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Chromium (Cr) contamination of soil threatens environmental and human health,
necessitating effective and sustainable remediation solutions. Here we explored
the impact of rice husk biochar (RH-BC), nano-RH-BC, vermicompost, nano-
zero valent zinc (nZVZn), and manganese-modified RH-BC (MnO/RH-BC) on
phytoaccumulation of Cr by industrial hemp (Cannabis sativa L.) and ryegrass
(Lolium perenne L.) grown in tannery wastewater-impacted Cr-contaminated
soil in a pot trial. Results revealed that maximum shoot Cr concentration was
observed in ryegrass with nZVZn mainly in first cutting (45 mg kg-1 DW) followed
by vermicompost (42 mg kg-1 DW) > RH-BC (40 mg kg-1 DW) > nano-RH-BC
(35mg kg-1 DW) ~MnO/H-BC (34mg kg-1 DW). In the case of hemp, nZVZn led to
maximum shoot Cr concentration (42 mg kg-1 DW) and minimum with RH-BC
(4 mg kg-1 DW); notably, hemp survived only for the first harvest. The SPAD value
(chlorophyll content) was the highest with MnO/RH-BC for ryegrass and RH-BC
for hemp (40 and 51, respectively) andminimumwith nZVZn. Results showed that
the RH-BC enhanced shoot dry weight of hemp by 664% compared to control,
and MnO/RH-BC increased for ryegrass by 400%, 93%, 55%, and 21% at first,
second, third, and fourth harvests, respectively. Overall, RH-BC and MnO/RH-
BC-amended soils improved plant tolerance against Cr, highlighting their
potential for phytoremediation of Cr-contaminated soil. Based on the findings,
it is evident that Cr phytoaccumulation is a complex process and varies with plant
species and amendment type, which are key factors to consider in future field
trials on tannery wastewater-impacted Cr-contaminated soils.
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1 Introduction

Soil and water contamination with heavy metals and organic
pollutants poses a serious threat to global public health and the
environment (Das et al., 2023; Xu et al., 2024). Various
anthropogenic activities, such as tanning industry wastewater,
mining and smelting operations, use of fertilizers and pesticides
in agriculture, contribute to the contamination of soil, ultimately
affecting the food chain (Shah and Daverey, 2020). Chromium (Cr),
a toxic heavy metal, is carcinogenic (Ding et al., 2021; Deb et al.,
2022). It exists mainly in two forms, hexavalent Cr (Cr(VI)) and
trivalent Cr (Cr(III)). Hexavalent Cr is a highly mobile and toxic
species of Cr and prevails under oxidized environments in soil (Bibi
et al., 2018). Given the high toxicity and mobility of Cr(VI) in soil,
there is a need to devise suitable, sustainable, and eco-friendly
techniques to remediate Cr-contaminated soil, such as those
impacted with Cr-containing tannery wastewater (Younas et al.,
2023; Liang et al., 2021a).

Compared to conventional soil remediation techniques, such
as excavation, capping, and phytoremediation, this could be a
sustainable, cost-effective, and environmentally-friendly
solution to remediate Cr-contaminated soil (Gebretekle et al.,
2024; López Arias et al., 2024). However, the success of
phytoremediation depends on the toxic metal extraction
(phytoextraction) or retention in soil with roots in the
presence of amendments (phytostabilization) (Khan et al.,
2022). For example, phytoremediation of Cr-contaminated soil
with Arundo donax L. accumulated Cr up to 2.7 mg kg-1 DW in
roots than in shoots to 1.7 mg kg-1 DW (Gebretekle et al., 2024).
Likewise, plant species such as Dendrocalamus asper, Bambusa
vulgaris,Dendrocalamus membranaceus, and Bambusa blumeana
have been reported to accumulate Cr from soil (62, 21, 56, and
148 mg kg-1 DW in shoot, respectively) (Were et al., 2017).
Previous research has shown that Cannabis sativa L. (hemp)
could be used for phytoremediation of heavy-metal
contaminated soils. For instance, the strong root and high
biomass may make it easier for heavy metals to be absorbed
and stored in the root and shoot (Golia et al., 2023). Lolium
perenne L. (ryegrass) has been studied for its phytoremediation
potential in Cr-contaminated soils (Masotla et al., 2023). It
absorbs metals within its root system and transfers to above-
ground biomass (shoot) and acting as a protective strategy
against metal toxicity (Masotla et al., 2023; Saldarriaga
et al., 2023).

In phytoremediation, soil amendments such as biochar and
nano-zero metals, and compost may decrease or limit heavy
metal transfer to plants in the shoot and root. Yang et al. (2022)
used biochar-supported zero-valent iron nanoparticle (BC/nZVI) to
remediate Cr-contaminated soil. After 15 days of treatment, the BC/
nZVI reduced soil Cr concentration by 86%. Serrano et al. (2024)
tested phosphorus-loaded biochar to help ryegrass remediate
cadmium, Cr, and lead-contaminated soils. The combination
improved soil physicochemical parameters, plant development,
and heavy metal absorption, showing biochar’s synergistic
potential in phytoremediation. In a recent study, Aransiola et al.,
2024 reported that application of vermicompost on potentially toxic
elements (lead (Pb), cadmium (Cd), arsenic (As)) contaminated soil
slightly improved their concentration in Sida acuta L. up to

1.68–10.7, 0.002–0.43, 0.27–3.79 mg kg-1 DW, respectively.
Nanoscale zero-valent metals (nZVMs), such as nZV iron (Fe),
zinc (Zn), nickel (Ni), and copper (Cu), may reduce metal mobility
in soil and help enhance plant growth and uptake depending on
different soil and plant factors, and metal type (Ranaweera et al.,
2024). Such as, nanoparticles in soil improved Pb, Ni, and Cd
remediation while amended with Catharanthus roseus removing
97%, 76%, and 71%; Tradescantia spathacea 93%, 73%, and 73%;
and Alternanthera dentate 92%, 80%, and 76% (Jesitha et al., 2021).

