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Abstract: Growing environmental pollution in recent decades has been generating potentially toxic
elements (PTE) which pose an ongoing threat to terrestrial and aquatic ecosystems and human health,
especially in mining areas. Biochar and PTE-tolerant species have been used in soil remediation
as they are environmentally friendly alternatives. This study aimed to assess the influence of agai
seed biochar (Euterpe oleracea Mart), impregnated with iron (BFe) or not (BC), on the bioavailability
of PTEs, in a multi-contaminated soil from a gold (Au) mining area in the Amazon, using Ipomea
asarifolia as a plant test since it was naturally growing on the tailings. BC increased the soil pH while
BFe reduced. Biochars increased PTEs in the oxidizable fraction (linked to soil organic matter). The
use of BC and BFe improved the immobilization of PTEs and BC increased arsenic (As) in the easily
soluble fraction in the soil. Moreover, plants grown with biochars showed lower dry matter yield,
higher concentrations of PTEs and lower nutrient content than the control treatment. According
to the phytoextraction and translocation factors, Ipomea asarifolia can be classified as a species with
potential for phytostabilization of Zn and tolerant to other PTEs, mainly As.

Keywords: Cachoeira do Pirid; remediation; multi-contaminated soils; tolerance to metals; biochar

1. Introduction

Potentially toxic elements (PTEs) are naturally present in the environment. However,
human activities, such as mining, have considerably increased the concentrations of these
elements in ecosystems [1]. Waste piles from mining activities normally contain high
levels of PTEs that contribute to environmental pollution [2—4]. The residues generated in
artisanal mining are usually randomly deposited in areas with large extension, constituting
a source of dispersion of contaminants, which can reach water bodies, vegetation and enter
the food chain from aqueous medium or via soil particles, through runoff, leaching, and
volatilization and methylation (e.g., Hg) [3-5].

Due to persistence in the environment, mobility, and speciation, PTEs can be trans-
ferred and accumulated in the food chain, resulting in adverse effects on physiological
and biochemical processes in plants and soil microorganisms [6,7]. In addition, PTEs can
be accumulated in vital organs of the human body, leading to a potential danger to the
health of those who live in the vicinity of mining areas [8]. The material resulting from the
processing of ores is highly erodible, lacking nutrients and physical structure, in addition
to having reduced microbial biodiversity [9,10]. For the recovery of areas degraded by
mining and with high levels of PTEs, several strategies have been developed, such as the
use of biochar or modified biochar associated with phytoremediator species [5].
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Biochar stands out as an efficient soil conditioner and consists of a carbon-rich byprod-
uct of the thermochemical decomposition of organic material generated in the absence or
limited supply of oxygen [11]. The chemistry of biochar surface is complex and contains
several functional groups that give acidic (mainly provided by carboxyl and hydroxyl) and
basic (mainly provided by groups with O and N and some minerals such as CaO, MgO,
and CaCO3) characteristics [12]. They also have hydrophilic and hydrophobic properties
according to the type of organic material and pyrolysis conditions [13].

Biochar is also a promising adsorbent for the remediation of contaminated soils, due to
its high capacity to retain organic and inorganic species [14]. The high adsorption capacity
is linked to its high specific surface, porosity, and diversity of functional groups [12,15].
Biochar can also improve soil fertility, as it provides nutrients, increases organic matter,
and favors microbial activity, in addition to reducing the availability of PTEs, enhancing
plant growth [1].

Chemical, physical, and biological modification methods have been proposed which
aim to increase the adsorption capacity and expand biochar application in the remediation
of various contaminants [16]. This modification results in changes in the specific surface
area, porosity, cation/anion exchange capacity, functional surface groups, and pH [17,18].
For instance, iron (Fe) impregnation in biochar has been efficient in removing arsenate
(HyAsO,4 ™) and dichromate (Cr,O;27) from aqueous solution, since the positive charges of
oxidized Fe allows an increase in the anion exchange capacity [19,20].

Several techniques have been developed to remediate contaminated soils (chemical
oxidation/reduction, washing, electrokinetic restoration, chemical extraction, and stabi-
lization), but most of these conventional methods have high cost, little practicality and
do not contribute to improving chemical, physical, and biological soil attributes [21-24].
Phytoremediation is an alternative and unexpensive method to immobilize PTEs, which
consists of using plant species that have adaptive mechanisms to accumulate or tolerate
high concentrations of contaminants in their rhizosphere [25,26]. However, soils with high
available concentrations of PTEs, low fertility and poor structure can compromise the
success of phytoremediation, as they inhibit revegetation [9]. Therefore, the use of soil
amendments such as biochar can contribute to the success of phytoremediation.

Biochar application in contaminated soils, associated with phytoremediator species,
can guarantee greater success in soil remediation programs [1,15,18]. The species used
in this study belongs to the family Convolvulaceae (Ipomoea asarifolia) and can be found
throughout the study area in Cachoeira do Piria, state of Para. Because it is a native plant
and has the ability to grow in contaminated soils, it may have improved efficiency when
associated with biochar in the recovery of soils contaminated by PTEs. Acai (Euterpe
oleracea Mart) seed biochar, impregnated with iron (BFe) or not (BC), was studied in the
bioavailability of PTEs in multicontaminated soil from a gold mining area (Au) in the
Amazon, cultivated with Ipomea asarifolia.

2. Materials and Methods
2.1. Description of the Study Area

Mining waste was collected in a gold mining area located in the municipality of
Cachoeira do Piria (01°45'35" S, 46°32/42"” W). The municipality of Cachoeira do Pirid has a
territorial extension of approximately 2419 km? and belongs to the microregion of Guama,
in the northeastern region of Para, Eastern Amazon (Figure 1) [27]. The climate is equatorial
(Af) according to the Koppen classification. The average annual precipitation can reach
3000 mm, with a dry or less rainy period (July to December) and a rainy period (January to
June). The average annual temperature varies between 26 and 30 °C.
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Figure 1. Location of the collection area in the municipality of Cachoeira do Piria, Para.

The artisanal mining area is located in the lower Gurupi-Proterozoic formation. The
supracrustal sequence is composed of mafic, metamorphic, metavolcanic, and intrusive
rocks, and basic composition metatuffs. Most of these lithologies were marked by pro-
cesses of hydrothermal and supergenic alteration [28] and produced a relatively constant
mineralogical composition of quartz, dolomite, chlorite, albite, arsenolite, bearsite, alar-
site, sericite, and sulfide [29]. The mineral products are mainly pyrite, arsenopyrite, and
arsenic oxide, and minor amounts of galena, sphalerite, chalcopyrite, and gersdorfite with
a geochemical association of the elements Au, Ag, and As [30]. The region was marked by
the exploration of gold (Au), tin (Sn), and copper (Cu) [31]. The gold rush started in the
1980s by attracting miners and companies, currently gold mines have moved towards the
exploration of Au present in primary deposits and this advance is made possible through
excavations that reach more than 140 m. Cyanidation pools and Hg are used to recover the
Au as an amalgam of Au [32].

