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Abstract: Soil contamination with trace elements is an important and global environmental concern.
This study examined the potential of biochars derived from rice husk (RHB), olive pit (OPB),
and a certified biochar produced from wood chips (CWB) to immobilize copper (Cu2+) and lead
(Pb2+) in aqueous solution to avoid its leaching and in a pot experiment with acidic Xerofluvent soils
multicontaminated with trace elements. After assessing the adsorption potential of Cu2+ and Pb2+

from an aqueous solution of the three studied biochars, the development of Brassica rapa pekinensis
plants was monitored on polluted soils amended with the same biochars, to determine their capability
to boost plant growth in a soil contaminated with several trace elements. RHB and CWB removed
the maximum amounts of Cu2+ and Pb2+ from aqueous solution in the adsorption experiment.
The adsorption capacity increased with initial metal concentrations for all biochars. The efficiency in
the adsorption of cationic metals by biochars was clearly affected by biochar chemical properties,
whereas total specific surface area seemed to not correlate with the adsorption capacity. Among the
isotherm models, the Langmuir model was in the best agreement with the experimental data for both
cations for CWB and RHB. The maximum adsorption capacity of Cu2+ was 30.77 and 58.82 mg g−1 for
RHB and CWB, respectively, and of Pb2+ was 19.34 and 77.52 mg g−1 for RHB and CWB, respectively.
The application of 5% of RHB and CWB to the acidic polluted soils improved soil physico-chemical
properties, which permitted the development of Brassica rapa pekinensis plants. RHB and CWB have
been shown to be effective for the removal of Cu2+ and Pb2+, and the results obtained regarding plant
development in the soils contaminated with trace elements indicated that the soil amendments have
promising potential for the recovery of land polluted with heavy metals.
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1. Introduction

The contamination by toxic heavy metals is a worldwide environmental problem. It encompasses
great concerns, such as the pollution of water bodies by the discharge of industrial wastewaters and the
pollution of soils by natural processes or anthropogenic activities (including mining). Trace elements
are considered hazardous at high levels of concentration and they present long-term persistency
and non-biodegradability. Thus, their onsite stabilization is considered the most effective way to reduce
the risk of contamination [1]. Traditionally, organic and inorganic amendments such as compost or lime
have been used for the remediation of polluted soils [2], but in recent years, biochar has drawn attention.
Biochar, the solid carbonaceous residue produced by thermal treatment of biomasses in the absence of
oxygen [3], typically considered an organic ameliorant for the restoration of degraded soils [4], has also
been proven to be effective in the removal of heavy metals in aqueous solution [5]. Biochar properties,
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such as its highly porous structure, high specific surface area, cation exchange capacity, and abundant
surface functional groups, make it an ideal adsorbent. According to Zhao et al. [6] and Campos et al. [7],
biochar properties, including its adsorption capacity, are affected by feedstock and pyrolysis conditions.
Biochar is mainly formed by sp2-hybridized carbon atoms and its adsorption behavior is influenced
by chemisorbed oxygen atoms [8]. Thus, a complete characterization of biochars is required for fully
understanding the adsorption behavior. Several studies have recently been performed for determining
biochar adsorption of heavy metals in aqueous solution. Liu and Zhang [9] reported the effectiveness in
removing lead from water with biochars from pinewood and rice husk. Chen et al. [10] also reported the
effective removal of copper and zinc from aqueous solution by biochars produced from hardwood and
corn straw. From these results, biochar is hypothesized to be effective in the reduction of lixiviation of
contaminants in polluted soils. Biochar could be an effective amendment for the remediation of polluted
flooded soils and sediments. The utilization of biochar as amendment for the recovery of polluted
soils does not eliminate the pollutants as extractive techniques, but it reinforces the immobilization of
the pollutants, making them less bioavailable. Thus, a great adsorption ability of biochars is required
for an effective remediation of these soils. However, the effects of biochar application are not general,
and the responses of biochar utilization will also depend on soil physical and chemical properties [11].
For example, increases in soil pH are commonly found when biochar is applied to an acidic soil.
Plant growth has been reported to be more enhanced in acidic soils amended with biochar than in
alkaline soils [12]. The remediation of soils contaminated with heavy metals is very complex due
to their potential toxicity and persistence [13]. Jiang et al. [14] studied the immobilization potential
of biochar produced from rice straw in a simulated polluted Ultisol. They found that the addition
of biochar increased the soil pH and made the soil surface charge more negative, thus enhancing
the decrease of acid soluble Cu2+ and Pb2+. Antonangelo and Zhang [15] reported the reduction in
the bioaccessibility of heavy metals after the application of biochars produced from switchgrass and
poultry litter in a soil contaminated with Zn, Pb, and Cd. Although the immobilization of heavy metals
using biochar has been well studied in artificially polluted soils, to our knowledge, little is known
about the remediation potential in naturally multicontaminated soils. Moreover, there is a lack of
understanding regarding the relation of trace element adsorption between aqueous solution and the
real immobilization potential when biochar is mixed with soil.

