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g r a p h i c a l a b s t r a c t
� The biochar showed significantly
greater adsorption capacity for DEHP
than for DBP.

� Sorption capacity of oxidized biochar
for PAEs increased due to the
enhancement of surface
complexation.

� Competition between DEHP and DBP
in their adsorption to the biochar was
observed.

� The stronger adsorption of DEHP
than DBP resulted from its stronger
hydrophobic interaction with
biochar.
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a b s t r a c t

Phthalates (PAEs) often exist simultaneously in contaminated soil and wastewater systems, and their
adsorption to biochar might impact their behavior in the environment. So far, the competitive adsorption
of PAEs to biochar has not been reported. In this study, the competitive adsorption of Dibutyl phthalate
(DBP) and Di(2-ethylhexyl) phthalate (DEHP) on corncob biochar (fresh and oxidized) was investigated,
and experiments of kinetics, isotherms, and thermodynamics were conducted. Langmuir and Freundlich
models, pseudo-first-order and second-order kinetic models were used to simulate the experimental
data. In the mono PAEs component systems, the biochar showed significantly greater adsorption capacity
for DEHP (11.8e16.16 mg g�1) than for DBP (9.86e13.2 mg g�1). The oxidized biochar has higher
adsorption capacities than the fresh one. Moreover, a fast adsorption rate for DBP was observed, which
can be attributed to the smaller size and shorter carbon chains in the DBP molecule, resulting in faster
diffusion into the biochar pores. In the binary PAEs component systems, competition between DEHP and
DBP in their adsorption to the biochars was observed, and DEHP (11.7e15.0 mg g�1) was preferred over
DBP (3.4e7.9 mg g�1). The stronger adsorption of DEHP can be explained by stronger hydrophobic
interaction with biochar. Compared to DBP, DEHP has a high octanol-water partition coefficient (logKow)
and low water solubility. The positive entropy (DS0Þ and enthalpy ðDH0Þ values for the adsorption of both
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DEHP and DBP further indicated that hydrophobic interaction played an important role, even though H-
bonds and p-p interactions could also be involved.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Phthalates (PAEs) are a class of organic compounds commonly
used as plasticizers in polyvinyl chloride (PVC). Since PAEs are
physically associated with the PVC polymer, they can be leached
from the PVC products during or after use (Staples et al., 1997).
Recent investigations show that the world production of PAEs is
around 6 million tons per year, and a large fraction of these sub-
stances can potentially be released into the environment (air,
sediment, natural water, wastewater, and soils) (Zhang et al., 2014).
Because of the enormous volumes of PVC produced, PAEs have
become sources of pollution in the environment. For example,
some of the PAEs, e.g., Dibutyl phthalate (DBP); Di(2-Ethylhexyl)
phthalate (DEHP); Butyl Benzyl phthalate (BBP) and Diethyl
phthalate (DEP), have bioaccumulation potentials and are consid-
ered endocrine-disrupting chemicals and classified by many
countries as "priority pollutants" (Lu et al., 2009). Studies have
shown that PAEs are acutely or chronically toxic to organisms in
aquatic environments (Chung and Chen, 2009). On humans, PAEs
exert harmful effects, such as disrupting the male reproductive
system and being carcinogenic (Chang et al., 2004; Foster et al.,
2000). In the environment, PAEs can adsorb to many matrices
(soil and organic sediments) (Gao et al., 2013; Jin et al., 2015). The
adsorption of PAEs strongly influences their behavior in the envi-
ronment, such as their mobility, bioavailability, and stability (Li
et al., 2006; Qin et al., 2018; Xiang et al., 2019).

Biochar is a product derived from thermochemical biomass
treatment under a minimal oxygen environment (Ahmad et al.,
2014; Kookana, 2010). There is a growing interest in applying bio-
char as a soil amendment to improve agricultural soils’ quality.
Biochar can decrease soil acidity and increases soil fertility, soil
porosity, and water retention (Chen et al., 2011; Huang et al., 2017),
and consequently improve plant growth and land productivity.
Other potential effects of biochar amendments in soil include
sequestration of carbon, decreases greenhouse gas emissions,
sorption, and deactivation of agrochemicals (Cayuela et al., 2014;
Jeffery et al., 2011; S�anchez-García et al., 2015). Biochars are capable
of binding pollutants to protect the environment (Beesley et al.,
2011). Owing to its large surface area and high porosity, biochar
can adsorb different types of inorganic and organic chemicals (Chen
et al., 2019; Ghaffar and Abbas, 2016; Herath et al., 2016; Jin et al.,
2014; Qureshi et al., 2016). For heavy metals, the application of
bamboo and rice straw biochar could immobilize Zn, Pb, Cd, and Cu
in soil and reduce their bioavailability (Lu et al., 2017). In contrast,
Zhou et al. (2020) investigated pinewood and bamboo biochar for
Cr removal. With regards to organic pollutants, corn straw biochar
was tested for herbicide removal and its sorption capacity logKOC

