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Abstract Understanding the sorption behavior of mix-
tures of pharmaceuticals is critical for predicting their
environmental behavior and for risk assessment. Exper-
iments on ketoprofen (KTP) and triclosan (TCS) sorp-
tion by wheat straw-derived biochars at 300 °C
(WS300) and 700 °C (WS700) in single solute and
bisolute systems were conducted to probe the sorption
mechanisms. The results of the single solute sorption
indicated that WS700 with higher degree of carboniza-

tion had higher sorption coefficient (Kd) and nonlinear-
ity than WS300. In a bisolute system, no competitive
effect was observed for partition of neutral KTP and
TCS in the noncarbonized phase of WS300, but they
competed for the adsorptive sites on the carbonized
phase of WS300 and WS700 for sorption, in which
π-π interaction is proposed as the main mechanism.
The competition in the bisolute system varied with
degree of dissociation of KTP and TCS, and led to a
lower and less nonlinear sorption compared with that in
the single solute system. TCS was more competitive
than KTP due to its higher hydrophobicity, and sorption
inhibition of KTP was enhanced with increasing TCS
concentration. Degree of both molecular dissociation
and sorbent carbonization should be considered in
bisolute sorption of organic pollutants by biochars.

Keywords Pharmaceuticals . Dissociation . Biochar .

Carbonization . Bisolute sorption

Abbreviations
KTP Ketoprofen
TCS Triclosan
WS Wheat straw
PPCPs Pharmaceuticals and personal care products
HPLC High performance liquid chromatograph
SSA Specific surface area
FTIR Fourier transform infrared
SEM Scanning electron microscope
pHPZC Point of zero charge

Water Air Soil Pollut (2017) 228: 242
DOI 10.1007/s11270-017-3424-3

Highlights • Noncompetitive partition can occur in the
noncarbonized phase of WS300.
• KTP and TCS competed for sorption sites on the carbonized
phase of biochars.
• Competitive sorption varied with degree of dissociation of KTP
and TCS.
• TCS was more competitive than KTP due to its higher
hydrophobicity.

Electronic supplementary material The online version of this
article (doi:10.1007/s11270-017-3424-3) contains supplementary
material, which is available to authorized users.

L. Wu : E. Bi (*)
School of Water Resources and Environment, and Beijing Key
Laboratory of Water Resources and Environment Engineering,
China University of Geosciences (Beijing), Beijing 100083, China
e-mail: bi@cugb.edu.cn
L. Wu
e-mail: wulin@cugb.edu.cn

B. Li
Beijing Water Science and Technology Institute, Beijing 100048,
China
e-mail: libinghua75@163.com

http://crossmark.crossref.org/dialog/?doi=10.1007/s11270-017-3424-3&domain=pdf
http://dx.doi.org/10.1007/s11270-017-3424-3


1 Introduction

The increasing public and scientific concern over phar-
maceuticals and personal care products (PPCPs) can be
attributed to alarming evidence from scientific literature
indicating their potential risk to the ecological system
and human health (Daughton and Ternes 1999; Tijani
et al. 2013; Dodgen et al. 2016). Knowledge on the
sorption of PPCPs in the environment is critical for their
transport and risk assessment. As the presence of vari-
ous PPCPs in an area is very common in the real
environment and the interactions between them may
alter their environmental behavior and health risks great-
ly, research on the sorption of mixtures of PPCPs needs
to be strengthened in order to establish a more accurate
modeling scheme for environmental risk assessment of
PPCPs (Jung et al. 2015; Kočárek et al. 2016).

Several mechanisms for bisolute sorption of organic
compounds including PPCPs have been reported, in-
cluding strong competitive sorption on the same sorp-
tion sites (Yu and Huang 2005), noncompetitive sorp-
tion onto partition-dominated sorbents (Xing et al.
1996), and noncompetitive sorption due to complemen-
tary adsorption on different sorption sites (Pan and Xing
2010). Furthermore, enhanced sorption in the presence
of cosolute has also been reported (Chen et al. 2012b).
To summarize, bisolute sorption characteristics of or-
ganic compounds are related to the physicochemical
properties of sorbates and sorbents and are diverse.

