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A B S T R A C T

In general, lab-based Cr (VI) reduction studies do not often corroborate the prevailing biogeochemical controls
for on-site pollution abatement. To promulgate its importance, herein, we investigate the existing biogeogenic
parameters of a contaminated site to attenuate the underground Cr (VI) toxicity. This study significantly assesses
the speciation of dichromate by biogenic agents that are inherent and self-sustaining to treat the contaminated
soil. Herein, a group of bacteria exposed to high concentrations of chromium (≥3500 mg/L) plays a vital role as
an enhanced biogeogenic control for the detoxification of toxic Cr (VI). All identified bacteria were screened
based on their ability to differentiate from extracellular speciation and harvested in a Cr (VI)-enriched molasses
to achieve dichromate concentrations as low as 0.05 mg/L in 168 h. Under low O2 condition, the bacterial
growth rate and doubling time were monitored to establish the half-life period of Cr (VI) for adequate con-
tainment treatment. Furthermore, to understand the soil decontamination, Cr (VI) reactive transport was de-
monstrated to facilitate the contaminant reduction under both saturated and unsaturated groundwater condi-
tions. Herein, Cr (VI) speciation to Cr (III) by the influence of abiogenic factors are unlikely or less probable as
studied in existing geogenic conditions. Moreover, the evidence of biogenic reduction of Cr (VI) in microcosm
suggests its effectiveness in enhanced detoxification of Cr (VI) up to ≤ 0.1 mg/L, within the reaction period of
144 h and 192 h, for saturated and unsaturated flow conditions, respectively.

1. Introduction

Chromium (VI)-soil contamination is a global problem for many
years due to its mobility and toxicity (Pantsar-Kallio et al., 2001; WHO,
2003; Taylor et al., 1999; Zhitkovich, 2011). The frequent accumula-
tion of this heavy metal has attracted a great deal of attention in recent
years owing to its adverse effects. The unregulated industrial discharges
and hazardous landfills are the major sources of heavy metal con-
taminants that cause severe damage to living standards. These con-
taminants are environmentally harmful, potentially causing a public
health threat when directly exposed to living organisms (Caravanos
et al., 2014b). In order to avoid imminent danger, strict regulations are
enforced on industries for safe discharge of chromium in wastewaters.
Supplementary data 1.1 shows the discharge standards for chromium in
various effluents and its tolerance limits as set by National & Interna-
tional organizations. Despite all, the problem appears more permanent
and amended regulations for the prevention of contamination seems to
have not changed the current pollution level. This represents a global
burden (Pure Earth, 2012), as chromium ranks third in most toxic
threat among other priority contaminants viz. lead, mercury, arsenic,

pesticides, and radionuclides as described in the annual report of
World's Worst Pollution Problem (Pure Earth, 2010).

Cr (VI) levels in the environment of developing countries are always
incommensurable to developed countries (Caravanos et al., 2014a). For
developing countries like India, industrialization plays an economically
important role. Persistent contribution to economic development, ac-
companying the establishment of various industries led to the devel-
opment of these uncontrollable anthropogenic contaminants (Ingle
et al., 2011). Besides, the industrial discharges in developed countries
are well-monitored, and an appropriate purification strategy has been
proved over developing countries (Ericson et al., 2013). However, in
India, industrial activities are not strictly monitored (Caravanos et al.,
2014a; Chatham-Stephens et al., 2013), which led to unaccounted
contaminated sites. Most reasons behind these actions are limited
governmental capacities & incentives to enforce the law against un-
regulated industrial activities (Dowling et al., 2017).

Chromium in soil mainly occurs in two forms: Hexavalent chro-
mium [Cr (VI)] and trivalent chromium [Cr (III)], of which Cr (VI) is a
toxic carcinogen and Cr (III) is a micronutrient. Hexavalent form of
chromium is highly soluble and mobile, while the trivalent form is
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insoluble (Batool et al., 2012; Kirpnick-Sobol et al., 2006; Long et al.,
2013; Saha et al., 2011). The cyto- and genotoxic effects of Cr (VI) are
largely studied by the researchers to understand its potential risk of
cancer in humans. Cr (VI) generally pose great danger to living cells due
to the structural similarity of chromate, sulfate and phosphate, as it
gains smooth entry into cytoplasm via anionic transporters (Saha et al.,
2011). On the other hand, the trivalent form is considered to be inert
due to its d3 electronic configuration and are kinetically slow reactive
than toxic Cr (VI). In biological pH, Cr (III) undergoes precipitation to
form hydroxides, whereas Cr (VI) remains labile to undergo a reduction
in cytoplasm (or) can pass through nuclear membrane by causing ad-
verse effects (Saha et al., 2013). The toxicity of Cr (VI) can affect the
susceptible through direct exposure of contaminated soil to human
(Soil-human) or by indirect exposure to crops/vegetables through
bioaccumulation (Soil-crop-human) (Saha et al., 2013, 2011; Wang
et al., 2011).

The degree of Cr (VI) contamination is highly dependent on the
origin of soil and the extent of anthropogenic activity surrounding the
environment (WHO, 2003). Most high concentrations of Cr (VI) enters
the soil through improper waste disposals by tanneries but not limited
to industries such as mineral mining, electroplating, inorganic chemi-
cals and steel manufacturing plants (Dhal et al., 2013). These high
concentrations of Cr (VI) could be reduced or immobilized to Cr (III) by
physicochemical or biological methods (Malaviya and Singh, 2011;
Shashidhar et al., 2007a, 2006). In India, leather tanning industries are
overseen to be a significant contributor to Cr (VI) contamination by the
pollution control bodies and thus, other industries gain very less at-
tention. In a contaminated site at Ranipet, a population of nearly
3,482,000 were at risk due to tannery based discharge alone (Pure
Earth, 2007). The risk associated with other industrial discharges for
cumulative Cr (VI) burden remains unspecified that attracts the atten-
tion of international organizations to initiate Toxic Site Identification
Program (TSIP) in low- and middle-income countries (Ericson et al.,
2013).