values ranged from 103.298-104.919 L/kg (Zhang et al., 2011), whereas
bamboo biochar was studied for antibiotics removal, and their re-
sults showed thatmore than 99% of fluoroquinolone antibiotics was
removed from synthetic wastewater through adsorption (Wang
et al., 2015).

There are different types of PAEs commonly found in the envi-
ronment, and they show variations in properties such as aqueous
solubility, hydrophobicity, and molecular size. DBP and DEHP are
the most frequently reported PAEs in environmental samples
(Peijnenburg and Struijs, 2006). Because of their prevalence in the
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environment, it is meaningful to compare DBP and DEHP’s
adsorption behavior. For example, the surface molecularly
imprinted polymer adsorbed more DEHP than DBP and some other
phthalates (Dimethyl phthalate, Di-n-octyl phthalate and DEP), and
the molecular volume and dimensional structure of the polymer
and PAEs determined the selectivity of DEHP (Yang et al., 2015).
Besides, DEHP was adsorbed more than DBP on magnetic and non-
magnetic chitosan/PVA hydrogels, and the adsorption processes
were governed by hydrogen bonding, complexation, and hydro-
phobic interactions (Qureshi et al., 2016). Although studies showed
that PAEs, including DBP and DEHP, can adsorb to biochar (Chen
et al., 2019; Ghaffar and Abbas, 2016; He et al., 2016), the adsorp-
tion behavior of DBP and DEHP on biochar and their possible
competition in the adsorption have not been investigated
systematically.

In this study, biochar from corncob was produced at different
pyrolysis temperatures (700 �C and 900 �C) and then characterized.
Chemical oxidationwas used to mimic the “aging" of biochar in the
environment. DBP and DEHP’s adsorption on fresh and oxidized
corncob biochar were investigated in mono and binary PAEs
component systems under conditions similar to the natural envi-
ronment. The main aim of this study is to: (1) investigate the
competitive adsorption of DBP and DEHP by fresh and oxidized
corncob biochar; (2) examine the involved adsorptionmechanisms.
To the best of our knowledge, this is the first study to investigate
the competitive adsorption behaviors of DBP and DEHP onto bio-
char. The findings of this research would advance our under-
standing in studying the environmental fate of PAEs in the presence
of biochar in soils and water.

2. Materials and methods

2.1. Chemicals

Analytical grade reagents of DBP (�97.0%) and DEHP (�98.0%)
were obtained from ANPEL Laboratory Technologies (Shanghai,
China). Table 1 presents the selected physico-chemical properties
of DBP and DEHP. Ultrapure water was made using an Arrium®
mini pro-VF Ultrapure Water System. During the experiment, no
plastic equipment was used to prevent contamination.

2.2. Preparation of fresh and oxidized biochar

Corncob was obtained from a local farm in Wuqing District,
Tianjin, China. The feedstock was air-dried and stored in sealed
containers. Biochar was produced from corncob in a muffle furnace
under limited oxygen conditions at 700 �C (referred to as B700) and
900 �C (referred to as B900) for 2 h. The obtained biochar was
gently crushed and sieved to <0.15 mm.

A mixture of HNO3eH2SO4 was selected to oxidize the biochar
(B700 and B900) according to a modified method (Qian and Chen,
2013). Several studies have demonstrated that biochar treated with
a potent oxidizing agent (e.g., HNO3/H2SO4, HNO3, HF/HNO3,
KMnO4, H2O2, or NaClO) creates charged and hydrophilic surface
functional groups, increases their colloidal stability and mobility,
and enhances its sorption capacities (Cho et al., 2010). Briefly, the
HNO3eH2SO4 mixture (1:3, v/v) was diluted with deionized water



Table 1
Selected physico-chemical properties of the phthalic acid esters (PAEs).

