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a b s t r a c t
The treatment of effluents containing emerging contaminants, such as chlorophenols (CPs), by bio-
char adsorption has been a hotspot topic. However, the interaction between CPs in the adsorption 
process on biochar is still unknown at present. In this paper, two kinds of biochar were prepared 
from corn straw under pyrolysis of 300°C and 600°C, labeled as BC300 and BC600, respectively, and 
were characterized by scanning electron microscopy, X-ray photoelectron spectroscopy, and Fourier-
transform infrared spectroscopy. The adsorption process and mechanism of biochar on CPs, including 
phenol (PHE), 4-chlorophenol (4-CP), and 2,4-dichlorophenol (2,4-DCP), were investigated using the 
batch equilibrium experimental method in a single component system (SCS) and multi-component 
system (MCS), respectively. The adsorption regularity of CPs on biochars in the MCS resembles that 
in the SCS. In the MCS, the pseudo-second-order kinetic model is fitted better for the adsorption 
process of CPs on biochar (R2  ≥  0.938).  The maximum adsorption  capacity  (qm) of PHE, 4-CP and 
2,4-DCP is 28.16, 32.54 and 36.04 mg/g, respectively. The isotherm adsorption process is fitted more 
consistent with Langmuir–Freundlich model (R2  ≥ 0.913). The qm of PHE, 4-CP and 2,4-DCP in the 
MCS is 43.02, 60.85 and 96.48 mg/g, but the qm of PHE, 4-CP and 2,4-DCP in the SCS is 63.91, 121.03 
and 145.09 mg/g,  respectively. The pH value of  solution  is a key  factor  influencing  the adsorption 
of CPs on the biochar. At pH < 9, the adsorption capacity (qe) of CPs on biochar almost remains con-
stant as increase of pH values. By way of the contrast, at pH > 9, the qe of CPs decreases rapidly with 
increasing pH values. However, there is an interaction between CPs in the adsorption process on 
biochar in the MCS compared with that in the SCS, that is, one or two of three co-existing pollutants 
can inhibit the adsorption of each of CPs on biochar. Furthermore, the adsorption capacity of CPs 
on biochar increases with the number of chlorine atoms in CPs, that is, the more chlorine atoms in 
CPs, the easier it is to be adsorbed on biochar.
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1. Introduction

The development of industry and agriculture, a new 
type of pollutants, called emerging contaminants (ECs), has 
been concerned in the world [1,2]. The chlorophenols (CPs), 
widely used in various industries and agricultures, are part 
of ECs and can get into water environment through different 

ways [3,4]. The CPs possess high toxicity and bioaccumula-
tion, so they can cause serious effects on animals and human 
[5,6].  Most  of  CPs  are  listed  as  persistent  organic  pollut-
ants (POPs) due to their mutagenesis, carcinogenesis and 
teratogenesis [7–10].

There are physico-chemical, chemical oxidation and bio-
logical methods for the treatment for CPs, such as aerobic 
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and anaerobic digestion, dechlorination, ion exchange with 
resin, adsorption and ozonation [11–15]. Aerobic and anaer-
obic digestion increases the cost of sludge treatment and 
consumption of chemicals [16]. Dechlorination has a large 
investment and complex equipment [17]. Ion exchange with 
resin is highly selective and short resin replacement cycle 
[18]. Ozonation has high operating costs and toxic gas gen-
eration [19]. Of them, the biochar adsorption method has 
a few advantages, such as good adsorption effect, simple 
adsorption process, easy operation and no secondary pollu-
tion [20,21]. Thus, the adsorption method for the treatment 
of wastewater containing CPs has a good potential [22–24].

The selection of adsorption materials is particularly 
critical  for  the  adsorption method  [25]. A  few  characteris-
tics, such as high output, low cost, and no pollution, of the 
materials used for the adsorption of CPs are necessarily 
considered  [26–28].  The  biochars  made  from  biomass  are 
rich in porousness, aromaticity, hydrophobicity, and carbon 
element, so they are well fitted to use as adsorption mate-
rials due to high specific surface area and specific surface 
energy [29,30]. Thus, biochar can be used to remove the CPs 
in wastewater [31].