To the best of our knowledge, previous research is limited to
enhancing our understanding to compare the Cr accumulation
potential between hemp and ryegrass plants, especially under the
impact of different carbon-based amendments and nanoparticles.
Here we explored the (i) efficiency of rice husk biochar (RH-BC),
nano-RH-BC, vermicompost, nano-zero valent zinc (nZVZn), and
manganese-modified RH-BC (MnO/RH-BC) on
phytoaccumulation of Cr by hemp (C. sativa L.) and ryegrass (L.
perenne L.) in tannery wastewater impacted Cr-contaminated soil;
and (ii) effect of various amendments on Cr uptake and
morphological and physiological attributes of both plant species.
The current study is key to understand phytoremediation
(phytostabilization) efficiency of hump and ryegrass, notably
when Cr-contaminated soil is treated with different soil
amendments.

2 Materials and methods

2.1 Preparation of rice husk biochar (RH-BC),
manganese modified RH-BC, nano-zero
valent zinc, and vermicompost

For the preparation of RH-BC and manganese-modified RH-BC
(MnO/RH-BC), rice husk feedstock was collected from a farmer’s
field in Faisalabad, Pakistan. The rice husk biomass was sun-dried
before pyrolysis under oxygen-free conditions in a muffle furnace at
500°C for a 2-h residence time (Niazi et al., 2018).

To prepare MnO modified RH-BC, 2 g of RH-BC was mixed
with 100 mL solution of potassium permanganate (KMnO4)
(0.632 g/100 mL) in a conical flask and shaken for 8 h at 30°C
constantly in an incubating shaker, and then it was allowed to settle
down overnight. This biochar is referred to as manganese oxide
modified RH-BC (MnO/RH-BC). The residue was rinsed with
deionized water and then dried in an oven at 40°C for 24 h (Tan
et al., 2018; Shaheen et al., 2022).

The synthesis of nano-zero valent zinc (nZVZn) was based on
the reduction of zinc chloride (ZnCl2) with sodium borohydride
(NaBH4) (Masood ul Hasan et al., 2023) (Details are given in the
Supplementary Material). Vermicompost was sourced from the
Department of Agronomy’s vermicompost preparation unit in
the University of Agriculture Faisalabad, Pakistan, as described
by Aslam et al. (2019).

All the biochars and nZVZn were characterized after
preparation using attenuated total reflectance–Fourier transform
infrared spectroscopy (ATR-FTIR; Alpha-II, Bruker, Germany),
Brunauer–Emmett–Teller (BET) surface area, and field-emission
scanning electron microscopy (FE-SEM, JEOL JSM-6500F,
United States) (details are given in Supplementary Material).
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2.2 Soil collection and analysis for
physicochemical properties

Soil was collected from Kasur in Punjab (31°03′37.7″N;
74°16′44.4″E), Pakistan, at a depth of 0–15 cm. Soil samples were
air-dried, ground, and sieved (<2 mm) before analyzing for various
relevant physical and chemical properties, including electrical
conductivity (EC), pH, total soil Cr, soil texture, and total
organic carbon (TOC) content. Soil extract was used to
determine calcium + magnesium (Ca2++Mg2+), carbonate (CO3

2-),
bicarbonate (HCO3

−), chloride (Cl−), total dissolved solids (TDS)
and total suspended solids (TSS). Soil pH and ECwere measured in a
1:5 suspension of soil to deionized water. The Bouycous hydrometer
method was used to determine soil texture (Rayment and Lyons,
2011). Soil organic carbon (SOC) was measured using the Walkley-
Black (Walkley and Black, 1934). Carbonate, HCO3

−, Cl−, and Ca2+ +
Mg2+ concentrations were determined in soil extract through
titration (Subedi and Kumari, 2020).

2.3 Pot experiment

The pot experiment was carried out in a glasshouse at the
University of Agriculture Faisalabad (UAF) using a completely
randomized design (CRD) with five different treatments (RH-
BC, nano-RH-BC, nZVZn, MnO/RH-BC, vermicompost) and a
control (without amendment). All the treatments were
replicated three times using plastic pots with 3 L capacity
(11 cm diameter and 18 cm height). Soil treatments were
applied at different levels because of their nature and based
on some earlier knowledge (2%, wt/wt, RH-BC, nano-RH-BC,
and vermicompost; 0.05% wt/wt nZVZn; 1%MnO/RH-BC). The
amendment doses were selected based on prior literature,
preliminary experiments, and the need to explore a range of
effects from sub-optimal to potentially optimal application
rates. The aim was to identify the most effective treatment to
reduce Cr bioavailability while promoting plant health without
inducing toxicity. Lower doses represent environmentally safe
application levels, whereas higher doses test the material’s upper
efficacy limits. Similar dosage ranges have been applied in
previous studies examining soil remediation using biochar
and nanoparticles (Qiao et al., 2019).

Pots were filled with 2 kg of Cr-contaminated soil were
internally lined with a plastic sheet to limit leaching of Cr. Ten
seeds of hemp and 20 seeds of ryegrass per pot were sown in three
replications, and after 15 days of germination, three healthy and
uniform plants of each species were maintained during the pot
experiment (2 months for hemp until first harvest and 5 months for
ryegrass up to four harvests).

To ensure adequate nutrient supply, recommended doses of
nitrogen (N), phosphorus (P), and potassium (K) fertilizers were
applied at rates of 75–25–55 mg kg-1 for hemp and 50–25–30 mg kg-
1 for ryegrass. Nutrient sources included urea (for N), diammonium
phosphate (DAP, for N and P), and murate of potash (MOP, for K).
Ryegrass was harvested four times, allowing multiple harvests, and
each harvest was done after 35 days, while hemp did not yield
multiple harvests and was only harvested once after 2 months. This

is the reason that ryegrass plants were grown for 5 months to have
four successive harvests of plants.