Biochar is a carbonaceous product obtained by pyro-
lyzing biomass under oxygen-limited conditions. It is
intended to be applied to soils for both agricultural gains
and carbon sequestration (Tan et al. 2015). Research has
shown that biochar can be an effective sorbent for
sorption of different types of organic pollutants includ-
ing PPCPs in the environment, and pyrolysis tempera-
ture is considered to be a key factor that controls the
nature of biochar and its sorption properties (Chen and
Chen 2009; Xiao et al. 2014; Kumari et al. 2014;
Cederlund et al. 2016). To sum up, biochar produced
at low pyrolysis temperatures is not fully carbonized and
sorption of neutral organic pollutants to them is con-
trolled by partition (Chen et al. 2008; Chen et al. 2012a).
Biochar produced at relative high temperatures is well
carbonized and adsorption is the main sorption mecha-
nism (Keiluweit and Kleber 2009; Chen et al. 2012a). In
general, biochar consists of both carbonized and
noncarbonized phases in a wide range of pyrolysis
temperature; therefore, sorption mechanisms include

both partition and adsorption and the overall sorption
can be described by a dual-mode model (Chen et al.
2008). It should be noted that partition and adsorption
characteristics of biochar in the single solute systemwas
widely reported, but sorption mechanisms of biochar in
the bisolute system is not well understood since diverse
mechanisms for bisolute sorption by biochars produced
at different pyrolysis temperatures were observed (Chen
et al. 2012b; Jung et al. 2015; Wang et al. 2016), and
more research is needed to draw definitive conclusions.
Furthermore, the research will help implement biochars
for environmental applications more effectively.

In this study, ketoprofen (KTP), a nonsteroidal anti-
inflammatory and analgesic drug, and triclosan (TCS), a
widely used disinfectant, were chosen as model sor-
bates. They were chosen because these two pharmaceu-
ticals have very different properties such as hydropho-
bicity and dissociation constants (pKa), and both of them
were frequently detected in the environment and have
raised serious concern in recent years (Kolpin et al.
2002; Tixier et al. 2003). Previous studies have shown
that dissociation greatly affects the sorption of KTP and
TCS, and that the sorption is positively related to the
organic carbon content and specific surface area of the
sorbent (Xu et al. 2009; József et al. 2012; Sigmund
et al. 2016). In addition, aqueous solution chemistry
(ionic strength and dissolved organic matter) plays an
important role in their sorption (Behera et al. 2010; Cho
et al. 2011). However, sorption of KTP and TCS in
bisolute systems has been little studied. Investigating
the bisolute sorption characteristics of KTP and TCS
can better understand the environmental behaviors of
organic pollutants. Two biochars, produced by pyrolyz-
ing wheat straw (WS) at both a low temperature of
300 °C (WS300) and a high temperature of 700 °C
(WS700), were chosen as sorbents representing differ-
ent degrees of carbonization.

The objective of this study was to investigate the
bisolute sorption mechanisms of KTP and TCS by bio-
chars under different degrees of dissociation. The hy-
pothesis was that significant competition between KTP
and TCS may occur on WS700 with higher degree of
carbonization. However, both noncompetitive partition
and competitive sorption would occur on WS300 with
lower degree of carbonization due to the existence of
both noncarbonized and carbonized phases. Moreover,
dissociation of KTP and TCS may reduce their hydro-
phobicity as well as sorption affinity, thus influence the
competitive sorption between them. To this end,
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physicochemical properties of biochars were deter-
mined, and batch sorption experiments in both single
solute and bisolute systems were conducted. Sorption
data was fitted by suitable models and analyzed.

2 Materials and Methods

2.1 Chemicals

Ketoprofen (KTP, >98.0%) and triclosan (TCS, >98.0%)
were purchased from Tokyo Chemical Industry (Japan).
Solubility (Sw) of KTP and TCS is 51 and 10 mg L−1,
respectively. The molecular sizes (length × width × depth)
of KTP and TCS are 9.6 Å × 7.0 Å × 5.0 Å and
9.5 Å × 7.3 Å × 5.0 Å, respectively, calculated by
HyperChem 8.0. KTP and TCS can dissociate through
the -COOH or -OH groups with pKa of 4.45 (SRC
Physprop Database) and 8.14 (Reiss et al. 2002), respec-
tively. Thus, both KTP and TCS exist in neutral (KTP0 or
TCS0) and anionic (KTP− or TCS−) species (Fig. 1a, b).
For a given pH, the fraction (α−) of KTP− or TCS− can be
calculated by (Kah and Brown 2008):