The municipality has an estimated population of 33,900 inhabitants and the main
economic activities are agriculture, livestock, subsistence fishing and mainly mining [27].
Due to mineral exploration, the region is marked by the intense removal of soil that led to
the formation of several pits and areas with surface modified by excavations, as well as
the accumulation of waste and sterile material [31]. In places of intense exploration, the
removal of soil and processing of rocks give rise to large piles with high levels of PTEs. The
piles are formed by the mixture of sterile, waste and soil, which was called contaminated
mine soil (S5C) for the purpose of this study and was used in the experiment.

2.2. Soil Sampling and Characterization

Samples of the contaminated material and secondary vegetation/forest soil (SM) were
collected in the 0.0-0.2 m layer. The soil of SM (without contamination) was collected in
Belém, Para, under the coordinates 48°26'14” W and 1°27/22" S and 9 m altitude, with
climate classified as Af according to the Koppen classification and average temperature of
26 °C. After collection, the samples were air-dried, homogenized, passed through 2-mm
sieve and stored in polyethylene recipients. The granulometric analysis was performed
using the pipette method, with NaOH as a chemical dispersant and mechanical agitation
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for 16 h. The clay fraction was separated by sedimentation, the sand by sieving and the silt
was calculated by difference [33].

The chemical attributes were quantified according to Embrapa [33]. The pH in water
was determined at a soil:water ratio of 1:2.5. Calcium (Ca®"), magnesium (Mg2+), and
aluminum (AI**) were extracted with KCl 1 mol L~!; Ca?" and Mg?* were quantified
by titration with 0.0125 mol L~! EDTA, and AI** by titration with 0.025 mol L~! NaOH.
The available phosphorus (P) and potassium (K) were extracted with Mehlich-1 solution
(0.05 mol L~ HCI + 0.0125 mol L~! H,S0,); K was quantified by flame photometry and P
by colorimetry. Potential acidity (H + Al) was obtained by calcium acetate (pH 7) method
and determined by titration with 0.025 mol L~! NaOH. Organic carbon was obtained by
oxidizing organic matter using a potassium dichromate solution in the presence of sulfuric
acid (Walkley—Black procedure), and the soil organic matter (SOM) content was obtained
by multiplying the organic carbon content by a factor of 2.0 [34].

The pseudo-total contents of PTEs were extracted by the method EPA 30514, using
0.5 g of soil (passed through a 150 pm sieve) and 9 mL of HNO3 + 3 mL HCI [35]. The con-
centrations of As, Co, Cr, Cu, Hg, Ni, Mn, Pb, Ba, Fe, and Al were quantified by inductively
coupled plasma optical emission spectrometry (ICP-OES). The analysis was performed in
duplicate, with blank samples and certified reference material (144 ERM-CC141) in each
battery. The relative standard deviation was calculated, resulting in approximately 10% for
most elements of the certified samples.

2.3. Production and Impregnation of Biochar

The biochar was produced from agai (Euterpe oleracea Mart) seeds, which are a residue
generated during the processing of the acai fruit. The seeds were washed and dried at room
temperature, then they were pyrolyzed at 700 °C for 1 h, with a heating rate of 4 °C/min,
in a muffle furnace with controlled temperature and slow cooling to room temperature,
using 100 g of seeds per closed crucibles. The temperature of 700 °C was chosen based on
the Cu and Zn adsorption capacity of the biochar [12].

The Fe impregnation was carried out by adding the biochar in a 0.1 M FeCls. 6H,O
solution and ultrapure water at a ratio of 1:15 (g mL~!) biochar/solution, followed by
stirring on a mechanical stirrer for 24 h. The pH was maintained between 4.5 and 5
(1.0 mol L~! HCI or NaOH for adjustment) to increase the solubility of Fe and incorporation
into the biochar matrix. Then, the samples were washed with ultrapure water to remove
the non-adsorbed Fe and dried in an oven at a constant temperature of 60 °C for 48 h [19].

2.4. Characterization of Biochar

The pH and electrical conductivity (EC) were determined at a ratio of 1:10 (solid:
solution, w/v) [10]. The cation exchange capacity (CEC) was measured using the ammonium
acetate (NH40OAC) method [36]. In 40 mL of 1.0 mol L~! NH4OAC, 0.1 g of biochar
was added in a 50 mL polyethylene tube and stirred for 20 min, then it was filtered.
Subsequently, it was washed with 30 mL of isopropanol, followed by addition of 40 mL
of 1.0 mol L~! KCI. The NH,4" contained in the KCI solution was quantified using the
salicylate colorimetric method [37]. Prior to soil CEC determination, the soil was washed
with deionized water and the biochar was washed with 0.1 mol L~ HCI to remove
excess salts [38]. The determination of soil CEC after the experiment followed the same
methodology, but with 1.0 g of soil sample.

The pseudo-total contents of PTE were determined by acid digestion in a microwave
oven, with 0.5 g of the material placed in Teflon tubes and digested with hydrochloric acid
(HCI) and nitric acid (HNOs3) in the proportion of 1:3 (aqua regia). Quantification was
performed using ICP-MS. All samples were analyzed in triplicates, with reagent blank (no
soil). The point of zero charge (PZC) was estimated according to Yang et al. [39], in which
60 mg of biochar was added to 20 mL of 0.01 mol L~1 CaCl, solutions at pH2,4,6,8,and
10 (previously adjusted with HCl and 0.1 mol L~! NaOH), followed by stirring for 24 h in
a horizontal shaker and equilibrium pH measurement.
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2.5. Greenhouse Experiment

A greenhouse experiment was carried out using polyethylene pots containing 2 kg
of the mixture of contaminated soil, secondary vegetation soil and biochars in different
proportions (w/w) (Tables 1 and 2). The experimental design was in randomized blocks,
with seven treatments and four replicates. For SM + SC mixture, the proportion of 50%
(SM/SC) of each soil was used [9]. The pots with treatments were incubated for 60 days,
with humidity maintained at 70% by water replacement by weight weekly.

Table 1. Chemical properties of the soils used in the experiment.

Sand Clay Silt 2 CEC b om pH
g kg*1 cmol kg*1 g kg*1 H,O

¢SC 340.1 46.8 613.1 47.6 8.3 8.3
dsm 538 330 132 76.1 12.6 4.6

2 Cation exchange capacity (pH 7); b Organic matter; © Contaminated soil; d secondary vegetation/forest soil.

Table 2. Identification for treatments according to the mixture of contaminated mine soil (SC), forest
soil (SM), biochar (BC) and biochar impregnated with Fe (BFe).

