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Abstract
Purpose  Chromium (Cr) toxicity is a significant threat to food and nutritional security. This study investigated the compara-
tive effect of different organic amendments to immobilize Cr and mitigate its toxic effects on tomatoes.
Methods  Plants were stressed with Cr (0, 25, 50, and 100 mg kg−1) in a pot experiment, alone or in combination with 
various organic amendments viz. biochar (5% BC), iron-enriched biochar (0.5% Fe-BC), farmyard manure (5% FYM), and 
vermicompost (5% VC).
Results  Cr toxicity at 25 and 50 ppm significantly reduced plant growth, membrane stability and relative water contents while 
plants did not survive at 100 ppm Cr. Cr-induced oxidative damage increased by 1.9- and 2.7-fold under 25 and 50 ppm Cr, 
respectively. However, application of organic amendments effectively alleviated Cr stress in tomato, with VC showing the 
most pronounced effect on growth. Tomato plants supplemented with VC under Cr stress exhibited a substantial increase in 
shoot length (2.3-fold), fresh weight (2.0-fold) and membrane stability (1.7-fold), respectively as compared to the stressed 
plants grown without VC. Notably, the addition of organic amendments enabled the plants to withstand the toxicity of 
100 ppm Cr. Organic amendments improved stress tolerance in tomato primarily due to reduced Cr uptake and increased 
antioxidant enzyme activities (SOD = 3.11-fold, CAT = 1.14-fold, POD = 2.95, and APX = 1.76-fold).
Conclusions  These findings underscore the potential of various organic amendments in mitigating Cr toxicity in plants, 
with VC demonstrating superior performance. Future research should focus on exploring optimal application and long-term 
effects of these amendments on soil health and crop productivity.
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1  Introduction

Heavy metal (HM) accumulation in terrestrial ecosys-
tems is a major global challenge that negatively affects 
agricultural productivity and human well-being. Among 
HMs, chromium (Cr) is the 24th most readily available 
metal on the Earth’s surface and is ranked 17th among 
the most toxic chemicals by the Agency for Toxic Sub-
stances and Disease Registry (Tumolo et al. 2020; Wilbur 
et al. 2012). When present above threshold levels, Cr is 
hazardous, exhibiting carcinogenic, mutagenic, and ter-
atogenic properties (Liu et al. 2008). Cr enters the soil 
via natural processes such as volcanic eruptions and rock 
weathering, and through anthropogenic activities like 
mining, biosolid application, wastewater discharge, fuel 
combustion, smelting operations, and the use of certain 
agrochemicals (Bhatt et al. 2022).

Plants grown in Cr-contaminated soils can uptake and 
accumulate Cr within their cellular tissues, compromising 
cell integrity by damaging proteins, DNA, and membrane 
lipids (Wilbur et al. 2012; Moreira et al. 2018). Accu-
mulated Cr in plant tissues can lead to physiological and 
biochemical disorders such as reduced chlorophyll pro-
duction, impaired micro-, and macronutrient uptake, and 
decreased net photosynthetic activity, ultimately causing 
leaf chlorosis and nutrient imbalance (Panda and Choud-
hury 2005; Ali et al. 2023). Excessive Cr exposure causes 
oxidative stress by triggering overproduction of reactive 
oxidative species (ROS), including singlet oxygen species 
(1O2), hydroxyl groups (OH·), hydrogen peroxide (H2O2) 
and superoxide (O2

•–) radicals. These ROS damage pro-
teins and lipids, disrupt bio-membranes, and impair the 
antioxidant defense system (Nagajyoti et al. 2010). Plants 
minimize the harmful impacts of ROS by enhancing the 
activity of an intricate antioxidant defense system (Farooq 
et al. 2019; Moreira et al. 2018; Saleem et al. 2022).

The immobilization and detoxification of HMs through 
the incorporation of highly sorptive inorganic and organic 
compounds is an emerging and promising remedial 
approach (Antoniadis et al. 2018). Organic amendments 
offer advantages over inorganic amendments due to their 
cost-effectiveness, biodegradability, and ability to improve 
soil health (Bolan and Duraisamy 2003). Vermicompost 
(VC), a humus like organic material derived from the 
digestion processes of earthworms, is particularly ben-
eficial for soil health compared to conventional compost 
or commercial soil amendments (Pande et al. 2007). VC 
possesses desirable attributes such as high nutrient compo-
sition, significant cation exchange capacity, suitable poros-
ity, adequate air exchange, excellent water retention, and 
enhanced microorganism activities (Bolan and Duraisamy 
2003). Moreover, VC contains humic acid which alters 

the fractional distribution of HMs. The carboxylic acid 
functional groups within VC participate in proton transfer 
reactions between metal cations and weak organic acids, 
thereby reducing HM bioavailability (Pande et al. 2007). 
Consequently, researchers regard VC as an eco-friendly 
and sustainable soil amendment.

Similarly, farmyard manure (FYM) serves as a vital 
organic amendment that improves physical, chemical, and 
physical characteristics of soil (Kumar et al. 2021). When 
well-processed, FYM acts as an excellent soil conditioner 
with multiple ecosystems benefits and serves as an important 
feedstock for VC production (Dheeba et al. 2015).

Biochar (BC), a solid carbon-rich material with substan-
tial aromaticity, is produced through the thermo-chemical 
transformation of biomass under restricted oxygen supply. 
BC application improves fertility, water holding capacity, 
and other physico-chemical and biological properties of soil. 
Due to its slow decomposition rate, BC also reduces green-
house gas emissions (e.g., methane and carbon dioxide), thus 
store C for a prolonged period (Chen et al. 2020; Rafiq et al. 
2017). The resultant improvement in soil health enhances 
crop growth and productivity (Bashir et al. 2020; Rafiq et al. 
2017). Importantly, BC’s unique surface morphology and 
high sorption capacity contribute to reducing HM bioavail-
ability (Ambika et al. 2022; Bashir et al. 2020; Diao et al. 
2021). Recent reports suggest that surface modifications of 
BC with essential nutrients impart multiple advantages over 
pristine BC. For example, adding sulfur (S) to rice husk BC 
was reported to improve its mercury (Hg) adsorptive capac-
ity by approximately 70% (Ambika et al. 2022; El-Naggar 
et al. 2022). Similarly, iron (Fe) is an essential mineral, and 
its deficiency can cause stunted growth and a significant 
decrease in plant productivity (Mallick 2021; Kumar et al. 
2013). The inclusion of Fe nanoparticles on the surface of BC 
is reported to improve crop development and yield (Sun et al. 
2020). Previous research has shown that Fe-BC significantly 
reduces metal ion (Cd, Cr, Pb, and Cu) bioavailability along 
the reaction mechanism for Cr (VI) adsorption in a combi-
nation of surface participation, complexation and reduction 
(Dong et al. 2021; Qiao et al. 2017; Dad et al. 2021; Yang 
et al. 2021). Another research indicated that the addition of 
Fe-BC could transform more Cr (VI) into Cr (III), that is ben-
eficial to improve the plant biomass and the Cr accumulation 
capacity of L. hexandara (Qingxia et al. 2024).

To this end, several reports demonstrated the positive 
effects of BC in soil remediation and improving plant growth 
under multiple abiotic stresses viz. salinity, HM toxicity, 
drought etc. Likewise, research has been performed to com-
pare the performance of BC with other amendments e.g., 
activated C, highlighting its environmental benefits and cost-
effectiveness (Alhashimi and Aktas 2017). However, the com-
parative efficiency of BC with other organic amendments in 
inhibiting or mitigating Cr stress has not yet been examined, 
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necessitating further investigation. Considering these gaps, 
the objectives of the present study were to investigate (1) the 
effects of BC, Fe-BC, FYM, and VC amendments on tomato 
growth under Cr toxicity, (2) the biochemical and physiologi-
cal responses of tomato plants to Cr toxicity under different 
organic amendments, and (3) the comparative efficiency of 
BC, Fe-BC, and VC for reducing Cr toxicity in tomato.

2 � Materials and methods

2.1 � Soil and amendment characterization

We collected loamy soil from a nursery (111°53′E, 28°51′N) 
in Islamabad City, Capital Territory, Pakistan. Prior to anal-
ysis, larger debris including stones, were removed and the 
soil was sieved through a 2-mm sieve. The processed soil 
was then brought to the laboratory for the analysis of dif-
ferent physico-chemical parameters analysis. The pH of the 
soil sample was 6.8, determined using a pH meter (1:2.5 
soil:water ratio) (Hanna, Nusfalau, Romania). Electrical 
conductivity (EC; 0.25 dS m−1) was measured using an elec-
trochemical analyzer (InoLab pH/Cond 720, Germany) in a 
1:5 (w/v) soil‒water suspension. Other characteristics were 
determined by using standard methods described by Waqas 
et al. (2014). The organic matter in the soil was 12 g kg−1, 
the exchangeable sodium (Na+) was 1.2 cmol(+) kg−1, the 
available phosphorus was 28 mg kg −1, and the extractable 
potassium was 220 mg kg−1.

Organic amendments used in this experiment like cow dung 
based FYM and VC were kindly provided by the Department 

of Agronomy, University of Agriculture, Faisalabad, Pakistan 
and their preparation method and characteristics have been 
reported in previous report by Yasir et al. (2009). Carbon rich, 
BC and Fe-BC were prepared by slow pyrolysis of rice husks 
having properties like high surface area, porosity, nutrient 
content, and stability (Yan et al. 2022), and technique used 
to synthesize BC and Fe-BC was as per our previous studies 
(Dad et al. 2021; Khan et al. 2022). All the four amendments 
were thoroughly characterized using different analytical tech-
niques. Scanning electron microscopy was used to examine 
the morphology and surface characteristics of the amend-
ments (Fig. 1). The phase structures were studied by using 
energy dispersive X-ray (EDX) (Bruker D8 Advance) analysis 
(Fig. 2). A thermogravimetric analyzer (TGA) (Tescan Vega 3, 
Brno, Czech Republic) was used to characterize the materials 
by measuring their mass change with changing temperature 
(Fig. 3a). Fourier transform infrared spectroscopy (Perki-
nElmer Spectrum Two) was used to investigate the functional 
group variations of the BC before and after modification as 
well as for VC and FYM samples (Fig. 3b).

2.2 � Plant growth conditions and treatment plan

Tomato (Solanum lycopersicum) seeds were disinfected 
by soaking in 2% NaClO for 15  min and subsequently 
washed multiple times with deionized (DI) water. The 
experiment included four Cr treatment levels (0, 25, 50, 
and 100 mg kg−1) of Cr, and combinations of four organic 
amendments: (5% BC, 0.5% Fe-BC, 5% FYM, and 5% VC). 
A total of twenty (20) treatment combinations were made 
by mixing the calculated amounts of K2Cr2O7 solution with 
5.0 kg of soil in plastic made containers (20.0 cm wide, 

Fig. 1   Scanning electron 
microscopy (SEM) images of 
(a) biochar (BC), b Fe-biochar 
(Fe-BC), c farmyard manure 
(FYM), and (d) vermicompost 
(VC)
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15.0 cm bottom diameter, 22.0 cm top diameter). The treated 
soil was irrigated to maintain 70%field capacity and incu-
bated it at 25 °C for 15 d to attain equilibrium. Three-week-
old tomato seedlings were then transplanted (four plants per 
pot) and cultivated under greenhouse conditions. Each of 
the 20 treatments was replicated four times. Leaves from 80 
d old tomato plants were used to evaluate the response of 
plants to Cr and/or organic amendments in terms of growth, 
physiological and biochemical parameters.

2.3 � Plant harvest, growth and Cr content analyses

The above-ground biomass (shoots and leaves) were sepa-
rated, initially air dried, followed by oven drying at 75 °C for 
48 h until constant dry weight to measure shoot dry weight 
(SDW) (Rafiq et al. 2017). Plant Cr concentration in the dried 
samples (0.5 g) was determined after acid digestion with 
15 mL of an acid mixture (H2SO4, HClO4 and HNO3; 1:1:5) 
at 160 °C (Khan et al. 2008). Post digestion, the samples were 

cooled to room temperature, filtered and diluted to a final vol-
ume of 50 mL using double DI water. The atomic absorption 
spectrophotometer (AAS) (Analytic-Jena NOVA 800D, Ger-
many) was used to determine the Cr concentrations in plant 
tissues (Khan et al. 2008).

