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Abstract
Purpose of Review Hexavalent chromium, Cr(VI), and trivalent chromium, Cr(III), are two chromium compounds with practical
importance due to their high occurrence and solubility in the environment. Current Cr(VI) treatment techniques involve chemical
reduction of Cr(VI) to Cr(III), which posed serious threat to workers and environment notably from long exposure and toxic
fumes.
Recent Findings Numerous reports have demonstrated the feasibility of using biological processes for the treatment of Cr(VI)
industrial effluents by either pure culture or a consortium of Cr(VI)-reducing bacteria, with various degrees of success. Among
issues to be considered include high cost of nutrient for the bacteria, low Cr resistant-reducing ability of environmental isolates,
difficulty in scaling up finding in the laboratory to pilot scale and on-site application as well as the understanding on the dynamic
underlying mechanisms for bacterial Cr(VI) reduction.
Summary This review highlights cytotoxicity and genotoxicity properties of Cr(VI), which form the biggest motivation for
continuous development in the field of Cr(VI) treatment technologies, latest finding in aerobic and anaerobic bacterial reduction
of Cr(VI), operational challenges for bacterial Cr(VI) reduction, and some examples for laboratory-scale and pilot-scale evalu-
ation of free and immobilized (biofilm) cells of Cr(VI) resistant-reducing bacteria.
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Introduction

Chromium (Cr), ranked as the 7th most plentiful element, is
the 21st rich metal that is widely dispersed in natural accre-
tions like, rocks, soil, water, volcanic dust, and gases [1]. Cr
can be generally accepted as a combination of four steady
isotopes namely, Cr-52 (83.76%), Cr-53 (9.55%), Cr-50
(4.31%), and Cr-54 (2.38%). Cr is extensively utilised in di-
versified manufacturing processes that resulted in the genera-
tion of huge volumes of Cr-containing wastewater from in-
dustries such as electroplating, tanning, metallurgy, dyestuff,
and leather tanning and consequently becomes one of the most
abundant pollutants in aquatic and terrestrial ecosystems [2].

Having an atomic number of 24 and a mass number of
51.9961, Cr fits into the first succession of changeover metals.
Cr exists in numerous oxidation numbers ranging from 0 to
VI. Of these, only Cr(III) and Cr(VI) transpire in the environ-
ment in a stable state. Cr(IV) and Cr(V) act as transient ele-
ments during the reduction of Cr(VI) to Cr(III). In an acidic
solution, Cr(VI) exhibits a high-level of decisive redox pro-
spective; Cr(III) demonstrates a robust inclination to develop
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hexacoordinate octahedral compounds with diverse ligands
like water, ammonia, urea, ethylene diamine, and extra crude
ligands having oxygen, nitrogen, or sulphur giver atoms [3].
Nevertheless, once the giver atoms are bounded by a macro-
molecular structure as humic acids, the Cr(III) compound is
relatively static. Cr(III) is less toxic due to its little solubility
and its inclination to be adsorbed by organic carbon and min-
eral surfaces [4].

From a biological viewpoint, Cr(III) is an acknowledged
crucial element in carbohydrate and lipid metabolism. Cr(III)
acts as a cofactor in glucose tolerance factor to unite insulin to
receptor sites on membranes and thus expands the efficiency
of insulin. The leftover glucose tolerance factors to be catego-
rized and refined has been proposed to hold two molecules of
nicotinic acid and a small oligopeptide such as glutathione,
coordinated to trivalent Cr [5]. Alternatively, Cr(VI) can form
several species which is dependent on pH and Cr(VI) concen-
tration. Cr(VI) is a tough oxidant which acts as a carcinogen,
mutagen, and teratogen in life system; thanks to soaring solu-
bility in water, quick permeability over genetic membranes,
and ensuing contacts using intracellular protein and nucleic
acids. The structural similarity of the soluble chromate anion
with organically important inanimate anions, such as sulphate
and phosphate, enables it to voluntarily transverse cell mem-
branes via the sulphate carrying system that can be integrated
into cells [6].

Cr contamination is also one of the globally confronting
current environmental issues [7]. Cr(III) is swiftly convertible
into Cr(VI) as it is less toxic and less soluble than Cr(VI)
under diverse oxidation methods. Yet, Cr(III) is reckoned as
a trace element crucial for the apt working of living beings.
Cr(VI) is a well-known contaminant that can trigger skin
hitches and lung cancer, respiratory diseases, kidney damage,
and genetic alteration [8].

Hexavalent chromium contamination of the environment is
the result of extensive anthropogenic use of chromate and
dichromate in industries such as stainless steel production,
metal finishing, electroplating, leather tanneries, ink manufac-
ture, pigment fabrication, automobile manufacturing, glass
and ceramics, cement, corrosion inhibitors in cooling water,
wood preservation, power plants, and nuclear facilities [1].
About 35% of Cr released from all anthropogenic sources is
Cr(VI). It is a hazardous contaminant as it readily spreads
beyond the site of initial contamination through aquatic sys-
tems and groundwater.

In view of this, this work specifically highlights, through
two specific sections, firstly on the cytotoxicity and
genotoxicity of Cr which can present the fundamental or mo-
tivation for continuous study on providing safer treatment
techniques such as microbial-based Cr(VI) reduction.
Secondly, the inclusion of case studies on author’s own expe-
rience in the development of a bacterial-based Cr(VI)
resistant-reducing system from bench-scale in the laboratory

until field application using real Cr(VI)-bearing industrial
wastewater.

Cytotoxicity and Genotoxicity of Cr

Cr toxicity is greatly influenced by its oxidation state, solubil-
ity, and bioavailability [9]. Regardless of the routes of Cr ab-
sorption, Cr compounds may undergo alkylation, changes in
their oxidation state, and interaction with other biological mol-
ecules. In the comparison of states, Cr(VI) is connected with a
series of adverse effects, while Cr(III) has been considered an
essential micronutrient that plays a crucial role in insulin-
dependent glucose metabolism [10]. Cr(VI) compounds can
enter the cell through the sulphate-anion channel and then un-
dergo reduction process by a variety of cellular reductants,
such as ascorbate and glutathione (GSH), with the formation
of intermediates Cr(V/IV) and finally Cr(III) products [11].
During this process, molecular oxygen is stimulated and re-
duced to superoxide anion (·O2

−), which would then undergo
dismutation process to form hydrogen peroxide (H2O2). The
resultant intermediates further react with H2O2 via the Fenton
pathway to produce a wide array of reactive oxygen species
(ROS) containing hydroxyl radicals, hydrogen peroxide, sin-
glet oxygen, and superoxide [11, 12]. The interaction between
excessive ROS with these intermediates may cause oxidative
stress and DNA damage, Cr-DNA binary (mono) adducts, Cr-
DNA ternary adducts, DNA protein crosslinks (DPCs), bifunc-
tional (DNA interstrand crosslinks, ICLs) adducts, single-
strand breaks (SSBs), and oxidized bases [8]. Due to these
adverse effects on genetic material mainly DNA, the
International Agency for Research on Cancer (IARC) has clas-
sified Cr(VI) as a Group I carcinogen [13]. In addition, expo-
sure to Cr(VI) greatly increases the risk of getting respiratory
tract cancer [13]. Furthermore, Cr(VI) may also induce lesions
in other internal organs, such as the gastrointestinal tract [14].

Initially, Cr(III) was thought to be beneficial without any
adverse effect. However, there is a finding that showed Cr(III)
can induce oxidative stress damage in culture cells but through
different molecular mechanisms compared to Cr(VI). The
propidium iodide fluorescence assay in yeast cell revealed that
at the same concentration, the percentage of damaged
propidium iodide-permeable cells treated with Cr(III) is al-
most five times greater than those treated with Cr(VI).
Meanwhile, the lethal rate indicates that Cr(VI) is more toxic
than Cr(III). Additionally, the GSH level in cells treated with
Cr(VI) significantly decreases. In contrast, there is an insig-
nificant change in GSH content after Cr(III) treatment, even at
a very high concentration, which suggests that the toxicity of
Cr(VI) is significantly higher than that of Cr(III). Although
both Cr(III) and Cr(VI) can induce cytotoxicity and oxidative
stress, serious membrane damage caused by Cr(III) is an in-
direct consequence of the increase of lipid peroxidation [15].
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All compounds that can bind with DNA in cells affect its
structure and function, and DNA repair systems are consid-
ered genotoxic. This damage can be displayed in different
ways, including gene mutation, chromosomal aberration, re-
combination, and numerical changes. These changes are re-
sponsible for heritable effects on reproductive cells which
may risk future generations [16•]. The strong redox reaction
of Cr(VI) is indicated as a basis of its toxicity. Cr(VI) does not
directly interact with DNA, but the genotoxicity of Cr(VI) is
rather attributed to its intracellular reduction to Cr(III) via
reactive intermediates. The products from the reaction such
as ROS, Cr (V), and Cr (IV) are potential sources of oxidative
damage induced by Cr(VI) which can lead to two types of
DNA damage namely, oxidative damage and Cr(III)–DNA
interactions which proceeded via a three-step cross-linking
mechanism, i.e., reduction of Cr(VI) to Cr(III), binding of
Cr(III) to DNA binding, and protein capture by DNA-bound
Cr(III) generating protein-Cr(III)-DNA cross-links [16, 17].

Besides, Cr can also cause chromosomal mutation. A 24
colour M-FISH (multiplex fluorescent in situ hybridization)
was used to evaluate the effect of Cr on the structural chro-
mosome in human fibroblast cell. At the lowest physiological
dose, both Cr(III) and Cr(VI) resulted in a significant increase
in total aberrations. However, Cr(VI) was much more effec-
tive than Cr(III) in causing chromosome fragments, which
were only induced at the highest doses [18]. Besides, another
study explored the molecular mechanism of Cr(VI) and Cr(III)
genotoxicity in an intact yeast cell and found that oxidative
stress is involved in Cr(VI) genotoxicity at high exposure
concentrations. The Cr(III)-DNA interaction appears to be
an important genotoxic lesion following Cr(VI) exposure at
low-exposure concentrations [19]. Another work had demon-
strated that the by-products of Cr(VI) metabolism, Cr(IV) and
Cr(V), were able to induce DNA double-strand breaks.
However, only Cr(V) can induce DNA damage inmammalian
cells. Exposure to Cr(V), but not Cr(IV), results in the initia-
tion of cell cycle checkpoints and activates the ATM kinase, a
critical regulator of the DNA damage response [20].