In this study, we researched biochars produced from rice husk and olive pit, agricultural wastes
hugely produced in the Mediterranean countries [16], and a certified biochar produced from wood
chips, and characterized by determining specific surface area, total acid sites, and iodine number.
The latter parameter gives an idea of the microporous structure and it is calculated by adsorption of
iodine from solution [17]. Additionally, Fourier-transform infrared (FT-IR) spectroscopy was performed
for determining possible differences in the types of carbon that make up biochar and C bonds with
potential to adsorb cations. After testing the effectiveness of both biochars produced at a low-cost steel
reactor to remove Cu2+ and Pb2+ in a batch adsorption experiment with single-heavy-metal solutions
compared to a certified wood biochar (CWB), an incubation experiment in pots was performed to study
the effects of biochars on the germination and development of Brassica rapa pekinensis plants, when
they are applied to soils multicontaminated with trace elements. The main goals of this study are (i) to
assess the efficiency of biochars produced from contrasting agroforest residues to immobilize copper
and lead and (ii) to evaluate the suitability of these biochars as soil amendments for the recovery of soils
polluted with heavy metals under pot conditions. This study compares whether there is a relationship
between the results obtained at a batch experiment in aqueous solution and the potential of biochars
as remediation tool for soils contaminated with heavy metals. If this assumption were confirmed,
it would facilitate future trials to determine whether the application of certain biochars could really
become an environmentally friendly pollution remediation technology for soils polluted with trace
elements, which would also allow the valorization of agricultural and forestry biomass residues.
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2. Materials and Methods

2.1. Biochar Samples

The materials used for this study consisted of: A biochar from rice husk (RHB), a biochar from
olive pit (OPB), and a certified biochar from wood (CWB).

Rice husk is a siliceous rich biomass with low C content, and in contrast olive pit is a lignocellulosic
material with a high C content. Orivarzea S.A. (Salvaterra de Magos, Portugal) provided the rice husk
material and Cooperativa Nuestra Señora de los Ángeles S.C.A. (Montellano, Spain) provided the
olive pit. Feedstock material was dried in an oven (40 ◦C) during 48 h. Both biochars were produced
at a Pyreka reactor (a continuous feed reactor with a screw conveyor; Pyreg, Germany)) under a N2

flux of 2 L min−1 at a temperature increasing up to 500 ◦C and 12 min of average residence time.
The CWB, is a certified biochar produced by Swiss Biochar GmbH (Lausanne, Switzerland) from chips
of pine and poplar pyrolyzed under N2 flux with temperature increasing up to 620 ◦C and 20 min
of average residence time. CWB biochar has been added to this study for comparative purposes,
since it is a biochar which meets all the requirements described for the European Biochar Certification
(EBC). Thus, we hypothesized that CWB owns the adequate properties to be used as amendment for
degraded soils.

2.2. Soil Samples

Soil samples used for the greenhouse incubation experiment were obtained from ‘Las Doblas’ site
(37◦23′7.152” N, 6◦13′43.175” W), an area located closed to the Guadiamar River, that was affected
by the Aznalcóllar mine accident (25 April 1998). The area belongs to a typical dry Mediterranean
climate region, with a medium temperature of 17.7 ◦C and an average annual rainfall of 400 mm [18].
The samples consisted of sandy loam Typic Xerofluvent soils, according to Soil Survey Staff [19], with two
levels of acidity and contamination with trace elements: a moderately acid polluted soil (MAPS) and
an acid polluted soil (APS). Immediately after the sampling, soils were transported in sealed bags at
4 ◦C, dried at 40 ◦C during 48 h and sieved (<2 mm). The studied soils were acidic or moderately
acidic and poor in C and N (Table 1, the methods used for soil characterization are described in the
next section).

Table 1. Characterization of studied soils.

Total Content of Trace Elements (mg kg−1)

pH WHC
(%) Ash (%) C

(g kg−1)
N

(g kg−1)
C/N Na Ba Cd Cu Fe Ni Pb Sr Zn

MAPS 6.5 ± 0.1 51.5 ± 1.2 94.9 ± 0.9 17 ± 1 2.0 ± 0.7 8 301.7 93.3 1.56 215.5 36945.7 15.6 156.5 38.6 293.5
APS 3.6 ± 0.1 32.7 ± 2.4 94.7 ± 0.7 8 ± 0 0.9 ± 0.4 8 698.0 47.1 1.28 240.6 53023.3 15.6 569.0 53.7 249.3

2.3. Physical and Chemical Characteristics

The pH was measured in triplicate in the supernatant of a 1:10 (w/v) biochar:water ratio or 1:2.5
(w/v) soil:water ratio mixtures after 30 min shaking and 30 min resting, using a CRISON glass electrode
(pH Basic 20).

The WHC in soil was determined by an adaptation of the Veihmeyer and Hendrickson method [20],
which was carried out by Campos et al. [7] to facilitate the analysis of biochars. The maximal WHC,
expressed as the percentage relative to the total dry weight of the sample, was calculated using
Equation (1):

WHC (%) = (Weight of water retained after 2 h/Initial weight of the sample)·100 (1)

For determining the ash content, 1 g of dry sample was heated at 750 ◦C during 6 h [21].
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Total C, total H and total n were measured in triplicate by dry combustion at 100–1050 ◦C using an
elemental analyzer LECO TRUSPEC CHNS MICRO (LECO, St. Joseph, MI, USA). The oxygen content
(%) was determined according to the EBC calculations [22].

The total concentrations of Ba, Cd, Cu, Fe, Ni, Pb, Sr, and Zn were determined by ICP-OES
(ICP 720-ES, Varian, CA, USA) after digestion of the soils with aqua regia in a microwave oven
(Microwave Laboratory Station Mileston ETHOS 900, Milestone s.r.l., Sorisole, Italy).

Iodine number was measured according to the method ASTM D 4607-94 based on adsorption
isotherm. Three different weights of dry biochar were transferred to an Erlenmeyer; 10 mL of 5 wt%
HCl were added into each flask and boiled for 30 s. Afterward, 100 mL of 0.100 n iodine solution
(titrated with standardized sodium thiosulfate) was added to the flasks. The mixtures were shaken
during 30 s and filtered by gravity using paper filter Whatman 2 into a beaker. After discarding the first
20 mL, 50 mL of each filtrate was moved to an Erlenmeyer flask and titrated with standardized sodium
thiosulfate until the solution turned into a light yellow color; 2 mL of starch indicator solution (1 g starch
per 1 L water) was added. The titration continued until a colorless solution was obtained. The amount
of iodine per gram of biochar can be determined from the volume of sodium thiosulfate used.