China is the largest corn straws producer in the world 
[32]. The corn straws, which are the major agricultural 
wastes, have no edible value and are often carelessly dis-
posed [33,34]. Thus, there is a need to develop efficient ways 
to utilize corn straws [35]. The preparation of biochar from 
corn straws can improve the utilization level of straws [36]. 
Corn straw biochar is widely used in water treatment due 
to features of high adsorption capacity and wide adsorp-
tion  range  [37,38]. However,  at  present, most  studies  have 
focused on the adsorption of single phenolic or single chlo-
rophenol compound on biochar [39,40]. A little attention has 
been paid to the interaction between CPs in the adsorption 
process due to co-existing pollutants in the real environment. 
In addition, the influence of the number of chlorine atoms 
in the CPs on its adsorption has almost not been reported.

Based on the above, different types of biochar were pre-
pared by pyrolysis of corn straws at 300°C and 600°C, and 
charactered through scanning electron microscopy (SEM), 
Brunauer–Emmett–Teller (BET), X-ray photoelectron spec-
troscopy (XPS), Fourier-transform infrared spectroscopy 
(FTIR), specific surface area, and pore size distribution 
for explaining biochar adsorption characteristics on CPs. 
The mechanisms and interaction between CPs (PHE, 4-CP, 
and 2,4-DCP) in the adsorption process on biochar were 

investigated. The influence of the number of chlorine atoms 
in the CPs on adsorption was considered. This paper can be 
used for the treatment of CPs in wastewater by corn straw 
biochar.

2. Materials and methods

2.1. Materials

The corn straws were collected from a farmland in 
Wushan Country, Tianshui City, Gansu Province, China. 
Phenol (PHE), 4-chlorophenol (4-CP), and 2,4-dichlorophe-
nol (2,4-DCP) were purchased from Tianjin Damao Chemical 
Factory, China. The major physico-chemical properties of 
CPs are listed in Table 1.

2.2. Preparation of biochars

The corn straw was first washed with deionized water, 
air-dried prior to grinding to pass through a 40-mesh 
(0.425 mm) sieve. Then the samples of the powder biomass 
were pyrolyzed at 300°C and 600°C for 6 h in a muffle fur-
nace (SX2-10-12N, China) for preparing biochar. When the 
temperature of the muffle furnace was cooled to ambient 
temperature, the biochar samples obtained were fetched out 
and  passed  through  an  80-mesh  sieve.  The  samples  were 
subsequently washed with 1 mol/L HCl for 5 times, and then 
rinsed for several times with deionized water until the pH 
value of the liquid after washing maintained constant. The 
rinsed biochar was dried at 80°C in an oven, and then was 
passed again through the 80-mesh sieve. Finally, the samples 
were stored in amber bottles for subsequent use.

2.3. Material characterization

The surface morphology of the biochar was characterized 
through  SEM  (JSM-5600,  Japan).  The  surface  components 
were obtained by XPS (ESCALAB 250Xi, China). The C, H, 
N and O elements were determined by elemental analyzer 
(Vario EL, Elementar, Germany). The pore structure and 
specific surface area were determined by automatic physical 
adsorption apparatus (ASAP 2020M, USA). The nature of 
functional groups was analyzed by FTIR (Nexusn870, USA).

2.4. Adsorption experiments

To study the interaction between CPs on corn straw bio-
char, and the influence of the number of chlorine atoms in 

Table 1
Major physico-chemical properties of chlorophenols

Chlorophenols Molecular formula Molecular weight (g/mol) Chemical structure Solubilitya (g/L) pKa

Phenol C6H5OH 94.11
 

82 9.89

4-Chlorophenol C6H5ClO 128.56
 

25.7 9.70

2,4-Dichlorophenol C6H4Cl2O 163.00
 

4.5 7.89

arefers to the solubility of each of chlorophenols in water at 20°C.
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the CPs on the adsorption process, the batch equilibrium 
experiments  were  conducted  in  a  50-mL  Erlenmeyer  flask 
with stopper at 25°C.

In a single component system (SCS), only containing a 
single compound, each of three CPs (PHE, 4-CP, and 2,4-
DCP), a fixed amount of 0.06 g BC300 or BC600 was added 
to the Erlenmeyer flask with 30 mL of a given concentration 
PHE, 4-CP, or 2,4-DCP solution. The pH value of the solu-
tion was  adjusted with  0.1 mol/L HCl  or  0.1 mol/L NaOH 
[41,42]. In the adsorption kinetics experiment and isother-
mal adsorption experiment, pH was adjusted to 5, and in the 
experiments on the effect of initial pH value, pH varied from 
2 to 12.