The carcinogenicity of Cr(VI) in humans has been in-
vestigated in retrospective ecological mortality studies
within Cr-contaminated drinking water area situated at
the Oinofyta region of Greece [21]. Proven to be a car-
cinogen when inhaled and orally consumed, it was classi-
fied as a substance which is ‘likely to be carcinogenic to
humans’ when humans are exposed with an estimate of
the cancer potency equal to 0.5 (mg/kg/day)−1 [22]. It has
been reported as a factor that can increase the risk of lung
cancer when exposed at a certain level and duration of
time, especially in the pigment industry and in chromate
production [23]. There is a growing insight that the reac-
tion to stress may be a key player in carcinogenesis.
Cr(VI) can stimulate proteotoxic stress and, ultimately,
use varying mechanisms to induce stress responses [24].

Bacterial Reduction of Cr(VI)

Biological reduction of highly toxic Cr(VI) to less harmful
and less mobile Cr(III) is one of the mechanisms that prokary-
otic and eukaryotic cells use to cope with Cr(VI) toxicity that
also allows disposal of small amounts of Cr(III), which is a
vital micronutrient in humans and mammals in general [25],
although the nutritional requirements of Cr in plants or pro-
karyotes have not been reported [26]. At pH values between 1
and 6, the HCrO4

− species is dominant especially at low con-
centrations; this species has a high normal reduction potential
(1.33 V) and is therefore easily reducible. However, this po-
tential decreases significantly as the pH increases being ap-
proximately 0.7 V at pH 7 where the CrO4

2− species becomes
dominant. So, although the reduction is possible, it is signifi-
cantly simpler to proceed at lower pH values. The biological
reduction of Cr(VI) and Cr biosorption constitute the main
strategies for Cr(VI) bioremediation [27, 28]. As with other
bioremediation processes, its advantages are more evident
when the volumes to be treated are very large, and the con-
centrations of Cr(VI), although above the regulatory limits,
are not too high. The bioremediation of Cr through biological
reduction can replace equivalent chemical treatments, i.e.,
using reducing agents, in certain situations. There is a wide
variety of microorganisms capable of directly or indirectly
reducing Cr(VI); in the first case, Cr(VI) acts as the ultimate
electron acceptor while in the second, the microorganisms
produce certain metabolites capable of acting as reducing
agents. Direct biological Cr(VI) reduction can be produced
under aerobic or anaerobic conditions and often carried out
by intracellular (associated to the membrane) or extracellular
(soluble) chromate reductase enzymes that depend on NADH
or NAPH. Under anaerobic conditions, Cr(VI) is the final
electron acceptor of the transport chain that includes oxidation
of carbohydrates, proteins, fats, hydrogen, and other intra/
extracellular compounds. Various Cr reductase enzymes are
known to also possess the ability to reduce other compounds
such as ferricyanide, azo-dyes, V(V), Mo(VI), and diverse
quinones. This actually gave the origin to the very interesting
hypothesis that in fact Cr(VI) reduction may not be their pri-
mary function but one that developed with the increasing
Cr(VI) concentration in many natural environments. In other
cases, metabolites generated by the microorganisms provoke
the reduction of Cr(VI). Among others, organic acids, amino
acids, sugars, sulphide, and iron(II) can all be potential reduc-
ing species [27, 29, 30].

Various types of bacterial species have been reported to be
able to reduce Cr(VI) to Cr(III) which include Pseudomonas
sp., Bacillus sp., Microbacterium sp., and Shewanella
oneidensis [31]. Most of the reported aerobic Cr(VI) reduc-
tases have been found intracellular [32•]. Soluble chromate
reductases, which uses NADH or NADPH as cofactors, are
most commonly associated with aerobic [33]. Chromate
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reductases like ChrR [34], YieF [35], and Tkw3 reduce Cr(VI)
by electron transfer to form Cr(III). Other researchers have
broadly categorized enzymatic reduction of Cr(VI) into that
of chromate reductase (ChrR) in Pseudomonas putida, flavo-
protein (YieF), oxygen-insensitive NADPH nitroreductase
(NfsA) in Escherichia coli, OYE, NemA, NfoR, and families
[32•]. These enzymes use flavin as the cofactor and NAD(P)H
as the electron donor but with different electron transfer mech-
anisms. Conversely, the different electron transfer mecha-
nisms of these enzymes need further structural and biochem-
ical analysis.

Generally, the enzymatic reduction mechanism under an-
aerobic conditions are different from the aerobic conditions. In
an anaerobic condition, bacteria can use Cr(VI) as an electron
acceptor in the respiratory chain for electron donors like car-
bohydrates, proteins, fats, hydrogen, NAD(P)H, and endoge-
nous electron reserves [33]. The reduction of Cr(VI) to Cr(III)
during an anaerobic process was due to soluble and
membrane-associated enzymes which form insoluble precipi-
tate. Up to 74% of Cr(VI) reduction was reported for an an-
aerobic granular consortium that combined Cr(VI) reduction
and adsorption mechanism when dealing with 50–500 mg
Cr(VI)/L [36]. The biosorption mechanism is the predominant
process of removal with 297 mg of Cr VI/L or 31.39 mg of Cr
VI/g biomass at the highest concentration. The biosorption
principles of Cr(VI) by microorganisms may include chela-
tion, precipitation, and electrostatic interaction. Nevertheless,
Cr(VI) at 100 mg/L have been reported to inhibit the growth
rate and morphology of Pseudomonas aeruginosa [37]. It has
also been reported that anaerobic Cr(VI) reductions involved
the extracellular electron transport (EET) pathway linkages
[32•]. In the linkages, Cr(VI) acts as the terminal electron
acceptor, and three EET pathways have been recognized.
The first combination of Cr(VI) and EET pathway is the cy-
tochrome c, the electron transfer chain in Shewanella
oneidensis MR-1 which transfers the electron from NADH
to ubiquinone by dehydrogenase. The second combination
pathway is the electron shuttles (ECs) which can be oxidized
and reduced reversibly during the electron transfer from mi-
crobes to Cr(VI). The third reduction pathway is through the
microbial nanowire which transfers electron produced by bac-
teria via electrically conductive proteins to electron acceptors
[32•].

Aerobic reduction is considered to be a detoxification
mechanism where normally the reduction of Cr(VI) by the
soluble protein fraction takes place either internal or external
to the plasma membrane. Anaerobic reduction of Cr(VI) has
been reported to proceed through simultaneous Cr(VI) reduc-
tion and methane oxidation in a membrane-based biofilm re-
actor. However, it was postulated that energy generated in the
anaerobic respiration process is insufficient to sustain cell
growth because fermentable organic compounds generated is
utilised for cell metabolism [31, 38]. Initial pH of Cr(VI) in

wastewater, i.e., 0.50–3.75 ± 0.05, was reported not to inter-
fere with the survival of Cr(VI)-reducing bacteria as the final
pH of the mixture between Cr(VI) and the growth medium
(nutrient broth) would be between 6.80 to 7.65 ± 0.05. The
presence of oxidizable organic materials in the growth medi-
um also assisted to reduce the Cr(VI) concentration, which is
the primary characteristic for its toxicity. Time of Cr(VI) ad-
dition to the culture broth is also another significant factor that
would affect the survival and Cr(VI) reduction capability of
the Cr(VI)-reducing bacteria [39]. It was suggested that the
addition of Cr(VI) at the early stationery growth stage (12 h)
of Acinetobacter haemolyticus (A. haemolyticus) EF369508
was successful to reduce 75% of 70 mg/L Cr(VI) compared
to less than 50% reduction when Cr(VI) was added at the start
of culture growth. Cr(VI) reduction by A. haemolyticus was
unaltered in the presence of 10 mM of phosphate (PO4

3−),
sulphate (SO4

2−), sulphite (SO3
2−), and nitrate (NO3

−), indi-
cating Cr(VI) as a better electron acceptor than these
oxyanions. The insignificant impact of sulphate (a competitive
inhibitor of bacterial chromate transport) on the reduction of
Cr(VI) suggested that the reduction process does not involved
chromate transportation into the bacterial cytoplasmic region,
rather, the reduction would probably occur in the cytosol.
Also, this would suggest that the Cr(VI) reduction process
by A. haemolyticus was solely aerobic. This can be substanti-
ated by the fact that one of the features characterizing anaer-
obic chromate reduction systems is sensitivity to nitrate and
sulphate ions, a condition that was not encountered with
Cr(VI) reduction by A. haemolyticus.

Operational Challenges for Bacterial Cr(VI)
Reduction

Bacteria is the domain with the highest number of reports on
the ability to reduce Cr. Hundreds of bacterial species are
capable of direct Cr(VI) reduction under anaerobic and/or aer-
obic conditions; many of those species belong to the genera
Pseudomonas, Bacillus, Paenibacillus, Arthrobacter, and
Corynebacterium, among others. This ability has been dem-
onstrated for mesophilic, moderate thermophilic, and extreme
thermophilic bacteria [40]. One of the limitations for on-site
application of bacterial Cr(VI) reduction is the low Cr(VI)
reduction rate. Nevertheless, more and more findings were
reported on the faster Cr(VI) reduction as the one demonstrat-
ed for high-density cell cultures of Geobacter sulfureducens
where complete reduction of 100 mg/L Cr(VI) was achieved
within 20 mins of contact time [41]. Genetic approaches have
also provided significant advances in the topic of Cr(VI) re-
duction. It is also very important to simulate the conditions to
apply the technology in the field. Thorough laboratory assays
are of paramount importance to ensure smooth transition of
findings at lab-scale to ex situ and in situ demonstration of this

118 Curr Pollution Rep (2021) 7:115–127



technology. Phytoremediation using plants and their symbiot-
ic microorganisms is another powerful tool for bioremediation
of chromate-contaminated soils and aquifers [42]. In
phytoremediation, microorganisms associated with the roots
can contribute to the immobilisation or mobilisation of Cr(VI)
followed by its reduction to Cr(III). Some metallophytes [43]
and ornamental plants [44] have been used for Cr(VI) decon-
tamination. Table 1 summarizes some of the Cr(VI) reducing
capabilities of Cr(VI)-resistant-reducing environmental iso-
lates which have the potential to be further developed for
industrial applications.