α− ¼ 1= 1þ 10 pKa−pHð Þ
� �

ð1Þ

The fraction (α0) of KTP0 or TCS0 is calculated by:

α0 ¼ 1−α− ð2Þ
The pH-dependent distribution ratio (DOW)

representing the change in hydrophobicity upon disso-
ciation (Fig. 1c) is calculated by (Kah and Brown 2008):

DOW ¼ KOW
− � α− þ KOW

0 � α0 ð3Þ
whereKOW

− is the octanol-water partition coefficient for
KTP− or TCS−; KOW

0 is the octanol-water partition
coefficient for KTP0 or TCS0. log KOW

− (−1.42 for
KTP− and −0.57 for TCS−) and log KOW

0 (3.17 for
KTP0 and 5.42 for TCS0) were calculated by SPARC
online calculator (ARChem, USA).

Stock solutions of KTP and TCS were dissolved in
methanol from Fisher Chemical Company (Fair Lawn,
N.J.) and acetonitrile was obtained from Dikma Tech-
nologies Inc. (Lake Forest, CA, USA). Acetic acid and
NaCl were bought from Beijing Chemical Works (Bei-
jing, China). Ultrapure water was used in the
experiments.

2.2 Biochar Preparation and Characterization

Wheat straw (WS) was selected as biomass feedstock.
The feedstock was air-dried and smashed into small
pieces (0.5–1.5 cm).WS300 andWS700 were produced
by pyrolyzing feedstock under oxygen-limited condi-
tions at 300 and 700 °C, respectively (Chen et al. 2008;
Xiao et al. 2014). In brief, the feedstock was tightly
placed in a ceramic pot, covered with a fitting lid, and
then pyrolyzed at a given temperature in a muffle fur-
nace under oxygen-limited atmosphere for 6 h to pre-
vent calcination of the biomass in the presence of oxy-
gen. For demineralization, the resulting charred residues
were treated with 1.0 mol L−1 HCl solution for 24 h. The
residues were then washed with deionized distilled wa-
ter until the pH of the aqueous phase approached neu-
tral. After that, the biochars were oven-dried overnight
at 80 °C and passed through a 0.38-mm mesh, and then
stored in foil-covered bottle at room temperature
(25 ± 1 °C) for subsequent experiments.

The specific surface area (SSA), micropore volume,
and average pore width of biochars were measured by
N2 gas adsorption-desorption at the liquid N2 tempera-
ture using a Micromeritics ASAP 2020 M + C (USA).

Fig. 1 Speciation and hydrophobicity of KTP and TCS under
different pH conditions

Water Air Soil Pollut (2017) 228: 242 Page 3 of 11 242



An Elementar vario EL (Germany) was used to conduct
elemental (C, H, N) analyses. Fourier transform infrared
(FTIR) spectroscopy to identify the functional groups of
biochars was recorded in the 4000–500 cm−1 region
(Nicolet iS50, Thermo Scientific, USA). The inner
structure and morphology of biochars were determined
by a scanning electron microscope (SEM, S-4800,
Hitachi, Japan). The surface charge properties of bio-
chars were evaluated by zeta potential measurements,
which were conducted at a different equilibrium pH
using a Nano-Z Zetasizer (Malvern Instruments Ltd.).
Samples were pre-equilibrated in different pH solutions
with a solid-to-water ratio the same as sorption
experiments.