Structure Chemicals Abb. MFac Mab ASbc rac LogKow
ab MLde MWde

Dibutyl
phthalate

DBP C16H18O4 278 11.2 1.05 4.61 1.265 1.229

Di(2-ethylhexyl)
phthalate

DEHP C24H38O4 391 0.003 0.99 7.5 1.388 1.032

MF: molecular formula,M: molar mass (gmol�1), AS: Aqueous solubility weight (mg L�1), r: density (g cm�3), Log Kow: octanol/water partition constant,ML: Molecular length,
MW: Molecular width, a From Ref. (Ghaffar et al., 2015), b From Ref. (Liu et al., 2014), c From Ref. (German, 2014), d From Ref. (Chen et al., 2019), e From Ref (Ghaffar et al., 2017).
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to 5%, and then 5 g of B700 or B900 was immersed in 400 mL of the
5% HNO3eH2SO4 solution and maintained for 6 h at 80 �C. The
oxidized biochar was washed repeatedly with deionized water and
then drained over a 0.45 mm membrane. The oxidized biochar
samples were designated as AB700 and AB900.

2.3. Characterization of biochar

Suspensions of biochar were prepared by adding 0.1 g biochar to
10 mL ultra-pure water, which was shaken at 250 rpm for 24 h; the
pH in the supernatant was measured with a pH meter (Toledo,
Shanghai). A scanning electron microscope (SEM-Hitachi SU-1510)
was used to show the surface morphology of the materials. An
elemental analyzer (Vario EL cube SN-19103023) was used to
evaluate proportions of carbon, oxygen, hydrogen, nitrogen, and
sulfur of biochar through dry combustion. Ash content was deter-
mined after heating the biochar to 750 �C. The specific surface area
(SSA) and pore size of each biochar were determined using the BET-
N2 adsorption method (Micro metrics Instrument Corporation,
TriStar II 3020 Version 3.02 Serial 1421). The surface functional
groups on biochar were analyzed with the Fourier transform
infrared (FTIR) spectra in the range of 4000-400 cm-1 (Thermo
Nicolet Corporation, Nexus870). The C- and O-containing groups on
the biochar surface were determined using the X-ray photoelectron
spectroscopy (XPS) (Thermo ESCALAB 250Xi XPS Method).

2.4. Adsorption experiments

Standard DBP and DEHP were separately dissolved into meth-
anol (50 g L�1) as stock solutions. All batch adsorption experiments
were carried out in 30 mL glass vials with Teflon screw caps. The
headspaces of all vials were held to avoid the loss of PAEs. Different
series of adsorption experiments were carried out. (i) adsorption
edge at pH 3e10, (ii) adsorption isotherms at pH 7 under three
temperatures (288 K, 298 K, and 308 K), (iii) adsorption kinetics at
pH 7. In all the experiments, 30 mg of biochar (B700, B900, AB700,
AB900) was added to each vial. Diluted stock solutions of DBP and
DEHP were added to the vial individually or together. The sus-
pensions’ pH was adjusted to desired levels by adding 0.01 mol L�1

HNO3 or NaOH. In the adsorption edge and adsorption kinetic
experiment (experiment i & iii), the concentrations of DBP and
DEHP were 60 mg L�1; in the adsorption isotherm experiment, the
3

concentrations of DBP and DEHP were in the range of
10e60 mg L�1. The proportion of methanol was kept below 0.10%
(v/v) to minimize the co-solvent effect. In all the experiments, the
solution of NaCl was added to a final concentration of 0.01 mol L�1.
The final volume of the solution in each vial was 10 mL, and the
final content of biochar was 3 g L�1. All the suspensions were
shaken at 180 rpm at room temperature for 48 h (experiment i and
ii) or up to 72 h (experiment iii). The pH in the suspensions was
measured; after that, the suspensions were filtered over 0.45 mm
membrane. In the filtrates, the concentrations of DBP and DEHP
were measured. In the kinetic adsorption experiment, at various
time intervals between 15 min and 72 h, samples were taken and
treated in the same way as above.