Cr(VI) contamination in groundwater systems is conven-
tionally treated using the pump-and-treat methods which in-
volve the extraction of contaminated water from the aquifer,
treatment above ground, and injection of the treated water
back into the aquifer [64, 65]. Even though a number of suc-
cessful reports are available on the success of using the pump-
and-treat technique to remediate Cr-contaminated groundwa-
ter, the issue in removing residual Cr persists until the present
day [66]. Both chemical and biological processes have recent-
ly been used to treat Cr(VI) in groundwater using the pump
and treat methodology [67, 68]. Chemical treatment processes
employed in the remediation of Cr(VI) are efficient but at the
same time produce unwanted chemical by-products which
result in the production of toxic sludge [69]. Therefore, the
chemical processes are viewed as costly and environmentally
intrusive. Alternative biological treatment methods using
aquatic biomass and/or Cr(VI)-reducing bacteria have long
been investigated and proposed by a number of researchers
[64, 68]. These methods may be applied ex situ [70] or in situ
in biological barriers [71]. When applied in situ, it is desirable
to use bacteria from the same or nearby environments to avoid
the issue of introducing “new” strains across country or re-
gional boundaries [70].

In situ biological permeable reactive barriers (BPRBs) have
been used mainly for the removal of toxic organic com-
pounds. This was achieved by the introduction of organisms
or by enhancing the activity of the portion of the indigenous
community possessing inherent capability to degrade recalci-
trant organic compounds [72, 73]. Specific application of
BPRB systems for the removal of Cr(VI) in groundwater has
been extensively studied at laboratory-scale with various de-
grees of success/feasibility [73–76]. However, demonstration
on the feasibility of such system at pilot-scale level is still
limited with earlier notable studies include the use of agricul-
tural discharges as nutrient for the bacteria [77], minimal nu-
trient conditions and inoculated microbial barrier [78, 79] or
the application of thick bio-barrier and reactive zone technol-
ogies [80]. More recently, evaluation at the pilot-scale level
involves the use of combination of biological and physico-
chemical approaches [65, 81–83] or solely physico-chemical
techniques [84–86]. The slow progress towards full imple-
mentation of biological barriers for remediation of Cr(VI)

and toxic metals has been both due to the unavailability of
microorganisms capable of growing under nutrient stressed
conditions and lack of information on the speciation and mo-
bility of the reduced metal ion species in the soil.

Example of Case Study for Lab-Scale
and Pilot-Scale Evaluation

One example of a lab-scale study on bacterial Cr(VI) reduc-
tion is the ability of one environmental isolate, Bacillus
thuringiensis (B. thuringiensis) [79]. B. thuringiensiswas iso-
lated from sand drying beds at a wastewater treatment plant
that received high periodic loadings of Cr(VI) contaminated
effluent from an abandoned chrome processing foundry in
Brits (North West Province, South Africa). From the 16S
rRNA analysis, B. thuringiensis was identified as the main
species present in the dried sludge cultures of the sand drying
beds, which showed the ability to completely reduce 200 mg/
L Cr(VI) after contact for 96 h. Within similar contact time,
cultures present in the mixed liquor samples (activated sludge)
displayed much lower Cr(VI) reducing capability with Cr(VI)
reduction of 67.6% while no Cr(VI) reduction was observed
for sewage cultures (influent to sewage treatment plant) and
soil cultures (soil from surrounding area). Higher Cr(VI) re-
ducing ability by cultures present in sand drying beds was
attributed to better acclimation and selection for Cr(VI) reduc-
ing species in the sludge due to exposure to higher Cr(VI)
concentrations and longer exposure in the sludge zone than
in the mixed liquor.

B. thuringiensis was further evaluated for Cr(VI) reduction
capacity in continuous flow-mode. Using the known Cr(VI)
reducer, Escherichia coli ATCC 33456 as positive control,
B. thuringiensis and Escherichia coliATCC 33456 were each
immobilised in a packed-bed reactors with the following prop-
erties; 4.8 cm (i.d.), 11.5 cm (height) glass column packed
with approximately 760 (6 mm diameter) glass beads and
hydraulic loading rate of 40 mL/h (across a pore volume of
60mL) to achieve a hydraulic retention time of 1.5 h. Reactors
operated under optimal loading conditions towards steady-
state operation were challenged by NADH inhibitors,
cytochrome-b inhibitors and ATPase uncouplers at different
times of operation to evaluate the electron pathway mecha-
nisms in the organisms. Continuation of Cr(VI) reduction ac-
tivity after blocking cytochrome-b activity would indicate
Cr(VI) reduction via NADH-dehydrogenase [87] or Cr(VI)
reduction connected to sulphate shuttle mechanisms that can
also transport chromate (CrO4

2−) into the cytoplasm of the cell
[30, 87, 88]. Cr(VI) reduction in the presence of uncouplers
could imply membrane associated Cr(VI) reduction pathway
via the membrane electron phosphorylation transport system
[87]. The following parameters were determined for the ex-
periment; Cr(VI), total Cr, Cr(III)-OH3, cell surface reactions,
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at
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at
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R
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ra
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d
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c
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ra
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e
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w
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s
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at
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m
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n
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at
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e
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e
in
du
st
ry

•
A
na
er
ob
ic
,n
eu
tr
op
hi
lic
,

m
es
op
hi
lic

•
Si
m
ul
ta
ne
ou
s
ch
ro
m
at
e

re
du
ct
io
n
an
d
ar
se
ni
te

ox
id
at
io
n

•
A
lm

os
tc
om

pl
et
e
(9
8%

)
C
r(
V
I)
re
du
ct
io
n
an
d
A
s(
II
I)

ox
id
at
io
n
by

im
m
ob
ili
se
d
so
di
um

al
gi
na
te
-b
as
ed

ba
ct
er
ia
lb

ea
ds

•
P
os
te
ri
or

pr
ec
ip
ita
tio

n
of

C
r(
II
I)
us
in
g
C
a(
O
H
) 2

St
im

ul
at
io
n
of

cy
st
ei
ne
,s
ul
ph
ur
,m

et
hi
on
in
e,

A
s
re
si
st
an
ce

an
d
ox
id
or
ed
uc
ta
se

pr
od
uc
tio

n
in

th
e
pr
es
en
ce

of
C
r(
V
I)
an
d

A
s(
II
I)

[5
5]

C
om

m
un
ity

do
m
in
at
ed

by
Sp
ir
oc
ha
et
ac
ea
e,
D
el
fti
a,

A
zo
ne
xu
s,

A
ce
to
an
ae
ro
bi
um

,
M
et
ha
no
ba
ct
er
iu
m

A
na
er
ob
ic
sl
ud
ge

fr
om

a
fu
ll-
sc
al
e

br
ew

er
y

w
as
te
w
at
er

tr
ea
tm

en
tp

la
nt

•
A
na
er
ob
ic
,n
eu
tr
op
hi
lic
,

m
es
op
hi
lic

•
M
ed
ia
su
pp
le
m
en
te
d
w
ith

H
2

an
d
C
H
4

In
cr
ea
se
d
re
du
ct
io
n
ra
te
of

10
m
g/
L
C
r(
V
I)
in

th
e

pr
es
en
ce

of
H
2
an
d
C
H
4
as

jo
in
te
le
ct
ro
n
do
no
rs

•
D
et
ec
tio

n
of

ke
y
ge
ne
s
(c
hr
A
,h
up
L,

m
cr
A
)

re
la
te
d
to

C
r(
V
I)
re
du
ct
io
n
an
d
H
2
an
d

C
H
4
ox
id
at
io
n

•
M
or
e
ac
tiv

e
el
ec
tr
on

tr
an
sf
er
en
ce

fr
om

th
e

in
cr
ea
se

in
ex
tr
ac
el
lu
la
r
cy
to
ch
ro
m
e
c
an
d

in
tr
ac
el
lu
la
r
N
A
D
H

[5
5]

P
se
ud
om

on
as

ae
ru
gi
no
sa

G
-1
2

Se
w
ag
e
sl
ud
ge

•
A
er
ob
ic
,n
eu
tr
op
hi
lic
,

m
es
op
hi
lic

•
Si
m
ul
ta
ne
ou
s
re
m
ov
al
of

ni
tr
at
e
an
d
ch
ro
m
at
e
in

w
as
te
w
at
er

Si
m
ul
ta
ne
ou
s
re
m
ov
al
of

50
0
m
g/
L
ni
tr
at
e
(9
5%

)
an
d

10
m
g/
L
C
r(
V
I)
–
93
%

•
N
itr
at
e
re
m
ov
al
by

ae
ro
bi
c
de
ni
tr
if
ic
at
io
n

•
C
r(
V
I)
re
du
ct
io
n
in

th
e
ce
llu

la
r
su
rf
ac
e

[5
6]

P
se
ud
om

on
as

um
so
ng
en
si
s

C
Y
-1

C
hr
om

iu
m

co
nt
am

in
at
ed

so
il

•
A
er
ob
ic
,n
eu
tr
op
hi
lic
,

m
es
op
hi
lic

•
Si
m
ul
ta
ne
ou
s
re
du
ct
io
n
of

C
r(
V
I)
an
d
H
g
(I
I)

•
M
or
e
th
an

90
%

C
r(
V
I)
an
d
H
g
(I
I)
re
du
ct
io
n
in

ae
ro
bi
c
ba
tc
h
sy
st
em

s
•
L
ac
ta
te
an
d
N
A
D
H
w
er
e
us
ed

as
el
ec
tr
on

do
no
rs

C
yt
op
la
sm

ic
re
du
ct
io
n
w
ith

C
r(
II
I)
an
d
H
g0

as
fi
na
lp

ro
du
ct
s

[5
7]

M
ic
ro
bi
al
co
m
m
un
ity

A
ct
iv
at
ed

sl
ud
ge

fr
om

w
as
te
w
at
er

tr
ea
tm

en
tp

la
nt

•
A
er
ob
ic
,n
eu
tr
op
hi
lic
,

m
es
op
hi
lic

•
C
om

pl
et
e
re
du
ct
io
n
of

C
r(
V
I)
in

co
nt
am

in
at
ed

dr
in
ki
ng

w
at
er

•
C
om

am
on
ad
ac
ea
e
-
C
r(
V
I)
re
du
ce
rs

•
M
et
hy
lo
ph
ila

ce
ae
,M

et
hy
lo
co
cc
ac
ea
e
-

m
et
ha
no
tr
op
hs

[5
8]

