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Abstract: The use of organic amendments to enhance plant growth is increasing due to horticulture
activities and vegetable cultivation in urban areas. Consequently, as organic amendments impact
heavy metal solubility and plant uptake of unknown contaminants, the risk of human exposure to
potentially toxic elements from contaminated soils and compost is increasing. Biochar co-application
with compost may reduce the risk-related increased metal uptake by edible plants. To verify this
thesis, a greenhouse experiment was established to examine the effects of rabbit-manure-derived
biochar (RBC) on Cu, Cr, Cd and Pb uptake by five green leafy vegetables (lettuce—Lactuca sativa L.,
spinach—Spinacia oleracea L., corn salad—Valerianella locusta L., kale—Brassica oleracea L., mustard
greens—Brassica juncea L.) cultivated in compost substrate and soil amended with a 30% (v/w) mix of
compost and biochar. The results indicated that the addition of biochar decreased Cu, Cr, Cd and Pb
availability in the tested substrates, reducing the uptake of Cd in spinach by 61% and Pb in mustard
greens by 73%. The application of RBC also had some adverse effects, such as enhanced accumulation
of Cr by kale, lettuce and mustard greens cultivated in compost. Compost co-application with biochar
to soil decreased the availability of metals, reducing the content of Pb and Cd in tissues of the tested
vegetables, while uptake of Cu and Cr was enhanced in spinach and lettuce by 20%. In conclusion,
the application of compost and biochar can be beneficial in improving the quality of urban soil used
for horticulture purposes. However, more attention by gardeners should be paid to soil and compost
testing in terms of heavy metal contamination and possible adverse effects of organic amendments
application for green leafy vegetable cultivation.
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1. Introduction

The accumulation of heavy metals and metalloids in edible crops is an increasing
concern nowadays. Potentially toxic metals can be introduced to soil and growing medium
from many different sources. Anthropogenic sources such as agricultural inputs, municipal
solid and liquid waste deposition or fallout of industry and urban emissions are considered
global threats and the main cause of soil chemical degradation. Soil acidification, together
with excessive accumulation of heavy metals in agricultural and urban soils, has conse-
quences such as deteriorating the quality of crops and food products. Urban horticulture
activities are increasing globally, with at least 100 million people involved worldwide [1].
Growing fruits and vegetables in urban and peri-urban areas may improve food security
and access, public health and dietary quality. However, the benefits of urban horticulture
should be balanced with the potential risks of exposure to contaminants such as heavy
metals and pesticides [2]. Air, water and soil pollution constrain urban horticulture, and
more attention should be paid to the quality of the environment. The main sources of heavy
metals in urban soils are atmospheric fallout from fuel combustion, vehicle emissions,
fertilizer use, municipal solid waste disposal and industrial waste [3]. Dense levels of
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habitation, centralized vehicle emissions, increasing amounts of industrial wastes, domestic
emissions and weathering of building and pavement surfaces have led to continuous and
increased emissions of heavy metals [4]. Potentially toxic elements accumulated in soil,
compost and other organic amendments can be easily introduced to the food chain via
vegetable cultivation on contaminated soil or the use of poor-quality organic amendments.
Food, especially vegetables, is an essential part of the human diet, but it is more often
considered a major intake source of toxic compounds [5]. Microgreens and baby greens are
commonly cultivated and harvested vegetables grown in gardens and soilless substrates.
Baby greens are generally harvested without roots 15 to 40 days from seeding. The chemical
composition of a microgreen differs considerably from that of the mature form, and the
content of minerals, nutrients and vitamins is usually higher [6]. As most green leafy
vegetables belong to the family of Asteraceae and Brassicaceae, they are tolerant to elevated
concentrations of heavy metals in soil [7]; however, several have been known to be heavy
metal accumulators and have been evaluated as potential phytoextraction plants [8]. In
terms of Asteraceae and Brassicaceae grown as micro- and baby greens, heavy metal accumu-
lation in plant tissues brings the risk of unintentional heavy metal consumption by humans
and animals.

With the increasing interest in urban horticulture, the demand for organic fertilizers,
e.g., green manures, animal manures or compost, is also increasing. Organic fertilization
and biological plant protection ensure people that the quality of food products is high and
safe. Recently, a lot of attention has been paid to compost use in horticulture, used as a
conditioner to improve soil physical and biological properties or as an organic fertilizer
and relevant source of nutrients. Compost can also be an excellent substrate for soilless
vegetable production [9,10], containing large amounts of soluble organic matter, which can
be transformed into humic substances, mainly humic and fulvic acids, having a positive
effect on plant growth and plant health [11]. Increases in soil organic carbon and improved
plant growth are commonly reported; however, compost quality and its actions in soil
may differ significantly depending on initial feedstock [12] and composting conditions [13].
One of the concerns of using organic amendments of anthropogenic origin is the pres-
ence of inorganic and organic compounds. The application of compost brings the risk of
dissemination of emerging contaminants having adverse effects on animal and human
health [14]. Heavy metals, arsenic, pesticide residues, petroleum hydrocarbons, antibiotics
and healthcare products have been reported to be found in compost [15-17]. To mitigate
the problem of release of emerging compounds from compost, biochar has been proposed
as a co-amendment during the composting process [18] and compost utilization in soil, as
well as as a growing medium component [19]. Biochar is produced by the pyrolysis process
of biomass under limited oxygen conditions [20]. Its abilities in improving soil fertility and
plant growth have been reported in thousands of scientific papers. However, in terms of its
use as an adsorbent of toxic compounds, its remarkable properties, such as high carbon
content, large surface area and porosity, high cation exchange capacity, aromatic struc-
ture and the presence of oxygen functional groups able to bind metal cations, should be
mentioned. Further incorporating biochar into compost or soil increases pH, reducing the
mobility and bioavailability of toxic compounds [21-24]. The co-application of biochar and
compost is beneficial, as increased soil fertility encourages plants to overcome the negative
impact of soil contamination and acidification. Many different feedstock materials have
been used to design a proper material for heavy metal adsorption. The efficiency of metal
removal depends on biochar properties, and biochar derived from rabbit manure has not
been recently studied in terms of heavy metal immobilization in the solid phase. Biochar
derived from the waste of animal production such as animal feces is less often considered
in terms of environmental use. The main obstacles related to animal feces gasification are
high moisture and protein content with an unknown pathway of organic substance changes
during thermal decomposition, which brings a higher risk of toxic compound formation
in biochar and material exclusion from environmental uses [25,26]. In terms of biochar
manure, some of the problems can be avoided, as rabbit feces contains less than 20% of
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water and the rabbit diet is based on fresh and dry plants. When animals are fed prop-
erly, the risk of contamination and transformation of potentially toxic compounds during
gasification is low. Another advantage of using rabbit manure biochar is its application in
the form of granules, avoiding dusting and keeping leaching of biochar from soil. A new
approach is also the co-application of rabbit manure biochar with compost, and recently, no
investigation on this topic has been published. In this study, two greenhouse experiments
with the application of rabbit-manure-derived biochar to municipal green waste compost
and a mix of compost with biochar to soil were conducted to investigate the effects of rabbit
manure biochar and compost on heavy metal uptake by green leafy vegetables commonly
grown in urban gardens.

2. Materials and Methods
2.1. Soil and Compost Collection

Soil for the pot experiment was collected from the top 30 cm layer from the cultivated
area near Biedaszkéw Matly village in Poland (51°40'10.6” N 17°10'57.3" E). The whole
agricultural area is part of the Dolina Baryczy nature region, and lands are used for
organic and traditional farming due to low inputs of airborne emissions and limited use
of mineral fertilization, as most parts of this area are protected by law. Compost used
for the experiment was produced in the Ga¢ Biological Treatment of Municipal Wastes
Plan, located near Otawa city (50°40'79.3"” N 17°36/54.4" E) in the Lower Silesia region
of Poland. The substrate used for the composting was mainly the biodegradable fraction
of municipal wastes mixed with green wastes from urban parks and gardens and wastes
from the methane fermentation process, composted for approx. 90 days in a composting
reactor under controlled conditions of air and moisture. The plant has an appropriate
permit required by Polish law, regulating the conditions of composting organic wastes.

2.2. Biochar Preparation

Rabbit manure was collected from household rabbits, and only solid fractions (rabbit
droppings) were used for biochar production. Approximately 500 g of air-dried rabbit
droppings was packed tightly in 0.5 L steel cans and closed before being placed in a muffle
furnace to avoid external air flow (Figure 1). Samples were heated for 1 h at 550 °C and
then left in the closed furnace for 12 h to cool down.