Total surface acidity and basicity were determined by modifying the procedure of
Woldetsadik et al. [23]. For determining the total surface acidity, 0.5 g of biochar was added to 50 mL
of 0.05 N NaOH and shaken for 48 h. The suspension was centrifuged and filtered. Afterwards, 10 mL
of the supernatant aliquot was titrated with 0.05 N HCl. The titration was performed with a Metrohm
725 Dosimat (Metrohm AG, Herisau, Switzerland) fitted with a 691 pH meter (Metrohm AG, Herisau,
Switzerland). Total surface basicity was measured, similarly, by adding 0.5 g of biochar to 50 mL of
0.05 N HCl and shaking for 48 h. The slurry was centrifuged and filtered. Finally, the 10 mL filtered
aliquot was titrated with 0.05 N NaOH. The total surface acidity and basicity were determined by
calculating the base and acid uptake of biochars.

Fourier Transform-Infrared Spectroscopy (FT-IR)

Fourier Transform-Infra Red spectroscopy (FT-IR) was performed in a JASCO® FT/IR-6300
spectrometer (Japan Spectroscopy Corporation, Tokyo, Japan). For each biochar, two KBr pellets were
made under high pressure and vacuum with 1% (w/w) biochar-KBr. The spectra were then collected
over a range of 600–4000 cm−1 and a resolution of 2 cm−1. In order to improve the signal-to-noise
ratio, 60 scans were registered and accumulated for each recorded spectrum. Every spectrum was
corrected against a pure KBr pellet. The spectra were corrected with the spectrometer software package
of JASCO®.

2.4. Cu2+ and Pb2+ Adsorption Tests

Adsorption tests were performed at room temperature (25 ◦C) by adapting the protocol of
Zhao et al. [6]. The experiments were conducted with mono-metal solutions of 0.05, 0.1, 0.5, 1, 2 and
5 mM of Cu2+ and Pb2+ as initial concentrations, by dissolving the required amounts of CuSO4·5 H2O
and Pb(NO3)2·5 H2O (all 99% from Panreac) in 0.01 M NaNO3. All the chemicals were analytical grade.

Biochar samples were homogenized and milled in agate mortar and pestle. Subsequently, 20 mg
of each biochar was placed in polyethylene tubes and 20 mL of each heavy metal solution was added.
The tubes were shaken at 25 rpm on a rotatory mixer during 48 h to ensure the equilibrium status.
After agitation, the content of the tubes was filtered through 0.45 µm syringe nylon-membrane filters
to remove all biochar particles. The heavy metal concentration in the aqueous phase was measured
by ICP-OES (Horiba Jobin Yvon, model Ultima 2; Horiba Ltd., Kioto, Japan). In addition, the same
procedure was conducted without biochar to ensure the accuracy of the measurements. Each test was
performed in triplicate.

The adsorption percentage of the three biochars for each cation was calculated by using Equation (2):

% adsorption = ((C0−Ce)/C0)·100 (2)
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where C0 is the initial concentration of the ion in solution (mg L−1) and Ce is the concentration of the
ion at equilibrium (mg L−1).

The capacity of the adsorbent in mg g−1 is expressed as the amount of adsorbate per adsorbent
mass unit and it can be calculated using Equation (3):

qe = ((C0−Ce)·V)/m (3)

where V is the volume of the solution in L and m is the dry weight of the biochar in g.
Monolayer isotherm, multilayer isotherm and others mathematical isotherms were applied

to understand the driving forces of the adsorption of both cations on biochar surfaces and to
understand the array of dynamics. The equilibrium data were fitted by the linear forms of the Langmuir,
Freundlich, Temkin, and Dubinin–Radushkevich (DRK) isotherm models.

Langmuir isotherm model assumes monolayer adsorption as that adsorption can only occur at
a finite number of definite localized sites. In the linear form of the isotherm, Ce/qe (g L−1) is plotted
against Ce (mg L−1) as the Equation (4):

Ce/qe = (1/(Qo·b)) + ((1/Q0)·Ce) (4)

The representation of these values has a slop of 1·Q0
−1, where Q0 (mg g−1) is the Langmuir

constant related to the maximum adsorption capacity. b (L mg−1) is the Langmuir constant related to
the affinity between the adsorbate and the adsorbent.

The linear form of the Freundlich isotherm can be plotted as Equation (5):

ln qe = ln KF + (1/n)·ln Ce (5)

where KF (mg g−1)(L mg−1)1/n is the Freundlich constant related with the adsorption capacity of
the adsorbent and n is the Freundlich constant related with the adsorption intensity and its degree
of heterogeneity.

Temkin model covers adsorbate-adsorbent interactions. In the linear form of the Temkin isotherm,
qe is plotted against ln Ce according to the Equation (6):

qe = B·ln A + B·ln Ce (6)

where B can be calculated as B = RT/b, being R the gas constant (8.314 J mol−1 K−1), T the absolute
temperature (K) and b the Temkin constant related to heat of sorption (J mol−1). Finally, A is the Temkin
isotherm constant (L g−1).

The Dubinin–Radushkevich (DRK) isotherm is related to a multilayer physical adsorption process.
The linearized form of DRK isotherm is written in Equation (7):

ε = RT·ln (1 + (1/Ce)) (7)

The best fitting model between the experimental and the modelled data was determined based on
the value of the regression coefficient, R2.