Treatments Identification
Control: contaminated soil (100%) TC-SC
Control: forest soil (100%) TC-SM
Contaminated soil (50%) + forest soil (50%) SC + SM
Contaminated soil (50%) + forest soil (45%) + biochar (5%) SC +SM + BC
Contaminated soil §50 %o) + forest sg)ll (45%) + biochar Fe SC + SM + BFe
impregnated (5%)
Contaminated soil (95%) + biochar (5%) SC + BC
Contaminated soil (95%) + biochar Fe impregnated (5%) SC + BFe

The plant species used was Ipomoea asarifolia due to the potential of the genus in
phytoremediation programs [40-42], and also due to its abundant presence in the tailing
piles of the study area (Cachoeira do Piria municipality). The collected plants were grown
in a greenhouse and then replicated by cuttings for seedling production for the experiment.
A seedling of Ipomoea asarifolia with two fully expanded leaves per pot was used, and
cultivation was carried out for 110 days with daily water replacement, in order to keep
humidity at 70%.

2.6. Soil Analysis after the Experiment

Soil pH and EC were measured in a 1:2.5 soil/solution ratio [1] and chemical analyses
(Ca, K, Mg available, and P) were performed according to Embrapa [33]. Metal fractionation
was carried out by sequential extraction following the European Community Bureau of
Reference method to verify the mobility of PTEs after the experiment. The fractions were
operationally divided into: exchangeable fraction (F1) extracted with 0.11 mol L~! acetic
acid; reducible fraction (F2), obtained with 0.5 mol L~! hydroxylamine hydrochloride
(pH 1.5—adjusted with HNO3); oxidizable fraction (F3), extracted by digestion in hydrogen
peroxide, followed by the addition of 1 mol L~! ammonium acetate (pH 2.0—adjusted with
HNO3) [43]. The residual fraction (F4) was obtained by the difference between the total
levels and the sum of the other fractions. The pseudo-total contents of PTEs were extracted
by the acid digestion method in a microwave oven [35]. The elements Ba, Cd, Co, Cu, Cr,
Fe, Pb, Ni, Mn, S, and Zn in all fractions were measured using an inductively coupled
plasma optical emission spectrometer—ICP-OES. For quality control assurance, a reference
material (ERM-CC141—loam soil) and blank reagents were used in each extraction batch.
The relative standard deviation was calculated, and this was approximately 10% for most
elements of the certified samples.

The arsenic fractionation followed the method developed by Drahota et al. [44], which
establish the following fractions: soluble As (F1); arsenates adsorbed to amorphous min-
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erals (F2); arsenates bound to crystalline minerals (F3); well-crystalline arsenates, oxides,
and hydroxosulfates of Fe (F4); as well as sulfides and arsenides (F5). F1 was obtained by
extraction with ultrapure water (1:25 m/v), after 10 h shaking; the F2 was obtained with
0.01 mol L~! ammonium phosphate, after 16 h shaking (1: 100 1/v); the F3 was extracted
with 0.2 mol L~ ammonium oxalate (in the dark, pH 3, stirred for 2 h); the F4 was extracted
with 0.2 mol L~! ammonium oxalate (pH 3, for 4 h, at 80 °C); and the F5 determined by
acid digestion in a microwave oven, with 0.5 g of the material placed in Teflon tubes and
digested with KCl1/HCl/HNOj solution (1/1/1 ratio). As concentration in all fractions was
determined by inductively coupled plasma optical emission spectrometer—ICP-OES. The
fractionation of metals and As was performed in duplicate and included blank reagents
and a certified soil sample (ERM-CC141—loam soil) in each batch. The relative standard
deviation was calculated, and this was approximately 5% of the certified samples.

2.7. Plant Analyses

Plants were harvested after 110 days of cultivation, washed with deionized water and
shoots and roots were separated. At harvest, samples of fresh and photosynthetically active
leaves were separated and stored in a freezer at —80 °C for analysis of chlorophylls and
carotenoids. The rest of the material was kept for 48 h at a constant temperature of 60 °C in
a forced ventilation oven. Then, the dry weight was obtained by grinding the material in a
stainless mill for further analysis.

The total content of chlorophyll and carotenoids was obtained according to Licht-
enthaler [45]. Fresh leaves were extracted from 0.1 g of homogenized leaf tissue in the
presence of CaCO3 and 5 mL of 80% acetone. The obtained extract was placed in a 25 mL
conical flask and the volume was made up with ultrapure water. An aliquot was removed
and the photosynthetic pigments were measured by absorbance of light at 470, 646.8, and
663.2 nm by spectrophotometer.

The contents of PTEs in plants were obtained by acid digestion in a microwave oven.
For this, 2.0 mL of HNOs3 + 2 mL of HyO, and 5 mL of ultrapure water were added in 0.25 g
of oven-dried plant material [4]. All samples were evaluated in triplicate and the quality
control of the analyses was performed with samples of the reference material ERM-CD281
(rye grass) and reagent blank in each batch. The relative standard deviation was calculated,
and this was approximately 8% for most elements. The levels of elements in the extracts
were determined by inductively coupled plasma optical emission spectrometer—ICP-OES.

2.8. Bioconcentration and Translocation Factors

To assess the phytoremediation potential, the bioconcentration factor (BCF) (Equation (1))
and the translocation factor (TF) (Equation (2)) were calculated for each element [46]. BF
represents the plant efficiency in absorbing PTEs from the soil, while TF indicates the plant
ability to translocate an element from root to shoot.

Bioconcentration factor = roc‘)t concentrat.1 on (mg/kg) 1)
soil concentration (mg/kg)
Translocation factor = shoot concentra"clon (mg/ k) (2
root concentration (mg/kg)

2.9. Statistical Analysis

To check the abnormal distribution of the data, the Shapiro-Wilk normality test was
performed. The concentrations of the elements were log transformed in order to normalize
the data distribution. Descriptive analysis was performed to determine measures of central
tendency and variability. The data were submitted to ANOVA and the averages were
compared using the Tukey test (p < 0.05) using R 4.1.0 software (R Core Team 2021).
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3. Results and Discussion
3.1. Characterization of Biochar

The pH of the BC was high (9.9) and that of the BFe was low (2.7) (Table 3). The
high pH of BC is due to the formation of Ca, Mg and oxyhydroxide carbonates during
the pyrolysis process, especially at relatively high temperature (700 °C) [47]. Conversely,
the low pH of Bfe may be due to the ion exchange that occurs between basic cations
on the biochar surface and Fe ions during the impregnation [48], which agrees with a
marked reduction in the biochar pH from 10.7 to 4.8 after impregnation with Fe observed
by Yin et al. [19]. We also observed a considerable reduction in basic cations (Ca + K + Mg)
from 9.0 g kg~ ! in the BC to 3.1 g kg ! in the Bfe, and an increase in Fe content (acid cation)
from 0.9 g kg~ ! in the BC to 9.6 g kg~ ! in the Bfe (Table 3), which corroborates the ion
exchange process during impregnation and washing processes.