Muffle furnance

Metal C?
can
— J

0 Biochar from
Rabbit rabbit

droppings

550°C™~1h

droppings

Figure 1. Scheme of rabbit-manure-derived biochar production.
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2.3. Substrate Analysis

Standard properties of soil, biochar and compost before use in the experiment were
determined at the Wroclaw University of Environmental and Life Sciences (WUELS) and
the Wroclaw University of Science and Technology. Analyses for the characterization of
substrates (air-dried soil, compost and biochar) were conducted as follows: the pH in water
was measured in a 1:5 (v/v) ratio using a pH meter (Mettler-Toledo, Greifensee, Switzer-
land). Cation exchange capacity, determined as the sum of base cations, was measured on
an MP-AES 4200 Spectrometer (Agilent Technologies, Santa Clara, CA, USA) at pH 7.0 after
extraction with 1 M ammonium acetate. Total organic carbon (TOC) and total nitrogen (TN)
content in soil and compost were measured using the EnviroTOCCube analyzer (Elementar
Analysensysteme GmbH, Langenselbold, Germany). The specific surface area of biochar
(SSA) was measured using the TrisStar II 3020 (Micrometrics®, Norcross, GA, USA) surface
area analyzer (N2-BET method) [21]. Soil texture was determined after dispersion with
hexametaphosphate-bicarbonate with the hydrometer method for silt and clay fractions
and sieved for sand [27]. The properties of substrates used for the experiment (soil, biochar
and compost) are summarized in Table 1.

Table 1. Properties of soil, biochar and compost used in the experiment.

Characteristics Value
Texture Loamy sand (78% sand, 23% silt, 3% clay)
PHm,0 536 £0.16 *
Total organic carbon (TOC, %) Soil 1.18 = 0.06
Total nitrogen (TN, %) ot 0.081 + 0.05
Cation exchange capacity 1.71
(CEC, cmol(+)/kg)
Substrate Urban green and municipal waste
Composting time 90 days
Composting method Composting reactor
pPHH,0 7.56 & 0.12
Total organic carzbon (TOC, %) Compost 9.31 £ 0.08
Total nitrogen (TN, %) 0.71 £ 0.05
Cation exchange capacity 181.2 + 0.03
(CEC, cmol(+)/kg)
Substrate Rabbit droppings
Pyrolysis time 1h
Pyrolysis temperature 550 °C
pHu,0 6.98 + 0.04
Total organic carbon (TOC, %) Biochar 72.67 £ 0.12
Total nitrogen (TN, %) 2.28 £+ 0.08
Cation exchange capacity 231+0.1
(CEC, cmol(+)/kg)
Specific surface area (BET) g/m? 95.6

* Values are means + standard deviation (n = 3).

The content of heavy metals in substrates was measured as the semi-total content after
microwave digestion with 10 mL of HNOj by the EPA 3051A method [22]. Measurements
were performed on MP-AES 4200 (Agilent Technologies, Santa Clara, CA, USA). For calibra-
tion, standard solutions were used (LGC Standards Ltd., Teddington, UK). Samples were
measured in triplicate, and then the average was calculated by MP Expert software (Agilent
Technologies, Santa Clara, CA, USA). Heavy metal contents are presented in Table 2.
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Table 2. Total contents of trace elements in substrates.
Metal (Oid) (mg/kg) Soil Compost Biochar

Pbioial 24.79 2 4+ 0.03 (100) b 45.51 + 0.03 (140) 0.44 +0.012
Cdiotal 5.20 + 0.02 (2) 5.51 + 0.03 (5) <0.008 + 0.01
Cuyptal 39.63 £ 0.04 (100) 10143 £ 0.12 (n.r)) © 9.5 +0.04

Criotal 21.26 £ 0.03 (150) 36.84 £ 0.08 (100) 1.3 +0.03

Nitotal 3.5+ 0.03 (100) 10.38 £+ 0.02(60) 0.2 +0.05

Hgiotal 0.062 + 0.012 0.10 + 0.012(2) <0.002 £ 0.004
Asiotal 0.15 + 0.08 (10) 1.39 4+ 0.08 (n.r.) 0.03 +0.01

2 Values are means _ standard deviation (n = 3); ? values in brackets represent standard maximum values for soil
and organic amendments according to Polish law regulation and recommendation for soil and compost when
applied as a soil amendment for agriculture and horticulture purposes; ¢ not regulated by Polish law.

2.4. Experimental Design

Two pot experiments were set up in square plastic pots of approximately 1 L volume.
The first experiment (EX 1) was carried out only with compost and biochar. A 10% amount
of RBC (v/w) was mixed with the entire volume of compost. In the second experiment
(EX 2), a mix of 90% of compost and 10% of rabbit manure biochar (called MIX) in a dose of
30% (v/w) was applied to soil and well mixed with the whole volume of the pot (Table 3).
Soil and compost were homogenized with added materials, moisturized with distilled
water and left to stabilize for 1 week for equilibration.

Table 3. Summary of the treatments in greenhouse experiment.

Experiment Setup Description Abbreviation
Experiment 1 (EX 1) Control compost without organic amendments CC
Experiment 1 (EX 1) Compost with 10% (v/w) of rabbit manure biochar CBC
Experiment 2 (EX 2) Control soil without organic amendments CSs
Experiment 2 (EX 2) Soil with 30% (v/w) rabbit manure biochar and compost MIX * SCBC

* Composition of the mix of 90% of compost and 10% of rabbit manure biochar.

7

Green leafy vegetables commonly grown by gardeners, also called “microgreens”
(lettuce—Lactuca sativa L., spinach—Spinacia oleracea L., corn salad—Valerianella locusta L.,
kale—Brassica oleracea L. var. sabellica L., mustard greens—Brassica juncea L.) were planted
in EX1 and EX 2. Each variant was set up in six replicates to produce enough plant biomass
for investigations. Five seeds were sown in each pot, and after germination, some of the
plants (depending on plant species) were removed to keep the space biomass development
(e.g., for lettuce). The pots were placed in a greenhouse under a controlled light regime (16 h
of light/8 h of darkness), temperature (~23 °C) and humidity conditions and watered with
distilled water to maintain the moisture (ca. 70%) of water-holding capacity (WHC). No
additional mineral fertilization was applied during the experimental period. After 8 weeks
of growth, when the edible parts of plants were fully developed (Figure 2), vegetable
shoots and leaves were harvested, washed with tap water and deionized water, dried in a
forced-air oven for 48 h at 60 °C, weighted and ground using a stainless steel mill.
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Figure 2. Lettuce growth in 6th week of the EX 2 experiment on control soil without MIX (CS) (on the
left) on soil with MIX (SCBC) (on the right).

2.5. Chemical Analysis of Samples after the Experiments

After 8 weeks of incubation, the soil was collected from pots to repeat the analyses
of standard chemical properties. The material was air-dried, homogenized and passed
through a 2 mm sieve, then stored in a dry place at room temperature. Analyses of pH,
CEC, TOC and TN were repeated by the same methods as described in Section 2.3. To
investigate the effect of biochar on heavy metal mobility in compost and soil, the sequential
extraction procedure proposed by the European Community Bureau of Reference (BCR)
was performed according to the procedure described by Medyriska et al. [28]. Four fractions
of heavy metals with different mobilities were obtained: Fraction F1—easily soluble fraction
and bond to carbonates, Fraction F2—reducible, bound to Fe and Mn oxides, Fraction F3—
oxidizable, bound to organic matter, Fraction F4—residual. Obtained extracts representing
four fractions were analyzed to determine heavy metal content on MP-AES 4200 (Agilent
Technologies, Santa Clara, CA, USA). Freshly collected vegetable leaves were washed
in distilled water to reduce the risk of external contamination of the material with soil
and dried at 45 °C for 12 h in a laboratory dryer (POL-EKO, Wodzistaw Slaski, Poland).
Content of Pb, Cd, Cr and Cu in plant tissues was determined with MP-AES 4200 (Agilent
Technologies, Santa Clara, CA, USA) after microwave digestion with a mixture of 36%
H,0; and 10 mL of HNO3, following the United States Environmental Protection Agency
(US-EPA) 3052A method on the STAR D digestion system (Milestone, Shelton, CT, USA). To
avoid analytical errors, standard solutions (LGC Standards Ltd., Teddington, UK) for MP-
AES 4200 and a certified reference material RTH 953 Heavy Clay Soil from LGC Promochem
(LGC Standards Ltd., Teddington, UK) was used, and for plants, white clover BCR-402 and
plankton BCR-414 from the European Commission Joint Research Center (Geel, Belgium)
were used for calibration with each sample set. The recovery of Cu, Cr, Pb and Cd from the
certified reference material (CRM) was 84-93%, and the maximum values of RSD were 2.3%.
Detection limits were 0.01 mg/kg for Cu, 0.01 for Cr, 0.002 mg/kg for Pb and 0.008 mg/kg
for Cd in the soil, compost and plant samples. The biological accumulation coefficient
(BAC) was defined as the concentration of heavy metals in plant shoots divided by the
heavy metal concentration in soil (BAC = (Metal) shoot/(Metal) soil) [29,30]. BAC indicates
the ability of plants to tolerate and accumulate heavy metals.