After harvesting, plant samples were dried and subjected to
acid digestion in the laboratory using a 1:1 ratio of nitric acid to
hydrogen peroxide and analyzed for Cr using a flame atomic
absorption spectrometer (F-AAS; Thermo-AA®, Solar Series,
Waltham, MA, United States). The limit of detection (LOD)
for total Cr was 0.01 mg L-1 and the limit of quantification (LOQ)
was 0.03 mg L-1 based on the calibration curve and instrument
sensitivity.

Plants were carefully uprooted from the soil to minimize root
damage. Roots and shoots (aboveground biomass) were
separated using sharp and clean scissors. Roots were gently
washed with distilled water to remove soil particles. Excess
water was blotted with a paper towel to remove surface
moisture. The shoot and root fresh weight (FW) was recorded
immediately after harvesting the plants. Plant samples were
placed in labelled paper bags and dried in an oven at 65°C for
48 h until a constant weight was achieved. Once oven dried, the
dry weight (DW) of root and shoot was recorded.

Roots were scanned using a root scanner to assess
root morphology parameters like root area, root average
diameter, and root number of tips. Root images were taken
immediately after washing and drying to avoid shrinkage
and strength.

2.4 Morphological and physiological
parameters of hemp and ryegrass plants

The germination percentage (GP) was calculated based on the
number of germinated seeds vs. sown seeds to assess the effect of
Cr toxicity on the seed germination percentage of hemp and
ryegrass. The number of leaves of hemp plants was counted from
each of three plants in each of three replicates, and the recorded
values were averaged to obtain a representative mean for each
treatment. The height of hemp and ryegrass plants was measured
for each plant in each pot in three replicates using a tape measure,
and the average value is presented for each treatment. Shoot
length and root length were measured using a scale meter, and
plant biomass (fresh and dry weight) was recorded using a
weighing balance.

The SPAD value (chlorophyll content) was measured at the
vegetative stage of plants after using a chlorophyll meter. A
chlorophyll meter was positioned on a lush green leaf in the
morning time between 10.00 a.m. and 11.00 a.m. Three readings
were taken from different leaf sites and a mean was calculated from
those readings.

2.5 Chromium uptake

The root and shoot uptake of Cr was calculated as follows
(Meeinkuirt et al., 2016) Equation 1:

Root or shoot Cr uptake mg/pot( ) � Cr conc. mg( )

1000 g DW( ) × measuredDW g( )

(1)
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where, shoot or root Cr concentration is given in mg Cr per 1,000 g
DW, and the shoot or root dry weight is presented in g.

2.6 Translocation factor, bioaccumulation
factor, and remediation factor

The translocation factor for Cr accumulation from root to shoot
by both plant species was calculated as (Ignatius et al., 2014)
Equation 2–4:

TF � metal concentration in shoot
metal concentration in roots

(2)

Bioconcentration factor for hemp and ryegrass showing their Cr
accumulation from soil was calculated as:

BCF � metal conc. in plants
metal conc. in growingmedium

(3)

and the remediation factor was calculated using the following
formula (Sun et al., 2009):

Remediation factor %( )

� Metal concentration in shoot × shoot dry weight
Metal concentration in soil × Amount of soil in pot

*100 (4)

2.7 Statistical analysis

Statistical analysis was conducted using a two-way
analysis of variance (ANOVA) to assess treatment
differences, followed by Tukey’s HSD test for treatment
comparison. All the analyses were performed using Statistix
8.1 and Origin (version 9.65) at P ≤ 0.05. Data are presented as
mean ± standard deviation (SD) from three replicates. Principal
component analysis (PCA) was conducted using R software
(R Team, 2010).

3 Results and discussion

3.1 Characterization of RH-BC, MnO/RH-BC
and nZVZn

The pH and surface area for RH-BC, nano-RH-BC, nZVZn, and
MnO/RH-BC are presented in Supplementary Table S2. Surface and
morphological characterization of RH-BC, MnO/RH-BC, and
nZVZn was done using SEM-EDX, X-ray diffraction, and FTIR
spectroscopy (see Supplementary Figures S2, S3).

3.2 Growth of hemp and ryegrass plants

Results showed that RH-BC significantly (p ≤ 0.05) increased the
GP of hemp increased the plant height, shoot length, shoot fresh and
dry weight, root fresh weight, and root dry weight of hemp over the
control. While nZVZn significantly (p ≤ 0.05) decreased shoot and root
length, shoot fresh and dry weight, and root fresh and dry weight of
hemp than the control (Table 1). Adding MnO/RH-BC to ryegrass led
to a significant (p ≤ 0.05) increase in GP, length of shoots, shoot fresh
and dry weight, and root fresh and dry weight. (Table 2).

With RH-BC and nano-RH-BC, the dry weight of hemp shoots
increased by 664% and 96%, respectively, over the control. However,
the addition of nZVZn resulted in a 70% decrease in shoot dry weight
compared to the control. Equation 1 was used to calculate root and
shoot uptake of chromium. Compared to control, the shoot dry
weight of ryegrass in the first cutting was increased by 150%,
250%, 200%, 250%, and 475% with RH-BC, nano-RH-BC, nZVZn,
vermicompost, and MnO/RH-BC, respectively. In the second cutting,
the shoot dry weight was enhanced by 104%, 80%, 53%, and 40% with
MnO/RH-BC, vermicompost, nano-RH-BC, and nZVZn,
respectively. The shoot dry weight of ryegrass in the third cutting
was increased by 60%, 13%, and 13% inMnO/RH-BC, vermicompost,
and RH-BC, and decreased by 13% and 26% in nano-RH-BC and
nZVZn compared to the control. I the fourth cutting, hoot dry weight
of ryegrass was increased by 27% with RH-BC and MnO/RH-BC and

TABLE 1 Impact of various amendments on morphological parameters of hemp grown in chromium-contaminated soil from Kasur in Punjab, Pakistan.