Soil remediation is usually done by in-situ (or) ex-situ physio-
chemical & biological methods (Ballesteros et al., 2017; Bianco Prevot
et al., 2018; Gomes et al., 2013; Khalid et al., 2017; Mulligan et al.,
2001; Nicolova et al., 2017; Yuan et al., 2018). In most cases, in-situ
remediation is economically viable than ex-situ pump and treatment
operations (Gong et al., 2018; Hashim et al., 2011). In addition, the
direct biological means of site remediation as proven to be more eco-
nomical and sustainable as it greatly enables the detoxification of
groundwater at the source level (Batool et al., 2015; EPA, 2016;
Groudev et al., 2014). These methods employ inherent or foreign mi-
croorganisms, most predominantly bacteria, to co-metabolize the metal
toxicants while utilizing the organic matter and other available carbon
sources (Bansal et al., 2019; Batool et al., 2015; Emenike et al., 2017;
Jobby et al., 2018; Lee et al., 2008; Leita et al., 2011; Slater and
Atekwana, 2013). The inherent microbial treatment (i.e. Bioaugmen-
tation) of contaminated sites is advantageous in a variety of conditions
such as site adaptability, suitability of field operations, complexity of
underground processes and minimal waste generation (Azubuike et al.,
2016; Chen et al., 2019; Dzionek et al., 2016; Gomes et al., 2013; Liu,
2018; Long et al., 2013; Schindler et al., 2017). In general, the persis-
tence of Cr (VI) depends in no small extent on the physicochemical
properties of the site, the media (i.e. the soil, water and air to which the
contaminants are bound and released), the nature of the pollutants and
the inherent existence of bacteria in a nutrient-stressed environment
(Emenike et al., 2016; Stanin, 2005). As for the biogeochemical inter-
actions, the speciation of toxic Cr (VI) to Cr (III) is controlled by factors
such as soil pH, organic & H2O content, multi-elements, porosity, per-
meability and geomicrobiology (Adriano et al., 2004; Barnie et al.,
2018; Lee et al., 2008; Xiao et al., 2012). Therefore, it is essential to
consider the site-specific conditions of a contaminated site in order to
assess its potential for biogenic detoxification of Cr (VI).

Several researchers have developed lab-based biological treatment

methods that show a better reduction of Cr (VI) (Hamdan and El-Naas,
2014; Jin et al., 2014; Malaviya and Singh, 2011; Maleki et al., 2015;
Nam et al., 2018) with limited knowledge of its reliability concerning
field application. In addition, Cr (VI) speciation studies show the ex-
emplary ability of biogenic agents as permeable reactive biobarrier in
bioremediation of soil and groundwater (Shashidhar et al., 2007a,
2007b; Thiruvenkatachari et al., 2008). However, their limitations in
relating the site-specific properties make in-situ treatment less effective
in terms of a detoxification mechanism. Also, the developed batch
treatment processes (Pradhan et al., 2017) by single bacterium species
(i.e. a single type strain) is unlikely to combat in the field, due to factors
such as complex biodiversity, minimal nutrient conditions and bio-
geochemical interactions. Therefore, this present study evaluates the
geogenic characteristics of a heavily contaminated site and demon-
strates the role of biogenic control on dichromate speciation via
bioaugmentation. The biogenic controls used in this study are primarily
screened for exoenzyme Cr (VI) speciation and assessed for in vitro
biokinetic performance in media containing suitable electron donor.
Furthermore, a series of reactive transport experiments are carried out
with bio-augmented soils under two different groundwater conditions,
to demonstrate the soil-Cr (VI) detoxification.

2. Methodology

2.1. Study area & sampling points

A Cr (VI) contaminated site (16°43′14.20″N, 79°39′5.92″E) in India
was identified to evaluate its geogenic characteristics for enhanced
natural attenuation. The study area was chosen based on the un-
regulated industrial activity by a dichromate manufacturing plant, lo-
cated at Damarcherla in the Nalgonda District (Telangana, India).
Supplementary data 1.2 shows Cr (VI) contamination around the in-
dustrial site and tons of unattended sludge in dump yards. The identi-
fied area is an intensely contaminated site of approximately 40,000 tons
of chromium waste (Class A, Schedule 2 Hazardous waste) dumped as
landfills. It was reported that the toxicity of Cr (VI) has begun to affect
thousands of people, cattle, agricultural lands and other closely related
rivers Musi & Krishna (Karnakar Reddy, 2014). Hence, the persistence
of contamination is a matter of serious concern as no mitigation mea-
sures are planned for the restoration of the contaminated area. As of
current situation, the listing of highly polluted sites for clean-up by the
administrative & governmental bodies did not account for the present
study area (CGWB, 2016; MOEF, 2015). Hence, it is of high importance
to examine the stated site and emphasize the need for appropriate
mitigation action.

Various type of samples viz. Contaminated soil (S-I) from industrial
area, Uncontaminated soil (S-II) from closely associated region, Heap
sample from landfill pile (DYH), Industrial sludge (IS) from waste dis-
posal zone, Industrial effluent (IE) from the drain pit zone, Surface
water (SW) from the depression closer to sludge disposal zone,
Sediment (SED-I) at the entrance to the river and Sediment (SED-II)
after the confluence of the River Musi-Krishna, were collected for this
study. Supplementary data 1.3 shows the survey area and sampling
points mapped by QGIS (An open-source software).

2.2. Soil characterization

Soil characterization is primarily done to evaluate the biogeo-
chemical properties of polluted soil for enhanced speciation of Cr (VI).
For this purpose, the contaminated soil (S-I) was collected at a depth of
0–25 cm depth from various points surrounding the industrial zone by
grab sampling. In order to demonstrate Cr (VI) reactive transport, un-
contaminated soil (S-II) from closely associated region Vadapalle was
collected by core cutter at a depth of 0–60 cm and used as a re-
presentative soil for microcosm construction. The major parameters
such as Soil pH (US EPA SW-846 Method 9045D, 2004), H2O content
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(ASTM D 2216, 2010), Organic content (ASTM 2974, 2014), Bulk
density (ASTM D 2937, 2010), Specific gravity (ASTM D 854, 2000) and
Soil gradation (ASTM D 422-63, 2007) were estimated according to the
standard guidelines of American Society for Testing & Materials
(ASTM). The multi-element constituents of all collected samples (Sec-
tion 2.1) are analyzed using an Inductively Coupled Plasma Mass
Spectrometer (ICP MS).

2.3. Soil sorption

The sorption of Cr (VI) and Cr (III) to S-I and S-II was evaluated
under a 24 h equilibrium time (Roy, 1991) and their isotherms are
established for abiogenic control. Supplementary data 1.4 shows the
sorption characteristics of S-I and S-II at temperature 37 ͦ C± 1.75, in
pH 7 ± 0.05 and pH 6.4 ± 0.05, respectively. The obtained data were
related to Freundlich isotherm (equation (1)) as nonspecific sorption
due to soil-surface heterogeneity (Freundlich, 1906),

=q K C
e f eq

1/n

(1)

Where qe is the amount of chromium absorbed, Ceq is the equilibrium
concentration, Kf is the adsorption co-efficient (mL/g), and n is the
adsorption intensity. In equation (2), 1/n is the slope and log Kf is the
intercept of a straight line from the plot log (qe) versus log Ceq (Sup-
plementary data 1.4). A linear regression method was used to estimate
the slope and intercept while determining the variable y based on
predictor x.