The amount of PAEs removed by biochar, Q (mg g�1), was
derived from the difference between the initial and end PAEs
concentrations in solution:

Q ¼ðCi � CeÞV
m

(Eq. 1)

where Ci (mg L�1) and Ce (mg L�1) represent the initial and equi-
librium concentrations of the PAEs (DBP and DEHP) in solution,
respectively, and V (L) is the volume of the solution, andm (g) is the
mass of biochar.
2.5. DBP and DEHP analysis

The DBP and DEHP in solution were measured by Ultra Perfor-
mance Liquid Chromatography (UPLC, LC-20AD, Shimadzu Kyoto,
Japan) equipped with a reversed-phase C18 analytical column
(1.7 mm, 2.1 mm � 50 mm) and photodiode array detector. The
mobile phase was a mixture of acetonitrile and deionized water
(v:v¼ 8:2). The measurement conditions were as follows: flow rate
1 mL min�1, injection volume 10 mL, column temperature 35 �C,
detectionwavelength 224 nm. The retention time of DBP and DEHP
was 5.2 and 6.5 min, respectively. The concentrations of DBP and
DEHP were calculated using the peak area-concentration standard
curve (Figure S1).



Table 2
Characterization of fresh (B700 and B900) and oxidized biochar (AB700 and AB900).

Biochar pH C (%) H (%) N (%) O (%) O/C H/C (N þ O)/C (%) Ash (%) SA (m2 g-1) PV (cm3 g-1) PS (nm)

B700 9.6 79.9 2.0 0.7 13.9 0.13 0.30 0.14 3.5 34.51 0.06 9.12
AB700 3.6 72.9 1.9 1.67 20.29 0.21 0.31 0.23 3.24 48.18 0.11 8.82
B900 9.7 81.2 1.9 0.67 13.7 0.12 0.28 0.13 2.53 36.28 0.06 9.79
AB900 3.9 65.3 1.6 1.45 29.26 0.34 0.29 0.36 2.39 60.83 0.13 9.09

SA: Surface area; PV: Pore volume; PS: Pose size.
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3. Results

3.1. Characteristics of biochar

The elemental compositions of the fresh biochar (B700 and
B900) and their oxidized equivalents (AB700 and AB900) were
presented in Table 2. The increase in pyrolysis temperature from
700 �C to 900 �C accounted for slightly increased C content in the
fresh biochar. In contrast, O and H contents were slightly decreased,
indicating cumulative carbonization following decarboxylation and
dehydration during pyrolysis (Ghaffar and Abbas, 2016). Chemical
oxidation significantly influenced the bulk composition of biochar,
resulted in an increase in O and N contents and a decrease in C and
H contents. After oxidation, the O/C ratio of biochar increased by
about 61.5% and 183.3% under pyrolysis temperatures of 700 �C and
900 �C, respectively. The pH and ash content decreased consider-
ably after oxidation because the alkaline components were elimi-
nated when AB700 and AB900 were washed with water during the
oxidation treatment (Qian and Chen, 2013).

The SEM images showed the surface morphology and structure
of the four biochar materials (Fig. 1). It was clear that with the
Fig. 1. SEM of fresh (B700, B900) and
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increase of pyrolysis temperature, more large pores (>1 mm)
appeared in the materials (B700 and B900). This was because the
lignocellulosic content was decomposed at high temperatures,
accompanied by volatile compounds’ evaporation, leaving samples
with well-formed pores (Jing et al., 2018). The BET-N2 determined
specific surface area increased by about 5%, and the pore volume
(pore size < 100 nm) and pore size increased by about 15% and 7.3%,
respectively, in B900 in comparison to B700 (Table 2). Compared to
the non-oxidized samples, the clean appearance and high porosity
of the oxidized biochars (AB700 and AB900) were visible (Fig. 1).
The specific surface area and pore volume (pore size < 100 nm) of
oxidized biochar were higher than the fresh biochar (Table 2),
increased by about 39.7e67.5% and 83.3e85.7%, respectively,
because some of the organic matter was decomposed and
consumed during the oxidation, causing pore expansion and
forming more pore structure, leading to larger surface area (Zhang
et al., 2014).

The FTIR spectra for B700, B900, AB700, and AB900 were ob-
tained in the range of 400e4000 cm�1 (Figure S2). The broadband
at about 3438 cm�1 was correlated to the eOH group, suggesting
hydroxyl group was present on the biochar sample surface (Wang
oxidized (AB700, AB900) biochar.