Treatments Germination
percentage
(%)

Plant
height
(cm)

Shoot
length
(cm)

Root
length
(cm)

Shoot
fresh
weight
(g/pot)

Shoot dry
weight
(g/pot)

Root fresh
weight
(g/pot)

Root dry
weight
(g/pot)

Control 27.7 ± 5.5 b 36.0 ± 0.5 c 27.7 ± 1.4 cd 7.0 ± 0.5 c 0.5 ± 0.2 b 0.2 ± 0.09 b 0.1 ± 0.008 b 0.01 ± 0.003 b

RH-BC 38.9 ± 5.5 b 79.0 ± 4.7 a 55.7 ± 2.3 a 23.3 ± 2.3 a 8.0 ± 0.6 a 1.9 ± 0.09 a 1.1 ± 0.09 a 0.2 ± 0.05 a

nano-RH-BC 67.7 ± 9.5 a 58.7 ± 4.0 b 46.7 ± 3.8 b 12.0 ± 1.1 b 2.1 ± 0.3 bc 0.4 ± 0.09 bc 0.3 ± 0.1 b 0.05 ± 0.02 b

nZVZn 38.9 ± 5.5 b 33.0 ± 3.1 c 26.3 ± 2.5 d 6.7 ± 0.8 c 0.2 ± 0.03 c 0.06 ± 0.03 c 0.02 ± 0.006 b 0.01 ± 0.01 b

Vermicompost 44.4 ± 5.5b 35.7 ± 2.9 c 28.7 ± 2.3 cd 7.3 ± 0.6 c 1.0 ± 0.3 bc 0.2 ± 0.09 bc 0.2 ± 0.09 b 0.02 ± 0.01 b

MnO/RH-BC 38.9 ± 5.5 b 42.7 ± 3.1 bc 35.3 ± 2.8 c 8.0 ± 0.5 c 1.2 ± 0.2 bc 0.2 ± 0.07 bc 0.3 ± 0.1 b 0.03 ± 0.005 b

Significant Yes Yes Yes Yes Yes yes yes yes

p ≤ 0.05

*RH-BC, rice husk biochar; nano- RH-BC, rice husk nano biochar; nZVZn, nano zero valent zinc; MnO/RH-BC, manganese oxide modified rice husk biochar.

*Values are presented as mean ± standard error of three replicates (n = 3). Values with different alphabets are significantly different from each other (p ≤ 0.05).

Frontiers in Environmental Science frontiersin.org04

Zulfqar et al. 10.3389/fenvs.2025.1558255

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1558255


TABLE 2 Impact of various amendments on morphological parameters of ryegrass grown in chromium-contaminated soil from Kasur in Punjab, Pakistan.

Treatments Germination
percentage
(%)

Shoot
length
(cm)

Root
length
(cm)

Shoot fresh
weight
(g/pot)

Shoot dry
weight
(g/pot)

Root fresh
weight
(g/pot)

Root dry
weight
(g/pot)

1st cutting

Control 40.0 ± 5.7 c 25.0 ± 0.5 c nd 2.3 ± 0.4 b 0.2 ± 0.05 c nd nd

RH-BC 53.3 ± 3.3 bc 25.7 ± 3.2 c nd 4.3 ± 1.7 b 0.5 ± 0.2 bc nd nd

nano-RH-BC 60.0 ± 5.7 ab 37.0 ± 1.5 a nd 5.1 ± 1.1 ab 0.7 ± 0.1 ab nd nd

nZVZn 53.3 ± 3.3 bc 31.3 ± 1.3 b nd 4.7 ± 1.2 ab 0.6 ± 0.1 abc nd nd

Vermicompost 66.7 ± 3.3 bc 35.3 ± 1.4 ab nd 5.4 ± 1.5 ab 0.7 ± 0.1 ab nd nd

MnO/RH-BC 70.0 ± 5.7 a 37.7 ± 1.1 a nd 8.2 ± 0.7 a 1.1 ± 0.09 a nd nd

Significant P < 0.05, Yes P < 0.05, Yes P > 0.05, No P < 0.05, Yes

2nd cutting

Control nil 33.3 ± 0.3 d nd 15.0 ± 2.9 b 1.5 ± 0.4 bc nd nd

RH-BC nil 34.3 ± 1.4 cd nd 14.3 ± 2.9 b 1.4 ± 0.5 c nd nd

nano-RH-BC nil 36.0 ± 0.5 abc nd 19.0 ± 2.8 ab 2.3 ± 0.2 abc nd nd

nZVZn nil 34.5 ± 0.8 bcd nd 18.0 ± 1.1 ab 2.1 ± 0.3 abc nd nd

Vermicompost nil 37.0 ± 0.5 ab nd 23.3 ± 2.3 a 2.7 ± 0.3 ab nd nd

MnO/RH-BC nil 38.0 ± 0.5 a nd 24.7 ± 1.8 a 3.0 ± 0.4 a nd nd

Significant P < 0.05, Yes Yes P > 0.05; No

3rd cutting

Control nil 29.7 ± 0.8 b nd 14.0 ± 2.5 b 1.5 ± 0.1 ab nd nd

RH-BC nil 27.3 ± 0.6 b nd 16.0 ± 1.7 b 1.7 ± 0.1 ab nd nd

nano-RH-BC nil 27.7 ± 1.4 b nd 16.7 ± 1.3 b 1.3 ± 0.5 ab nd nd

nZVZn nil 29.3 ± 1.8 b nd 14.7 ± 2.6 b 1.1 ± 0.4 b nd nd

Vermicompost nil 29.3 ± 0.6 b nd 19.0 ± 1.9 b 1.7 ± 0.1 ab nd nd

MnO/RH-BC nil 33.3 ± 0.8 a nd 26.3 ± 3.3 a 2.4 ± 0.3 a nd nd

Significant P > 0.05; No P < 0.05; Yes P > 0.05; No

4th cutting

Control nil 25.7 ± 0.8 a 22.3 ± 1.5 ab 16.0 ± 1.9 ab 1.8 ± 0.3 ab 13.3 ± 1.8 c 3.3 ± 0.02 b