= +q log K
n

Clog( )
1
log

e f eq (2)

2.4. Identification of biogenic agents

Two different bacterial population viz. Total bacteria and Cr (VI)
tolerant bacteria from contaminated soil (S-I) were isolated to under-
stand the soil microbial characteristics. In this study, the total bacteria
from contaminated soil (S-I) is represented as a background geomi-
crobial population (Supplementary data 1.5) in order to enhance the
soil-biogenic activity. In addition, the bacteria tolerant to Cr (VI) from
highly contaminated samples viz. IE and IS were isolated to evaluate
their potential for Cr (VI) tolerance and biospeciation ability.

All obtained strains were isolated in two different growth media;
namely, oligotrophic (M1) and less fastidious (M2) media, to assess
their potential as inherent biogenic agents. Following the isolation, the
bacterial colonies are differentiated by their morphological character-
istics and evaluated for MIC & biospeciation in M3 media
(Supplementary data 1.5). The suitable biogenic controls for soil-Cr (VI)
reduction are selected based on its exoenzyme Cr (VI) speciation ability.

2.5. Biogenic reduction of Cr (VI)

The selected biogenic agents are tested under in vitro nutritional
conditions to understand their biokinetics at various Cr (VI) con-
centrations. In this study, all batch experiments are carried out in a
minimal nutrient media (M4) for adequate Cr (VI) reduction. The M4
media used for biokinetic testing consists of molasses concentrate (2 g/
L) supplemented with other elemental nutrients as per the ingredients
stated in Handbook of Microbiological Media (Atlas, 2010). The ele-
mental nutrients of M4 media comprised of macronutrients [Na2HPO4

(6.8 g/L), KH2PO4 (3 g/L), NaCl (0.5 g/L), MgSO4•C7H2O (0.5 g/L),
CaCl2•H2O (0.01 g/L), FeCl3•C6H2O (0.001 g/L)]; and micronutrients
[Na2MoO4•C2H2O (0.01 g/L), CuSO4•C5H2O (0.01 g/L), ZnSO4•C7H2O
(0.01 g/L), CoCl2•C2H2O (0.01 g/L), MnCl2•C4H2O (0.01 g/L)] adjusted
to pH 7.2 ± 0.2.

For batch biogenic reduction, the bacterial strains grown to mid-
exponential stage were separately inoculated into reactors containing
Cr (VI)-enriched M4 media. Before the start of experiment, an inert gas

(N2) was bubbled at a flow rate of 25 mL/s in reactors and sealed air-
tight to achieve anaerobic condition (Initial DO = 0.41–0.65 mg/L).
Subsequently, all biogenic reactions were carried out in an orbital
shaking incubator at 37 °C ± 1.75. For abiogenic reduction, the con-
trol experiments were carried out in the absence of bacterial strains.
During the operation, the samples were withdrawn at regular intervals
through a syringe samplers. All samples collected from the reactors are
centrifuged at 10,000g for 10 min at 4 °C ± 0.5 for adequate phase
separation. Then after, the obtained supernatant was passed through a
filter membrane of pore size 0.22 μm for the aqueous phase determi-
nation of Cr (VI). And the subsequent cell pellet was washed, rinsed and
re-suspended in NaH2PO4–Na2HPO4 buffer (0.2 M; pH 7 ± 0.05) for
the bacterial cell mass quantification.

In bacterial growth experiments, the rate of change in concentration
of bacteria between lag and stationary phase is given by equation (3),

=C C e
kt

0 (3)

The above equation is simplified (Zhu et al., 2013) to determine the
specific growth rate of bacteria under the influence of various initial
concentration of Cr (VI),

=Specific growth rate
ln C C

t t
, µ

( / )

( )

0

0 (4)

Where C0 is the initial bacterial concentration (Dry cell weight, mg/L),
C is the bacterial concentration at time t (Dry cell weight, mg/L), K is
the specific growth rate, also known as μ (hr −1), and t0 & t are time
period of exponential phase (hr). Here, the time required to double the
bacterial population is given as doubling time Td (hr), determined by
equation (5) (Luo et al., 2016; Reyimu and Özçimen, 2017),

=T ln 2/µ
d (5)

In Cr (VI) reduction experiments, the rate of decrease in Cr (VI)
concentration per unit time is given by equation (6),

= +C kt Ct 0 (6)

Where Ct is the concentration of Cr (VI) after the reaction time t, C0 is
the initial concentration of Cr (VI) at t = 0, and k is the rate constant.
The half-life (t1/2) is the time required for Cr (VI) concentration to
decrease by half compared to its initial concentration C0 is determined
by equation (7),

=t C k/21/2 0 (7)

2.6. Soil microcosm studies

2.6.1. The soil column
A cylindrical column with a diameter of 10 cm and a length of 50 cm

was fabricated for the construction of soil microcosm. A perforated
plate having a pore diameter of 0.1 cm with a removable casing on both
ends of column were provided to ensure uniform distribution of fluid
during reactive transport. Between the perforated plates, a re-
presentative soil S-II (particle size less than 4.75 mm) with an average
porosity of 0.46% was compacted under different saturated conditions.
The chambers above the perforated plates at each end of the column
comprises of primary inlet and outlet for the fluid-flow transport. In
addition, five other sampling ports were provided at 10, 20, 30, 40, and
50 cm along the entire length of the column to facilitate the collection
of pore fluids via typical rhizon pore-water samplers (EIJKELKAMP
SOIL & WATER). Supplementary data 1.6 shows the schematics of soil
column arrangement for Cr (VI) reactive transport.

2.6.2. Cr (VI) fluid transport in soil microcosm
The fluid transport of Cr (VI) was carried out under two different

groundwater flow conditions: i.) Saturated and ii.) Unsaturated flow.
During the flow transport experiments, 200 mg/L of Cr (VI) in M4
media was pumped at a constant flow rate of 4.6 and 5 mL/min for

S. CJ and S. T Ecotoxicology and Environmental Safety 193 (2020) 110327

3



saturated and unsaturated conditions, respectively, using a peristaltic
pump (MICLINS INDIA). The fluid flow in the soil is vertical that gra-
dually penetrates along the length of column to reach the collection
tank.