2.3 Batch Sorption Experiments

Single solute and bisolute sorptions were conducted by
a batch equilibrium method. Twenty milliliters of sor-
bate solution (0.01 mol L−1 NaCl as background elec-
trolyte) was added in 20-mL brown glass vials after
adding biochars. KTP and TCS were added simulta-
neously in bisolute sorption experiments. For isothermal
experiments, ratios of initial concentrations (Ci) to aque-
ous solubility (Sw) ranged from 0.03 to 0.93 for KTP,
and 0.08 to 0.95 for TCS. Solid-to-water ratios (g/mL)
were 1:1000 for KTP sorption by WS300, 3:20,000 for
KTP sorption by WS700, 1:2000 for TCS sorption by
WS300, and 1:10,000 for TCS sorption by WS700.
Bisolute sorption with KTP as the primary solute and
TCS (7.43 mg L−1) as the secondary sorbate (cosolute),
and TCS as the primary solute and KTP (39.96 mg L−1)
as the secondary sorbate was conducted. Bisolute sorp-
tion of KTP (41.53 mg L−1) with the presence of TCS of
2.60, 5.13, and 7.69 mg L−1 and bisolute sorption of
TCS (6.82 mg L−1) with the presence of KTP of 15.34,
30.97, and 46.03 mg L−1 were determined to illustrate
the effect of secondary sorbate concentrations. The de-
tailed experimental conditions were listed in Table S1 in
the Supporting Information.

For all sorption experiments, the pHs of the suspen-
sions were adjusted to 2.0, 7.0, and 10.0 using HCl or
NaOH. The pHs were also monitored at the end of the
experiments and no significant pH change (within 0.5)
was observed between single solute and bisolute sys-
tems. Although the two pHs (2.0 and 10.0) are not of
significant environmental relevance, sorption study at
these pHs can give important insight on species

distribution of KTP and TCS and bisolute sorption
mechanisms.

The sample vials were placed on a reciprocal shaker
in the dark at 175 rpm and 25 ± 1 °C for 3 days for KTP
sorption by WS700 and TCS sorption by WS300 and
WS700, and 7 days for KTP sorption by WS300 to
reach the apparent equilibrium. After centrifugation
(3000 rpm for 15 min for WS300 and WS700, and
12,000 rpm for 10 min for WS300 in succession), the
supernatants were taken for further analysis. The final
methanol volume in fractions from stock solution was
kept at <0.2% (v/v) to avoid co-solvent effects. Dupli-
cates were measured for all the samples. Blank samples
without biochar were regularly run to account for the
minor solute loss during the experiments.

KTP and TCS were analyzed by a high-performance
liquid chromatography (HPLC) with a 4.6 × 150-mm
reverse phase XDB-C18 column and an UV detector
(HPLC, Shimadzu Corp, LC-20AT, Japan). KTP was
measured using methanol-water (pH was adjusted to 3.0
using acetic acid) (70:30, v/v) as the mobile phase, and
TCS was measured using acetonitrile-water (pH was
adjusted to 3.0 using acetic acid) (80:20, v/v) as the
mobile phase. The flow rate was 1.0 mL min−1. The
determinationwavelengths were 257 nm and 280 nm for
KTP and TCS, respectively.

2.4 Data Analysis

Sorption coefficient (Kd, L kg−1) was calculated as:

Kd ¼ Cs=Ce ð4Þ

whereCs (mg g−1) is the sorbent loading andCe (mgL−1)
is the equilibrium aqueous concentration of the sorbate.

Sorption isotherms were fitted with the Freundlich
model:

Cs ¼ K FCe
n ð5Þ

where KF (mg(1-n) Ln g−1) is the Freundlich affinity
coefficient and n is the Freundlich parameter reflecting
the nonlinearity of sorption (nonlinearity increases as n
deviates from 1.0).
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3 Results and Discussion

3.1 Properties of Biochars

From WS300 to WS700, the C content increased; how-
ever, the H and O contents decreased (Table 1), indicat-
ing an increase in the carbonization degree of biochars
(Chen et al. 2012b; Xiao et al. 2014; Sun et al. 2016).
The lower atomic ratios of H/C, O/C, and (O + N)/C
fromWS300 toWS700 suggested the reduction of polar
groups and that the biochar was more aromatic. The
disappearance of FTIR signals for −CH2, −C = O, and
other aliphatic functional groups from WS300 to
WS700 are in line with the elemental composition re-
sults (Fig. 2). The SSA of biochars increased sharply
from 6.47 to 605.38 m2 g−1 when the pyrolysis temper-
ature increased from 300 to 700 °C (Table 1), which is
likely because of the destruction of aliphatic alkyl and
ester C = O groups shielding the aromatic structure
(Chen and Chen 2009; Keiluweit et al. 2010). Compared
with WS300, WS700 has more micropores (IUPAC
definition, <2 nm) (Table 1 and Fig. 3), which provides
enhanced internal surface area for sorption.

