
Frontiers in Plant Science

OPEN ACCESS

EDITED BY

Garima Singh,
Pachhunga University College, India

REVIEWED BY

Akhilesh Kumar Pandey,
Sardar Vallabhbhai Patel University of
Agriculture and Technology, India
Haider Sultan,
Jianghan University, China

*CORRESPONDENCE

Chinnadurai Immanuel Selvaraj
immanuelselvaraj@vit.ac.in

†These authors have contributed
equally to this work and share
�rst authorship

RECEIVED 24 November 2025
REVISED 31 January 2026
ACCEPTED 02 March 2026
PUBLISHED 23 March 2026

CITATION

Mohanty C, Das PK, Kaur R and
Selvaraj CI (2026) Sustainable strategies
for remediation of Cr(VI) contaminated
soil and water bodies: exploring
the potential of invasive bamboo
and its derivatives.
Front. Plant Sci. 17:1753291.
doi: 10.3389/fpls.2026.1753291

COPYRIGHT

© 2026 Mohanty, Das, Kaur and Selvaraj.
This is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

TYPE Review
PUBLISHED 23 March 2026
DOI 10.3389/fpls.2026.1753291
Sustainable strategies
for remediation of Cr(VI)
contaminated soil and
water bodies: exploring
the potential of invasive
bamboo and its derivatives
Chirasmita Mohanty 1†, Pratyush Kumar Das 2†,
Ramandeep Kaur 3 and Chinnadurai Immanuel Selvaraj 4*

1Department of Biotechnology, School of Bio Sciences and Technology (SBST), Vellore Institute of
Technology, Vellore, Tamil Nadu, India, 2Department of Phytopharmaceuticals, School of Agricultural
and Bio-Engineering (SoABE), Centurion University of Technology and Management, Paralakhemundi,
Odisha, India, 3Department of Botany, Hans Raj Mahila Maha Vidyalaya, Jalandhar, Punjab, India,
4Department of Genetics and Plant Breeding, VIT School of Agricultural Innovations and Advanced
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Hexavalent chromium is a highly noxious and mobile environmental pollutant
primarily released through industrial activities such as tanning, electroplating,
mining, and pigment manufacturing. Cr(VI) exhibits mutagenic and carcinogenic
properties due to its strong oxidizing nature, and poses severe risks to soil health,
aquatic ecosystems, and living organisms. Its high solubility facilitates leaching
through soil matrices, resulting in groundwater contamination and long-term
ecological damage. Although conventional physicochemical remediation
techniques are effective, their high operational; cost, energy demand, and
generation of secondary pollutants limit their sustainability. The present review
explores bamboo, and invasive and fast-growing plant with high biomass
productivity, as a sustainable alternative for the remediation of Cr(VI)
contaminated soil and water bodies. The phytoremediation potential of
bamboo is discussed with emphasis on chromium uptake, immobilization,
rhizospheric interactions, and tolerance mechanisms in contaminated soils.
Furthermore, the application of bamboo-derived materials, including biochar,
hydrochar, activated carbon, charcoal, and chemically modi�ed bamboo-based
adsorbents, is critically evaluated for Cr(VI) removal from aqueous systems
through adsorption, reduction, and stabilization mechanisms. Comparative
insights into the performance of bamboo-based adsorbents relative to
conventional commercial materials are also presented. Finally, existing
challenges related to large-scale application, material regeneration, and
ecological risks associated with bamboo invasiveness are highlighted, and
future research directions focusing on bamboo-based composite and
recyclable materials are proposed to enhance remediation ef�ciency while
minimizing secondary environmental impacts.
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GRAPHICAL ABSTRACT
1 Introduction

Chromium is a transition metal naturally found in the Earth�s
crust, but its amount in the environment is currently increasing
signi�cantly due to anthropogenic activities. The element occurs in
two stable oxidation states: the relatively harmless, immobile
trivalent chromium [Cr(III)] and the highly soluble, mobile, and
toxic hexavalent chromium [Cr(VI)], which is predominant (Ray,
2017). Cr(VI) is commonly present in the form of the chromate
anion (CrO4

2-) or the dichromate anion (Cr2O7
2-) in the

environment. Its toxicity is attributed to its high oxidative
potential, promoting penetration to biological membranes, thus
causing carcinogenic, mutagenic, and teratogenic effects. Signi�cant
contributors to the Cr(VI) pollution of soil and water include major
industrial processes like textile dyeing, leather tanning,
electroplating, stainless steel manufacturing, and mining (Nur-E-
Alam et al., 2020).