2.5. Development of Brassica rapa Pekinensis: A Pot Experiment with Trace Element Contaminated Soils

Soil–biochar mixtures (Table 2) were prepared in plastic pots with doses of 2 and 5%
w/w of biochar:soil, which are biochar doses commonly applied in pot studies (samples:
MAPS_2%RHB, MAPS_5%RHB, MAPS_2%OPB, MAPS_5%OPB, APS_2%RHB, APS_5%RHB,
APS_2%OPB, APS_5%OPB). Previously conducted tests in similar soils showed that the application
of 2% CWB did not cause significant changes in plant development. Thus, for comparison purposes,
mixtures of 5% w/w of CWB:soil were prepared (samples: MAPS_5%CWB, APS_5%CWB).
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Table 2. Details of the experimental design for the pot experiment with trace element contaminated soils.

Treatment/Code Soil Biochar Dose Feedstock Pyrolysis Conditions

MAPS_Control Moderately acid polluted soil -
MAPS_2%RHB Moderately acid polluted soil 2% Rice husk 500 ◦C, 12 min
MAPS_5%RHB Moderately acid polluted soil 5% Rice husk 500 ◦C, 12 min
MAPS_2%OPB Moderately acid polluted soil 2% Olive pit 500 ◦C, 12 min
MAPS_5%OPB Moderately acid polluted soil 5% Olive pit 500 ◦C, 12 min
MAPS_5%CWB Moderately acid polluted soil 5% Wood chips 620 ◦C, 20 min

APS_Control Acid polluted soil -
APS_2%RHB Acid polluted soil 2% Rice husk 500 ◦C, 12 min
APS_5%RHB Acid polluted soil 5% Rice husk 500 ◦C, 12 min
APS_2%OPB Acid polluted soil 2% Olive pit 500 ◦C, 12 min
APS_5%OPB Acid polluted soil 5% Olive pit 500 ◦C, 12 min
APS_5%CWB Acid polluted soil 5% Wood chips 620 ◦C, 20 min

Biochars were used as produced without milling with an average grain size in the range of
2–6 mm. Four replicates (n = 4) were prepared for each mixture and pots with 200 g of soil without
biochar were used as control (samples: MAPS_Control, APS_Control; n = 4). Three certified seeds of
Brassica rapa pekinensis were sown in each pot, which were randomly placed in a greenhouse at 25 ◦C
and 12 h light/day for 63 days. Soil moisture was adjusted and maintained to 60% of the maximum
water holding capacity (WHC). After 63 days of experiment, soil and plants analysis were performed.

2.5.1. Soil Analysis

At the end of the pot experiment, soil pH was measured in the supernatant of a 1:5 (w/v) soil:
CaCl2 ratio mixture after shaking 30 min and resting 30 min using a pH meter (CRISON pH Basic 20).
Electrical conductivity (EC) was measured in the supernatant of a 1:5 (w/v) soil:distilled-water ratio
after shaking 30 min and resting 30 min using a conductivimeter (CRISON EC Basic 30).

WHC was measured with an adaptation of the method of Veihmeyer and Hendrickson [20].
The water retained by 2 g of sample over a filter paper Whatman 2 was weighed after 2 h. The maximal
WHC (100% WHC) is expressed as the percentage relative to the total dry weight of the sample.

2.5.2. Plant Germination and Development

During the pot experiment, germination and survival of Brassica rapa plants were determined by
counting the number of living plants after 4, 8, 16, 25, 31, and 63 days. Shoot length (mm) was also
determined after 4, 8, 16, 25, 31, and 63 days. To evaluate the biomass production and water content
per plant at 31 and 63 days, shoots were cut, dried at 60 ◦C during 72 h and weighed. Chlorophyll was
extracted with dimethyl sulfoxide (DMSO) at 65 ◦C by using the Hiscox and Israelstam [24] method.
Equations proposed by Wellburn [25] for determining chlorophyll a, b and total chlorophyll content
(mg of chlorophyll g−1 of fresh weight) were used. Finally, roots were hand-separated from the soil,
dried (72 h at 60 ◦C) and weighed. The root-to-shoot ratio was calculated by dividing root dry weight
by the sum of leaf and stem dry weights.

2.6. Data Analysis

All the results are shown as mean values ± Standard Error (SE). The Shapiro–Wilk test was used
for testing normality, whereas the Levene test was used for testing homoscedasticity. One-way analysis
of variance (ANOVA) and Tukey’s Honestly Significant Difference (HSD) test were performed to study
the effects of biochar application on soil properties and plant development. Finally, the Kruskal Wallis
test followed by the Man–Whitney U test were performed for non-normal variables. The significance
level for the tests was 0.05. Regression analysis was used for evaluating the isotherm models and R2

was used to indicate the fitness of the models. Statistical analyses were carried out using IBM SPSS
Statistics 26.0 (SPSS, Chicago, IL, USA).
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3. Results and Discussion

3.1. Biochar Properties

Table 3 comprises the physical and chemical properties of biochars. The three biochars were
alkaline (pH > 9). Nevertheless, notable differences were found in the WHC. RHB showed a much
greater WHC (595%) than the woody-biochars (70–243%). Campos et al. [7] also reported greater WHC
for RHB than OPB, which could be due to the water retention between the silicon layers. WHC for RHB
and woody-biochars in this study are greater than that found by Varela Milla et al. [25]. In contrast,
the specific surface area (SSA-BET) of OPB (473 m2 g−1) and CWB (403 m2 g−1) were greater than RHB
(292 m2 g−1) (Table 3). Varela Milla et al. [26] also reported the greatest surface area for wood biochar
than for RH biochar. SSA-BET of CWB is in accordance with the results reported by James et al. [27],
which attributed a surface area over 400 m2 g−1 for wood chips biochar. SSA-BET of RHB are similar
to the obtained results of RHB produced at 650 ◦C by Pariyar et al. [28] and produced at 800 ◦C by
Jindo et al. [29], which indicate that applying a higher temperature to this material would not result in
higher SSA-BET.

