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introduction into the environment, environmental chemicals such as surfactants will load
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onto the released biochar and change its physicochemical characteristics and adsorption
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behavior toward pollutants. In this study, sodium dodecyl sulfate (SDS), as one type of
anionic surfactant, was coated onto biochar with different loading amounts. The influence
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of SDS loading onto biochar's physicochemical properties were investigated by Fourier

Methylene blue

transform infrared (FT-IR) spectroscopy, elemental analysis, zeta potential and Brunauer–

Surfactant

Emmett–Teller (BET) surface area and pore size distribution analysis. Results showed that

Adsorption

the pore size of the biochar decreased gradually with the increase of SDS loading because of

Biochar

the surface-adsorption and pore-blocking processes; the pH of the point of zero charge

Environmental implications

(pHPZC) decreased with increasing SDS loading. Although surface-coating with SDS
decreased the pore size of the biochar, its adsorption capacity toward Methylene Blue
(MB) significantly increased. The biochar-bound SDS introduced functional groups and
negative charges to the biochar surface, which could thus enhance the adsorption of MB via
hydrogen bonding and electrostatic interaction. The results can shed light on the
underlying mechanism of the influence of anionic surfactants on the adsorption of MB by
biochar.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Biochar is a carbon-rich aromatic material produced by
pyrolyzing biomass through various thermochemical processes (i.e., pyrolysis, hydrothermal carbonization, flash

carbonization, and gasification) under oxygen-limited conditions and at relatively low temperatures (<700°C) (Tan et al.,
2017). The specific properties of biochar include high specific
surface area, porous structure, and copious amounts of
surface functional groups (Safaei Khorram et al., 2016; Wang
et al., 2017). Although its specific surface area and micropore

⁎ Corresponding authors. E-mail: jiangluhua@hnu.edu.cn (Luhua Jiang), liuyunguo@hnu.edu.cn (Yunguo Liu).

https://doi.org/10.1016/j.jes.2017.11.027
1001-0742/© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V.

J O U RN A L OF E N V I RO N M EN TA L S CI EN CE S 70 (2 0 1 8 ) 1 6 6– 1 7 4

volume are much lower than that of activated carbon, biochar
is still regarded as a good replacement for commercial
activated carbon because of its abundant functional groups
and lower cost (Zhou et al., 2016). Recently, biochar has been
used widely as an effective adsorbent for removal of heavy
metals and organic compounds from wastewater (Chen et al.,
2008; Guo et al., 2014; Jiang et al., 2017a, 2017c; Pan et al., 2013;
Shen et al., 2017; Zafar et al., 2017). Among these pollutants,
much attention has been paid to the adsorption of dyes by
biochar due to their toxic effects and high concentrations in
wastewaters. For instance, Nautiyal et al. (2016) used Spirulina
platensis algae to prepare biochar which exhibited excellent
adsorption performance toward Congo red. Ding et al. (2016)
investigated the simultaneous adsorption of methyl red and
methylene blue onto woody biochar in different concentration combinations. Sewu et al. (2017) examined the adsorption
ability of crystal violet onto biochar produced from Korean
cabbage, and the Langmuir maximum adsorption capacity
was as high as 1304 mg/g.
Surfactants, as a key component of industrial and household waste, are routinely deposited in numerous ways on
land and into water systems (Emmanuel et al., 2005; Metcalfe
et al., 2008). These commonly are organic substances with
amphiphilic structures, indicating that they contain both
hydrophobic groups and hydrophilic groups, which allow
them to adsorb various pollutants such as heavy metal ions
and organic molecules (Flores et al., 2017; Gamba et al., 2017;
Shah et al., 2017; Stofela et al., 2017; Zhang et al., 2017). As
reported, surfactants can interact with geosorbents and
impact their adsorption behavior toward pollutants (Koh
and Dixon, 2001; Park et al., 2011; Richards and Bouazza, 2007;
Xi et al., 2010). Surfactants also can bind to released
nanomaterials, change their physicochemical characteristics, and then affect their adsorption mechanism (Liu et al.,
2014; Rajesh and Ramagopal, 2016). It was reported that a
surfactant (i.e., cetylpyridinium chloride) can coat onto
activated carbon and mineral substances to improve their
removal performance for heavy metals from water (Choi et
al., 2009; Lin et al., 2011; Sánchez-Martín et al., 2008).
Furthermore, several papers have demonstrated that dissolved surfactants could impact the adsorption of organic
pollutants by biochar. For example, Han et al. (2013) reported
the influence of a cationic surfactant on pentachlorophenol
adsorption by biochar; and the cationic surfactant
cetyltrimethyl ammonium bromide could be coated onto
the biochar surface via ion-exchange with abundant exchangeable cations, such as Mg2 +, Na+, and K+, and then
impacted the pentachlorophenol adsorption.
Considering its increasing production and application, biochar has inevitably been released into the environment.
Understanding the adsorption behavior of biochar toward toxic
dye in the presence of surfactant has multiple important
environmental implications, including assessing (i) the feasibility of using biochar as an adsorbent in engineered treatment of
toxic dye, (ii) the fate and transport of toxic dye by biochar in the
environment, and (iii) the potential environmental and health
risks of biochar-adsorbed toxic dye in ecological systems. In this
work, therefore, the physicochemical characteristics of biochar
with surfactant coating such as sodium dodecyl sulfate (SDS)
were investigated. In addition, the effect of the presence of SDS
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on the adsorption behaviors of Methylene Blue (MB) onto biochar
was also examined.