2.6. Data Analysis

All experiments and measurements were performed in triplicates. Data are presented
as the mean values with relative standard deviation (RSD). Student’s t-tests were used to
test for significant differences in the pH and content of metals in amended and control soil
and compost (p < 0.05). Obtained data were compiled using Microsoft Excel 2016.
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3. Results
3.1. Effect of Biochar Amendment on Compost and Soil Psychochemical Properties

After biochar application to compost (in EX 1), some of the compost properties were
significantly improved. Compost pH increased by 0.2 units, as well as the content of TOC,
while the content of TN and surprisingly CEC of compost was not affected by RBC. In
terms of EX 2, all soil properties were significantly improved in the SCBC treatment. The
most important properties for the process of sorption and desperation of metals such as
soil pH by 0.8 units, organic carbon content by 0.39% and a tenfold increase in soil CEC
from 1.71 c(mol)/kg to 17.38 c(mol)/kg, were recorded after the application of 30% (v/w)
of biochar—compost mix to sandy soil (Table 4).

Table 4. Effects of biochar and compost mix application on soil chemical properties after 8 weeks
of incubation.

CEC1 TOC 2 TN 3

Treatment pHin H,O cmol(+)/kg % (%) C:N
CcC 7.622 181.24 +£0.122 931 +0.062 0.71 +£0.042 12
CBC 7.82b 18294+ 0.162 954 +0.04b  0.69+0.032 14
CSs 536 +0.022 1.71+0.122 1.18 £ 0.082  0.081 4+ 0.042 22
SCBC 6.10 + 0.03b 17.38 £ 0.14b 1.57 £0.09°  0.090 +0.05° 20

1 CEC—cation exchange capacity 2 TOC—total organic carbon 3 TN—total nitrogen. Different lowercase letters
(@ and ?) indicate significant differences between treatment type in EX 1 (CC and CBC) and EX 2 (CS and SCBC
(p < 0.05)).

3.2. Sequential Extraction of Heavy Metals in Compost Amended with Rabbit Manure Biochar

The effect of rabbit manure biochar application on the speciation of the tested metals
in compost varied between elements and, in terms of Pb and Cd, was more efficient in the
reduction of easily soluble and bioavailable forms compared to Cu and Cr. Prioritizing the
availability of metals in the studied compost, Cd > Cu > Cr > Pb. Biochar caused a decrease
in Cu in Fraction F1 from 5.1% to 4.3%, also reducing the amounts of Cu in residual form
and causing a shift of Cu to Fractions F2 and F3 (Figure 2). In biochar-amended compost,
33% of Cu was in F4 and, respectively, 31% in Fractions F2 and F3, compared to 54.6% of
Cu in F4, 14.5% in F3 and 25.7% in F2 in pure compost without RBC. Similarly for Cr, a
significant decrease in Fraction F1 from 1.41% to 0.44% and a shift to Fractions F2 and F3
was observed; however, more than 60% of Cr in the tested soil was in residual Fraction F4.
The addition of RBC caused a significant decrease in Cd in F1 from 9.6% to 0.2% and an
element shift to Fraction F3. The solubility and availability of Pb in the tested compost was
low, only 1.3%; however, RBC-affected Pb speciation caused a decrease in F1 to 0.03% and
an element shift to Fractions F2 and F3.

3.3. Sequential Extraction of Heavy Metals in Soil Amended with Rabbit Manure Biochar and
Compost Mix

Prioritizing the availability of metals in the control soil, Cu > Cd > Cr > Pb. The effect
of MIX application varied between metals; however, for all the tested metals, a significant
decrease in exchangeable forms and shifts in metal species were observed after 8 weeks of
soil incubation. The content of Cu in the Fraction F1 decreased from 22.5% to 4.7%, and Cu
was shifted to Fractions F2 and F3, increasing the amounts of Cu bound with organic matter
from 0.4% to 15.3% and bound to Fe and Mn oxides from 12.8% up to 29.9% (Figure 3). In
terms of Cr, Fraction F1 was reduced from 6.6% to 1.9%, and chromium was shifted from
Fractions F1 and F2 to F3, while no significant effect was observed for residual Fraction F4,
and approx. 70% of Cr remained in residual forms. Significant changes were observed for
Pb, and easily soluble and available forms were decreased from 2.6% to 0.03%, while MIX
addition caused shifts from F1 and F2 to Fraction F3, and almost 44% of Pb remained in a
form bound with organic matter. The content of Cd in easily soluble and available forms
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was also remarkably decreased from 19.1% to 0.7%, and metal was shifted to Fractions F3
and F4, increasing the amounts of residual forms of Cd from 53.6 to 69.5%.
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Figure 3. Effects of the application of rabbit manure biochar and co-application of rabbit manure
biochar with compost on the speciation of heavy metals (Cu, Cr, Cd and Pb) in compost (CBC) and
soil (SCBC) compared with untreated compost (CC) and soil (CS).

3.4. Heavy Metals Accumulation in Leafy Vegetables Grown on Compost with Biochar Amendment

Response to the application of rabbit manure biochar to compost in heavy metal
content in plant leaves varied between the tested elements and plant species. The highest
contents of Cu, Cr, Pb and Cd were determined in spinach, followed by lettuce and
mustard greens, with the lowest in kale and corn salad (Figure 4). The application of RBC
to compost significantly (p > 0.05) reduced the uptake of Cd and Cr by spinach by 61%
and 40%, respectively, and Pb and Cd in mustard greens by 73% and 45%. However, some
negative effects of biochar presence were also observed for some of the tested species. The
application of RBC enhanced the accumulation of Cr by kale, lettuce and mustard greens,
respectively, by 30%, 12% and 17% and of Cu in lettuce by 16% (Figure 4). From all the
tested species, corn salad had a tendency to accumulate Cd and Pb and, respectively, up to
40% and up to 63% more of this metal were accumulated in plants grown on compost with
RBC amendment; however, corn salad should not be considered a good metal accumulator
compared with typical accumulators such as lettuce and spinach.
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Figure 4. Concentration of Cu, Cr, Pb and Cd in plants grown without (CC—control compost and
CS—control soil) and with (CBC—compost with rabbit manure biochar, SCBC—soil with mix of
biochar and compost) organic amendments.

3.5. Heavy Metals Accumulation in Leafy Vegetables Grown in Soil with Biochar—Compost
Amendment

The application of 30% MIX reduced the uptake of the tested metals by two species:
mustard greens and kale. The accumulation of Cu, Cr, Cd and Pb in leaves of both species
decreased by 56% for Cr and by 52% for Cd, but also, compared to other species, the content
of Cu was reduced by 46% in plants grown with soil amendment. In EX 2, corn salad also
exhibited a high tendency for Cr accumulation in the presence of MIX in soil; however,
the accumulation of Pb and Cd was reduced by 41% and 58%, respectively, which is an
opposite result compared with EX 1. In the other tested vegetables, the application of
MIX caused a reduction in the amounts of Pb and Cd accumulated in edible plant parts,
respectively, by 37% and 34% in spinach and by 16% and 12% in lettuce, while the content
of Cu in both species increased by 20%. For Cr, the content was reduced by 23% in spinach
and enhanced by 10% in lettuce, showing no similar tendencies.
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3.6. Heavy Metal Accumulation Coefficient

Calculated bioaccumulation coefficients (BAC) differed between plant species and
types of metal. Spinach, kale and mustard greens had a tendency to accumulate Cr and
Cu in leaf tissues (BAC > 1) when cultivated on pure compost amendment (Table 5). The
application of 10% (v/w) RBC reduced the risk of metal accumulation, similarly to the
co-application of RBC and compost in 30% (v/w) to soil. All calculated BAC values were
<1. BAC calculations confirmed that green leafy vegetables have a tendency to accumulate
Cr when present in bioavailable forms in substrates. Mustard green also had a tendency
to accumulate Cu, while Pb and Cd were not easily transferred to the edible parts of the
tested vegetables.

Table 5. Bioaccumulation coefficient (BAC) of Cu, Cr, Pb and Cd in five species of green leafy
vegetables grown on compost without/with biochar and soil without/with biochar-compost mix.