The surfaces of biochars were mostly negatively
charged in the tested pH range (Fig. 4). The point of
zero charge (pHPZC) was estimated to be about 2.0 for
both WS300 andWS700 (Table 1 and Fig. 4). Obvious-
ly, the zeta potential decreased quickly with increasing
solution pH, then began to increase slowly and subse-
quently decreased with a horizontal S-shape (Fig. 4).
Two significant inflection points can be observed
(named pHd1 and pHd2, marked in Fig. 4), and they
were suggested to represent two different types of pH-
dependent functional groups on biochars (Fang et al.
2014). Coupled with FTIR spectra of −COOH and −OH
bands on biochars, the pHd1 and pHd2 correspond to the
dissociation of carboxyl and hydroxyl groups,

respectively (Fang et al. 2014). When the pH decreased
from 12 to 10, some peaks of zeta potential were found.
Similar phenomenon was also observed on other bio-
chars (Fang et al. 2014), but the reason was not clear.
Since the inflection points probably represent pH-
dependent functional groups on biochars, the peaks
may be related to the dissociation of pH-dependent
functional groups (−COOH or −OH) on biochars
(Chen et al. 2014), or addition of a large amount of
Na+ when NaOH was used to adjust solution pH.

3.2 Single Solute Sorption

Sorption isotherms of KTP and TCS by biochars at
various pHs in the single solute system are fitted well
by the Freundlich model and are nonlinear with n values
varying from 0.12 to 0.60 (Fig. 5 and Table 2). WS700
clearly had higher sorption of KTP and TCS than
WS300 under the same conditions (Fig. 5 and
Table 2). This could be due to the higher specific surface
area of WS700 and suggests that some specific

Table 1 Properties of WS300 and WS700

Biochar C (%) H (%) N (%) Oa (%) H/Cb O/Cc (O + N)/Cd SSA (m2 g−1) Micropore volume (cm3 g−1) pHPZC

WS300 64.88 4.10 0.70 30.33 0.758 0.351 0.360 6.47 0.001 ~2.0

WS700 67.82 2.13 0.77 29.28 0.377 0.324 0.333 605.38 0.168 ~2.0

Elemental compositions and atomic ratios are on an ash-free basis
a Determined by mass balance
bAtomic ratio of hydrogen to carbon
cAtomic ratio of oxygen to carbon
dAtomic ratio of the sum of oxygen and nitrogen to carbon

Fig. 2 FTIR spectra of WS300 and WS700
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interactions may significantly contribute to the sorption
(Keiluweit and Kleber 2009).

Moreover, sorption of KTP and TCS tended to de-
crease with increasing pH from 2.0 to 10.0 (Table 2).
The lower sorption obtained upon dissociation could be
elucidated by the higher hydrophilicity of anionic spe-
cies of sorbates, electrostatic repulsion between the

anionic species, and the negatively charged surface of
biochars and decreased H-bonding strength between
sorbates and biochars due to the dissociation of the O-
containing groups of KTP and TCS. However, sorption
of KTP and TCS by WS300 with higher O and H
contents was markedly less than that by WS700
(Table 1 and Table 2), so H-bonding was not a main
mechanism in KTP and TCS sorption. Negative corre-
lation between sorption and the sorbent O and H con-
tents could be because the accessibility of sorption sites
reduced due to the formation of water clusters around
the O-containing groups at the surface of the sorbent
(Franz et al. 2000).

The fraction of KTP− and TCS− was less than 0.4%
in the pH range (0.83–2.00) when WS300 and WS700
were positively charged to some extent (Fig. 1), so
electrostatic attraction between anionic species and pos-
itively charged biochars can be ignored. In addition, the
N content in WS300 and WS700 was very small com-
pared to the O content (Table 1); thus, electrostatic
attraction between positively charged N groups and
anionic species was probably very weak under the ex-
perimental conditions.