2.3.1 � Relative water content (RWC)

The RWC was measured according to Sairam et al. (2002) by 
using fresh leaf samples. A 0.5 g leaf sample was taken and 
soaked in 10 mL DW for 24 h at room temperature under low 
light conditions to obtain the soaked or turgid weight (SW). 
The samples were dried for 48 h in an oven at 65 °C until a 
constant dry weight (DW), and the RWC was calculated via 
the following equation:

(1)RWC =
FW − DW

SW − DW
× 100

Element Weight (%)

C 46.7

O 29.9

Al 0.9

Si 13.9

Cl 0.7

K 1.6

Ca 1.3

Fe 1.0

Cu 4.1

Element Weight (%)

C 16.6

O 42.0

Al 2.7

SSii 2244..77

P 2.2

S 2.5

Cl 1.4

K 1.1

Fe 6.6

(a) (b) 

0.0        1.3        2.6        3.9        5.2        6.5        7.8        9.1        10.4        11.7        13.00.0        1.3        2.6        3.9        5.2        6.5        7.8        9.1        10.4        11.7        13.0

0.0        1.3        2.6        3.9        5.2        6.5        7.8        9.1        10.4        11.7        13.0

(d) 

0.0        1.3        2.6        3.9        5.2        6.5        7.8        9.1        10.4        11.7        13.0

(c)

Fig. 2   Energy dispersive X-ray (EDX) analysis of (a) biochar (BC), b Fe-biochar (Fe-BC), c farmyard manure (FYM), and (d) vermicompost 
(VC)
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2.3.2 � Membrane stability index (MSI)

The MSI was recorded by measuring the EC of leaf lea-
chates at two different temperatures, 40 and 100 °C, then 
the MSI was computed (Sairam et al. 2002). Briefly, 0.1 g 
of each leaf sample was cut into two equal-sized circular 
sections and placed into test tubes containing 10 mL of DI. 
Before measuring the differing electrical conductivities of 
C1 and C2, using an EC meter, one set of test tubes was 
held at 40 °C and the second set at 100 °C in a water bath 
for approximately 30 min. The following formula was used 
to calculate the MSI:

2.3.3 � Total chlorophyll content (TCC)

Total chlorophyll content (TCC) was recorded using a 
SPAD-502P chlorophyll meter (Minolta, Osaka, Japan). 
Readings were noted from the fully expanded youngest 
leaves, and the average of the multiple readings was recorded 
one day prior to harvesting.

2.3.4 � Hydrogen peroxide (H2O2) content

H₂O₂ contents were quantified following the method given 
by Islam et al. (2008). 0.5 g fresh leaf samples frozen in 

(2)MSI = 1 −
C1

C2
× 100

liquid nitrogen were extracted using 0.1% v/v trichloro-
acetic acid (TCA). The leaf extract was cold centrifuged at 
19,000 × g for 20 min. Subsequently, 1 mL of the superna-
tant was combined with 1 mL each of potassium phosphate 
buffer (10 mM) and potassium iodide (2 M) solution. The 
pH of the solution was adjusted to 7.0. A UV‒Vis spectro-
photometer was used to record the final solution absorbance 
at 390 nm. The standard H2O2 curve was used to calculate 
the H2O2 content.

2.3.5 � Antioxidant enzyme activities

The youngest, fully developed leaves at the top were used to 
measure the antioxidant enzyme activity. Using a precooled 
mortar and pestle stored in liquid nitrogen, 250 mg of fro-
zen leaf was ground in 0.1 M phosphate buffer (pH 7.0). 
After that, the mixture was cold centrifuged for 30 min at 
15,000 rpm. Following centrifugation, the supernatant was 
obtained to measure the activities of different antioxidant 
enzymes.

The superoxide dismutase (SOD) activity was measured 
in accordance with the protocol described by Dhindsa and 
Matowe (1981) and expressed as one unit of SOD activ-
ity. Catalase (CAT) activity was determined using Aebi’s 
(1984) methodology using spectrophotometer at 240 nm and 
reported as the number of H2O2 moles destroyed min−1 g−1 
protein. The guaiacol peroxidase (POD) activity was 
assessed using the protocol described by Hemeda and Klein 
(1990) using spectrophotometer at 470 nm. The amount of 

Fig. 3   Thermogravimetric analysis (a) and Fourier Transform Infrared Spectroscopy (FTIR) images (b) of biochar (BC), Fe-biochar (Fe-BC), 
farmyard manure (FYM) and vermicompost (VC)
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guaiacol oxidized (min−1 g−1 protein) was used to measure 
POD activity. While APX (ascorbate peroxidase) activity 
was measured in accordance with Rangani et al. (2016). 
The amount of oxidized ascorbate was calculated using an 
extinction value of 2.8 mM−1 cm−1, and the activity of APX 
was assessed by measuring the decrease in absorbance for 
one minute at 290 nm.

2.4 � Statistical analysis

Four independent replicates of the experiment were con-
ducted using a RCBD (completely randomized block design). 
Using the SigmaPlot v12.0 statistical program (Systat Soft-
ware Inc., Chicago, IL, USA), the dataset was subjected to 
a two-way ANOVA and Tukey’s test (P = 0.05). The results 
are presented as the mean and standard error (SE) (Steel and 
Torrie 1980). PCA (principal component analysis) was per-
formed using PAST3 V3.14 to characterize the variation pat-
terns among treated and control plants. The plant parameters, 
owing to possession of different units, were normalized about 
mean using z-scores. The standard normalized data was used 
to transform the original variables into the corresponding 
principal component space. The loadings and scores for the 
computed PCs are given in Table S1 and S2, respectively.

3 � Results

3.1 � Characterization of the amendments

The SEM images representing surface morphological prop-
erties of BC, Fe-BC, FYM, and VC are shown in Fig. 1. 
The surface of the rice husk BC resembled a honeycomb 
with interconnecting holes of varying diameters (Fig. 1a). 
BC exhibited a well-developed porous structure with con-
sistent patterns, highlighting a wide range of shapes in the 
meso, macro, and micropores. Furthermore, the porous 
surface texture of BC could be the result of volatile matter 
evaporation from rice husk during pyrolysis (Ahmad et al. 
2012). According to Guo and Chong Lua (1998), the cor-
rectly arranged porous structure of BC possesses a high BET 
(Brunauer‒Emmett‒Teller) surface area and good adsorp-
tive capacity. Compared to BC, Fe-BC had a rougher sur-
face and moderately altered pore structures (Fig. 1b). Due 
to the deposition of Fe, many tiny flocculent solid particles 
of various sizes were found on the outer layers and in the 
pore space; these particles were scattered, disordered, and 
partially intersecting (Yang et al. 2021; Zhu et al. 2019). 
The morphology of the FYMs, as shown in Fig. 1c, revealed 
uneven surfaces with a porous surface structure, indicating 
a good capacity to adsorb Cr ions in an aqueous environ-
ment (Idrees et al. 2016; Yan et al. 2021). SEM examination 
additionally provided important information on the surface 

morphology of VC. The open pores visible in VC are repre-
sented by the black dots between the particles (Fig. 1d). It 
has interconnected particles with fewer pores and a reduced 
porosity (Priya et al. 2020).

The EDX results of BC indicate C (46.7%), O (29.89%) 
and some amount of minerals. The EDX of Fe-BC indicated 
that C, O and Si were the key elements, and mineral frac-
tions particularly Fe (6.6%) could be detected. These find-
ings demonstrated that carbon was the primary skeleton with 
oxygen in the BC specimens, which might be derived from 
O2-containing functional groups (e.g., -COOH and -OH) or 
oxide-containing metal particles of minerals (e.g., carbon-
ates, phosphates, and sulfates) (Biagini et al. 2008). EDX 
analysis revealed that the surface of Fe-BC was coated with 
Fe2O3 particles since it has a mixture of components (C, 
O, Si, Mg, Ca, and Fe) found in both BC and Fe-BC. The 
basic chemical makeup of Fe-BC exhibits enhanced Fe on 
the surface due to Fe2O3 deposition, and a greater O con-
centration compared to that of BC (Viglašová et al. 2020). 
Furthermore, the EDX mapping of the Fe-BC shows the 
presence of Fe, indicating that Fe was effectively depos-
ited on the BC’s outermost layer. While the results agree to 
our previous study (Khan et al. 2022) indicating successful 
Fe deposition (48%) on BC surface confirmed using XRF 
analysis, additional techniques like XPS or XRD should be 
employed to validate phase identification of Fe oxides. The 
content of the mineral elements in VC varies depending on 
the VC source and production process. Some of these ele-
ments can be released and become part of the soil when 
applied in the field, which contributes to increased fertil-
ity. Figure 2d shows an EDX spectrum of a VC sample. A 
greater quantity of the elements C, K, Ca, O, and Si, possibly 
in the form of salts such as carbonates and silicates (CO3

2−, 
SiO4

4−), were observed in this spectrum. Other elements 
such as Fe, Mg, and Al, are part of the inorganic pool of this 
VC (Ahamad et al. 2023; Martinez-Balmori et al. 2013). 
Elemental mapping of the FYM showed that C, O, and Si are 
present throughout the entire structure and could facilitate 
metal adsorption. The morphology of the FYMs, as shown 
in Fig. 2c, revealed an uneven surface with a porous struc-
ture, indicating a greater capacity to adsorb Cr ions in an 
aqueous environment (Mian et al. 2021). Additionally, SEM 
provides important information on the surface morphology 
of VC. The open pores visible in VC (Fig. 1d) are repre-
sented by the black dots between the particles. It has inter-
connected particles with fewer pores and reduced porosity. 
The results showed higher concentrations of C, O, and Si in 
all four amendments, with variations between each amend-
ment. These findings suggest that each organic amendment 
possesses distinct physical and chemical properties that may 
affect its performance in different applications.

The mass loss was recorded between the inflection 
points of the TGA curves (Karathanasis and Harris 2015). 
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As shown in Fig. 3a, the TGA curves demonstrated the 
thermal stability of BC and Fe-BC. Under inert (N2) gas, 
the initial weight loss for both BC and Fe-BC occurred 
approximately at 100 °C. Nevertheless, Fe-BC demon-
strated more stability than BC, as it lost less weight at 
100 °C. The increased thermal stability of Fe-BC than BC 
can be ascribed to the impregnation of Fe, which possibly 
improved the BC structure, preventing early volatilization 
and enhancing its overall thermal resistance. While BC 
possibly lacked the reinforcing impact of Fe, it demon-
strated slightly less thermal stability. A significant weight 
loss may also be caused by moisture impregnation from 
the environment during handling and storage (Tareq et al. 
2019; Zhang et al. 2012). Under atmospheric conditions, 
the initial mass losses for FYM and VC were 85 ℃ and 120 
℃, respectively (Fig. 3a). These mass percentage increases 
could be attributed to higher levels of volatile materials in 
the initial waste blend (Lim et al. 2014). The progressive 
decrease in mass loss during the vermicomposting process 
implies net mineral formation and degradation. Compared 
to pre-vermicompost materials, the final VC exhibited 
lower mass loss, indicating greater maturity. This increased 
thermal stability in VC can be understood by mass loss 
owing to desiccation, oxidation, and decomposition (Bhat 
et al. 2017; Khatun et al. 2019). The increased carbohy-
drate molar complexity and aromaticity of VC contributed 
to a greater proportion of heat-resistant chemicals (Ravin-
dran et al. 2013; Khatun et al. 2019).

Furthermore, FTIR was used to identify the functional 
groups in the different organic amendments (Fig. 3b). Bio-
mass used for BC is a heterogeneous material with multiple 
peaks caused by organic component bonding. Its peaks at 
3420–3200 cm−1, 1100–1000 cm−1, and 995–675 cm−1 indi-
cated O–H stretching, Si–O-Si stretching, and C-O stretching, 
respectively (Cantrell et al. 2012; Pütün et al. 2005). These 
functional groups could efficiently enhance the adsorption 
rate of pollutants i.e., Cr (VI) (Diao et al. 2018). SiO2 is a 
prominent component of the chemical structure of rice and 
has recalcitrant property. Although new functional groups 
were not introduced by Fe modification, it caused slight shifts 
in the FTIR absorption peaks as well as noticeable changes 
in peak intensities. Specifically, decrease in the intensity 
of -COO and -OH peaks indicate their surface interactions 
with Fe(III), possibly due to surface complexation and ligand 
exchange. These results are similar to our previous findings 
(Khan et al. 2022), where the doping of BC with Fe caused for-
mation of C = O functional group and broad O–H stretching, 
highlighting structural changes after Fe addition. Moreover, 
the decrease in peak intensities may be ascribed to Fe oxide 
coating, partially covering surface functional bands on the BC 
plane while preserving key adsorption sites (Qian et al. 2017). 
Despite this, the surface of Fe-BC still exhibited an abundance 
of hydroxyl and carboxyl groups, which encouraged heavy 

metal adsorption (Agwupuye et al. 2022; Qian et al. 2017). 
Likewise, the abundant aromatic carbon supplied electrons, 
which may increase the potential for redox reactions (Wang 
et al. 2016). Altogether, these results indicate that Fe dop-
ing induced changes in surface chemistry of BC, without any 
significant disruption in the core functional groups involved 
in metal immobilization.

Furthermore, the FTIR spectra of VC and FYM dem-
onstrates distinct functional groups involved in Cr sorption 
through different mechanisms. Figure 3b shows a sharp 
wide band between 3200 and 3500 cm−1, specifically at 
3355 cm−1, corresponding to the stretching band of (-OH) 
groups from phenol, alcohol, and carboxyl functional 
groups, as well as adsorbed molecules of water. These func-
tional groups containing oxygen serve as key heavy metal 
adsorption sites (Pandey and Pitman 2003; Amir et al. 2010; 
Simkovic et al. 2008; Kumar et al. 2013). Furthermore, the 
FTIR peak at 3609 cm−1 corresponds to N–H stretching indi-
cating the involvement of amine group in metal complexa-
tion (Idrees et al. 2016). The peak at 1634.71 cm−1 repre-
sents C = O stretching from carboxylates and the presence of 
lignin-related structures, known to form strong complexation 
with heavy metals such as Cr (Elakiya and Arulmozhiselvan 
2021). Likewise, the peak at 1549.85 cm−1 corresponds to 
C = C aromatic structures formed during the mineralization 
of proteins, hemicellulose, and celluloses. This humifica-
tion process increases compost maturity as well as stability 
of organic matter, thereby contributing to poly-condensed 
structures capable of metal ions adsorption via π-electron 
interactions (Huang et  al. 2006; Elakiya and Arulmo-
zhiselvan 2021). In another study, FTIR spectra revealed 
increased in absorbance at 1453.31 cm−1, 1421.63 cm−1, 
and 1053.95 cm−1, as well as the appearance of minor new 
peaks at approximately 1634.71 cm−1 and 1514.87 cm−1, 
demonstrate the presence of oxidized benzyl structures and 
aromatic ethers from lignin-like structures, characteristics 
of humified compost materials providing additional metal 
binding sites via cation-π interactions and chelation (Ammar 
et al. 2014; Quadar et al. 2022). While the strong bands at 
1002 cm−1 to 909 cm−1, specifically at 998 cm−1, remained 
linked with the C-H stretching of the alkene group observed 
in the FTIR spectra of VC (Elakiya and Arulmozhiselvan 
2021).