Two types of microcosm were used to understand the effects of
abiogenic and biogenic controls on reactive transport of Cr (VI). In
column-abiogenic experiments, the sterile soil (S-II) with the back-
ground multi-element concentration was used for Cr (VI) reactive
transport, while in column-biogenic experiments, the soil (S-II)
amended with exoenzyme bacteria (Average Inoculum concentra-
tion = 67.63 mg/L) was used to reduce the spiked Cr (VI) concentra-
tion below the permissible level (0.05 mg/L).

The soil columns were prepared for different levels of saturations
with M4 minimal nutrients prior to Cr (VI) fluid transport experiments.
In saturated flow condition, the column was thoroughly soaked with
minimal nutrients (M4) until it reached a constant flow rate. During the
course, the washed-out bacteria were re-pumped back into the satu-
rated column to maintain the active microbial population. While in
unsaturated flow condition, the column was partially soaked with
bacterial strains and minimal nutrients (M4) at a moisture content
ranging from 7% to 10%. Upon continuous pumping of Cr (VI), the
reactant fluid infiltrates the soil column and gets collected at pore-
water sampler for the determination reduced Cr (VI) concentration.

3. Quantification

3.1. Chromium species quantification

Chromium species were determined by 1, 5-diphenylcarbazide col-
orimetric method (US EPA Method 7196A, 1992) at a wavelength
540 nm using a UV–Vis spectrophotometer (LAB INDIA ANALYTICAL
UV-VIS 3200). The quantitative determination is based on the reaction
of diphenylcarbazide with Cr (VI) to produce diphenyl carbozone and
Cr (III) ions under acidic condition. The end products of the reaction
combine to form a purple colored Cr (III)–diphenyl carbozone complex,
which is proportional to the concentration of Cr (VI). In case of de-
termination of Cr (III), KMnO4 was used as an oxidizing agent to con-
vert Cr (III) ions to Cr (VI), while the unreacted KMnO4 was removed by
NaN3. The Cr (VI) ions in test aliquots are further subjected to diphe-
nylcarbazide to quantify the indirect concentration of Cr (III). Supple-
mentary data 1.7 shows the calibration curve for the determination of
chromium in the test solutions.

3.2. Bacterial enumeration & biomass quantification

The total number of bacteria was determined by microbial plate
count assay on oligotrophic (M1) and less fastidious (M2) media. The
culture dishes are designated as TNTC (Too numerous to
count,> 300 CFUs), CC (Countable colonies, 30–300 CFUs) and TFTC
(Too few to count,< 30) based on viable counts of the bacterial co-
lonies (Colony forming units, CFUs) as given in Supplementary data
1.8. A serially diluted sample (one part of sample in saline) designated
as CC was considered to determine CFUs/g. dry cell weight of the
sample. The total biomass concentration in test aliquots is determined
by correlation method of turbidity and dry cell weight measurements.
Supplementary data 1.8 shows the calibration curve for quantification
of biomass at a wavelength 575 nm.

3.3. Multi-elements extraction & quantification

All collected samples (section 2.1) were digested in 75 mL pressure-
controlled vessel (MarsXpress PFA CEM MARS™) using a microwave
digester (CEM MARS™ 6 Microwave Digestion & Extraction System)

with different acid matrices under specified conditions (Supplementary
data 1.9). The sample mass (or) volume was chosen based on the US
EPA SW-846 standards (Method 3052, 2004; Method 3015A, 2007).
After digestion, the samples were filtered and diluted in double deio-
nized H2O to get particle-free samples. The subsequent samples were
then analyzed using ICP MS (Aurora M90: BRUKER DALTONICS)
equipped with a nebulizer and a spray chamber. Supplementary data
1.9 shows the operating parameters of the instrument. Prior to opera-
tion, the instrument was conditioned with multi-element tuning solu-
tion at a concentration 5–500 μg/L. For quantitative determination, a
three-point calibration was performed using standards in the range
5–50 μg/L, made from a 1000 μg/mL stock solution (INORGANIC
VENTURES, Multi-Element Standard). The quality control inspections
were performed according to the US EPA SW-846 quality assurance
standards (Method 6020B, 2014) to ensure the accuracy of the data.

4. Data analysis

All statistical analysis were carried out at 95% confidence interval,
and the assumptions of Normality and Homogeneity of variance were
confirmed by Shapiro-Wilk (or) Kolmogorov Smirnov test and Levene's
(or) Brown-Forsythe test.

A one way ANOVA followed by Tukey's test was carried out to de-
termine the significant difference in biospeciation ability among dif-
ferent bacterial isolates. Similarly, the significant changes in bacterial
growth between the tests groups under different Cr (VI) conditions were
statistically evaluated using ANOVA. In case of significant results, a
Dunnett's test was carried out to verify the differences between the test
and control samples.

The time series plots of bacterial growth were fitted with different
nonlinear sigmoidal models, namely, Logistic, Gompertz and Richards
(López et al., 2004; Zwietering et al., 1990). Among all three, the S
Logistic function Type 1 (y = a/(1 + e-k (x-xc))) showed best fitting of
the experimental data with COD R2 in the range 0.98–0.99. Similarly,
the time series Cr (VI) reduction data was fitted in a linear model
(Ct = -kt + C0) with COD R2 in the range 0.95–0.99. Further, a Wil-
coxon test was carried out to evaluate the column Cr (VI) reduction
under abiogenic and biogenic controls, while trend analysis was carried
out by Mann-Kendall test.

5. Results & discussion

5.1. Soil characteristics

The industrial site in Damarcherala and closely associated region
Vadapalle (1.4 Km away from the industrial site) were examined for
similar soil characteristics to demonstrate Cr (VI) reactive transport.
Supplementary data 1.10 shows the physicochemical properties of S-I
from the contaminated industrial site and S-II from uncontaminated
region Vadapalle. Table 1 shows the multi-element concentration of
samples collected from various locations. The total chromium in sam-
ples, viz. S-I, DYH, IS, IE, SW, SED-I and SED-II, describes the degree of
chromium contamination with other trace elements. The background
multi-element constituents of uncontaminated soil S-II used in Cr (VI)
reactive transport are presented as abiogenic controls.