Iodine number, which is a parameter based on the capacity of iodine adsorption,
provides a complementary idea of the micropore structure because iodine molecules are mainly
adsorbed into micropores [30]. In fact, Hernandez-Magliano and Capareda [31] maintained that iodine
number best represents the real adsorptive power of the adsorbent than the commonly analyzed specific
surface area (SSA-BET). Iodine index was greater for RHB (180 mg g−1) than for CWB (149 mg g−1)
and OPB (123 mg g−1). Dissanayake et al. [17] and Phuong et al. [32] reported lower iodine numbers
(between 90 and 150 mg g−1) for RHB produced at 500 ◦C than those reported here (180 mg g−1).

Total surface acidity reflects the total number of acid functional groups on the surface of biochar,
such as carboxyl, phenolic, and lactonic groups, which could be related to the ability to retain certain
ions. The total surface acidity of the studied biochars ranged from 0.17 for OPB to 1.70 meq g−1 for
RHB. The total basicity values of the three biochars were lower than the values for the acidic sites.
This result is in accordance with the results reported by Woldetsadik et al. [23], Singh et al. [33] and
Uras et al. [34]. Li et al. [35] attributed the low basicity of biochars to pyrolysis temperatures lower
than 600 ◦C.

The low H/Cat ratios (0.3–0.4) indicate a high degree of carbonization and condensation [36],
which is in agreement with the predominance of aryl C in biochars produced from the same raw
material and pyrolysis temperature reported by De la Rosa et al. [3] and Campos et al. [7].

The broad signals in the FT-IR spectra appearing at around 3000 and 3600 cm−1 are assigned to
O-H vibrations (Figure 1). The peak at 1690 cm−1 for CWB is related with aromatic C = C bending
and alkene C = C stretching, whereas the peaks at 1550 cm−1 and 1430 cm−1 have been attributed to
graphite moieties and to aromatic C = C skeletal vibrations, respectively [37]. The band at 1060 cm−1

together with signals at 805 and 468 cm−1 confirmed the Si-O-Si vibrations, Si-C and Si-O bonds for the
RHB [38]. The peak at about 900 cm−1 which is present in the 3 samples can assigned to the band of
the out-of-plane bending for CO3

2- but other small peaks which are present below 1000 cm−1 can also
be assigned to bending of C-H aromatic out of the plane.
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Table 3. Elemental analysis, physical and chemical properties of the studied biochars.

TC (%) TH (%) TN (%) O (%) H/Cat O/Cat C/N
Ash

Content
(%)

pH WHC
(%)

SSA-BET
(CO2, m2

g−1)

Iodine
Index

(mg g−1)

Total
Basicity

(meq g−1)

Total
Acidity

(meq g−1)

CWB 75.7 ± 0.3 1.80 ± 0.02 0.30 ± 0.06 18.7 ± 0.23 0.3 0.19 252 3.5 ± 0.7 9.95 ± 0.18 243 ± 39 403 149 0.95 ± 0.06 1.69 ± 0.15
RHB 53.7 ± 0.1 1.61 ± 0.02 0.51 ± 0.24 9.48 ± 0.22 0.4 0.13 106 34.7 ± 0.5 10.10 ± 0.01 595 ± 22 292 180 0.51 ± 0.01 1.70 ± 0.12
OPB 92.7 ± 0.2 2.52 ± 0.06 0.16 ± 0.09 3.58 ± 0.44 0.3 0.03 585 1.0 ± 0.3 9.34 ± 0.09 70 ± 13 473 123 0.05 ± 0.03 0.17 ± 0.01
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Figure 1. Fourier Transform Infrared (FT-IR) spectra of the studied biochars.
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3.2. Cu2+ and Pb2+ Adsorption Capacity of Biochars

The effects of the initial metal concentrations on the adsorption capacity by the biochars were
examined by varying the initial Cu2+ and Pb2+ concentrations from 0.1 to 5 mmol L−1 (Figure 2).
Figure 2a,b show the percentage of removal of each cationic metal from the aqueous solution by
the three biochars with increasing cation concentration. For both metals, CWB showed the greatest
removal efficiency for all the concentrations tested, followed by RHB. Specifically, the percentage
of removal by CWB for Cu2+ adsorption remained constant at around 100% for concentrations up
to 2 mM of Cu2+ and it decreased until 68% when the initial concentration was 5 mM (Figure 2a).
For RHB, the removal percentage was about 60% for initial concentration of Cu2+ of 2 mM, whereas for
OPB the removal was already lower than 60% for 1 mM of Cu2+ and decayed to less than 20% at
5 mM. The removal of lead followed a similar tendency to that of copper. CWB showed 100% of
removal until 2 mM of Pb2+ and 79% for 5 mM (Figure 2b). For RHB, the removal percentage was
greater than 80% for concentrations ≤ 1 mM and 50% for Cu2+ concentrations ≥ 2 mM. The percentage
of Pb2+ removal for OPB was 46 at 1 mM and it was lower than 20% for ≥ 2 mM. This test shows
that despite the high SSA-BET of OPB a rapid filling of the binding sites occurs on the surface of this
biochar. Thus, the saturation of the sorption sites and the reduction of removal efficiency arises at very
low concentrations of the ion. El-Ashtoukhy et al. [39] also reported decreases in cation removal as
the initial amount increased due to saturation of the active sites of the adsorbent. Great adsorption
by biochars may suggest a high potential to reduce metal lixiviation when applied to polluted
soils. Thus, the biochars produced from RH could be effective in the remediation of soil when the
leachable concentration of metal ions is lower than 2 mM. The CWB could be effective until leachable
concentrations of 5 mM.
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Figure 2. Removal efficiency of Cu2+ (a) and Pb2+ (b) by biochars and capacity of adsorbents for
Cu2+ (c) and Pb2+ (d) determined by adding 20 mL of solution with increasing concentration of cation
(0.05–5 mM) to 20 mg of biochar (n = 3).