Table 3. Characterization of biochars.

Ca Mg P Fe a EC b CEC ¢pzZC pHu20
gkg uSem~!  cmolckg™!
dBC 1 0.8 2 0.9 1655 127.3 7.6 9.9
© Bfe 0.5 0.5 1.3 9.6 1620 105.1 3.6 2.7

2 Electrical conductivity; ® Cation exchange capacity; ¢ Point of Zero Charge; 4 Biochar not impregnated; ¢ Biochar
impregnated with Fe. (Average values followed by standard deviation).

The PZC decreased from 7.6 in the BC to 3.6 in the Bfe (Table 3), which may be due to
the formation of Fe oxides on the surface of the biochar that generate acid compounds [48]
and/or the oxygenation of functional groups such as—COOH and—SO,OH, giving rise to
a biochar of acidic nature [49]. PZC is an important indicator of the net surface load and
shows the preference of a sorbent for ionic species [46]. When the pH of the medium is
greater than the PZC value, it means that the negative charged sites dominate, while the
pH of the medium is lower than the sorbent positive charges dominate [50].

The impregnation process (Bfe) provided a decrease in the concentrations of K, P, Ca,
and Mg (71, 50, 35, and 38%, respectively) in relation to BC (Table 3). There was an increase
in Fe concentration in the BFe of approximately 10 times when compared with the BC, which
was lower when compared with other Fe impregnation studies that observed increases
of 47 [46], 147 [51], and 10 [52] times. The efficiency of Fe impregnation depends mainly
on the solution pH, solubility of the Fe source, oxidizing agent, Fe impregnation before or
after pyrolysis [53], as well as material characteristics and production temperature [12].

Biochars showed high CEC. BFe’s CEC decreased by 17% compared to BC, even so
it remained high (Table 3). This suggests that the negative charge sites were reduced,
increasing the positive charges and consequently the immobilization capacity of anionic
pollutants. Biochars normally have high CEC due to the potentially high content of
functional groups and high specific surface [12,18,54] in addition to the pH that influences
variable amount of soil charge, and with the increase it promotes the elevation of CEC [55].
In soil with high CEC, it reduces the leaching of nutrients from the soil profile and increases
the availability of nutrients to the roots of plants, favoring the immobilization of cationic
pollutants [46].

3.2. Biochar Effect on Soil Attributes

Most soil chemical reactions are influenced by soil pH, such as the solubility of
PTEs [56,57]. BC addition significantly increased the pH of SC, while BFe addition reduced
slightly (from 7.8 to 7.5), even at an application rate of 5% (Table 4). The reduction of the
pH of alkaline soil from mining with biochar might favor the development of plants and
microorganisms [1] and improve the revegetation of these areas. Conversely, a pH increase
in alkaline soils might cause the solubilization of anionic PTEs (e.g., As) [58]. The alkalinity
of biochar is shown to be effective in immobilizing cationic metals, especially in acidic
soils [17], which occur in more unstable and exchangeable forms [3,59]. Melo et al. [47]
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evaluated the effect of sugarcane straw biochar on the Cd and Zn sorption capacity in two
acidic tropical soils (pH of 5.7 and 5.2) and observed an increase in the sorption of both

metals and a marked increase in the equilibrium soil pH after biochar amendment.

Table 4. Chemical attributes of the soil after experiment.

" pH b EC < CEC
H,O uS cm—! cmolc kg!

SC 7.8b £ 0.07 55.0c £0.17 48.4f 4+ 0.55
SM 46f+0.07 19.2c¢+0.19 770a %273
SC + SM 6.8d +0.17 51.2c¢ +0.07 58.5d +0.87
SC +SM + BC 7.8b +0.04 376.2b £ 0.46 791a+123
SC + SM +BFe 6.4e £ 0.07 163.4a +0.05 65.3 bc £ 0.88
SC + BC 8.7a+0.08 209.2¢c +£0.41 77.3ab £ 1.95
SC + BFe 75¢+£0.07 75.6b £+ 0.03 64.7 bc £ 091

2 pH in H,0; ® Electrical conductivity; ¢ Cation exchange capacity. Values with the same letter are not significant
by the Tukey test (p < 0.05). SC = contaminated soil, SM = forest soil, SC + SM = contaminated soil + forest soil,
SC + SM + BC = contaminated soil + forest soil + biochar, SC + SM + BFe = contaminated soil + forest soil + biochar
Fe impregnated, SC + BC = contaminated soil + biochar, SC + BFe = contaminated soil + biochar Fe impregnated.
(Mean values =+ standard deviation).

Both BFe and BC addition increased soil EC up to 7-fold when compared with the
control soils (SM and SC), reaching 376 s cm ! in the SC + SM + BC treatment (Table 5).
The increase in soil EC is related to the soluble salts from a nutrient-rich BC [12], which
are hydrolyzed and increase the EC of the solution [19]. Lebrun et al. [9] found a three-
fold increase in EC when applying wood biochar to mine soil. High soil EC levels can
affect plant growth by interfering in water potential and accumulation of solutes in plant
cells [59]. Conversely, at adequate levels, soil EC allows ionic balance, favoring plant
growth. Therefore, biochar characteristics and application rate must be chosen carefully to
create better conditions for plant growth in contaminated areas.

Table 5. Content of potentially toxic elements in gold mining soil in Cachoeira do Piria, Para.