Sorption nonlinearity was higher in WS700 than in
WS300 (see n values in Table 2). This is because,
compared with the highly carbonized WS700, WS300
with a lower degree of carbonization still contains a
noncarbonized phase (Chen et al. 2012a). So partition
of KTP0 and TCS0 can occur in the noncarbonized

Fig. 3 SEM images and pore size distribution of WS300 and
WS700

Fig. 4 Zeta potential of WS300 and WS700 under varying pH
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phase of WS300 (Fig. 6a). Though partition of hydro-
philic KTP− and TCS− is negligible, sorption of anionic
species at pH 7.0 or pH 10.0 was still observed.

Recently, a strong charge-assisted H-bond between
dissociated aromatic acids and the surface of oxidized
carbonized sorbents was suggested (Ni et al. 2011).
Sorption is accompanied by proton exchange with wa-
ter, and an increase in solution pH upon sorption is an
indicator for the occurrence of this mechanism. In this
study, the increased pH was observed only for KTP
sorption by WS700; there was either no change or a
slight decrease in the pH for all the other sorption. It is
possible that charge-assisted H-bonding occurred for O-
containing sorbents, but if it did then it was still not a
main mechanism and its contribution to the overall
sorption remained small because sorption of KTP and
TCS was negatively related to the O content of biochars
(Table 1 and Table 2). This could be due to the insuffi-
cient O content of biochars for charge-assisted H-bond-
ing to take place (Sigmund et al. 2016).

As the charge-assisted H-bond was ruled out as the
main sorption mechanism of anionic species, other spe-
cific interactions, such as π-π interactions (Zhu and
Pignatello 2005; Keiluweit and Kleber 2009), are likely
responsible for the uptake of anionic species as well as

neutral species by biochars since both KTP and TCS
contain aromatic ring system (Fig. 1). This is supported
by the experimental results that WS700 had higher
sorption affinity for KTP and TCS than WS300 (Fig. 5
and Table 2). The reason is that WS700 has a higher
specific surface area and more aromatic graphite-like
structures.

3.3 Bisolute Sorption

Different levels of sorption competition between KTP
and TCS in the bisolute systemwere observed at various
pHs when sorbates dissociated at different degrees
(Fig. 5 and Table 2). This indicated that KTP and TCS
have shared sites on biochars for competitive sorption.
When the secondary sorbate was added in the bisolute
system, the initially high and nonlinear KTP and TCS
sorption toWS300 andWS700 declined to yield a lower
and less nonlinear sorption at all experimental pHs
(Table 2) because of the sorbate displacement (Chiou
et al. 2015). Note that the competition strength in KTP
sorption when TCS was the secondary sorbate appeared
to be minimal at pH 2.0 for WS300 and WS700, and to
be maximal at pH 7.0 for WS300 and at pH 10.0 for
WS700 (Table 2). Correspondingly, the maximal

Fig. 5 Sorption isotherms of
KTP and TCS in single solute
(KTP only or TCS only) and
bisolute (KTP + TCS) systems.
The black lines are the Freundlich
model fitting results. Initial
secondary sorbate concentration
(mg L−1) in bisolute systems:
KTP, 39.96; TCS, 7.43
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competition strength in TCS sorption when KTP was
the secondary sorbate was seen at pH 2.0 for WS300
and WS700, and the minimal competition strength was
seen at pH 7.0 for WS300 and WS700 (Table 2).

At pH 2.0, both KTP and TCS existed almost in
neutral forms, and were very hydrophobic with log
DOW of 3.17 and 5.42, respectively (Fig. 1). For this
reason, the sorption affinity (see log Kd values in
Table 2) of KTP and TCS to biochars at pH 2.0 was
high due to strong driving forces. Thus, the sorbate

could resist the sorption competition from competitor
or compete for sorption sites at the greatest extent
(Fig. 6b, c).

At pH 7.0 and 10.0, most KTP existed as KTP−, and
the KTP was especially hydrophilic with log DOW of
0.62 and −1.37, respectively (Fig. 1). This resulted in the
lower sorption affinity (Table 2) compared with that at
pH 2.0, due to higher hydrophilicity of KTP− and elec-
trostatic repulsion between KTP− and the negatively
charged surface of biochars (Sigmund et al. 2016).