3.2 � Growth of plants as affected by Cr and various 
organic amendments

Effects of different concentrations of Cr (25, 50, 100 ppm) 
alone or in combination with organic amendments (5% 
VC, 0.5% Fe-BC, 5% BC, 5% FYM) on the SL, FW, and 
DW of tomato plants were observed in a pot experiment 
(Fig. 4a-c). The results demonstrated that the SL, DW, and 
FW of the plants significantly decreased at elevated levels 
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Fig. 4   Effects of chromium (Cr) 
levels and organic amendments 
on: a shoot length (SL), b fresh 
weight (FW), and (c) dry weight 
(DW) of tomato plants. The val-
ues are the means ± SE of four 
independent replicates. Differ-
ent lower-case letters represent 
significant differences between 
different treatments at p < 0.05

(a)

(b)

(c)
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of Cr, and all the values significantly (p < 0.05) increased 
in response to the mixed treatment of Fe-BC and VC with 
different Cr concentrations. As is evident from the data 
(Fig. 4), extreme declines in SL, DW, and FW were noted 
in plants receiving 50 ppm Cr dose, while 100 ppm Cr 
was found fatal for the plants. Also, notable decreases of 
40—61%, 48—65%, and 17—78% at 25–50 ppm Cr were 
observed in SL, FW, and DW, respectively, compared to 
those in control. Interestingly, plants were able to survive 
at 100 ppm Cr with the application of all four amend-
ments. In soil amended with Fe-BC, decreases of only 
48%, 33%, and 28% were noted, and for VC, decreases 
of only 60%, 49%, and 37% were noted in the SL, FW, 
and DW of tomato plants exposed to 100 ppm Cr, respec-
tively, compared to those in the control. Further amend-
ment results showed that at the 50 ppm Cr stress level, 
FYM and BC increased SL by 1.28- and 1.83-fold, FW by 
1.19- and 1.38-fold, and DW by 1- and 2.34-fold, respec-
tively than the 50 ppm Cr-stressed plants raised without 
any amendment. Compared with 50 ppm Cr only, a signifi-
cant increase of 2- and 2.27-fold in SL, 1.75- and 2.0-fold 
in FW, and 2.61- and 2.99-fold in DW, was recorded with 
the application of Fe-BC and VC along with 50 ppm Cr, 
respectively (Fig. 4a, b, c).

3.3 � Effect of Cr and organic amendments on RWC, 
MSI, and TCC​

Increasing levels of Cr had a detrimental impact on the RWC 
and MSI of tomato plant leaves (Fig. 5a, b), similar to the 
trend observed for SL and plant biomass, where higher levels 
of Cr had devastating impacts on plant characteristics. A 
decrease in the percentage of RWC (13%, 31%, and 100%) 
and MSI (22%, 52%, and 100%) for 25, 50 and 100 ppm Cr, 
respectively, was observed. However, the combination of Cr 
and organic amendments resulted in a considerable increase 
in RWC and MSI in the leaves. The soil amendment treat-
ment results showed that at 25 and 50 ppm Cr, the RWC sig-
nificantly increased (by 1.1- and onefold, respectively) with 
Fe-BC and by 1.12- and 1.19-fold, respectively, with VC (the 
greatest increase observed). Similarly, the MSI significantly 
increased by 1.16- and 1.3-fold with Fe-BC and 1.21- and 
1.73-fold with VC at 25 and 50 ppm Cr, respectively. On 
the other hand, at the 100 ppm Cr stress level, a 57% and 
67% decrease in RWC and a 58% and 62% decrease in MSI 
were observed in response to Fe-BC and VC, respectively, 
than the control.

We observed a substantial decrease in TCC of tomato 
leaves with an increasing concentration of Cr (Fig. 5c). The 
respective reductions in the pigment concentration in the 
tomato leaves were reported to be 24%, 49%, and 100% 
at 25, 50 and 100 ppm Cr, respectively, than the control. 

The combined application of amendments and Cr improved 
the TCC more efficiently than the Cr treatment alone. 
Shared applications of amendments with 25 and 50 ppm 
Cr enhanced the levels of TCC by 1.18- and 1.4-fold with 
Fe-BC and 1.52- and 1.87-fold with VC, respectively. At the 
100 ppm Cr stress level, a 45% and 80% decrease in TCC 
was observed in response to Fe-BC and VC, respectively, 
compared to those in the control.

3.4 � Plant Cr uptake and oxidative stress

The Cr contents in the plant tissues increased with increas-
ing doses of Cr in the pots, as shown in Fig. 6a. The appli-
cation of Cr in combination with organic amendments 
decreased the metal concentration regardless of its concen-
tration. Interestingly, compared with the other amendments, 
the VC amendment was more effective at overcoming Cr 
contamination, and FYM had non-significant effect on Cr 
contamination. Cr concentrations in plants significantly 
decreased by 39% with Fe-BC and 52% with VC at 50 ppm 
Cr. At 100 ppm Cr in the pots, the Cr concentration in the 
plant tissues decreased by 29% and 49% with Fe-BC and 
VC, respectively.

All the Cr levels increased the H2O2 accumulation than 
to non-stressed control. The greatest increase in H2O2 (1.94- 
and 2.71-fold) at 25 and 50 ppm Cr, respectively, than that 
of the control was observed. The application of Cr in combi-
nation with amendments had significantly less effect on the 
H2O2 content than did the control treatment or the individual 
application of Cr. The combined application of amendments 
and 25 and 50 ppm Cr significantly increased the levels of 
H2O2 by 0.75- and 0.81-fold with Fe-BC and 0.5- and 0.47-
fold with VC, respectively. Overall, a comparison of treat-
ments revealed that H2O2 contents were greater after the 
individual application of Cr than after the combined applica-
tion of Cr and amendments (Fig. 6b).

3.5 � Activities of antioxidant enzymes

Effect of various treatments on the activities of antioxidant 
enzymes was assessed by analyzing the activity of SOD, 
CAT, POD, and APX. The results demonstrate that as the 
Cr concentration in the soil medium increased, so did the 
activities of antioxidant enzymes. We observed the greatest 
increase in antioxidant enzymes activity under Cr (25 and 
50 ppm) stress (Fig. 7a, b, c, and d). SOD, APX, POD, and 
CAT activities increased by 1.58/2.61-fold, 1.17/2.07-fold, 
1.62/2.12-fold, and 1.25/1.53-fold, respectively, at 25 and 
50 ppm Cr compared to controls. The combined applica-
tion of Cr and amendments (Fe-BC and VC) significantly 
lowered the antioxidant activity. The application of amend-
ments in combination with 25 and 50 ppm Cr increased SOD 
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Fig. 5   Effects of chromium (Cr) 
levels and organic amendments 
on: a relative water content 
(RWC), b membrane stability 
index (MSI), and (c) total chlo-
rophyll content (TCC) of tomato 
plants. The values are the 
means ± SE of four independent 
replicates. Different lower-case 
letters represent significant 
differences between different 
treatments at p < 0.05

(a)

(b)

(c)
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activity by 0.75- and 0.78-fold, CAT activity by 0.74- and 
0.76-fold, POD activity by 0.71- and 0.84-fold and APX 
activity by 0.63- and 0.81-fold with Fe-BC, respectively. 
Similarly, with the application of VC, a limited increase in 
SOD activity (0.53- and 0.67-fold), CAT activity (0.59- and 
0.56-fold), POD activity (0.63- and 0.75-fold), and APX 
activity (0.39- and 0.55-fold) was observed with Cr (25 
and 50 ppm, respectively). At the 100 ppm Cr stress level, 
increases in SOD (3.11 and 2.64)-fold, CAT (1.41 and 1.05)-
fold, POD (2.95 and 2.23)-fold, and APX (1.71 and 1.46)-
fold were observed in response to Fe-BC and VC, respec-
tively, compared to those in the control.

3.6 � Principal component analysis (PCA)

As demonstrated in PCA biplot (Fig. 8), the correlation 
matrices included PC1 (81.9%) and PC2 (15.4%), which link 
growth, physiological and biochemical data in tomato plants 
to different organic amendments under Cr stress. On PC1, 
parameters with the highest positive loadings include H2O2, 
SOD, APX, CAT, and plant Cr contents – which altogether 
suggests association of Cr-induced oxidative damage and the 
plant’s antioxidant defense response under different treat-
ments. Importantly, the strongest contribution of plant Cr 
contents along PC1 clearly separates Cr-treated plants from 

Fig. 6   Effects of Cr levels and 
organic amendments on (a) Cr 
concentration and (b) H2O2 
accumulation in tomato plants. 
The values are the means ± SE 
of four independent replicates. 
Different lower-case letters 
represent significant differences 
between different treatments at 
p < 0.05

(a)

(b)
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other treatments. Contrarily, parameters with the highest 
negative loadings on PC1 include FW, DW, TCC, SL, MSI, 
and RWC – representing key plant growth and physiological 
variables that decrease with increase in Cr accumulation in 
plant tissues, thereby confirms Cr toxicity effects on tomato 
performance. On the other hand, the strong positive loading 
of CAT on PC2 contributes to distinct antioxidant response 
across different treatments. Whereas other antioxidant mark-
ers (SOD, SOD, and APX) cluster tightly, indicating coordi-
nated defense response against Cr-induced oxidative stress.

Biologically, the matrices of correlations revealed a 
strong negative association between plant Cr contents 
and physiological variables (FW, DW, TCC, SL, MSI, 

and RWC), indicating that increase in accumulation of Cr 
is detrimental to plant vigor. In contrast, the PCA biplot 
clearly shows a positive correlation between Cr accumula-
tion and oxidative stress markers including H2O2, SOD, 
APX, POD, and CAT, demonstrating that Cr phytotox-
icity induces a distinct biochemical defense response. It 
is further evident by the spatial separation of oxidative 
stress markers from the growth-related attributes on oppo-
site side of PCA biplot. Overall, the PCA underscores the 
significance of organic amendments in improving tomato 
resilience against Cr stress through immobilization as well 
as modulation of physiological and biochemical pathways 
to mitigate oxidative damage.

Fig. 7   Effects of Cr concentra-
tion and organic amendments 
on the activity of (a) superoxide 
dismutase (SOD) (b) catalase 
(CAT), (c) peroxidase (POD), 
and (d) ascorbate peroxidase 
(APX) activities in tomato 
leaves. The values are the 
means ± SE of four independent 
replicates. Different lower-case 
letters represent significant 
differences between different 
treatments at p < 0.05

(a)

(b)
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4 � Discussion

Industrial use of heavy metals (HMs) has caused global 
soil pollution. Heavy metal contamination from industry 
has expanded rapidly in Pakistan due to lack of policies 
and the improper enforcement of existing ones (Song et al. 
2022). It is well known that insufficient OM and exces-
sive Cr accumulation might affect soil structure, result-
ing in decreased agricultural yields (Saleem et al. 2022). 
Chromium accumulates in plant tissues, directly polluting 
the food web and endangering the well-being of animals 
and humans (Ali et al. 2023). This highlights the need 
to develop reliable strategies to mitigate Cr toxicity and 
accumulation in plants.

In the present study, the effectiveness of four organic 
amendments (FYM, BC, Fe-BC, and VC) to reduce Cr tox-
icity in tomato was compared. The results revealed that the 
plant growth (FW, DW, and SL) decreased with increasing 
Cr stress, indicating its interference with normal physiologi-
cal and cellular functions by causing oxidative damage, and 
hindering photosynthesis (Farooq et al. 2019; Khan et al. 
2023). Chromium-induced toxicity was more pronounced 
at elevated levels of Cr (25 ppm, 50 ppm), while no growth 
was observed at 100 ppm Cr, which might be ascribed to 
cell cycle disruption and reduced plant growth (Gardea-Tor-
resdey et al. 2005; Singh et al. 2013; Monteiro et al. 2018; 
Riaz et al. 2019; Mushtaq et al. 2022) (Fig. 4). Cr stress 
likely reduces the surface area of the roots for penetration 

(c)

(d)

Fig. 7   (continued)
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in the soil and the plant’s capacity to look up the soil sur-
face for moisture and nutrients (Ahemad 2015; Naz et al. 
2023). The exposure of seedling roots to Cr most likely is 
reported to cause tissue collapse and, as a result, an inability 
to absorb both nutrients and water, ultimately stunted growth 
in plants (Ali et al. 2023; Singh et al. 2013). Furthermore, Cr 
localization in vacuoles, particularly in the parenchyma and 
xylem wall structures, may influence how cells function and 
attenuate their aqueous potential (Paredes et al. 2009; Van-
nini et al. 2011). These toxic effects of Cr could be attributed 
to structural defects and chlorosis of plant tissues (Sharma 
et al. 2020).