Fig. 2. Adsorption isotherms of DBP and DEHP under mono (a, c) and binary (b, d) conditions.
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et al., 2013). The characteristic peak at about 1597 cm�1 was linked
primarily to ester C]O stretching vibrations (Gan et al., 2015). The
peak at about 1381 cm�1 was associated with eCOO group, and the
CeO bending vibration was assigned to the band at wavenumber
near 1114 cm�1 (Dong et al., 2017). Results indicate that biochar’s
surface contains more oxygen-containing surface groups after
oxidation, especially the eOH and CeO groups.
3.2. Adsorption isotherms of DBP and DEHP in mono and binary
component systems

The adsorption isotherms of DBP and DEHP to the biochar ma-
terials in mono and binary PAEs component systems were inves-
tigated. From Fig. 2, it can be seen that the amount of DBP and DEHP
adsorbed at equilibrium (Qe) increased with the solution concen-
tration (Ce) and the isotherms are non-linear. No adsorption plateau
was reached in the concentration range studied.

The Langmuir, Freundlich, two-component Langmuir models
were used to describe the experimental data. The Langmuir,
Freundlich, and two-component Langmuir model’s linear equation
was presented in Supplementary Material S3.

In the mono component systems, DEHP adsorption on each of
the biochar materials was generally stronger than DBP (Fig. 2a and
c). Based on the maximum adsorbed amount measured, the
5

adsorption capacity of the biochar for DBP followed the order of
AB900 > AB700 > B900 > B700, whereas for DEHP the order was
AB900 > B900 z AB700 > B700. The maximum adsorption was
found in AB900 for both DEHP (16.2 mg g�1) and DBP (13.2 mg g�1).
The Langmuir and Freundlich model calculations (lines) were
compared to the measurements (symbols) in Fig. 2a and c, and the
optimized model constants were provided in Table 3. The Freund-
lich model could well describe the adsorption of DBP and DEHP
(R2 ¼ 0.98e0.99). The goodness of fit to the Langmuir model was
slightly less (R2 ¼ 0.91e0.96) but still acceptable. Because the
adsorption isotherms did not reach a clear plateau, the Qmax fitted
had large uncertainties.

Compared to the mono PAEs component systems, in the binary
systems, the DEHP adsorption on biochar was slightly inhibited by
DBP addition, while DBP adsorption was more severely reduced
(Fig. 2b and d). For example, the DBP adsorption in the mono
component system on B900 and AB900 was 8.0 mg g�1 and
10.8 mg g�1 with the initial DBP concentration of 60 mg L�1. It was
decreased to respectively 3.4 mg g�1 and 5.6 mg g�1 in the binary
PAEs component systems in the presence of 60 mg L�1 DEHP
(Fig. 2). On the contrary, under the same situations, the adsorption
amounts of DEHP on B900 and AB900 were decreased from
11.9 mg g�1 and 13.5 mg g�1 to 9.9 mg g�1 and 11.2 mg g�1,
respectively. These results indicated the presence of competition



Table 3
Fitting results of DBP and DEHP adsorption on biochar based on mono component
Langmuir and Freundlich models, and two component Langmuir model.

Mono component

Sorbate Biochar Langmuir Isotherm Freundlich Isotherm
Qmax (mg g�1) KL (L mg�1) R2 Kf (L mg�1) n R2

DBP B700 20.23 0.01 0.96 9.86 1.36 0.99
AB700 22.9 0.012 0.94 11.25 1.53 0.99
B900 20.26 0.01 0.94 10.67 1.48 0.98
AB900 23.88 0.02 0.91 13.21 1.74 0.98

DEHP B700 17.63 0.02 0.96 11.79 1.48 0.99
AB700 16.5 0.04 0.97 13.38 0.98 0.99
B900 20.59 0.03 0.95 14.26 1.57 0.99
AB900 24.85 0.03 0.93 16.16 1.64 0.98

Binary component

Sorbate Biochar Two component Langmuir isotherm
KDBP (L mg�1) KDEHP (L mg�1) Qmax(DBP-DEHP)

