate the influence of the weight 
of BSBs on amount of fixed total Cr, 5 or 20 g BSBs and 
1 mL inoculum were added into new mediums respec-
tively with a same series of Cr(VI) concentrations. All the 

Fig. 1. Schematic diagram of the synthesis mechanism of BSBs–A. niger system.
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mediums were then incubated at 30°C ± 0.5°C, 150 rpm for 
18 d. Proportion of remained total Cr (R) was calculated 
by the equation:

R
C
C

f
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% %� � � �100  (2)

where Ci
Cr means initial concentration of total Cr (mg·L–1), 

Cf
Cr means final concentration of total Cr (mg·L–1). Removed 

total Cr concentration per gram of BSBs (S) was calculated 
by the equation:
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where Ci
Cr means initial concentration of total Cr (mg·L–1), 

Cf
Cr means final concentration of total Cr (mg·L–1), MBSBs 

means weight of BSBs added into medium (g).

2.4. Morphological study of minerals and fungus

Morphology and elemental composition of A. niger 
participating in removing Cr(VI) process was examined 
by TEM and EDS. Fungal strain was cultivated in medi-
ums with BSBs containing a series of initial Cr(VI) concen-
tration gradient (10, 30 and 50 mg·L–1) at 30°C. After 18 d, 
A. niger was extracted as fungal pellets and rinsed by 0.1 M 
phosphate buffer (pH 7) three times (20 min each time), 
and then transferred into 2.5% glutaraldehyde which first 
kept at room temperature for 2 h then kept at 4°C for 12 h. 
Subsequently, we used 1% osmic acid to fix fungal pellets 
at 1°C for 1 h and then washed them with 0.1 M phosphate 
buffer (pH 7) for 30 min. The fungal cells were dehydrated 
by acetone with a series of concentration gradient (30%, 
50%, 70%, 85%, 95%, and 100% concentrations), kept in each 
concentration for 7 min, and treated twice with 100% ace-
tone. Next, the fungal cells were treated by resin–acetone 
mixtures with a series of volume fraction (V:V  =  3:1, 1:1, 
and 1:3) for different time (0.5, 1.0, and 1.5 h, respectively) 
and then kept in pure resin overnight; after this, the sam-
ples were treated with fresh resin for 2 h. We embedded 
the samples by incubation of them in new tubes at 60 °C 
for 24 h; then, the samples were sectioned by an ultrathin 
microtome to obtain 100 nm sections and fixed on a copper 
network coated with a micro-sand carbon film. The samples 
were observed under a field emission TEM (JEM-2100F) 
with a high voltage of 200 kV.

Morphology and elemental composition of BSBs before 
and after Cr(VI) removal process was examined by SEM 
and EDS. After 18 d incubation, BSBs added in culture 
medium incubating A. niger with initial 50 mg·L–1 Cr(VI) 
were extracted, and BSBs added in initial 50 mg·L–1 Cr(VI) 
medium without A. niger used as a control. Next, the 
extracted BSBs were rinsed by ethyl alcohol for 10 min in 
order to remove irrelevant organic metabolites. After this 
process, BSBs were washed by 0.05 M phosphate buffer 
(pH 7) for 5 min. And then, BSBs were fixed on conductive 
adhesive tape and stored in refrigerator at 4°C for 12 h. A 
field-emission environmental SEM (ESEM) (FEI Quanta 

200 FEG) and an auxiliary EDS (Oxford) at 15 kV and 120 Pa 
were used to observe BSBs in experiments.

2.5. Investigation of interlayer ion exchange process in BSBs

The X-ray diffraction (XRD) data of BSBs were collected 
at BL17B1 beamline in Shanghai Synchrotron Radiation 
Facility (SSRF) at 16000 eV. 2D distribution of relationship 
between intensity and 2θ was obtained by software fit2d 
(v12.077). And then the data were analyzed by software 
highplus to identify whether crystalline interplanar spac-
ing of BSBs participating in Cr removal process, which 
indicated the phenomenon of interlayer ion exchange.