Organic amendments improved plant growth, with the 
most effective treatments given in the following order: 
VC > Fe-BC > BC > FYM. According to Ogbonna (2012) 
and Rekaby et al. (2020), using processed organic materials 
boosted maize stems in length, the total number of leaves, 
and leaf length, and pigment content. Khan et al. (2021) 
reported a similar trend, revealing that humic acid treatment 
increased Zinnia plant height. Organic substrates are known 
to restrict Cr solubility and mobility in soils, inhibit its 
uptake and transport by plants, thus influencing physiologi-
cal responses contributing to plant resilience under Cr stress 

(Guo et al. 2018). Table 1 summarizes key mechanisms of 
Cr immobilization including physico-chemical properties 
and biological contributions though which each amendment 
reduces Cr mobility and toxicity in soil–plant systems.

A decreased Cr bioavailability with BC application 
observed in this study is in agreement with previous 
reports, highlighting its potential in improving soil char-
acteristics and metal immobilization (Alhashimi and Aktas 
2017). BC primarily immobilizes Cr via surface complexa-
tion with functional groups and precipitation with mineral 
ions (e.g., Ca and Mg). Moreover, its alkaline nature, high 
surface area and porous matrix collectively contribute to 
reducing Cr solubility. BC-mediated microbial transforma-
tion further reduces its availability to plants (Alhashimi 
and Aktas 2017; Bashir et al. 2020; Diao et al. 2021; Qian 
et al. 2017). Jiang et al. (2020) reported similar findings 
in terms of improved plant growth by applying BC to lead 
(Pb)-contaminated soil. Houben et al. (2013) showed a 
reduction in the accessible fraction of zinc (Zn), cadmium 
(Cd), and Pb due to BC (10%) treatment. Alhashimi and 
Aktas (2017) conducted a meta-analysis to compare BC 
and activated C, demonstrating BC’s economic feasibil-
ity and environmental sustainability. However, more 

Fig. 8   Comparison of differ-
ent variables using principal 
component analysis (PCA), with 
and without different Cr and 
amendment levels. Hydrogen 
peroxide (H2O2), total chlo-
rophyll content (TCC), shoot 
length (SL), fresh weight (FW), 
dry weight (DW), relative water 
content (RWC), membrane 
stability index (MSI), superox-
ide dismutase (SOD), peroxi-
dase (POD), catalase (CAT), 
ascorbate peroxidase (APX), 
and chromium (Cr)



Journal of Soils and Sediments	

investigations are required to assess long-term benefits of 
BC in comparison with other organic amendments in dif-
ferent soil conditions.

Furthermore, the addition of Fe-BC in this study resulted 
in improved growth of plants and enhanced physiological 
parameters. This improvement could be ascribed to the high 
Fe oxide contents and surface reactivity, which not only 
enhance thermal and structural stability but also promote 
redox-mediated Cr(VI) transformation (Dong et al. 2021; 
Khan et al. 2022; Yang et al. 2021). Because of its high 
porosity and surface area, Fe-BC may generate perfect con-
ditions for soil microorganisms and increased CEC (cation 
exchange capacity) by binding important cations and ani-
ons (Ebrahimi et al. 2021). It can alter soil properties (soil 
texture, permeability, structure, volume, and particle size 
distribution) and produce favorable conditions for growing 
plants (Ebrahimi et al. 2021; Li et al. 2018). Likewise, the 
improvement in soil aggregation and microbial diversity is 
reported to promote nutrient absorption and root growth 
(Ebrahimi et al. 2021). Furthermore, high ash content in 
organic amendments enhances their capacity to adsorb 
heavy metals like Cr, limiting its accessibility and harmful 

influence on plant growth and development (García-Gómez 
et al. 2018).

VC immobilizes metal ions via ion exchange and com-
plexation (Ahamad et al. 2023). VC-induced biological 
processes including microbial transformation and increased 
enzymatic activity play key role in reducing Cr toxicity 
(Table 1). Furthermore, the availability of essential crop 
nutrients is influenced by organic amendments like VC, 
(Cheng 2003; Skjemstad et al. 2002). In this study, the 
increased plant growth under Cr stress is most likely due to 
the VC role in increasing the mineral supply, which stimu-
lates plant growth (Méndez et al. 2017; Ebrahimi et al. 
2021). Furthermore, high CEC of VC, abundant humic and 
fulvic substances, and enhanced microbial biomass increase 
crop productivity and yield under stressful conditions (Ela-
kiya and Arulmozhiselvan 2021; Ahamad et al. 2023).

Contrarily, FYM was the least effective strategy to 
improve Cr tolerance of tomato. Nevertheless, FYM addition 
contributes to Cr retention through microbial stimulation and 
dissolved organic carbon (DOC) mediated pathways (Idrees 
et al. 2016; Kumar et al. 2021). DOC contents of organic 
amendments improve nutrient cycling and soil health by 

Table 1   Summary of sorption mechanisms of organic amendments for Cr immobilization, including physico-chemical features and biological 
processes through which each amendment reduces Cr mobility and toxicity in soil–plant systems

Organic amendment Key Cr immobilization 
mechanisms

Physico-chemical features Biological processes References

Biochar
(BC)

- Adsorption via surface 
area and porosity

- Surface complexa-
tion (–OH and –COOH 
functional groups)

- Precipitation via mineral 
components (e.g., Ca and 
Mg)

- Porous matrix and high 
surface area

- Alkaline pH reduces 
solubility of Cr(VI)

- Rich in ash/carbon 
contents

- Increases microbial diver-
sity and habitat

- Stimulate microbial trans-
formation of Cr(VI)

Alhashimi and Aktas (2017); 
Bashir et al. (2020); Diao 
et al. (2021); Qian et al. 
(2017)

Fe-BC - Surface complexation 
with Fe oxides

- Redox-mediated transfor-
mation of Cr(VI)

- Enhances electrostatic 
complexation

- High Fe oxide contents 
and surface reactivity

- Better structural/thermal 
stability

- Promote microbial 
activity via Fe-mediated 
pathways

Dong et al. (2021); Khan 
et al. (2022); Yang et al. 
(2021)

Vermicompost (VC) - Chelation by fulvic/humic 
acids

- Cation exchange via 
organic (–COOH and 
phenolic) functional 
groups

- Microbial-mediated Cr 
speciation

- High CEC, nutrient rich
- Rich in fulvic/humic 

substances and microbial 
biomass—Moderate 
porosity

- Promotes microbial bio-
mass and enzymes

- Stimulate microbial trans-
formation of Cr(VI)

Elakiya and Arulmozhisel-
van (2021); Ahamad et al. 
(2023)

Farmyard Manure (FYM) - Sorption by organic 
matrix

- Adsorption with hydroxyl 
and phenolic groups

- Organic coating on soil 
particles

- Dissolved organic carbon 
mediated Cr retention

- Moderate organic C
and variable CEC
- Lower ash content than 

BC or VC

- Boost microbial activity 
via enhanced nutrient 
supply

- May increase enzymatic 
Cr(VI) transformation

Idrees et al. (2016); Kumar 
et al. (2021)



	 Journal of Soils and Sediments

facilitating microbial activity (Ebrahimi et al. 2021). It has 
been reported that DOC also reduces metal bioavailability 
by forming metal complexes with organic matrix, hydroxyl 
and phenolic groups (Idrees et al. 2016; Kumar et al. 2021). 
However, moderate CEC and lower ash contents limit FYM 
capacity to immobilize Cr in comparison to BC and VC 
(Idrees et al. 2016). In this study, the non-significant varia-
tion in plant stress tolerance between FYM and other organic 
amendments highlights the significance of amendment-spe-
cific properties such as stability, functional group composi-
tion, and microbial synergy in governing Cr immobilization 
efficiency.The results revealed that the RWC, MSI, and TCC 
of the plants significantly decreased with increasing levels of 
Cr compared to those of the control plants (Fig. 5). However, 
Fe-BC and VC significantly increased the RWC, MSI, and 
TCC of plants by reducing the harmful impacts of increas-
ing Cr levels. Plants grown on FYM-supplemented soil 
showed nonsignificant increases in RWC, MSI, and TCC. 
The VC-amended soil showed the greatest increase in RWC, 
MSI, and TCC. Photosynthetic pigments, or chlorophyll, are 
molecules that collect light energy at a specific wavelength, 
which is required for photosynthesis and are impacted by Cr 
stress. Reduced photosynthetic pigments could be caused 
by impaired enzyme activities involved in pigment produc-
tion and decreased absorption of nitrogen (N) and magne-
sium (Mg) and nitrogen (N) due to Cr toxicity (Adejumo 
et al. 2016; Nelson and Cox 2008). Furthermore, this could 
be related to increased ROS generation, which decreases the 
plants photosynthetic capacity under Cr exposure (Asgher 
et al. 2018). Its accumulation may also decrease energy uti-
lization, diminishing the activity of photosynthetic pigments 
(Yruela 2005). Similarly, Cr toxicity drastically reduced the 
rate of photosynthesis (A) regarding the CO2 fixation rate 
while also negatively impacting the activity of carbon-fix-
ing catalysts and the electron transporter chain (Liu et al. 
2008). Decreased assimilation of CO2 may also correlate 
with decreased stimulation-capturing efficiency and PS-II 
quantum yields (Singh et al. 2017). Additionally, Cr-induced 
irregularities had a comparable effect on the transpiration 
rate of plants that could be ascribed to lower water perme-
ability and higher diffusive impedance (Gopal et al. 2009). 
Stomata, which include distinct cells known as guard cells, 
regulate their closure and opening (Wang and Blatt 2011). 
These stomatal apertures undergo gas exchange instead 
of water loss and are influenced by toxic Cr (Singh et al. 
2017). Our findings are similar to those of previous research 
(Chen et al. 2023; Danish et al. 2019; Gopal et al. 2009), 
which indicated that plants exposed to Cr stress have worse 
physiological and photosynthetic performance. The bioac-
cumulation of harmful Cr may reduce nutrient uptake or 
cell osmotic potential, generating a discrepancy in stomatal 
activity and thus compromising plant photosynthetic pro-
cesses and growth (Chanda and Parmar 2003). Moreover, Cr 

toxicity in photosynthetic pigments may reduce the size of 
the peripheral part of the antenna complex, causing protein 
breakdown or destabilization and resulting in enzyme inac-
tivation, all of which might lead to a decrease in chlorophyll 
concentration (Rai et al. 2014). Reduced chlorophyll synthe-
sis, chloroplast ultrastructure disorganization, suppression of 
electron flow routes, and decreased enzymatic functioning 
of the Calvin cycle could explain the reduced plant pho-
tosynthetic rates observed in this study. The synthesis of 
electrons in photochemical reactions may not be efficient 
for carbon assimilation; the diversion of electrons from PS-I 
to Cr (VI) on the electron-donating side could play a role in 
reducing the rate of photosynthesis (Liu et al. 2008; Singh 
et al. 2013). Chromium-induced irregularities in chloroplast 
ultrastructure could also be generated by a poorly formed 
lamellar framework with broadly dispersed thylakoids and 
few grana (Paiva et al. 2009).

Plant water status can be determined using RWC, that 
is described as a plant physiological response to stress. 
The reduction in RWC (Fig. 5a) could be ascribed to the 
smaller root surface area, which might reduce the plant’s 
ability to absorb water from the soil’s outermost layer. Fur-
thermore, Cr toxicity in plants may reduce longitudinally 
dispersed water circulation by narrowing the vascular chan-
nel (Shanker et al. 2005). Similarly, RWC decreased in 
plants subjected to mild or severe Cr stress (Shanker et al. 
2005). A lower RWC in leaf tissue is caused by a reduction 
in turgor pressure, a limitation in the absorption of acces-
sible water, and a restriction in roots water uptake under 
harsh conditions. Plants use a decrease in RWC in tissues to 
reduce numerous metabolic processes and conserve energy 
for life (Sarker and Oba 2018). In the current study, a sub-
stantial increase in RWC was recorded in the Cr-stressed 
plants grown with the organic amendments (Fig. 5a). The 
increase in RWC by organic substrates was possibly owing 
to their role in stimulating the hydration level which induces 
biochemical reactions in plant tissues and the subsequent 
growth and yield of the crops (Rekaby et al. 2020). Like 
our findings, Feizabadi et al. (2021) also reported that VC 
increased the RWC of various canola cultivars.