In a multi-component system (MCS), three CPs (PHE, 
4-CP, and 2,4-DCP) simultaneously co-existing in a sys-
tem, a fixed amount of 0.06 g BC600 was added to a 50-mL 
Erlenmeyer flask with 30 mL of the CPs mixed solution. In 
the adsorption kinetics experiment, mixed solution contain-
ing equal parts of 70 mg/L PHE, 4-CP, and 2,4-DCP, and the 
pH was adjusted to 5, contact time was controlled at 0-24 h. 
In an isothermal adsorption experiment, each 10 mL of PHE, 
4-CP, and 2,4-DCP was added to the Erlenmeyer flask, con-
centration  ranging  from  10  to  150 mg/L,  and  the  pH was 
adjusted to 5. In the experiments on the effect of initial pH 
value,  mixed  solution  containing  equal  parts  of  70  mg/L 
PHE, 4-CP, and 2,4-DCP, initial pH values of solution varied 
from 2 to 12.

All tests were carried out in a gas bath thermostatic 
oscillation  chamber  (ZD-85,  China)  at  150  r/min.  Finally, 
the  mixed  liquor  was  filtered  through  a  0.45  µm  mem-
brane for determining the concentration of CPs in the fil-
trates through liquid chromatography mass spectrometer 
(LCQ AD-40000, USA) and C18  columns  (ODS HYPERSIL, 
200 mm × 2.1 mm × 1.7 µm). The mobile phase was composed 
of methanol and water (70:30, v/v) at flow rate of 0.2 mL/min 
with a column temperature of 30°C. The injection volume is 
5 µL by using automatic injection. The detection wavelengths 
for PHE, 4-CP and 2,4-DCP were set at 270, 285 and 290 nm, 
respectively, and the retention times were 3.03, 3.72 and 
4.98 min [43].

Adsorption capacity, qe, of CPs on biochar was calcu-
lated as Eq. (1):

q
c c V

me
e�

�� ��0  (1)

where c0 is the initial concentration of CPs (mg/L), ce is the 
equilibrium  concentration  of  CPs  in  the  solution  (mg/L), 
V is the volume of solution (mL), m is the mass of the 
biochar (g).

3. Results and discussions

3.1. Characterization

The primary physico-chemical properties of the biochars 
are listed in Table 2. As can be seen, before pickling, the pH 
values of both original BC300 and BC600 are alkaline, and 
the pH value of BC600 is higher than that of BC300. After 
pickling, the pH values of both become acidic, and the pH 
value of BC300 approach nearly to that of BC600 (3.69 and 
3.64). In the respect of the component elements in biochar, 
H, N and O element contents decrease, whereas C element 
content increases with increase of the pyrolysis temperature 
[44]. In addition, the aromatic property and hydrophobicity 
of biochar rise, and the polarity and hydrophilicity drop in 
terms of the trend of O/C, H/C and (O+N)/C with increase of 
the pyrolysis temperature [45]. Comparing with BC300, BET 
surface area, t-pLot surface area, t-pLot micropore area, and 
t-pLot micropore volume for BC600 increase by 34, 23, 40 and 
42 times, respectively, indicating that increasing the pyrolysis 
temperature is conducive to increase the specific surface area 
of biochar and to form more mesoporous and microporous 
structures. Similarly, the Barrett–Joyner–Halenda average 
pore width and the BET average pore diameter for BC600 
decrease based on those of BC300, showing that increase 
of pyrolysis temperature can lead to the collapse of larger 
size pores in biochar [46]. In summary, biochars have the 
main structural particularities such as high carbon content, 
porous and strong adsorption capacity.

SEM images of BC300 and BC600 are shown in Fig. 1. 
As can be seen, the biochar samples have irregularly strip 
structure with obvious pores. The surface of BC300 has 
abundant mesopores, which are arranged neatly, resulting 
from a mass of ash on the biochar surface being removed in 
the pickling process, making the surface of BC300 smooth 
and free of disorderly structure. Compared with BC300, 
BC600 has thinner tube wall, clearer pore structure, and 
smoother surface with increase of the pyrolysis tempera-
ture [47]. These results manifest that the pyrolysis tempera-
ture is a critical factor that affects the structure of biochar, 
which is consistent with the characterization results of 
pore structure and specific surface area.