Soil characteristics such as texture, particle size distribution, por-
osity and permeability (Juarez et al., 2013) significantly influence the
biogenic speciation of Cr (VI) by affecting the availabe oxygen,
moisture, and nutrients (Chau et al., 2011; Zhou et al., 2002). In this
study, the soil was classified as well-graded sand as per the re-
commendations of ASTM D 2487 and the texture was found to be sandy
loam. The particle size distribution (PSD) of S-I and S-II indicate dif-
ferent soil fractions as shown in Supplementary data 1.11. Here, the
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different soil fractions indicate different microhabitat for soil microbes
that varies in surface properties and associated organics for con-
taminant sorption and microbial enzymatic activity (Hemkemeyer
et al., 2018). Besides, fine-grained fractions of clay and fine silts in-
dicate a considerable interaction with diverse microbial communities
than larger coarser particles (Sessitsch et al., 2001; Zhang et al., 2007).
In this study, the soil texture and PSD are suggestive of porosity of
45.5%- 48.2% with parameters such as bulk density (1.35 g/cm3 -
1.42 g/cm3) and particle density (2.61 g/cm3). Here, soil porosity in-
dicate adequate pore-space to retain the biogenic agents for enhanced
speciation of Cr (VI). These factors are certainly a major constrain in
which the inherent bacteria encounters spatial distribution.

In general, pH neutral is referred as optimal pH for soil microbial
activities (Reible and Lanczos, 2006), as most geomicrobes are quite
susceptible to rapid changes in soil pH. In this study, the pH of the
collected soils (S-I & S-II) was found to be weakly acidic to neutral
(6.9 ± 0.05 to 7.1 ± 0.05) which appears to be a favorable condition
for biogenic speciation of Cr (VI). Also, soil pH determines the solubility
and speciation of Cr (VI) based on its interaction with charged colloids.
This condition indicates the availability of Cr (VI) as CrO4

2− (at pH
greater than 6.4) and Cr2O7

2− (at pH between 6 and 4). As the acidity
increases, Cr (VI) tends to dissociate as HCrO4

− (pH below 6.4) and
H2CrO4 (pH below 1) (Dhal et al., 2013; Richard and Bourg, 1991;
Stanin, 2005; Wang, 2017). These forms of Cr (VI) contaminants have

high mobility and are very unstable compared to Cr (III) in soil en-
vironments.

The organic and H2O content of the collected soils (S-I & S-II) was
found to be in the range 1.25 ± 0.65 to 3.4 ± 0.89% and
12.8 ± 0.85 to 14.5 ± 0.51%. The observed values of S-I indicates a
low organic condition for enhanced speciation of Cr (VI). Although the
implied condition appears less suitable, the reduction of high con-
centrations of Cr (VI) to Cr (III) is still favorable under weakly acidic pH
with adequate minerals and soil microflora (Arnfalk et al., 1996; Eary
and Rai, 1991; Stollenwerk and Grove, 1985). However, the process
specifies a substantial amount of external biogenic agents and organic
nutrients for a successful containment treatment.

5.2. Soil sorption

Sorption plays a crucial role in fixing chemical constituents and
other elements. Table 2 shows the sorption parameters of S-I and S-II to
determine the soil's ability to retain the contaminant Cr (VI) and mi-
cronutrient Cr (III). In this study, the sorption phenomena is described
well by Freundlich isotherm in which the linear regression nearly ap-
proached unity. The obtained data were evaluated, and the correlation
between the model and the dependent variable is statistically sig-
nificant at p < 0.05. The derived values indicate that the retention of
Cr (III) to S-I and S-II is quite significant compared to Cr (VI). Here, the

Table 1
Multi-element concentration of samples (Mean ± Standard Deviation).

cElement S-I mg/Kg S-II mg/Kg DYH mg/Kg IS mg/Kg IE mg/L SW mg/L SED-I mg/Kg SED-II mg/Kg

53Cr a175.17 ± 8.25 b0.87 ± 0.08 a751.94 ± 35.5 a16403.45 ± 53.4 a1875.14 ± 5.50 a187.51 ± 5.16 a16.25 ± 5.49 a18.30 ± 1.0
60 Ni 0.022 ± 0.003 b0.31 ± 0.002 1.56 ± 0.22 1.11 ± 0.12 1.16 ± 0.15 1.16 ± 0.01 0.31 ± 0.12 0.94 ± 0.08
63Cu 0.60 ± 0.019 b0.020 ± 0.001 0.13 ± 0.01 3.15 ± 0.19 9.39 ± 0.76 0.93 ± 0.008 0.02 ± 0.011 0.67 ± 0.11
66Zn 0.33 ± 0.032 b0.16 ± 0.033 1.25 ± 0.33 bdl 29.48 ± 2.26 2.94 ± 0.003 0.11 ± 0.029 0.11 ± 0.03
95Mo 0.09 ± 0.012 b0.041 ± 0.009 0.33 ± 0.09 bdl bdl bdl 0.002 ± 0.0003 0.28 ± 0.03
111Cd 0.06 ± 0.007 b0.016 ± 0.001 0.01 ± 0.004 bdl bdl 0.001 ± 0.0001 bdl bdl
44Ca 12.05 ± 1.2 b6.98 ± 0.52 28.85 ± 2.02 21.87 ± 0.50 1.2 ± 0.09 0.2 ± 0.0001 0.002 ± 0.0003 0.001 ± 0.0001
56Fe 1.80 ± 0.09 b0.44 ± 0.02 2.18 ± 0.23 0.44 ± 0.09 0.5 ± 0.05 0.5 ± 0.036 2.1 ± 0.31 2.91 ± 0.26
23Na 143.65 ± 12.98 b75.88 ± 20.65 289.2 ± 45.7 964 ± 1.50 221.67 ± 9.19 109.67 ± 9.2 12.09 ± 4.32 18.25 ± 3.29
24Mg 90.5 ± 9.23 b9.64 ± 1.63 57.43 ± 2.63 47.45 ± 2.70 136.8 ± 1.53 76.88 ± 5.01 4.31 ± 0.90 5.19 ± 2.70
39K 12.87 ± 1.7 b9.64 ± 1.63 102.6 ± 12.67 145.9 ± 0.1 16.02 ± 1.09 6.02 ± 1.29 1.50 ± 0.27 1.20 ± 0.02
5Mn 1.5 ± 0.2 b1.33 ± 0.001 5.53 ± 1.45 1.33 ± 0.002 0.21 ± 0.01 0.1 ± 0.001 0.32 ± 0.02 1.02 ± 0.01
27Al 0.02 ± 0.0012 b0.10 ± 0.0137 2.50 ± 0.37 0.01 ± 0.005 0.01 ± 0.001 0.02 ± 0.001 0.05 ± 0.001 0.002 ± 0.001
9 Be 0.001 ± 0.002 b0.01 ± 0.001 0.08 ± 0.01 bdl bdl bdl 0.001 ± 0.0001 0.003 ± 0.001
47Ti 0.57 ± 0.02 b3.48 ± 0.12 2.8 ± 0.92 bdl bdl bdl 0.0002 ± 0.0001 0.0001±
9Co 0.058 ± 0.02 b0.13 ± 0.008 0.36 ± 0.08 13.29 ± 0.03 bdl 0.001 ± 0.0003 0.030 ± 0.002 0.01 ± 0.002
115In 0.0007 ± 0.0002 b0.007 ± 0.001 0.03 ± 0.001 bdl bdl bdl bdl bdl
118Sn 0.0128 ± 0.003 b0.013 ± 0.001 0.06 ± 0.001 bdl bdl bdl 0.071 ± 0.02 0.05 ± 0.03
121Sb 0.011 ± 0.0013 b0.011 ± 0.001 0.05 ± 0.01 bdl bdl bdl bdl bdl
137Ba 1.382 ± 0.09 b1.050 ± 0.34 6.91 ± 0.34 0.07 ± 0.005 31.11 ± 0.512 3.11 ± 0.05 2.03 ± 0.34 9.12 ± 0.73
140Ce 0.0029 ± 0.0001 b0.039 ± 0.004 0.14 ± 0.01 bdl bdl bdl 0.02 ± 0.01 0.01 ± 0.004
205Tl 0.0047 ± 0.0001 b0.008 ± 0.0002 0.04 ± 0.004 bdl nd bdl bdl 0.007 ± 0.0001
208 Pb 0.0457 ± 0.002 b0.043 ± 0.009 0.22 ± 0.049 bdl bdl 0.01 ± 0.004 0.69 ± 0.04 0.99 ± 0.006
232Th 0.012 ± 0.003 b0.010 ± 0.001 0.05 ± 0.012 bdl bdl bdl 0.05 ± 0.01 0.35 ± 0.021

