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A B S T R A C T

Plant based biochars are proposed as soil amendments to immobilize potentially toxic trace elements (PTEs), such
as Cd(II), Pb(II) and Zn(II) and aid in soil restoration. However, the sorption capacity of biochar for these elements
can vary widely depending on biochar nature and metal properties. Currently, there is no clear methodology to
pre-screen biochars for their suitability as adsorbents for these elements. Therefore, to facilitate biochar selection
for application in soil restoration, this study explored the relationships between the physico-chemical properties
of five plant-based biochars and their capacity to immobilize Cd(II), Pb(II) and Zn(II). Batch experiments using
synthetic soil pore water were used to assess the sorption of these elements. The sorption isotherms described by
the Hill model indicated that PTE sorption capacity followed the order Pb(II) > Cd(II) >Zn(II) regardless of
biochar type in mono-element systems. Preferential sorption of Pb(II) limited the immobilization of Cd(II) and
Zn(II) in multi-element systems. ATR-FTIR and SEM-EDX spectroscopy studies indicated that Cd(II) and Pb(II)
sorption was mediated by complexation with carboxylic groups, cation–π interactions and precipitation with
phosphates and silicates, while Zn(II) sorption occurred mainly by complexation with phenolic groups and pre-
cipitation with phosphates. A high correlation (>0.8) between Electrical Conductivity, Cation Exchange Capacity,
pH and sorption capacity was identified for all metals tested, highlighting the electrostatic nature of the sorption
mechanisms involved. Biochars derived from herbaceous feedstock were better candidates for remediation of soil
polluted with Cd(II), Pb(II) and Zn(II), rather than wood-derived biochar. Overall, this study provides evidence of
the direct relationship between specific properties of plant-based biochars (pH and EC) and their suitability as
adsorbents for some PTEs in soil systems.

1. Introduction

Potentially toxic trace elements (PTEs) are important environmental
pollutants due to their widespread occurrence. The use of the term PTEs
has gained favour as it is more inclusive and appropriate than “heavy
metals” (Shaheen et al., 2013). Currently, most PTEs enter the environ-
ment from industrial and mining activities (Su et al., 2014). In terrestrial
systems, soil is the major repository of trace elements (Wang et al., 2018).
Elevated concentrations of PTEs in soils can result in non-desirable effects
such as a reduced agricultural productivity, phytotoxicity and bio-
accumulation (Bandara et al., 2017).

Cost-effective management solutions are required to reduce the
environmental risk from PTE-contaminated soil. Of the PTEs commonly
present in polluted soils, Pb(II), Cd(II) and Zn(II) are most problematic,

according to reported potential toxicity at the lowest bioavailable con-
centration (Di Bonito, 2005; Sparks, 2003). Recent studies highlight
biochars as effective amendments for improving soil health at contami-
nated sites. This is achieved by reducing bioavailable concentrations of
PTEs (Wang et al., 2019; Yang et al., 2017). Among different feedstock
types, biochars derived from plant waste are gaining attention as a means
to recycle agricultural wastes (Domingues et al., 2017).

Biochar is a black carbon obtained by thermal degradation pro-
cesses, through which residual biomass is converted into a charred
material at temperatures between 300 ᵒC and 700 ᵒC (Lehmann et al.,
2011; Mandal et al., 2017). Biochar is rich in functional groups (e.g.
carboxylic, hydroxyl, and amino groups), with a high micro- and
meso-porosity, large surface area, high pH and cation exchange ca-
pacity (CEC); therefore, it may be a surface adsorbent for PTE
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immobilization (Caporale et al., 2014; Wang et al., 2018). The metal
sorption process by biochars has been previously described as a result
of three different mechanisms: (i) ion exchange (Ca2þ,Kþ,Mg2þ,Naþ);
(ii) metal complexation onto free and complexed carbonyl, carboxyl,
alcoholic, hydroxyl or phenolic hydroxyl functional groups; and (iii)
physical adsorption or surface precipitation caused by sorptive inter-
action involving delocalization of π electrons of organic carbon
(Trakal et al., 2014). It is known that pyrolysis conditions and feed-
stock origin are key factors determining biochar properties and
consequently its sorption capacity (Janus et al., 2015). However,
adsorption of PTEs is also influenced by element properties and their
competitive behaviour for biochar sorption sites (Park et al., 2016).
Because biochar is not a well-defined material, the identification of
biochars with beneficial properties for soils is complicated, resulting
in large variation in sorption potential and performance (Keiluweit
et al., 2010). In the case of PTE immobilization in soil, it is not yet
clear what determines the binding affinity and interactions between
biochar and PTEs in the complex soil environment (Wang et al.,
2019).

Sorption of PTEs by biochar is usually determined with batch studies.
However, most sorption studies have focused on water treatment, using
high PTE concentrations up to 1000 mg.L�1 (Ma et al., 2016; Wang et al.,
2015; Xiang et al., 2020) which are much greater than bioavailable
concentrations of PTEs in soil. Soils with very large PTE concentrations
commonly have a small bioavailable fraction due to the presence of
insoluble mineral phases (Giller et al., 1998). The bioavailable PTE
concentrations reported in soil pore water from contaminated soils vary
between 0.1 to 4 mg.L�1 for Cd and Zn, but 0.1–90 mg.L�1 for Pb
(Moreno et al., 2011; Schweiker et al., 2014).

We hypothesised that biochar sorption capacity for Cd(II), Pb(II) and
Zn(II) is determined by a limited number of biochar properties. Under-
standing which are the key properties of plant-derived biochars con-
trolling the sorption for these elements can serve as a basis to assess and
select suitable biochars for the remediation of PTE-contaminated soil.
The aim of this study is to establish relationships between the physico-
chemical properties of five plant-based biochars and the immobiliza-
tion capacity for Cd(II), Pb(II) and Zn(II) in synthetic soil pore water. This
will allow biochar properties to be identified that can be used to build
predictive models of biochar sorption potential.

2. Materials and methods

2.1. Biochar description

Five biochars produced from different plant-derived feedstocks were
obtained from the UK Biochar Research Centre. These were converted
under well-controlled and reproducible process conditions, comprising a
rotary kiln pyrolyser heated indirectly and electrically (Ma�sek et al.,
2018). The feedstock included oil seed rape straw (OSR550, OSR700),
wheat straw (WSP550), Miscanthus straw (MSP550) and soft wood
(SWP550) pellets. Selected biochar properties provided by the supplier
are shown in Table 1, with other properties determined in this study
experimentally. The material used in the study was the fraction passing
through a 2 mm stainless steel sieve screen after grinding manually with
a mortar and pestle.

2.2. Biochar characterization

The cation exchange capacity (CEC) of biochar was determined using
the silver thiourea (AgTU) method, as described by Jiang et al. (2017)
and the porosity was studied using the N2 adsorptionmethod at 77 Kwith
an ASAP 2010 porosity analyser (Micrometrics, USA). Pore size distri-
bution was determined by the Barrett–Joyner–Halenda (BJH) analysis,
and biochar surface area was determined using the
Brunauer-Emmett-Teller (BET) method; measurements were based on 15
analysis points using the 3 Flex 4.04 software. Samples were degassed
overnight (16 h) at 100 �C in a Vacprep 061 prior to analysis (Micro-
metrics Sample Degas System, USA).

2.3. Adsorption experiments

A synthetic soil pore water solution resembling the average ion
composition of UK soil solution (Kinniburgh and Miles, 1983) was used
for the sorption tests. Only major anions and cations were considered in
the make-up of the synthetic soil pore water by dissolving the following
salts in deionized water: KNO3 (49.52 mg.L�1), NaNO3 (26.33 mg.L�1),
Mg(NO3)2.6H2O (31.089 mg.L�1), CaCl2.2H2O (55.19 mg.L�1), CaSO4

(43.55 mg.L�1), Ca(NO3)2.4H2O (181.71 mg.L�1). The ionic strength of
this solution was 5 mM, with a pH of 6.8.

Table 1. Biochar properties.