Table 2
Primary physico-chemical properties of biochars

Biochar pHa pHb Yield (%) Ash (%) Element content (%) Atomic ratio

C H O N O/C H/C (O+N)/C

BC300 9.58 3.69 21.34 6.33 67.77 3.62 20.79 1.49 0.31 0.05 0.33
BC600 10.52 3.64 13.26 6.39 77.04 2.03 13.34 1.20 0.17 0.03 0.19
Biochar SABET

c (m2/g) SAt-pLot
d (m2/g) MAt-pLot

e (m2/g) MVt-pLot
f (cm3/g) PWBJH

g (Å) PDBET
h (Å)

BC300 10.11 3.77 6.35 3.26 × 10–3 1.38 × 102 15.23
BC600 3.48 × 102 89.7 2.58 × 102 1.39 × 10–1 34.89 6.09

Notes: abefore pickling; bafter pickling; cBET surface area; dt-pLot surface area; et-pLot micropore area; ft-pLot micropore volume; 
gBarrett–Joyner–Halenda average pore width; hBET average pore diameter.
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The XPS spectra of biochar samples are shown in 
Fig. 2a. As can be seen, the biochars are mainly composed 
of C, N and O elements, and their corresponding binding 
energies are about 284, 401 and 531 eV, respectively.

The FTIR spectra of BC300 and BC600 are shown in 
Fig. 2b. The primary peaks can be assigned as follows: (a) 
the peak at 3,420.3 cm–1 is the stretching frequency of –OH; 
(b) the peaks at 2,983.1 and 2,830.1 cm–1 are aliphatic –CH3, 
and aromatic –CH2–, respectively; (c) the peak at 2,359.5 cm–1 
is the characteristic of –CH or –OH of the stretching vibra-
tion; (d) the peak at 1,603.4 cm–1 is the C=C or C–O of the 
aromatic ring; (e) the peaks at about 1,006.8 and 1,180.5 cm–1 
are the C–O; (f) the peak at 792.1 cm–1 can be formed by the 
C–H plane vibration and the stretching vibration of Si–O–
Si. In general, the surface of BC300 and BC600 has a large 
number of –OH, C=C, and aromatic functional groups [48].

3.2. Adsorption of CPs

The equilibrium qe values of CPs on BC300 and BC600 are 
listed in Table 3. As can be seen, the qe values of BC600 on 
PHE, 4-CP, and 2,4-DCP were all higher than those of BC300 
in the SCS, indicating that BC600 had a greater adsorption 
capacity than BC300. In fact, the experimental results were 
consistent with the preceding characterization results of pore 
structure, specific surface area, and SEM, that is, BC600 had 
a greater adsorption effect for CPs than BC300, so BC600 
was selected as an adsorbent for follow-up experiments.

3.2.1. Effect of initial pH value

As Fig. 3. shows, the effect of initial pH on qe of the CPs 
on BC600 in the MCS resembles that in the SCS. At pH < 9, 
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Fig. 2. (a) X-ray photoelectron spectra of BC300 and BC600 and (b) Fourier-transform infrared spectra of BC300 and BC600.

 

a b 

Fig. 1. Scanning electron microscopy images of (a) BC300 × 5k and (b) BC600 × 5k.

Table 3
Equilibrium qe values for chlorophenols on BC300 and BC600 in single component system

BC300 BC600

Phenol 4-Chlorophenol 2,4-Dichlorophenol Phenol 4-Chlorophenol 2,4-Dichlorophenol

qe
a (mg/g)

qe
b (mg/g)