1. Material and methods
1.1. Materials
The biomass used in this work was peanut shell obtained
locally from the farms in Changsha City, Hunan Province,
China. MB (3,7-bis{dimethylamino}-phenazathionium chloride, C16H18CIN3S·3H2O, molecular weight 373.9) was obtained from Tianjin Hengxing Chemical Reagent Co., Ltd.
(Tianjin, China). SDS was purchased from Shanghai Yabang
Chemical Reagent Co., Ltd. (Shanghai, China). All other
chemicals including HCl, NaOH and NaCl were provided by
Guangdong Xilong Chemical Co., Ltd. All chemicals employed
in this experiment were analytical reagent grade and used
without any further purification. The water used in this work
was Milli-Q water (18.25 MΩ/cm) obtained from a Millipore
Milli-Q water purification system.

1.2. Preparation of adsorbent
The biochar was prepared as described by a previously
published paper (Jiang et al., 2015). Briefly, 10-g biomass was
added to a 250-mL beaker with 100-mL Zn(NO3)2 solution
(1 mol/L). Then, the mixture was stirred continuously in a
temperature-controlled water bath shaker at 40°C for 24 hr.
After being dried, the mixture was pyrolyzed by a lab-scale
tubular reactor (SK-G08123K, China) in a N2 environment
(400 mL/min) at 550°C for 1 hr. After cooling, the resulting
biochar was washed with water, and dried in an oven at
65°C. After that, 1 g of prepared biochar was added into
100 mL of SDS solution (3, 1 and 0.6 mg, respectively). The
mixture was also shaken in a temperature controlled water
bath shaker at 120 r/min for 24 hr. Then the SDS-coated
biochar was collected by filtration and dried at 65°C for 12 hr.
The products were named 0.6 SDS-biochar, 1 SDS-biochar,
and 3 SDS-biochar, respectively. Finally, the prepared
samples were stored in a desiccator for further use (Mi et
al., 2016).

1.3. Adsorbent characterization
Fourier transform infrared (FT-IR) spectroscopy measurements
were performed using a Fourier Transform Infrared Spectrometer
(Nicolet 5700 Spectrometer) using the KBr pellet technique in the
range of 4000–400/cm. The Brunauer–Emmett–Teller (BET) surface area and the pore size distribution were determined by using
N2 adsorption–desorption (Quantachrome, USA) at 77 K over a
relative pressure range from 0.0955 to 0.993. C, H O, N and S
contents of samples were determined using an elemental
analyzer (Elementar, Vario EL III). Thermal analysis of the
precursor was done by thermogravimetry-differential scanning
calorimetry (TG–DSC) on a Netzsch STA 449C instrument
(conditions: air atmosphere, temperature ramp from 25 to
900°C, rate 20°C/min). The zeta potential of samples was obtained
using a zeta potential meter (Zetasizer Nano-ZS90, Malvern) by
adjusting the solution pH from 2.0 to 11.0.
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1.4. MB adsorption experiments
The MB stock solutions (1000 mg/L) were obtained via
dissolving MB in water and the desired concentrations were
further obtained through successive dilutions of stock solutions with water. The pH of solutions was adjusted by dropwise addition of 1.0 mol/L HCl and/or 1.0 mol/L NaOH
solution. All batch adsorption experiments were conducted
in a water bath shaker at a shaking speed of 160 r/min at 35°C;
and 10-mg adsorbent was added in MB solution (50 mL). After
mixing for 24 hr (a sufficiently long time for equilibrium), the
mixture was separated through 0.45-μm membrane filters
(polyvinylidene fluoride). The influence of pH on adsorption
was examined by adjusting the initial solution pH in the range
from 3 to 11. The influence of ionic strength on the adsorption
was investigated by adding NaCl (0–0.5 mol/L) to MB solutions
(100 mg/L). For the adsorption kinetics studies, 100 mg/L MB
solutions were applied over a range of contact time intervals
(10 min to 48 hr). The adsorption isotherms were analyzed by
adsorption for 24 hr using MB solutions with different initial
concentrations (30–550 mg/L) at pH 7.0. The MB concentration
was analyzed using a UV–vis spectrophotometer (Pgeneral T6
China) at the wavelength of 650 nm (Xu et al., 2016).
Adsorption capacity (qe) can be calculated by the following
equations:
qe ¼