As Ba Co Cr Cu Hg Ni Mn Pb Zn Fe Al
mg kg~ ! gkg !
Forest soil - 0.05 - 0.2 0.07 - 0.02 0.21 - 9.90 0.07 0.15
Mine soil 3760 70 58.6 569 121 0.99 454 1280 342 11205 125 7.1
2 QRV 1.4 14.3 - 24.1 9.9 0.26 1.4 72 4.8 7.2 7.1 5.9
b Prevention 15 150 25 75 60 0.5 30 - 72 300 - -
b Investigation 35 300 35 150 200 12 70 - 180 450 - -

2 Quality Reference Values (Fernandes et al., 2018) [60]; b Conama (2009) [61].

3.3. Biochar Affects the Mobility of PTEs

In treatments with the addition of BC and BFe, the Co content was reduced in the
exchangeable and reducible fraction (Figure 2A). In the control (SC), the exchangeable
fraction corresponded to 6% of the pseudo-total content, while in SC + BC and SC + BFe,
the values decreased to 3 and 4%, respectively. Cobalt in the oxidizable fraction increased
65% in SC + BC and 15% in SC + BFe, compared to SC. The treatments that received BC
had a higher OM content, which increases the negative charges, and the pH was higher
than the PZC (Table 3), indicating that there is a predominance of negative charges on the
surface [46]. In soils with a predominance of negative charges, there is a greater adsorption
of metallic cations [15], resulting in a reduction of Co mobility. It is noteworthy that
with the increase of Co in the oxidizable fraction (linked to OM), unstable organometallic
compounds can occur, which can make it again bioavailable [19].
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Figure 2. Fractionation of Co (A), Ni (B), Cu (C), Cr (D), Mn (E), and Zn (F) in the soil after
the experiment. Exchangeable fraction (F1), linked to exchangeable cations and carbonates, re-
ducible fraction (F2), linked to oxides and hydroxides of Fe and Mn; oxidizable fraction (F3),
complexed by organic matter and sulfides; and residual fraction (F4), associated with silicate
minerals. SC = contaminated soil, SM = forest soil, SC + SM = contaminated soil + forest soil,
SC + SM + BC = contaminated soil + forest soil + biochar, SC + SM + BFe = contaminated soil +
forest soil + biochar Fe impregnated, SC + BC = contaminated soil + biochar, SC + BFe = contaminated
soil + biochar Fe impregnated.

The concentrations of Cu and Zn decreased in the exchangeable and reducible fractions
with the addition of biochars (Figure 2C,F). However, it was observed that Cu increased
and Zn decreased in the oxidizable fraction, compared to SC. In SC, the pseudo-total
content of Cu and Zn were 105.5 and 105.7 mg kg ! (Table 4), respectively, however, due
to the greater affinity of Cu for OM [4], there was a greater increase of this element in
the oxidizable fraction compared to Zn. In a study with isotherms and wood biochar,
Ress et al. [62] obtained the following decreasing sequence of affinity Pb > Cu> Cd > Zn >
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Ni. Souza et al. [3] found a strong and negative correlation between exchangeable Cu and
OM (r = —0.9) and a positive correlation (r = 0.9) between the availability of Zn and OM,
suggesting that the biochar and organic waste used decreased the availability of Cu and
increased that of Zn.

The pseudo-total levels of Mn in the studied soils are in the range of 22.5 to 1070 mg kg ~*
(SC) (Table 4). Of this total, relatively high levels were obtained in the exchangeable fraction
(24%) in SC. With the addition of biochars, decreases occurred in the exchangeable fraction
and mainly in the reducible fraction, with the latter being reduced by 40 and 46% in SC + BC
and SC + BFe, respectively compared to SC. The application of biochar changed important
attributes that made it possible to change Mn in these fractions, such as the increase in
OM, CEC and pH. In soil, Mn is commonly found in the form of Mn?2* and its solubility
is reduced by pH above 6. In addition, it can be found in association with organic and
inorganic compounds [63].

The use of biochar did not alter the mobility of Cr in SC, which was low, remaining
more than 96% in the residual fraction and the majority remaining in the oxidizable fraction
(Figure 2B). Cr in soils with pH > 6 predominates in the form of Cr (OH)?*, it is easily
adsorbed on the soil by the specific adsorption mechanism [64]. In soils that have neutral or
alkaline pH, there is low availability of some PTEs, such as Cr. However, in soils (tailings)
exposed as occurs in the mining areas of this study, the pH may become acidic over time,
due to the loss of bases, resulting from the action of biotic and abiotic factors and thus
favoring the presence of PTEs in exchangeable forms, which may increase ecological and
human health risks [65].

Ni (Figure 2E) showed a behavior similar to Cr, being predominant in the residual
fraction (>95%) in all treatments, except for SM. The increase in pH is one of the main
mechanisms that increase the immobilization of PTEs, due to the application of biochar to
the soil [65]. The characteristics of biochar, such as the high specific surface and functional
surface groups, also favor the reduction of the availability of PTEs by ion exchange, com-
plexation, precipitation, and adsorption phenomena [18]. In addition, biochar degradation
releases organic acids that can easily complex PTEs, resulting in low solubility organic
compounds [1,57].

3.4. Effect of Biochars on Arsenic Mobility

Biochar has been used effectively to remove PTEs in soils [52,64], mainly in acidic
soils. However, some PTEs generally occur in anionic form in the environment, which
limits adsorption, for example As in the biochar. In order to increase the number of specific
adsorption sites, Fe-enriched materials have been used in the soil, due to their large surface
area and high reactivity, which favor the anion adsorption [44,66].

Organometallic compounds can be very stable or easily soluble, depending on several
factors in the soil, such as pH, redox potential, OM content and type of metal /metalloid [19,52,67].
In SC, As predominated in the form of sulfides and arsenates (F5) (91.7%), while 7.8% was
distributed in the adsorbed fractions (F2) and linked to amorphous and poorly crystallized
oxides and Fe hydroxides (F3) (Figure 3). In the F2 and F3 fractions, the percentage was
low, but the concentrations were extremely high (133.6 and 127.5 mg kg !, respectively)
(Figure 3). The highest As content linked to the residual fraction demonstrates the high
affinity for minerals and reflects the predominant mineral composition in the area, mainly
arsenopyrite and arsenic oxide [30]. In these fractions, As is potentially dissolved and can
be absorbed by plants.
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Figure 3. Fractionation of arsenic (As) in the soil after the experiment. F1: easily soluble; F2: adsorbed;
F3: bound to amorphous and poorly crystallized Fe oxides and hydroxysulfates; F4: well-crystalline
arsenates, oxides, and hydroxosulfates of Fe; F5: sulfides and arsenides. SC = contaminated soil,
SM = forest soil, SC + SM = contaminated soil + forest soil, SC + SM + BC = contaminated soil +
forest soil + biochar, SC + SM + BFe = contaminated soil + forest soil + biochar Fe impregnated,
SC + BC = contaminated soil + biochar, SC + BFe = contaminated soil + biochar Fe impregnated.