RH-BC nil 24.0 ± 1.5 ab 27.3 ± 0.8 c 20.0 ± 0.5 ab 2.3 ± 0.2 a 16.3 ± 1.6 bc 2.9 ± 0.6 bc

nano-RH-BC nil 20.7 ± 1.1 bc 31.0 ± 0.8 a 14.0 ± 2.5 b 1.5 ± 0.2 ab 18.7 ± 1.7 b 1.6 ± 0.5 cd

nZVZn nil 21.3 ± 2.3 abc 25.3 ± 2.3 abc 14.7 ± 2.0 b 1.2 ± 0.4 b 14.7 ± 1.1 bc 1.3 ± 0.4 d

Vermicompost nil 19.3 ± 0.8 c 27.3 ± 1.1 bc 15.3 ± 1.3 ab 1.6 ± 0.1 ab 15.7 ± 1.8 bc 3.0 ± 0.5 b

MnO/RH-BC nil 24.0 ± 1.5 ab 35.7 ± 1.5 ab 22.0 ± 3.0 a 2.3 ± 0.3 a 35.7 ± 1.7 a 6.7 ± 0.09 a

Significant P > 0.05, No P > 0.05, No P > 0.05, No P > 0.05, No P < 0.05, Yes P < 0.05, Yes

*RH-BC: rice husk biochar; nano-RH-BC: rice husk nano biochar; nZVZn: nano zero valent zinc; MnO/RH-BC: manganese oxide modified rice husk biochar.

nd: not determined (in first three cuttings root weights were not determined for ryegrass and it was only recorded at fourth cutting).

*Values are presented as mean ± standard error of three replicates (n = 3). Values with different alphabets are significantly different from each other (p ≤ 0.05).
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decreased by 33%, 16%, and 11% with nZVZn, nano-RH-BC, and
vermicompost, respectively, compared to the control (Tables 1, 2).

The Equations 2-4 were used to calculate the translocation factor,
bioconcentration factor, and remediation factor, respectively, for hemp
and ryegrass plants. Results revealed that RH-BC significantly (p ≤ 0.05)
increased the chlorophyll content of hemp over the control. While in
the case of ryegrass, MnO/RH-BC, vermicompost, nano-RH-BC, and
nZVZn significantly (p≤ 0.05) increased chlorophyll content for all four
cuttings compared to the control (Figures 1a,b). In the hemp root area,
root average diameter and root number of tips increased with RH-BC
and decreased with nZVZn compared to the control. While in
the ryegrass root area, root average diameter and root number of
tips increased with MnO/RH-BC compared to the control (Figure 2).

3.3 Chromium concentration in different
plant parts of hemp and ryegrass

Compared to the control, all the treatments significantly reduced
Cr concentration in the root and shoot of both hemp and ryegrass
plants (p ≤ 0.05) (Figure 3). In control, maximum shoot Cr
concentration in hemp was 49 ± 0.06 mg kg-1 DW and in root it
was 16 ± 0.2 mg kg-1 DW. With RH-BC, hemp had lower shoot and
root Cr concentration (4.6 ± 0.8 and 4.8 ± 1.0 mg kg-1 DW) than
other treatments. Data showed that application of different
treatments decreased or slightly increased (like nano-RH-BC,
vermicompost) shoot and root Cr concentration in ryegrass and
hemp plants compared to the control (Figure 3a).

The addition of RH-BC and MnO/RH-BC significantly decreased
plant uptake of Cr (p ≤ 0.05) in hemp and ryegrass, respectively. Data
indicate that application of treatments may not be a useful approach to
increase phytoremediation and metal removal by both plant species in
Cr-contaminated soil in this study. However, these treatments may
seem effective to support plant growth by immobilizing Cr in the soil-
plant system. Rather, the shoot Cr concentration in controls was higher
than in most of the applied treatments, which allows high Cr
accumulation. Interestingly, with the presence of RH-BC and MnO/
RH-BC, no shoot biomass loss occurred, even at a high Cr
concentration of 379 ± 0.06 mg kg-1 DW in soil. For example, the
maximum increase in Cr uptake in the root was 95% and 81% in the
control in hemp and ryegrass, respectively.

This study aimed to evaluate the combined effects of soil
amendments and plant-soil interactions on Cr accumulation by both
plant species (Siebielec, and Siebielec, 2025; Kumar et al., 2020). The
majority of data indicate that both plant species, especially ryegrass,
alone were effective in removing Cr from soil, and the addition of soil
amendments may not enhance the soil Cr remediation potential. There
was a slight Cr increase with vermicompost or RH-BC, but it was not
significantly different from the control, where no amendment was
applied to the soil. Also, application of MnO/RH-BC may be a
promising strategy for Cr phytostabilization if applied with plants or
alone for soil Cr immobilization. This could be due to the presence of
carboxyl (-COOH), hydroxyl (-OH), and carbonyl (-C=O) functional
groups, and the presence of MnO that enhances Cr bonding to biochar
(Shaheen et al., 2019).

3.4 Uptake of chromium by hemp
and ryegrass

Shoot and root Cr uptake were non-significantly (p ≤ 0.05)
different in both hemp and ryegrass compared to respective controls
(Figure 3b). Shoot Cr uptake was maximum (12 mg pot−1) in hemp
with the control treatment. The number of leaves of hemp was
observed to be higher in the control and RH-BC treatments and
decreased in the nano-RH-BC treatment (Figure 1c). In the case of
RH-BC, nano-RH-BC, nZVZn, vermicompost, and MnO/RH-BC,
there were non-significant (p ≤ 0.05) effects on shoot and root Cr
uptake (Figure 3b). Hemp showed minimum shoot Cr uptake (3 mg
pot−1) and root Cr uptake (0.1 mg pot−1) with nZVZn treatment
compared to other treatments. The maximum uptake of Cr in
ryegrass shoot was 40 mg pot-1 with MnO/RH-BC treatment in
first cutting, (59 mg pot-1) with vermicompost treatment in second

FIGURE 1
Effect of rice husk-biochar (RH-BC), nano-RH-BC,
vermicompost, manganese modified RH-BC (MnO/RH-BC), nano-
zero valent zinc (nZVZn) on SPAD value (chlorophyll content) of (a)
hemp, (b) ryegrass, (c) number of leaves of hemp grown in Cr-
contaminated soil.
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cutting, (34 mg pot-1) with control treatment in third (25 mg pot-1)
and fourth cutting. Maximum Cr uptake in the root was (237 mg
pot-1) with the control treatment in ryegrass.