(mg g�1)
R2

DBP-DEHP B700 0.006 0.019 15.31 0.985
DBP-DEHP AB700 0.015 0.052 17.19 0.996
DBP-DEHP B900 0.012 0.039 18.64 0.998
DBP-DEHP AB900 0.018 0.043 22.09 0.994
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between DBP and DEHP in their adsorption to biochar. The studied
biochar was more favorable to adsorb DEHP compared with DBP,
especially at high PAEs loadings. Apparently, in a binary PAEs sys-
tem with high PAEs concentration, the accessible adsorption sites
on biochar were preferentially occupied by DEHP, contributing to
DBP adsorption inhibition. In contrast, the adsorption of DEHP was
only marginally inhibited. The two component Langmuir model
was applied to the binary DBP-DEHP system (Fig. 2b and d, Table 3).
Adsorption isotherms for the binary systems could be well fitted by
the two component Langmuir model with relatively high R2
Fig. 3. Adsorption kinetics of DBP and DEHP und
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(0.98e0.99). This suggested that DBP and DEHP adsorption by
biochar was a monolayer adsorption procedure. An adsorption site
could not be occupied simultaneously by two PAEs (Ni et al., 2019),
and competitive adsorption between DBP and DEHP occurredwhen
they coexisted.

3.3. Adsorption kinetics of mono and binary PAEs

The effect of contact time on the adsorption of PAEs on B700,
B900, AB700, and AB900 in the mono and binary component sys-
tems was shown in Fig. 3. In the mono component systems, the
adsorption rate was high for both DBP and DEHP during the first
1 h, then it became slower, and the adsorption equilibrium was
progressively reached at around 24 h (Fig. 3a and c). The adsorption
became less fast in the binary system and reached equilibrium after
48 h (Fig. 3b and d).

To further understand DBP and DEHP’s adsorption actions, the
adsorption kinetics were analyzed using the pseudo-first-order
model and the pseudo-second-order model. All models and the
parameters were presented in Supplementary Material S3.

Both kinetic models were used for the kinetic experimental data
fitting (Fig. 3), and the parameters and R2 obtained for the mono
and binary PAEs systems were presented in Table S1. The experi-
mental results could be fitted with the pseudo-first-order and
pseudo-second-order kinetic models in both the mono and binary
component systems. The quality of fit was somewhat better for the
pseudo-second-order model (R2 ¼ 0.93e0.99) than for the pseudo-
first-order model (R2 ¼ 0.84e0.99). According to the parameters of
both the pseudo-first-order and pseudo-second-order models,
under the experimental condition, the adsorbed amounts (Qe) of
DBP and DEHPwere relatively large on the oxidized biochar than on
the fresh biochar, and the adsorbed amounts were higher for DEHP
than for DBP on the same biochar. These results were in agreement
er mono (a, c) and binary (b, d) conditions.



Table 4
Thermodynamic parameters for the adsorption of DBP and DEHP on biochar.

Biochar T/K lnKL △G(kJ mol�1) △H(kJ mol�1) △S(kJ mol�1 K�1)

DBP
B700 288 8.02 �19.2 35.9 0.191

298 8.33 �20.7
308 8.99 �23.0

AB700 288 8.19 �19.6 33.4 0.183
298 8.46 �21.0
308 9.09 �23.3

B900 288 8.11 �19.4 37.4 0.197
298 8.51 �21.1
308 9.12 �23.4
288 8.33 �20.0 34.3 0.188

AB900 298 8.84 �21.9
308 9.26 �23.7

DEHP
288 8.45 �20.2 39.4 0.253

B700 298 9.43 �23.4
308 9.88 �25.3
288 8.86 �21.2 38.4 0.207

AB700 298 9.46 �23.5
308 9.90 �25.4

B900 288 8.80 �21.1 41.1 0.219
298 9.52 �23.6
308 9.91 �25.4
288 8.85 �21.2 40.4 0.214

AB900 298 9.58 �23.7
308 9.99 �25.5
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with those observed in the adsorption isotherms. Based on the
pseudo-first-order model, the adsorption was faster for DBP than
for DEHP except on B900. And Fig. 3 showed that DBP adsorption
required less time to reach equilibrium compared to DEHP
adsorption. For DBP, the adsorption was faster on (A)B700 than on
(A)B900, whereas it was the opposite for DEHP (Table S1). In the
presence of other PAEs, DBP adsorption was slowed down except
for B900, whereas the adsorption of DEHP became faster on (A)
B700 and slower on (A)B900. The differences between the
adsorption rate were primarily due to the differences in the biochar
properties (Bogusz et al., 2015) and the structure and properties of
PAEs (Chen et al., 2019).