The addition of biochars altered fractions of As in the soil, but the predominance
remained in the form of sulfides and arsenates (F5) (86%), followed by As associated with
amorphous and well-crystallized Fe oxides and hydroxysulfates (F3 and F4, respectively),
except for SC + BFe, which occurred in F2 and F3. With SC + BC, the exchangeable fraction
decreased from 4 to 3.8%, and increased F3 from 3.8 to 4.2% and F4 from 0.5 to 7.1%. In
the SC + BFe treatment, there was a reduction in the mobility of As, compared to SC, in F2
(3.78 for 3.14%), and an increase in F4, which is a more stable fraction (0.51 to 1.65%). The
more mobile fraction (soluble) decreased (0.11 to 0.08%), while it increased in the treatment
with SC + BC (0.11 to 0.39%).

In fractions F2 and F3, As accumulates on the surface of oxyhydroxides and clay min-
erals containing Fe and Al and hydroxysulfates [51]. Such fractions are the most important
environmentally, because they have high mobility, thus representing an environmental risk
for the surrounding area [44]. In soil with alkaline pH, adsorption of As is high due to the
formation of Fe (Fe (OH)3) hydroxides, which can be precipitated as insoluble compounds
from ion exchange [52] as well as reaction exchange of Fe (OH); and As, forming complexes
with single or bidentate ligand [48].

The increase of As concentration in the more stable fractions (F3 and F4) is due to
the increase in pH, OM and surface functional groups, containing organic and mineral
components, which increase the surface binders in the soil [38]. Whereas in alkaline soils As
(III) is predominant, there is less repulsion with hydroxyl, favoring electrostatic interactions
and precipitation in more stable forms [68]. At a high pH, Fe (Fe (OH)3) hydroxides are
easily formed on the surface of biochar, favoring the precipitation of As with Fe>*, from
ion exchange [48]. Arsenic has a strong attraction for Fe and can bind to amorphous
and crystalline Fe oxides, which justifies the accumulation in these fractions [69]. The
accumulation in fractions F3 and F4 decreases the mobility of As and, consequently, the
environmental risk.

When Fe was incorporated into the biochar (SC + BFe), there was an increase in As
associated with amorphous and well crystallized Fe oxides and hydroxysulfates, respec-
tively, due to the large surface area and high Fe reactivity [70], which increase the number
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of specific adsorption sites, changing the pH (at the point of zero charge), which promotes
electrostatic interactions between As and the adsorbent surface [70]. Increased As asso-
ciated with Fe oxides in contaminated soil, treated with rice straw biochar impregnated
with FeCl,, was observed by Yin et al. [19]. The addition of biochar, impregnated with Fe
to contaminated alkaline soil, caused the reduction of adsorbed As and the increase of As
linked to amorphous and well crystallized oxides and hydroxysulfates [52].

The increase in the bioavailability of As for the more soluble fractions, when biochar
was added (SC + BC), may be due to the increase in OM, which in turn favors microbial
growth, which consumes oxygen and decreases the redox potential more quickly, favoring
solubilization [71]. The organic acids from the dissolved carbon can also contribute to the
increase in the Fe (II) solution, through the reductive dissolution of iron oxides, releasing
As [51,59]. In addition, the treatments had an alkaline nature, thus, the basic character of
these soils associated with the high PZC of BC resulted in a negative net charge on the
surface of the biochar, reducing the adsorption of As. The addition of biochar also increased
P in the soil, which is likely to the increase in the mobility of As through competitive
adsorption/desorption reactions [59,72].

3.5. Effect of Biochars on Plant Biomass

The addition of both BC or BFe did not influence the production of dry matter (p < 0.05),
either when mixed with forest soil (SM) or not (Figure 4). The only exception was the
SC + BC treatment, in which there was a reduction in both root or shoot biomass due to
the excess increase in soil pH (from 7.8 to 8.7), soil EC (from 55 to 202 uS cm™!), and As
solubility (F1 + F2). Under high soil EC, energy is reduced to minimize oxidative stress
and there is lower nutrient uptake, due to high ionic competition in the root zone [1]. The
accumulation of salts in soil promotes a reduction in the soil water potential, which causes
physiological disturbances, including a reduction in the photosynthetic activity, leading to
lower biomass yield [73]. Exposure to high concentrations of As results in deleterious effects
on plants, such as physiological, morphological, and biochemical disorders, including
reduced elongation, number of leaves and leaf area, inhibiting photosynthesis and biomass
accumulation [74].

m Shoot

ab ab Root

Dry matter (g)

Figure 4. Dry matter of shoot and root of Ipomoea asarifolia. SC = contaminated soil, SM = forest soil,
SC + SM = contaminated soil + forest soil, SC + SM + BC = contaminated soil + forest soil + biochar,
SC + SM + BFe = contaminated soil + forest soil + biochar Fe impregnated, SC + BC = contaminated
soil + biochar, SC + BFe = contaminated soil + biochar Fe impregnated. Mean values with standard
deviation bars. Values with the same letter are not significant by the Tukey test (p < 0.05), n = 4.

Biochars, in general, reduced the PTE content of the exchangeable fraction, but in-
creased PTE in the oxidizable fraction (linked to OM). Organic carbon and water-soluble
phenolic compounds help to release PTEs from the oxidizable fraction [19,66]. The high con-
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centrations in plants, as well as the increase of PTEs in the oxidizable fraction of SC + BC,
suggest that the elements adsorbed, complexed, or precipitated on organic carbon were
solubilized, favoring the absorption by the roots (Figure 4).

The concentrations of As in plants exceed the reference values of As for most species
(Table 6). Arsenic values in the range between 0.1 to 0.5 mg kg~! have occurred without
causing damage to the plant, while values from 5 to 20 mg kg~ ! have been toxic and
reduced growth [75]. The As concentrations found in plants grown with and without
biochar and mainly treated with biochar are higher than the values considered normal
(Table 6). Therefore, this element may have been one of the limiting factors for the growth
of this species.

Table 6. Concentration of nutrients and PTEs in Ipomoea asarifolia.