9.37 22.89 24.75 29.32 33.71 35.47
9.98 23.76 25.46 30.17 33.87 35.62

Notes: aAdsorption capacity of each of the chlorophenols fitted by pseudo-first-order kinetic model; bAdsorption capacity of each of the 
chlorophenols fitted by pseudo-second-order kinetic model.
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the qe values almost unchanged with the increase of the 
pH values both in the SCS and in the MCS, indicating that 
the pH has a little effect on the adsorption process CPs on 
BC600 under lower pH values. This may be because each of 
the CPs exists in a molecular form when the pH value of the 
solution is less than corresponding to its own pKa value. 
In acidic solution, the CPs can be protonated. The proton-
ated CPs are easily adsorbed by BC600 via hydrogen-bond 
interaction between CPs and BC600 [49]. At pH > 9, how-
ever, the qe values of CPs on BC600 decrease rapidly with 
the increase of the pH values of the solution. It can be seen 
that pH = 9 is the optimal value of this parameter. As Table 1 
shows,  the pKa value  for PHE,  4-CP,  and 2,4-DCP  is  9.89, 
9.70  and  7.89,  respectively,  accounting  for  when  the  pH 
value is greater than the corresponding to own pKa of each 
of the CPs, the acidic functional groups (e.g., –COOH, –OH) 
on the surface of the BC600 dissociate to form –COO– or 
–O– anions, which weakens the hydrogen bonding between 
BC600 and CPs. Furthermore, under alkaline condition, 
electrostatic repulsion between OH– ions of the solution 
and the preceding anions also can reduce the adsorption 
capacity of CPs on BC600 [50]. At the same time, the qe value 
in the SCS is greater than that in the MCS, indicating that 
the co-existing CPs in the MCS can inhibit the adsorption 
of each of CPs on BC600, this rule is consistent with the 
results of adsorption kinetics and isotherm.

3.2.2. Adsorption kinetics

Fig. 4. shows the trend of the adsorption of PHE, 4-CP, 
and 2,4-DCP on BC600 in the SCS and MCS with contact 
time. The qt values increased rapidly at the starting stage, 
then gradually became slow, and finally reached equilib-
rium due to a lot of adsorption sites existed on the biochar 
surface at the starting stage. Then the adsorption sites were 

occupied by adsorbate in the later stage, resulting in the 
remaining adsorption sites no longer were occupied by CPs, 
so the adsorption gradually reached equilibrium [51].

The adsorption kinetic models are commonly applied to 
investigate the adsorption behavior and mechanisms. Here, 
the experimental data were fitted by pseudo-first-order 
kinetic, pseudo-second-order kinetic, and intraparticle dif-
fusion models, respectively [listed in Eqs. (2)–(4)]. The fitted 
parameters are shown in Table 4. Compared with the pseu-
do-first-order model and the intraparticle diffusion model, 
the pseudo-second-order model fitted the experimental data 
better based on the higher correlation coefficient (R2) and 
theory maximum adsorption capacity, qe, approaching nearly 
to its experimental value, revealing that the adsorption of 
CPs onto two biochars followed the pseudo-second-order 
model law [52]. The fitted curves of the pseudo-second-order 
kinetic model are shown in Fig. 4.

Pseudo-first-order kinetic model:

q q et e
k t� �� ��1 1  (2)

Pseudo-second-order kinetic model:

q
q k t
q k tt
e

e

�
�

2
2

21
 (3)

Intraparticle diffusion model:

q k t ct d i� �1 2/  (4)

where qt  is  the  adsorption  capacity  at  a given  time  (mg/g), 
qe is the equilibrium adsorption capacity at the equilibrium 
time  (mg/g),  t is the contact time (h), ci is the intercept of 
the intraparticle diffusion model, and k1 (h–1), k2  (g/(mg·h)), 
and kd  (mg/(g·h1/2)) are the rate constants of pseudo-first- 
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order kinetic model, pseudo-second-order kinetic model, 
and intraparticle diffusion model, respectively.