ðC0 −Ce ÞV
m

ð1Þ

where qe (mg/g) is the amount of MB absorbed onto adsorbent;
Co (mg/L) and Ce (mg/L) are the MB concentration in solution
at initial time and at time t, respectively; V (L) is the volume of
used solution; m (g) is the mass of adsorbent.

2. Results and discussion

Deming-Deming-Teller (BDDT) classification, which suggested multilayer adsorption and the presence of mesopores
(Mao et al., 2015). Clearly, a large uptake of nitrogen was
observed at the saturation pressure; an apparent adsorption
step accompanied by a sharply declining desorption branch.
These observations were consistent with the pore diameter
provided by the Barrett–Joyner–Halenda (BJH) desorption
isotherm in Table 1. As illustrated in Table 1, the pore size of
the biochar decreased gradually with the increase of SDS
loading due to the surface-adsorption and pore-blocking
processes. Thus, it could be concluded that the structure of
biochar was highly affected by the loaded surfactant molecules. Thermogravimetry curves of the samples are exhibited
in Fig. 2. Compared to biochar, more weight loss was observed
for the SDS-coated biochar in TG curves, suggesting the
presence of the SDS on the biochar.
FT-IR is one of techniques applied for the structural
characterization of materials. The FT-IR spectra of biochar
and SDS-coated biochar are exhibited in Fig. 3. As seen, the
\OH stretching band is characterized by a sharp intense peak
at 3432/cm, which could be ascribed to the structural \OH
groups in biochar (Huang et al., 2016). In addition, the bending
vibration of \CH2 was also found at 1447/cm (Yin et al., 2016).
The peak observed at about 1113/cm could correspond to the
S_O vibration (Yu and Amiridis, 2004). Interestingly, the
intensity of peaks corresponding to \CH2 and S_O, respectively, increased with increasing SDS loading. This implied
that SDS was present on the surface of biochar. This could be
further demonstrated by the elemental analysis results for the
SDS-coated biochar. As illustrated in Table 1, the data
revealed that the biochar had 11.22% organic carbon; after
SDS loading, the content of C increased from 12.18% to 12.81%
with increasing SDS. In addition, the content of S increased
from 0.073% to 0.117% with increasing amounts of SDS. This
further indicated that more SDS was coated onto the surface
of biochar when the amount of SDS was increased.

2.1. Characterization techniques
The properties of samples including specific surface area
(SSABET), pore volume (VP), average adsorption and desorption
pore diameters (mean D), and average particle size (mean S)
are summarized in Table 1. Nitrogen adsorption–sorption
isotherms conducted to obtain the physiochemical properties
of biochar and SDS coated-biochar are shown in Fig. 1. As
seen, isotherms are close to the Type II shape in the Brunauer-

2.2. Effect of pH on MB adsorption onto biochar under SDS
coating
This study examined the MB adsorption at varied pH values in
order to investigate the effect of pH on the MB adsorption by
SDS-coated biochar. The studied MB is present as a weak base
in aqueous solution with dissociation constant (pKa) of 2.6
(Wu et al., 2014). The initial pH value was in the range from 3

Table 1 – The physical–chemical characteristics of adsorbents.
Sample

Biochar
0.6 SDS-biochar
1 SDS-biochar
3 SDS-biochar
a
b
c
d

Element content obtained from
elemental analyzer (%)
C

H

O

N

S

11.22
12.18
12.67
12.81

1.247
1.142
0.945
1.076

21.047
20.652
20.621
20.492

0.64
0.7
0.7
0.69

0.073
0.091
0.098
0.117

Calculated based on BET model.
Calculated from single point adsorption at P/Po = 0.99.
Calculated from the density functional theory (DFT) analysis.
BJH adsorption average pore diameter.