Cu Mn Ni As Cr
mgkg™!
shoot shoot root Shoot root shoot root shoot Root

SC 50b+ 0.6 16.4bc £+ 0.5 109.9 de + 12.2 157.6 ab+ 14.0 9.8 bc £ 0.6 47.8ab £3.3 17.1bc + 4.3 249.8 ¢ £ 139 <LQ 30.7ab £ 4.7

SM 69b+1.8 20.1ab +2.8 169.6 ¢ £ 12.6 175.9 ab + 28.5 83d+0.7 95d+0.6 7.6d+28 73d+12 0.0 37c+12

SC +SM b+1 173bc £ 1.5 170.2d + 58 120.1b +15.6 9.0bc £0.7 349bc+22 149c+3.3 310.3 ab + 36.3 0.0 242b+14
SC +SM + BC 97a+1.6 16.6bc £ 1.7 121.0e £33.9 220.2a+21.3 9.3cd =04 299c+ 44 19.0bc £5.3 255.8c £35.8 0.0 21.8b +45
SC + SM + BFe 85a+1 16.8c £33 193.6 ab +26.5 178.2 ab + 18.6 93b+03 42.2 abc +9.2 149 ¢+ 39 266.6 ¢ + 67.9 <LQ 29.4ab +9.8
SC + BC 82a=+07 20.1a+21 2144a+194 162.1 ab +21.8 114a+0.8 509a+59 387a+54 3495a + 44 0.0 484a+6.7
SC + BFe 75a+18 187a+4.2 158.7 be + 36.6 147.0b + 14 3l4a+14 47.5ab +10.2 31.5ab +12.8 239.6 be + 58.1 0.0 38.2ab +13.9

Ca Mg K P Fe
mgkg™!
shoot root shoot root shoot root shoot root shoot root

SC 219a+11 157a+0.8 74b+0.8 79b+1.7 144c+1 10.0d £ 0.3 1.0d£0.1 1.1d+01 i%ki 84a+04

SM 72b+0.8 36f+03 40c+03 26d+0.1 10.8d +0.7 103d +£ 0.6 1.0d+0.1 1.7bc +£0.2 ié[)ti 41b+09

SC+SM 1922433 65d 405 112a+18 1282408 11.9d £ 0.6 134c+19 12¢d £02 13cd +01 o0 742403
SC +SM + BC 53c+1.1 3.5f+0.03 31d+03 31d+02 319a+03 425a+1.6 32a+05 3.6a=+0.6 Oi.SOalzJ 6.9 ab + 0.9

SC + SM + BFe 173a+2 89c+07 89ab + 0.6 81b+04 21.7b+19 235b+2.6 1.6 bc+ 0.1 1.6bc+0.1 i%bl 9.0a+31

SC + BC 73b+04 40e+05 32cd+02 27d+04 325a+23 383a+33 3.0a+03 45a+07 (lgo‘ﬂl) 94a+09

SC + BFe 203a+4.1 121b+12 72b+1.2 54c+03 19.1b+ 1.6 26.5b+3.4 1.7b+0.3 20b+03 l%i 85a+21

Values with the same letter are not significant by the Tukey test (p < 0.05). SC = contaminated soil, SM = forest soil,
SC + SM = contaminated soil + forest soil, SC + SM + BC = contaminated soil + forest soil + biochar, SC + SM +
BFe = contaminated soil + forest soil + biochar Fe impregnated, SC + BC = contaminated soil + biochar, SC + BFe
= contaminated soil + biochar Fe impregnated. (mean = standard deviation). LQ = value below the equipment
quantification limit.

3.6. Effect of Biochars on Chlorophyll and Carotenoid Levels

The treatments showed a difference (p < 0.05) in relation to the levels of chlorophyll a, b
and total, and carotenoids (Figure 5). The treatments with the addition of biochars reduced
the photosynthetic pigments. The addition of BC and BFe reduced the total chlorophyll
content by 1.5 and twice, respectively, compared to the SC control. Photosynthetic pigments,
chlorophylls, and carotenoids are related to the capture of light energy and have been
constituted in indicators of environmental stresses in plants, as well as the activity of
antioxidant enzymes [8,67,76]. When grown in environments contaminated by PTEs, plants
present a series of physiological and nutritional factors, including low concentrations of
chlorophylls, carotenoids, and proteins [77].

PTEs with no known function in plants can be absorbed and translocated to the aerial
part by the behavior similar to essential elements [78]. For example, As and P have similar
ionic behavior and are transported by phosphate-transporting proteins, due to the affinity
of these proteins with P [77]. Once present in the plant, As prevents the performance and
proper use of P, causing deleterious effects [79]. Li et al. [80] found a reduction of more
than 30% in the levels of chlorophyll a, b, and total, and carotenoids, in relation to the
control treatment, with an increase in the levels of Cd. Yin et al. [19] observed an increase
in the availability of Cd with the addition of 2% BFe. Biochar can solubilize PTEs in the
soil, making them bioavailable, increasing absorption by plants [3,59].
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Figure 5. Chlorophyll a, b and total, and carotenoids content after experiment in different treatments.
Means followed by the same letter above the bars do not differ statistically from each other by the
Tukey test (p < 0.05), n = 4. Values with the same letter are not significant by the Tukey test (p < 0.05).
SC = contaminated soil, SM = forest soil, SC + SM = contaminated soil + forest soil, SC + SM + BC =
contaminated soil + forest soil + biochar, SC + SM + BFe = contaminated soil + forest soil + biochar
Fe impregnated, SC + BC = contaminated soil + biochar, SC + BFe = contaminated soil + biochar Fe
impregnated. Mean values with standard deviation bars.

In addition, soil pH and organic matter content (humic acids, fulvic acids, polysac-
charides and organic acids) affect the solubility of PTEs [41]. Lomaglio et al. [1] obtained
an increase of 70% and 200% in the availability of As and antimony (Sb), respectively, in
gold mine soil treated with 5% biochar. Parvez et al. [80] found that As toxicity decreased
the content of chlorophyll a, b and total, reduced the cell membrane stability index, and
increased the activity of antioxidant enzymes, such as superoxide dismutase, catalase and
peroxidase in quinoa (Chenopodium quinoa Willd.) plants grown under different doses of As.
Inhibition of chlorophyll and carotenoid biosynthesis and reduced phosphorylation are
the most frequently observed symptoms of toxicity to PTEs [8]. The reduction in chloro-
phyll content can be related to the generation of reactive oxygen species with the potential
to damage important cell components, such as proteins, nucleic acids, and amino acids
involved in chlorophyll biosynthesis [80].

3.7. Distribution of PTEs in Plants

The application of biochars influenced the concentration of PTEs and nutrients in the
plants (Table 6). In general, plants cultivated with biochar showed higher concentrations of
Cu, Mn, Nji, and As in the aerial part and root. The Mn concentrations were higher in the
aerial part in all treatments with biochars, except in SC + SM + BC. Contents of Cr were
higher in the roots in all treatments, with emphasis on SC + BC. The nutrients Ca and Mg
were less absorbed by plants treated with biochar, mainly in SC + BC, in relation to SC,
with K presenting increased absorption.

The addition of BC and BFe to SC increased the concentration of As in the aerial part,
by 55 and 46%, respectively, in relation to the control (SC) (Table 6). The concentration of
As in the roots increased with the addition of BC to SC; however, for SC + BFe, there was
no difference (p < 0.05), compared to SC. Regarding the SC + SM mixture, the addition of
biochars did not affect the concentration of As in the aerial part, but there was a reduction
of 14 and 17% in SC + SM + BFe and SC + SM + BC in the roots.