The data represents a triplicate analysis of homogenized grab samples.
a Denotes the level of chromium contamination i.e. chromium concentration exceeding the desirable limit as per ISI-IS: 2296–1982 and US EPA guidelines.
b Denotes the background multi-elemental concentration of uncontaminated soil (S-II) used for microcosm construction; bdl denotes below detection level.
c Denotes multi-elements based on relative isotopic abundance as determined by ICP MS.

Table 2
Soil Sorption parameters derived by Freundlich isotherm.

Sorption Freundlich Equation: = +q log K Clog( ) loge f n eq
1 Pearson's R Adjacent R COD R2 Kf, mL/g 1/n

S-I - Cr (VI) y = 0.746x-1.5422 0.994 0.986 0.988 0.028 0.746
S-II - Cr (VI) y = 0.827x-1.7922 0.994 0.987 0.989 0.016 0.827
S-I - Cr (III) y = 0.401x+0.3266 0.992 0.982 0.983 2.119 0.401
S-II - Cr (III) y = 0.413x+0.2666 0.988 0.973 0.983 1.847 0.413
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Cr (VI) is presumed to be mobile due to its high solubility whereas Cr
(III) is likely to appear as inert precipitates in slightly acidic to neutral
pH. This characteristic nature of S-I and S-II is critical in containment
treatment for adequate availability of Cr (VI) and to retain the Cr (III) in
soil environment (Choppala et al., 2018, 2013).

5.3. Inherent biogenic agents

5.3.1. Geomicroflora
In this study, the geomicrobial population of contaminated soil S-I is

observed as 4.5 × 106 CFU/g and 5.3 × 107 CFU/g, in M1 and M2
media, respectively. Supplementary data 1.12 shows the Cr (VI)-tol-
erant colonies isolated from S-I that differ in their morphological
characteristics. These isolated strains are primarily associated with
medium to a finer fraction of contaminated soil.

5.3.2. Isolates and chromium tolerance
Table 3 (i) shows the total count of isolates from different samples

when grown on chromium enriched media. Here, the morphological
variants grown in oligotrophic media appeared less in contrast with
variants grown in less fastidious media. This shows the ability of iso-
lates to survive in oligotrophic condition and facilitate the selection of
nutrient-stressed bacteria for soil biogenic experiments (Olsen and
Bakken, 1987; Reasoner and Geldreich, 1985). Besides, the Cr (VI)-
tolerant population (CFUs) in samples appeared in decreasing order: S–I
isolates > IE isolates > IS isolates, due to different background level
of Cr (Kamaludeen et al., 2003).

Table 3 (ii) shows the chromium tolerance level of isolates and their
characteristics when exposed to high in vitro concentration of Cr (VI).
The isolates from IE and IS showed high-level tolerance compared to
the geomicrobial population as a result of their prolonged exposure to
Cr contaminant, by indicating their potential to survive under severe
chromium stress. Here, the stress-strain response induced by chromate
resistance gene tends to combat their survival in field condition
(Emenike et al., 2017; Kamaludeen et al., 2003). In this study, the
bacterial isolates from highly contaminated samples are ideal biogenic
agents because of their tendency to survive under the influence of
contaminant (Batool et al., 2014; Emenike et al., 2016).

5.3.3. Biospeciation ability of isolates
The ability of bacteria in reduction of Cr (VI) is explained by the

biospeciation test conducted on different group of isolates. Fig. 1 shows
the stacked data of cell cytoplasmic, intracellular and extracellular
enzymatic reduction of Cr (VI) by different group of isolates at various

time scales. A recent study demonstrated by Li et al. (2019) described
alike speciation of Cr (VI) in which one or two possible events such as
sorption, membrane-bound and metabolic mechanism (Fernández
et al., 2018; Jobby et al., 2018; Kamaludeen et al., 2003) are likely to
participate in reduction of toxic Cr (VI). In this study, the mechanism of
Cr (VI) reduction is illustrated to differentiate the predominance of exo-
enzymatic speciation as shown by Chen et al. (2012). On statistical
assessment, a significant difference in the outcome of cell-bound [F (2,
21) = 11.14, p = 0.0005], intracellularly [F (2, 21) = 8.879,
p = 0.001] and extracellularly [F (2, 21) = 11.56, p = 0.0004] re-
duced Cr concentrations were observed between each test groups as
determined by one way ANOVA. In addition, a Tukey post hoc test
revealed that exo-enzymatically reduced Cr (III) concentrations by IS
isolates (Mean, M = 57.43, Standard deviation, SD = 36.15) sig-
nificantly varied on comparison with IE isolates (M = 26.52,
SD = 18.23) at p= 0.038 and S-I isolates (M= 1.334, SD = 0.7007) at
p = 0.0002. And no statistically significant difference is observed in
exo-enzymatically reduced Cr (III) concentrations between S-I and IE
isolates (p = 0.12).