While considerable attention has been paid to Cr(VI)
contamination in water bodies because of its high mobility, Cr
(VI) pollution of soil remains a critical concern. Field surveys in
industrially affected districts of eastern and central India have
revealed that the uppermost soil layers exhibit elevated levels of
Cr(VI), particularly in proximity to electroplating facilities, mining
tailings, and tannery waste disposal sites (Choppala et al., 2013;
Basu et al., 2024). The deposition of chromium�rich sludge and
ef�uents onto terrestrial surfaces contributes to soil acidi�cation,
impairs microbial processes, and leads to a long�term reduction in
soil fertility. Moreover, the weak sorption of Cr(VI) in diverse soil
textures facilitates its leaching into underlying groundwater and
subsequent uptake by crops, thereby posing a threat to the food
Frontiers in Plant Science 02
chain and jeopardizing both ecological integrity and agricultural
sustainability (Sharma et al., 2020).

In the major industrial provinces of India, Cr(VI)
contamination is predominantly derived from ef�uents emitted by
tannery, electroplating, textile, pulp�paper, and sugar
�manufacturing sectors. The inadequate disposal of residues
generated during chromite ore processing has caused severe
groundwater contamination, with concentrations surpassing
permissible limits, especially in the Chhattisgarh region
(Banchhor et al., 2020). Industrial and municipal discharges have
polluted agricultural soils and waters in Sonepat (Haryana) and
along the Hindon River (Uttar Pradesh), endangering aquatic
ecosystems and compromising food safety (Singh and Sharma,
2018; Rani et al., 2023a). Past mining operations, ship�breaking
activities, and urban runoff have led to sediment contamination and
ecological risks for aquatic biota in riverine systems such as
Bhavnagar in Gujarat and the Zuari and Kushavati rivers in Goa
(Rane and Matta, 2019; Gosai and Mankodi, 2024). Cr(VI)
pollution in these regions threatens ecosystem health and poses
signi�cant risks to wildlife and human populations, underscoring
the urgent requirement for comprehensive waste�management and
remediation strategies (Table 1).

The interaction of Cr(VI) with soil matrices plays a decisive role
in determining the ultimate fate of Cr(VI), which is governed by a
number of abiotic and biotic factors such as microbial activity,
organic matter content (Wang et al., 2024), soil pH (Shi et al., 2023),
and redox potential (Rasool et al., 2025). Under alkaline and
oxidizing conditions, Cr(VI) resides in a mobile and soluble
phase, thereby increasing the likelihood of leaching into
groundwater, whereas Cr(III) is less soluble and readily
frontiersin.org
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precipitates onto soil particles. The transformation of Cr(VI) to Cr
(III) occurs in reducing and acidic environments. However, the
process is typically slow and may not be fully achieved in soils with
low organic matter (Jiang et al., 2023). Moreover, Cr(III) can be
oxidized back to Cr(VI) when the redox condition �uctuates,
thereby complicating remediation efforts. This dynamic
equilibrium between Cr(VI) and Cr(III) presents challenges for
long-term stabilization and necessitates strategies aimed at ensuring
permanent immobilization (Varadharajan et al., 2017).