121Curr Pollution Rep (2021) 7:115–127



T
ab

le
1

(c
on
tin

ue
d)

S
pe
ci
es
/c
on
so
rt
ia

Is
ol
at
ed

fr
om

G
ro
w
th

co
nd
iti
on

C
r(
V
I)
re
du
ct
io
n
ca
pa
bi
lit
ie
s

R
el
at
ed

in
fo
rm

at
io
n

R
ef
er
en
ce

•
M
et
ha
ne
/o

xy
ge
n-
ba
se
d

m
em

br
an
e
bi
of
ilm

re
ac
to
r

•
A
er
ob
ic
C
H
4
ox
id
at
io
n,

de
ni
tr
if
ic
at
io
n
an
d
C
r(
V
I)

re
du
ct
io
n

•
C
om

am
on
ad
ac
ea
e,
C
yt
op
ha
ga
ce
ae
,

H
yp
ho
m
ic
ro
bi
ac
ea
e,
A
lc
al
ig
en
ac
ea
e
-

de
ni
tr
if
ie
rs

E
nt
er
ob
ac
te
r
sp
.S

L
S
oi
ln

ea
r
a
se
w
ag
e

tr
ea
tm

en
ts
ta
tio

n
of

a
sm

el
tin

g
pl
an
t

•A
na
er
ob
ic
,w

id
e
ra
ng
e
of
pH

s
(o
pt
im

um
pH

6)
,m

od
er
at
e

th
er
m
op
hi
lic

•
A
na
er
ob
ic
re
ac
to
r
w
ith

w
as
te

m
ol
as
se
s
as

ca
rb
on

so
ur
ce

C
om

pl
et
e
re
du
ct
io
n
of

10
0
m
g/
L
C
r(
V
I)
in

25
h

•
Fi
na
lC

r(
V
I)
co
nc
en
tr
at
io
n
m
uc
h
lo
w
er

th
an

di
sc
ha
rg
e
lim

it
st
ip
ul
at
ed

by
E
le
ct
ro
pl
at
in
g
P
ol
lu
ta
nt

E
m
is
si
on

St
an
da
rd

[5
9•
]

M
ic
ro
bi
al
co
m
m
un
ity

of
ba
ct
er
ia
an
d
ar
ch
ae
a

A
ct
iv
at
ed

sl
ud
ge

fr
om

a
w
as
te
w
at
er

tr
ea
tm

en
tp

la
n

•
A
na
er
ob
ic
,n
eu
tr
op
hi
lic
,

m
es
op
hi
lic

•
C
H
4
as

a
so
le
C
so
ur
ce

in
ba
tc
h
re
ac
to
r

C
r(
V
I)
re
du
ct
io
n
co
up
le
d
to

C
H
4
ox
id
at
io
n

•
D
et
ec
tio

n
of

an
ae
ro
bi
c
m
et
ha
no
tr
op
hi
c

ar
ch
ae
a
fa
m
ily

A
N
M
E
-2
d

•
C
r(
V
I)
re
du
ct
io
n
by

A
N
M
E
-2
d
ar
ch
ae
a
or

un
kn
ow

n
C
r(
V
I)
-r
ed
uc
in
g
m
ic
ro
be
s

co
up
le
d
w
ith

A
N
M
E
-2
d

[6
0]

B
ac
te
ri
al
an
d
ar
ch
ae
al

m
ic
ro
bi
al
co
m
m
un
ity

N
ot

m
en
tio

ne
d

•
A
na
er
ob
ic
m
em

br
an
e
bi
of
ilm

re
ac
to
r

•
C
H
4
w
as

us
ed

as
el
ec
tr
on

do
no
r

C
r(
V
I)
re
du
ct
io
n
co
up
le
d
to

C
H
4
ox
id
at
io
n

•
A
rc
ha
eo
n
C
an
di
da
tu
s
‘M

et
ha
no
pe
re
de
ns
’

as
th
e
on
ly

an
ae
ro
bi
c
m
et
ha
no
tr
op
h

de
te
ct
ed

•
C
ou
ld

be
re
sp
on
si
bl
e
fo
r
th
e
ch
ro
m
at
e

bi
o-
re
du
ct
io
n
st
im

ul
at
ed

in
th
e
pr
es
en
ce

of
m
et
ha
ne

[3
8]

A
rb
us
cu
la
r
m
yc
or
rh
iz
a

R
hi
zo
ph
ag
us

ir
re
gu
la
ri
s

an
d
gr
as
s
B
ra
ch
ia
ri
a

m
ut
ic
a

N
ot

m
en
tio

ne
d

M
yc
or
rh
iz
al
ph
yt
or
em

ed
ia
tio

n
as
sa
y

V
er
y
lo
w
re
si
du
al
C
r(
V
I)
in
th
e
co
nt
am

in
at
ed

so
il
af
te
r

C
r(
V
I)
re
du
ct
io
n
by

te
h
m
yc
or
rh
iz
a

•
S
ym

bi
ot
ic
re
la
tio

ns
hi
p
be
tw
ee
n

R
.i
rr
eg
ul
ar
is
an
d
B
.m

ut
ic
a
re
su
lte
d
in

in
cr
ea
se
d
C
r(
V
I)
to
le
ra
nc
e
an
d

bi
oa
cc
um

ul
at
io
n
in

B
.m

ut
ic
a

•D
ue

to
in
cr
ea
se
d
pr
od
uc
tio

n
of

an
tio

xi
da
nt
s

an
d
ph
ot
os
yn
th
et
ic
ca
pa
ci
ty

[6
1]

St
en
ot
ro
ph
om

on
as

rh
iz
op
hi
la

D
SM

14
40
5

C
ul
tu
re

co
lle
ct
io
n

•
A
er
ob
ic
,n
eu
tr
op
hi
lic
,

m
es
op
hi
lic

•
Pl
an
t-
gr
ow

th
pr
om

ot
in
g

ba
ct
er
ia

•
C
om

pl
et
e
re
du
ct
io
n
of

50
m
g/
L
C
r(
V
I)
in

28
h

•
H
ig
h
M
IC

va
lu
e
of

10
00

m
g/
L
fo
r
C
r(
V
I)

•
In
tr
ac
el
lu
la
r
re
du
ct
io
n
an
d
ac
cu
m
ul
at
io
n
of

C
r(
II
I)

•
In
si
gn
if
ic
an
te
ff
ec
tf
ro
m

sa
lt
st
re
ss

on
th
e

gr
ow

th
an
d
C
r(
V
I)
re
du
ct
io
n
ef
fi
ci
en
cy

[6
2]

C
el
lu
lo
si
m
ic
ro
bi
um

sp
.N

F2
So

il
fr
om

rh
iz
os
ph
er
e

ar
ea

of
in
di
ge
no
us

pl
an
ts
in

co
nt
am

in
at
ed

ar
ea

A
er
ob
ic
,n
eu
tr
op
hi
lic
,

m
es
op
hi
lic

•
C
om

pl
et
e
re
du
ct
io
n
of

10
0
m
g/
L
C
r(
V
I)
in

48
h

•
H
ig
h
M
IC

va
lu
e
of

80
0
m
g/
L
fo
r
C
r(
V
I)

Pl
an
tg
ro
w
th
pr
om

ot
io
n
(a
lf
al
fa
)u

nd
er
m
et
al

st
re
ss

an
d
in
cr
ea
se

of
m
et
al
up
ta
ke

by
th
e

pl
an
ts

[6
3]

122 Curr Pollution Rep (2021) 7:115–127



dry weight of biomass, viable suspended biomass, attached
biomass and computational simulation and parameter deter-
mination for proposed Cr(VI) reduction models was conduct-
ed using the Computer Program for the Identification and
Simulat ion of Aquat ic Systems AQUASIM 2.01
(AQUASIM™, EAWAG, Dübendorf, Switzerland).

Results obtained suggested that cell physiology con-
tributed to the extent and mode of biotransformation in
the bacterial culture. A delayed response in Cr(VI) reduc-
ing activity was observed in Gram negative cells com-
pared to that for the Gram positive cells. In this study,
we propose that this difference could be due to mass
transport effects imposed by the outer membrane of the
Gram negative cell and the fact that the reductase con-
taining peptidoglycan layer in much thinner in Gram neg-
ative cells than in Gram positive cells. Gram negative
cells acquired an optimum Cr(VI) reduction capability at
around 38 h, Cr(VI) reduction occurred rapidly until the
concentration in the liquid medium was near neutral with
respect to Cr(VI). This observation was validated by the
observed trend in E. coli ATCC 33456 which followed a
similar trend as the Gram negative Microbacterium spp.
The culture harvested as consortium at 16 to 24 h per-
formed best within the 8 h period. The better performance
of the consortium culture compared to the pure culture
was attributed to it having retained the best attributes of
both the Gram positive and Gram negative cultures
resulting in faster initial Cr(VI) reduction within 60 h
followed by further increase in reduction rate due to the
presence of the B. thuringiensis and B. cereus cells
followed by the activity of Microbacterium spp. after
60 h. Results showed advanced enzymatic Cr(VI) reduc-
tase structures in B. thuringiensis never observed in other
microbial species before. Blocking of electron carrier en-
zymes suggested the involvement of dissolved
thioredoxin in the cytosol and bulk media as possible
catalysts for Cr(VI) reduction in resting cells.