Treatment Cu Cr Pb Cd Treatment Cu Cr Pb Cd
Lettuce Lettuce

Cs 0.81 0.94 0.09 0.38 CC 0.50 0.11 0.08 0.74

SBCB 0.73 0.72 0.06 0.38 CBC 0.49 0.17 0.05 0.41
Spinach Spinach

CS 0.86 1.06 0.09 0.38 CS 0.77 0.49 0.04 0.73

SBCB 0.71 0.56 0.05 0.28 SBCB 0.70 0.29 0.03 0.28

Corn salad Corn salad
CS 0.88 0.46 0.14 0.40 CS 0.38 0.46 0.03 0.30
SBCB 0.65 0.53 0.05 0.26 SBCB 0.32 0.54 0.05 0.33
Kale Kale
CS 0.50 1.45 0.10 0.40 CS 0.27 0.38 0.06 0.60
SBCB 0.20 0.54 0.05 0.27 SBCB 0.32 0.52 0.05 0.44
Mustard greens Mustard greens
CS 1.09 0.24 0.41 0.28 CS 0.55 0.41 0.08 0.40
SBCB 0.45 0.07 0.25 0.15 SBCB 0.52 0.54 0.02 0.17

Colors indicate the intensity of metal bioaccumulation: dark and light green = low bioaccumulation, dark and light
yellow = medium, dark and light orange = high, red = very high bioaccumulation of given metal. Abbreviations
of the treatments are defined in Table 3.

4. Discussion

Rabbit farming on a large scale raises several problems related to the disposal of feces
(solid wastes) produced in large quantities [31]. The reuse of animal residues can generate
added value and provide benefits to soil, including a high amount of nutrients, organic
matter and microbial biomass, as well as increased plant yields [32]. Transformation of
rabbit manure to biochar and its utilization as a soil or growing medium amendment is very
promising and can bring benefits related to better growth of plants and plant protection
against metal stress and unintentional uptake from substrates. In addition, it eliminates
the problem of odor pollution, contamination of soil and water bodies, and potential
microbial contamination of soil and vegetables [33]. The application of rabbit-manure-
derived biochar (RBC) for heavy metal (HM) problem mitigation is a novel application of
this material. Only limited scientific papers have been published describing the effects of
rabbit-manure-derived biochar on soil health. The results of this study showed that the
application of labile organic matter with RBC significantly improved heavy-metal-polluted
soil enzymatic activity, soil aeration and pH [34]; however, RBC significantly affected Zn
availability, enhancing metal uptake by Brassica napus [35]. More can be found about RBC
use for the removal of pharmaceuticals and antibiotics (e.g., ciprofloxacin) from aquatic
solution, and the results show high adsorption capacity for the removal of potentially
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toxic compounds [36]. Animal-manure-derived biochar has a higher heavy metal sorption
capacity compared with plant biomass feedstock, which is attributed to high polarity and
ash content [37,38], and such properties can be used for designing soil conditioners having
both good characteristics: substrates for plant growth due to its fertilizing properties and
contaminant sorbents.

4.1. Heavy Metal Immobilization by Rabbit Manure Biochar

Biochar actions in soil or compost are related to direct and indirect changes in substrate
properties important for the heavy metal sorption/desorption process [21]. Metal cation
binding onto biochar depends on several factors, such as affinity between element and
biochar, specific surface area of BC, concentration of metal in soil solution or initial soil
pH [39]. In EX 1, the possible mechanism of Cu, Cr, Cd and Pb immobilization can be
related to biochar properties, and the most probable scenario is the direct effect of the
addition of stable forms of carbon in the form of well-charred biochar able to actively
bind metals on its surface and metal precipitation with minerals (e.g., Fe and Mn oxides
and carbonates) present in biochar. As evidence, significant changes in metal speciation
were determined in RBC-amended compost where metals were shifted from Fractions F1
(exchangeable and soluble metal forms) and F4 (residual) to Fractions F2 (bound to Fe
and Mn oxides) and F3 (bound with organic matter). This phenomenon was previously
observed in another study with Co speciation in alkaline soil amended with wheat straw
biochar [28]. The direct sorption of metals on biochar active sites provided by functional
groups (e.g., carboxyl, hydroxyl and carbonyl groups) has been recently suggested as
the main mechanism of metal precipitation under alkaline soil conditions [40,41]. This
mechanism has been recently called “char-assisted metal retention” [42], as cations can
be absorbed by mineral (ash) components of biochar. In EX 2, soil mechanisms related
to the decrease in available heavy metals after biochar—-compost MIX application can be
related to the significant improvement of sandy soil pH and CEC. Biochar is commonly
alkaline and thus can be used as a soil amendment to neutralize soil acidity and increase soil
pH [43]. The adsorption of heavy metal(loid)s strongly depends on soil pH and increases as
a function of pH increases [44]. The enhancement of cation exchange capacity increases the
soil retention capacity of metals, e.g., Cuand Cd [45]. In EX 2, the co-application of compost
and biochar added to soil caused an increase in species binding with organic matter and
Fe-Mn oxides, while no effect on residual Fraction F4 was observed. The application of
organic amendments in the form of compost and biochar increases the soil sorption capacity
for divalent cations [19,46]; in addition, biochar contains a substantial amount of free AI3*
and Fe®* oxides, which can also serve as additional metal sorption sites [47].

4.2. Effect of Biochar Co-Application with Compost

The most desired effect of biochar application to compost and soil is reduced content of
potentially toxic elements (PTEs) in the edible parts of plants, as their presence in vegetables
has potential adverse effects on human health. Unfortunately, it is more common that
organic materials such as manure and manure-derived biochar are recognized as a major
source of metal input to soils, with repeated applications having resulted in elevated
concentrations of metal(loid)s in soil [44,48]. It is probably due to this problem that
animal-manure-derived biochar is less studied in terms of its utilization in soil protection
and remediation of inorganic contaminants [49]. The application of compost to soils
with elevated concentrations of pollutants can be beneficial; however, some studies have
indicated that compost can increase the mobilization of As [50], Zn [19] or Cu [51]. The
co-application of compost and biochar can be beneficial in reducing the risk related to the
presence of heavy metals in both materials due to the dilution effect and potential of biochar
for adsorbing metals released during compost decomposition [52]. The long-term benefits
of compost and biochar co-application to soil include greater stabilization of organic matter,
slower nutrient release from added organic matter and improved retention of cations due to
enhanced CEC [53]. RBC produced for this study was not an important source of potentially



Agronomy 2022, 12, 2552

12 of 16

toxic elements, probably due to the more controlled diet of domestic rabbits compared with
large-scale farming. However, this implication is important for managing the risk related
to heavy metal transfer from feed to manure in animal farming.

4.3. Heavy Metal Accumulation in Green Leafy Vegetables Grown with Organic Amendments

The results of both experiments showed that rabbit manure biochar (RBC) and the
mix of RBC with compost can have a profound effect on heavy metal uptake by different
green vegetable species, able to accumulate excessive amounts of potentially toxic elements
(PTEs) when grown on contaminated urban soils. Brassicaceae and Asteraceae species can
accumulate significant amounts of Cd [54], Pb [55], Cu [56] and Cr [57,58]; however, they
are a common choice of vegetables cultivated by gardeners. The application of RBC to
compost decreased the uptake of Pb and Cd by most of the tested species. A similar
finding was observed in a previous study by Medyriska-Juraszek et al [19]. Puga et al. [59]
showed that biochar application caused a significant decrease in Pb and Cd availability in
soil cultivated with jack beans and Mucuna aterrima, and this decrease corresponded to a
54% and 50% reduction of Cd and Pb uptake by the tested species. Van Poucke et al. [60]
confirmed in their study that biochar is much more efficient in Cd immobilization, and the
concentrations of Cd in soil solution after application of 4% of biochar were reduced by
67% compared to peat and compost, which caused a significant increase in Cd in available
forms (by 231%). Similarly, Cui et al. [46] described that with the increase in soil pH with
increasing rates of biochar application, the content of Cd in rice was reduced by 57%.
Netherway et al. [61] showed that poultry-derived biochar can effectively bind Pb due
to precipitation with phosphates. Similarly, precipitation is a dominant mechanism for
Cu removal [62]; however, in our study, the effect of RBC and MIX application on Cu
uptake was less significant compared to Pb and Cd. Opinions in the literature about Cu
sorption by compost and biochar are divided, showing more relevant dependence on initial
soil properties, e.g., soil pH or organic matter content, than substrate direct performance.
Vila-Rodriguez et al. [63] demonstrated that Cu uptake into leafy greens is significantly
reduced in alkaline soil, which confirms our finding showing enhanced uptake of Cu by
plants grown in control, more acidic soil.