According to the fitting parameters of intraparticle dif-
fusion model in Table 4, adsorption process is divided into 
two stages both in the SCS and MCS. The kd1 and kd2 are the 
intraparticle diffusion model rate constants which refer to 
the ease degree of diffusion of the pollutants within the 
adsorbent, that is, the higher the kd1 and kd2, the easier the 
diffusion  of  the  pollutants  within  the  adsorbent  [53].  It 
can be known from the preceding FTIR characterization in 
Fig. 2b. that many –OH groups exist on the BC600. They can 
form hydrogen bonding with the –OH group of CPs. The 
hydrogen bonding, which is a stronger induced dipole-in-
duced dipole attractive forces, can help adsorb CPs better 
on  biochar  [54].  Besides,  the  order  of  adsorption  capacity 
for CPs on the BC600 is 2,4-DCP > 4-CP > PHE. Obviously, 
this sequence is related to the number of chlorine atom in 
CPs. This is because the structure of PHE, 4-CP, and 2,4-
DCP are similar, containing a benzene ring and a hydroxy 
group in their molecules, but the number of chlorine atoms 
is different. It is well known that the adsorption of CPs on 
biochar involves the formation of electron donor-acceptor 
complexes where the benzene ring of biochar bears electron 
rich  region,  acting  as  π-electron  donors  and  the  aromatic 
ring of CPs has electron poor region, serving as a π-electron 
acceptor due to the chlorine of CPs is a strong electron-with-
drawing group, accounting for the higher adsorption capac-
ity  of  2,4-DCP  than PHE and 4-CP  [55]. Of  them,  2,4-DCP 
contains the highest number of chlorine atoms, its adsorp-
tion capacity is the highest, whereas PHE has no chlorine 
atom, its adsorption capacity is the least. For 4-CP with a 
single chlorine atom, its adsorption is the middle between 
2,4-DCP and PHE. These results showed that the adsorp-
tion of CPs on biochar is related to the number of chlorine 
atoms in the CPs, that is, the more the number of chlorine 
atoms, the more easily they are adsorbed on biochar.

3.2.3. Adsorption isotherms

Fig. 5. shows the effect of different equilibrium concen-
trations of pollutants on the adsorption of CPs on BC600 in 
the SCS and MCS. As can be seen, the qe increased with the 
increase of the ce, and the sequence of adsorption of CPs on 
BC600 is 2,4-DCP > 4-CP > PHE, which was consistent with 
adsorption kinetics, both in the SCS and MCS. However, dif-
ference between both systems was observed. The qe in the 
MCS was lower than that in the SCS, indicating that co-ex-
isting CPs in the MCS can hinder the adsorption of each of 
CPs on BC600.

Table 4
Adsorption kinetic fitting parameters of chlorophenols on BC600 in the single component system and multi-component system

Chlorophenols System Pseudo-first-order kinetic model Pseudo-second-order kinetic model

qe (mg/g) k1 (h–1) R2 qe (mg/g) k2 [g/(mg·h)] R2

Phenol
SCS 29.32 12.00 0.850 30.17 0.75 0.985
MCS 26.93 29.41 0.761 28.16 3.66 0.943

4-Chlorophenol
SCS 33.71 37.02 0.827 33.87 5.11 0.986
MCS 31.01 19.14 0.899 32.54 6.01 0.938

2,4-Dichlorophenol
SCS 35.47 15.91 0.770 35.62 5.87 0.973
MCS 35.80 38.55 0.687 36.04 7.40 0.963

Chlorophenols System Intraparticle diffusion model

kd1 [g/(mg·h1/2)] c1 (mg/g) R2 kd2 [g/(mg·h1/2)] c2 (mg/g) R2

Phenol
SCS 10.95 18.43 0.749 0.27 29.21 0.661
MCS 2.96 23.96 0.726 0.16 26.68 0.767

4-Chlorophenol
SCS 2.45 31.37 0.614 0.03 33.76 0.949
MCS 10.92 21.64 0.661 0.03 31.02 0.912

2,4-Dichlorophenol
SCS 2.12 33.38 0.771 0.03 35.38 0.646
MCS 1.25 34.31 0.898 0.13 35.92 0.889
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Fig.  5.  Freundlich  isotherm model  fitting  curve. Note:  “(3)”  in 
the legend refer to co-existing phenol, 4-chlorophenol, and 
2,4-dichlorophenol in the multi-component system.
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The adsorption isotherms experiment data were fitted 
by Langmuir, Freundlich, Sips, and Langmuir–Freundlich 
isotherm models, respectively, as followed.

Langmuir model:

q
q K c
K ce
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  (5)

Freundlich model:
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Sips model:
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Langmuir–Freundlich model:
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where ce is the equilibrium concentration of CPs (mg/L), qe is 
the adsorption capacity corresponding to ce (mg/g). qm is the 
maximum  adsorption  capacity  (mg/g),  1/n is the non-uni-
formity coefficient of Freundlich model, KL is constant of 
Langmuir or Langmuir–Freundlich model, and KF, and 
KS is constant of Freundlich, and Sips model, respectively.