The increase in the availability of As with the application of non-impregnated biochar
was also reported by Lebrun et al. [9] and Lomaglio et al. [6]. The authors attributed the
results to the lower adsorption capacity for As compared to positively charged metal ions.
In contrast, other studies with biochar impregnated with Fe have reduced the availability
of As [19,52]. This was attributed to the success in the impregnation process, in which Fe
hydroxides are formed on the surface of biochar, promoting the formation of Fe-O-As
(V) complexes. The affinity between Fe and As was suggested and validated as the main
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mechanism for sorption of As (V) in Fe hydroxides and consequent reduction of available
As [66].

However, even after the impregnation of the agai biochar, the pH of the medium
(basic) favored the predominance of negative charges on the surface. Positive and negative
charges can coexist on the surface of the biochar, since the pH of the medium has a strong
influence on the amount of these charges and, consequently, on the type of contaminant
adsorbed (cationic or anionic) [50]. The As concentration observed in the roots of Ipomoea
asarifolia plants is up to 20 times higher than that found in the leaves. This suggests that
the species has the potential to stabilize this element in soils with high As content, in
addition to demonstrating that the low translocation may be involved in the stress defense
mechanisms of this species.

The increase in As absorption, with the addition of the impregnated biochar, is due
to the increase in solubility and some factors that may have contributed to the increase in
solubility, which have been discussed previously. There are several mechanisms used by
tolerant plants to maintain growth in environments contaminated by PTEs, such as the
restriction of absorption in soils with high concentration and translocation to the aerial
part [81]. Arsenic is absorbed in the inorganic form of As (V), it is reduced to As (III)
and can be complexed by phytoquelatins, followed by sequestration in vacuoles [75]. The
storage of As (III)-phytoquelatin complexes in vacuoles occurs predominantly in the cells
of the roots and, to a lesser extent, in the cells of the aerial part [8]. This is an adaptation
strategy in rice plants to minimize the translocation of As to the grains [71].

The plants also showed high concentrations of Ni, mainly in the roots (Table 6). Nickel
is an essential element for normal plant growth and development. However, Ni toxicity
leads to a variety of physiological disorders in plants [82]. The values observed in Ipomoea
asarifolia plants are in the toxicity range (10 to 100 mg kg ') [75]. At high concentrations,
Salvinia cucullata plants resisted excess Cd, Ni, and Mn, mainly by exclusion strategy, in
which apparently toxic levels of metals were retained in the root tissues, with minimized
translocation to the leaves [83]. For the species Ipomoea asarifolia, more studies are important
to elucidate the mechanisms of tolerance to As and other PTEs.

3.8. Translocation and Bioconcentration Factors

The translocation factor (TF) was <1 for Ni, Zn, Cd and Pb, regardless of treatment.
The TF was >1 for As in SM and Ba in SM and SC + SM, indicating that the low amounts
absorbed (approximately 5 mg kg ! of As in SM and 9 mg kg~! of Ba in SC + SM) were also
translocated, but without characterizing the phytoextraction potential for these elements.
The TF for Mn was >1 in SC + SM, SC + SM + BFe, SC + BC and SC + BFe. However, in
these treatments, the translocation decreased according to the increase in the absorbed
amount, demonstrating that the species has mechanisms that decrease the translocation
and thereby minimize the toxic effects of the element.

The bioconcentration factor (BCF) was less than 1 for Ni and As in all treatments
(Table 7). Only the SM presented BCF > 1 for Ba, Cd, Pb, Cu, and Mn. These results are
consistent with the low levels of SM in relation to the amount absorbed of these elements.
The treatments with SM showed BCF > 1 for Zn, due to the reduced amount of PTEs in
the soil compared to treatments with only SC, in which the concentration in the soil was
higher than that found in the roots. Thus, the values of BCF > 1 and TF < 1 indicated that
the species has the potential to phytostabilize Zn, up to certain concentrations in the soil.
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Table 7. Translocation and bioconcentration factors in Ipomoea asarifolia.
Translocation Factor

Mn Ni Zn As Ba Cd Cu Pb
SC 0.33 0.20 0.48 0.07 0.33 * 0.31 1.00

SM 0.96 0.87 0.31 1.05 1.28 * 0.34 *

SC + SM 1.42 0.26 0.31 0.05 1.84 * 0.42 *
SC + SM + BC 0.64 0.31 0.64 0.07 047 * 0.59 0.10
SC + SM + BFe 1.09 0.22 041 0.06 0.82 * 0.51 0.20
SC + BC 1.32 0.22 0.49 0.11 0.06 * 0.41 0.80
SC + BFe 1.08 0.25 0.47 0.13 0.17 0.17 0.40 0.30

Bioconcentration factor

Mn Ni Zn As Ba Cd Cu Pb
SC 0.31 0.12 0.51 0.07 0.19 0.35 0.10 0.20
SM 5.69 0.63 13.26 0.02 2.84 18.00 4.00 2.80
SC + SM 0.20 0.16 2.40 0.16 0.18 0.96 0.30 0.60
SC + SM + BC 0.26 0.14 1.74 0.15 0.21 0.46 0.30 0.50
SC + SM + BFe 0.28 0.20 1.79 0.16 0.24 0.47 0.30 0.40
SC + BC 0.16 0.14 0.64 0.11 0.47 0.25 0.20 0.20
SC + BFe 0.12 0.12 0.59 0.07 0.54 0.19 0.20 0.20

* Below the limit of quantification in the aerial part.

Some studies have shown that roots are the first barrier to metals, promoting immobi-
lization in the cell wall and extracellular carbohydrates in the rhizosphere, avoiding toxicity
in plants [6]. In the roots, metal ions tend to be located in apoplasts, more specifically in cell
walls, in which toxic elements are chelated as a result of a defense mechanism against PTEs
poisoning, which slows down transport to other plant tissues [84]. In phytostabilization,
plants reduce the mobility and availability of pollutants in their environment, immobilizing
or preventing migration to other areas of the site [40]. In relation to Mn, TF was greater
than 1, but BCF was < 1, therefore it is not classified as phytoextractor.

4. Conclusions

The application of BC in multi-contaminated soil must be carried out with caution,
considering the chemical attributes of the soil and characteristics of the PTEs, to avoid the
adverse impact on the soil when it is contaminated by As and present high availability of
PTEs. Biochars have improved the chemical characteristics of multi-contaminated alkaline
soil. The impregnation with Fe used in alkaline soils multi-contaminated by PTEs can
increase the immobilization of cations and As in more stable fractions. Considering the
bioconcentration and translocation factors, it can be stated that the species Ipomea asarifolia
presents potential for the phytostabilization of Zn and is tolerant to As.
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