Table 2 Fitted results of the Freundlich model for KTP and TCS sorption in single solute and bisolute systems

Primary
sorbate

Biochar Batcha pH Freundlich model log Kd (L kg−1)b Competition strength of
secondary sorbatec

KF (mg
(1-n) Ln g−1) n R2 Ce = A1 mg L−1 Ce = A2 mg L−1 B1 (%) B2 (%)

KTP WS300 SS 2.0 0.91 0.19 0.67 2.15 1.83

BS 2.0 0.13 0.57 0.86 1.68 1.51 66.51 52.62

SS 7.0 0.21 0.41 0.92 1.74 1.50

BS 7.0 0.01 0.83 0.87 0.81 0.74 88.15 82.59

SS 10.0 0.05 0.57 0.79 1.23 1.06

BS 10.0 0.01 0.66 0.88 0.66 0.53 73.05 70.71

WS700 SS 2.0 64.21 0.12 0.91 3.93 3.58

BS 2.0 32.99 0.25 0.97 3.77 3.47 30.48 21.59

SS 7.0 26.34 0.13 0.95 3.55 3.21

BS 7.0 6.00 0.33 0.90 3.10 2.83 64.53 57.70

SS 10.0 18.89 0.17 0.96 3.44 3.11

BS 10.0 2.01 0.57 0.79 2.87 2.70 73.01 60.93

TCS WS300 SS 2.0 5.26 0.37 0.93 3.91 3.72

BS 2.0 3.55 0.60 0.88 3.67 3.55 42.52 32.53

SS 7.0 5.10 0.60 0.97 3.83 3.71

BS 7.0 4.87 0.61 0.97 3.81 3.69 5.08 4.43

SS 10.0 5.65 0.52 0.99 3.90 3.75

BS 10.0 4.56 0.70 0.98 3.75 3.66 28.57 19.20

WS700 SS 2.0 190.72 0.36 0.92 6.17 5.98

BS 2.0 40.78 0.41 0.98 5.43 5.25 81.86 81.21

SS 7.0 78.70 0.23 0.87 5.13 4.90

BS 7.0 45.68 0.32 0.93 4.87 4.66 45.31 41.96

SS 10.0 59.65 0.12 0.88 5.04 4.78

BS 10.0 34.46 0.24 0.91 4.77 4.54 46.88 42.23

a SS and BS indicate the single solute system and bisolute system experiments, respectively
bKd is the calculated single point sorption coefficient of primary sorbate atCe = A1 or A2 mg L−1 using the Freundlich model fitting results.
For KTP sorption, A1 is 10.00 and A2 is 25.00. For TCS sorption, A1 is 0.50 and A2 is 1.00 except for the sorption of TCS toWS700 at pH
2.0. For the sorption of TCS toWS700 at pH 2.0, A1 is 0.04 andA2 is 0.08. A1 and A2 used in calculationwere in the concentration range of
this study
cWhen KTP is the primary sorbate, TCS is the secondary sorbate, and vice versa. Competition strength of secondary sorbate was calculated
by (Kd, SS − Kd, BS)/Kd, SS × 100% (Zhang et al. 2012). Kd, SS is the Kd of primary sorbate in the single solute system; Kd, BS is the Kd of
primary sorbate in the bisolute system. B1 was for Ce = A1 mg L−1 and B2 was for Ce = A2 mg L−1
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However, TCS in the same conditions at pH 7.0 and
10.0 was very hydrophobic with log DOW of 5.39 and
3.55 (Fig. 1b), respectively. As a result, the sorption
affinity of TCS to biochars could be higher than that
of KTP to biochars (Table 2). Thus, TCS tend to strong-
ly compete with KTP for sorption sites on biochars (Yu
and Huang 2005; Sigmund et al. 2016); this led to the
highest competition strength at pH 7.0 and 10.0
(Table 2, Fig. 6d, e). The minimum competition strength
in TCS sorption caused by KTP at pH 7.0 (Table 2) can
be elucidated for the similar reason that it was difficult

for KTP with less hydrophobicity to compete with TCS
for sorption sites on biochars.