3. Results

3.1. Influence of different initial Cr(VI) concentrations on Cr(VI) 
removal efficiency

Compared with control group, Fig. 2 shows culture 
mediums incubating A. niger all had ability to remove nearly 
100% Cr(VI), while the removal rate declined along with 
the initial Cr(VI) concentration increased. When the initial 
Cr(VI) concentration was 10 mg·L–1, A. niger reduced all 
Cr(VI) to Cr(III) in 12 d, while the initial Cr(VI) concentra-
tions were 30 and 50 mg·L–1, A. niger took 18 d to remove 
all Cr(VI) from the culture mediums.

3.2. Influence of different weight of BSBs on amount of fixed total 
Cr

The changes in concentration of total Cr in mediums 
with different amount of BSBs at a series of initial Cr con-
centrations along with incubation time are shown in Fig. 3. 
Total Cr concentration in mediums reduced by 1.3, 2 and 
3.4 mg·L–1 with 5, 10 and 20 g BSBs respectively at initial 
Cr concentration 10 mg·L–1 (Fig. 3A); total Cr concentra-
tion in mediums reduced by 1.4, 2.4 and 4.5 mg·L–1 with 
5, 10 and 20 g BSBs respectively at initial Cr concentra-
tion 30 mg·L–1 (Fig. 3B); total Cr concentration in mediums 

Fig. 2. Proportion of removed Cr(VI) along with incubation 
time under different initial Cr(VI) concentrations (10, 30 and 
50 mg·L–1) with A. niger and BSBs.
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reduced by 1.0, 1.6 and 3.8 mg·L–1 with 5, 10 and 20 g BSBs 
respectively at initial Cr concentration 50 mg·L–1 (Fig. 3C). 
The results showed that at the same initial Cr concentra-
tion, the changes of total Cr concentration increased with 

the increase of BSBs. But the changes of total Cr concentra-
tion in mediums at different initial Cr concentration with 
the same amount of BSBs were similar. In all experimental 
groups, total Cr concentration in mediums with 5 g BSBs 
reduced by approximate 1.0–1.4 mg·L–1, total Cr concentra-
tion in mediums with 10 g BSBs reduced by approximate 
1.6–2.4 mg·L–1; total Cr concentration in mediums with 20 g 
BSBs reduced by approximate 3.4–4.5 mg·L–1 (Fig. 3).

Comparing remaining total Cr concentration with ini-
tial total Cr concentration, we obtained the percentage of 
remaining total Cr. Fig. 4 presents proportions of remaining 
total Cr with initial total Cr in different experimental groups 
with different amount of BSBs at a series of initial Cr con-
centrations. In experimental groups with 5 g BSBs, 87.74% 
(±0.77%), 95.52% (±0.80%) and 98.00% (±0.24%) of total Cr 
remained in mediums at initial total Cr concentrations 10, 30 
and 50 mg·L–1, respectively (Fig. 4A); in experimental groups 
with 10 g BSBs, 81.81% (±0.352%), 91.89% (±1.279%) and 
96.86% (±2.471%) of total Cr remained in mediums with ini-
tial total Cr concentrations 10, 30 and 50 mg·L–1, respectively 
(Fig. 4B); in experimental groups with 20 g BSBs, 68.51% 
(±1.13%), 84.90% (±0.90%) and 92.45% (±0.54%) of total Cr 
remained in mediums at initial total Cr concentrations 10, 
30 and 50 mg·L–1, respectively (Fig. 4C). These results sug-
gested remaining total Cr decrease with the increase of 
BSBs. But the removed total Cr concentration per gram 
of BSBs in all experimental groups was similar (approxi-
mately 0.2 mg·(L·g)–1). In experimental groups with 5, 10 
and 20 g BSBs, removed total Cr concentration per gram 
of BSBs was 0.2–0.27, 0.19–0.24 and 0.17–0.23 mg·(L·g)–1, 
respectively (Fig. 4A–C).