Other researchers also reported on the evaluation of Cr(VI)
reducing ability by environmental isolate either in batch [39,
89] or continuous bacterial biofilm system [77, 90–94]. One

example is the ability of a locally isolated gram negative aer-
obic Acinetobacter haemolyticus (A. haemolyticus) EF369508
that can carry out both Cr(VI) resistant and reducing proper-
ties [89]. Using the shake-flask technique, complete Cr(VI)
reduction was achieved until 30 mg/L Cr(VI) where initial
specific reduction rate increased with Cr(VI) concentrations.
It was observed that Cr(VI) reduction was not affected by the
presence of 1 or 10 mM sodium azide (metabolic inhibitor),
10 mM of PO4

3−, SO4
2−, SO3

2−, NO3
− or 30 mg/L of Pb(II),

Zn(II), Cd(II) ions. However, heat treatment caused signifi-
cant dropped in Cr(VI) reduction to less than 20% only.
A. haemolyticus cells loses its shape and size after exposure
to 10 and 50 mg Cr(VI)/L as revealed from the TEM exami-
nation. One interesting point noted from the study was the
effect of time of Cr(VI) addition to culture broth and the rate
of Cr(VI) reduction [39]. It was observed that the ability of
A. haemolyticus to reduce Cr(VI) depends strongly on the
number of surviving cells present in the solution. Higher
Cr(VI) reduction can be achieved when a high number of
bacterial cells are present. When 10–100 mg/L Cr(VI) was
added at time of inoculation, extended time was required to
reach stationary phase of cells growth, with total growth inhi-
bition at 70 mg/L Cr(VI) and a Cr(VI) reduction drop to 35%
at 100 mg Cr(VI)/L. However, bacterial growth was uninter-
rupted when 10-100 mg Cr(VI) L−1 were added at the early
stationary phase (after 12 h of bacterial growth) indicated by a
high bacterial count of 108 CFU mL −1. More than 95% of
Cr(VI) was reduced at an initial Cr(VI) of 50 mg L−1.
A. haemolyticus was then evaluated for its Cr(VI) resistant-
reducing performance in a continuous flow-through bacterial
biofilm system [39]. In the glass column used, wood-husk was
used as support material for bacterial attachment. Around 97%
of the 15 mg L−1 Cr(VI) present in the Cr(VI)-containing
electroplating wastewater was reduced at a flow rate of
8.0 mL min−1. Liquid pineapple waste was used as nutrient
for the bacteria. Electron microscopic examinations of the
wood-husk after 42 days of column operation showed gradual
colonization of the wood-husk by bacterial biofilm. The use of
0.1% (v/v) formaldehyde as a disinfecting agent inhibited
growth of bacteria present in the final wastewater discharge.

(a) (b)Fig. 1 SEM micrographs for
column bioreactor containing
sugarcane bagasse (a) without
and (b) with the addition of
A. haemolyticus cells after
61 days of column operation
(6400× magnification)
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Following this, wood-husk immobilised A. haemolyticus was
evaluated for Cr(VI) resistant-reducing properties at the
0.2 m3 bioreactor [77] and 2.0m3 bioreactor scale [90]. For
the 0.2 m3 bioreactor, complete Cr(VI) reduction to Cr(III)
was obtained immediately after the start of bioreactor op-
eration when 17–81 mg Cr(VI) L−1 was fed into the biore-
actor at flowrates of 0.11–0.33 m3 h−1. Using the
laboratory-optimized flocculation and coagulation dosages
[92], less than 0.02 mg Cr(VI) L−1 and 1 mg total Cr L−1

were recorded in the outflow flow. By using nonsterilized
operating condition, bioreactor containing wood husk-
immobilised A. haemolyticus showed remarkable robust-
ness as demonstrated by the uninterrupted Cr(VI) reduc-
tion, i.e., complete Cr(VI) reduction, even though fluctua-
tions in influent parameters were recorded as follows:
pH 6.2–8.4, Cr(VI) 17–81 mg L−1, liquid pineapple waste
1–20% (v/v), and temperature 30–38 °C. When the Cr(VI)
resistant-reducing system was evaluated at a larger biore-
actor of 2 m3 capacity, higher influent Cr(VI) concentra-
tions were able to be tolerated (15–240 mg L−1), and com-
plete reduction of Cr(VI) was achieved even after 3 months
of bioreactor operation. Cr(VI) was not detected in the
final effluent fraction indicating complete removal of Cr
from solution from the flocculation/coagulation step, as
well as the unlikely reoxidation of Cr(III) into Cr(VI).
The organic-rich sludge obtained from the flocculation
and coagulation stage was determined for its potential use
as soil additive for the growth of ornamental plants.
Results obtained showed that Impatiens balsamina L. and
Gomphrena globosa L. showed better growth in the pres-
ence of soil-sludge mixture compared to Coleus
scutellarioides (L.) Benth. Acid digestion of dried plant
parts revealed that significant amounts of Cr were accumu-
lated that indicate its potential application in Cr
phytoremediation effort. The bacterial-based Cr(VI)-re-
ducing system was also reported not to be detrimental to
human health based on the low levels of Cr detected in the
hair and nail samples of the plant operators. A lab-scale
study was also carried out using sugarcane bagasse in view
of elucidating the possible replacement of wood husk as
support material as well as reducing the usage of liquid
pineapple waste in influent bioreactor mixture [93]. In the
study, A. haemolyticus was successfully immobilised onto
sugarcane bagasse and was able to use carbon source from
sugarcane bagasse to reduce 92–99% of 10–100 mg/L
Cr(VI) (Fig. 1). However, 16S rRNA identification for
bacterial species present in the formed biofilm on the sug-
arcane bagasse (after more than 30 days of operation), did
not reveal substantial presence of A. haemolyticus with
Chitinophaga terrae, Laribacter hongkongensis, Ottowia
thiooxydans, Rhizobium cellulosilyticum and Candidate di-
vision OP10 being the dominant species. Some important
characteristics for the chromate reductase activities for

A. haemolyticus have been reported [94] where results ob-
tained are as follows: not NADH-dependent, associated
with CFE with notable contribution from the membrane
fraction, enhanced in the presence of glucose, optimal at
pH 7.0, 30 °C, in the presence of 1 mM Co2+ (highest) with
Michaelis–Menten constant, Km, and maximum reaction
rate, Vmax, of 184.47 μM and 33.3 nmol/min/mg protein,
respectively. The copresence of Ag+ and Hg2+ ions
inhibited the enzyme activity.

Conclusion

Chromium remains as one of the more important minerals
utilised in various industrial processes. Incomplete treat-
ment of residual chromium is of great concern due to its
high solubility and toxicity. Review of recent advancement
of knowledge in the biological treatment of Cr(VI)-con-
taining wastewater as presented in this work forms only a
small part of the continuous effort to ensure that technolo-
gies developed are efficient, feasible, and robust enough.
Nevertheless, more studies at the fundamental, laboratory,
and pilot scale levels need to be carried out prior to a more
widespread application of the biotechnological approach
for Cr(VI) reduction.

Declarations

Conflict of Interest The authors declare that they have no conflicts of
interest in the content and materials published in this work.

References

Papers of particular interest, published recently, have been
highlighted as:
• Of importance

1. Fei LC. Detoxification and resource recovery of Cr containing
wastes. In: Prasad MNV, Shih K, editors. Environmental materials
and waste: resource recovery and pollution prevention (1st edition).
Academic Press: Elsevier, 2016.

2. Chaturvedi S, Khare A, Khurana SMP. Toxicity of Cr(VI) and its
microbial detoxification through bioremediation. In: Shah MP, ed-
itor. Removal of emerging contaminants through microbial pro-
cesses. Singapore: Springer; 2021.

3. Song I, Koo J, Yoon SM. Facile and rapid synthesis of crystalline
quadruply bonded Cr(II) acetate coordinated with axial ligands.
RSC Adv. 2019;9(42):24319–24. https://doi.org/10.1039/
C9RA04189C.

4. Bedemo A, Chandravanshi BS, Zewge F. Removal of trivalent Cr
from aqueous solution using aluminum oxide hydroxide.
SpringerPlus. 2016;5:1288. https://doi.org/10.1186/s40064-016-
2983-x.

124 Curr Pollution Rep (2021) 7:115–127

https://doi.org/10.1039/C9RA04189C
https://doi.org/10.1039/C9RA04189C
https://doi.org/10.1186/s40064-016-2983-x
https://doi.org/10.1186/s40064-016-2983-x


5. Hua Y, Clark S, Ren J, Sreejayan N. Molecular mechanisms of
chromium in alleviating insulin resistance. J Nutr Biochem.
2012;23(4):313–9. https://doi.org/10.1016/j.jnutbio.2011.11.001.

6. Ahemad M. Enhancing phytoremediation of chromium-stressed
soils through plant-growth-promoting bacteria. J Genet Eng
Biotechnol. 2015;13:51–8. https://doi.org/10.1016/j.jgeb.2015.02.
001.

7. Orozco AMF, Contreras EM, Zaritzky NE. Biological removal of
Cr(VI): evaluation of the metabolic activity of native and Cr(VI)
acclimated activated sludge using a respirometric method. J
Environ Technol. 2019. https://doi.org/10.1080/09593330.2019.
1649470.

8. Wang Y, Su H, Gu Y, Song X, Zhao J. Carcinogenicity of Cr and
chemoprevention: a brief update. Onco Targets Ther. 2017;10:
4065–79. https://doi.org/10.2147/OTT.S139262.

9. Walker DB, Baumgartner DJ, Gerba CP, Fitzsimmons K. Surface
water pollution. In: Brusseau ML, Pepper IL, Gerba CP, editors.
Environmental and Pollution Science (3rd edition). Academic
Press: Elsevier, 2019.

10. Dubey P, Thakur V, Chattopadhyay M. Role of minerals and trace
elements in diabetes and insulin resistance. Nutrients. 2020;12(6):
1864. https://doi.org/10.3390/nu12061864.

11. Zhang X-H, Zhang X, Wang X-C, Jin L-F, Yang Z-P, Jiang C-X,
et al. Chronic occupational exposure to Cr(VI) causes DNAdamage
in electroplating workers. BMC Public Health. 2011;11(1):224.
https://doi.org/10.1186/1471-2458-11-224.

12. Cerveira JF, Sánchez-Aragó M, Urbano AM, Cuezva JM. Short-
term exposure of nontumorigenic human bronchial epithelial cells
to carcinogenic Cr(VI) compromises their respiratory capacity and
alters their bioenergetic signature. FEBS Open Bio. 2014;4:594–
601. https://doi.org/10.1016/j.fob.2014.06.006.

13. Proctor DM, Suh M, Campleman SL, Thompson CM. Assessment
of the mode of action for Cr(VI)-induced lung cancer following
inhalation exposures. Toxicology. 2014;325:160–79. https://doi.
org/10.1016/j.tox.2014.08.009.

14. Cullen JM, Ward JM, Thompson CM. Reevaluation and classifica-
tion of duodenal lesions in B6C3F1 mice and F344 rats from 4
studies of Cr(VI) in drinking water. Toxicol Pathol. 2016;44(2):
279–89. https://doi.org/10.1177/0192623315611501.

15. Huang Z, Kuang X, Chen Z, Fang Z, Wang S, Shi P. Comparative
studies of tri- and Cr(VI) cytotoxicity and their effects on oxidative
state of Saccharomyces cerevisiae cells. Curr Microbiol.
2014;68(4):448–56. https://doi.org/10.1007/s00284-013-0496-1.