Ion exchange adsorption, chemical reduction and precipitation,
activated carbon, electrochemical treatment, phytoremediation, and
microbial remediation constitute a spectrum of conventional
remediation approaches employed to mitigate Cr(VI)
contamination (Table S1). Ferrous sulfate or sodium metabisul�te
are commonly used reagents for the chemical reduction of Cr(VI) to
Cr(III); the subsequent precipitation step is quite effective, yet it is
obstructed by high costs and the production of toxic sludge
(Malaviya and Singh, 2016; Ahmad et al., 2021a; Kleinberg et al.,
2023). Ion exchange resin�based adsorption is effective but requires
frequent regeneration (Acharyya et al., 2023). Electrochemical
techniques have demonstrated superior performance in removing
Cr(VI); however, they are limited by infrastructure demands and
high energy consumption, rendering them less suitable for rural
settings. Pseudomonas and Bacillus species represent promising
options for microbial remediation, yet their ef�cacy is constrained
by environmental conditions that in�uence reaction kinetics and
microbial viability (Ahmad et al., 2021a).

Phytoremediation has emerged as an ecologically sound
alternative, presenting an economical and sustainable method for
the remediation of sites contaminated with heavy metals. The
invasive bamboo species prevalent in the Indian countryside
possesses yet untapped potential for the remediation of
chromium(VI)-contaminated sites (Saikia et al., 2024).

Bamboo distinguishes itself among various plant taxa due to its
rapid growth rate, extensive and dense root system, substantial
biomass yield, and tolerance to heavy-metal stress (Bian et al., 2023;
Cao et al., 2025). In particular, Phyllostachys pubescenshas
demonstrated the capacity for both phytoextraction and
phytostabilization of Cr(VI) (Ranieri et al., 2023). Empirical
Frontiers in Plant Science 03
evidence indicates that bamboo predominantly accumulates
chromium within its roots and rhizomes, thereby considerably
reducing the risk of metal translocation to aboveground tissues
and subsequent entry into the food chain. A pot experiment
conducted in the Mediterranean region revealed that Moso
bamboo can accumulate 3.9 mg g-� dry weight of chromium in its
roots over 84 days, with only minimal translocation to the shoots
(Ranieri et al., 2020). This capability of bamboo to tolerate and
immobilize Cr(VI) renders it a preferred candidate for remediation
processes in India.

In addition to its phytoremediation potential, bamboo is
regarded as a raw material for carbonaceous derivatives and
biochar production. Bamboo-derived biochar has been extensively
investigated due to its advantageous properties, including a large
surface area, substantial porosity, and the presence of functional
groups that play a pivotal role in the adsorption and reduction of Cr
(VI). Numerous modi�cations have been introduced to optimize
performance. For example, bamboo-derived biochar activated with
potassium bicarbonate (KHCO3) and doped with nitrogen has
exhibited remarkable Cr(VI) adsorption capacity, reaching up to
385.8 mg g-� under acidic conditions (Mi and Wang, 2024).
Furthermore, chitosan-functionalized magnetic bamboo biochar
has demonstrated signi�cant ef�cacy, achieving a removal
capacity of 121.8 mg g-� while retaining recyclability over
multiple cycles (Yu et al., 2023). The incorporation of nanoscale
zero-valent iron (nZVI) into bamboo-derived biochar promotes the
reduction of Cr(VI) to Cr(III) via electrostatic attraction and surface
complexation. These modi�ed derivatives function through diverse
mechanisms, involving redox transformation, ion exchange,
electrostatic attraction, and surface complexation, thereby
rendering them highly effective for the remediation of
contaminated water and soil (Rychluk et al., 2024).

The mechanisms by which bamboo and its derivatives facilitate
the remediation of Cr(VI) are multifaceted, comprising root uptake,
rhizosphere adsorption, and the enhancement of microbial
consortia that facilitate phytoremediation. The metabolites and
organic acids released by the extensive root network chelate
chromium, thereby increasing its solubility and facilitating uptake
(Mi and Wang, 2024). Cr(VI) anions are adsorbed onto the root
TABLE 1 Major sources and ecological impact of Cr(VI) contamination across industrial regions in India.

Region/area Major sources of Cr(VI) Concentration levels Ecological impact Ref.