pHPZC

4.3
3.8
3.5
3.1

SBET a (m2/g)

51.37
61.49
65.55
85.62

Vp b (cm3/g)

0.232
0.239
0.245
0.283

Mean D (nm)
DFT c

BJH d

3.794
3.684
1.614
1.543

1.151
1.150
1.149
1.147

Mean S (nm)

226.25
221.50
233.65
217.87
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Fig. 1 – N2 adsorption–desorption isotherms of biochar and
sodium dodecyl sulfate-coated biochar (the solid dots denote
the adsorption isotherm and the hollow dots the desorption
isotherm).
to 11 and the initial MB solution concentration was 100 mg/L.
The adsorption of MB by the SDS-coated biochar at various pH
values is exhibited in Fig. 4. As seen, MB adsorption is
sensitive to the pH value. In addition, MB adsorption was
enhanced under basic conditions rather than acidic. MB
uptake gradually increased with the increase of pH, until the
maximum adsorption capacity was obtained at pH 11. Furthermore, it was also observed that 3 SDS-biochar adsorbed
larger amounts of MB over the entire studied pH range. As
reported, the surface functional groups in the adsorbents
studied are fully or partially deprotonated, resulting in an
increase in the negative charge on the adsorbent surface at
higher pH values (Park et al., 2013b). This characteristic could
be demonstrated by the pH of the point of zero charge (pHPZC)
of adsorbents as reflected in Table 1. In addition, in the

Fig. 2 – Thermogravimetry curves of biochar and sodium
dodecyl sulfate-coated biochar.
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Fig. 3 – Fourier transform infrared spectra of biochar and
sodium dodecyl sulfate-coated biochar.

investigated pH range, the pH values were lower than the pKa.
Thus, MB would be present as a cationic substance. Therefore,
the MB molecule tended to be adsorbed more effectively onto
the SDS-coated biochar at high pH; and 3 SDS-biochar
exhibited the highest adsorption capacity due to having
more negative charge on its surface, as reflected in Fig. 5.
This demonstrated that the SDS molecules on the surface of
the biochar tended to act as an efficient partition medium for
the removal of MB via electrostatic attraction.

2.3. Effect of added salts on MB adsorption onto biochar with
SDS coating
The influence of NaCl was also investigated by adding various
concentrations of NaCl (0–0.5 mol/L) into MB solutions, and
the results of this analysis are shown in Fig. 5. It can be clearly
noticed that the adsorption capacity of MB maintained nearly
the same value when the NaCl concentration was increased.

Fig. 4 – Effect of pH on adsorption of methylene blue onto
biochar and sodium dodecyl sulfate-coated biochar.
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MB molecules through facilitating protonation. This could
lead to in the increase of adsorption capacity, as the
dissociated MB ions able to bind electrostatically onto the
oppositely charged solid surface increase in concentration
(Doğan et al., 2007).

2.4. Kinetics studies

Fig. 5 – Effect of ionic strength (NaCl) on the methylene blue
adsorption onto biochar and sodium dodecyl sulfate-coated
biochar.

The main objective of this section is to investigate the
influence of contact time on the adsorption capacity of MB
by the SDS-coated biochar at room temperature. As exhibited
in Fig. 6, it is clear that the amount of adsorbed MB was
roughly proportional to the contact time. In addition, the
initial amount of MB adsorbed by SDS-coated biochar
increased gradually until the maximum adsorption capacity
was obtained at about 80 min. A number of well-known
kinetic models, such as the pseudo-first-order model (Eq. (2)),
pseudo-second-order model (Eq. (3)) and Weber-Morris model
(Eq. (4)) (Jiang et al., 2017b, 2016; Liu et al., 2016; Ning et al.,
2017), have been applied for understanding the adsorption
mechanisms of liquids and solids.
qt ¼ qe −qe e−k1 t
k2 qe 2 t
1 þ k2 qe t

ð3Þ

qt ¼ kd t0:5 þ L

ð4Þ

qt ¼

Fig. 6 – Effect of contact time on the adsorption of methylene
blue onto biochar and sodium dodecyl sulfate-coated
biochar.