4.4. Negative Impact of Organic Amendments Application on Heavy Metal Uptake by Vegetables

This study also indicated some negative effects of RBC and RBC with compost co-
application in terms of Cr accumulation in the tested species. Kale, lettuce and mustard
greens accumulated up to 30% more Cr compared to untreated compost. Enhanced uptake
of chromium by plants can be related to its speciation and form in soil. Chromium (Cr) is a
potentially toxic heavy metal that does not have any essential metabolic function in plants.
Chromium occurs in different chemical forms (primarily as chromite (Cr(III)) and chromate
(Cr(VI)) in soil), which vary markedly in terms of their biogeochemical behavior [64]. The
high oxidizing potential and solubility make Cr (VI) more mobile and toxic than Cr (III);
however, the oxidation status and toxicity of Cr in soil can vary depending on the moisture
content and redox potential of soil [57]. Chromium behavior in soil, its soil-plant transfer
and accumulation in different plant parts vary with its chemical form, plant type and soil
physicochemical properties [64]. Soil acidification affects the solubility of Cr through its
effect on adsorption/precipitation and oxidation/reduction reactions. While the adsorption
of Cr(VI) in soil increases with decreasing pH, the adsorption of Cr(Ill) decreases [65]. Some
plant species, including the Brassicaceae family, have been reported to be good accumulators
of chromium. For example, Brassica juncea (Indian mustard) has been widely used in
phytoremediation because of its remarkable capacity to accumulate high levels of heavy
metals, including Cr [58]. The effectiveness of chromium uptake by plants depends on Cr
bioavailability in soil and plant tolerance to this metal; however, Brassicaceae species are
able to uptake chromium and accumulate it in roots and shoots, even if the amounts of Cr
present in soil solution are low [57]. High ability to uptake and tolerate chromium, as well
as a detoxification mechanism leading to the transition of potentially toxic Cr (VI) into less
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toxic Cr (III) in roots, can explain the increased uptake of chromium by the tested species
in mix-amended and nonamended soil. For spinach, the findings are partly in agreement
with the study of Sehrish et al. [66], describing that poultry-derived biochar decreased
the content of bioavailable forms of Cr and uptake of metal by spinach. Zakir et al. [67]
showed that spinach grown in farm and industrial contaminated soils accumulates Cr in
excessive amounts, and this can pose potential health concerns for consumers, which is in
agreement with the findings of our study. Vegetable species differ widely in their ability
to take up and accumulate heavy metals, even among cultivars and varieties within the
same species [68]. BAC calculations confirmed that some species such as spinach, kale and
mustard green accumulate Cr in leaves (BAC > 1), while the application of RBC and MIX to
soil reduced the uptake of Cr by all tested species. Our results are in agreement with the
results of a previous study by Medyriska-Juraszek et al. [19], showing that the application of
compost alone increased the uptake and accumulation of Cr by spinach. All tested species
showed a tendency to accumulate Cu, Cr and Cd, and the concentration of these elements
exceeded permissible heavy metal limits indicated by the World Health Organization and
the Food and Agriculture Organization of the United Nations (FAO) for edible plants.
WHO indicated the permissible limits as follows: 0.02 mg/kg cadmium (Cd), 1.3 mg/kg
chromium (Cr), 10 mg/kg copper (Cu) and 2 mg/kg lead (Pb) [69]. However, these limits
are more reliable for plants cultivated in unpolluted soils or soils with a low anthropogenic
impact. Guerra et al. [70] indicated that the average content of Pb, Cd and Cr consumed
by citizens of Sao Paulo, Brazil, with lettuce is, respectively, 0.41, 0.08 and 0.25 mg/kg,
while spinach is able to accumulate more, respectively, 1.05, 0.13 and 0.27 mg/kg, showing
that even under controlled greenhouse growing conditions, the content of heavy metals
can exceed safe levels. Gupta et al. [69] showed that growing vegetables in urban areas
bring the risk of vegetable contamination with different heavy metals, reporting that leafy
vegetables exhibit a tendency to accumulate metals in the following pattern: Zn > Cu >
Pb > Ni > Cd, which is in agreement with the findings of our study. The concentration of
different elements in vegetables depends upon the relative level of exposure of plants to
the contaminated soil [71]; however, the application of organic amendments, e.g., rabbit-
manure-derived biochar, can reduce the risk of metal transfer to plants significantly and
can be recommended as a method for health risk mitigation related to food production
in urban gardening. The application of single compost may increase the concentration of
heavy metals in some vegetable species, bringing the potential risk of adverse health effects
and increase in daily intake of contaminants in the diet. The co-application of compost
with biochar seems to be beneficial in minimizing the risk related to urban horticulture
on contaminated soil, but also in terms of compost use as a growing medium, which is
a popular choice for gardeners. Rabbit manure seems to be a good feedstock for biochar
production. As a nutrient-rich material, rabbit droppings can be converted into macro-
and micronutrient soil conditioner and improve plant growth. Another advantage of
rabbit-manure-derived biochar is its easy application in the form of slowly solubilizing
granulates, limiting the problem of biochar dusting and runoff.

5. Conclusions

e The results of the study showed that rabbit-manure-derived biochar and its co-
application with compost can reduce the uptake of Cd and Pb by leafy vegetables,
reducing the risk related to food contamination with potentially toxic elements

e  The application of compost and biochar to soil significantly improved physicochemical
properties, e.g., pH, cation exchange capacity and carbon content and plant growth,
decreasing the availability of Cu, Cr, Cd and Pb and toxicity of metals for plants

e  The application of rabbit-manure-derived biochar to compost and co-application of
organic amendments to soil may also have some adverse effects, and increased uptake
of chromium and copper for some of the tested vegetable species was observed. This
finding can pose a potential health concern related to organic amendment application
in urban horticulture.



Agronomy 2022, 12, 2552 14 of 16

Author Contributions: Conceptualization, A.M.-].; methodology, A.M.-].; validation, A.M.-].; investi-
gation, KM., D.G. and K K.; writing—original draft preparation, A.M.-J. and K.M.; writing—review
and editing, A.M.-].; visualization A.M.-J., KM. and K.K,; supervision, A.M.-J. All authors have read
and agreed to the published version of the manuscript.

Funding: The research was co-financed under the individual student research project “Mtode
umysty—Young Minds Project no. N010/0008/21” from the subsidy increased for the period
2020-2025 in the amount of 2% of the subsidy referred to Art. 387 (3) of the Law of 20 July 2018 on
Higher Education and Science, obtained in 2019. The research is also a part of a project funded by the
Polish Ministry of Education and Science (Project Number: B100/0006/21) “Fertiwaste—innovative
soil substrate based on compost and biochar” performed by students from the Scientific Group “Soil
Sciences and Environmental Protection”.

Data Availability Statement: Data sharing is not applicable to this article.

Acknowledgments: The authors would like to thank Adam Bogacz for providing rabbit manure
for carbonization and the technical staff from the Institute of Soil Sciences, Plant Nutrition and
Environmental Protection, WUELS, for providing technical support in soil and compost analysis
by students.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Eigenbrod, C.; Gruda, N. Urban Vegetable for Food Security in Cities. A Review. Agron. Sustain. Dev. 2015, 35, 483-498. [CrossRef]

2. Geiger, T.; Norton, U. Effects of Garden Amendments on Soil Available Lead and Plant Uptake in a Contaminated Calcareous
Soil. Appl. Sci. 2021, 11, 5777. [CrossRef]

3. Meuser, H. Contaminated Urban Soils; Environmental Pollution; Springer: Dordrecht, The Netherlands, 2010; Volume 18, ISBN
978-90-481-9327-1.