Hindon River, Uttar
Pradesh

Industrial ef�uents (sugar, pulp,
paper, tannery, textile,
electroplating), municipal sewage

Up to 0.096 mg/L (summer),
0.088 mg/L (winter)

Severe water pollution, aquatic ecosystem
toxicity, and potential carcinogenic risk to
humans and animals

(Singh and Sharma, 2018)

Chhattisgarh
Chromite ore processing residue
(COPR) disposal

Up to 1050 mg/L (leachate),
22 mg/L (surface water), 0.26
mg/L (groundwater)

Large-scale surface and groundwater
contamination, acute health effects in
cattle and residents

(Banchhor et al., 2020)

Bhavnagar Coast,
Gujarat

Shipbreaking, municipal discharge,
industrial operations

Mean Cr: 42 mg/kg in
sediments

Minimal to moderate ecological risk in
marine sediments; shipbreaking and urban
runoff as key contributors

(Gosai and Mankodi, 2024)

Sonepat, Haryana
Industrialization (various
industries)

Mean Cr: 44 mg/kg in
agricultural soils

Moderate ecological risk; Cr among the
top �ve heavy metals detected; possible
health risk via the food chain

(Rani et al., 2023a)

Zuari & Kushavati
Rivers, Goa

Past mining activities, industrial
discharge

Elevated Cr in river sediments
Persistent sediment contamination,
potential risk to aquatic life

(Rane and Matta, 2019)
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surface through electrostatic interaction and complexation with
hydroxyl and carboxyl functional groups (Kumar et al., 2016).
Rhizobacterial species, including Bacillus and Pseudomonas, can
enzymatically convert Cr(VI) to Cr(III), further augmenting
detoxi�cation processes (Guo et al., 2021). The biochar�s
adsorption capacity is in�uenced by multiple physicochemical
attributes, including surface area, pore volume, and active
functional groups. Electron donation initiates reductive
transformations from surface-bound Fe(II) or carbon,
culminating in the formation of Cr(III) hydroxide within the
biochar matrix (Wang et al., 2023). Bamboo and its products
combine both natural and engineered approaches to provide a
good strategy that can be used to remediate Cr(VI) effectively and
sustainably. The method reduces the ecological effects of Cr(VI)
and, at the same time, helps to leverage the use of invasive bamboo
species, making it dif�cult to have signi�cant ecological control.
When considered through the circular economy, bamboo can grow
on polluted ground. It can be harvested to yield biomass and then
turned into biochar that can be used to remediate the soil (Rani
et al., 2023a). Bamboo-based alternatives to the existing systems
have cost-effectiveness, scalability, and multifunctional properties,
so they can be considered a reasonable choice in the developing
setting, such as India, where industrial contamination and resource
scarcity often collide (Kaur et al., 2022). This closed-loop approach
is suitable in terms of sustainability goals and is responsive to the
increasing need to have low-cost remediation technologies in India.
2 Cr(VI) as an environmental pollutant

Chromium (Cr) is a relatively abundant transition metal that
has been extensively employed across diverse industrial contexts. It
belongs to the d�block element of group 6 within the periodic table,
exhibiting several characteristic physical properties, including a
melting point of 1907°C and a boiling point of 2672°C, a
pronounced hardness, metallic lustre, and intrinsic anticorrosive
behavior, thereby rendering it among the most valuable feedstocks
for large�scale manufacturing processes (Pradhan et al., 2017). In
comparison to other heavy metals, Chromium is particularly
noteworthy for its dualistic character, functioning simultaneously
as a biologically essential micronutrient and, when present in excess
or in inappropriate oxidation states, as a hazardous environmental
contaminant. The usefulness and toxicity of this heavy metal are
governed by its oxidation state. The trivalent or Cr(III) and the
hexavalent or Cr(VI) are the two most prevalent forms of Cr in the
environment. Cr(III) has been found to serve as a micronutrient in
humans, animals, and plants. Children up to six months of age are
required to intake a daily dose of 10-40 µg of Cr(III), while the
concentration varies between 25-35 µg for other age groups (Genchi
et al., 2021). Cr(III) at required concentrations is quite bene�cial for
living organisms. Cr(VI) on the other side, is highly toxic even at
low concentrations, thus leading to several harmful effects on the
biotic components. Figure 1 provides a comparative account of the
Frontiers in Plant Science 04
bene�ts of Cr(III) and the detrimental effects of Cr(VI) on
living biota.