In ryegrass, the minimum Cr uptake in shoot (13 mg pot-1) was
recorded with control in first cutting (12 mg pot-1), MnO/RH-BC in
second cutting (9 mg pot-1), nano-RH-BC in third cutting (3 mg pot-1),

FIGURE 2
Effect of rice husk-biochar (RH-BC), nano-RH-BC, vermicompost, manganese modified RH-BC (MnO/RH-BC), nano-zero valent zinc (nZVZn) on
(a) root areas (mm2) of hemp and ryegrass, (b) root average diameter (mm) of hemp and ryegrass, and (c) root number of tips of hemp and ryegrass grown
in Cr-contaminated soil.
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and MnO/RH-BC in fourth cutting. In ryegrass, minimum Cr uptake
by roots (57 mg pot-1) was recorded with nano-RH-BC, for
ryegrass (Figure 3b).

3.5 Pre- and post-experiment properties
of soils

The physicochemical properties of the Cr-contaminated soil are
presented in Table 3. Soil was classified as sandy loam, with sand
(60%), silt (26%), and clay (14%). Total soil Cr was 379 mg kg-1. Soil

organic matter content was 2.1%, and the soil pH was 7.1. Electrical
conductivity was 0.3 dS m-1.

The post-harvest chemical properties of soil after the
cultivation of ryegrass and hemp under different treatments
are summarized in Table 4. The comparison of post-harvest
soil properties indicates that MnO/RH-BC and RH-BC
treatments showed the most significant effects on improving
soil properties in both plant species, with higher organic
carbon and nutrient retention observed in hemp soils. These
findings suggest that different plant species influence soil
chemistry differently, which is critical for selecting the

FIGURE 3
(a) Chromium concentration in plant parts and (b) Cr uptake in plant parts under different soil amendment treatments: rice husk-biochar (RH-BC),
nano-RH-BC, vermicompost, manganese modified RH-BC (MnO/RH-BC), nano-zero valent zinc (nZVZn), grown in Cr-contaminated soils.
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TABLE 3 Physico-chemical properties of tannery wastewater impacted by Cr-contaminated water from Kasur in Punjab, Pakistan.

Property Unit Cr-contaminated soil

Sand % 60

Silt % 26

Clay % 14

Soil texture --- Sandy loam

Organic matter % 2.1

pH --- 7.1

EC dS m-1 0.3

Cation exchange capacity (cmolc/kg) 18.2

CO3
2- meq L-1 Nil

HCO3
− meq L-1 610.3

Cl− meq L-1 850

Ca++ + Mg++ meq L-1 676

TSS meq L-1 427

TOC mg kg-1 2,643

Organic carbon % 2.41

Total Cr mg kg-1 379 ± 23

*EC: electrical conductivity; CO3
2-: carbonate; HCO3

−: bicarbonate; Cl−: chloride; Ca++.

+Mg++: calcium + magnesium; TSS: total soluble salts; TOC: total organic carbon; Cr: chromium.

TABLE 4 Post-harvest soil properties after cultivation of hemp and ryegrass under different treatments.

Treatments pH EC CO3
2- HCO3

− Cl Ca + Mg TSS TDS SO4
2- TOC

dS m-1 meq L-1 meq L-1 meq L-1 meq L-1 meq L-1 meq L-1 mg kg-1

Hemp

Control 7.2 0.3 Nil 26.2 275.8 2,266.8 367.7 153.5 1,223 2,578

RH-BC 7.3 0.3 Nil 20.1 311.9 2,823.5 424.6 175.0 1,586 4,012

nano-RH-BC 7.4 0.4 Nil 24.4 275.8 1750.4 291.8 123.5 1,001 2,295

NZVZn 7.5 0.3 Nil 18.3 346.7 1817.4 440.1 189.0 1,699 2,218

Vermicompost 7.3 0.3 Nil 18.7 220.4 1716.9 368.9 157.5 1,023 2,578

.-MnO/RH-BC 7.6 0.2 Nil 20.1 220.4 1817.4 258.6 110.5 686 2015

Ryegrass

Control 7.4 0.2 Nil 12.2 330.7 2,219.8 270.4 118.3 1,025 4,518

RH-BC 7.2 0.3 Nil 15.8 386.0 2,421.0 435.3 193.6 2022 4,819

nano-RH-BC 7.5 0.4 Nil 16.8 626.4 5,271.9 489.9 203.0 3,545 2,491

nZVZn 7.2 0.4 Nil 15.4 520.0 4,366.2 551.6 225.0 3,336 2,236

Vermicompost 7.0 0.4 Nil 15.1 507.9 4,265.8 518.4 207.0 3,117 2,155

MnO/RH-BC 7.1 0.4 Nil 20.1 685.2 5,372.3 521.9 220.0 4,168 2,791

*RH-BC: rice husk biochar; nano-RH-BC: rice husk nano biochar; nZVZn: nano zero valent zinc; MnO/RH-BC: manganese oxide modified rice husk biochar.

*EC: electrical conductivity; CO3
2-: carbonate; HCO3

−: bicarbonate; Cl−: chloride; Ca++ + Mg++: calcium + magnesium; TSS: total soluble salts; TDS: total dissolved salts; SO4
2-: sulfate; TOC:

total organic carbon.
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appropriate soil amendment strategies for phytoremediation and
nutrient management.