16.• Sawicka E, Jurkowska K, Piwowar A. Cr(III) and Cr(VI) as impor-
tant players in the induction of genotoxicity—current view. Ann
Agric Environ Med. 2020. https://doi.org/10.26444/aaem/118228
This review highlights new insight into role of Cr(VI) in
inducing genotoxicity.

17. DeLoughery Z, Luczak MW, Zhitkovich A. Monitoring Cr inter-
mediates and reactive oxygen species with fluorescent probes dur-
ing chromate reduction. Chem Res Toxicol. 2014;27(5):843–51.
https://doi.org/10.1021/tx500028x.

18. Figgitt M, Newson R, Leslie IJ, Fisher J, Ingham E, Case CP. The
genotoxicity of physiological concentrations of Cr (Cr(III) and
Cr(VI)) and cobalt (Co(II)): an in vitro study. Mutat Res.
2010;688(1–2):53–61. https://doi.org/10.1016/j.mrfmmm.2010.
03.008.

19. Sobol Z, Schiestl RH. Intracellular and extracellular factors
influencing Cr(VI) and Cr(III) genotoxicity. Environ Mol
Mutagen. 2012;53(2):94–100.

20. Wakeman TP, Yang A, Dalal NS, Boohaker RJ, Zeng Q, Ding Q,
et al. DNA mismatch repair protein Mlh1 is required for tetravalent
Cr intermediate-induced DNA damage. Oncotarget. 2017;8(48):
83975–85.

21. Linos A, Petralias A, Christophi CA. Oral ingestion of hexavalent
chromium through drinking water and cancer mortality in an

industrial area of Greece - an ecological study. Environ Health.
2011;10:50. https://doi.org/10.1186/1476-069X-10-50.

22. Stern AH. A quantitative assessment of the carcinogenicity of
hexavalent chromium by the oral route and its relevance to human
exposure. Environ Res. 2010;110(8):798–807. https://doi.org/10.
1016/j.envres.2010.08.002.

23. Tarlo SM. Occupational lung disease. Goldman's Cecil Med. 2012:
567–74. https://doi.org/10.1016/B978-1-4377-1604-7.00093-2.

24. Abreu PL, Ferreira LMR, Alpoim MC, Urbano AM. Impact of
hexavalent chromium on mammalian cell bioenergetics: phenotyp-
ic changes, molecular basis and potential relevance to chromate-
induced lung cancer. Biometals. 2014;27:409–43. https://doi.org/
10.1007/s10534-014-9726-7.

25. Pavesi T, Moreira JC. Mechanisms and individuality in Cr toxicity
in humans. J Appl Toxicol. 2020;40:1183–97. https://doi.org/10.
1002/jat.3965.

26. Shahid M, Shamshad S, Rafiq M, Khalid S, Bibi I, Niazi NK, et al.
Cr speciation, bioavailability, uptake, toxicity and detoxification in
soil–plant system: a review. Chemosphere. 2017;178:513–33.
https://doi.org/10.1016/j.chemosphere.2017.03.074.

27. Pradhan D, Sukla LB, SawyerM, Rahman PK. Recent bioreduction
of Cr(VI) in wastewater treatment: a review. J Ind Eng Chem.
2017;55:1–20. https://doi.org/10.1016/j.jiec.2017.06.040.

28. Jobby R, Jha P, Yadav AK, Desai N. Biosorption and biotransfor-
mation of Cr(VI) [Cr(VI)]: a comprehensive review. Chemosphere.
2018;207:255–66. https://doi.org/10.1016/j.chemosphere.2018.05.
050.

29. Wani PA,Wani JA,Wahid S. Recent advances in the mechanism of
detoxification of genotoxic and cytotoxic Cr(VI) by microbes. J
Environ Chem Eng. 2018;6(4):3798–807. https://doi.org/10.1016/
j.jece.2018.05.042.

30. Viti C, Marchi E, Decorosi F, Giovannetti L. Molecular mecha-
nisms of Cr(VI) resistance in bacteria and fungi. FEMS Microbiol
Rev. 2014;38(4):633–59. https://doi.org/10.1111/1574-6976.
12051.

31. Salamanca D, Strunk N, Engesser KH. Chromate reduction in an-
aerobic systems by bacterial strain Pseudomonas aeruginosa
CRM100. Chem Ing Tech. 2013;85:1575–80. https://doi.org/10.
1002/cite.201200144.

32.• Xia X, Wu S, Zhou Z, Wang G. Microbial Cd(II) and Cr(VI) resis-
tance mechanisms and application in bioremediation. J Hazard
Mater. 2021;401:3804–94. https://doi.org/10.1016/j.jhazmat.2020.
123685 This paper reported on newer perspective on Cr(VI)
resistance mechanisms in the presence of competing ion.

33. Cervantes C, Campos-Garcia J. Reduction and efflux of chromate
by bacteria. In: Nies DH, Silver S, editors. Molecular microbiology
of heavy metals. Springer-Verlag: Berlin; 2007. p. 407–20.

34. Eswaramoorthy S, Poulain S, Hienerwadel R, Bremond N,
Sylvester MD, Zhang YB, et al. Crystal structure of ChrR—a qui-
none reductase with the capacity to reduce chromate. PLoS One.
2012;7(4):e36017. https://doi.org/10.1371/journal.pone.0036017.

35. HeM, Li X, LiuH,Miller SJ,WangG, Rensing C. Characterization
and genomic analysis of a highly chromate resistant and reducing
bacterial strain Lysinibacillus fusiformis ZC1. J Hazard Mater.
2011;185:682–8.

36. Durán U, Coronado-Apodaca HG, Meza-Escalante ER, Ulloa-
Mercado G, Serrano D. Two combined mechanisms responsible
to hexavalent chromium removal on active anaerobic granular con-
sortium. Chemosphere. 2018;198:191–7.

37. Kang C, Wu P, Li Y, Ruan B, Zhu N, Dang Z. Estimates of heavy
metal tolerance and chromium(VI) reducing ability of
Pseudomonas aeruginosa CCTCC AB93066: chromium(VI) tox-
icity and environmental parameters optimization. World J
Microbiol Biotechnol. 2014;30:2733–46.

38. Luo JH, Wu M, Liu J, Qian G, Yuan Z, Guo J. Microbial chromate
reduction coupled with anaerobic oxidation of methane in a

125Curr Pollution Rep (2021) 7:115–127

https://doi.org/10.1016/j.jnutbio.2011.11.001
https://doi.org/10.1016/j.jgeb.2015.02.001
https://doi.org/10.1016/j.jgeb.2015.02.001
https://doi.org/10.1080/09593330.2019.1649470
https://doi.org/10.1080/09593330.2019.1649470
https://doi.org/10.2147/OTT.S139262
https://doi.org/10.3390/nu12061864
https://doi.org/10.1186/1471-2458-11-224
https://doi.org/10.1016/j.fob.2014.06.006
https://doi.org/10.1016/j.tox.2014.08.009
https://doi.org/10.1016/j.tox.2014.08.009
https://doi.org/10.1177/0192623315611501
https://doi.org/10.1007/s00284-013-0496-1
https://doi.org/10.26444/aaem/118228
https://doi.org/10.1021/tx500028x
https://doi.org/10.1016/j.mrfmmm.2010.03.008
https://doi.org/10.1016/j.mrfmmm.2010.03.008
https://doi.org/10.1186/1476-069X-10-50
https://doi.org/10.1016/j.envres.2010.08.002
https://doi.org/10.1016/j.envres.2010.08.002
https://doi.org/10.1016/B978-1-4377-1604-7.00093-2
https://doi.org/10.1007/s10534-014-9726-7
https://doi.org/10.1007/s10534-014-9726-7
https://doi.org/10.1002/jat.3965
https://doi.org/10.1002/jat.3965
https://doi.org/10.1016/j.chemosphere.2017.03.074
https://doi.org/10.1016/j.jiec.2017.06.040
https://doi.org/10.1016/j.chemosphere.2018.05.050
https://doi.org/10.1016/j.chemosphere.2018.05.050
https://doi.org/10.1016/j.jece.2018.05.042
https://doi.org/10.1016/j.jece.2018.05.042
https://doi.org/10.1111/1574-6976.12051
https://doi.org/10.1111/1574-6976.12051
https://doi.org/10.1002/cite.201200144
https://doi.org/10.1002/cite.201200144
https://doi.org/10.1016/j.jhazmat.2020.123685
https://doi.org/10.1016/j.jhazmat.2020.123685
https://doi.org/10.1371/journal.pone.0036017


membrane biofilm reactor. Environ Int. 2019;130:104926. https://
doi.org/10.1016/j.envint.2019.104926.

39. AhmadWA, Zakaria ZA, Zakaria Z, Surif S. Influence of Cr(VI) on
Cr(VI) reduction at different growth phases of Acinetobacter
haemolyticus. Environ Eng Sci. 2009;26(7):1275–8. https://doi.
org/10.1089/ees.2008.0359.

40. Segretin AB, Donati ER. Bioreduction of Cr(VI) using moderate
thermophilic and thermophilic microorganisms. In: Varjani SJ,
Gnansounou E, Gurunathan B, Pant D, Zakaría ZA, editors.
Waste Bioremediation. Springer, 2018.

41. Elmeihy R, Shi XC, Tremblay PL, Zhang T. Fast removal of toxic
Cr(VI) from an aqueous solution by high-density Geobacter
sulfurreducens. Chemosphere. 2021;263:128281. https://doi.org/
10.1016/j.chemosphere.2020.128281.

42. Leguizamo MAO, Gómez WDF, Sarmiento MCG. Native herba-
ceous plant species with potential use in phytoremediation of heavy
metals, spotlight on wetlands—a review. Chemosphere. 2017;168:
1230–47. https://doi.org/10.1016/j.chemosphere.2016.10.075.

43. Ram BK, Han Y, Yang G, Ling Q, Dong F. Effect of
Cr(VI)(Cr(VI)) on phytoremediation potential and biochemical re-
sponse of hybrid Napier grass with and without EDTA application.
Plants (Basel). 2019:8, 515–521. https://doi.org/10.3390/
plants8110515.

44. Panda A, Patra DK, Acharya S, Pradhan C, Patra HK. Assessment
of the phytoremediation potential of Zinnia elegans L. plant species
for Cr(VI) through pot experiment. Environmental Technology &
Innovation. 2020;20:101042. https://doi.org/10.1016/j.eti.2020.
101042.