Thus, the presence of NaCl in the solution might have two
opposite effects. The presence of NaCl might cause competitive adsorption between positive MB ions and positive Na+
ions onto active adsorption sites, resulting in decreased
adsorption capacity (Weng et al., 2009). On the other hand,
the NaCl led to an increase in the degree of dissociation of the

ð2Þ

where qe (mg/g) and qt (mg/g) are the amount of MB adsorbed
at equilibrium and time t, respectively; k1 (1/min), k2 (g/mg/
min), and kd (mg/g/min0.5) are the rate parameters associated
with the pseudo-first-order, pseudo-second-order, and
Weber-Morris model models, respectively; and L is the
intercept reflecting the boundary layer thickness.
The fitting results of kinetic models were obtained and
provided in Table 2. As shown, the coefficient of determination (R2) for the pseudo-second-order model is higher than
that of the pseudo-first-order model. This revealed that the
adsorption of MB onto the SDS-coated biochar was better
fitted by the pseudo-second-order model in this work.
Interestingly, as seen from Table 1, smaller pore size was
found as a result of SDS coating, leading to blocking of the
pores. A pore-blocking effect might thus exist in the adsorption process. The value of adsorption rate k2 increased with
the increase of SDS addition. This could be because the
process of MB adsorption on the SDS-coated biochar might be
governed by chemisorption, since the pseudo-second-order
model best fitted the kinetic data. As for the intra-particle
diffusion model, the Weber-Morris model is used to support
the involvement of diffusion mechanisms in the adsorption

Table 2 – Pseudo-first-order and pseudo-second-order model parameters for the adsorption of methylene blue.
Sample

Biochar
0.6 SDS-biochar
1 SDS-biochar
3 SDS-biochar

Pseudo-first-order

Pseudo-second-order
2

k1 (1/min)

qe (mg/g)

R

0.025
0.026
0.035
0.112

182
194
208
231

0.8652
0.8232
0.8419
0.9002

/

k2 (g/mg min)
2.01
2.03
2.70
6.79

×
×
×
×

10−4
10−4
10−4
10−4

qe (mg/g)

R2

192
204
217
240

0.9435
0.9221
0.9361
0.9557
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Fig. 8 – Adsorption isotherms of methylene blue adsorption
onto biochar and sodium dodecyl sulfate-coated biochar.

Fig. 7 – Intraparticle diffusion model for the adsorption of
methylene blue onto biochar and sodium dodecyl sulfatecoated biochar.

sized and shaped. Once specific sites within the adsorbent are
filled, no further adsorption would take place at the specific
sites (Ip et al., 2009). Thus, the adsorption onto the surface is
strongly associated with the driving force and surface area.
The Langmuir model can be rewritten in the form
(Sadeghalvad et al., 2016):

process (Fig. 7). If intraparticle diffusion is involved in the
adsorption process, the plot would result in a linear relationship, and the intraparticle diffusion would be the controlling
step if this line passed through the origin (Park et al., 2013a).
As reflected by Fig. 7 and Table 3, several regions can be
noticed: (i) an initial sharp curve, (ii) a linear portion, and
thirdly, (iii) a plateau. The initial sharp curve and the linear
process might be caused by the bulk diffusion and intraparticle diffusion. This implied that intra-particle diffusion
was involved in this study. However, it was not the sole ratecontrolling step in the SDS-coated biochar adsorption process.

qe ¼

KL qm Ce
1 þ KL Ce

ð5Þ

where qm (mg/g) is the maximum adsorption amount at
equilibrium, and Ce (mg/L) is the concentration of MB at
equilibrium; KL (L/mg) is the Langmuir constant associated
with a saturated monolayer.
The Freundlich model, as an exponential equation, assumes that the adsorbent surface is heterogeneous and
provides sites with varying affinities. This model can predict
the occurrence of infinite surface coverage, which is related to
multilayer adsorption on the surface (Park et al., 2013a). The
Freundlich model can be expressed in the form (Fu et al., 2017;
Mao et al., 2016):

2.5. Isotherm studies
It is necessary to gain a more quantitative understanding of
the mechanisms involved in the adsorption of MB in the
study. Several parameters provided by the isotherm equilibrium models suggest the surface characteristics of the
adsorbent and its adsorption ability, resulting in predicting
the maximum equilibrium adsorption capacity. Adsorption
isotherm models such as the Langmuir and Freundlich
adsorption models are widely applied in many studies. In
this present work, Langmuir and Freundlich adsorption
isotherms were used to examine the adsorption mechanism
of MB by SDS-coated biochar (Fig. 8).
The Langmuir model, which proposes a theory to describe
the adsorption of adsorbate and the surface of the adsorbent,
assumes monolayer coverage of adsorbate over a homogenous adsorbent. In addition, the surface has specific homogenous sites and all the available adsorption sites are equally

qe ¼ K F Ce n

ð6Þ

where qe (mg/g) is the adsorption amount at equilibrium; Ce
(mg/L) is the MB concentration at equilibrium; KF (mg1 − n·Ln/g)
and n are the Freundlich constants, which are closely related
to the adsorption capacity and a nonlinear index related to
adsorption intensity, respectively.
The resulting regression parameters are summarized in
Table 4. As seen, the obtained R2 values implied that MB was
better fitted by the Freundlich model than the Langmuir
model. This indicated that the MB adsorption by SDS-coated
biochar was controlled by multiple mechanisms involving