3.6 Relationship between variables

Supplementary Figure S4 presents the correlation matrix
between ryegrass and hemp parameters. The correlation matrix
of hemp is presented in Panel A, revealing several pairs that were
statistically significantly positively correlated. There are strong links
between the Cr concentration of roots and shoots fresh weight (RCr/
SFW) (r = 0.92, p ≤ 0.001), shoot Cr concentration and root Cr
concentration (SCr/RCr) (r = 0.94, p ≤ 0.001), shoot dry weight and
shoot Cr concentration (SDW/SCr) (r = 0.77, p ≤ 0.01), and shoot
length and root length (SL/RL) (r = 0.77, p ≤ 0.01). This shows that
these variables are connected. There were other correlations higher
than r = 0.60, indicative of moderate to strong relationships.

Also, Panel B displays the ryegrass correlation matrix with RyCr
concentration in roots/shoot length (RCr/SL) (r = 0.84, p ≤ 0.001),
shoot Cr concentration/shoot length (SCr/SL) (r = 0.71, p ≤ 0.01),

chlorophyll content/root Cr concentration (CC/RCr) (r = 0.74, p ≤
0.01), and shoot dry weight/shoot Cr concentration (SDW/SCr) (r =
0.67, p ≤ 0.05). All of these relationships are positive and significant.
Other correlations are greater than r = 0.50, showing moderate
positive associations. For further clarity, significance levels
(p-values) are now reported explicitly in the updated correlation
matrix (Supplementary Figure S4).

3.7 Principal component analysis (PCA)

The intended use of PCA is to extract significant trends from the
dataset, to better data presentation, and minimize dimensionality
(Figure 4). It was possible to use the data for PCA since the Kaiser-
Meyer-Olkin (KMO) test scores were above 0.7 and the Bartlett’s test
of sphericity scores were significant (p ≤ 0.001). Before analysis, data
were standardized (mean = 0, variance = 1), and outliers were
removed based on standardized residuals exceeding ±3.0. PC1 and
PC2 together account for 55% and 22% of the total variation in hemp,
respectively, for a total of 78%. PC1 mostly separates growth-related

FIGURE 4
Principal component analysis of hemp and regress plant parameters (A) hemp, (B) scree plot for hemp, (C) ryegrass, (D) scree plot for ryegrass. The
following parameters are represented as: GP, Germination percentage; SL, shoot length; SFW, shoot freshweight; RFW, root freshweight; SDW, shoot dry
weight; RDW, root dry weight; CF, chlorophyll content; RA, root area; RAD, root average diameter; SCr, chromium concentration in shoots; RCr,
chromium concentration in roots; 1, 2, 3, and 4 represent the first, second, third, and fourth cuttings of ryegrass.
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characteristics (shoot fresh weight (SFW), shoot dry weight (SDW),
and shoot length (SL)), while PC2 differentiates root-related
characteristics (root dry weight (RDW), root area (RA), and root
length (RL). Germination percentage is showing a negative correlation
with shoot biomass variables, i.e., an inverse relation. The PCA biplot’s
cos2 values reveal a heavy loading of SFW, SDW, SL, and RDW on
PC1. Figure 5 shows the translocation factor, bioconcentration factor,
and remediation factor of hemp and ryegrass plants in Cr
contaminated soil under different treatments. This means that
biomass production was the main cause of variation in
hemp. Variables that include GP and chlorophyll content (CC)
contribute less, suggesting that their impact during the experiment
was minimal.

For ryegrass, PC1 explains 61%, and PC2, 20%, total variance
explained 81%. Once again, the shoot biomass characters (SFW,
SDW, SL) dominate the hemp PC1, while the root characters
dominate PC2. The cos2 scale shows that SFW, SDW, SL, and
root characters load heavily on PC1, affirming their
interdependence. The Cr levels in shoots (SCr) make big
differences along PC1 and PC2, which means they play a part in
differentiating growth. GP and CC, on the other hand, do not make

much of a difference. The fact that PC1 can explain 56% of the
variance in hemp and 61% of the variance in ryegrass shows that the
dataset is very different. A PC1 value of more than 50% is thought to
be significant for telling the difference between patterns in plant
research. Shoot biomass traits are clearly separated along PC1, and
root biomass traits are separated along PC2. This shows that growth
allocation is a big part of how things change in different
environments, like when biochar and nanoparticles are used.

Results showed that the plants in amended soils, especially RH-
BC and MnO/RH-BC, exhibited enhanced growth and tolerance,
including increased shoot and root dry biomass, which could be
attributed to reduced metal mobility to plants. Hemp (C. sativa L.)
did not survive beyond the first harvest, likely due to its
comparatively lower tolerance to heavy metal stress, particularly
under elevated Cr concentrations. While hemp is known for its rapid
biomass production and some phytoextraction capacity, it is
sensitive to high levels of Cr, which can impair root elongation,
reduce photosynthetic efficiency, and induce oxidative stress. In
contrast, ryegrass (L. perenne L.) is more resilient and has been
widely reported to tolerate and adapt to metal-contaminated soils
due to its fibrous root system and robust physiological mechanisms

FIGURE 5
(a) Translocation factor, (b) bioconcentration factor, and (c) remediation factor of hemp and ryegrass plants under the effect of various treatments
(rice husk-biochar (RH-BC), nano-RH-BC, vermicompost, Manganese modified RH-BC (MnO/RH-BC), nano-zero valent zinc (nZVZn) grown in Cr-
contaminated soil.
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(Saud et al., 2022; Barbosa et al., 2015). The observed failure of hemp
to establish after the first harvest could also be linked to amendment-
induced changes in soil, such as micronutrient imbalances, and
potential phytotoxicity at higher amendment doses. This species-
specific difference underscores the importance of selecting
appropriate plant species for phytoremediation based on
tolerance thresholds and environmental adaptability (Testa et al.,
2023; Ali et al., 2013; Citterio et al., 2003).

With RH-BC and nano-RH-BC treatments, the shoot dry weight
of hemp was increased by 664% and 96%, respectively. However, the
addition of nZVZn resulted in a 70% decrease compared to the
control. Compared to the control, the shoot dry weight of ryegrass
was enhanced by 475%, 104%, 60%, and 27% inMnO/RH-BC in first
to fourth cuttings. The positive effect of BC was previously reported
by Jabborova et al. (2021a) that the addition of 2% and 3% biochar to
soil significantly increased shoot dry weight by 24% and 38% over
the control. The application of modified biochar made from rice
husk led to an increase in the shoot dry weight of the maize plants.
(Maharlouei et al., 2021).