Figure 2c,d show the capacity of the adsorbents, reporting that increasing the initial amounts of
cations caused an increase in the amount of the metal adsorbed per adsorbent mass unit. A higher
capacity to adsorb Pb2+ than Cu2+ is observed for all the biochars tested. Samsuri et al. [40] also
reported greatest adsorption capacity for Pb2+ than Cu2+ in RHB, possibly due to the fewest number
of electrons in the outermost valence of Pb2+ allowing it to bind more effectively with functional
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groups of donor sites on biochar surface. The greatest capacity measured was 21.6 mg g−1 for Cu2+

and 102.4 mg g−1 for Pb2+ on CWB. Moreover, the lowest values were measured for the OPB with
4.2 and 20.0 mg g−1 for Cu2+ and Pb2+, respectively. The lack of correlation between SSA-BET and
adsorption capacity of the biochars indicates that the physical adsorption of both cations to biochar
surface was not the dominant mechanism [41]. OPB showed the greatest SSA-BET, whereas it also
showed the lowest percentage of removal for both cations. Xu et al. [42] also reported high sorption of
metals on biochars with low SSA-BET. In the same way, iodine index, which is typically related to the
microporous surface structure, was greater for RHB than for CWB, whereas the adsorption capacity
followed the opposite trend. These results indicate that the adsorption capacity of ions isprobably
more related with the chemical properties than the physical properties of biochars.

Isotherm Models in Adsorption Tests

Regression coefficients of the isotherms for the adsorption of Copper and Lead show that the best
fit of the experimental data was the Langmuir model isotherm for RHB and CWB (R2

≥ 0.9975; Table 4).
Contrastingly, Pellera et al. [43] reported that the Freundlich model best explained the adsorption of
Cu2+ by RHB produced at 600 ◦C. CWB showed a greater Langmuir affinity value (b) and maximum
adsorption capacity (Qm) for both cations than RHB. CWB showed a greater adsorption capacity for
Pb2+ than for Cu2+ (77.52 mg g−1 and 58.82 mg g−1, respectively; Table 4). Nevertheless, RHB showed
a greater adsorption capacity for Cu2+ (30.77 mg g−1) than for Pb2+ (19.34 mg g−1). The adsorption
capacity of Cu2+ by RHB was similar to the values reported by Samsuri et al. [40], but greater than the
values reported previously for other biochars produced under contrasting conditions [9,10]. In the case
of OPB, the best fitting isotherm for Cu2+ adsorption was the Temkin model, whereas for Pb2+ it was
the Freundlich isotherm with correlation coefficients of 0.9989 and 0.7966, respectively. The differences
in the mechanisms were due to the complexity of the cation–substrate interactions. Pb and Cu cations
have an affinity for carboxyl and hydroxyl groups and they can easily react with the unshared pair
of electrons in O, N, P and S atoms of functional groups [40,44]. Possible mechanisms for Pb2+ and
Cu2+ adsorption may include complexation with the oxygenated functional groups and cation-π
interactions [45]. In this study, biochars from the same pyrolysis conditions did not induce similar
adsorption mechanisms. RHB and CWB showed a better fit with the Langmuir isotherm. This consists
of a monolayer adsorption process assuming no interactions between adsorbed cations and that the
adsorption sites have equivalent adsorption energies. This result suggests that CWB and RHB probably
have enough acidic sites to adsorb Pb2+ and Cu2+ at the studied concentrations in a monolayer
without interactions between them. In contrast, OPB presented very few acid sites, thus the adsorption
mechanism at its surface was different. For Pb2+ at OPB, the well-fitted isotherm was the Freunlinch
model that consists of adsorption onto heterogeneous surfaces, whereas for Cu2+, the best fit was the
Temkin model, which assumes a uniform distribution of binding energies up to a maximum binding
energy [45].
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Table 4. Parameters and regression coefficients of different isotherms studied for the adsorption of copper and lead onto the studied biochars.

Isotherm Model Parameter Units
Cu2+ Pb2+

RHB OPB CWB RHB OPB CWB

Linear Freundlich Kf (mg g−1) (L mg−1)1/n 1.47 1.17 4.83 3.57 2.29 13.36
n 2.58 3.44 2.24 2.77 3.67 2.63

R2 0.7277 0.9138 0.7257 0.7095 0.7966 0.416
Linear Langmuir Q0 mg g−1 30.77 17.79 58.82 19.34 19.12 77.52

b L mg−1 0.10 0.15 0.22 0.14 0.01 0.23
R2 0.9993 0.9970 0.9991 0.9994 0.6781 0.9975

Temkin B 1.07 0.51 2.54 2.16 1.55 12.18
b J mol−1 2305.75 4834.79 975.11 1149.03 1598.80 203.33
A L g−1 14.01 46.70 46.81 19.23 7.67 18.46
R2 0.9405 0.9989 0.963 0.8003 0.6674 0.7906