Source Oil seed rape straw pellets Wheat straw pellets Miscanthus straw pellets Soft wood pellets

Biochar notation OSR550 OSR700 WSP550 MSP550 SWP550

Temperature (�C)1 550 700 550 550 550

pH 9.8 � 0.5 10.4 � 0.5 9.9 � 0.2 9.8 � 0.2 7.9 � 0.3

H:Ctot (molar ratio)1 0.32 � 0.03 0.19 � 0.02 0.4 � 0.1 0.38 � 0.04 0.39 � 0.01

O:Ctot (molar ratio) 1 0.12 � 0.02 0.09 � 0.02 0.1 � 0.0 0.09 � 0.03 0.09 � 0.01

Ash content [wt%]*1 19 � 2 21.9 � 0.5 21 � 1 12 � 1 1.3 � 0.4

Electric conductivity [dS.m�1] 1 2.3 � 0.4 3.1 � 0.4 1.7 � 0.4 0.8 � 0.2 0.09 � 0.03

Total N [wt%]*1 1.6 � 0.2 1.3 � 0.2 1.4 � 0.1 0.8 � 0.1 <0.10

Total P [wt%]*1 0.29 � 0.08 0.3 � 0.1 0.14 � 0.02 0.19 � 0.04 0.06 � 0.04

Total K [wt%]*1 2.9 � 0.3 2.9 � 0.4 1.6 � 0.4 0.9 � 0.1 0.3 � 0.1

Total pore volume [cm3.g�1]2 0.38 � 0.02 c 0.42 � 0.01 b 0.27 � 0.01 e 0.6108 � 0.0003 a 0.33 � 0.01 d

BET [m2.g�1]2 416 � 5 c 461 � 5 b 299 � 3 e 490 � 12 a 358 � 3 d

CEC [cmol.kg�1]2 22 � 3 a 23 � 1 a 21 � 2 a 22 � 1 a 11 � 3 b

BET: specific surface area determined by the Brunauer-Emmett-Teller (BET) method.
CEC: cation exchange capacity.

* Dry basis.
1 Data reproduced from UK Biochar Research Centre, values are means� run to run variation (SD), (http://www.biochar.ac.uk/standard_materials.php; Accessed 17/

08/2020).
2 Data determined experimentally in the present study, values are means � standard deviation; n ¼ 3; different letters indicate significant differences between

biochars (p < 0.05; one-way ANOVA, Tukey's honestly significant difference (HSD) post hoc test).

R.I. Soria et al. Heliyon 6 (2020) e05388

2



The metal adsorption experiments were performed using a batch
equilibration technique in triplicate. Stock solutions (1000 mg.L�1) of
Zn(II), Cd(II), and Pb(II) were prepared in deionized water from
Zn(NO3)2.6H2O, Cd(NO3)2.4H2O and Pb(NO3)2 (GR grade, Fisher Sci-
entific, USA).

2.3.1. Kinetics

The effect of contact time on the adsorption capacity of biochars for
Cd(II), Pb(II) and Zn(II) as single element solutions was studied. The
kinetic experiments were conducted in 50 mL polyethylene centrifuge
tubes containing 100.0 � 0.3 mg of biochar and 20 mL of 5000 μg.L�1

soil solution of each element, preadjusted to pH 7 (average pH of pore
water in UK soils) using 0.1 M NaOH solution. The mixture was agitated
at 120 rpm on a reciprocating shaker at 22 � 2 �C. Replicate tubes for
each biochar were destructively sampled at 10 time points (0, 1, 2, 4, 8,
12, 24, 48, 72 and 96 h), and filtered using 0.45 μm syringe filters. The
filtrates were acidified with 1% (v/v) HNO3 (Fisher, TraceMetal™ grade)
and the concentration of Cd(II), Pb(II) and Zn(II) determined by ICP-MS
(PerkinElmer, Sciex Elan DRCII).

2.3.2. Effect of pH on adsorption tests

The impact of soil pore water pH on PTE sorption capacity was
determined as described above except that the initial pH of the solutions
was adjusted to values between 4.0 and 9.0 � 0.3 using 0.1 M NaOH or
0.1 M HCl. This is the pH range commonly present in UK soil solutions
(Kinniburgh and Miles, 1983). The chemical speciation of Cd(II), Pb(II)
and Zn(II) at different initial pH values was studied using visual MINTEQ
3.1 (https://vminteq.lwr.kth.se/).

2.3.3. PTEs sorption capacity

Sorption capacity for the PTEs was measured using a constant quan-
tity (1.25 mg.L�1) of biochar. Trace element solutions were prepared in
the range commonly present in the soil pore water of contaminated soils:
from 0.05 to 10 mg.L�1 for Cd(II) and Zn(II) and from 0.5 to 50 mg.L�1

for Pb(II). As the biochar did not reach its maximum sorption capacity
within that range additional concentrations up to 50 mg.L�1 were used
for Cd(II) and Zn(II) and up to 85 mg.L�1 for Pb(II). Sorption experiments
were carried out at an initial pH 5 for Pb(II) sorption, pH 6.5 for Cd(II)
and pH 7.5 for Zn(II). After filtration, biochar samples loaded with Cd(II),
Pb(II) and Zn(II) were recovered and rinsed with deionized water, then
dried at 22 �C � 2 �C. Attenuated Total Reflection Fourier Transform
Infrared (ATR-FTIR) spectra of loaded biochars were obtained using a
dry-air purged Bruker Vertex 70 spectrometer equipped with a KBr
splitter, a DLaTGS detector and a diamond crystal accessory (Bruker
Platinum ATR Unit A225). The spectra were acquired between 400 and
2000 cm�1 with a resolution of 1 cm�1 and are an average from 16 scans.
Spectra were acquired in random order, in duplicate. The ATR-FTIR
spectra was normalized with Orange 3.25 (Demsar et al., 2013). The
normalized spectra was used to conduct a principal component analysis
(PCA) in R (R Core Team, 2013). Since it is possible that ATR-FTIR
spectra might contain small differences between biochars that could
not be distinguished visually, multivariate data tools as PCA are neces-
sary for spectra analysis. PCA is an effective variable reduction technique
for spectroscopic data (Lazzari et al., 2018). Scanning electron micro-
scopy coupled with Energy Dispersive X-Ray Spectroscopy (SEM-EDX)
was conducted on PTE-loaded biochars using an Inspect F50 (FEI, US)
and AZtec (Oxford Instruments) respectively; 20 kV with spot size 4 were
used and point ID area analysis and electronic x-ray mapping were
assessed in raw and PTE-loaded samples.

2.3.4. Competitive sorption

Competitive sorption effects were evaluated in binary and ternary
systems of the studied PTEs. Initial concentrations that induced an in-
termediate sorption capacity by biochars in the single sorption test were
used in this competitive experiment; the initial concentrations were:
Zn(II) 13 mg.L�1, Pb(II) 41 mg.L�1 and Cd(II) 22 mg.L�1, which are

equivalent to 0.2 mM in each case. Equimolar concentrations were used
in this test to allow comparison between elements; the combinations
were: Zn(II):Cd(II), Pb(II):Cd(II), Zn(II):Pb(II) and Cd(II):Zn(II):Pb(II).
The pHwas 6.5 for the first combination and 5 for the rest, as required for
the evaluation of Pb binding. Pb(II) is present as insoluble Pb(OH)2 at pH
5.5–12.5 (Li et al., 2017), which would limit the amount of soluble Pb2þ

that can bind with biochar.

2.4. Sorption models

2.4.1. Kinetic models

First-order (Lagergren, 1898) and second-order (Ho and McKay,
1998) kinetic models presented in Eqs. (1) and (2) respectively were
fitted to the experimental data to elucidate the sorption rate and kinetic
parameters, instead of the linearized versions.

Qt ¼ Qe

�

1� e�k1 t
�

(1)

Qt ¼
k2Q

2
e t

1þ k2Qet
(2)

where Qt and Qe (mg.g�1) are adsorbed Cd(II), Pb(II) and Zn(II) at any
time and at equilibrium, t is the time (min) and k1 (min�1) and k2
(g.mg�1.min�1) are the rate constants. The amount of immobilized trace
elements onto biochars, Qt (mg.g�1), was calculated as described in Eq.
(3)

Qt ¼
ðC0 � CtÞ V

m
(3)

where C0 and Ct (mg.L�1) are Cd(II), Pb(II) or Zn(II) concentrations at
time zero and time t respectively, V (L) is the volume of synthetic soil
pore water solution and m (g) is the weight of biochar used in each tube.
At equilibrium Qt and Ct are referred as Qe and Ce respectively (Cui et al.,
2016b). To select the best statistical model we used a penalized likeli-
hood criterion known as Akaike Information Criterion (AIC) developed
by Akaike (1974). AIC penalizes the number of parameters of a model
and allows the goodness of fit of a model to be balanced against its de-
grees of freedom. The model for which AIC is minimal is selected as the
one that best describes the experimental data (Akpa and Unuabonah,
2011). The general form for calculating the AIC is given in:

AIC¼ � 2logðLÞ þ 2npar (4)

where, L is the likelihood of the fitted model and npar is the total number
of parameters in themodel. AIC has been reported as a better criterion for
ranking sorption models instead of the error functions (sum of absolute
error, average relative error, sum of square error, coefficient of deter-
mination, chi-squares, etc) due to its high sensitivity to model deviations
(Akpa and Unuabonah, 2011). The AIC values for the fitted models were
estimated using the AIC function from R (R Core Team, 2013).

2.4.2. Adsorption isotherm models

To evaluate the sorption of Cd(II), Pb(II) and Zn(II) by the studied
biochars, the commonly used Langmuir (1918), Freundlich (1906), and
Temkin (Temkin and Pyzhev, 1940) sorption models presented in Eqs.
(5), (6), and (7) were examined. Additionally, models that adapt to
describe S-shape isotherms, such as Dubinin-Radushkevich (Dubinin,
1975) and Hill model (Hill, 1910) presented in Eqs. (8) and (9), were
studied.

Qe ¼
KlqmCe

1þ KlCe
(5)

Where, qm (mg.g�1) is the maximum adsorption capacity of biochar for
Cd(II), Pb(II) or Zn(II) and Kl (L.mg�1) is the Langmuir constant related to
the affinity of the binding sites (Cui et al., 2016b).
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Qe ¼ KFCe
1
nF (6)

Where, KF (mg⋅g�1) is the Freundlich constant and nF is the Freundlich
exponent related to adsorption intensity (Cui et al., 2016b).

Qe ¼

�

RT

b

�

lnAþ

�

RT

b

�

Ce (7)

Where, A (g�1) is the Temkin constant, b (J.mol�1) is the constant related
with the heat of sorption, R is the gas constant (8.31 J.mol�1.K�1) and T

(K) is the absolute temperature.

Qe ¼ qmexp

�

� β

�

RT ln

�

Cs

Ce

��2	

(8)

Where, β (mol2 kJ�2) is the Dubinin-Radushkevich constant related to the
adsorption energy and Cs (mg.L�1) is the solubility of the solute (Hu and
Zhang, 2019).

Qe ¼ qm
Cn

e

KH þ Cn
e

(9)

Where, KH (mg.L�1) is the Hill constant that represents the concentration
for which Qe is equal to 0.5 qm (hence an expression of affinity and/or
sensitivity of the system) (Goutelle et al., 2008) and n (dimensionless) is
the Hill coefficient of sigmoidicity which is related to the degree of
cooperation between binding sites (Martucci et al., 2015).

Biochar SWP550 was excluded from the model fitting as it showed
little PTE sorption (data not shown), possibly due to a low CEC. Instead
the maximum sorption capacity determined experimentally was used for
comparison.

2.5. Statistical analysis

The data was analysed using R (R Core Team, 2013). Differences in
BET, CEC and pore volume were analysed using linear regression fol-
lowed by ONEWAY ANOVA. Differences in sorption capacities due to the
contact time (kinetic study) and pH, were analysed by using linear
regression followed by TWO WAY ANOVA. Tukey's honestly significant
difference (HSD) post hoc test was used to determine significant differ-
ences among groups in the before mentioned analysis.

In order to determine statistical differences in the parameters ob-
tained from nonlinear model fitting (kinetics and Hill isotherm), data
were subset by element. Two non-linear regressions for each of the
respective equations (second order kinetic model and Hill equation) were
performed using biochar type as the grouping variable; the first non-
linear regression allowed the fitted model parameters to be different
for each biochar (model 1) while in the second non-linear regression the
parameters were set to be the same for all biochars (model 2), as rec-
ommended by (Ritz and Streibig, 2009). Thereafter a ONE WAY ANOVA
comparing model 1 against model 2 was conducted as a pairwise com-
parison between biochars for each of the fitted parameters to establish
significant differences between biochars. The raw data and the coding (R
script) for fitting the Hill and Langmuir adsorption isotherm models as
well as the code to analyse statistical differences in the parameters
derived from the Hill model between biochars can be accessed at Soria
et al. (2020).

2.5.1. Correlation analysis

A Pearson correlation analysis was conducted to understand the
relationship between biochar maximum sorption capacities (qm) for
Cd(II), Pb(II) and Zn(II) and biochar physical and chemical properties.
The qm (mg.g�1) values were derived from the Hill isotherm; however in
the case of SWP550 the highest experimentally-determined sorption ca-
pacity was used. The biochar properties used in the analysis were CEC
[cmol.kg�1], BET [m2.g�1], total pore volume [cm3.g�1], total K [wt%],

total P [wt%], total N [wt%], EC [dS.m�1], O:Ctot (molar ratio), H:Ctot

(molar ratio) and pH (Table 1). Also, the functional groups Si–O, C–H,
C–O, COH and COOH from the ATR-FTIR analysis were included using
the absorbance values from normalized spectra of raw biochars. The
correlation was conducted at 95% confidence using R (R Core Team,
2013) and the results were presented as a heat map.

2.5.2. Linear models to describe biochar sorption capacity

Linear regression analysis was conducted to determine if biochar
sorption capacity for Cd(II), Pb(II) and Zn(II) can be described as a
function of its physico-chemical properties. The regression considered
the same biochar physico-chemical properties used in the correlation
analysis (section 2.5.1) as single predictor variables and when there was
poor linearity (r2 < 0.8), a second variable was introduced. The
maximum sorption capacities (qm) of the biochars for Cd(II), Pb(II) and
Zn(II) estimated with the Hill model were used as the response variable.
The AIC criterion determined the parameters that produce the most
suitable model describing the sorption capacity for each element.

3. Results and discussion

3.1. Biochar characterization

The physico-chemical properties of the biochars are presented in
Table 1. The BET surface area varied depending on the feedstock used,
the highest was MSP550 (490 m2.g�1) and the lowest was WSP550 (299
m2.g�1). These BET areas were correlated with the total pore volume, in
the order: MSP550 > OSR700 > OSR550 > SWP550 > WSP550.

Biochars produced from herbaceous biomass (WSP550, MWSP550
and OSRs) had a significantly higher CEC (p < 0.001), from 20.65 to
23.29 cmol.kg�1, than biochar SWP550 produced from the wood
feedstock, with a CEC of 11.23 cmol.kg�1. The CEC of SWP550 was
similar to that of a biochar obtained from pinewood produced at 650
�C (from 7.0 to 11.9 cmol.kg�1 at different pH) reported by
Mukherjee et al. (2011). Similarly, Domingues et al. (2017) reported
lower CEC values (2.4–10.8 cmol.kg�1) for three wood-derived bio-
chars relative to coffee husk biochar (69–72 cmol.kg�1) and chicken
manure biochar (23 cmol.kg�1).

3.2. PTEs sorption experiments

3.2.1. Kinetics

The effect of contact time on Zn(II), Cd(II) and Pb(II) sorption by the
biochars is presented in Figure 1A. PTE adsorption was fast during the
first 4 h (90–95 % of trace elements sorption) and complete by 24 h.
Therefore, 24 h was selected as the equilibrium time.

Calculation of AIC coefficients (Table 2) indicated that the second
order kinetic model best described the data. At equilibrium the value of
k2 indicated that sorption occurred in the following rate order: Pb(II)
>Zn(II) >Cd(II) for biochars MSP550 and WSP550, Zn(II) >Pb(II)
>Cd(II) for biochars OSR550 and OSR700, and Cd(II)>Pb(II)>Zn(II) for
biochar SWP550. The sorption capacity (Qe) for Pb(II) was lower than
that for Cd(II) and Zn(II) for all the biochars except SWP550, whose
performance was significantly lower (p < 0.05) than the rest of biochars
for all metals tested (Table 3). The lower sorption capacity for Pb(II) is
attributed to the initial pH of the solution (pH 7). In natural systems
Pb(II) is present mainly as soluble species Pb2þ and Pb(OH)þ at pH< 5.5,
but as insoluble forms, Pb(OH)2, at pH 5.5–12.5 and Pb(OH4)

2- at pH >
12.5 (Li et al., 2017). This is consistent with other biochar sorption
studies which describe the formation of Pb(II) metal hydroxide pre-
cipitates at pH > 5 (Naidu et al., 2013; Yang et al., 2016). The formation
of Pb(II) precipitates reduces the amount of soluble Pb(II) forms that can
interact with biochar surface binding sites. Therefore, in soil pore water
with pH > 5, Pb(II) immobilization by biochar will be restricted by the
amount of Pb(II) soluble species.
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3.2.2. Effect of media pH

The pH of the synthetic soil pore water had a significant effect on the
adsorption of Zn(II), Cd(II) and Pb(II) by the biochars (Figure 1B). The
adsorption capacity of Pb(II) was significantly decreased above pH 5 (p<
0.001); the greatest adsorption capacity was observed between pH 6 to
pH 7 for Cd(II) (p < 0.001) and between pH 5 to pH 8 for Zn(II) (p <
0.001). Biochar SWP550 had the lowest sorption capacity for Cd(II) and
Zn(II) at all pH values tested (p< 0.001) and for Pb(II) at pH 4, 5, 7, 8 and
9 (p < 0.001). These results are supported by the chemical speciation
predicted with Visual MINTEQ 3.1 (Figure 2), which indicates that sol-
uble forms of Cd(II), Pb(II) and Zn(II) available to bind with biochar
sorption sites enhanced sorption at specific pH ranges. As illustrated in

Figure 2, soluble Cd(II) forms, Cd2þ (93%) and CdClþ (2.5%), dominate
at pH 4–7, after which insoluble Cd4(OH)6SO4(s) would form and finally
be the dominant species at pH 9. Pb(II) would be mainly present as sol-
uble Pb2þ (90-62 %) and PbOHþ (0.02–10.2 %) at initial pH 4–6.5;
insoluble Pb(OH)2 would start to form at pH 6.75 and become dominant
at pH > 8 (98%). Zn(II) would be present as Zn2þ (96%) at pH 4–7, after
which insoluble Zn(OH)2 would form and became the dominant species
at pH 9. The decreased sorption capacity for Pb(II) above the initial pH 5
reflects the progressively reduced solubility of Pb(II) at increasing pH.
Other authors have reported similar effects of pH on the PTE sorption
capacity of biochars. For example, biochars prepared from pinewood and
rice husk have maximum Pb(II) removal capacities at pH 5 (Liu and

Figure 1. Effect of contact time and solution pH on sorption capacity of Cd(II), Pb(II) and Zn(II). A) Sorption kinetics during the first 24 h using a background solution
with initial pH 7, t ¼ 22 � 2 �C, the line is a second order kinetic model fit. B) Effect of background solution pH on sorption capacity (means � standard deviation, n ¼

3), contact time ¼ 24 h, t ¼ 22 � 2 �C.

Table 2. AIC values for kinetic and adsorption isotherm models.

Kinetic models Adsorption isotherm models

Element Biochar Second order First order Hill model Langmuir model

Pb MSP550 -118.678 -128.926 157.149 157.760

OSR550 -123.799 -111.672 167.402 175.854

OSR700 -97.746 -108.825 150.232 195.784

SWP550 -86.932 -74.059 - -

WSP550 -137.935 -134.369 174.766 183.262

Cd MSP550 -82.747 -61.051 76.527 76.990

OSR550 -106.998 -82.130 119.097 131.950

OSR700 -80.193 -67.331 79.58973 145.806

SWP550 -89.405 -89.728 - -

WSP550 -83.848 -66.698 111.449 125.145

Zn MSP550 -93.397 -87.825 56.463 54.486

OSR550 -114.667 -98.404 58.295 67.439

OSR700 -105.267 -95.211 74.830 100.986

SWP550 -42.776 -39.922 - -

WSP550 -89.543 -81.0505 94.719 101.688

Note: the model for which AIC is minimal is the one that best describes the experimental data.
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Zhang, 2009). The optimal pH for Zn(II) adsorption was determined to be
pH 8 for hard wood biochar (Chen et al., 2011), pH 7 for Zn(II)
adsorption by wheat straw biochar and pH 6 for Cd(II) on biochar made
from S. hermaphrodita (Bogusz et al., 2015). The effect of pH on the
sorption capacity of biochars differs for trace elements as solution pH
significantly influences bothmetal speciation and biochar surface charge.
Biochar addition increases the pH of the metal-enriched soil pore water
solution. Due to release of alkaline mineral components and the presence
of alkaline functional groups such as ketones on the biochar surface (Li
et al., 2017; Waiapu and Mcmillan, 2018), an increase in solution pH
enhances the formation of insoluble precipitates. This is especially
important for Pb(II) as non-soluble forms start to develop at pH 6.75
according to the predicted speciation (Figure 2). Under acidic conditions
the functional groups are protonated, but become deprotonated as pH
increases, allowing binding of positively charged metal ions (Li et al.,
2017). The enhanced sorption capacity for Cd(II) and Zn(II) at pH> 6 can
be attributed to metal binding with deprotonated functional groups such
as carboxylic (pKa 4.7–10.10) or acid-lactone (pKa 6.4–10.3), which are
often present in biochars (Mandal et al., 2017).

Based on these findings the remaining sorption experiments were
completed at an initial pH 5 for Pb(II) sorption, pH 6.5 for Cd(II) and pH
7.5 for Zn(II) to ensure maximum sorption capacity.

3.2.3. Sorption isotherms

Isotherm fitting in Figure 3 indicated that Langmuir and Hill are the
sorption isotherm models that best described the experimental data. The
Hill isotherm model was selected over the Langmuir model as fitting the
experimental data better, based on AIC values (Table 2). The Hill
isotherm describes the binding of different species by cooperative sorp-
tion mechanisms onto different substrates (Ayawei et al., 2017),
including carbonaceous materials (Shahbeig et al., 2013). The coopera-
tive binding is characterized by a side-by-side association between
adsorbed molecules at low solute concentrations, while at higher solute
concentrations there is progressively less chance that a solute molecule
will find an available site (Giles et al., 1960). When the Hill coefficient of
sigmoidicity n > 1 there is cooperative binding; while n ¼ 1 indicates
reactions of no cooperativity (Weiss, 1997). The n values derived from
the Hill isotherms (Table 3) indicated cooperative binding in the
adsorption of PTEs for all biochars except MSP550 with Pb(II). The

cooperative sorption was confirmed by the sigmoidal “S”-shape iso-
therms observed at low equilibrium concentrations for Cd(II) and Pb(II)
sorption with OSR550, OSR700 and WSP550 (Figure 4). This is impor-
tant as bioavailable concentrations of PTEs in polluted soils are generally
below 5 mg.L�1 (Berkowitz et al., 2014). “L”-shape isotherms, according
to the isotherm classification of Giles et al. (1960), were observed for all
PTEs with MSP550 and for all biochars with Zn(II) (Figure 4). The pa-
rameters derived from the Hill sorption model in Table 3 indicated that
the maximum sorption capacities (qm) were higher for Pb(II), followed by
Cd(II) and Zn(II) (Pb> Cd> Zn). This trend is the same as that presented
by Park et al. (2016), who obtained sorption capacities in the order Pb >
Cd> Cr> Cu> Zn for sesame straw biochar applied at a rate of 2 g.L�1 in
mono-metal systems when testing concentrations from 0 to 320 mg.L�1

at pH 7.
Biochar maximum sorption capacities (qm) were, ordered from high

to low, OSR700> OSR550>WSP550>MSP550> SWP550 for all PTEs
tested. For Cd(II), biochar MSP550 (8 mg.L�1) had a significantly lower
(p< 0.05) sorption capacity than biochars OSR550 (19 mg.L�1), OSR700
(21 mg.L�1) and WSP550 (18 mg.L�1). For Pb(II), biochar OSR700 (56
mg.L�1) had a significantly higher (p < 0.05) sorption capacity than
OSR550 (46 mg.L�1), WSP (42 mg.L�1) and MSP550 (41 mg.L�1). For
Zn(II) biochar OSR700 (11 mg.L�1) demonstrated a significantly higher
sorption (p < 0.05) capacity than OSR550 (9 mg.L�1), WSP550 (6
mg.L�1) and MSP550 (3 mg.L�1). Overall herbaceous-derived biochars
had a higher sorption capacity than the soft wood-derived biochar
SWP550. Sun et al. (2014) also reported that four herbaceous biochars
produced at 600 �C (corn, cotton, wheat and rice straw) had greater
sorption capacity for Cd(II) than wood-derived biochar (poplar) pro-
duced at the same temperature. This was attributed to the limited pore
development of the wood char due to the higher lignin content of wood.
Trakal et al. (2014) concluded that “high lignin biomass” biochars are
less effective than herbaceous biochars for Cd(II) and Pb(II) sorption,
despite their high BET surface area.

Since KH is the concentration of adsorbate (Ce) at half maximum
sorption capacity (qm), a biochar with a high KH would require a greater
concentration of adsorbate to achieve qm, which implies a low affinity for
the adsorbent, while low KH values indicate that less concentration of
adsorbate is required to achieve qm, which represents a higher affinity
between the adsorbate and biochar. Values of the Hill constants (KH)

Table 3. Second order kinetic model and Hill sorption model parameters for the adsorption of Cd(II), Pb(II) and Zn(II) onto biochars. Kinetics conducted at initial
concentration 5 mg.L�1 and pH 7. Sorption isotherms with concentrations starting at 0.05 mg.L�1 to 50 mg.L�1 (Zn with pH 7.5 and Cd with pH of 6.5) and up to 85
mg.L�1 for Pb (pH 5), contact time ¼ 24 h, t ¼ 22 � 2 �C. Values are parameters means � standard deviation; different letters indicate significant differences in pa-
rameters between biochars grouped by element (p < 0.05; pairwise ONE-WAY ANOVA).

Second order kinetic model Hill sorption model

Element Biochar k2
(g.mg�1.min�1)

Qe

(mg.g�1)
n qm

(mg.g�1)
KH

(mg.L�1)

Pb MSP550 0.8 � 0.2 a 0.345 � 0.003 a 0.7 � 0.2 a 41 � 8 a 1 � 1 a

OSR550 0.27 � 0.03 b 0.348 � 0.002 a 2.7 � 0.7 b 46 � 4 a 0.22 � 0.03 b

OSR700 0.19 � 0.03 c 0.368 � 0.005 c 3.2 � 0.3 b 56 � 1 b 0.137 � 0.005 c

SWP550 0.10 � 0.02 bc 0.344 � 0.007 b - 0.44* -

WSP550 0.53 � 0.06 d 0.346 � 0.001 a 2.1 � 0.5 b 42 � 3 a 0.19 � 0.02 b

Cd MSP550 0.079 � 0.008 a 0.877 � 0.007 a 1.4 � 0.3 a 8.0 � 0.7 a 2.6 � 0.6 a

OSR550 0.16 � 0.01 b 0.882 � 0.004 a 3.0 � 0.8 b 19 � 1 b 0.71 � 0.06 b

OSR700 0.068 � 0.007 a 0.883 � 0.008 a 6.4 � 0.6 c 20.5 � 0.5 b 0.335 � 0.005 c

SWP550 0.5 � 0.4 d 0.089 � 0.006 a - 10.31* -

WSP550 0.13 � 0.02 c 0.875 � 0.007 a 6 � 1 bc 18 � 1 b 1.53 � 0.06 a

Zn MSP550 0.28 � 0.05 a 1.070 � 0.005 a 1.0 � 0.5 a 3.3 � 0.3 a 0.10 � 0.06 a

OSR550 0.36 � 0.05 a 1.081 � 0.003 a 1.6 � 0.2 a 8.6 � 0.3 b 0.068 � 0.009 a

OSR700 0.38 � 0.07 a 1.046 � 0.004 b 4.0 � 0.6 b 10.7 � 0.4 c 0.045 � 0.002 b

SWP550 0.06 � 0.04 b 0.27 � 0.03 ab - 0.67* -

WSP550 0.4 � 0.1 a 1.075 � 0.006 a 4 � 1 a 6.2 � 0.6 a 0.034 � 0.004 c

* Highest sorption capacity determined experimentally.
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shown in Table 3 indicate binding affinity in the order Zn(II) >Pb(II)
>Cd(II) for all biochars. Although the binding affinity (KH) of Zn(II) to all
biochars was greatest, the sorption capacity (qm) for this metal was the
lowest. This indicates that Zn sorption is associated with less abundant,
but high-affinity binding sites, whereas Cd(II) and Pb(II) sorption onto
biochar is related to lower affinity, but more abundant binding sites.
Other studies have reported that most Cd(II) sorption onto plant-derived
biochars involves low binding energy sites (Cui et al., 2016b). Pourret
and Houben (2018) characterized biochar binding sites using rare earth
elements, indicating that strong aromatic functional groups, such as
carboxy-phenolic and phenolic groups, have high affinity for metals
while carboxylic groups have lower affinity.

3.3. Nature of sorption interactions

3.3.1. Functional groups analysis

Figure 5 illustrates the ATR-FTIR spectra of biochars with andwithout
PTEs. Band positions and their assignments were identified according to
major spectra structure correlations by spectral regions. Bands at 458
cm�1 were assigned to inorganic silicates Si–O asymmetric deformation
vibration (Babu et al., 2011; Colthup et al., 1990). Si species present in
biomass undergo changes during pyrolysis, where some of the Si species
would transform into quartz, dehydroxylated silicates or alkali silicates
(Qian et al., 2016). The band at 570 cm�1 was assigned to dicalcium

phosphate or phosphate ion ðPO3�
4 Þ bending (Bekiaris et al., 2016;

Colthup et al., 1990). The change in the intensity of these bands in
relation to the raw biochar was observed for all PTEs, however the
changes in the band at 570 cm�1 associated with ðPO3�

4 Þ bending were
more pronounced after Zn(II) sorption. These shifts in the spectrum
suggest the formation of Si complexes or Si mineral precipitates and
phosphate precipitates with the trace element species calculated to be the
dominant ones (Cd2þ, Pb2þ and Zn2þ). Changes of intensity and
displacement of bands between 600 and 900 cm�1 were attributed to
bending vibrations (CH) of aromatic groups. For instance, a band at 680
cm�1 (CH deformation) appeared in the spectra of biochars OSR550,
WSP550 and MSP550 after Pb(II) exposure, suggesting an important role
in the sorption of this PTE. Bands at 750, 780 and 870 cm�1 (CH bending)
showed changes in intensity after exposure to all trace elements tested.

The aromatic structure of biochar surfaces may have promoted PTE
sorption via cation–π bonding mechanisms, since aromatic structures
have a pool of π electrons which can be donated to metal ions, thereby
creating such interactions (Bandara et al., 2017). An abundance of
lone-pair electrons is known to be associated with the “graphene-like”
domains of plant-derived biochars (Harvey et al., 2011). Plant-derived
biochars have been reported to immobilize Cd(II) (Cui et al., 2016a;
Harvey et al., 2011), Pb(II) (Wang et al., 2015) and Zn(II) (Xu et al.,
2013) by cation-π bondingmechanisms. This cation- π interactions can be
considered an electrostatic effect that involves non-covalent bonding

Figure 2. Inorganic speciation of studied elements in synthetic soil pore water. A) Cd(II), B) Pb(II), C) Zn(II). t ¼ 22 �C and a total concentration of 5 mg.L�1 of
each element.
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Figure 3. Adsorption isotherms of Cd(II), Pb(II) and Zn(II) fitted with the Dubinin-Radushkevich, Freundlich, Langmuir, Temkin and Hill sorption models. Biochar
dose 1.25 g.L�1, the initial pH of the background solution was pH 5 for Pb(II), pH 6.5 for Cd(II) and pH 7.5 for Zn(II) with a contact time of 24 h and t ¼ 22 � 2 �C.

Figure 4. Adsorption isotherms for Cd(II), Pb(II) and Zn(II) fitted with the Hill sorption model. Inset plots, are close-ups that illustrate the sorption behaviour at
equilibrium concentrations up to 2 mg.L�1.The initial pH of the background solution was 5 for Pb(II), 6.5 for Cd(II) and 7.5 for Zn(II); 24 h contact time, t ¼ 22 � 2 �C.
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between the quadrupole moment of the aromatic structure and the
monopole of the cation, which allow aromatic systems to interact
strongly with cations (Dougherty, 1996). The proposed mechanism for
cation-π bonding between biochar aromatic structures and the studied
metals is represented in Figure 6A.

The vibrations involving the asymmetric stretching of the C–O bond
of aromatic secondary alcohols (phenyl–CHOH ̶) produced a strong band
between 1000 to 1075 cm�1. In OSR700 this band was absent, which is
consistent with a higher pyrolysis temperature for this biochar. The loss
of the 1030 cm�1peak has been associated with higher production

Figure 5. ATR-FTIR normalized spectra of biochars before and after sorption of Cd(II), Pb(II) and Zn. A) biochar OSR700, B) OSR550, C) WSP550, D) SWP550,
E) MSP550.

Figure 6. Biochar sorption mechanisms for Cd2þ, Pb2þ or Zn2þ. A) Cation–π interaction, B) Carboxylic group acting as a chelating ligand, C) Carboxylic groups
forming a complex with a divalent cation. Surface complexation mediated by cation exchange of D) monovalent cations Kþ or Naþ and E) divalent cations Ca2þ

or Mg2þ.
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temperatures due to dehydration, decarbonylation, and decarboxylation
reactions (Uchimiya et al., 2011; Yang et al., 2007). The band was also
absent in the spectra of the wood derived biochar SWP550. This was
associated with the feedstock type; as presented by Domingues et al.
(2017) the spectrum of lignocellulosic biochars were characterized by a
weak peak or the complete absence of a band in this position. For the
other biochars shifts in the intensity of this band and displacements to the
left were observed after exposure to all PTEs. For biochar SWP550 a band
between 1160-1200 cm�1 associated with C–O–C stretching of pyranose
ring structures (Lazzari et al., 2018; Yang et al., 2007) increased in in-
tensity after Cd(II) sorption. The band at 1380-1420 cm�1was associated
with phenols in solid state, which typically absorb between 1330-1390
cm�1 due to interaction between OH deformation and C–O stretch
(Colthup et al., 1990) or to a δ (C–H) vibration in alkanes and alkyl
groups (Komnitsas and Zaharaki, 2016). This last band indicated
important shifts in intensity especially after contact with Cd(II) and Pb(II)
for all the biochars. Bands attributed to metallic salts made from car-
boxylic acids (COO ̶) were identified, the C¼O and C–O bonds replaced
by two equivalent carbon-oxygen bonds created a strong asymmetric
COO stretching vibration at 1590 cm�1. The carboxyl dimer infrared
band of C¼O stretch was identified at 1690 cm�1 (Ma et al., 2016). These
bands associated with carboxylic groups are demonstrated to have an
important role in the immobilization of the studied metals, especially for
Pb(II) and Cd(II). The intensification of the bands may be attributed to
chelation reactions between carboxylic acids and PTEs on biochar sur-
faces during the adsorption process, suggested by Wu et al. (2017) to be
the dominant adsorption mechanism for Pb(II) on biochar. The coordi-
nation between oxygenated functional groups (e.g.,–COOH and–OH) and
different heavy metals is usually accompanied with the release of Hþ,
resulting in the reduction of solution pH (Qian et al., 2016; Wang et al.,
2015). In this study the solution pH during sorption was not controlled;
samples containing low initial concentrations of PTEs had pH values at
equilibrium of >8, >7 and >8 for Cd(II), Pb(II) and Zn(II) respectively
(Figure 7), caused by the release of the mineral ash of biochars (Wang
et al., 2015). However, as the concentration of PTEs in the solution
increased, the pH of the solution decreased to<7.5,<7,<7.75 for Cd(II),
Pb(II) and Zn(II), respectively, indicating that higher amounts of trace
elements in the solution enhance the formation of complexes with
oxygen-containing functional groups. These results were in accordance

with Trakal et al. (2014) who reported a decrease of solution pH,
particularly at higher PTE concentration and greater adsorption capacity.
Samples treated with biochar SWP550, which is characterized by low ash
content (Table 1), did not alter the solution pH (Figure 7).

The complexation of PTEs with biochar surface functional groups has
been schematized in Figure 6B-E, where complexationwith deprotonated
functional groups (chelation mechanism with carboxylic groups) or
cation exchange-mediated complexation are represented.

The principal component analysis (PCA) of biochar spectra in
Figure 8A shows that 68 % of the variation in the biochar spectra were
explained by PC1 and 18 % by PC2. Feedstock origin and temperature
significantly influenced biochar spectra (p < 0.001). In the PCA similar
samples appear as clusters in the score plot, while different samples are
segregated from each other. Biochar clustered as three groups: group one
with biochar SWP550 samples (wood-derived biochar produced at 550
�C), group 2 with biochar samples WSP550, OSR550 and MSP550 (her-
baceous biochars produced at 550 �C) and group 3 with OSR700 samples
(herbaceous biochar produced at 700 �C). Biochars with fewer oxygen-
functional groups (OSR700 and SWP550) were more distant from the
other biochars. The bands responsible for the differentiation of these
biochar groups are illustrated in Figure 8B and identified as carboxylic
(COOH, C¼O), phenolic (COH, C–O), aromatic (C–H), PO4

3- and SiO.

3.3.2. Scanning electron microscopy with energy dispersive X-ray

spectroscopy

Visual comparison of SEM-EDX images using biochar MSP550
(Figure 9) demonstrates the typical effect of PTE exposure on pores and
mineral phases at the biochar surface. The SEM-EDX images of the other
four biochars can be accessed at Soria et al. (2020). SEM backscattered
images revealed a heterogeneous topography and material contrasts
(composition). PTE immobilization was confirmed on biochar surfaces;
elements with higher atomic number such as Pb(II), Cd(II) and Zn(II)
yield more backscattered electrons, which appear brighter on the image
(left column on Figure 9).

Electronic x-ray mapping was used to visualize the colocalization of
elements on SEM images of biochar MSP550 loaded with PTEs. The
images show colocalization of Si and O, indicating the presence of
compounds containing Si minerals on the biochar surface. The images
also show that Cd(II) occurred together with Kþ, suggesting compounds
containing Cd2þ and Kþ. The formation of K4CdCl6 precipitates has been
previously reported on Cd-loaded biochars (Bashir et al., 2018; Xu et al.,
2017; Zhang et al., 2015). Likewise, the images revealed that Pb(II)
occurred together with S. In other studies precipitates of Pb(II) with
sulphate compounds such as Pb2(SO4)O and Pb4(CO3)2(SO4)(OH)2 have
been reported to contribute to Pb(II) metal sorption (Wang et al., 2015).
Regarding Zn(II)-loaded samples, there was no clear indication of ele-
ments occurring at the same positions as Zn(II), apart from O, for any
biochar analysed.

These SEM-EDX results suggest that in the case of Cd(II) and Pb(II), in
addition to the interactions with functional groups indicated in section
3.3.1, sorption could have also be mediated by the formation of mineral
precipitates containing Kþ and S.

3.3.3. Competitive sorption

The effect of metal competition on the sorption capacity of biochars in
binary and ternary equimolar systems is illustrated in Figure 10. The
presence of additional elements in synthetic soil pore water had a sig-
nificant effect (p < 0.001) on the sorption capacity of the biochars for
PTEs. In the systems containing equimolar concentrations of Zn(II) and
Cd(II) the sorption capacity for Zn(II) was higher than for Cd(II) (p <
0.05) for all the biochars. When Pb(II) was present, either in Zn-Pb or Pb-
Cd binary systems, or the ternary system containing Pb(II), Cd(II) and
Zn(II); the sorption capacity for Pb(II) was significantly higher (p <
0.001), limiting the binding of the other elements for all the biochars.
The higher sorption capacity for Pb(II) in the multi-element sorption
studies regardless of the biochar type is consistent with the higher

Figure 7. pH values at equilibrium at different trace element initial concen-
trations. A) Cd(II), B) Pb(II) and C) Zn(II). The black line— represents the initial
pH of the soil pore water solution before being in contact with biochar. The
biochar rate was 1.25 g.L�1 in all samples, temperature was 22 � 2 �C, contact
time ¼ 24 h. Values are the mean � standard deviation, n ¼ 3.
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sorption capacity for Pb(II) observed in the mono-element sorption
studies (section 3.2.3). This finding is supported by the results of Park
et al. (2016), who reported a sorption capacity in the order of Pb > Cu >
Cr > Zn > Cd for a multi-element sorption experiment using sesame
straw biochar. These results are consistent with our findings and indicate
that in spite of a lower Zn(II) sorption capacity (Zn < Cd) in mono-metal
systems, Zn(II) sorption was higher than Cd(II) (Zn > Cd) when in
competition.

The negligible sorption of Zn(II) or Cd(II) in the presence of Pb(II)
suggests that these trace elements compete for the same sorption sites.
The sorption of PTEs onto biochar depends on the nature of the elements
involved. The adsorption preference exhibited by biochars for Pb(II) over
Zn(II) and Cd(II) when in competition could be due to (i) the hydrolysis
constant, (ii) the ionic radius, and subsequently hydrated radius, and (iii)
its Misono softness value due to a stronger surface electrostatic attrac-
tion. The first hydrolysis constant (pK) of Pb2þ (7.71) is lower than that of
Cd2þ (10.1) and Zn2þ (9.0) (Park et al., 2016). The first hydrolysis
product of divalent ions is capable of forming complexes with the
adsorbent, which result in stronger element retention (inner-sphere
complexes) than the electrostatic attraction of hydrated ion elements.
Thus, the lower the hydrolysis constant of the element, the stronger the
element specific sorption (Shaheen et al., 2013). Pb2þ has a smaller hy-
drated radius of 4.01 Å compared with Cd2þ (4.26 Å) or Zn2þ (4.30 Å).
The larger the hydrated radius the higher the activation energy required
to initiate cation exchange (Harvey et al., 2011), besides a smaller

hydrated radius favours Coulombic interactions (outer-sphere com-
plexes) between the cation and exchange sites of the adsorbent (Shaheen
et al., 2013). The scale of Misono represents the acidity of metal ions as
Lewis acids based on two parameters, one associated with the softness
and the second to the electronegativity of the ion. Considering these two
parameters respectively, Pb2þ (3.58, 4.15) is a harder acid than
Zn2þ(2.34, 4.64), while Cd2þ (3.04, 4.60) is considered a soft acid
(Misono et al., 1967). According to the HSBA theory (Alfarra et al.,
2004), as a harder acid Pb(II) would have greater affinity than Zn(II) or
Cd(II) for the carboxylic functional groups (band at 1590 cm�1) and
phenolic groups (band 1380-1420 cm�1) identified on biochars, which
are hard Lewis bases. Thus, the preferential retention of Pb(II) to Zn(II) or
Cd(II) is in agreement with differences in ionic radius, first hydrolysis
constants, and the Misono softness parameter, making Pb(II) a better
candidate than the other elements for both electrostatic and inner-sphere
surface complexation reactions. The same reasoning can be applied to
explain Zn(II) preferential sorption over Cd(II), in that the first hydrolysis
constants as well as the Misono scale and the HSBA theory accurately
predict the observed sequence Zn(II) > Cd(II), however the hydrated
ionic radius reasoning predicts Cd(II) > Zn(II) which is the opposite of
the results obtained. This suggests that Zn(II) vs Cd(II) competitive
sorption was not entirely electrostatic, since elements with larger ionic
radius would have been sorbed less strongly (Shaheen et al., 2013),
which was not the case. Other authors have suggested that the hydrolysis
constant may be a good predictor of selective element retention rather

Figure 8. Principal component analysis (PCA) of normalized ATR-FTIR spectra of plant-based biochars. A) Score plots of PC1 and PC2, B) PC loadings against the
wavenumber indicating the bands that mostly contributed to the separation of biochar groups in the PCA.

Figure 9. SEM-EDX images of biochar MSP550 after sorption of Cd, Pb and Zn and the main elements identified on its surface.
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than the Misono (HSBA theory) or the ionic radius (Park et al., 2016;
Shaheen et al., 2013).

PTEs in polluted soils are usually present as mixtures and their in-
teractions are known to influence their transport and fate between phases
(Chen et al., 2011; Park et al., 2013). Therefore, it is important to conduct
competitive sorption tests. The results indicate that in a scenario where
Pb(II), Cd(II) and Zn(II) coexist in a polluted soil, regardless of the type of
biochar applied as a remediation measure, the adsorbent will preferen-
tially immobilize Pb(II) over the other elements, requiring a higher
biochar application rate to maximize binding of additional PTEs.

3.4. Linking biochar properties to PTEs immobilization

The Pearson correlation analysis illustrated in Figure 11A indicated
that CEC, pH, electric conductivity (EC) and total Kþ were highly
correlated (>0.8) with Cd(II) sorption capacity (qmCd). Pb(II) sorption
capacity (qmPb) was highly correlated (>0.8) with pH, CEC, EC and total
P. Zn(II) sorption capacity (qmZn) had a correlation coefficient of 1.0 with
EC and >0.8 with pH, total P and total K. The high correlations between
biochar sorption capacities (qm) and CEC, EC and biochar pH suggest that
the PTE sorption is dominated by electrostatic interactions and precipi-
tation mechanisms. This implies that the surface complexes formed with
Cd(II), Pb(II) and Zn(II) on biochars are mainly outer-sphere complexes.
This is in agreement with the speciation diagram (Figure 2) which
indicated that for the range of pH found at equilibrium (Figure 7), the
dominant trace element species would be the free cation species Cd2þ (96
%), Pb2þ (95-81 %) and Zn2þ (96-83 %), while the hydrolysed forms
CdOHþ (0.5 %), PbOHþ (3–10%) and ZnOHþ (2–5%) that enhance inner-
sphere complexes formation are expected in smaller amounts. It is
important to highlight that outer- and inner-sphere complexation can
occur simultaneously (Sparks, 2003). Our findings are similar to that of
Trakal et al. (2014), who reported a high correlation between Cd(II) and
Pb(II) removal and the CEC and pH of various biochars, although they did
not consider EC, biochar mineral constituents or functional groups.

The high correlation of qmPb and qmZnwith total P and EC is supported
by the ATR-FTIR analysis, where shifts in the intensity of PO4

3- were
observed after contact with Zn(II), but also Pb(II). This implies that for-
mation of precipitates with soluble phosphates released from biochar
contributes to Pb(II) and Zn(II) immobilization. Previously the formation
of phosphate precipitates with Pb(II) such as Pb5(PO4)3OH (Cao et al.,
2009), Pb3(PO4)2 (Wu et al., 2017) or Zn(II) precipitates such as
Zn3(PO4)2 (Qian et al., 2016) or Zn3(PO4)2.4H2O (Xu et al., 2013) have
been reported on biochar surfaces. Furthermore, the high correlation of
qmZn with EC and total Kþ suggests the interaction of Zn(II) with soluble
minerals containing Kþ as an important contributor in Zn(II) immobili-
zation. The formation of large amounts of hemimorphite (Zn4(Si2O7)
(OH)2⋅H2O) mediated by soluble K2SiO3 released from wheat straw
biochar produced at 550 �C was reported by Qian et al. (2016) as one of
the main Zn(II) sorption mechanisms. The interaction of Zn(II) with Si-O
and PO4

3- groups observed in the ATR-FTIR analysis of Zn(II)-loaded
biochars is in agreement with the direct correlation between EC and
qmZn., implying that besides the observed interaction of Zn(II) with
oxygenated functional groups (phenolic and carboxylic), another
important mechanism for Zn(II) immobilization was precipitation with
phosphate and silicate soluble minerals.

The high correlation of qmCd with total Kþ and CEC suggests the
occurrence of cation exchange mechanisms between Cd(II) and Kþ by
electrostatic ion exchange with surface functional groups of biochar or
with Kþ present in biochar minerals.

The EC values (dS.m�1) indicate the amount of biochar water-soluble
salts (Jiang et al., 2017). Soluble cations and anions released from bio-
char can show a strong positive correlation with CEC and anion exchange
capacity (AEC) (Xu et al., 2017), both mechanisms associated with Pb(II),
Zn(II) and Cd(II) immobilization by biochar (Komkiene and Baltrenaite,
2016; Lu et al., 2012; Ma et al., 2016). The adsorption affinity of
water-soluble mineral fractions in biochar for PTEs is much higher than
that of water-insoluble minerals (Xu et al., 2017). For instance, soluble
cations including potassium (Kþ), calcium (Ca2þ), magnesium (Mg2þ),

Figure 10. Competitive sorption of PTEs onto biochar using binary and tertiary systems. Initial concentrations were for Zn(II) 13 mg.L�1, Pb(II) 41 mg.L�1 and Cd(II)
22 mg.L�1 which equals 0.2 mM of each metal. Contact time ¼ 24 h, t ¼ 22 � 2 �C. Results are the average of 3 measurements �standard error. Initial pH 6.5 for
binary system Zn-Cd and pH 5 for the rest of combinations; pHe is the pH value at equilibrium �standard error.
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and anions (PO4
3- or CO3

2-) in biochar participate in ion exchange reactions
or form precipitates with PTEs, reducing their availability (Li et al., 2017;
Xu et al., 2017). Trakal et al. (2014) suggested the release of cations as
the most important characteristic in biochar selection for metal sorption.

The high correlation between qm and pH also reflects the importance
of biochar mineral constituents; alkali metals (Naþ, Kþ) or alkaline earth
metals (Ca2þ, Mg2þ) in the form of carbonates are the main alkaline
substances responsible for the high pH of biochar (Xu et al., 2017).
Furthermore, higher pH values favour deprotonation of carboxylic and
other functional groups, thus negatively charged sorption sites are
created on the surface of all biochars (Trakal et al., 2014). Therefore, the
high correlation of qm with biochar pH suggests that a higher biochar pH
is associated with a higher immobilization potential due to different
mechanisms (complexation or precipitation). As per EC, these correla-
tions suggest that biochars with a high soluble mineral content would
have a higher pH, EC and CEC, supporting PTEs immobilization.

The low potential for Cd(II), Pb(II) and Zn(II) sorption on SWP550
can be related to the feedstock type. Wood-derived biochars, such as
SWP550, are reported to have low EC values (Domingues et al., 2017),
whereas crop-derived biochars often exhibit greater EC values. This is
consistent with SWP550, which has the lowest EC, CEC, ash content and
pH.

No direct correlation between PTE sorption capacity and surface area
(BET) was found. Previous studies have also reported a poor correlation
between the surface areas of plant-derived biochars and Cd(II) (Sun et al.,

2014), and Cd(II) and Pb(II) sorption capacities (Trakal et al., 2014).
Similarly, no direct correlation was identified between sorption capacity
(qm) and the absorbance of the functional groups used in the correlation
analysis despite their known role in sorption of PTEs. This indicates that
there is no quantitative relationship between surface area and qm and
between functional groups and qm, suggesting that the importance of
these biochar properties is of a qualitative nature instead.

Overall, the correlation analysis highlighted the importance of the
biochar water soluble mineral fraction as a potential indicator of PTE
immobilization. The inherent mineral constituents in biochar may
explain up to 90% of metal removal by biochars (Xu et al., 2017). In this
respect EC, CEC and pH are properties of biochar that directly reflect PTE
sorption potential and should be considered as the most important
criteria when selecting a biochar for the remediation of soils polluted
with Pb(II), Cd(II) and Zn(II). Consequently, herbaceous biochars may
exhibit a greater potential for PTE immobilization as they are charac-
terized by higher EC, CEC and pH than wood derived biochars.

3.5. Models describing PTE sorption potential

The models obtained to describe biochar sorption capacity for Cd(II),
Pb(II) and Zn(II) as a function of biochar physico-chemical properties are
presented in Table 4 and illustrated in Figure 11A. Pb(II) sorption (qmPb)
was described mainly as a function of biochar pH, as shown in
Figure 11E. The sorption capacity for Zn(II) (qmZn) was fully explained by

Figure 11. Relationship between biochar
sorption performance and physico-chemical
properties. A) Pearson correlation matrix
betweenphysico-chemical properties of bio-
char and sorption capacity qm (mg.g�1) for
Cd(II), Zn(II) and Pb(II). Plots showing pre-
dicted sorption capacity versus the maximum
sorption capacity (mg.g�1) observed for B)
Zn with single variable linear regression, C)
Cd multi variable linear regression, D) Cd
single variable linear regression and E) Pb
single variable linear regression. Blue lines
are regression lines and grey areas indicate
95% confidence intervals for predicted bio-
char sorption capacity.
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the biochar EC (dS.m�1) (Figure 11B.). For Cd(II) sorption (qmCd) the best
predictor was EC (dS.m�1), however as illustrated in Figure 11D, the
relationship was not linear. A second parameter (H:C ratio) was intro-
duced into this regression which improved its linearity (Figure 11C.). The
addition of H:C ratio as a predictor of Cd sorption implies that biochar
aromaticity is related to Cd(II) immobilization mechanisms, which is
consistent with results from the ATR-FTIR analysis.

4. Conclusions

Regardless of biochar type, the immobilization of Pb(II) was favoured
over Cd(II) and Zn(II) in both single and competitive systems. The
sorption between the studied PTEs and plant-based biochars was domi-
nated by electrostatic interactions. Cd(II) and Pb(II) sorption was medi-
ated by complexation with carboxylic groups mainly enhanced by cation
exchange mechanisms, cation–π interactions and precipitation with
biochar phosphates and silicates; while Zn(II) sorption was mediated by
complexation with phenolic groups and precipitation with biochar
phosphates. Statistical analysis showed that biochar sorption capacity
was highly correlated with biochar properties EC, CEC and pH, which are
associated with biochar water-soluble minerals. These results confirmed
the hypothesis that the potential for PTE sorption by plant-based biochars
can be predicted from a relatively limited suite of physico-chemical
properties, which may facilitate the selection of biochars for the immo-
bilization of PTEs in soils. Accordingly, biochars derived from herba-
ceous feedstock were demonstrated to be better candidates for the
remediation of soil polluted with PTEs than wood-derived materials.

However, a limitation of this study is the small number of plant-based
biochars analysed in relation to the wide variety of feedstock existing as
well as the absence of dissolved organic matter as part of the synthetic
soil pore water solution. Further research should focus on developing
robust mathematical models to optimize estimates of biochar sorption
capacity and application for different soil remediation scenarios. Pre-
dictive models are required to optimize soil restoration strategies which
reduce biochar application costs by selecting the most suitable materials.
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