The bacterial detoxification of Cr (VI) is known to undergo one or
various mechanisms such as biosorption, bioaccumulation, and bios-
peciation to reduce the contaminant concentration (Fernández et al.,
2018). In this study, the bacterial Cr (VI) uptake remains speculative
(Kamaludeen et al., 2003) but can be suggestive of biospeciation due to
the formation of impermeable Cr (III) precipitates (Supplementary data
1.13). Here, the bio-reduced Cr (III) precipitates is presumably expected
to form more stable organo-Cr (III) complexes, as demonstrated by
Gong et al. (2018). These stable forms of Cr (III) are not easily reox-
idized to Cr (VI), which makes bioaugmentation more stable than other
chemically mediated remediation.

Although the reduction of Cr (VI) by different isolates seemed
agreeable, harnessing an entire group of isolates for complete detox-
ification may not be effective in field-scale applications. In some in-
stances, the bioaccumulation tendency of isolates can cause cells to
accumulate the unstable oxidative toxic intermediates (i.e. Cr (V) & Cr
(IV)) which can lead to severe cell death. Although some cells try to
combat these effects by altered metabolic pathways and efflux me-
chanisms (Fernández et al., 2018; Jobby et al., 2018; Kamaludeen et al.,
2003), the detoxification rate seems affected due to reduced uptake of
Cr (VI). Other cells involving biosorption can also lead to indis-
tinguishable fate due to blockage of active sites for Cr (VI) uptake
(Kamaludeen et al., 2003). Therefore, the exoenzyme isolates are pre-
ferred as desirable biogenic controls for bioaugmentation to reduce
high concentrations of Cr (VI) in soil.

Table 3
Inherent bacterial Isolates and their characteristics.

Sample (i). Isolates on Cr (VI) enriched M1 and M2 media (ii). Cr tolerance of isolates & its exoenzyme speciation ability

No. of Isolates based on
colony morphology

a Bacterial population CFUs/g.
dry weight of sample

cCr (VI) Concentration,
mg/L

b Bacterial population CFUs/g.
dry weight of sample

Preeminent exoenzyme Cr (VI)
speciation ability

S-IM1 5 5.8 × 106 400 5.2 × 105 –
S-IM2 12 5.1 × 107 250 5.6 × 106 –
ISM1 6 2.1 × 105 3500 4.6 × 103 +
ISM2 8 1.5 × 105 3500 3.1 × 103 +
IEM1 4 4.6 × 105 1500 2.9 × 104 –
IEM2 5 3.6 × 105 900 5.4 × 104 –

M1 and M2 denotes the type of media enriched with 150 mg/L Cr (VI).
a Denotes bacterial population on media enriched with 150 mg/L Cr (VI).
b Denotes bacterial population on media enriched with maximum tolerance concentration.
c Denotes maximum Cr (VI) concentration at which the isolates can survive.
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5.4. Biokinetic parameters for enhanced biogenic speciation

The growth curve of IS bacterial isolates was studied under in vitro
condition to determine the specific growth rate to reduce Cr (VI) con-
centration to 0.05 mg/L within the stipulated length of time. Fig. 2
shows the bacterial growth profile under various initial concentrations
of Cr (VI) in a chemically defined nutrient media (M4) and concurrent
Cr (VI) reduction kinetics. In Fig. 2 (i) and (ii), the bacterial isolates
grown with and without Cr (VI) concentrations exhibited a statistically
significant growth at p < 0.05. The significant difference in growth
pattern (p < 0.001) is mainly induced by the initial concentrations of
Cr (VI) as a result of metal-mineral-microbial interaction as described
by He et al. (2019) and Zhang et al. (2019). The control experiments in
the absence of IS isolates showed poor Cr (VI) reduction of about 3.5%
and its outcome compared to biogenic Cr (VI) reduction is significant at
p < 0.0001. In this study, all biogenic Cr (VI) reduction experiments
are conducted under anaerobic condition in which Cr (VI) acts as
terminal electron acceptor and carbon in M4 media acts as electron
donor (Shen and Wang, 1993; Wang et al., 1989). The type of oxygen
demand (i.e. aerobic/anaerobic) during the process does not always

assure higher Cr (VI) reduction rates since the reaction is mostly de-
pendent on the type of inoculum (bacterial species), its density and
available electron acceptors & donors (Wang and Xiao, 1995; Zeng
et al., 2019).

Table 4 shows the bacterial growth parameters, Cr (VI) reduction
rate (k), and its half-life period. In this study, growth rate of bacteria is
affected by a high initial concentration of Cr (VI) concentration
(p < 0.05) but does not lower the overall reduction except for a delay
in the reaction rate. It was found that an increase in concentration of
bacteria (inoculum density) contributes to a higher Cr (VI) reduction
rate, while higher specific growth rate (μ) is observed at much lower
bacterial concentration. This effect of initial inoculum density is also
observed by He et al. (2011), Song et al. (2009) and Wang & Xiao.
(1995) which is contrary to the study shown by Zhu et al. (2008). In
some cases, the increase in inoculum density does not necessarily in-
crease the reduction rate as the reaction kinetics collectively depend on
available carbon sources, O2 and Cr (VI) uptake mechanism
(Kamaludeen et al., 2003; Pattanapipitpaisal et al., 2001; Pal and Paul,
2004).

Fig. 1. Biospeciation of Cr (VI) to Cr (III) by a different group of bacterial isolates over a period of time: (i). Cr speciation ability of S-I isolates, (ii) Cr speciation
ability of IS isolates and (iii) Cr speciation ability of IE isolates: Error bars depicts the standard error of the mean (n = 3).
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5.5. Cr (VI) reduction in soil microcosm

Fig. 3 shows the influence of abiogenic and biogenic control of Cr
(VI) along the depth of a soil column under saturated and unsaturated
flow conditions. The inlet concentration of Cr (VI) to the soil column
was about 200 mg/L, operated at a continuous flow rate of 5 mL/min
(for saturated flow) and 4.6 mL/min (for unsaturated flow) with abio-
genic (sterile soil S-II) and biogenic (soil S-II amended with bacterial
inoculum) controls. The transport of the Cr (VI) stream to the soil
column was stopped when the system reached a steady-state condition.