Dubinin–Radushkevich
(DRK) Qm mg g−1 0.01 0.00 0.01 0.03 0.01 0.10

b mol2 kJ−2 −0.132700 −0.039100 −0.030700 −0.0000003 −0.0000001 −0.0000001
E J mol−1 1.94 3.58 4.04 1290.99 2672.61 2236.07

R2 0.8909 0.9735 0.6753 0.7256 0.4165 0.4997
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3.3. Effects of Biochar Amendments on Soil Properties

As expected, the addition of biochar to acidic and moderately acidic soils significantly increased
soil pH (APS and MAPS; Figure 3a) due to the high alkalinity of the three biochars applied (Table 3).
In both soils, the greatest increases in pH were achieved after the application of the certified biochar
produced from wood chips (CWB). Nevertheless, no significant difference was observed regarding the
soil pH between biochar doses for the same biochar. In general, the addition of biochars to acidic soils
increases soil pH [46–48] and may reduce the mobilization of trace elements [49].
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Figure 3. Effect of biochar addition on soil properties under greenhouse conditions at the end of the
pot experiment (day 63): (a) pH in moderately acid and acid polluted soils; (b) Electrical conductivity
in moderately acid and acid polluted soils; (c) Water holding capacity in moderately acid and acid
polluted soil. Different letters indicate significant differences between treatments for each soil (p < 0.05).

The electrical conductivity (EC) of MAPS samples was much lower than that of APS (Figure 3b).
The high EC values of APS samples are probably due to the abundance of soluble salts. This result is
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consistent with its high Na content, which is double that of MPS (Table 1). In MAPS, EC was not altered
due to biochar addition in comparison with the un-amended pots (MAPS_Control), with the exception
of the slight increase in the application of 2% of OPB. However, for APS the application of 2 and 5% of
RHB and 5% of OPB reduced EC in comparison to the control pots. Chintala et al. [46], Alotaibi and
Schoenau [50] and Al-Wabel et al. [51] reported significant increases in soil EC after biochar addition
due to extremely high contents of salts in the biochars. High EC in soils may have negative effects
on plant health, reducing water and nutrient uptake. According to Soil Survey Division Staff [52],
soils with ≥ 2000 µs cm−1 are considered saline. Thus, APS_Control can be described as a saline soil.

Concerning the water holding capacity (WHC), biochar amendment did not modify the WHC of
MAPS (Figure 3c), but the application of 5% of RHB and CWB significantly increased WHC in APS,
which has been attributed to the high porosity and organic carbon content of biochar. Yu et al. [53]
demonstrated a direct relationship between biochar dose and soil WHC. However, other authors have
shown that this trend is non-linear [4].

3.4. Effect of Biochar Amendments on Plant Germination and Growth

The germination and survival rates of Brassica rapa plants were contrastingly different for APS and
MAPS (Table 5). No plant germination in any of the APS pots was observed except for the amendment
with 5% of CWB, which also increased the soil WHC. The lack of plant development for the APS
is a consequence of the properties of this degraded soil. As was previously shown, it has a very
acidic pH, high EC and high trace element content [54]. In the case of the treatment with 5% of CWB,
despite germination being delayed (by day 4 only 44% of the plants had germinated), the plant survival
of this treatment encompassed 78%. A certain slowing down of germination was alsoobserved in
some RHB amended pots for MAP soils. Regarding plant survival rates, they were significantly lower
(p < 0.05) for the pots amended with OPB than for the rest of the treatments. The effects of biochar
on germination are still under debate, as several authors found contradictory results. Song et al. [55]
studied the phytotoxicity of biochar and reported a phytostimulatory effect rather than a phytotoxic
effect. Liopa-Tsakalidi and Barouchas [56] also reported increases in germination after biochar addition.
Nevertheless, Solaiman et al. [57] reported increases, no changes and decreases in plant germination
after the application of five different biochars. Paneque et al. [58] also showed no differences in
germination with the application of biochars from sewage sludge to a Calcic Cambisol.

In order to have more information on the average health status of the plants, the chlorophyll
contents of plant leaves were determined in the middle and at the end of the pot experiment (Table 5).
Curiously, the concentrations of chlorophyll a, chlorophyll b and total chlorophyll were significantly
lower (p < 0.05) for MAPS amended with CWB than for the control soil after 31 days of incubation, but
increased non-significantly at the end of the experiment. Hashmi et al. [59] reported increments in
chlorophyll pigments after the application of Pongamia pinnata L. leaf waste biochar in Pisum sativum L.
exposed to nutritional stress. Danish et al. [60] also found increments in chlorophyll content in
spinach after the application of banana peel waste biochar to a soil contaminated with chromium.
Nevertheless, Chrysargyris et al. [61] reported a decrease in chlorophyll b content with the application
of 7.5% of biochar from forest wood. It is necessary to study in more detail the effects of biochar on this
parameter, in order to reach valid conclusions.

On the contrary, biochar addition caused a clear effect on the height of plant shoots (Figure 4).
After 4 days of the experiment, shoot height was greater in the pots amended with 5% of biochar than
those amended with 2% of biochar. Application of 2 and 5% of RHB to MAPS significantly increased
shoot height at the end of the incubation in contrast with the application of OPB, which reduced
plant height. Similarly, Swagathnath et al. [62] reported wide-ranging trends in shoot height after
the application of biochar. High concentrations of heavy metals in soil cause adverse effects on plant
growth. Thus, an enhancement of shoot height in soils contaminated with heavy metals after biochar
addition could point to an improvement of soil properties that would facilitate the recovery of the
functions of these soils.
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Table 5. Germination and survival of Brassica rapa pekinensis and contents in chlorophyll a, chlorophyll b, and total chlorophyll in Brassica leaves after 31 and 63 days
of experiment.