Reactive oxygen species are naturally occurring by prod-
ucts of cellular activity. Parvez et al. (2020) identified free 
radicals such as radicals containing hydroxy (•OH), and 
anionic superoxide (O2•) as well as nonradical molecules 
like singlet oxygen (1O2) and peroxides of hydrogen (H2O2). 
Chromium stress causes increased ROS generation in plants 
due to the disruption of homeostasis in cells (Saleem et al. 
2022). Excessive ROS generation induces oxidative dam-
age in plants, particularly cell membrane breakdown and 
electrolyte leakage (Ahemad 2015; Saleem et al. 2022). 
ROS activity during Cr stress causes lipid oxidation, protein 
structural changes, the deposition of groups of sulfhydryl 
(-SH) groups in amino acids and their deactivation, fading, 
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or loss of pigmentation, such as chloroplasts and carotenoid 
pigments, and overall damage to the photosystem (Hasa-
nuzzaman et al. 2020). Unsurprisingly, increased activities 
of APX, POD, CAT, and SOD enzymes in the leaves of 
plants have been detected in Cr-contaminated soils, indicat-
ing their role in ROS detoxification, which is in accordance 
with recent findings (Figs. 6 and 7) (Chen et al. 2023; Singh 
et al. 2013). Increased APX activity may aid in the scaveng-
ing of H2O2 and its conversion to water by employing ascor-
bate as an electron carrier (Bashir et al. 2020). Addition-
ally, the enhanced activity of CAT decreased the Cr-induced 
oxidative damage to the stroma and thylakoid chloroplast 
functions (Paredes et al. 2009). Increased activity of SOD 
most likely generated primary resistance to damage from 
oxidation and altered O2

− to H2O2, which then promoted 
water utilization by APX and CAT enzymes (Bashir et al. 
2020; Rai et al. 2014.). The negative effects of Cr on the 
activities of antioxidant enzymes were also modulated by the 
application of organic amendments. Because of their sub-
stantial water-holding capacities and advancements in both 
chemical and physical qualities, VC and BC promote nutri-
ent uptake by roots, resulting in a faster photosynthetic rate. 
In the presence of OM, the major components that facilitate 
photosynthesis, especially P, are discharged into the root 
zones (Bashir et al. 2020; Pande et al. 2007). The incorpo-
ration of VC and BC as organic amendments improved the 
biochemical attributes of B. integerrima and its ability to 
cope with metal stress by increasing the contents of organic 
materials, phenolic compounds, and enzymes that produce 
antioxidants under moderate to severe stress (Khosropour 
et al. 2022).

5 � Conclusions and recommendations

The results of the current study suggested that the appli-
cation of organic amendments could alleviate overall Cr 
toxicity in tomato plants and improve their growth. The 
harmful effects of Cr on plants were negated significantly 
by 0.5% Fe-BC and 5% VC treatments, but effect of 5% 
FYM treatment was not significant. The application of 
50 ppm Cr caused pronounced reductions in plant growth, 
MSI, RWC, and TCC, while plants did not survive at the 
highest Cr concentration, i.e., 100 ppm. Cr-induced oxida-
tive damage reduced overall plant growth as indicated by 
a 2.7-fold increase in H2O2 accumulation. The addition 
of organic amendments to the growth medium effectively 
improved plant growth characteristics. Decreased oxidative 
stress due to enhanced antioxidant activity was regarded as 
the major mechanism responsible for improved plant growth 
in the presence of organic amendments. Interestingly, plants 
were able to withstand the highest level of Cr (100 ppm) 
with the application of soil organic amendments, and VC 

was the most effective amendment. Organic amendments 
are known to exert multiple beneficial impacts on soil prop-
erties associated with increased organic matter contents, 
improved nutrient retention and microbial diversity. Further-
more, surface properties of different organic amendments 
provide exchange sites for heavy metal immobilization and 
ultimately contribute to plant stress tolerance. While the 
present study provides valuable insights into organic soil 
amendments (Fe-BC and VC) as a cost-effective strategy for 
reducing Cr uptake, several limitations need to be acknowl-
edged. (1) The use of advanced complementary techniques 
like X-ray photoelectron spectroscopy (XPS) or X-ray dif-
fraction (XRD) is recommended to enhance the robustness 
of mineralogical interpretations of this study. (2) Future 
studies involving post-harvest soil and root Cr content data 
will facilitate complete understanding of Cr translocation 
and residual contamination. (3) Researchers should conduct 
further studies to test the efficiency of organic soil amend-
ments in large-scale field experiments on Cr-polluted soils. 
(4) Additional research is needed to understand how VC 
and (Fe)-BC affect multiple secondary metabolites groups as 
well as antioxidant enzyme activity in various plant species 
to better understand their significance for agricultural pro-
ductivity. (5) Also, plant parameters for tomatoes, including 
growth indicators (biomass and plant height), physiologi-
cal traits (chlorophyll content, photosynthetic rate etc.) and 
yield attributes (fruit number, size and nutritional quality) 
are vital to evaluate the efficacy of such soil amendments. (6) 
Future research shall also explore the molecular mechanisms 
underlying these responses, assess the long-term impacts 
of amendments on plant–microbe interactions, and develop 
sustainable practices to enhance yield and resilience in 
diverse environmental conditions.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11368-​025-​04077-9.

Data availability  Data will be made available on request.

Declarations 

Ethical approval  Not applicable.

Consent to participate  Not applicable.

Consent to publish  Not applicable.

Competing interests  The authors declare that they have no known 
competing financial interests or personal relationships that could have 
appeared to influence the work reported in this paper.

References

Adejumo SA, Owolabi MO, Odesola IF (2016) Agro-physiologic 
effects of compost and biochar produced at different temperatures 

https://doi.org/10.1007/s11368-025-04077-9


	 Journal of Soils and Sediments

on growth, photosynthetic pigment and micronutrients uptake 
of maize crop. Afr J Agric Res 11:661–673. https://​doi.​org/​10.​
5897/​AJAR2​015.​9895

Aebi H (1984) Catalase in vitro. Methods Enzymol 105:121–126. 
https://​doi.​org/​10.​1016/​S0076-​6879(84)​050163

Agwupuye JA, Louis H, Enudi OC, Unimuke TO, Edim MM (2022) 
Theoretical insight into electronic and molecular properties of 
halogenated (F, Cl, Br) and hetero-atom (N, O, S) doped cyclooc-
tane. Mater Chem Phys 275:125239. https://​doi.​org/​10.​1016/j.​
match​emphys.​2021.​125239

Ahamad L, Bhat AH, Kumar H, Rana A, Hasan MN, Ahmed I, Ahmed 
S, Machado RAR, Ameen F (2023) From soil to plant: strength-
ening carrot defenses against Meloidogyne incognita with ver-
micompost and arbuscular mycorrhizal fungi biofertilizers. Front 
Microbiol 14. https://​doi.​org/​10.​3389/​fmicb.​2023.​12062​17

Ahemad M (2015) Enhancing phytoremediation of chromium-stressed 
soils through plant-growth-promoting bacteria. J Gen Engg Bio-
tech 13:51–58. https://​doi.​org/​10.​1016/j.​jgeb.​2015.​02.​001

Ahmad M, Lee SS, Dou X, Mohan D, Sung JK, Yang JE, Ok YS (2012) 
Effects of pyrolysis temperature on soybean stover- and peanut 
shell-derived biochar properties and TCE adsorption in water. 
Bioresour Technol 118:536–544. https://​doi.​org/​10.​1016/j.​biort​
ech.​2012.​05.​042

Alhashimi H, Aktas CB (2017) Life cycle environmental and economic 
performance of biochar compared with activated carbon: A meta-
analysis. Resour Conserv Recycl 118:13–26. https://​doi.​org/​10.​
1016/j.​resco​nrec.​2016.​11.​016

Ali S, Mir RA, Tyagi A, Manzar N, Kashyap AS, Mushtaq M, Raina 
A, Park S, Sharma S, Mir ZA, Lone SA, Bhat AA, Baba U, 
Mahmoudi H, Bae H (2023) Chromium toxicity in plants: signal-
ing, mitigation, and future perspectives. Plants 12:1502. https://​
doi.​org/​10.​3390/​plant​s1207​1502

Ambika S, Kumar M, Pisharody L et al (2022) Modified biochar as a 
green adsorbent for removal of hexavalent chromium from vari-
ous environmental matrices: mechanisms, methods, and pros-
pects. Chem Engg J 439:135716. https://​doi.​org/​10.​1016/j.​cej.​
2022.​135716

Amir S, Jouraiphy A, Meddich A, El Gharous M, Winterton P, Hafidi 
M (2010) Structural study of humic acids during composting of 
activated sludge-green waste: elemental analysis, FTIR and 13C 
NMR. J Hazard Mater 177:524–529. https://​doi.​org/​10.​1016/j.​
jhazm​at.​2009.​12.​064

Ammar NS, Elhaes H, Ibrahim HS, El Hotaby W, Ibrahim MA (2014) 
A novel structure for removal of pollutants from wastewater. 
Spectrochim Acta A Mol Biomol Spectrosc 121:216–223. https://​
doi.​org/​10.​1016/j.​saa.​2013.​10.​063

Antoniadis V, Zanni AA, Levizou E, Shaheen SM, Dimirkou A, Bolan 
N, Rinklebe J (2018) Modulation of hexavalent chromium toxic-
ity on Οriganum vulgare in an acidic soil amended with peat, 
lime, and zeolite. Chemosphere 195:291–300. https://​doi.​org/​10.​
1016/j.​chemo​sphere.​2017.​12.​069

Asgher M, Per TS, Verma S, Pandith SA, Masood A, Khan NA (2018) 
Ethylene supplementation increases PSII efficiency and allevi-
ates chromium-inhibited photosynthesis through increased nitro-
gen and sulfur assimilation in mustard. J Plant Growth Regul 
37:1300–1317. https://​doi.​org/​10.​1007/​s00344-​018-​9858-z

Bashir MA, Naveed M, Ahmad Z, Gao B, Mustafa A, Núñez-Delgado 
A (2020) Combined application of biochar and sulfur regulated 
growth, physiological, antioxidant responses and Cr removal 
capacity of maize (Zea mays L.) in tannery polluted soils. J 
Environ Manage 259:110051. https://​doi.​org/​10.​1016/j.​jenvm​
an.​2019.​110051

Bhat SA, Singh J, Vig AP (2017) Instrumental characterization of 
organic wastes for evaluation of vermicompost maturity. J Anal 
SciTechnol 8:1–12. https://​doi.​org/​10.​1186/​s40543-​017-​0112-2

Bhatt P, Bhandari G, Bilal M (2022) Occurrence, toxicity impacts and 
mitigation of emerging micropollutants in the aquatic environ-
ments: recent tendencies and perspectives. J Environ Chem Eng 
10:107598. https://​doi.​org/​10.​1016/j.​jece.​2022.​107598

Biagini E, Narducci P, Tognotti L (2008) Size and structural characteri-
zation of lignin-cellulosic fuels after the rapid devolatilization. 
Fuel 87:177–186. https://​doi.​org/​10.​1016/j.​fuel.​2007.​04.​010

Bolan NS, Duraisamy VP (2003) Role of inorganic and organic soil 
amendments on immobilisation and phytoavailability of heavy 
metals: a review involving specific case studies. Soil Res 41:533. 
https://​doi.​org/​10.​1071/​SR021​22

Cantrell KB, Hunt PG, Uchimiya M, Novak JM, Ro KS (2012) Impact 
of pyrolysis temperature and manure source on physicochemi-
cal characteristics of biochar. Bioresour Technol 107:419–428. 
https://​doi.​org/​10.​1016/j.​biort​ech.​2011.​11.​084

Chanda SV, Parmar NG (2003) Effects of chromium on hypocotyl elon-
gation, wall components, and peroxidase activity of Phaseolus 
vulgaris seedlings. N Z J Crop Hortic Sci 31:115–124. https://​
doi.​org/​10.​1080/​01140​671.​2003.​95142​44

Chen G, Wang J, He G, Li S, Li X, Tao X, Liang S, Deng F, Zeng F, 
Chen ZH, Xu S (2023) Physiological and transcriptomic evi-
dence of antioxidative system and ion transport in chromium 
detoxification in germinating seedlings of soybean. Environ Pol-
lut 320:121047. https://​doi.​org/​10.​1016/j.​envpol.​2023.​121047

Chen H, Awasthi SK, Liu T, Duan Y, Ren X, Zhang Z, Pandey A, 
Awasthi MK (2020) Effects of microbial culture and chicken 
manure biochar on compost maturity and greenhouse gas emis-
sions during chicken manure composting. J Hazard Mater 
389:121908. https://​doi.​org/​10.​1016/j.​jhazm​at.​2019.​121908

Cheng S (2003) Heavy metals in plants and phytoremediation. Environ 
Sci Pollut Res 10:335–340. https://​doi.​org/​10.​1065/​espr2​002.​11.​
141.3

Dad FP, W-u-D K, Tanveer M, Ramzani PMA, Shaukat R, Muktadir 
A (2021) Influence of iron-enriched biochar on cd sorption, its 
ionic concentration and redox regulation of radish under cad-
mium toxicity. Agriculture 11(1):1. https://​doi.​org/​10.​3390/​agric​
ultur​e1101​0001

Danish S, Kiran S, Fahad S et al (2019) Alleviation of chromium tox-
icity in maize by Fe fortification and chromium tolerant ACC 
deaminase producing plant growth promoting rhizobacteria. 
Ecotoxicol Environ Saf 185:109706. https://​doi.​org/​10.​1016/j.​
ecoenv.​2019.​109706

Dheeba B, Sampathkumar P, Kannan K (2015) Fertilizers and mixed 
crop cultivation of chromium tolerant and sensitive plants under 
chromium toxicity. J Toxicol 2015:1–9. https://​doi.​org/​10.​1155/​
2015/​367217