3.4. Adsorption thermodynamics

To further elucidate the adsorption process, the thermody-
namics of PAEs adsorption on biochar were examined. The values
for standard enthalpy (DH0), entropy (DS0), and Gibbs free energy
(DG0) were calculated using the equations below:

DG0 ¼ � RT ln KL (Eq. 2)

ln KL ¼ � DG0

RT
¼ �DH0

RT
þ DS0

R
(Eq. 3)

where R is the gas constant (8.314 J mol�1 K�1), T is the absolute
temperature (K), KL is the Langmuir constant (L mol�1), DH0is the
enthalpy change (J mol�1), and DS0is the entropy change (J mol�1

K�1). DH0 and DS0 can be calculated from the plot of DG0 versus T.
Adsorption isotherm data of DBP and DEHP adsorption to the bio-
chars at pH 7 and at 288 K, 298 K, and 308 K (Figure S3) were used
to derive these parameters.

All calculated thermodynamic parameters for DBP and DEHP
were shown in Table 4. The adsorption of DBP and DEHP on B700,
B900, and AB700, AB900 increased with increasing temperature
(maximum adsorption 5.8e11.8 mg g�1 for DBP and
8.5e13.6 mg g�1 for DEHP) (Figure S3, Table 4). As revealed in
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Table 4, the negative DG0 values showed that DBP and DEHP
adsorption on B700, B900, and AB700, AB900 was a spontaneous
process. The decline of DG0 values with increasing temperature
revealed that the adsorption of DBP and DEHP on the biochar was
favorited at a higher temperature. The positive DH0values (Table 4)
indicated that DBP and DEHP adsorption on B700, B900, and
AB700, AB900 was an endothermic process, which could be
attributed to interface water disruption on the surface of biochar
(Yang et al., 2011). The positive DS0 values (Table 4) revealed that
the adsorption of DBP and DEHP on biochar was within a disso-
ciative system (DS0 >�10 kJ mol�1 K�1) (Hu et al., 2017). Therefore,
the adsorption of DBP and DEHP on B700, B900, AB700, and AB900
was a spontaneous and endothermic process driven by entropy
change according to the thermodynamic parameters calculated
(Zhao et al., 2011).
4. Discussion

From the results of both mono component and binary compo-
nent systems, it showed that the DEHP adsorbed more strongly
than DBP on the biochar. In the binary systems, DBP adsorptionwas
considerably reduced compared to DEHP, demonstrating competi-
tive adsorption between them and showing the preference of the
studied biochar on DEHP over DBP. As indicated by previous
studies, the primary mechanism of PAEs sorption to biochar was
hydrophobic interaction (Ghaffar and Abbas, 2016). Meanwhile, the
p-p electron donor-acceptor (EDA) interactions was also proposed
as an essential mechanism for the adsorption of chemicals having
benzene rings. And H-bonds could also form between the eOH
group of biochar and the C]O group of PAEs. As shown in Table 1,
the octanol-water partition coefficient (logKow) increased from 4.61
for DBP to 7.5 for DEHP, indicating a higher hydrophobicity for
DEHP (Tang et al., 2015); meanwhile, the water solubility was much
higher for DBP (11.2 mg L�1) than for DEHP (0.003 mg L�1). Thus,
the stronger hydrophobic interactions could render stronger
adsorption of DEHP onto biochar than DBP. In addition to the
adsorption isotherms collected at pH 7, the effects of pH (3.0e10.0)
on the adsorption of DBP and DEHP to fresh and oxidized biochar
were investigated in this study (Figure S4). It was shown that pH
had no significant impact on each biochar’s sorption capacity for
DBP and DEHP. The lack of pH dependency in the adsorption is in
line with hydrophobic adsorption.

Although the adsorbed amount was higher for DEHP than for
DBP, a faster adsorption rate for DBP than for DEHP except on B900
was observed based on the pseudo-first-order fitting. The struc-
tural configuration of biochar would potentially alter the contact
mechanisms and kinetics of organic pollutant’s adsorption signifi-
cantly (Ren et al., 2018) and led to different adsorption rates of DBP
and DEHP on biochar. Moreover, the faster rate in adsorption for
DBP could also be attributed to its smaller size and shorter chains
than DEHP (Table 1), which could have resulted in a faster diffusion
of the DBP molecules into the pores of biochar.