In Fig. 3 (i) and (ii), the abiogenic experiments showed a slight
reduction of Cr (VI) of about 6.9 ± 0.88% (for saturated flow) and
6.06 ± 0.615% (for unsaturated flow), within 24 h of reaction period,
after which the system almost reached a steady-state with no further
significant decrease in outlet concentration of Cr (VI) at a depth 50 cm
of the soil column. Here, the minimal decrease of Cr (VI) at an initial
stage before the column breakthrough, is attributed to soil sorption
(described in section 2.2) and other elemental interaction (Choppala
et al., 2013; Kamaludeen et al., 2003), with no statistically significant

difference (Z = 1.643, p= 0.10) observed in Cr (VI) reduction between
two different flow conditions. On the other hand, the biogenic experi-
ments (Fig. 3 (iii) and (iv)) showed a substantial reduction of Cr (VI) of
about 99.99 ± 0.4% (for saturated flow) and 99.93 ± 0.75% (for
unsaturated flow) at a depth 50 cm of the soil column, within 144 h and
192 h of reaction period, respectively. A significant difference
(Z = 3.020, p < 0.003) was observed between saturated and un-
saturated conditioned flows during the reduction of Cr (VI). Here, a
maximal decrease in Cr (VI) concentration is attributed to biogenic
control which together includes sorption by soil-bacterial extracellular
polymeric substance (EPS) (Gadd, 2004; Kantar et al., 2011; Yang et al.,
2013) & enzymatic reduction (Fernández et al., 2018).

At first, the inlet concentration of Cr (VI) in biogenic experiments
(Fig. 3 (iii) and (iv)) undergoes an initial breakthrough within the re-
action period of 24 h (for saturated column) and 36 h (for unsaturated
column), with significant Cr (VI) reduction of about 62.64 ± 1.52%
and 58.87 ± 1.95%, respectively. The breakthrough at this point is
due to interactions of soil-bacterial EPS that causes sorption of Cr (VI),
while at this stage the bacterial growth is not prominent to

Fig. 2. Bacterial growth characteristics and concurrent Cr (VI) reduction kinetics: (i) and (ii) depicts the growth curve of IS bacterial isolates initiated at an average
inoculum concentration of 9.24 mg/L and 67.67 mg/L, respectively; (iii) and (iv) depicts its concurrent Cr (VI) reduction for conditions shown in (i) and (ii),
respectively. Error bars depicts the standard error of the mean (n = 3).
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enzymatically reduce the concentration of Cr (VI). Eventually, after an
acclimatization period of about 72 h (for saturated column) and 60 h
(for unsaturated column), the effect of bacterial growth becomes sig-
nificant in reactive transport of Cr (VI) to achieve desired concentra-
tion ≤ 0.1 mg/L.

In saturated flow (Fig. 3 (iii)), a maximal decrease in Cr (VI) con-
centration by 0.03 ± 0.001 mg/L was achieved at the outlet after
144 h, while in unsaturated flow (Fig. 3 (iv)), a maximal decrease in Cr
(VI) concentration by 0.1 ± 0.004 mg/L was achieved after 192 h.
This shows the effect of moisture dynamics on biogeochemical reduc-
tion rates (p ≤ 0.003) through which the distribution of bacteria is
largely affected (Yan et al., 2017; Maggi and Porporato, 2007; Karthick
et al., 2019). It is also noted that a uniform saturated flow promotes an
adequate distribution of bacteria which implies a faster biogenic re-
duction in a saturated column compared to unsaturated column (Yan
et al., 2017). Therefore, it is clear that the level of liquid saturation in
the soil column affects bacterial activity in the Cr (VI) reactive transport
to control and mitigate the toxicity of chromium in the underground
environment.

For a biogenic reaction period of 144 h under saturated condition,
the observed decrease in Cr (VI) concentration at a depth: 10–20 cm is
20.32 ± 2.71%; 20–30 cm is 37.74 ± 3.67%; 30–40 cm is
61.74 ± 6.48% and 40–50 cm is 99.91 ± 0.01, while for a biogenic
reaction period of 192 h under unsaturated condition, the observed
decrease in Cr (VI) concentration at a depth: 10–20 cm is
40.79 ± 1.83%; 20–30 cm is 58.60 ± 3.32; 30–40 cm is
81.27 ± 2.46 and 40–50 cm is 98.31 ± 1.20, which is statistically
significant at p < 0.05. Here, the gradual decrease in Cr (VI) con-
centrations along the depth of the soil column is explained by con-
tinuous fluid-flow and stress-strain response which causes the bacteria
to be contained at the lower region of the soil column. That is why a
significant decrease in concentration of Cr (VI) is observed in the lower
region (at a depth of 30–50 cm) of the soil column than the upper re-
gion (at a depth of 10–30 cm).

Supplementary data 1.14 shows Mann-Kendell trend analysis for Cr
(VI) reduction data along the depth of soil column. The columns with
biogenic control showed a significant monotonic decreasing trend of Cr
(VI) concentration over time (Negative Kendall tau, p < 0.05) when
compared to the columns with abiogenic controls which exhibited no
trend (p ≥ 0.08). In an overall, while comparing the effects of the
abiogenic and biogenic controls, it was noted that the downward trend
in Cr (VI) concentration is attributed to biogenic controls, which are
significant at p ≤ 0.003 during the reactive transport.

6. Conclusion

In this study, we analyzed the biogeogenic characteristics of an in-
tensely contaminated site and demonstrated the possibility of enhanced
natural attenuation by bioaugmentation. The described biogeogenic
conditions specified the favorable conditions for biogenic speciation of
the Cr (VI) to control their underground toxicity. In addition, the ef-
fectiveness of biogenic control over the abiogenic control proves the
significance of inherent bacteria in soil containment treatment.
Furthermore, on biokinetic assessment, it was understood that, under
stipulated conditions of inoculum concentration and its doubling time,
the high levels of Cr (VI) could be reduced to a desirable legal limit
stated by Indian Standard IS 10500 guidelines. This study significantly
considered the increased inoculum concentration and additional
minimal nutrient requirements for exercising enhanced biogenic spe-
ciation. Both abiogenic and biogenic controls incorporated in soils helps
to understand its positive influence in attenuating the toxic effects of Cr
(VI) under different conditions of fluid flow. Despite the variable level
of fluid saturation (Saturated & unsaturated soil column), the biogenic
controls are successfully incorporated in subsoil containment to reduce
the Cr (VI) concentration below 0.1 mg/L.T
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