45. Karthik C, Barathi S, Pugazhendhi A, Ramkumar VS, Thi NBD,
Arulselvi PI. Evaluation of Cr(VI) reduction mechanism and re-
moval by Cellulosimicrobium funkei strain AR8, a novel
haloalkaliphilic bacterium. J Hazard Mater. 2017;333:42–53.
https://doi.org/10.1016/j.jhazmat.2017.03.037.

46. Sanjay MS, Sudarsanam D, Raj GA, Baskar K. Isolation and iden-
tification of Cr reducing bacteria from tannery effluent. J King Saud
Univ Sci. 2020;32(1):265–71. https://doi.org/10.1016/j.jksus.2018.
05.001.

47. Zheng Z, Li Y, Zhang X, Liu P, Ren J, Wu G, et al. A Bacillus
subtilis strain can reduce Cr(VI) to trivalent and an nfrA gene is
involved. Int Biodeterior Biodegradation. 2015;97:90–6. https://
doi.org/10.1016/j.ibiod.2014.10.017.

48. He Y, Dong L, Zhou S, Jia Y, Gu R, Bai Q, et al. Chromium
resistance characteristics of Cr(VI) resistance genes ChrA and
ChrB in Serratia sp. S2. Ecotoxicol Environ Saf. 2018;157:417–
23. https://doi.org/10.1016/j.ecoenv.2018.03.079.

49. Princy S, Sathish SS, Cibichakravarthy B, Prabagaran SR. Cr(VI)
reduction by Morganella morganii (1Ab1) isolated from tannery
effluent contaminated sites of Tamil Nadu, India. Biocatal Agric
Biotechnol. 2020;23:101469. https://doi.org/10.1016/j.bcab.2019.
101469.

50. Ma Y, Zhong H, He Z. Cr(VI) reductase activity locates in the
cytoplasm of Aeribacillus pallidus BK1, a novel Cr(VI)-reducing
thermophile isolated from Tengchong geothermal region, China.
Chem Eng J. 2019;371:524–34. https://doi.org/10.1016/j.cej.2019.
04.085.

51.• Yan J, Ye W, Liang X, Wang S, Xie J, Zhong K, et al. Enhanced
reduction of sulfate and Cr under sulfate-reducing condition by
synergism between extracellular polymeric substances and
graphene oxide. Environ Res. 2020;183:109157. https://doi.org/
10.1016/j.envres.2020.109157 This paper is important as it
highlights anaerobic Cr(VI) reduction and effect of EPS and
graphene oxide on the reduction process.

52. Lin WH, Chen SC, Chien CC, Tsang DCW, Lo KH, Kao CM.
Application of enhanced bioreduction for Cr(VI)-polluted ground-
water cleanup: microcosm and microbial diversity studies. Environ

Res. 2020;184:109296. https://doi.org/10.1016/j.envres.2020.
109296.

53. Hu Y, Chen N, Liu T, Feng C, Ma L, Chen S, et al. The mechanism
of nitrate-Cr(VI) reduction mediated by microbial under different
initial pHs. J Hazard Mater. 2020;393:122434. https://doi.org/10.
1016/j.jhazmat.2020.122434.

54.• Zhang Q, Amor K, Galer SJG, Thompson I, Porcelli D. Using
stable isotope fractionation factors to identify Cr(VI) reduction
pathways: metal mineral–microbe interactions. Water Res.
2019;151:98–109. https://doi.org/10.1016/j.watres.2018.11.088
This paper reports in role of Cr isotope in Cr(VI) reduction
pathways, which significantly adds to the body of knowledge
in microbial Cr(VI) reduction.

55. He CX, Zhang B, Yan W, Ding D, Guo J. Enhanced microbial
chromate reduction using hydrogen and methane as joint electron
donors. J Hazard Mater. 2020;395:122684.

56. Quiang A, Deng S, Xu J, Nan H, Li Z, Song JL. Simultaneous
reduction of nitrate and Cr(VI) by Pseudomonas aeruginosa strain
G12 in wastewater. Ecotoxicol Environ Saf. 2020;191:110001.

57. Yao Y, Hu L, Li S, Zeng Q, Zhong H, He Z. Exploration on the
bioreduction mechanisms of Cr(VI) and Hg (II) by a newly isolated
bacterial strain Pseudomonas umsongensis CY-1. Ecotoxicol
Environ Saf. 2020;201:110850. https://doi.org/10.1016/j.ecoenv.
2020.110850.

58. LongM, Zhou C, Xia S, Guadiea A. Concomitant Cr(VI) reduction
and Cr(III) precipitation with nitrate in a methane/oxygen-based
membrane biofilm reactor. Chem Eng J. 2017;315:58–66. https://
doi.org/10.1016/j.cej.2017.01.018.

59.• Sun Y, Lan J, Du Y, Guo L, Du D, Chen S, et al. Cr(VI)
bioreduction and removal by Enterobacter sp. SL grown with
waste molasses as carbon source: impact of operational conditions.
Bioresour Technol. 2020;302:121974. https://doi.org/10.1016/j.
biortech.2019.121974 This paper reports on latest example on
the use of agricultural waste as substrate during bacterial
Cr(VI) reduction.

60. Lu YZ, Fu L, Ding J, Ding ZW, Li N, Zeng RJ. Cr(VI) reduction
coupled with anaerobic oxidation of methane in a laboratory reac-
tor. Water Res. 2016;102:445–52.

61. Kullu B, Patra DK, Acharya S, Pradhan C, Patra HK. AM fungi
mediated bioaccumulation of Cr(VI) in Brachiaria mutica—a my-
corrhizal phytoremediation approach. Chemosphere. 2020;258:
127337. https://doi.org/10.1016/j.chemosphere.2020.127337.

62. Gao J,Wu S, Liu Y,Wu S, Jiang C, Li X, et al. Characterization and
transcriptomic analysis of a highly Cr(VI)-resistant and-reductive
plant-growth-promoting rhizobacterium Stenotrophomonas
rhizophila DSM14405T. Environ Pollut. 2020;263:114622.
https://doi.org/10.1016/j.envpol.2020.114622.

63. Tirry N, Joutey NT, Sayel H, KouchouA, BahafidW, Asri M, et al.
Screening of plant growth promoting traits in heavy metals resistant
bacteria: prospects in phytoremediation. J Genet Eng Biotechnol.
2018;16:613–9. https://doi.org/10.1016/j.jgeb.2018.06.004.

64. Lofù A, Mastrorilli P, Dell'Anna MM,Mali M, Sisto R, Vignola R.
Iron(II) modified natural zeolites for hexavalent chromium removal
from contaminated water. Arch Environ Prot. 2016;42(1):35–40.
https://doi.org/10.1515/aep-2016-0004.

65. Singh P, Itankar N, Patil Y. Biomanagement of hexavalent chromi-
um: current trends and promising perspectives. J Environ Manag.
2021;279:111547. https://doi.org/10.1016/j.jenvman.2020.111547.

66. Ding Z, Zhou K, Zhu W, Sun T, Zhou X, Zhang Y. Numerical
simulation of solute migration of groundwater remediation under
a chromium contaminated site. Chem Eng Trans. 2017;62:433–8.
https://doi.org/10.3303/CET1762073.

67. Wen C, Sheng H, Ren L, Dong Y, Dong J. Study on the removal of
hexavalent chromium from contaminated groundwater using emul-
sified vegetable oil. Process Saf Environ Prot. 2017;109:599–608.
https://doi.org/10.1016/j.jhazmat.2020.124708.

126 Curr Pollution Rep (2021) 7:115–127

https://doi.org/10.1016/j.envint.2019.104926
https://doi.org/10.1016/j.envint.2019.104926
https://doi.org/10.1089/ees.2008.0359
https://doi.org/10.1089/ees.2008.0359
https://doi.org/10.1016/j.chemosphere.2020.128281
https://doi.org/10.1016/j.chemosphere.2020.128281
https://doi.org/10.1016/j.chemosphere.2016.10.075
https://doi.org/10.3390/plants8110515
https://doi.org/10.3390/plants8110515
https://doi.org/10.1016/j.eti.2020.101042
https://doi.org/10.1016/j.eti.2020.101042
https://doi.org/10.1016/j.jhazmat.2017.03.037
https://doi.org/10.1016/j.jksus.2018.05.001
https://doi.org/10.1016/j.jksus.2018.05.001
https://doi.org/10.1016/j.ibiod.2014.10.017
https://doi.org/10.1016/j.ibiod.2014.10.017
https://doi.org/10.1016/j.ecoenv.2018.03.079
https://doi.org/10.1016/j.bcab.2019.101469
https://doi.org/10.1016/j.bcab.2019.101469
https://doi.org/10.1016/j.cej.2019.04.085
https://doi.org/10.1016/j.cej.2019.04.085
https://doi.org/10.1016/j.envres.2020.109157
https://doi.org/10.1016/j.envres.2020.109157
https://doi.org/10.1016/j.envres.2020.109296
https://doi.org/10.1016/j.envres.2020.109296
https://doi.org/10.1016/j.jhazmat.2020.122434
https://doi.org/10.1016/j.jhazmat.2020.122434
https://doi.org/10.1016/j.watres.2018.11.088
https://doi.org/10.1016/j.ecoenv.2020.110850
https://doi.org/10.1016/j.ecoenv.2020.110850
https://doi.org/10.1016/j.cej.2017.01.018
https://doi.org/10.1016/j.cej.2017.01.018
https://doi.org/10.1016/j.biortech.2019.121974
https://doi.org/10.1016/j.biortech.2019.121974
https://doi.org/10.1016/j.chemosphere.2020.127337
https://doi.org/10.1016/j.envpol.2020.114622
https://doi.org/10.1016/j.jgeb.2018.06.004
https://doi.org/10.1515/aep-2016-0004
https://doi.org/10.1016/j.jenvman.2020.111547
https://doi.org/10.3303/CET1762073
https://doi.org/10.1016/j.jhazmat.2020.124708


68. Mtimunye PJ, Chirwa EMN. Finite difference simulation of biolog-
ical chromium (VI) reduction in aquifer media columns. Water SA.
2014;40:359–68. https://doi.org/10.4314/wsa.v40i2.18.