Dhindsa RS, Matowe WA (1981) Drought tolerance in two mosses: 
correlated with enzymatic defence against lipid peroxidation. J 
Exp Bot 32:79–91. https://​doi.​org/​10.​1093/​jxb/​32.1.​79

Diao ZH, Du JJ, Jiang D, Kong LJ, Huo WY, Liu CM, Wu QH, Xu 
XR (2018) Insights into the simultaneous removal of Cr6+ and 
Pb2+ by a novel sewage sludge-derived biochar immobilized 
nanoscale zero valent iron: Coexistence effect and mechanism. 
Sci Total Environ 642:505–515. https://​doi.​org/​10.​1016/j.​scito​
tenv.​2018.​06.​093

Diao ZH, Yan L, Dong FX, Chen ZL, Guo PR, Qian W, Zhang WX, 
Liang JY, Huang ST, Chu W (2021) Ultrasound assisted cata-
lytic reduction of Cr(VI) by an acid amine drainage based nZVI 
coupling with FeS2 system from aqueous solutions: Performance 
and mechanism. J Environ Manag 278(1):111518. https://​doi.​org/​
10.​1016/j.​jenvm​an.​2020.​111518

Dong FX, Yan L, Zhou XH, Huang ST, Liang JY, Zhang WX, 
Guo ZW, Guo PR, Qin W, Kong LJ, Chu W, Diao ZH (2021) 
Simultaneous adsorption of Cr(VI) and phenol by biochar-
based iron oxide composites in water: Performance kinetics 

https://doi.org/10.5897/AJAR2015.9895
https://doi.org/10.5897/AJAR2015.9895
https://doi.org/10.1016/S0076-6879(84)050163
https://doi.org/10.1016/j.matchemphys.2021.125239
https://doi.org/10.1016/j.matchemphys.2021.125239
https://doi.org/10.3389/fmicb.2023.1206217
https://doi.org/10.1016/j.jgeb.2015.02.001
https://doi.org/10.1016/j.biortech.2012.05.042
https://doi.org/10.1016/j.biortech.2012.05.042
https://doi.org/10.1016/j.resconrec.2016.11.016
https://doi.org/10.1016/j.resconrec.2016.11.016
https://doi.org/10.3390/plants12071502
https://doi.org/10.3390/plants12071502
https://doi.org/10.1016/j.cej.2022.135716
https://doi.org/10.1016/j.cej.2022.135716
https://doi.org/10.1016/j.jhazmat.2009.12.064
https://doi.org/10.1016/j.jhazmat.2009.12.064
https://doi.org/10.1016/j.saa.2013.10.063
https://doi.org/10.1016/j.saa.2013.10.063
https://doi.org/10.1016/j.chemosphere.2017.12.069
https://doi.org/10.1016/j.chemosphere.2017.12.069
https://doi.org/10.1007/s00344-018-9858-z
https://doi.org/10.1016/j.jenvman.2019.110051
https://doi.org/10.1016/j.jenvman.2019.110051
https://doi.org/10.1186/s40543-017-0112-2
https://doi.org/10.1016/j.jece.2022.107598
https://doi.org/10.1016/j.fuel.2007.04.010
https://doi.org/10.1071/SR02122
https://doi.org/10.1016/j.biortech.2011.11.084
https://doi.org/10.1080/01140671.2003.9514244
https://doi.org/10.1080/01140671.2003.9514244
https://doi.org/10.1016/j.envpol.2023.121047
https://doi.org/10.1016/j.jhazmat.2019.121908
https://doi.org/10.1065/espr2002.11.141.3
https://doi.org/10.1065/espr2002.11.141.3
https://doi.org/10.3390/agriculture11010001
https://doi.org/10.3390/agriculture11010001
https://doi.org/10.1016/j.ecoenv.2019.109706
https://doi.org/10.1016/j.ecoenv.2019.109706
https://doi.org/10.1155/2015/367217
https://doi.org/10.1155/2015/367217
https://doi.org/10.1093/jxb/32.1.79
https://doi.org/10.1016/j.scitotenv.2018.06.093
https://doi.org/10.1016/j.scitotenv.2018.06.093
https://doi.org/10.1016/j.jenvman.2020.111518
https://doi.org/10.1016/j.jenvman.2020.111518


Journal of Soils and Sediments	

and mechanism. J Hazard Mat 416:125930. https://​doi.​org/​10.​
1016/j.​jhazm​at.​2021.​125930

Ebrahimi M, Souri MK, Mousavi A, Sahebani N (2021) Biochar 
and vermicompost improve growth and physiological traits 
of eggplant (Solanum melongena L.) under deficit irriga-
tion. Chemic Biotech Agric 8:19. https://​doi.​org/​10.​1186/​
s40538-​021-​00216-9

Elakiya N, Arulmozhiselvan K (2021) Characterization of substrates of 
growing media by Fourier transform infrared (FT-IR) spectros-
copy for containerized crop production. J Appl Nat Sci 13:35–42. 
https://​doi.​org/​10.​31018/​jans.​v13iSI.​2774

El-Naggar A, Mosa A, Ahmed N, Niazi NK, Yousaf B, Sarkar B, Rin-
klebe J, Cai Y, Chang SX (2022) Modified and pristine biochars 
for remediation of chromium contamination in soil and aquatic 
systems. Chemosphere 303:134942. https://​doi.​org/​10.​1016/j.​
chemo​sphere.​2022.​134942

Farooq MA, Niazi AK, Akhtar J, Saifullah FM, Souri Z, Karimi 
N, Rengel Z (2019) Acquiring control: the evolution of ROS 
induced oxidative stress and redox signaling pathways in plant 
stress responses. Plant Physiol Biochem 141:353–369. https://​
doi.​org/​10.​1016/j.​plaphy.​2019.​04.​039

Feizabadi A, Noormohammadi G, Fatehi F (2021) Changes in growth, 
physiology, and fatty acid profile of rapeseed cultivars treated 
with vermicompost under drought stress. J Soil Sci Plant Nutr 
21:200–208. https://​doi.​org/​10.​1007/​s42729-​020-​00353-4

García-Gómez C, Obrador A, González D, Babin M, Fernandez MD 
(2018) Comparative study of the phytotoxicity of ZnO nanopar-
ticles and Zn accumulation in nine crops grown in a calcareous 
soil and an acidic soil. Sci Total Environ 644:770–780. https://​
doi.​org/​10.​1016/j.​scito​tenv.​2018.​06.​356

Gardea-Torresdey JL, de la Rosa G, Peralta-Videa JR, Montes M, 
Cruz-Jimenez G, Cano-Aguilera C (2005) Differential uptake 
and transport of trivalent and hexavalent chromium by tumble-
weed (Salsola kali). Arch Environ Contam Toxicol 48:225–232. 
https://​doi.​org/​10.​1007/​s00244-​003-​0162-x

Gopal R, Rizvi AH, Nautiyal N (2009) Chromium alters iron nutri-
tion and water relations of spinach. J Plant Nutr 32:1551–1559. 
https://​doi.​org/​10.​1080/​01904​16090​30943​13

Guo J, Chong Lua A (1998) Characterization of chars pyrolyzed from 
oil palm stones for the preparation of activated carbons. J Anal 
Appl Pyrolysis 46:113–125. https://​doi.​org/​10.​1016/​S0165-​
2370(98)​00074-6

Guo F, Ding C, Zhou Z, Huang G, Wang X (2018) Effects of combined 
amendments on crop yield and cadmium uptake in two cadmium 
contaminated soils under rice-wheat rotation. Ecotoxicol Environ 
Saf 148:303–310. https://​doi.​org/​10.​1016/j.​ecoenv.​2017.​10.​043

Hasanuzzaman M, Bhuyan MHM, Zulfiqar F, Raza A, Mohsin SM, 
Mahmud JA, Fujita M, Fotopoulos V (2020) Reactive Oxygen 
Species and Antioxidant Defense in Plants under Abiotic Stress: 
Revisiting the Crucial Role of a Universal Defense Regulator. 
Antioxidants 9:681. https://​doi.​org/​10.​3390/​antio​x9080​681

Hemeda HM, Klein BP (1990) Effects of naturally occurring antioxi-
dants on peroxidase activity of vegetable extracts. J Food Sci 
55:184–185. https://​doi.​org/​10.​1111/j.​1365-​2621.​1990.​tb060​48.x

Houben D, Evrard L, Sonnet P (2013) Beneficial effects of biochar 
application to contaminated soils on the bioavailability of Cd, Pb 
and Zn and the biomass production of rapeseed (Brassica napus 
L.). Biomass Bioenergy 57:196–204. https://​doi.​org/​10.​1016/j.​
biomb​ioe.​2013.​07.​019

Huang GF, Wu QT, Wong JWC, Nagar BB (2006) Transformation of 
organic matter during co-composting of pig manure with saw-
dust. Bioresour Technol 97:1834–1842. https://​doi.​org/​10.​1016/j.​
biort​ech.​2005.​08.​024

Idrees M, Batool S, Hussain Q, Ullah H, Al-Wabel MI, Ahmad M, 
Kong J (2016) High-efficiency remediation of cadmium (Cd 
2+) from aqueous solution using poultry manure– and farmyard 

manure–derived biochars. Sep Sci Technol 51:2307–2317. 
https://​doi.​org/​10.​1080/​01496​395.​2016.​12050​93

Islam E, Liu D, Li T, Yang X, Jin X, Mahmood Q, Tian S, Li J (2008) 
Effect of Pb toxicity on leaf growth, physiology and ultrastruc-
ture in the two ecotypes of Elsholtziaargyi. J Hazard Mater 
154:914–926. https://​doi.​org/​10.​1016/j.​jhazm​at.​2007.​10.​121

Jiang Z, Lian F, Wang Z, Xing B (2020) The role of biochars in sustain-
able crop production and soil resiliency. J Exp Bot 71:520–542. 
https://​doi.​org/​10.​1093/​jxb/​erz301

Karathanasis AD, Harris WG (2015) Quantitative thermal analysis of 
soil materials. In: Quantitative methods in soil mineralogy. Soil 
Sci Soc America, Madison, pp 360–411. https://​doi.​org/​10.​2136/​
1994.​quant​itati​vemet​hods.​c12

Khan MN, Siddiqui MH, Mukherjee S, AlSolami MA, Alhussaen 
KM, AlZuaibr FM, Siddiqui ZH, Al-Amri AA, Alsubaie QD 
(2023) Melatonin involves hydrogen sulfide in the regulation 
of H+-TPase activity, nitrogen metabolism, and ascorbate-glu-
tathione system under chromium toxicity. Env Poll 323:21173. 
https://​doi.​org/​10.​1016/j.​envpol.​2023.​121173

Khan W, Shaukat R, Farooq MA, Ashraf MN, Nadeem F, Tanveer 
M, Hamid Y, Sun N (2022) Iron-doped biochar regulated soil 
nickel adsorption, wheat growth, its physiology and elemental 
concentration under contrasting abiotic stresses. Sustain 14:7852. 
https://​doi.​org/​10.​3390/​su141​37852

Khan S, Cao Q, Zheng YM, Huang YZ, Zhu YG (2008) Health risks 
of heavy metals in contaminated soils and food crops irrigated 
with wastewater in Beijing, China. Environ Pollut 152:686–692. 
https://​doi.​org/​10.​1016/j.​envpol.​2007.​06.​056

Khan IU, Amin NU, Shah SHA, Khan N, Ahmad S, Shah SAA (2021) 
Response of Zinnia cultivars to different levels of humic acid. 
Sarhad J Agric 37:706–713. https://​doi.​org/​10.​17582/​journ​al.​sja/​
2021/​37.2.​706.​713

Khatun MR, Mukta RH, Islam MA, Huda AN (2019) Insight into citric 
acid-induced chromium detoxification in rice (Oryza sativa L.). 
Int J Phytoremediation 21:1234–1240. https://​doi.​org/​10.​1080/​
15226​514.​2019.​16191​62

Khosropour E, Weisany W, Tahir NA, Hakimi L (2022) Vermicompost 
and biochar can alleviate cadmium stress through minimizing its 
uptake and optimizing biochemical properties in Berberis inte-
gerrima bunge. Env Sci Poll Res 29:17476–17486. https://​doi.​
org/​10.​1007/​s11356-​021-​17073-6

Kumar S, Dhar S, Barthakur S, Rajawat MVS, Kochewad SA, Kumar 
S, Kumar D, Meena LR (2021) Farmyard manure as K-fertilizer 
modulates soil biological activities and yield of wheat using the 
integrated fertilization approach. Front Environ Sci 9:764489. 
https://​doi.​org/​10.​3389/​fenvs.​2021.​764489

Kumar DS, Kumar PS, Rajendran NM, Anbuganapathi G (2013) Com-
post maturity assessment using physicochemical, solid-state 
spectroscopy, and plant bioassay analysis. J Agric Food Chem 
61:11326–11331. https://​doi.​org/​10.​1021/​jf403​4943

Li H, Xu H, Zhou S, Yu Y, Li H, Zhou C, Chen Y, Li Y, Wang M, 
Wang G (2018) Distribution and transformation of lead in rice 
plants grown in contaminated soil amended with biochar and 
lime. Ecotoxicol Environ Saf 165:589–596. https://​doi.​org/​10.​
1016/j.​ecoenv.​2018.​09.​039