Adsorption isotherm fitting parameters of CPs on BC600 
in the SCS and MCS are listed in Table 5. As the table showed, 
the R2 values of Langmuir–Freundlich isotherm model were 
the highest, indicating that the adsorption process of CPs 
on BC600 may exist multi-molecular layer adsorption. By 
way of contrast, Langmuir model parameter KL values are 

all less than 1, reflecting that the adsorption process may 
also  exist  a  single molecular  layer  adsorption  [56].  So  the 
adsorption of CPs on biochar not only exist single molecu-
lar layer adsorption, but also may do multi-molecular layer 
adsorption  [57].  In addition,  the qm value fitted by each of 
Langmuir, Sips, and Langmuir–Freundlich isotherm mod-
els increases with the increase of the ce values, and the qm 
in the MCS is lower than that of in the SCS, indicating that 
there is a clearly competitive adsorption for sites on BC600 
between the CPs in the MCS, that is, the co-existing CPs 
in the MCS can inhibit the adsorption of each of CPs on 
BC600. The competitive adsorption occurs due to the elec-
trostatic repulsion of the CPs [58].

4. Conclusions

BC600, the biochar obtained at the higher hydrolyzed 
temperature, has rich carbon constitution, greater special sur-
face area, more developed porous structure and much more 
aromaticity than BC300, the biochar produced at the lower 
hydrolyzed temperature. According to these structure fea-
tures, it can be predicted that BC600 bears better adsorption 
capacity for CPs compared with BC300. The results on initial 
pH influence, adsorption kinetic and adsorption isotherm 
indicated that the adsorption regularities of CPs on biochar 
in the MCS are almost same as those in the SCS. The adsorp-
tion kinetic process of CPs on biochar is well described by 
the pseudo-second-order model. The adsorption isotherm 
followed better the Langmuir–Freundlich model. The ini-
tial pH of solution is a critical factor influencing adsorption 
process, that is, at pH < 9, the qe values of CPs on biochar 
are relatively stable, whereas at pH > 9, the qe values of the 
CPs decrease rapidly. Notably, (1) the qe values of PHE, 4-CP 
and  2,4-DCP  in  the MCS  (43.02,  60.82  and  96.48 mg/g)  are 
lower than those in the SCS (62.91, 121.03 and 145.09 mg/g), 
indicating that the co-existing CPs in the MCS can inhibit the 

Table 5
Adsorption isotherm fitting parameters of chlorophenols on BC600 in the single component system and multi-component system

Chlorophenols System Langmuir Freundlich

qm (mg/g) KL R2 KF n R2

Phenol
SCS 47.24 0.29 0.908 17.22 3.13 0.950
MCS 21.64 0.16 0.945 5.06 3.12 0.987

4-Chlorophenol
SCS 129.89 0.06 0.839 20.75 3.08 0.913
MCS 32.47 0.50 0.877 11.57 3.76 0.934

2,4-Dichlorophenol
SCS 105.09 0.25 0.939 33.55 4.43 0.972
MCS 96.92 0.13 0.969 13.83 1.72 0.990

Chlorophenols System Sips Langmuir–Freundlich

qm (mg/g) KS n R2 qm (mg/g) KL n R2

Phenol
SCS 42.26 3.85 1.87 0.829 62.91 0.32 0.44 0.966
MCS 21.65 1.08 6.98 0.927 43.02 0.12 0.46 0.991

4-Chlorophenol
SCS 132.90 4.55 4.21 0.827 121.03 0.07 0.47 0.983
MCS 32.47 5.72 7.62 0.836 60.85 0.23 0.41 0.938

2,4-Dichlorophenol
SCS 105.09 1.45 5.71 0.927 145.09 0.26 0.45 0.995
MCS 96.26 21.99 9.14 0.959 96.48 0.14 0.58 0.983
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adsorption of any single substance of CPs on biochar; (2) the 
qe values of CPs on BC600 are related tightly to the number 
of chlorine atoms in CPs, that is, the more chlorine atoms 
in CPs, the easier it is adsorbed by BC600.
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