3.3. Morphology of BSBs investigated by SEM

SEM revealed morphological difference of BSBs exposed 
to 50 mg·L–1 Cr(VI) before and after incubation, and ele-
mental composition of their surface was obtained by EDS. 
Morphology of BSBs with A. niger in Fig. 5D presents 
smooth surface, Fig. 5E and F show mass fraction of Cr at 
different spots in Fig. 5D, which were 2.6% and 4.0%, respec-
tively. However, BSBs in the control group had opposite 
characterization (Fig. 5A) that its appearance transformed 
into roughness. Besides, Cr mass fraction of selected spots 
(Fig. 5B and C) were higher than spots in Fig. 5D, which 
reached up to 8.5%. EDS data confirmed that Cr was present 
at BSBs in a specific form, and SEM images suggested that 
Cr(VI) indeed changed morphology of BSBs which might 
be concerned with the way BSBs immobilizing Cr(VI).

3.4. Insight of bentonite interlayer spacing provided by X-ray 
synchrotron radiation

XRD data collected at BL17B1 beamline in SSRF per-
formed with synchrotron radiation (λ = 0.07749 nm). BSBs 
containing sodium alginate and bentonite, while benton-
ite was compound, mainly composed of montmorillon-
ite. Because of their complicated composition, Fig. 6A data 
show characterization of various material, we speculated 
that it was caused by sodium alginate, bentonite and CaCl2 
solution as raw materials of BSBs. Therefore, besides the 
peaks only representing d001 lattice plane of montmorillonite 

Fig. 3. Changes of total Cr concentration along with incubation 
time in medium containing different weight of BSBs (5, 10 and 
20 g) with 10 (A), 30 (B) and 50 (C) mg·L–1 initial Cr, respectively.
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which provided an insight into changes of interlayer spac-
ing, there are other characteristic peaks with higher intensity. 
Montmorillonite had characteristic feature at d001 = 1.429 nm 
[36], and d-spacing and X-ray wavelength follows equation:

2dsin� ��  (4)

where d refers to d-spacing (nm), θ is angle of incidence, 
and λ is wavelength of X-ray radiation (nm).

Fig. 6B shows montmorillonite d001 characteristic 
peaks at 2θ = 3.1365°, 2.7337° and 2.5728° in the condition 
of (i) BSBs, (ii) BSBs with 50 mg·L–1 Cr(VI), (iii) BSBs with 
50 mg·L–1 Cr(VI) and A. niger, respectively. Utilizing for-
mula above, corresponding d-spacings were 1.415739, 
1.624292 and 1.725845 nm in turn. We found that the d-spac-
ings (from 1.415739 to 1.725845 nm) of montmorillonite 
increased after adding Cr(VI) and A. niger.

3.5. Intracellular structure and Cr distribution of A. niger

A. niger incubated in mediums with 10, 30 and 50 mg·L–1 
Cr(VI) was analyzed by TEM and EDS (Fig. 7), intending to 
provide insight into the distribution of Cr in fungal cells. 
According to TEM micrographs, no obvious mineral crystal 
particles were captured in cell (Fig. 7A, C and E). Besides, 
EDS mapping scan data demonstrated that Cr content of total 
scanning area was nearly 0.01% in all samples (10, 30 and 
50 mg·L–1) (Fig. 7B, D and E), indicating in these experiments, 
a small amount of Cr was transferred into fungal cells.