Table 3 – Parameters calculated from intra-particle diffusion model for methylene blue adsorption.
Sample

kd1 (mg/g/min0.5)

L1

R21

kd2 (mg/g/min0.5)

L2

R22

kd3 (mg/g/min0.5)

L3

R23

Biochar
0.6 SDS-biochar
1 SDS-biochar
3 SDS-biochar

6.33
6.70
6.52
5.05

76.11
76.43
95.74
155.99

0.9996
0.9923
0.9787
0.8813

3.00
2.64
1.35
1.73

103.80
125.08
172.65
192.36

0.9536
0.9593
0.9899
0.9360

0.65
0.57
0.71
0.53

173.09
186.51
193.20
228.05

0.8918
0.9806
0.9098
0.9456
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Table 4 – Langmuir and Freundlich isotherm parameters
for the adsorption of methylene blue.
Sample

Langmuir
qm
KL
(L/mg) (mg/g)

Biochar
0.6 SDS-biochar
1 SDS-biochar
3 SDS-biochar

0.020
0.020
0.019
0.021

388
410
463
503

Freundlich
2

R

KF
(L/g)

n

R2

0.9595
0.9489
0.9558
0.9757

43.22
45.27
45.76
54.48

0.367
0.370
0.376
0.388

0.9898
0.9836
0.9902
0.9825

enhanced hydrogen bonding and electrostatic attraction. In
addition, the process of MB adsorption on SDS-coated biochar
was strongly pH-dependent, while the adsorption process was
insensitive to ionic strength as NaCl. This indicated that MB
adsorption onto biochar with SDS coating might be impacted
by environmental conditions. Thus, surfactants should be
considered when examining and assessing the adsorption
behavior and ecological risk of biochar.

Acknowledgments
multilayer adsorption (Lu et al., 2014). Several mechanisms of
adsorption could be proposed to explain this result, such as
electrostatic interaction and hydrogen bonding. The
Freundlich parameters (KF and n) correspond to the adsorption strength of the MB, and the binding affinity constant
reflects more substantial information on the adsorption
mechanism. As exhibited, KF and n increased with increasing
SDS loading onto biochar. This indicated that the adsorption
capacity of biochar at higher SDS loading is higher for the
adsorption of MB. The value of qm for the adsorption of MB
onto 3 SDS-biochar was 503 mg/g. This indicated that biochar
with SDS coating exhibited excellent adsorption ability
toward MB. When compared with other adsorbents (i.e.,
cotton stalk and carbon nanotubes) reported in the literature
(Hui et al., 2011; Yao et al., 2010), the 3 SDS-biochar exhibited
great potential for adsorptive removal of MB.

2.6. Environmental significance
SDS is considered one of the most efficient surfactants, and
has been widely used as an additive in industrial production,
and in washing detergents in environmental remediation
(Rajapaksha et al., 2016). The increased application of SDS
globally will inevitably release it into aquatic environments.
The present experimental findings revealed that SDS coating
on biochar could change its physicochemical characteristics.
The pore size of the biochar decreased slightly with the
increase of SDS coating, while the density of functional groups
increased with increasing SDS coating. Introducing functional
groups onto the biochar surface could enhance the adsorption
of MB via hydrogen bonding and electrostatic interaction. That
is to say, the presence of SDS might promote the application
potential of adsorptive removal of MB by biochar and could
impact the fate and transport of MB by biochar in the aquatic
environment. Thus, the interaction between biochar and
surfactants and other environmental chemicals should be
seriously considered when the environmental risks of carbon
nanomaterials are assessed.

3. Conclusions
The effect of SDS on MB adsorption onto the biochar surface
was studied systematically under different conditions. The
surface-bound SDS reduced the pore size and pHpzc of the
biochar and increased the oxygen-containing functional
groups on the biochar. Thus, the surface-bound SDS could
significantly promote MB adsorption onto the biochar via
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