Lim SL, Wu TY, Clarke C (2014) Treatment and biotransformation 
of highly polluted agro-industrial wastewater from a palm oil 
mill into vermicompost using earthworms. J Agric Food Chem 
62:691–698. https://​doi.​org/​10.​1021/​jf404​265f

Liu D, Zou J, Wang M, Jiang W (2008) Hexavalent chromium uptake 
and its effects on mineral uptake, antioxidant defence system 
and photosynthesis in Amaranthus viridis L. Bioresour Technol 
99:2628–2636. https://​doi.​org/​10.​1016/j.​biort​ech.​2007.​04.​045

Mallick PK (2021) Medicinal Values of Tomato (Lycopersicon escu-
lentum Mill. – Solanaceae). Int J Appl Sci. Biotechnol 9(3):166–
168. https://​doi.​org/​10.​3126/​ijasbt.​v9i3.​39789

https://doi.org/10.1016/j.jhazmat.2021.125930
https://doi.org/10.1016/j.jhazmat.2021.125930
https://doi.org/10.1186/s40538-021-00216-9
https://doi.org/10.1186/s40538-021-00216-9
https://doi.org/10.31018/jans.v13iSI.2774
https://doi.org/10.1016/j.chemosphere.2022.134942
https://doi.org/10.1016/j.chemosphere.2022.134942
https://doi.org/10.1016/j.plaphy.2019.04.039
https://doi.org/10.1016/j.plaphy.2019.04.039
https://doi.org/10.1007/s42729-020-00353-4
https://doi.org/10.1016/j.scitotenv.2018.06.356
https://doi.org/10.1016/j.scitotenv.2018.06.356
https://doi.org/10.1007/s00244-003-0162-x
https://doi.org/10.1080/01904160903094313
https://doi.org/10.1016/S0165-2370(98)00074-6
https://doi.org/10.1016/S0165-2370(98)00074-6
https://doi.org/10.1016/j.ecoenv.2017.10.043
https://doi.org/10.3390/antiox9080681
https://doi.org/10.1111/j.1365-2621.1990.tb06048.x
https://doi.org/10.1016/j.biombioe.2013.07.019
https://doi.org/10.1016/j.biombioe.2013.07.019
https://doi.org/10.1016/j.biortech.2005.08.024
https://doi.org/10.1016/j.biortech.2005.08.024
https://doi.org/10.1080/01496395.2016.1205093
https://doi.org/10.1016/j.jhazmat.2007.10.121
https://doi.org/10.1093/jxb/erz301
https://doi.org/10.2136/1994.quantitativemethods.c12
https://doi.org/10.2136/1994.quantitativemethods.c12
https://doi.org/10.1016/j.envpol.2023.121173
https://doi.org/10.3390/su14137852
https://doi.org/10.1016/j.envpol.2007.06.056
https://doi.org/10.17582/journal.sja/2021/37.2.706.713
https://doi.org/10.17582/journal.sja/2021/37.2.706.713
https://doi.org/10.1080/15226514.2019.1619162
https://doi.org/10.1080/15226514.2019.1619162
https://doi.org/10.1007/s11356-021-17073-6
https://doi.org/10.1007/s11356-021-17073-6
https://doi.org/10.3389/fenvs.2021.764489
https://doi.org/10.1021/jf4034943
https://doi.org/10.1016/j.ecoenv.2018.09.039
https://doi.org/10.1016/j.ecoenv.2018.09.039
https://doi.org/10.1021/jf404265f
https://doi.org/10.1016/j.biortech.2007.04.045
https://doi.org/10.3126/ijasbt.v9i3.39789


	 Journal of Soils and Sediments

Martinez-Balmori D, Olivares FL, Spaccini R, Aguiar KP, Araújo 
MF, Aguiar NO, Guridi F, Canellas LP (2013) Molecular char-
acteristics of vermicompost and their relationship to preserva-
tion of inoculated nitrogen-fixing bacteria. J Anal Appl Pyroly-
sis 104:540–550. https://​doi.​org/​10.​1016/j.​jaap.​2013.​05.​015

Méndez A, Cárdenas-Aguiar E, Paz-Ferreiro J, Plaza C, Gascó G 
(2017) The effect of sewage sludge biochar on peat-based 
growing media. Biol Agric Hort 33:40–51. https://​doi.​org/​10.​
1080/​01448​765.​2016.​11856​45

Mian IA, Ahmad B, Khan S, Khan B, Dawar K, Tariq M, Mussarat 
M, Muhammad MW, Ali S, Bibi H, Muhammad F, Khan K 
(2021) Improving wheat productivity and soil quality through 
integrated phosphorous management with residual effect of 
biochar. J Saudi Chem Soc 25:101175. https://​doi.​org/​10.​
1016/j.​jscs.​2020.​11.​008

Monteiro C, Sario S, Mendes R, Mariz-Ponte N, Silva S, Oliveira H, 
Bastos V, Santos C, Dias MC (2018) Bridging a gap between Cr 
(VI)-induced oxidative stress and genotoxicity in lettuce organs 
after a long-term exposure. Int J Agron. https://​doi.​org/​10.​1155/​
2018/​57380​14

Moreira LJD, da Silva EB, Fontes MPF, Liu X, Ma LQ (2018) Specia-
tion, bioaccessibility and potential risk of chromium in Ama-
zon forest soils. Environ Pollut 239:384–391. https://​doi.​org/​10.​
1016/j.​envpol.​2018.​04.​025

Mushtaq Z, Liaquat M, Nazir A, Liaquat R, Iftikhar H, Anwar W, 
Itrat N (2022) Potential of plant growth promoting rhizobacteria 
to mitigate chromium contamination. Environ Technol Innov 
28:102826. https://​doi.​org/​10.​1016/j.​eti.​2022.​102826

Nagajyoti PC, Lee KD, Sreekanth TVM (2010) Heavy metals, occur-
rence and toxicity for plants: a review. Environ Chem Lett 8:199–
216. https://​doi.​org/​10.​1007/​s10311-​010-​0297-8

Naz H, Sayyed RZ, Khan RU, Naz A, Wani OA, Maqsood A, Maqsood 
S, Fahad A, Ashraf S, Show PL (2023) Mesorhizobium improves 
chickpea growth under chromium stress and alleviates chromium 
contamination of soil. J Environ Manage 338:117779. https://​doi.​
org/​10.​1016/j.​jenvm​an.​2023.​117779

Nelson DL, Cox MM (2008) Lehninger principles of biochemistry. 
Macmillan

Ogbonna DN (2012) Effect of organic waste compost and microbial 
activity on the growth of maize in the utisoils in Port Harcourt, 
Nigeria. Afr J Biotechnol 11(62):2012. https://​doi.​org/​10.​5897/​
AJB12.​494

Paiva LB, de Oliveira JG, Azevedo RA, Ribeiro DR, da Silva MG, 
Vitória AP (2009) Ecophysiological responses of water hyacinth 
exposed to Cr3+ and Cr6+. Environ Exp Bot 65:403–409. https://​
doi.​org/​10.​1016/j.​envex​pbot.​2008.​11.​012

Panda SK, Choudhury S (2005) Chromium stress in plants. Braz J 
Plant Physiol 17:95–102. https://​doi.​org/​10.​1590/​S1677-​04202​
00500​01000​08

Pande P, Chand S, Yadav VK, Anwar M, Patra DD (2007) Influence of 
chromium with vermicompost on growth and accumulation by 
Brahmi. Commun Soil Sci Plant Anal 38:2815–2829. https://​doi.​
org/​10.​1080/​00103​62070​16630​57

Pandey KK, Pitman AJ (2003) FTIR studies of the changes in wood 
chemistry following decay by brown-rot and white-rot fungi. 
Int Biodet Biodeg 52:151–160. https://​doi.​org/​10.​1016/​S0964-​
8305(03)​00052-0

Paredes SD, Korkmaz A, Manchester LC, Tan DX, Reiter RJ (2009) 
Phytomelatonin: a review. J Exp Bot 60:57–69. https://​doi.​org/​
10.​1093/​jxb/​ern284

Parvez S, Abbas G, Shahid M, Amjad M, Hussain M, Asad SA, Imran 
M, Naeem MA (2020) Effect of salinity on physiological, bio-
chemical and photostabilizing attributes of two genotypes of 
quinoa (Chenopodium quinoa Willd.) exposed to arsenic stress. 
Ecotoxicol Environ Saf 187:109814. https://​doi.​org/​10.​1016/j.​
ecoenv.​2019.​109814

Priya PK, Vanitha S, Meyyappan P (2020) Characteristic and micro-
structural study on an alternate material in brick manufacturing. 
IOP Conf Ser Mater Sci Eng 955:012038. https://​doi.​org/​10.​
1088/​1757-​899X/​955/1/​012038

Pütün AE, Özbay N, Önal EP, Pütün E (2005) Fixed-bed pyrolysis 
of cotton stalk for liquid and solid products. Fuel Process Tech 
86:1207–1219. https://​doi.​org/​10.​1016/j.​fuproc.​2004.​12.​006

Qian L, Zhang W, Yan J, Han L, Chen Y, Ouyang D, Chen M (2017) 
Nanoscale zero-valent iron supported by biochars produced 
at different temperatures: Synthesis mechanism and effect on 
Cr(VI) removal. Environ Poll 223:153–160. https://​doi.​org/​10.​
1016/j.​envpol.​2016.​12.​077

Qiao Y, Wu J, Xu Y, Fang Z, Zheng L, Cheng W, Tsang EP, Fang 
J, Zhao D (2017) Remediation of cadmium in soil by biochar-
supported iron phosphate nanoparticles. Ecol Eng 106:515–522. 
https://​doi.​org/​10.​1016/j.​ecole​ng.​2017.​06.​023

Qingxia Huang, Jirong Zhao, Jinchao Wang, Lijiao Yang, Yufeng Xu, 
Guo Yu, Shaoyuan Bai, Liheng Liu (2024) Enhancement of iron-
loaded sludge biochar on Cr accumulation in Leersia hexandra 
swartz: Hydroponic test. J Env Manag 349:119389. https://​doi.​
org/​10.​1016/j.​jenvm​an.​2023.​119389

Quadar J, Chowdhary AB, Dutta R, Angmo D, Rashid F, Singh S, 
Singh J, Vig AP (2022) Characterization of vermicompost of 
coconut husk mixed with cattle dung: physicochemical prop-
erties, SEM, and FT-IR analysis. Env Sci Poll Res 29:87790–
87801. https://​doi.​org/​10.​1007/​s11356-​022-​21899-z

Rafiq M, Shahid M, Abbas G, Shamshad S, Khalid S, Niazi NK, 
Dumat C (2017) Comparative effect of calcium and EDTA on 
arsenic uptake and physiological attributes of Pisum sativum. 
Int J Phytorem 19:662–669. https://​doi.​org/​10.​1080/​15226​514.​
2016.​12784​26

Rafiq M, Shahid M, Abbas G, Shamshad S, Khalid S, Niazi NK, Dumat C 
(2017) Comparative effect of calcium and EDTA on arsenic uptake 
and physiological attributes of Pisum sativum. Int J Phytorem 
19:662–669. https://​doi.​org/​10.​1080/​15226​514.​2016.​12784​26

Rai V, Tandon PK, Khatoon S (2014) Effect of Chromium on Anti-
oxidant Potential of Catharanthus roseus Varieties and Produc-
tion of Their Anticancer Alkaloids: Vincristine and Vinblastine. 
Biomed Res Int 2014:1–10. https://​doi.​org/​10.​1155/​2014/​934182

Rangani J, Parida AK, Panda A, Kumari A (2016) Coordinated changes 
in antioxidative enzymes protect the photosynthetic machinery 
from salinity induced oxidative damage and confer salt tolerance 
in an extreme halophyte Salvadora persica L. Front Plant Sci 
7:50. https://​doi.​org/​10.​3389/​fpls.​2016.​00050

Ravindran B, Sravani R, Mandal AB et al (2013) Instrumental evi-
dence for biodegradation of tannery waste during vermicom-
posting process using Eudrilus eugeniae. J Therm Anal Calorim 
111:1675–1684. https://​doi.​org/​10.​1007/​s10973-​011-​2081-9

Rekaby SA, Awad MYM, Hegab SA, Eissa MA (2020) Effect of some 
organic amendments on barley plants under saline condition. J 
Plant Nutr 43:1840–1851. https://​doi.​org/​10.​1080/​01904​167.​
2020.​17506​45

Riaz M, Yasmeen T, Arif MS, Ashraf MA, Hussain Q, Shahzad SM, 
Rizwan M, Mehmood MW, Zia A, Mian IA, Fahad S (2019) 
Variations in morphological and physiological traits of wheat 
regulated by chromium species in long-term tannery effluent 
irrigated soils. Chemosphere 222:891–903. https://​doi.​org/​10.​
1016/j.​chemo​sphere.​2019.​01.​170

Saleem MH, Afzal J, Rizwan M, Shah Z, Depar N, Usman K (2022) 
Chromium toxicity in plants: consequences on growth, chromo-
somal behavior and mineral nutrient status. Turk J Agric Forest 
46:371–389. https://​doi.​org/​10.​55730/​1300-​011X.​3010