4. Discussion

Cr(VI) is harmful to human, and this BSBs–A. niger com-
bined method might offer a novel and complete approach 
for Cr remediation, but insight into the Cr remediation 
mechanism needs to be provided. Cr(VI) species and Cr(III) 
species existed in medium containing both A. niger and 
Cr(VI) because of A. niger reduction process [32], while 
BSBs themselves were not able to reduce Cr(VI) so that 
mainly Cr(VI) species existed in medium containing BSBs 
and Cr(VI). Bentonite entrapped in BSBs was often used as 
adsorbent for Cr(VI) in previous study [37,38]. In order to 
understand how BSBs and A. niger interacted with Cr in the 
mixed culture of BSBs, A. niger and Cr(VI), this study ana-
lyzed the variation of total Cr and Cr(VI) concentrations in 
medium and observed the morphology and elemental dis-
tribution of BSBs and A. niger.

4.1. Removal of Cr(VI) and change of total Cr concentration

Fig. 2 demonstrates that BSBs–A. niger system removed 
nearly 100% Cr(VI) in every experimental group, indicat-
ing almost all Cr(VI) was reduced and existed in the form 
of Cr(III). We considered that A. niger played a major role 
in this reducing process, which was similar with previous 
researches [39–44]. Figs. 3 and 4 show that total Cr concen-
tration decreased which was measured by ICP-OES, and 
there were two possible processes leading to the decrease. 
The first process might be the interlayer cation-exchange, 
which occurred between clay minerals and metal ions. 
Previous researches revealed that clay minerals were mostly 
combination of octahedral and tetrahedral sheets. In these 
structures, cations with comparable radius could substitute 
original cations, resulting in residual negative charges. And 
these negative charges would be neutralized by adsorp-
tion of alkali earth cations. After neutralization, these alkali 
earth cations had the potential to be replaced by other cat-
ions, including heavy metal ions [45]. Another presumable 

Fig. 4. Percentage of remained total Cr concentration after incu-
bation compared to initial total Cr concentration with a series of 
initial Cr concentrations (10, 30 and 50 mg·L–1) in medium con-
taining 5 (A), 10 (B) and 20 (C) g BSBs. Red square indicates the 
removed total Cr concentration per gram of BSBs.
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process contributing to the total Cr content decrease was 
biological fixation. Plenty of examples about biominer-
alization were documented [46–48], but A. niger had not 
been found to form stable Cr(III) minerals. Metal ions 
could enter into microorganism by ion channels, gathering 
in cell which might cause decrease of Cr concentration in 
aqueous solution. There was no exclusive ion channel ded-
icated to Cr, though certain microorganisms had the ability 
to allow Cr to enter into cells through other iso-valent ion 
channels and reduced it under certain circumstances [49]. 
To determine which process played a major role, this study 
observed the morphology and elemental distribution of 
BSBs and A. niger, respectively.

4.2. Fixation of Cr by BSBs

Fig. 5 shows SEM pictures comparing morphology of 
BSBs placed in medium containing Cr(VI) with and with-
out A. niger. Fig. 5A and D show the difference of surface 
smoothness between BSBs exposed to microbial activity 
or not which clearly indicated the distinction BSBs treated 
Cr(VI) and Cr(III) species. When BSBs processed Cr(VI) 
without A. niger, BSBs showed rough surface (Fig. 5A). The 
result corresponded with the property of clay mineral whose 
surficial functional groups were capable of combining with 
Cr(VI) [50]. In the absence of A. niger, system lacked the 
ability to reduce Cr(VI) to Cr(III), and clay minerals were 
difficult to exchange with dichromate anions containing 