4. Pan,L.;Wang, Y,; Ma, ].; Hu, Y.; Su, B,; Fang, G.; Wang, L.; Xiang, B. A Review of Heavy Metal Pollution Levels and Health Risk
Assessment of Urban Soils in Chinese Cities. Environ. Sci. Pollut. Res. 2018, 25, 1055-1069. [CrossRef] [PubMed]

5. Jolly, Y.N,; Islam, A.; Akbar, S. Transfer of Metals from Soil to Vegetables and Possible Health Risk Assessment. SpringerPlus 2013,
2, 385. [CrossRef]

6. Choe, U; Yu, L.L.; Wang, T.T.Y. The Science behind Microgreens as an Exciting New Food for the 21st Century. J. Agric. Food
Chem. 2018, 66, 11519-11530. [CrossRef]

7. Nikoli¢, M.; Tomasevi¢, V. Implication of the Plant Species Belongingto the Brassicaceae Family in the Metabolizationof Heavy
Metal Pollutants in Urban Settings. Pol. ]. Environ. Stud. 2020, 30, 523-534. [CrossRef]

8.  Mourato, M.; Moreira, I.; Leitao, I.; Pinto, F,; Sales, ].; Martins, L. Effect of Heavy Metals in Plants of the Genus Brassica. Int. ].
Mol. Sci. 2015, 16, 17975-17998. [CrossRef]

9.  Gruda, N. Do Soilless Culture Systems Have an Influence on Product Quality of Vegetables? Available online: https://edoc.hu-
berlin.de/handle /18452 /10085 (accessed on 25 July 2022). [CrossRef]

10. Jamroz, E.; Bekier, J.; Medynska-Juraszek, A.; Kaluza-Haladyn, A.; Cwielag-Piasecka, I.; Bednik, M. The Contribution of Water
Extractable Forms of Plant Nutrients to Evaluate MSW Compost Maturity: A Case Study. Sci. Rep. 2020, 10, 12842. [CrossRef]

11.  De Corato, U. Agricultural Waste Recycling in Horticultural Intensive Farming Systems by On-Farm Composting and Compost-
Based Tea Application Improves Soil Quality and Plant Health: A Review under the Perspective of a Circular Economy. Sci. Total
Environ. 2020, 738, 139840. [CrossRef]

12.  Bekier, J.; Jamroz, E.; Kaluza-Hatadyn, A.; Sowinski, J.; Adamczewska-Sowiniska, K. Effect of Differently Matured Compost
Produced from Willow (Salix viminalis L.) on Growth and Development of Lettuce (Lactuca sativa L.). Biol. Life Sci. Forum 2021,
3,7. [CrossRef]

13.  Azim, K,; Soudi, B.; Boukhari, S.; Perissol, C.; Roussos, S.; Thami Alami, I. Composting Parameters and Compost Quality:
A Literature Review. Org. Agr. 2018, 8, 141-158. [CrossRef]

14. Gomez, A. The Evaluation of Compost Quality. TrAC Trends Anal. Chem. 1998, 17, 310-314. [CrossRef]

15. Epelde, L.; Jauregi, L.; Urra, J.; Ibarretxe, L.; Romo, J.; Goikoetxea, I.; Garbisu, C. Characterization of Composted Organic
Amendments for Agricultural Use. Front. Sustain. Food Syst. 2018, 2, 44. [CrossRef]

16. Karanasios, E.; Tsiropoulos, N.G.; Karpouzas, D.G.; Ehaliotis, C. Degradation and Adsorption of Pesticides in Compost-Based
Biomixtures as Potential Substrates for Biobeds in Southern Europe. J. Agric. Food Chem. 2010, 58, 9147-9156. [CrossRef] [PubMed]

17.  Yang, X.; Li, Q.; Tang, Z.; Zhang, W.; Yu, G.; Shen, Q.; Zhao, F-J. Heavy Metal Concentrations and Arsenic Speciation in Animal
Manure Composts in China. Waste Manag. 2017, 64, 333-339. [CrossRef]

18. Godlewska, P.; Schmidt, H.P; Ok, Y.S.; Oleszczuk, P. Biochar for Composting Improvement and Contaminants Reduction. A
Review. Bioresour. Technol. 2017, 246, 193-202. [CrossRef]

19. Medynska-Juraszek, A.; Bednik, M.; Chohura, P. Assessing the Influence of Compost and Biochar Amendments on the Mobility

and Uptake of Heavy Metals by Green Leafy Vegetables. Int. ]. Environ. Res. Public Health 2020, 17, 7861. [CrossRef]


http://doi.org/10.1007/s13593-014-0273-y
http://doi.org/10.3390/app11135777
http://doi.org/10.1007/s11356-017-0513-1
http://www.ncbi.nlm.nih.gov/pubmed/29134530
http://doi.org/10.1186/2193-1801-2-385
http://doi.org/10.1021/acs.jafc.8b03096
http://doi.org/10.15244/pjoes/122770
http://doi.org/10.3390/ijms160817975
https://edoc.hu-berlin.de/handle/18452/10085
https://edoc.hu-berlin.de/handle/18452/10085
http://doi.org/10.18452/9433
http://doi.org/10.1038/s41598-020-69860-9
http://doi.org/10.1016/j.scitotenv.2020.139840
http://doi.org/10.3390/IECAG2021-10067
http://doi.org/10.1007/s13165-017-0180-z
http://doi.org/10.1016/S0165-9936(98)00013-2
http://doi.org/10.3389/fsufs.2018.00044
http://doi.org/10.1021/jf1011853
http://www.ncbi.nlm.nih.gov/pubmed/20666446
http://doi.org/10.1016/j.wasman.2017.03.015
http://doi.org/10.1016/j.biortech.2017.07.095
http://doi.org/10.3390/ijerph17217861

Agronomy 2022, 12, 2552 15 of 16

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Lehmann, J.; Joseph, S. (Eds.) Biochar for Environmental Management: Science, Technology and Implementation, 2nd ed.; Routledge,
Taylor & Francis Group: Abingdon, UK, 2015. [CrossRef]

Medynska-Juraszek, A.; Cwielag-Piasecka, I. Effect of Biochar Application on Heavy Metal Mobility in Soils Impacted by Copper
Smelting Processes. Pol. J. Environ. Stud. 2020, 29, 1749-1757. [CrossRef]

Karami, N.; Clemente, R.; Moreno-Jiménez, E.; Lepp, N.W.; Beesley, L. Efficiency of Green Waste Compost and Biochar Soil
Amendments for Reducing Lead and Copper Mobility and Uptake to Ryegrass. J. Hazard. Mater. 2011, 191, 41-48. [CrossRef]
Aung, A.; Seo, ].M.; Han, S H.; An, ].Y,; Dao, H.T.T.; Youn, W.B.; Park, B.B. Effects of Torrefied Wood Chip and Vermicompost
Application on Vegetation Growth and Nutrient Uptake in the Saemangeum Reclaimed Land. Ecol Process. 2020, 9, 7. [CrossRef]
Beesley, L.; Moreno-Jiménez, E.; Gomez-Eyles, ].L.; Harris, E.; Robinson, B.; Sizmur, T. A Review of Biochars” Potential Role in the
Remediation, Revegetation and Restoration of Contaminated Soils. Environ. Pollut. 2011, 159, 3269-3282. [CrossRef] [PubMed]
Godlewska, P.; Ok, Y.S.; Oleszczuk, P. THE DARK SIDE OF BLACK GOLD: Ecotoxicological Aspects of Biochar and Biochar-
Amended Soils. |. Hazard. Mater. 2021, 403, 123833. [CrossRef] [PubMed]

Biatowiec, A.; Micuda, M.; Szumny, A.; Lyczko, ].; Koziel, ]. Waste to Carbon: Influence of Structural Modification on VOC
Emission Kinetics from Stored Carbonized Refuse-Derived Fuel. Sustainability 2019, 11, 935. [CrossRef]

Reeuwijk, L. Procedures for Soil Analysis; Technical Paper; ISRIC-Word Soil Information: Wageningen, The Netherlands, 2002.
Medynska-Juraszek, A.; Cwielag—Piasecka, L; Jerzykiewicz, M.; Trynda, ]. Wheat Straw Biochar as a Specific Sorbent of Cobalt in
Soil. Materials 2020, 13, 2462. [CrossRef]

Li, M.S,; Luo, Y.P; Su, Z.Y. Heavy Metal Concentrations in Soils and Plant Accumulation in a Restored Manganese Mineland in
Guangxi, South China. Environ. Pollut. 2007, 147, 168-175. [CrossRef]

Malik, R.N.; Husain, S.Z.; Nazir, I. Heavy Metal Contamination and Accumulation in Soil and Wild Plant Species from Industrial
Area of Islamabad, Pakistan. Pak. J. Bot. 2010, 42, 291-301.