Sairam RK, Rao KV, Srivastava GC (2002) Differential response of 
wheat genotypes to long term salinity stress in relation to oxidative 
stress, antioxidant activity and osmolyte concentration. Plant Sci 
163:1037–1046. https://​doi.​org/​10.​1016/​S0168-​9452(02)​00278-9

https://doi.org/10.1016/j.jaap.2013.05.015
https://doi.org/10.1080/01448765.2016.1185645
https://doi.org/10.1080/01448765.2016.1185645
https://doi.org/10.1016/j.jscs.2020.11.008
https://doi.org/10.1016/j.jscs.2020.11.008
https://doi.org/10.1155/2018/5738014
https://doi.org/10.1155/2018/5738014
https://doi.org/10.1016/j.envpol.2018.04.025
https://doi.org/10.1016/j.envpol.2018.04.025
https://doi.org/10.1016/j.eti.2022.102826
https://doi.org/10.1007/s10311-010-0297-8
https://doi.org/10.1016/j.jenvman.2023.117779
https://doi.org/10.1016/j.jenvman.2023.117779
https://doi.org/10.5897/AJB12.494
https://doi.org/10.5897/AJB12.494
https://doi.org/10.1016/j.envexpbot.2008.11.012
https://doi.org/10.1016/j.envexpbot.2008.11.012
https://doi.org/10.1590/S1677-04202005000100008
https://doi.org/10.1590/S1677-04202005000100008
https://doi.org/10.1080/00103620701663057
https://doi.org/10.1080/00103620701663057
https://doi.org/10.1016/S0964-8305(03)00052-0
https://doi.org/10.1016/S0964-8305(03)00052-0
https://doi.org/10.1093/jxb/ern284
https://doi.org/10.1093/jxb/ern284
https://doi.org/10.1016/j.ecoenv.2019.109814
https://doi.org/10.1016/j.ecoenv.2019.109814
https://doi.org/10.1088/1757-899X/955/1/012038
https://doi.org/10.1088/1757-899X/955/1/012038
https://doi.org/10.1016/j.fuproc.2004.12.006
https://doi.org/10.1016/j.envpol.2016.12.077
https://doi.org/10.1016/j.envpol.2016.12.077
https://doi.org/10.1016/j.ecoleng.2017.06.023
https://doi.org/10.1016/j.jenvman.2023.119389
https://doi.org/10.1016/j.jenvman.2023.119389
https://doi.org/10.1007/s11356-022-21899-z
https://doi.org/10.1080/15226514.2016.1278426
https://doi.org/10.1080/15226514.2016.1278426
https://doi.org/10.1080/15226514.2016.1278426
https://doi.org/10.1155/2014/934182
https://doi.org/10.3389/fpls.2016.00050
https://doi.org/10.1007/s10973-011-2081-9
https://doi.org/10.1080/01904167.2020.1750645
https://doi.org/10.1080/01904167.2020.1750645
https://doi.org/10.1016/j.chemosphere.2019.01.170
https://doi.org/10.1016/j.chemosphere.2019.01.170
https://doi.org/10.55730/1300-011X.3010
https://doi.org/10.1016/S0168-9452(02)00278-9


Journal of Soils and Sediments	

Sarker U, Oba S (2018) Drought stress effects on growth, ros markers, 
compatible solutes, phenolics, flavonoids, and antioxidant activ-
ity in Amaranthus tricolor. Appl Biochem Biotechnol 186:999–
1016. https://​doi.​org/​10.​1007/​s12010-​018-​2784-5

Shanker A, Cervantes C, Lozatavera H, Avudainayagam S (2005) Chro-
mium toxicity in plants. Environ Int 31:739–753. https://​doi.​org/​
10.​1016/j.​envint.​2005.​02.​003

Sharma A, Kapoor D, Wang J, Shahzad B, Kumar V, Bali AS, Jasrotia 
S, Zheng B, Yuan H, Yan D (2020) Chromium bioaccumulation 
and its impacts on plants: an overview. Plants 9:100. https://​doi.​
org/​10.​3390/​plant​s9010​100

Simkovic I, Dlapa P, Doerr SH, Mataix-Solera J, Sasinkova V (2008) 
Thermal destruction of soil water repellency and associated 
changes to soil organic matter as observed by FTIR spectros-
copy. Catena (Amst) 74:205–211. https://​doi.​org/​10.​1016/j.​cat-
ena.​2008.​03.​003

Singh HP, Mahajan P, Kaur S, Batish DR, Kohli RK (2013) Chromium 
toxicity and tolerance in plants. Environ Chem Lett 11:229–254. 
https://​doi.​org/​10.​1007/​s10311-​013-​0407-5

Singh SK, Reddy VR, Fleisher DH, Timlin DJ (2017) Relationship 
between photosynthetic pigments and chlorophyll fluorescence 
in soybean under varying phosphorus nutrition at ambient and 
elevated CO2. Photosynthetica 55:421–433. https://​doi.​org/​10.​
1007/​s11099-​016-​0657-0

Skjemstad JO, Reicosky DC, Wilts AR, McGowan JA (2002) Char-
coal carbon in U.S. agricultural soils. Soil Sci Soc America J 
66:1249–1255. https://​doi.​org/​10.​2136/​sssaj​2002.​1249

Song P, Xu D, Yue J, Ma Y, Dong S, Feng J (2022) Recent advances in 
soil remediation technology for heavy metal contaminated sites: 
a critical review. Sci Tot Environ 838:156417. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2022.​156417

Steel RG, Torrie JH (1980) Principles and procedures of statistics: a 
biometrical approach. McGraw-Hill, New York

Sun Y, Zheng F, Wang W, Zhang S, Wang F (2020) Remediation of 
Cr (VI)-contaminated soil by nano-zero-valent iron in combina-
tion with biochar or humic acid and the consequences for plant 
performance. Toxics 8:26. https://​doi.​org/​10.​3390/​toxic​s8020​026

Tareq R, Akter N, Azam MS (2019) Biochars and biochar compos-
ites. In: Biochar from biomass and waste. Elsevier, pp 169–209. 
https://​doi.​org/​10.​1016/​B978-0-​12-​811729-​3.​00010-8

Tumolo M, Ancona V, De Paola D, Losacco D, Campanale C, Mas-
sarelli C, Uricchio VF (2020) Chromium pollution in european 
water, sources, health risk, and remediation strategies: an over-
view. Int J Environ Res Public Health 17:5438. https://​doi.​org/​
10.​3390/​ijerp​h1715​5438

Vannini C, Domingo G, Marsoni M, Bracale M, Sestili S, Ficcadenti N, 
Speranza A, Crinelli R, Carloni E, Scoccianti V (2011) Proteomic 
changes and molecular effects associated with Cr(III) and Cr(VI) 
treatments on germinating kiwifruit pollen. Phytochemistry 
72:1786–1795. https://​doi.​org/​10.​1016/j.​phyto​chem.​2011.​06.​001

Viglašová E, Galamboš M, Diviš D, Danková Z, Daňo M, Krivosudský 
L, Lengauer CL, Matik M, Briančin J, Soja G (2020) Engineered 
biochar as a tool for nitrogen pollutants removal: preparation, 
characterization and sorption study. Desalination Water Treat 
191:318–331. https://​doi.​org/​10.​5004/​dwt.​2020.​25750

Wang X, Du Y, Ma J (2016) Novel synthesis of carbon spheres sup-
ported nanoscale zero-valent iron for removal of metronidazole. 
Appl Surf Sci 390:50–59. https://​doi.​org/​10.​1016/j.​apsusc.​2016.​
08.​027

Wang Y, Blatt MR (2011) Anion channel sensitivity to cytosolic 
organic acids implicates a central role for oxaloacetate in inte-
grating ion flux with metabolism in stomatal guard cells. Bioch 
J 439:161–170. https://​doi.​org/​10.​1042/​BJ201​10845

Waqas M, Khan S, Qing H, Reid BJ, Chao C (2014) The effects of sew-
age sludge and sewage sludge biochar on PAHs and potentially 
toxic element bioaccumulation in Cucumis sativa L. Chemos-
phere 105:53–61. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2013.​
11.​064

Wilbur S, Abadin H, Fay M, Yu D, Tencza B, Ingerman L, Klotzbach 
J, James S (2012) Toxicological profile for chromium. Agency 
for Toxic Substances and Disease Registry (US), Atlanta (GA)

Yan L, Dong FX, Lin X, Zhou XH, Kong LJ, Chu W, Diao ZH (2021) 
Insights into the removal of Cr(VI) by a biochar-iron compos-
ite from aqueous solution : Reactivity, kinetics and mechanism. 
Environ Techn Innov 24:102057. https://​doi.​org/​10.​1016/j.​eti.​
2021.​102057

Yan S, Zhang S, Yan P, Aurangzeib M (2022) Effect of biochar applica-
tion method and amount on the soil quality and maize yield in 
Mollisols of Northeast China. Biochar 4:56. https://​doi.​org/​10.​
1007/​s42773-​022-​00180-z

Yang T, Xu Y, Huang Q, Sun Y, Liang X, Wang L, Qin X, Zhao L 
(2021) Adsorption characteristics and the removal mechanism 
of two novel Fe-Zn composite modified biochar for Cd(II) in 
water. Bioresour Technol 333:125078. https://​doi.​org/​10.​1016/j.​
biort​ech.​2021.​125078

Yasir M, Aslam Z, Kim SW, Lee SW, Jeon CO, Chung YR (2009) 
Bacterial community composition and chitinase gene diversity 
of vermicompost with antifungal activity. Bioresour Technol 
100:4396–4403. https://​doi.​org/​10.​1016/j.​biort​ech.​2009.​04.​015

Yruela I (2005) Copper in plants. Braz J Plant Physiol 17:145–156. 
https://​doi.​org/​10.​1590/​S1677-​04202​00500​01000​12

Zhang M, Gao B, Yao Y, Xue Y, Inyang M (2012) Synthesis, charac-
terization, and environmental implications of graphene-coated 
biochar. Sci Tot Environ 435–436:567–572. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2012.​07.​038

Zhu L, Tong L, Zhao N, Li J, Lv Y (2019) Coupling interaction between 
porous biochar and nano zero valent iron/nano α-hydroxyl iron 
oxide improves the remediation efficiency of cadmium in aque-
ous solution. Chemosphere 219:493–503. https://​doi.​org/​10.​
1016/j.​chemo​sphere.​2018.​12.​013

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1007/s12010-018-2784-5
https://doi.org/10.1016/j.envint.2005.02.003
https://doi.org/10.1016/j.envint.2005.02.003
https://doi.org/10.3390/plants9010100
https://doi.org/10.3390/plants9010100
https://doi.org/10.1016/j.catena.2008.03.003
https://doi.org/10.1016/j.catena.2008.03.003
https://doi.org/10.1007/s10311-013-0407-5
https://doi.org/10.1007/s11099-016-0657-0
https://doi.org/10.1007/s11099-016-0657-0
https://doi.org/10.2136/sssaj2002.1249
https://doi.org/10.1016/j.scitotenv.2022.156417
https://doi.org/10.1016/j.scitotenv.2022.156417
https://doi.org/10.3390/toxics8020026
https://doi.org/10.1016/B978-0-12-811729-3.00010-8
https://doi.org/10.3390/ijerph17155438
https://doi.org/10.3390/ijerph17155438
https://doi.org/10.1016/j.phytochem.2011.06.001
https://doi.org/10.5004/dwt.2020.25750
https://doi.org/10.1016/j.apsusc.2016.08.027
https://doi.org/10.1016/j.apsusc.2016.08.027
https://doi.org/10.1042/BJ20110845
https://doi.org/10.1016/j.chemosphere.2013.11.064
https://doi.org/10.1016/j.chemosphere.2013.11.064
https://doi.org/10.1016/j.eti.2021.102057
https://doi.org/10.1016/j.eti.2021.102057
https://doi.org/10.1007/s42773-022-00180-z
https://doi.org/10.1007/s42773-022-00180-z
https://doi.org/10.1016/j.biortech.2021.125078
https://doi.org/10.1016/j.biortech.2021.125078
https://doi.org/10.1016/j.biortech.2009.04.015
https://doi.org/10.1590/S1677-04202005000100012
https://doi.org/10.1016/j.scitotenv.2012.07.038
https://doi.org/10.1016/j.scitotenv.2012.07.038
https://doi.org/10.1016/j.chemosphere.2018.12.013
https://doi.org/10.1016/j.chemosphere.2018.12.013

	Comparative assessment of biochar and vermicompost on chromium bioavailability and stress alleviation in tomato (Solanum lycopersicum)
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	1 Introduction
	2 Materials and methods
	2.1 Soil and amendment characterization
	2.2 Plant growth conditions and treatment plan
	2.3 Plant harvest, growth and Cr content analyses
	2.3.1 Relative water content (RWC)
	2.3.2 Membrane stability index (MSI)
	2.3.3 Total chlorophyll content (TCC)
	2.3.4 Hydrogen peroxide (H2O2) content
	2.3.5 Antioxidant enzyme activities

	2.4 Statistical analysis

	3 Results
	3.1 Characterization of the amendments
	3.2 Growth of plants as affected by Cr and various organic amendments
	3.3 Effect of Cr and organic amendments on RWC, MSI, and TCC​
	3.4 Plant Cr uptake and oxidative stress
	3.5 Activities of antioxidant enzymes
	3.6 Principal component analysis (PCA)

	4 Discussion
	5 Conclusions and recommendations
	References