Germination and Plant Survival (%) Chl a (mg g−1 FW) Chl b (mg g−1 FW) Total chl (mg g−1 FW)

Day 4 Day 8 Day 19 Day 25 Day 31 Day 31 Day 63 Day 31 Day 63 Day 31 Day 63

MAPS_Control 67 ± 33 ab 100 ± 0 a 100 ± 0 a 89 ± 19 a 89 ± 19 a 0.30 ± 0.10 a 0.16 ± 0.03 a 0.16 ± 0.05 a 0.12 ± 0.04 a 0.46 ± 0.14 a 0.29 ± 0.07 a

MAPS_2%RHB 42 ± 14 b 83 ± 14 ab 83 ± 14 ab 83 ± 14 ab 83 ± 14 ab 0.28 ± 0.04 ab 0.17 ± 0.02 a 0.13 ± 0.02 ab 0.15 ± 0.01 a 0.32 ± 0.05 ab 0.32 ± 0.04 a

MAPS_5%RHB 100 ± 0 a 100 ± 0 a 100 ± 0 a 100 ± 0 a 100 ± 0 a 0.21 ± 0.03 ab 0.17 ± 0.07 a 0.11 ± 0.01 ab 0.16 ± 0.05 a 0.28 ± 0.09 ab 0.32 ± 0.12 a

MAPS_2%OPB 0 ± 0 c 17 ± 29 c 17 ± 29 c 17 ± 29 c 17 ± 29 c n.d. 0.17 ± 0.04 a n.d. 0.18 ± 0.04 a n.d. 0.35 ± 0.08 a

MAPS_5%OPB 17 ± 29 bc 50 ± 25 bc 42 ± 14 bc 42 ± 14 bc 42 ± 14 bc 0.26 ± 0.04 ab 0.17 ± 0.04 a 0.13 ± 0.01 ab 0.18 ± 0.03 a 0.39 ± 0.04 a 0.35 ± 0.07 a

MAPS_5%CWB 89 ± 19 a 100 ± 0 a 100 ± 0 a 100 ± 0 a 100 ± 0 a 0.11 ± 0.01 b 0.19 ± 0.04 a 0.06 ± 0.01 b 0.18 ± 0.04 a 0.17 ± 0.00 b 0.37 ± 0.09 a

APS_5%CWB 44 ± 19 78 ± 19 78 ± 19 78 ± 19 78 ± 19 0.19 ± 0.01 0.11 ± 0.01 0.11 ± 0.01 0.12 ± 0.02 0.30 ± 0.01 0.23 ± 0.03

Chl a: chlorophyll a; Chl b: chlorophyll b and Total Chl: total chlorophyll; FW: Fresh weight; n.d.: not determined. Different letters indicate significant differences between treatments in
MAPS (p < 0.05).
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Another indicator used to assess the effect of biochar on plant development has been the dry
weight of aerial parts and roots (Table 6). In MAPS pots, the dry weight of aerial biomass increased
with the application of 5% of RHB and CWB in comparison with those amended with OPB, but no
difference was found in comparison with the control pots. Further, the addition of 5% of RHB and
CWB increased the dry weights of roots as seen in the increase of the root-to-shoot ratio for those
treatments. This result is an indicator of a greater plant root development caused by biochar.

Table 6. Dry weights and root-to-shoot ratios for Brassica rapa penkinensis in control and amended soils
after 31 and 63 days.

Dry Weight Biomass (g) Dry Weight Roots (g) Root-to-Shoot Ratio

Day 31 Day 63 Day 31 Day 63 Day 31 Day 63

MAPS_Control 0.17 0.22 ± 0.01 ab 0.004 0.057 ± 0.042 0.02 0.26
MAPS_2%RHB 0.20 0.24 ± 0.02 ab 0.075 0.036 ± 0.018 0.37 0.15
MAPS_5%RHB 0.45 0.36 ± 0.03 a 0.068 0.157 ± 0.045 1.53 0.44
MAPS_2%OPB n.d. 0.10 ± 0.02 b n.d. 0.007 ± 0.029 n.d. 0.07
MAPS_5%OPB 0.06 0.13 ± 0.03 b 0.033 0.033 ± 0.018 0.53 0.26
MAPS_5%CWB 0.26 0.32 ± 0.02 a 0.051 0.140 ± 0.024 0.20 0.44
APS_5%CWB n.d. 0.03 ± 0.01 0.001 0.010 ± 0.001 n.d. 0.35

n.d.: not determined. Different letters indicate significant differences between treatments in MAPS (p < 0.05).
No letters indicate no significant differences.

4. Conclusions

This study showed that the CWB and RHB biochars have a great capability for the adsorption
of Cu2+ and Pb2+. In general, acidic sites on biochar surfaces were recognized as the key structural
features leading the adsorption of the studied heavy metals. In the case of rice husk and olive pit
biochars produced under similar pyrolysis conditions, the adsorption mechanisms of metallic cations
were determined by the feedstock nature and composition, which resulted in different adsorption
mechanisms. RHB showed an efficient adsorption of Cu2+ and Pb2+ up to concentrations of 5 mM,
which makes it a valid tool to reduce metals lixiviation in polluted soils. This study revealed that the
application of 5% of CBW and RHB, and to a lesser extent 2%, to a moderately acid soil polluted with
heavy metals increased soil pH and enhanced plant development. Nevertheless, the application of OPB
did not produce significant progress. This study confirmed that the performance of adsorption and
pot experiments is a fast and effective strategy to assess the suitability of biochars as soil amendments
for the recovery of soils polluted with heavy metals.
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