Mesa, LM,; Situmeang, Y.P.; Wirajaya, A.A.N.M.; Udayana, I.G.B.; Yuliartini, M.S. Utilization of Rabbit Manure and Biochar
Chicken Manure and Its Effect on the Growth and Yield of Pakchoy Plants. . Phys. Conf. Ser. 2021, 1869, 12045. [CrossRef]
Cardenas- Aguiar, E.; Gasco, G.; Paz-Ferreiro, ].; Méndez, A. The Effect of Biochar and Compost from Urban Organic Waste on
Plant Biomass and Properties of an Artificially Copper Polluted Soil. Int. Biodeterior. Biodegrad. 2017, 124, 223-232. [CrossRef]
Cardenas-Aguiar, E.; Gasco, G.; Paz-Ferreiro, J.; Méndez, A. Thermogravimetric Analysis and Carbon Stability of Chars Produced
from Slow Pyrolysis and Hydrothermal Carbonization of Manure Waste. J. Anal. Appl. Pyrolysis 2019, 140, 434—443. [CrossRef]
Cardenas-Aguiar, E.; Méndez, A.; Paz-Ferreiro, J.; Gasco, G. The Effects of Rabbit Manure-Derived Biochar on Soil Health and
Quality Attributes of Two Mine Tailings. Sustainability 2022, 14, 1866. [CrossRef]

Cérdenas-Aguiar, E.; Suarez, G.; Paz-Ferreiro, J.; Askeland, M.PJ.; Méndez, A.; Gasco, G. Remediation of Mining Soils by
Combining Brassica Napus Growth and Amendment with Chars from Manure Waste. Chemosphere 2020, 261, 127798. [CrossRef]
[PubMed]

Huang, W.; Chen, J.; Zhang, J. Removal of Ciprofloxacin from Aqueous Solution by Rabbit Manure Biochar. Environ. Technol.
2020, 41, 1380-1390. [CrossRef]

Xu, R,; Ferrante, L.; Hall, K.; Briens, C.; Berruti, F. Thermal Self-Sustainability of Biochar Production by Pyrolysis. J. Anal. Appl.
Pyrolysis 2011, 91, 55-66. [CrossRef]

Inyang, M.; Gao, B.; Pullammanappeallil, P; Ding, W.; Zimmerman, A.R. Biochar from Anaerobically Digested Sugarcane Bagasse.
Bioresour. Technol. 2010, 101, 8868-8872. [CrossRef]

Zama, E.F;; Zhu, Y.-G.; Reid, B.J.; Sun, G.-X. The Role of Biochar Properties in Influencing the Sorption and Desorption of Pb(II),
Cd(II) and As(IIl) in Aqueous Solution. J. Clean. Prod. 2017, 148, 127-136. [CrossRef]

Beesley, L.; Moreno-Jiménez, E.; Gomez-Eyles, J.L. Effects of Biochar and Greenwaste Compost Amendments on Mobility,
Bioavailability and Toxicity of Inorganic and Organic Contaminants in a Multi-Element Polluted Soil. Environ. Pollut. 2010, 158,
2282-2287. [CrossRef]

Uchimiya, M.; Lima, I.M.; Klasson, K.T.; Wartelle, L.H. Contaminant Immobilization and Nutrient Release by Biochar Soil
Amendment: Roles of Natural Organic Matter. Chemosphere 2010, 80, 935-940. [CrossRef]

Beesley, L.; Trakal, L.; Hough, R.; Mitchell, K. Mobility and crop uptake of Zn in a legacy sludge-enriched agricultural soil
amended with biochar or compost: Insights from a pot and recirculating column leaching test. Environ. Sci. Pollut. Res. Int. 2022.
[CrossRef]

Yuan, J.-H.; Xu, R.-K.; Zhang, H. The Forms of Alkalis in the Biochar Produced from Crop Residues at Different Temperatures.
Bioresour. Technol. 2011, 102, 3488-3497. [CrossRef] [PubMed]

Park, J.H.; Lamb, D.; Paneerselvam, P.; Choppala, G.; Bolan, N.; Chung, ]J.-W. Role of Organic Amendments on Enhanced
Bioremediation of Heavy Metal(Loid) Contaminated Soils. J. Hazard. Mater. 2011, 185, 549-574. [CrossRef] [PubMed]
Uchimiya, M.; Klasson, K.T.; Wartelle, L.H.; Lima, .M. Influence of Soil Properties on Heavy Metal Sequestration by Biochar
Amendment: 2. Copper Desorption Isotherms. Chemosphere 2011, 82, 1438-1447. [CrossRef] [PubMed]

Cui, L.; Pan, G.; Li, L.; Yan, J.; Zhang, A.; Bian, R.; Chang, A. The reduction of wheat cd uptake in contaminated soil via biochar
amendment: A two-year field experiment. BioResources 2012, 7, 5666-5676. [CrossRef]

Xu, G.; Wei, L.L,; Sun, ].N.; Shao, H.B.; Chang, S.X. What Is More Important for Enhancing Nutrient Bioavailability with Biochar
Application into a Sandy Soil: Direct or Indirect Mechanism? Ecol. Eng. 2013, 52, 119-124. [CrossRef]


http://doi.org/10.4324/9780203762264
http://doi.org/10.15244/pjoes/108928
http://doi.org/10.1016/j.jhazmat.2011.04.025
http://doi.org/10.1186/s13717-020-0212-6
http://doi.org/10.1016/j.envpol.2011.07.023
http://www.ncbi.nlm.nih.gov/pubmed/21855187
http://doi.org/10.1016/j.jhazmat.2020.123833
http://www.ncbi.nlm.nih.gov/pubmed/33264919
http://doi.org/10.3390/su11030935
http://doi.org/10.3390/ma13112462
http://doi.org/10.1016/j.envpol.2006.08.006
http://doi.org/10.1088/1742-6596/1869/1/012045
http://doi.org/10.1016/j.ibiod.2017.05.014
http://doi.org/10.1016/j.jaap.2019.04.026
http://doi.org/10.3390/su14031866
http://doi.org/10.1016/j.chemosphere.2020.127798
http://www.ncbi.nlm.nih.gov/pubmed/32750617
http://doi.org/10.1080/09593330.2018.1535628
http://doi.org/10.1016/j.jaap.2011.01.001
http://doi.org/10.1016/j.biortech.2010.06.088
http://doi.org/10.1016/j.jclepro.2017.01.125
http://doi.org/10.1016/j.envpol.2010.02.003
http://doi.org/10.1016/j.chemosphere.2010.05.020
http://doi.org/10.1007/s11356-022-21744-3
http://doi.org/10.1016/j.biortech.2010.11.018
http://www.ncbi.nlm.nih.gov/pubmed/21112777
http://doi.org/10.1016/j.jhazmat.2010.09.082
http://www.ncbi.nlm.nih.gov/pubmed/20974519
http://doi.org/10.1016/j.chemosphere.2010.11.078
http://www.ncbi.nlm.nih.gov/pubmed/21190718
http://doi.org/10.15376/biores.7.4.5666-5676
http://doi.org/10.1016/j.ecoleng.2012.12.091

Agronomy 2022, 12, 2552 16 of 16

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Kottowski, M.; Charmas, B.; Skubiszewska-Zieba, J.; Oleszczuk, P. Effect of Biochar Activation by Different Methods on Toxicity
of Soil Contaminated by Industrial Activity. Ecotoxicol. Environ. Saf. 2017, 136, 119-125. [CrossRef]

Xu,Y,; Qi, F; Bai, T; Yan, Y.; Wu, C,; An, Z; Luo, S.; Huang, Z.; Xie, P. A Further Inquiry into Co-Pyrolysis of Straws with Manures
for Heavy Metal Immobilization in Manure-Derived Biochars. J. Hazard. Mater. 2019, 380, 120870. [CrossRef]

Huang, M.; Zhu, Y.; Li, Z.; Huang, B.; Luo, N.; Liu, C.; Zeng, G. Compost as a Soil Amendment to Remediate Heavy Metal-
Contaminated Agricultural Soil: Mechanisms, Efficacy, Problems, and Strategies. Water Air Soil Pollut. 2016, 227, 359. [CrossRef]
Guo, X.; Liu, H.; Zhang, J. The Role of Biochar in Organic Waste Composting and Soil Improvement: A Review. Waste Manag.
2020, 102, 884-899. [CrossRef]

Jones, S.; Bardos, R.P; Kidd, P.S.; Mench, M.; de Leij, F.; Hutchings, T.; Cundy, A.; Joyce, C.; Soja, G.; Friesl-Hanl, W.; et al. Biochar
and Compost Amendments Enhance Copper Immobilisation and Support Plant Growth in Contaminated Soils. J. Environ. Manag.
2016, 171, 101-112. [CrossRef]

Agegnehu, G.; Srivastava, A.K.; Bird, M.I. The Role of Biochar and Biochar-Compost in Improving Soil Quality and Crop
Performance: A Review. Appl. Soil Ecol. 2017, 119, 156-170. [CrossRef]

Rossi, G.; Figliolia, A.; Socciarelli, S.; Pennelli, B. Capability of Brassica Napus to Accumulate Cadmium, Zinc and Copper from
Soil. Acta Biotechnol. 2002, 22, 133-140. [CrossRef]