Cr(VI). Under continuous exposure to the BSBs surface with-
out interference, a batch of Cr(VI) ions were captured by 
surface adsorption, which transformed BSBs’ surface mor-
phology. Contrary to BSBs without A. niger, BSBs with A. 
niger displayed a smooth surface (Fig. 5A and D). Because 
of the existence of A. niger, its growth and metabolism con-
tinuously influenced the system, which made the surface 
adsorption of BSBs difficult (lack of an undisturbed envi-
ronment). Microbes removed Cr(VI) in various mechanisms, 
and various cell fractions owned the ability to reduce the 
Cr(VI), including cell free extracts (CFE), cell secretions, and 
cell debris [39,51–53]. The process of cell reduction of Cr(VI) 
would compete with surface adsorption for Cr(VI), which 
suppressed the surface adsorption, maintaining the smooth-
ness of BSBs surface. Even if surface adsorption occurred, 
microbes attached to the surface of BSBs still snatched back 
the Cr(VI). Therefore, Cr(VI) preferentially reacted with A. 
niger and was reduced to Cr(III), then partial Cr(III) in the 
medium would enter into the clay mineral interlayer, which 
was unlike Cr(VI) enriched on the surface of BSBs without 
the influence of A. niger. This mechanism explained why 
Cr mass fraction on surface of BSBs only exposed to Cr(VI) 
was significantly higher than it on surface of BSBs exposed 
to Cr(VI) and A. niger (Fig. 5B, C, E and F).

X-ray synchrotron radiation provided more reliable 
evidence about Cr(III) entering into interlayer structure of 
BSBs. BSBs were composed of clay minerals mainly con-
taining bentonite and sodium alginate, and bentonite was 

Fig. 5. SEM images of BSBs placed in medium containing 50 mg·L–1 Cr without (A) and with (D) A. niger; elemental mass frac-
tion of them collected by EDS next to corresponding images (B and C from areas marked 1 and 2 in A, E and F from areas 
marked 3 and 4 in D). The samples were collected at day 18.
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able to interact with Cr(III) [27,38,54]. Previous studies 
showed that the entry of Cr(III) into interlayer of montmo-
rillonite could lead to the expansion of d001 [55]. Therefore, 
we focused on the change of characteristic peak of d001 lat-
tice plane in order to find evidence of Cr(III) entering into 
crystal lattice. Fig. 6 shows XRD data collected from BSBs 
which show montmorillonite d001 characteristic peaks at 
2θ = 3.1365°, 2.7337° and 2.5728° when BSBs were in medi-
ums (i) without Cr(VI) and A. niger, (ii) with Cr(VI), and 
(iii) with Cr(VI) and A. niger, respectively. Bring these θ 
data into the formula 2dsinθ = λ, d representing the d-spac-
ing were 1.415739, 1.624292 and 1.725845 nm, respectively. 
It could be clearly seen that montmorillonite had increased 
from 1.415739 to 1.725845 nm after co-processing Cr(VI) with 
A. niger. The change in the thickness of the d001 was intuitive 
for the occurrence of interlayer cation-exchange.

4.3. Accumulation of Cr by A. niger

In addition to entering into the interlayer of BSBs, Cr 
might accumulate in A. niger cells. The intracellular struc-
tures of A. niger cells extracted from the mediums with 
the initial Cr(VI) concentrations of 10, 30, and 50 mg·L–1 
were clearly seen by TEM. No obvious mineral crystals 
appeared in the cells at different initial Cr(VI) concentra-
tions (Fig. 7A, C and E). EDS mapping scan analyzed these 
A. niger cells, and trace amount of Cr was detected (Fig. 7B, 
D and F), where Cr weight percentage of these cells was 
less than 0.5%. The small amount of Cr in the cells was 
related to the reduction mechanism of A. niger. We spec-
ulated that the Cr(VI) reduction process required Cr(VI) 
to enter into cells and be reduced by reductase. Previous 
researches demonstrated that functional groups like amino 
and phosphoryl on cell wall interact with Cr(VI) ions 
which retained them on cell wall [32]. Subsequently partial 
Cr(VI) was transferred into cells via surface ion channels, 
which were most likely sulfate channel due to the similar-
ity between dichromate and sulfate ions structures [56,57]. 
After entering into cells, on account of the widespread of 

reductase in the cytoplasm, as soon as the Cr(VI) was trans-
ferred into the cells, it was exposed to a reducing environ-
ment and then was reduced to Cr(III). Finally, the Cr(III) 
was excreted from the cell through ChrA transmembrane 
protein (Gupta et al. [56]). This process could be consid-
ered as the detoxification mechanism of cells to prevent 
cells from being damaged by Cr(VI), and small amount 
of reduced Cr(III) ions had not been discharged from the 
cells were detected by EDS in this study.