69. Toli A, Varouxaki A, Mystrioti C, Xenidis A, Papassiopi N. Green
synthesis of resin supported nanoiron and evaluation of efficiency
for the remediation of Cr(VI) contaminated groundwater by batch
tests. Bull Environ Contam Toxicol. 2018;101(6):711–7. https://
doi.org/10.1007/s00128-018-2425-2.

70. Sedlazeck KP, Vollprecht D,Müller P, Mischitz R, Gieré R. Impact
of an in-situ Cr(VI)-contaminated site remediation on the ground-
water. Environ Sci Pollut Res. 2020;27(13):14465–75. https://doi.
org/10.1002/rem.20280.

71. Mbonambi NC, Chirwa EMN. Biological remediation of chromium
(VI) in aquifer media columns. Chem Eng Trans. 2019;76:1333–8.
https://doi.org/10.3303/CET1976223.

72. Ding L, Song J, Huang D, Lei J, Li X, Sun J. Simultaneous removal
of nitrate and hexavalent chromium in groundwater using indige-
nous microorganisms enhanced by emulsified vegetable oil: inter-
actions and remediation threshold values. J Hazard Mater.
2021;406:124708. https://doi.org/10.1016/j.jhazmat.2020.124708.

73. Wang J, Hou L, Yao Z, Jiang Y, Xi B, Ni S, et al. Aminated
electrospun nanofiber membrane as permeable reactive barrier ma-
terial for effective in-situ Cr(VI) contaminated soil remediation.
Chem Eng J. 2021;406:126822. https://doi.org/10.1016/j.cej.2020.

74. Nazarova T, Alessi DS, Janssen DJ, Bernier-Latmani R, Wanner C.
In situ biostimulation of Cr(VI) reduction in a fast-flowing oxic
aquifer. ACS Earth Space Chem. 2020;4(11):2018–30. https://doi.
org/10.1021/acsearthspacechem.0c00200.

75. LinW, Chen S, Chien C, Tsang DCW, LoK, KaoC.Application of
enhanced bioreduction for hexavalent chromium-polluted ground-
water cleanup: microcosm and microbial diversity studies. Environ
Res. 2020;184:109296. https://doi.org/10.1016/j.envres.2020.
109296.

76. Němeček J, Pokorný P, Lhotský O, Knytl V, Najmanová P,
Steinová J, et al. Combined nano-biotechnology for in-situ remedi-
ation of mixed contamination of groundwater by hexavalent chro-
mium and chlorinated solvents. Sci Total Environ. 2016;563–564:
822–34. https://doi.org/10.1016/j.envint.2019.01.030.

77. AhmadWA, Zakaria ZA, KhasimAR, Alias MA, Ismail SM. Pilot-
scale removal of chromium from industrial wastewater using the
ChromeBac system. Bioresour Technol. 2010;101(12):4371–8.
https://doi.org/10.1016/j.biortech.2010.01.106.

78. Molokwane PE, Nkhalambayausi-Chirwa EM, Meli KC.
Chromium (VI) reduction in activated sludge bacteria exposed to
high chromium loading: brits culture (South Africa). Water Res.
2008;42:4538–48. https://doi.org/10.1016/j.watres.2008.07.040.

79. Molokwane PE, Chirwa EMN. Microbial culture dynamics and
Cr(VI) removal in packed-column microcosm reactors. Water Sci
Technol. 2009;60(2):381–8. https://doi.org/10.2166/wst.2009.349.

80. Jeyasingh J, Somasundaram V, Philip L, Bhallamudi MS. Pilot
scale studies on the remediation of chromium contaminated aquifer
using bio-barrier and reactive zone technologies. Chem Eng J.
2011;167:206–14. https://doi.org/10.1016/j.cej.2010.12.024.

81. Mahringer D, Zerelli SS, Dippon U, Ruhl AS. Pilot scale
hexavalent chromium removal with reduction, coagulation, filtra-
tion and biological iron oxidation. Sep Purif Technol. 2020;253:
117478. https://doi.org/10.1016/j.seppur.2020.117478.

82. Tang X, Huang Y, Li Y, Wang L, Pei X, Zhou D, et al. Study on
detoxification and removal mechanisms of hexavalent chromium

by microorganisms. Ecotoxicol Environ Saf. 2021;208:111699.
https://doi.org/10.1016/j.ecoenv.2020.111699.

83. Pavithra KG, Jaikumar V, Kumar PS, Sundarrajan P. Cleaner strat-
egies on the effective elimination of toxic chromium from waste-
water using coupled electrochemical/biological systems. Environ
Prog Sustain Energy. 2020;39(4). https://doi.org/10.1002/ep.
13399.

84. Hosseinkhani A, Forouzesh Rad B, Baghdadi M. Efficient removal
of hexavalent chromium from electroplating wastewater using
polypyrrole coated on cellulose sulfate fibers. J Environ Manag.
2020;274:111153. https://doi.org/10.1016/j.jenvman.2020.111153.

85. Wang Z, Chen G, Wang X, Li S, Liu Y, Yang G. Removal of
hexavalent chromium by bentonite supported organosolv lignin-
stabilized zero-valent iron nanoparticles from wastewater. J Clean
Prod. 2020;267:122009. https://doi.org/10.1016/j.jclepro.2020.
122009.

86. Li X, He X, Wang H, Liu Y. Characteristics and long-term effects
of stabilized nanoscale ferrous sulfide immobilized hexavalent
chromium in soil. J Hazard Mater. 2020;389:122089. https://doi.
org/10.1016/j.jhazmat.2020.122089.

87. Chirwa EMN. Uncoupling Cr(VI) reduction in mixed-culture bio-
film systems: electron-flow pathway analysis. In: Proceedings of
the ##th annual water environment federation technical exhibition
and conference (WEFTEC’06), vol. 2006/7; 2006. p. 4971–83.
https://doi.org/10.1007/s00253-017-8724-4.

88. Joutey TJ, Sayel H, Bahafid W, Ghachtouli NE. Mechanisms of
Cr(VI) resistance and removal in microorganisms. In: Whitacre
DM, editor. Reviews of environmental contamination and toxicol-
ogy, vol. 233. Cham: springer international publishing; 2015. p.
45–69.

89. Zakaria ZA, Zakaria Z, Surif S, AhmadWA. Hexavalent chromium
reduction by Acinetobacter haemolyticus isolated from heavy-
metal contaminated wastewater. J Hazard Mater. 2007;146(1–2):
30–8. https://doi.org/10.1016/j.jhazmat.2006.11.052.

90. Zakaria ZA, Zakaria Z, Surif S, Ahmad WA. Biological detoxifi-
cation of Cr(VI) using wood-husk immobilized Acinetobacter
haemolyticus. J Hazard Mater. 2007;148(1–2):164–71. https://doi.
org/10.1016/j.jhazmat.2007.02.029.

91. Zakaria ZA, Ahmad WA, Zakaria Z, Razali F, Karim NA, Sum
MM, et al. Bacterial reduction of Cr(VI) at technical scale–the
Malaysian experience. Appl Biochem Biotechnol. 2012;167(6):
1641–52. https://doi.org/10.1007/s12010-012-9608-9.

92. Zakaria ZA, AhmadWA. Cr(VI) removal using the combination of
the Cr(VI)-resistant and Cr(VI)-reducing biofilm and the alum-
polyacrylamide. Water Air Soil Pollut. 2020;231(10):490. https://
doi.org/10.1007/s11270-020-04860-z.

93. Ahmad WHW, Chyan JB, Zakaria ZA, Ahmad WA. Sugarcane
bagasse as nutrient and support material for Cr(VI)-reducing bio-
film. Int Biodeterior Biodegradation. 2015;102:3–10. https://doi.
org/10.1016/j.ibiod.2015.03.007.

94. Ishak AF, Karim NA, Ahmad WA, Zakaria ZA. Chromate detox-
ification using combination of ChromeBac™ system and
immobilized chromate reductase beads. Int Biodeterior Biodegrad.
2016;113:238–43. https://doi.org/10.1016/j.ibiod.2016.03.020.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

127Curr Pollution Rep (2021) 7:115–127

https://doi.org/10.4314/wsa.v40i2.18
https://doi.org/10.1007/s00128-018-2425-2
https://doi.org/10.1007/s00128-018-2425-2
https://doi.org/10.1002/rem.20280
https://doi.org/10.1002/rem.20280
https://doi.org/10.3303/CET1976223
https://doi.org/10.1016/j.jhazmat.2020.124708
https://doi.org/10.1016/j.cej.2020
https://doi.org/10.1021/acsearthspacechem.0c00200
https://doi.org/10.1021/acsearthspacechem.0c00200
https://doi.org/10.1016/j.envres.2020.109296
https://doi.org/10.1016/j.envres.2020.109296
https://doi.org/10.1016/j.envint.2019.01.030
https://doi.org/10.1016/j.biortech.2010.01.106
https://doi.org/10.1016/j.watres.2008.07.040
https://doi.org/10.2166/wst.2009.349
https://doi.org/10.1016/j.cej.2010.12.024
https://doi.org/10.1016/j.seppur.2020.117478
https://doi.org/10.1016/j.ecoenv.2020.111699
https://doi.org/10.1002/ep.13399
https://doi.org/10.1002/ep.13399
https://doi.org/10.1016/j.jenvman.2020.111153
https://doi.org/10.1016/j.jclepro.2020.122009
https://doi.org/10.1016/j.jclepro.2020.122009
https://doi.org/10.1016/j.jhazmat.2020.122089
https://doi.org/10.1016/j.jhazmat.2020.122089
https://doi.org/10.1007/s00253-017-8724-4
https://doi.org/10.1016/j.jhazmat.2006.11.052
https://doi.org/10.1016/j.jhazmat.2007.02.029
https://doi.org/10.1016/j.jhazmat.2007.02.029
https://doi.org/10.1007/s12010-012-9608-9
https://doi.org/10.1007/s11270-020-04860-z
https://doi.org/10.1007/s11270-020-04860-z
https://doi.org/10.1016/j.ibiod.2015.03.007
https://doi.org/10.1016/j.ibiod.2015.03.007
https://doi.org/10.1016/j.ibiod.2016.03.020

	Bacterial Reduction of Cr(VI): Operational Challenges and Feasibility
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Cytotoxicity and Genotoxicity of Cr
	Bacterial Reduction of Cr(VI)
	Operational Challenges for Bacterial Cr(VI) Reduction
	Example of Case Study for Lab-Scale and Pilot-Scale Evaluation
	Conclusion
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance



