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Abstract
Pyrolysis of waste materials to produce biochar is an excellent and suitable alternative supporting a circular bio-based economy.
One of the properties attributed to biochar is the capacity for sorbing organic contaminants, which is determined by its compo-
sition and physicochemical characteristics. In this study, the capacity of waste-derived biochar to retain volatile fuel organic
compounds (benzene, toluene, ethylbenzene and xylene (BTEX) and fuel oxygenates (FO)) from artificially contaminated water
was assessed using batch-based sorption experiments. Additionally, the sorption isotherms were established. The results showed
significant differences between BTEX and FO sorption on biochar, being the most hydrophobic and non-polar contaminants
those showing the highest retention. Furthermore, the sorption process reflected a multilayer behaviour and a relatively high
sorption capacity of the biochar materials. Langmuir and Freundlich models were adequate to describe the experimental results
and to detect general differences in the sorption behaviour of volatile fuel organic compounds. It was also observed that the
feedstock material and biochar pyrolysis conditions had a significant influence in the sorption process. The highest sorption
capacity was found in biochars produced at high temperature (> 400 °C) and thus rich in aromatic C, such as eucalyptus and corn
cob biochars. Overall, waste-derived biochar offers a viable alternative to be used in the remediation of volatile fuel organic
compounds from water due to its high sorption capacity.
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Introduction

Approximately 20 million tonnes of oil and petroleum prod-
ucts are used worldwide every day (Fingas 2012). The

transformation process of petroleum and its transport are
sources of soil and water contamination due to accidental
spills, poor management of the waste products or leakage in
underground storage tanks and transportation pipes (Kim et al.
2011). Since 1970, near 10,000 oil spill incidents from tankers
have been recorded, most of them (81%) categorised as small
spills (< 7 tonnes) (Paulauskiene et al. 2014; ITOF 2017). The
environmental and economic damage caused by a spill is re-
lated to the amount of fuel released but, in some cases, a small
spillage can affect large areas due to the spread by wind,
groundwater and surface water flows (Cech et al. 2017).
Diesel, gasoline and other fossil fuels are complex mixtures
of organic compounds, most of them toxic and included in the
United States Environmental Protection Agency (USEPA) pri-
ority pollutant list. BTEX (benzene, toluene, ethylbenzene
and m-, p- and o-xylene isomers) is a group of organic aro-
matic compounds commonly present in petroleum products,
mainly in gasoline (USEPA 2010). Gasoline formulations also
include fuel oxygenates (FO) as additives to enhance the oc-
tane number and to reduce emissions. Among FO,methyl tert-
butyl ether (MTBE) and ethyl tert-butyl ether (ETBE) are the
most commonly used (Kanai et al. 1994). These compounds
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are the most volatile and water-soluble components of fuel
and can migrate from the contamination source causing im-
portant environmental problems (Fries et al. 1994).
Additionally, they pose a threat to human health since they
cause skin and sensory irritation, affect the nervous system
and may be considered hematotoxic and carcinogenic
(Wilbur and Bosch 2004).

The development of fast and easy handling remediation
strategies with effective tools or materials is required in order
to minimise the negative consequences of petroleum spills in
surface and ground waters (Silvani et al. 2017). This can be
done by physical, chemical or biological processes (Fakhru'l-
Razi et al. 2009). The techniques conventionally used to re-
move BTEX compounds from water can include natural at-
tenuation, chemical oxidation, ozonation, photocatalysis,
electrodialysis, membrane-based separation and adsorption
(Fakhru'l-Razi et al. 2009; Zaib et al. 2014; Fayemiwo et al.
2017). Other technologies are based on bioremediation which
uses microorganisms to degrade the contaminants or
phytoremediation (Compton et al. 2003; Moore et al. 2006;
Jecu et al. 2008; Weishaar et al. 2009). More specifically,
among the physical methods developed, it has been described
the effectiveness of air/steam stripping combined with organic
vapour membrane to enhance the recovery of the pollutants
from water (Wijmans et al. 2006). Particularly, the use of
sorbents such as activated carbon, diatomite or zeolite to re-
move organic contaminants from water has been widely
studied (Cornelissen et al. 2005; Aivalioti et al. 2010;
Zadaka-Amir et al. 2012). Recently developed sorbents, such
as carbon nanotubes or polydimethylsiloxane nanoparticles,
have been applied to retain BTEX present in water (Gupta
and Kulkarni 2011; Zaib et al. 2014). The sorption potential
of other alternative materials such as sewage sludge, wood
chips or waste scrap tyres has been also tested for the removal
of BTEX from artificially contaminated water with satisfacto-
ry results (de Toledo et al. 2018). Activated carbon has also
been widely applied in wastewater treatment due to its high
adsorption capacity; however, it is difficult to regenerate/
reactivate and its application on a large-scale area is expensive
(Ali and Gupta 2007). Therefore, research must be focused on
finding novel and efficient sorbents, being biochar a low-cost
and suitable alternative that will also contribute to a more
efficient waste management and to circular economy.
Moreover, biochar offers the advantage that it can be produced
with wastes or local materials (produced close to a recovering
area), avoiding long distance transportation and making the
system even more efficient, economically viable and closing
cycles.

Biochar is a stable C product obtained from the thermal
conversion of biomass in the absence of oxygen at relatively
low temperatures (< 700 °C) by the process of pyrolysis
(Lehmann and Joseph 2009). Biochar materials are enriched
in recalcitrant aromatic carbon and show high resistance to

microbial decomposition in soils (Lehmann and Joseph
2009). The potential use of biochar as a soil amendment and
in C sequestration has been investigated extensively
(Lehmann et al. 2015; Kuppusamy et al. 2016; Chen et al.
2018); but, another important property attributed to biochar
is its high sorption capacity, especially of organic compounds
(Smernik 2009). The physicochemical properties of biochars,
i.e. elemental composition, aromaticity, specific surface area
and microporosity, are relevant properties that determine the
sorption capacity of biochar (Ahmad et al. 2014;
Kupryianchyk et al. 2016; Xiao et al. 2016; Kookan et al.
2017). Additionally, the nature of the contaminant will also
affect the removal efficiency, already observed by many au-
thors (Sander and Pignatello 2005; Chen et al. 2008). The
main difference between biochar and other organic low
cost adsorbents tested by other authors (wood, bagasse,
sludge, etc.) lies in the high stability and recalcitrance of
biochar, which allows it to remain stable much longer than
the original feedstock and to produce long-term benefits
(Lehmann et al. 2015).

Within this context, the objective of the present study was
to evaluate the potential of biochars to remove volatile fuel
organic compounds (VFOC), including BTEX and FO from
aqueous solutions. The effect that feedstock material and py-
rolysis conditions have on biochar sorption capacity was also
assessed. For this purpose, batch-based sorption experiments
were designed to characterize the sorption of VFOC.

Materials and methods

Biochar production and characterization

Awide variety of biochars were selected for this study. These
biochars were obtained from a variety of feedstocks: acacia
bark (BAcB) and acacia trunk divided in sapwood (BAcSw-1,
BAcSw-2, BAcSw-3) and heartwood (BAcHw-1 and
BAcHw-2), eucalyptus branches (BEu-1 and BEu-2), pine
sawdust (BSd), pine bark (BPb), chicken manure (BCm), ol-
ive pomace compost (BOpc), rice husk (BRh), corncob (BCc-
1 and BCc-2) and tyre (BTy). Biochars were produced in an
experimental unit of biomass pyrolysis under oxygen-limited
conditions. The operation conditions varied between 300 and
600 °C and the residence time between 1.5 and 6 h.

The main physicochemical properties of the biochars are
shown in Table S1 (Supporting Information). The methodol-
ogies used to characterize the biochar samples are briefly de-
scribed: CHNS elemental analysis was performed using an
elemental analyser (TruSpec CHNS LECO); ash content was
determined by combustion at 1000 °C during 4 h; oxygen
content was estimated as O = 100 – C + N + H + S + ash;
pH was measured in a suspension of biochar in deionized
water (1:5, w/v); nutrient content (Ca, Mg, K and Na) was
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determined by atomic absorption spectroscopy using an atom-
ic absorption spectrometer (1100B Perkin Elmer) after wet
acid digestion (3 mL HNO3 + 9 mL HCl) in a microwave
(Milestone Ethos Plus with HPR-100/10s); thermogravimetric
and differential scanning calorimetry analysis (TGA-DSC)
scanning of samples was conducted by triplicate using a si-
multaneous thermal analyser (STA6000 PerkinElmer) in ei-
ther (i) air atmosphere according to Harvey et al. (2012) pro-
cedure to calculate recalcitrance index (R50), or (ii) N2 atmo-
sphere (plus air atmosphere once temperature reached
900 °C), following UNE 32-019-84 standard method for de-
termination of volatile matter (VM) and fixed C (FixC); the C
oxidability of biochar was determined by wet oxidation with
potassium dichromate (Walkley and Black 1934) and potassi-
um permanganate (Tirol-Padre and Ladha 2004), determining
the hardly oxidisable C (ChardlyOx) and easily oxidisable C
(CeasyOx), respectively; non oxidisable C (Cnox) was deter-
mined by difference between the total C and ChardlyOx.; the
most labile C (Cp) was obtained by an extraction with sodium
pyrophosphate (Bascom 1986). Additionally, the specific sur-
face area (SSA) was determined applying Brunauer-Emmett-
Teller (BET) method to N2 adsorption (Gemini 2360 V2.01
Micromeritics).

Reagents

The following reagents were used: benzene (purity, 99.8%;
grade, PAI-ACS (UV-IR-94 HPLC-GPC)), toluene (purity,
99.8%; grade, PAI-ACS (UV-IR-HPLCGPC)), ethylbenzene
(purity, 99%; grade, PS), o-xylene (purity, 99%; grade, PA
(Reag.USP. Ph. Eur)), m-xylene (purity, 99%; grade, PA
(Reag. Ph. Eur)), p-xylene (purity, 99%; grade, PA
(Reag.USP)), MTBE (purity, 99.7%; grade, PAI (PAR)) and
ETBE (purity, 99%; grade, PA (Reag.USP)). Fluorobenzene
(purity, 99%) was used as internal standard for calibration. All
reagents were purchased from Panreac Química, S.L.U.
(Barcelona, Spain) except fluorobenzene, purchased from
Sigma-Aldrich Co, LLC (China). The spiking solutions were
prepared in methanol (purity, 99.9%; grade, PAI (PAR)) with
each of the reagents (BTEX and FO) at a concentration of 100
and 10,000 mg L−1 for experiments 1 and 2, respectively.
Another standard solution was prepared with fluorobenzene
(FB) at the concentration of 100 mg L−1. All other chemicals
needed in the experiments were of Merck p.a. quality.

Sorption experiments

Experiment 1: headspace analysis approach to assess
the sorption of VFOC on biochars

Headspace gas chromatography–mass spectrometry analysis
(HS-GC-MS) without matrix effect correction was used to
evaluate biochar behaviour in the adsorption of BTEX and

FO following the optimised method from Balseiro-Romero
and Monterroso (2013). This technique is simple, fast and
needs low sample handling, which makes it adequate as a first
approach to determine biochar sorption capacity.

A slurry was prepared with 0.5 g of biochar mixed with
2 mL of distilled water in 10 mL-HS analytical vials and
100 μL of spiking solution was added. The total spiking con-
centration in the experiment was 40 mg kg−1 for ∑FO (the
sum of ETBE and MTBE) and 120 mg kg−1 for ∑BTEX (the
sum of benzene, toluene, ethylbenzene and xylene isomers).
The slurry facilitated a homogeneous distribution of the or-
ganic contaminants in the biochar and reduced losses by evap-
oration (Serrano and Gallego 2006). Once the biochar slurry
was spiked with the contaminants, the headspace (HS) vials
were hermetically sealed and statically incubated at 4 °C for 7
days. Experiments were carried out in triplicates and the con-
centration of VFOC was analysed by HS-GC-MS (see section
BInstrumental and analytical procedure: HS-GC-MS^).

Experiment 2: sorption isotherms of BTEX and FO for selected
biochars

Four biochars produced from different feedstock materials
were selected to construct the sorption isotherms of BTEX
and FO using batch sorption experiments. Particularly, the
samples were obtained from acacia bark (BAcB), chicken
manure (BCm), corncob (BCc-2) and eucalyptus (BEu-2).
BAcB and BCm were obtained at low temperature, and
BCc-2 and BEu-2 were obtained at high-temperature pyroly-
sis (> 400 °C). Batch experiments were conducted using de-
ionized water containing 5 mM CaCl2 to simulate natural
water ionic strength and 5 mM NaN3 to inhibit bacteria deg-
radation (Chen and Yuan 2011; Xiao et al. 2014). The con-
taminant stock solution (10,000 mg L−1) was diluted in that
aqueous solution to obtain an initial concentration ranging
from 2 to 600 mg L−1 for each individual compound, specif-
ically 2, 15, 30, 60, 90, 120, 200, 300, 400 and 600 mg L−1.
Aliquots of 10 mL of those solutions were added to glass vials
containing 0.1 g of biochar and shaken for 36 h (Chen and
Yuan 2011, Xiao et al. 2014). The headspace in the tubes was
minimised to reduce any contaminant volatilisation during
shaking. After equilibrium was reached, solid and aqueous
phases were separated by centrifugation at 2100 rpm for
15 min and a 2 mL aliquot of the supernatant was trans-
ferred to HS analysis vials. Finally, 50 μL of FB stock
solution were added, and the vials were quickly sealed to
avoid evaporation.

Experiments were conducted in triplicates and the concen-
trations of BTEX and FO were analysed by HS-GC-MS. The
amount of contaminant sorbed was calculated by difference
between the total amount spiked and the amount remaining in
the solution at equilibrium.
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Instrumental and analytical procedure: HS-GC-MS

The analytical system consisted of an autosampler (Agilent-
Varian Combi PAL) with HS injection, an oven for heating
and agitating the sample vials, a gas chromatograph (Agilent-
Varian 450-GC) and a mass spectrometer with ion trap
(Agilent-Varian 220-MS). Cycle Composer software
(Version 1.5.4; CTC Analytics AG) was used to control the
Combi PAL autosampler and MS Workstation software
(Version 6.9.3; Varian, Inc.) was used to control the GC-MS
system and to process the data.

The operating conditions were established according to
Balseiro-Romero and Monterroso (2013). Vials were heated
in the oven at 80 °C during 15 min in constant stirring
(500 rpm) to achieve equilibrium between phases. When the
equilibrium was achieved, 1 mL of HS gas was injected in the
chromatograph for analysis. Note that for experiment 1, three
phases were present in the tubes (biochar, water and air), and
the sorption of the analytes on biochar reduced their migration
towards the HS. Therefore, the results from the HS-GC-MS
analysis of samples corresponded to the amount of contaminant
recovered which is free of sorption and participates in the slurry-
HS equilibrium (Balseiro-Romero and Monterroso 2013).

The chromatographic column used was a FactorFour VF-
5ms EZ-Guard (supplied by Agilent Technologies) of 30 m ×
0.25 mm× 0.25 μm. The column oven temperature varied as
follows: 35 °C (held for 5 min), 10 °C min−1 up to 80 °C and
25 °C min−1 up to 200 °C (held for 0.7 min). The carrier gas
was helium with a constant flow of 1 mL min−1. The injector
was operated at 250 °C and in split 1/10 mode. The mass
spectrometer operated in full scan mode. Ionization of the
molecules was performed by electron impact, and the ion trap
temperature was fixed at 220 °C (Balseiro-Romero et al.
2016a). m- and p-xylene were jointly quantified (hereafter
so-called mp-xylene) as they appeared as a combined peak
in the chromatograms.

Calibration standards were prepared in 2 mL of distilled
water containing 100–10,000 μg L−1 of each individual con-
taminant and constant concentration of FB (2.5 mg L−1) as
internal standard.

Empirical adsorption models

Data from BTEX sorption assays (experiment 2) were de-
scribed by the two empirical models most commonly used
in descriptive analysis on adsorption processes:

Langmuir model Lð Þ : qe ¼
Qmax KLCeð Þ
1þ KLCeð Þ

Freundlich model Fð Þ : qe ¼ K FC1=n
e

where qe is the concentration of each contaminant adsorbed
per unit of mass of biochar (g kg−1); Ce is the concentration of

each organic compound in the solution (mg L−1); Qmax is the
maximum adsorption capacity of each biochar (g kg−1); KL is
Langmuir equilibrium constant which is related to the
binding strength (L mg−1); KF is a constant related to the
adsorption capacity (g L1/n mg−1/n kg−1); n is a constant
related to the intensity of adsorption and the heterogeneity
of the binding sites.

The fitting of the sorption models was conducted using
OriginPro 8 SR0 software. Minimisation of the residual sum
of squares (RSS) was used as fitting criteria. Several statistics
(R2, χ2) were used to assess the model results.

Statistical analysis

Software IBM SPSS Statistics 24.0 was used to analyse the
data. Normality of the data from experiment 1 was tested with
a Kolmogorov-Smirnov test. When the data did not follow a
normal distribution, they were analysed by a non-parametric
test (Kruskal-Wallis test) to characterize the differences in the
VFOC recovery between the samples and contaminants be-
haviour. One-way ANOVAwas conducted to assess whether
the nature of biochar significantly affects the recovery of the
contaminants when it was confirmed that the data followed a
normal distribution. A Bonferroni post hoc test was used to
analyse differences among the sorption behaviour of biochar
samples when normal distribution of the data was confirmed.
Pearson correlations were carried out between ΣFO and
ΣBTEX recovery and biochar properties in all the samples.
Principal component analysis (PCA) was performed using
CANOCO 4.5 (ter Braak and Šmilauer 2002) to correlate
the sorption capacity determined in experiment 2 with the
physicochemical characteristics of the biochar samples. A sig-
nificance level of 0.05 was considered for all statistical
analyses.

Results

BTEX and FO recovery from biochar (experiment 1)

HS-GC-MS analytic data were used to comparatively charac-
terize the recovery of the pollutants that were not sorbed by
each biochar sample. The HS-GC-MS results from experi-
ment 1 are shown in Fig. 1, expressed as the percentage of
∑BTEX and∑FO recovered in solution from the total initially
spiked to the system. FO recovery for all the samples was
significantly higher than BTEX recovery (p < 0.05). ∑FO re-
covery varied from 4 to 39 mg kg−1, while ∑BTEX ranged
between 0.14 and 54 mg kg−1 (the initial spiking concentra-
tion was 40 mg kg−1 for ∑FO and 120 mg kg−1 for ∑BTEX).
The maximum ∑FO recovery was found in the presence of
biochars produced at low temperatures (HHT ≤ 400 °C) and
H/Corg > 0.7, i.e. BSd (97% from the total spiked), followed
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by BAcHw-2 and BCm (~ 73%). By contrast, the lowest re-
covery values, associated with higher sorption capacities,
were found in the presence of BEu-2 and BCc-1, presenting
respectively 10 and 13% recovery of the total FO spiked.
Concerning ∑BTEX, the lowest sorption potential was found
for BCm (45% recovery of the total BTEX spiked), whereas
BEu-2 and BCc-2 showed the highest sorption capacity (0.1
and 0.9% recovery, respectively). The recovery of all contam-
inants from BEu-2 was significantly lower (p < 0.05) than in
all the samples produced at a low temperature (≤ 400 °C), such
as all acacia-derived samples, BEu-1, BOpc and BCm.

MTBE showed the highest recovery when comparing the
contaminants individually. The highest recovery was found in
systems containing BAcHw-2 and BCm (Fig. 2a) (~ 77.5%),
and the lowest value was found in BEu-2 (~ 12.3%). The
recovery of MTBE and ETBE was not significantly different
(p > 0.05). However, the difference between the recoveries of
each FO and each BTEX was statistically significant
(p < 0.05). Nevertheless, differences among recoveries of the
BTEX compounds were not significant (p > 0.05) (Fig. 2b).

The Pearson correlation test was conducted to determine
the relationship among VFOC recovery (ΣBTEX and ΣFO)
and biochar properties (Table 1). An inverse correlation was
found between BTEX and FO recovery and the highest
heating temperature (HHT) (p < 0.01), indicating that sorption
capacity improved remarkably with increasing HHT. In addi-
tion, highly significant positive correlations (p < 0.01) were
found between the recovery degree (for both BTEX and FO)
and H/Corg ratio and volatile matter (VM). In this case, sorp-
tion decreased with increasing values of H/Corg and VM. In
general, BTEX sorption was more significantly affected by
biochar properties than FO. The pH of biochar was correlated
with the FO sorption (p < 0.01), whereas it did not affect sig-
nificantly the BTEX sorption. There was a positive correlation
(p < 0.01) between BTEX sorption and stable carbon forms
(Cnox and FixC), which in turn are good indicators of the
aromaticity of biochar samples. On the other hand, the

BTEX recovery increased significantly with higher content
of easily oxidisable C forms (p < 0.05).

BTEX sorption isotherms (experiment 2)

Once the general sorption behaviour of a wide variety of bio-
char was assessed (experiment 1), four of those biochar sam-
ples (i.e. BEu-2, BCc-2, BAcB and BCm) were selected to
study their sorption capacity in detail. Firstly, this experiment
confirmed the low capacity of biochar to retain MTBE, ETBE
or benzene. The four biochars tested only sorbed these pollut-
ants at the three or four first spiking concentrations (2, 15, 30,
60 mg L−1) (Fig. S1 in the Supporting Information), making
impossible the adjustment to any empirical model.MTBEwas
the least sorbed: between 1 and 60% was sorbed at low con-
centrations (≤ 30 mg L−1), being BCm the biochar which
showed the highest sorption capacity (0.386 g kg−1 at an initial
spiking concentration of 30 mg L−1). In the case of ETBE,
BEu-2 was able to retain 90% at the lowest spiking concen-
tration (2mg L−1), but the highest sorption capacity was found
in BAcB (0.837 g kg−1 were retained at an initial spiking
concentration of 30 mg L−1). At relatively low benzene con-
centration (≤ 60 mg L−1), ~ 80% of the amount spiked was
sorbed on BEu-2, whereas ~ 50% was immobilised by BCm.

Hence, the fitting of the sorption models was evaluated for
toluene, ethylbenzene and xylene isomers. Experimental data
reflected a multilayer sorption behaviour; an example can be
seen at Fig. 3, where the sorbed concentration of toluene, qe (g
kg−1), was plotted against the equilibrium concentration in
aqueous solution, Ce (mg L−1), for the four biochars studied.
Initially, at low concentration in solution, < 100 mg L−1,
BTEX were sorbed on the surface of biochars creating a
monolayer, until saturation was achieved. Then, when the
concentration of BTEX is relatively high, an inflexion point
is observed and the isotherm showed an s-shaped behaviour,
which indicates a change in the sorption mechanism. This
second step may be attributed to the interaction among layers

Fig. 1 Amount of ∑BTEX and
∑FO recovered from the slurry of
each type of biochar, after HS-
GC-MS analysis for a spiking
concentration of 100 mg kg−1.
Results are expressed as the mean
(bars) ± the standard deviation
(whiskers) (n = 3)
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of organic compounds following surface saturation, due to
their hydrophobic nature (Breus and Mishchenko 2006;
Limousin et al. 2007). Although sorption differences between
materials were observed at the first layer, these differences
were minimised at the second layer. Other authors have also
reported this multilayer behaviour in the sorption of organic
pollutants. This is the case of Fiorentin et al. (2010) and
Scheufele et al. (2016), who studied the retention of blue 5G
dye onto dry orange bagasse and sugarcane bagasse surface,
respectively. These authors found that Langmuir and
Freundlich models where adequate to reproduce the adsorp-
tion data at low dye concentrations, whereas after the satura-
tion point, a second sorption layer appeared at high concen-
trations, which produced an increase in the sorption capacity
of the materials.

Accordingly, the fitting of the empirical sorption models
was conducted considering only the first layer, where the bio-
char surface was involved. Langmuir and Freundlich iso-
therms were fitted to experimental data for each sorbent, and
the fitting model parameters and their corresponding errors are

shown in Table 2. For the fitting, we have considered all the
experimental data points, including replicates. As shown in
Fig. 4 and Fig. 5, the experimental data are better described
by the Langmuir model. This is supported by the highest cor-
relation coefficients (R2) and the lowest reduced chi-square
values (χ2) obtained for the Langmuir model, which ranged
from 0.72 to 0.98 and from 0.05 to 1.47, respectively. R2

values obtained with the Freundlich model ranged between
0.46 and 0.95, while χ2 did so between 0.09 and 3.46. For
the five contaminants studied (toluene, ethylbenzene and xy-
lene isomers), the best fitting of the Langmuir model was
found for eucalyptus biochar (BEu-2), and the worst for acacia
bark biochar (BAcB), especially for o-xylene (R2 = 0.72). An
exception was found for toluene, ethylbenzene and xylenes
sorption on corncob biochar (BCc-2), which exhibited a
Freundlich behaviour.

Comparing the different adsorbent materials, BEu-2 pre-
sented the highest Qmax value for all the organic compounds
studied, followed by BCc-2, BCm and BAcB (Table 2). The
Langmuir constant, KL, varied from 0.02–0.05 for all the

Fig. 2 Recovery of a the
individual FO compounds
(MTBE and ETBE) and b BTEX
compounds (benzene, toluene,
ethylbenzene, mp-xylene and o-
xylene) in the presence of
different pyrolysed materials.
Results are expressed as the mean
of the recovered BTEX or FO in
mg kg−1 ± standard deviation
(n = 3)
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organic pollutants in BCm to ~ 6 for o-xylene sorption in
BEu-2. This constant is related to the binding strength,
indicating that the affinity of the organics for the BCm
was smaller. KL varied depending on the physicochemi-
cal properties of the contaminant (Table S2 in Supporting
Information), following the general trend ethylbenzene >
o-xylene > toluene > mp-xylene.

For the Freundlich model, the constant 1/n was lower than
the unit for all the cases studied (Table 2), which means a
downward curved isotherm (L-type isotherm), indicating less
competition for sorption sites and a sorption energy decrease

with increasing surface concentration (Site 2001). The 1/n
values declined from BCm to BEu-2, with highest and lowest
values of 0.71 and 0.17, respectively, indicating a reduction of
linearity to strong non-linearity. Regarding the Freundlich
constant, KF, the highest values were found in BEu-2 and
BCc-2, which is in agreement with the results obtained for
the Langmuir constant and reflects the higher sorption capac-
ity of these samples. KF values followed a trend depending on
the organic pollutants and biochar type, which was ethylben-
zene > toluene > mp-xylene > o-xylene in BCc-2 and BEu-2
biochars; however KF for o-xylene was higher than that for
mp-xylene in BCm and BAcB biochars.

Principal components analysis (PCA) was performed with
Langmuir and Freundlich parameters obtained for toluene and
the physicochemical properties of the biochars used as sorbent
material. The first three principal components (PC) accounted
for 100% of total variability of the physicochemical proper-
ties, with PC1 and PC2 accounting for 70.9% and 25.0%,
respectively (Fig. 6). As expected, the samples were spread
through the plot, since they were produced from different
feedstock material and had different physicochemical proper-
ties. However, biochar samples can be separated into biochars
obtained at low highest heating temperature (HHT ≤ 400 °C)
plotted in the negative area of PC1, and biochars produced
over 400 °C, on the positive area. Biochars were plotted from
the negative to the positive PC1 axis according to its sorption
capacity and aromaticity following this order: BCm <BAcB <
BCc-2 < BEu-2. Properties related to biochar aromaticity,
such as H/Corg, total C, Cnox, as well as the Freundlich param-
eters scored mainly in component 1. The presence of a narrow
angle between SSA, Langmuir parameters (KL and Qmax) and

Fig. 3 Experimental results of toluene sorption on eucalyptus (BEu-2),
corncob (BCc-2), chicken manure (BCm) and acacia bark biochars
(BAcB). Results are expressed as the average concentration (points) ±
the standard deviation (whiskers) (n = 3)

Table 1 Pearson’s correlation coefficients performed between ∑BTEX and ∑FO recovery and main biochar properties of all biochar samples

HHT ∑FO ∑BTEX C N H O/COrg H/COrg pH VM Ash FixC CEasyOx Cnox Cp

HHT 1

FO −.626** 1

BTEX −.797** .808** 1

C 0.39 −0.152 −.531* 1

N −0.35 −0.007 0.434 −.668** 1

H −.751** .683** .570* 0.047 −0.031 1

O/COrg −.515* 0.353 .565* −.686** .547* 0.339 1

H/COrg −.897** .678** .886** −.553* 0.486 .736** .633** 1

pH .509* −.641** −0.467 −0.049 0.039 −.824** −0.227 −.571* 1

VM −.859** .734** .740** −0.181 0.148 .940** .542* .858** −.800** 1

Ash 0.052 −0.17 0.186 −.875** .571* −.503* 0.386 0.133 0.417 −0.306 1

FixC .619* −0.393 −.733** .944** −.655** −0.257 −.771** −.779** 0.229 −0.486 −.683** 1

CEasyOx −0.383 .598* .535* −0.081 −0.094 .669** 0.258 .566* −.631** .656** −0.194 −0.313 1

Cnox .647** −0.404 −.636** .707** −0.273 −0.448 −.576* −.696** 0.404 −.618* −0.377 .822** −.531* 1

Cp −.521* 0.299 .689** −.693** .641** 0.075 0.376 .694** 0.028 0.262 .577* −.726** 0.155 −0.418 1

**Correlation significance at level p < 0.01

*Correlation significance at level p < 0.05
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Freundlich constant (KF) denoted a high correlation between
these factors, while n was better correlated with biochar aro-
maticity and hydrophobicity, showing a narrow angle with
Cnox and an inverse correlation with H/Corg, O/Corg and (O+
N)/C ratios (located in the opposite quadrant). The best corre-
lation between KF and H/Corg was found for toluene (R2 =
0.87) and the worst was found for o-xylene (R2 = 0.76), which
is the less VFOC (boiling point 144.5 °C). PCA was also
conducted for the other contaminants obtaining similar results
and correlations as for toluene (data not shown).

Discussion

The general behaviour of different carbonaceous pyrolysed
materials to immobilise volatile fuel organic compounds,
BTEX and FO, from contaminated water was assessed. The
results varied widely depending on the properties of the or-
ganic compounds and the sorbent matrix, which in turn was
strongly affected by the feedstock material (Zhang et al. 2015)
and the pyrolysis conditions (Bornemann et al. 2007). Overall,
a significant difference could be observed between∑BTEX and
∑FO sorption, being the recovery higher for the FO compounds
in all the samples. This may be related to the nature and phys-
icochemical properties of the contaminants (Table S2;

Supporting information). FO compounds are the most volatile
(the boiling points of MTBE and ETBE are 55 and 69 °C,
respectively), water soluble (water solubilities of MTBE and
ETBE at 25 °C are 51.6 and 26 g L−1, respectively; while for
BTEX it varies between 0.14 and 1.80 g L−1) and hydrophilic
compounds (based on their octanol-water coefficient log values
of 1.06 and 1.48 for MTBE and ETBE, respectively). The
higher solubility and volatility of FO compounds is related to
a higher mobility in soils and aqueous systems (Balseiro-
Romero and Monterroso 2013; Balseiro-Romero et al.
2016b). Similarly, significant differences were found in the re-
covery of benzene and xylene isomers, increasing the recovery
degree according to the volatility of the compound (BTEX
volatility varied in the following order: benzene > toluene >
ethylbenzene > mp-xylene > o-xylene (Table S2 in the
Supporting Information)). Biochar materials tend to be hydro-
phobic and non-polar, and BTEX molecules may have a high
affinity for these materials: non-polar compounds tend to be
attracted by non-polar phases (Goss and Schwarzenbach
2003). In the same way, FO compounds showed a lower affin-
ity for biochar materials and were poorly sorbed by biochar.
Aivalioti et al. (2010) obtained the same differences between
adsorbates when studying BTEX and MTBE sorption onto
thermally modified diatomite, observing a higher sorption for
BTEX, especially xylenes, than for MTBE. Xiao et al. (2014)

Table 2 Comparison of Langmuir and Freundlich model parameters for the different adsorbates studied (corncob, eucalyptus, acacia bark and chicken
manure biochars)

Adsorbate Langmuir model Statistics Freundlich model Statistics

Qmax (g kg−1) KL (L mg−1) χ2 R2 KF (g L1/n mg−1/n kg−1) n χ2 R2

Corncob

Toluene 3.86 ± 0.16 0.65 ± 0.16 0.1237 0.9361 1.47 ± 0.11 3.38 ± 0.29 0.0975 0.9496

Ethylbenzene 3.25 ± 0.10 1.24 ± 0.27 0.0747 0.9472 1.56 ± 0.11 4.37 ± 0.47 0.0995 0.9297

mp-Xylene 7.63 ± 0.40 0.53 ± 0.19 0.9159 0.8925 2.79 ± 0.26 3.68 ± 0.37 0.4890 0.9426

o-Xylene 3.32 ± 0.23 0.55 ± 0.23 0.2651 0.8294 1.27 ± 0.18 3.57 ± 0.59 0.2205 0.8581

Eucalyptus

Toluene 6.84 ± 0.18 4.66 ± 0.77 0.2387 0.9687 3.95 ± 0.25 5.75 ± 0.65 0.7164 0.9062

Ethylbenzene 6.97 ± 0.20 5.28 ± 0.92 0.2719 0.9657 4.03 ± 0.29 5.72 ± 0.73 1.0040 0.8732

mp-Xylene 15.18 ± 0.48 1.88 ± 0.36 1.4727 0.9602 7.40 ± 0.56 5.16 ± 0.56 3.4643 0.9063

o-Xylene 5.62 ± 0.14 5.70 ± 0.76 0.1129 0.9775 3.28 ± 0.26 5.60 ± 0.81 0.7332 0.8538

Chicken manure

Toluene 3.38 ± 0.74 0.05 ± 0.02 0.1009 0.8642 0.27 ± 0.10 1.71 ± 0.34 0.1346 0.8189

Ethylbenzene 6.52 ± 1.78 0.03 ± 0.01 0.1013 0.9230 0.30 ± 0.09 1.41 ± 0.21 0.1336 0.8984

mp-Xylene 10.64 ± 2.37 0.02 ± 0.01 0.5609 0.9015 0.48 ± 0.19 1.58 ± 0.27 0.7727 0.8643

o-Xylene 4.60 ± 1.04 0.05 ± 0.02 0.1482 0.8790 0.36 ± 0.13 1.65 ± 0.32 0.2044 0.8331

Acacia

Toluene 2.08 ± 0.11 0.22 ± 0.06 0.0522 0.9065 0.64 ± 0.14 3.85 ± 0.80 0.1359 0.7567

Ethylbenzene 1.57 ± 0.14 0.43 ± 0.19 0.0582 0.8287 0.61 ± 0.15 3.97 ± 1.24 0.1316 0.6128

mp-Xylene 3.33 ± 0.21 0.18 ± 0.05 0.1108 0.9151 0.98 ± 0.24 3.64 ± 0.85 0.3410 0.7386

o-Xylene 1.31 ± 0.15 0.40 ± 0.24 0.0704 0.7232 0.52 ± 0.16 4.31 ± 1.78 0.1368 0.4620
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attributed the lower adsorption of MTBE compared to benzene,
to the differences in the kinetic diameter. The molecular size of
MTBE (0.62 nm) (Sano et al. 1995) is almost twice the size of
benzene (0.35 nm) (Xiao et al. 2014). Therefore, with a pore-
filling mechanism, benzene may be more strongly sorbed and
sequestered in biochar micropores.

A wide variation in the recovery of the contaminants was
found depending on the biochar, ranging from 2 to 53%,
which reflected the contribution of different sorption mecha-
nisms depending on the physicochemical properties of the
sorbents. Several authors stated that two processes mainly
govern the sorption of organic compounds by biochar: adsorp-
tion on carbonised fractions and partition in non-carbonised
fractions (Chen et al. 2008; Zhang and Lu 2016; Zhang et al.
2017). The forces that control the interaction between biochar

surfaces and organic pollutants are ionic electrostatic attrac-
tion, hydrogen bonding, hydrophobic interaction and π-π
electron–donor–acceptor interaction (π-π EDA) (Sander and
Pignatello 2005; Zhang and Lu 2016). The latter is related to
the observed increase in the aromaticity of the studied biochar
with the increase of the pyrolysis temperature, which may
favour the formation of a graphene-like surface. As stated by
Sun et al. (2012), these graphene-like structures are capable of
interacting with both electron donors and electron acceptors.
Results obtained in experiment 1 showed a direct correlation
between BTEX and FO sorption with pyrolysis temperature
(Table 1). A significantly lower recovery was found for high
temperature biochars (HHT > 400 °C), such as BEu-2 or BCc.
This may be due to the loss of O- and H-containing functional
groups with increasing temperatures, which is reflected in a

Fig. 5 Sorption isotherms of a o-xylene and b mp-xylene for the four
biochars (BEu-2, BCc-2, BCm and BAcB). Results are expressed as the
average concentration (points) ± the standard deviation (whiskers) (n = 3),
solid lines to the fitting of the Langmuir model and dashed lines to the
fitting of the Freundlich model

Fig. 4 Sorption isotherms of a toluene and b ethylbenzene for the four
biochars (BEu-2, BCc-2, BCm and BAcB). Results are expressed as the
average concentration (points) ± the standard deviation (whiskers) (n = 3),
solid lines to the fitting of the Langmuir model and dashed lines to the
fitting of the Freundlich model
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less polar character and higher aromaticity of biochar (Antal
and Grønli 2003; Uchimiya et al. 2011; Ahmad et al. 2014).
Moreover, BTEX recovery increased in biochar with higher
O/C molar ratio, which is an indicative of surface hydrophi-
licity (Chun et al. 2004). On the other hand, the lowest O/C
values found in biochar (O/C < 0.1) are indicative of a similar
behaviour to active carbon and surface water repellence, there-
by a higher attraction of hydrophobic compounds such as
BTEX was observed for these biochars. This is also in agree-
ment with the (O+N)/C ratio, which is an indicator of polarity
(Xiao et al. 2014) and decreases with increasing pyrolysis
temperatures. The studied biochars showed higher sorption
rates with lower (O+N)/C ratios.

Additionally to the pyrolysis conditions and physicochem-
ical characteristics of the contaminant, the sorption process
will be affected by the feedstock material used to prepare the
biochar samples. The highest recovery of BTEX and FO oc-
curred with materials rich in ash and inorganic compounds,
such as BCm, BOpc or BAcB. A high proportion of inorganic
compounds increases the hydrophilic character of the samples
due to the nature of these particles, thus decreasing the sorp-
tion of hydrophobic compounds (Bornemann et al. 2007).
Other authors have found an indirect effect of biochar mineral
content on the sorption capacity of organic compounds, since
the mineral fraction also reduces the formation of aromatic
structures during pyrolysis (Smernik 2009). This was also
observed by Balseiro-Romero and Monterroso (2013) when
studying the sorption of BTEX and FO on different soil sam-
ples, with lower sorption levels found in soils with higher
inorganic fraction. Differences in the sorption capacity of
BEu-2 and BCc-2 biochars pyrolysed at similar temperatures
(~ 500 °C), were observed, which may be due to feedstock

composition (Zhao et al. 2013) and to the differences in SSA.
The content of aromatic carbon is often associated with lignin
content. In this case, eucalyptus is richer in lignin since its
content in hardwood is about 35% (Anderson and Tillman
1977), while in corncob is ~ 12% (Pointner et al. 2014).
Furthermore, eucalyptus biochar exhibited great hydrophobic-
ity when its water holding capacity was determined (data not
shown), which also explained the strong interaction with hy-
drophobic organic compounds.