Since TCS was more competitive than KTP due to its
higher hydrophobicity, the sum of KTP and TCS sorp-
tion in the bisolute system was calculated and compared
with individual KTP sorption in molar equivalents to
further probe the mechanisms of competition. The dif-
ference between the single solute sorption and sum of
bisolute sorption was smaller on WS700 than that on
WS300 (Fig. S1 in the Supporting Information). This is
probably because partition of neutral TCS can occur in

Fig. 7 Effect of secondary sorbate (TCSsec or KTPsec) concentra-
tion on sorption of primary sorbate (KTPpri or TCSpri) by WS300
and WS700. Competition strength of secondary sorbate was cal-
culated by (Kd, SS − Kd, BS)/Kd, SS × 100% (Zhang et al. 2012). Kd,

SS is the Kd of primary sorbate in the single solute system; Kd, BS is
the Kd of primary sorbate in the bisolute system. Initial primary
sorbate concentration (mg L−1): KTP, 41.53; TCS, 6.82
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the noncarbonized phase of WS300 with lower degree
of carbonization.

At high KTP concentrations, the sum of KTP and
TCS sorption on WS700 was not significantly different
from individual KTP sorption on it (Fig. S1 in the
Supporting Information), which showed that 1 M TCS
molecules may replace approximately 1 M KTP mole-
cules. This was similar with the competitive sorption
among benzene, toluene, and nitrobenzene on charcoal,
in which these molecules could replace each other in a
molar ratio of 1:1:1, indicating 100% overlapping of
sorption sites (Sander and Pignatello 2005).

Effect of secondary sorbate concentration on sorption
of primary sorbate was also evaluated. Results showed
that the competition between KTP and TCS increased
with increasing concentration of TCS (secondary sor-
bate) at all pHs when KTP was the primary sorbate
(Fig. 7a, b). However, there was no competition or very
weak competition between KTP and TCS with increas-
ing concentration of KTP (secondary sorbate) when
TCS was the primary sorbate except for the TCS sorp-
tion byWS700 at pH 2.0 (Fig. 7c, d). It is elucidated that
TCS (with higher hydrophobicity) can compete with
KTP (with lower hydrophobicity) for sorption sites eas-
ily, so competition increased with increasing TCS con-
centration as more KTP on sorption sites was replaced
by TCS (Fig. 7a, b). Similarly, TCS occupying sorption
sites can be hardly replaced by KTP as the hydropho-
bicity of KTP was lower than that of TCS. Consequent-
ly, insignificant competition between KTP and TCSwas
observed at pH 7.0 and pH 10.0 (Fig. 7c, d).

For neutral aromatic sorbates, it is well accepted that
partition exists in noncarbonized biochar or biochar with
low degree of carbonization and specific adsorption
interactions (such as π-π interactions) dominate sorp-
tion of carbonized biochar (Chen et al. 2012a; Keiluweit
and Kleber 2009; Sigmund et al. 2016). Competitive
sorption cannot happen through partition but can happen
through adsorption interactions which are related to the
available sites on sorbent (Yu and Huang 2005; Chiou
et al. 2015). Therefore, sorption competition between
KTP and TCSwasmore obvious onWS700 than that on
WS300 at pH 2.0 when TCS was the primary sorbate
(Fig. 7c, d), probably because neutral KTP was mainly
sorbed through partition (noncompetitive) in
noncarbonized phase of WS300 with lower degree of
carbonization (Fig. 6a), but through specific adsorption
interactions (competitive) on carbonized phase of
WS700 with higher degree of carbonization (Fig. 6c).

4 Conclusions

WS700 with higher degree of carbonization had higher
sorption coefficient (Kd) and nonlinearity than WS300
in the single solute system. In the bisolute system, no
competitive effect was observed for partition of neutral
KTP and TCS in the noncarbonized phase of WS300,
but they competed for the sorption sites on the carbon-
ized phase of WS300 and WS700, where π-π interac-
tion was proposed to be the main mechanism. The
competition in the bisolute system varied with degree
of dissociation of KTP and TCS, and led to a lower
nonlinear sorption compared with that in the single
solute system. TCS was more competitive than KTP
due to its higher hydrophobicity, and sorption inhibition
of KTP was enhanced with increasing TCS concentra-
tion. The effects of environmental factors, such as biva-
lent and multivalent cations and dissolved organic mat-
ter on bisolute sorption should be studied in order to
further understand the mechanisms.
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