2.1 Sources of Cr(VI)

Unlike Cr(III), which is naturally present, Cr(VI) is mostly
produced from anthropogenic activities and released into the
environment. Mining is one of the most common contributing
factors. It is also aided by other industrial activities like leather
tanning, metal welding, textile dyeing, printing, and the production
of ceramics, cement, chemicals, pigments, and steel (Table 2). The
pollution of soil, surface, and groundwater is mainly caused due to
leaching of chromium-contaminated industrial wastes (Das
et al., 2024).

2.2 Global scenario of Cr(VI) contamination
in water bodies

Global concern about the increasing risk of Cr(VI) pollution in
water bodies is gaining signi�cant traction due to its widespread use
and emissions resulting from anthropogenic activities. Cr and Cr
(VI) discharge limits are regulated nationally and vary from nation
to nation (Brasili et al., 2020). Much lesser as compared to
anthropogenic activities, natural processes like weathering of
rocks also contribute towards Cr(VI) contamination of soil and
water bodies. Cr(VI) contamination of water sources has been
widely observed in the European Union (EU). 512 installations
from the EU have been registered under the European Pollutant
Release Register due to the release of high concentrations of Cr into
the air and water (Tumolo et al., 2020). The majority of these
facilities mostly belong to the energy sector (699.94 tons, 83.9%)
followed by waste and wastewater management (90.99 tons, 10.9%),
metal processing and production (18.50 tons, 2.2%), chemical
manufacturing (17.89 tons, 2.1%), minerals (3.99 tons, 0.5%), and
paper and wood production (2.43 tons, 0.3%). Individual member
states of the EU have their own regulations to monitor Cr emissions
in the aquatic environment (Vaiopoulou and Gikas, 2020). Some
countries in the union, like Austria, Denmark, and Greece, only
regulate the total chromium concentration in the water, while some
other nations regulate Cr and Cr(VI) separately (Pradhan et al.,
2017; Bharagava and Mishra, 2018). Among the EU nations,
Germany, Poland, Italy, and the UK were the major Cr emitters,
followed by others (Supplementary Figure 1).

Besides the EU, some other parts of the world also contribute to
high levels of aquatic Cr(VI) pollution, including China and India.
China is the largest producer of Cr slag, with numerous facilities
producing different Cr salts, resulting in an annual discharge of
450,000 tons. Qujing in Yunnan province of China witnessed a
serious environmental issue in 2011 when Lvliang Chemical
Industry Co., Ltd. illegally dumped almost 5000 tons of untreated
Cr slag into Nanpan River, thus raising the heavy metal
concentration in the river water to 2000 times more than the
permissible standards. This further led to the death of 7 villagers
due to cancer. Approximately 77 numbers of cattle and sheep
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FIGURE 1

Comparative account of the bene�ts of Cr(III) and the harmful effects of Cr(VI).
TABLE 2 Production of Cr(VI) from different sources and their respective mode of exposure.

Industrial activity Form Mode of exposure Affected matrices

Mining Chromite
Mine wash water, Dust, and
Particulate matter

Soil and Water

Leather tanning
Basic chromic sulfate, Chromic hydroxide, Ammonium dichromate,
Sodium chromate

Ef�uent, Sludge Soil and Water

Textile dyeing
Chromic acetate, Chromic chloride, Potassium chromate, Ammonium
dichromate, Sodium dichromate

Ef�uent, Sludge Soil and Water

Metal welding Dichromium trioxide, Chromium trioxide Fumes, Ef�uent Air, Soil, and Water

Printing Chromic acetate, Chromic nitrate Ef�uent, Sludge Soil and Water

Chrome plating Chromium trioxide Ef�uent Soil and Water

Cement manufacturing Calcium chromate Ef�uent Air, Soil, and Water

Steel manufacturing Ferrochromium Ef�uent Soil and Water

Chemical manufacturing Potassium dichromate Ef�uent Soil and Water

Pigment manufacturing
Chromic oxide, Chromium trioxide, Potassium dichromate, Sodium
chromate, Lead chromate

Ef�uent Soil and Water
F
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Source: (International Agency for Research on Cancer, 1990).
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