The sorption isotherms for BTEX and FO confirmed the
competence of pollutants for the sorption sites of the
pyrolysed materials. The compounds that have a more polar
and hydrophilic character, i.e. ETBE, MTBE and benzene,
showed a lower retention on biochar. It is noteworthy that
despite a significantly higher hydrophobicity of ethylbenzene
and xylenes with respect to toluene (KOW = 1412.5 for ethyl-
benzene, o-xylene and p-xylene; KOW = 1584.9 for m-xylene;
KOW= 489.8 for toluene), the calculatedQmax was in the same
order of magnitude for all the adsorbates. Similar results were
obtained by Bornemann et al. (2007) for toluene and benzene
adsorption on different wood-derived biochars. This behav-
iour was attributed to a pore filling mechanism, indicating that
when identical volume of the sorbates is added into the sys-
tem, the sorption of these compounds on the biochar might be
similar (Chiou et al. 2000; Bornemann et al. 2007).

Traditional Langmuir and Freundlich models were ade-
quate to detect general differences in the sorption behaviour
of VFOC (BTEX and FO) by different biochars. BTEX sorp-
tion on three of the four sorbent materials studied was de-
scribed by the Langmuir model (BEu-2, BCm and BAcB),
although the fitting was less accurate for BCm and BAcB
(lower R2 values than for BEu-2). This may be due to the fact
that the last biochars were less homogeneous, that is, the feed-
stock material was a mixture of different compounds, such as
feathers, proteins, digested food, bedding material or minerals
in the case of BCm. By contrast, BTEX sorption on corncob
biochar exhibited a Freundlich sorption behaviour.
Bornemann et al. (2007) also obtained different fittings to
Langmuir and Freundlich models depending on the character-
istics of the biochar used. Nevertheless, each model contrib-
uted with relevant information to understand the sorption pro-
cess, e.g. Langmuir model is useful to determine the maxi-
mum sorption capacity (Qmax) allowing the comparison
among the biochars studied and helps to choose the best sor-
bent material. The values of Qmax obtained for the four bio-
chars tested were four orders of magnitude greater than those
obtained for the same pollutants using diatomite as adsorbent
(Aivalioti et al. 2010). Comparing the results obtained in the
present study with the sorption capacity of other organic low
cost sorbent such as waste scrap tyres, the Qmax of biochars is
higher or in the same order of magnitude than the values
obtained by other authors that varied between 0.61 to 3.72
for BTEX (de Toledo et al. 2018). Moreover,Qmax was highly

Fig. 6 Principal components analysis (PCA) plot of scores obtained for
the Langmuir and Freundlich parameters for toluene and biochar
properties
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correlated with SSA of each biochar, which in turn is associ-
ated with the HHT and the aromatic character of biochar,
e.g. larger surface areas were found in BEu-2 and BCc-2,
which were pyrolysed over 400 °C. These two samples
presented higher aromaticity and lower polarity and hy-
drophilicity than BCm and BAcB, as reflected by the mo-
lar ratios H/C, (O+N)/C and O/C, which resulted in a
higher sorption capacity. This is consistent with the results
obtained by Xiao et al. (2014).

Finally, information about the linearity of the sorption pro-
cess was obtained from the fitting to the Freundlich model.
The parameter 1/n decreased following the sequence BCm >
BCc-2 > BAcB > BEu-2, indicating a higher non-linearity
with this decrease and, therefore, a sorption mechanism based
on adsorption onto carbonised material porous in the last three
biochars (Chen et al. 2008; Lattao et al. 2014). BCm presented
1/n values close to 0.7, pointing out to a more linear behaviour
than the other samples and therefore some partitioning into the
non-carbonised parts of the sample (Lattao et al. 2014). This
was consistent with the HHT which was the lowest of all the
biochars studied, indicating that this sample was the richest in
non-carbonised organic matter. Both Freundlich and
Langmuir parameters were highly correlated with H/Corg ra-
tio, as showed in PCA (Fig. 6). Similarly to the behaviour
found for naphthalene by Xiao et al. (2016), log KF was cor-
related with H/C.

Conclusions

The study reveals that all the biochars tested may be consid-
ered as low-cost sorbents for volatile fuel organic contami-
nants in contaminated water. As expected, not all biochars
presented the same sorption capacity, being the characteristics
of the contaminant, the pyrolysis conditions (especially HHT)
and the nature of the feedstock material the main factors af-
fecting the sorption behaviour and capacity.

The most volatile and hydrophilic compounds, such as
MTBE, ETBE and benzene, were poorly retained on biochar,
unlike the non-polar and hydrophobic compounds (toluene,
ethylbenzene and xylene isomers), which were more strongly
sorbed. The results showed that biochar obtained at high py-
rolysis temperatures (> 400 °C), i.e. BEu-2, showed a better
performance in the removal of organic compounds from
water; sorption was favoured with a higher aromatic car-
bon content and specific surface area. Other physicochem-
ical properties of the biochar related with the feedstock
material such as ash and nutrient content negatively affect-
ed the sorption behaviour.

The sorption of VFOC on biochar reflected a multilayer
behaviour and a relatively high sorption capacity of the bio-
char produced at high temperature (> 400 °C). Langmuir and
Freundlich models were adequate to describe the experimental

results and to detect general differences in the sorption behav-
iour of VFOC by the different biochars. Langmuir model ad-
equately described the non-linear sorption of BTEX on bio-
char surfaces. Biochars produced at low temperatures (≤
400 °C) such as BCm showed a more linear sorption behav-
iour due to the presence of non-carbonised organic matter.
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