EDS showed the amount of Cr accumulated in A. niger 
was too small, so it was the former process—interlayer cat-
ion-exchange playing a major role in the decrease of total Cr 
concentration. Total Cr concentration in mediums with 5, 10 
and 20 g BSBs reduced by 1.0–1.4, 1.6–2.4 and 3.4–4.5 mg·L–1, 
respectively (Fig. 3A–C). These results suggested the amount 
of removed total Cr in system was mainly influenced by the 
weight of BSBs, therefore in the experimental groups with 
same weight of BSBs, amount of removed Cr was similar, 
and in the experimental groups with same initial Cr concen-
tration, amount of removed Cr increased with the increase 
of BSBs. It might result from that unit mass of BSBs added 
into each mediums have the same capacity of interlayer 
cation-exchange with Cr(III). Corresponding with Fig. 4, it 
presents similar removed total Cr concentration per gram 
of BSBs (approximately 0.2 mg·(L·g)–1). Fig. 4 also shows 
the decrease of total Cr didn’t reach up to 100%, while the 
amount of removed Cr(VI) was nearly 100% in every exper-
imental group (Fig. 2), and it was also constricted by the 
interlayer cation-exchange process. Because unit mass of 
BSBs have the same capacity of interlayer cation-exchange 
with Cr(III), adding more BSBs could raise the percent-
age of removed Cr. Besides the amount of BSBs, various 
parameters could also influence the removal of Cr. Previous 
research revealed that interlayer cation-exchange proceeded 
slowly when changes in conditions such as temperature 
and pH would affect this process [45]. And in this experi-
ment, system placed in normal temperature and pressure, 
the condition was more conducive to the growth of A. niger, 
causing bioremediation more obvious.

Fig. 6. (A) X-ray diffraction (XRD) of BSBs, BSBs in presence of 50 mg·L–1 Cr and BSBs in presence of 50 mg·L–1 Cr and A. niger 
and (B) enlarged particular filed of Fig. 6A ranging from 0° to 12° where 2θ angle of d001 characteristic peaks of montmoril-
lonite are marked. The samples were collected at day 18.
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5. Conclusions

This system contained A. niger and bentonite mainly 
removing Cr(VI) in a way of reducing it to Cr(III) by micro-
organisms. The whole system was capable of approximately 
reducing all Cr(VI) to Cr(III). Then overwhelming majority 
of reduced Cr(III) existed in the form of soluble ions in aque-
ous solution, and the residual small part of Cr(III) mainly 
existed in two forms. The first form was the Cr(III) partici-
pating in interlayer cation-exchange with BSBs, which could 
fix 0.2 mg·L–1 Cr(III) per gram, and these Cr(III) resulted in 
bentonite d001 expanding. Another form was the Cr(III) accu-
mulating in A. niger, and these Cr(III) originated from the 
entry of Cr(VI) via ion channels, then Cr(VI) was reduced to 
Cr(III) by intracellular reductase, finally a small amount of 
Cr(III) was immobilized in cells. Although not 100% Cr(III) 
was fixed in this experiment, the amount of removed Cr(III) 
could be increased by adding more BSBs, and the inter-
layer cation-exchange capacity of clay minerals for Cr(III) 
could be improved by approaches of clay mineral modifi-
cation and changing the reaction conditions. These findings 
provided a new and promising method, which not only 
reduce Cr(VI) but also immobilize Cr(III), preventing it from 
being oxidized again to contaminate environment. We will 
shed light on the mechanism of microbial Cr(VI) remedia-
tion in the future research.
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