Bilal Shakoor, M.; Ali, S.; Hameed, A.; Farid, M.; Hussain, S.; Yasmeen, T.; Najeeb, U.; Aslam Bharwana, S.; Hasan Abbasi, G.
Citric Acid Improves Lead (Pb) Phytoextraction in Brassica Napus L. by Mitigating Pb-Induced Morphological and Biochemical
Damages. Ecotoxicol. Environ. Saf. 2014, 109, 38-47. [CrossRef] [PubMed]

Zaheer, LE.; Ali, S.; Rizwan, M.; Farid, M.; Shakoor, M.B.; Gill, R.A.; Najeeb, U.; Igbal, N.; Ahmad, R. Citric Acid Assisted
Phytoremediation of Copper by Brassica Napus L. Ecotoxicol. Environ. Saf. 2015, 120, 310-317. [CrossRef] [PubMed]

Bluskov, S.; Arocena, ].M.; Omotoso, O.0.; Young, ].P. Uptake, Distribution, and Speciation of Chromium in Brassica Juncea. Int. ].
Phytoremediat. 2005, 7, 153-165. [CrossRef] [PubMed]

Terzi, H.; Yildiz, M. Variations in Chromium Tolerance and Accumulation among Canola (Brassica Napus L.) Cultivars. Bull.
Environ. Contam. Toxicol. 2014, 93, 113-119. [CrossRef]

Puga, A.P; Abreu, C.A.; Melo, L.C.A ; Beesley, L. Biochar Application to a Contaminated Soil Reduces the Availability and Plant
Uptake of Zinc, Lead and Cadmium. J. Environ. Manag. 2015, 159, 86-93. [CrossRef]

Van Poucke, R.; Ainsworth, J.; Maeseele, M.; Ok, Y.S.; Meers, E.; Tack, EM.G. Chemical Stabilization of Cd-Contaminated Soil
Using Biochar. Appl. Geochem. 2018, 88, 122-130. [CrossRef]

Netherway, P.; Reichman, S.M.; Laidlaw, M.; Scheckel, K.; Pingitore, N.; Gasco, G.; Méndez, A.; Surapaneni, A.; Paz-Ferreiro, J.
Phosphorus-Rich Biochars Can Transform Lead in an Urban Contaminated Soil. J. Environ. Qual. 2019, 48, 1091-1099. [CrossRef]
Clemente, ].S.; Beauchemin, S.; MacKinnon, T.; Martin, J.; Johnston, C.T.; Joern, B. Initial Biochar Properties Related to the
Removal of As, Se, Pb, Cd, Cu, Ni, and Zn from an Acidic Suspension. Chemosphere 2017, 170, 216-224. [CrossRef]
Rodriguez-Vila, A.; Atuah, L.; Abubakari, A.-H.; Atorqui, D.W.; Abdul-Karim, A.; Coole, S.; Hammond, J.; Robinson, S.; Sizmur, T.
Effect of Biochar on Micronutrient Availability and Uptake Into Leafy Greens in Two Urban Tropical Soils with Contrasting Soil
PH. Front. Sustain. Food Syst. 2022, 6, 821397. [CrossRef]

Shahid, M.; Shamshad, S.; Rafiq, M.; Khalid, S.; Bibi, I.; Niazi, N.K.; Dumat, C.; Rashid, M.I. Chromium Speciation, Bioavailability,
Uptake, Toxicity and Detoxification in Soil-Plant System: A Review. Chemosphere 2017, 178, 513-533. [CrossRef] [PubMed]
Park, ].H.; Choppala, G.K; Bolan, N.S.; Chung, ].W.; Chuasavathi, T. Biochar Reduces the Bioavailability and Phytotoxicity of
Heavy Metals. Plant Soil 2011, 348, 439-451. [CrossRef]

Sehrish, A K.; Aziz, R.; Hussain, M.M,; Rafiq, M.T.; Rizwan, M.; Muhammad, N.; Rafiq, M.K.; Sehar, A.; Al-Wabel, M.I; Alj, S.
Effect of Poultry Litter Biochar on Chromium (Cr) Bioavailability and Accumulation in Spinach (Spinacia Oleracea) Grown in
Cr-Polluted Soil. Arab. . Geosci. 2019, 12, 57. [CrossRef]

Zakir, HM.; Aysha, M.L].; Mallick, S.; Sharmin, S.; Quadir, Q.F; Hossain, M.A. Heavy Metals and Major Nutrients Accumulation
Pattern in Spinach Grown in Farm and Industrial Contaminated Soils and Health Risk Assessment. Arch. Agri. Environ. Sci. 2018,
3,95-102. [CrossRef]

Yang, J.; Guo, H.; Ma, Y.; Wang, L.; Wei, D.; Hua, L. Genotypic Variations in the Accumulation of Cd Exhibited by Different
Vegetables. J. Environ. Sci. 2010, 22, 1246-1252. [CrossRef]

Gupta, N.; Yadav, K K.; Kumar, V.; Prasad, S.; Cabral-Pinto, M.M.S.; Jeon, B.-H.; Kumar, S.; Abdellattif, M.H.; Alsukaibia, A.K.D.
Investigation of Heavy Metal Accumulation in Vegetables and Health Risk to Humans From Their Consumption. Front. Environ.
Sci. 2022, 10, 791052. [CrossRef]

Guerra, F,; Trevizam, A .R.; Muraoka, T.; Marcante, N.C.; Canniatti-Brazaca, S.G. Heavy Metals in Vegetables and Potential Risk
for Human Health. Sci. Agric. 2012, 69, 54—60. [CrossRef]

Iyama, W.; Okpara, K.; Techato, K. Assessment of Heavy Metals in Agricultural Soils and Plant (Vernonia Amygdalina Delile) in
Port Harcourt Metropolis, Nigeria. Agriculture 2021, 12, 27. [CrossRef]


http://doi.org/10.1016/j.ecoenv.2016.10.033
http://doi.org/10.1016/j.jhazmat.2019.120870
http://doi.org/10.1007/s11270-016-3068-8
http://doi.org/10.1016/j.wasman.2019.12.003
http://doi.org/10.1016/j.jenvman.2016.01.024
http://doi.org/10.1016/j.apsoil.2017.06.008
http://doi.org/10.1002/1521-3846(200205)22:1/2&lt;133::AID-ABIO133&gt;3.0.CO;2-3
http://doi.org/10.1016/j.ecoenv.2014.07.033
http://www.ncbi.nlm.nih.gov/pubmed/25164201
http://doi.org/10.1016/j.ecoenv.2015.06.020
http://www.ncbi.nlm.nih.gov/pubmed/26099461
http://doi.org/10.1080/16226510590950441
http://www.ncbi.nlm.nih.gov/pubmed/16128446
http://doi.org/10.1007/s00128-014-1255-0
http://doi.org/10.1016/j.jenvman.2015.05.036
http://doi.org/10.1016/j.apgeochem.2017.09.001
http://doi.org/10.2134/jeq2018.09.0324
http://doi.org/10.1016/j.chemosphere.2016.11.154
http://doi.org/10.3389/fsufs.2022.821397
http://doi.org/10.1016/j.chemosphere.2017.03.074
http://www.ncbi.nlm.nih.gov/pubmed/28347915
http://doi.org/10.1007/s11104-011-0948-y
http://doi.org/10.1007/s12517-018-4213-z
http://doi.org/10.26832/24566632.2018.0301015
http://doi.org/10.1016/S1001-0742(09)60245-X
http://doi.org/10.3389/fenvs.2022.791052
http://doi.org/10.1590/S0103-90162012000100008
http://doi.org/10.3390/agriculture12010027

	Introduction 
	Materials and Methods 
	Soil and Compost Collection 
	Biochar Preparation 
	Substrate Analysis 
	Experimental Design 
	Chemical Analysis of Samples after the Experiments 
	Data Analysis 

	Results 
	Effect of Biochar Amendment on Compost and Soil Psychochemical Properties 
	Sequential Extraction of Heavy Metals in Compost Amended with Rabbit Manure Biochar 
	Sequential Extraction of Heavy Metals in Soil Amended with Rabbit Manure Biochar and Compost Mix 
	Heavy Metals Accumulation in Leafy Vegetables Grown on Compost with Biochar Amendment 
	Heavy Metals Accumulation in Leafy Vegetables Grown in Soil with Biochar–Compost Amendment 
	Heavy Metal Accumulation Coefficient 

	Discussion 
	Heavy Metal Immobilization by Rabbit Manure Biochar 
	Effect of Biochar Co-Application with Compost 
	Heavy Metal Accumulation in Green Leafy Vegetables Grown with Organic Amendments 
	Negative Impact of Organic Amendments Application on Heavy Metal Uptake by Vegetables 

	Conclusions 
	References