To explore the effects of biochar surface properties, i.e., specific
surface area, in adsorption of PAEs, the adsorption of DBP and DEHP
on fresh and oxidized biochar was normalized to the specific sur-
face area (mg/m2) to eliminate the surface area effect (Figure S5).
The adsorption amount expressed as per unit of surface area was
higher with fresh biochar than oxidized one, and this effect was
more evident for DEHP than for DBP and at higher concentrations.
As discussed above, when expressed as per unit of mass, the
adsorbed amounts of both DEHP and DBP were higher on the
oxidized biochar than fresh one. This indicated that the increase of
specific surface area might have contributed to the increased
adsorption of DBP and DEHP (per unit of mass) on oxidized biochar.
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However, the specific surface area was not the only factor deter-
mining DBP and DEHP adsorption to biochar. As mentioned above,
under the same condition, the adsorption expressed as per unit of
surface area was higher on the fresh biochar than on the oxidized
biochar. From the elemental composition of the biochar (Table 2),
the O/C and (N þ O)/C ratios increased after oxidation, which
indicated that the hydrophobicity of the surface of biochar
decreased after oxidation. If hydrophobic interaction plays an
essential role in the adsorption, the decrease of surface hydro-
phobicity might have led to a decrease of adsorption expressed as
per unit of surface area. The decrease of adsorption expressed as
per unit surface area was more substantial for DEHP than for DBP,
suggesting that hydrophobic interaction is more important for
DEHP’s adsorption than for DBP.

As revealed by the thermodynamic results, DBP and DEHP
sorption on biochar was an endothermic process. In an aqueous
solution, DBP and DEHP, as well as the surface of biochar, were well
solvated with water molecules arranged on their surfaces via H
bonds. For DBP and DEHP to adsorb on biochar by hydrophobic
interactions, they must have their hydration sheath denuded to
some extent (Fontecha-Camara et al., 2006; Tong et al., 2019), and
this dehydration process needed energy. Although weak intermo-
lecular forces, such as H-bonds and p-p interactions, might be
involved in the adsorption, the endothermic energy of dehydration
exceeded the exothermicity of DBP and DEHP in attaching to bio-
char by H-bonds and/or p-p interactions, indicating that hydro-
phobic interactions were dominated. Also, as dehydration occurred,
the orderly arranged water molecules on the biochar surface were
displaced. They became disordered, leading to increased entropy,
thus reducing the system’s free energy to obtain amore stable state,
as observed in this study (Table 4). As previous research indicated,
hydrophobic interactions between adsorbent and adsorbate were
primarily driven by the adsorption system’s tendency to gain en-
tropy (Chen et al., 2012; Tong et al., 2019). The gain in entropy
denotednonspecific hydrophobic interactions between the organic
molecules and the biochar surface (Meyer et al., 2006). Compared
to the mono component system with DBP, higher positive DS0

and DH0 values observed in DEHP adsorption further indicated a
relatively stronger hydrophobic interaction and weaker H-bonds
and p-p interactions for DEHP than for DBP (Kah et al., 2017).
5. Conclusion

Fresh and chemically oxidized corncob biochar was produced
and used to investigate DBP and DEHP’s competitive adsorption to
biochar in the aqueous environment. In the mono PAEs systems, all
the biochar (B700, B900, AB700, and AB900) showed amuch higher
adsorption capacity for DEHP than for DBP, while DBP exhibited a
faster adsorption rate than that of DEHP. The higher hydrophobicity
of DEHP could explain the stronger adsorption of DEHP than DBP. In
contrast, DBP’s faster adsorption could be attributed to its smaller
size and shorter chains, therefore faster diffusion. The mass-based
adsorption capacity for PAEs was higher with the oxidized bio-
chars than the fresh ones, which could be attributed to the increase
of biochar’s specific surface area after oxidation.

In the binary PAEs system, DEHP was preferentially adsorbed on
biochar, contributing to DBP adsorption inhibition; meanwhile, the
adsorption of DEHP was almost marginally inhibited by the pres-
ence of DBP. The adsorption isotherms could be well fitted by the
two component Langmuir model, indicating a monolayer adsorp-
tion procedure. The more hydrophobic DEHP’s preference over less
hydrophobic DBP suggested that hydrophobic interaction played an
essential role in PAEs’ adsorption to biochar. The PAEs’ adsorption
was a spontaneous and endothermic process driven by entropy
8

change according to the thermodynamic parameters, which
confirmed the importance of hydrophobic interactions in the
adsorption, while the effects from H-bonds and p-p interactions
were of secondary importance.
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