In hemp root area, root diameter and root number of tips
increased with RH-BC and decreased with nZVZn compared to
the control. In ryegrass, the root area, root diameter, and root
number of tips increased with MnO/RH-BC compared to the
control (Figure 2). These results are in agreement with Jabborova
et al. (2021a), who reported an increase in root diameter of lettuce by
22% after being treated with 1% biochar. In another study, compared
to control, biochar treatments at 2% and 3% showed the greatest
improvement in root morphological characteristics of lettuce
(Jabborova et al., 2021b). The authors observed that basil plants
treated with 3% biochar had 47% more root surface area, 37% more
root diameter, and 45% more root volume than controls.

Different mechanisms are involved to reduce Cr accumulation
in plants by biochar and nano zero-valent metals (Li et al., 2017).
Figure 4b shows a scree plot for hemp and Figure 4d shows a scree
plot for ryegrass plants. While nZVZn increased Cr uptake in
ryegrass and hemp, biochar alone or in combination reduced Cr
bioavailability in soil through adsorption and complexation
mechanisms (Ahmad et al., 2014; Kumpiene et al., 2008). The
observed decrease in Cr uptake in hemp and ryegrass under
biochar treatments reflects this immobilization effect, supporting
the stabilization pathway rather than phytoextraction. These
contrasting trends highlight the importance of selecting
amendment strategies tailored to the phytoremediation
mechanism (extraction vs. stabilization) and plant species used
(Ali et al., 2013; Beesley et al., 2011).

Vermicompost can chelate andminimize Cr toxicity, in addition to
providing nutrients (Pande et al., 2007). For example, in an earlier
study, magnetic Enteromorpha prolifera biomass-derived biochar
resulted in immobilization of Cr in soil and decreased its
availability (Liang et al., 2021b). Likewise, the application of
combined amendments (apatite, biochar, and organic fertilizer)
reduced bioavailable Cd and Cr concentrations in soil in
comparison to the control (Hong et al., 2022). The observed
reduction in bioavailable Cr may be attributed to both physical and
chemical mechanisms. Rice husk biochar contains abundant
oxygenated functional groups (e.g., –COOH, –OH), which can
complex with Cr(III) or promote the reduction of Cr(VI) to the less
toxic and less mobile Cr(III) form (Ahmad et al., 2014; Xu et al., 2022).

Rice husk biochar is rich in oxygen-containing functional groups such
as hydroxyl (–OH), carboxyl (–COOH), and carbonyl (C=O) groups.
Functional groups on the biochar surface can form complexes with
Cr(III), effectively immobilizing it (Chatzimichailidou et al., 2023).

InMnO-amended treatments, manganese oxides serve as redox-
active materials that facilitate the immobilization of Cr(VI) by
promoting its reduction to the less toxic Cr(III) form through
electron transfer processes and co-precipitation mechanisms (Fan
et al., 2022). The MnO/rice husk biochar composite acts
synergistically—biochar enhances surface area and provides
electron-donating functional groups, while MnO contributes
redox buffering capacity and catalyzes Cr transformation (Tariq
et al., 2025). These mechanisms collectively contribute to reduced Cr
mobility and uptake, especially in hemp, which is more sensitive to
Cr-induced oxidative stress.

Guo et al. (2020) found that both the root and shoot Cr
concentration of Ipomoea aquatica decreased with biochar and
foliar application of selenium compared to the control. For
phytoremediation purposes in Cr-contaminated soils, particularly
when combined with soil amendments like RH-BC, nZVZn,
vermicompost, and MnO/RH-BC ryegrass may be more suitable
than hemp because it yielded more biomass under Cr
contamination. It is worth mentioning that future studies should
be directed to evaluate speciation of Cr in different pools in soil
amended with these treatments, which may provide key information
on Cr immobilization or release after amendment application by the
two different plant species investigated here.

In hemp, the trend of uptake of Cr was control > RH-BC > nano-
RH-BC > vermicompost > MnO/RH-BC > nZVZn. While in the
roots of hemp, the trend of uptake of Cr was RH-BC > control >
nano-RH-BC > MnO/RH-BC > vermicompost > nZVZn. In
ryegrass, the maximum Cr uptake was with MnO/RH-BC at the
first cutting, vermicompost at the second cutting, and control at the
third and fourth cuttings. In the roots of ryegrass, the maximum
uptake of Cr was noted in the control. Chromium in soil and plants
comes from industrial effluents, however, contamination in plant
vegetative sections varies by accumulation capability. The
correlation data indicate that Cr in soil and plant tissues has a
harmful negative growth of ryegrass plants.

4 Conclusion

This study shows that RH-BC, MnO/RH-BC, and
vermicompost slightly increased hemp and ryegrass growth in
Cr-contaminated soil. Hemp did not survive well, while ryegrass
gave four successful cuttings, with a decreasing trend in shoot and
root Cr concentration in ryegrass from the first to the fourth cutting.
Data indicated that RH-BC improved hemp growth in Cr stress and
performed better than nZVZn, vermicompost, andMnO/RH-BC. In
ryegrass, MnO/RH-BC led to better growth of plants than the RH-
BC, nZVZn, and vermicompost. Overall, this study shows that
application nZVZn accumulates more Cr in hemp and ryegrass
than in the other treatments. The observed decrease in Cr uptake in
hemp and ryegrass under biochar treatments reflects this
immobilization effect, supporting the stabilization pathway. It is
evident from the findings that the accumulation of Cr in the two
plant species was dependent on amendment type and plant species,
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which is key to understanding before applying remediation
strategies on a large scale in field trials. Further research is
warranted to evaluate long-term stability and impact on plant
growth and Cr (im)mobilization in the soil, especially in different
soil textures and properties.
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