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Abstract
In this study, a novel and environmental-friendly biochar prepared by alien species, Alternanthera philoxeroides (AP) under 
a temperature range of 300–700˚C (BC300-BC700), was applied to remove phenanthrene (PHE), perchloroethylene (PCE), 
and PHE/PCE bi-contaminant from aqueous solutions. Interestingly, the maximum adsorption capacity of AP biochar changed 
nonlinearly as the pyrolysis temperature increased, with BC400 and BC300 having the highest maximum adsorption capaci-
ties of 2.83 and 2.13 mg/g, respectively, followed by BC700, BC500, and BC600. The sorption kinetics of PHE and PCE on 
BC300 under single- and bi-contaminant conditions can be described by pseudo-second-order and pseudo-first-order kinetic 
models, respectively. In addition, it was observed that PHE and PCE could be removed simultaneously by BC300, and the 
presence of PHE inhibited the maximum sorption capacity of PCE onto AP biochar. Furthermore, this study revealed that 
the functional groups of C-O, C = O, and C = C played a key role in the removal of PHE/PCE from bi-contaminant solutions. 
These findings suggested that pyrolysis of invasive plants can be an option to control invasive plants and also contribute to 
the adsorption of organic contaminants for contaminant remediation.

Keywords  Biochar · Bi-contaminant · Phenanthrene · Perchloroethylene · Alternanthera philoxeroides

1  Introduction

Biochar is a carbon-rich solid formed by the pyrolysis of 
biomass and other substances under oxygen-free or oxygen-
limited conditions, which might provide a solution for waste 
recycling and carbon neutralization in the environment [1, 
2]. Biochar has a strong adsorption capacity due to its large 
surface area, rich pore structure, and the sorption character-
istics of its surface functional groups [3–5]. Various studies 
have shown that biochar is an ecofriendly sorption material 
for the removal of heavy metals, organic pollutants, and inor-
ganic contaminants in soil and aqueous environments [2]. 
The utilization of plant biomass as biochar has been consid-
ered as an approach, such as wood and agricultural wastes 
that are commonly used as raw materials for the prepara-
tion of biochar, and all have shown some level of efficacy in 
pollutant removal [4]. In addition, invasive plants have also 
been used to prepare biochar [6, 7], which caters to both the 
environmental benefits and economic values.

China has experienced tremendous invasive alien species 
to the establishment and spread resulting from the interna-
tional communications. Alternanthera philoxeroides (AP), 
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originated from Brazil, has been recognized in the first 
batch of invasive alien species in China and can habituate in 
the southeastern part of China at the end of this century in 
prediction [8]. AP usually grows rapidly in wetland ecosys-
tems, which will not only block waterways but also further 
threaten biodiversity [9, 10]. The traditional control strategy 
for AP is artificial harvesting, but this practice is limited by 
the high costs of removing and disposing of large amounts of 
biomass [10, 11]. Moreover, disposal of the harvested mate-
rial by natural decomposition might release pathogens and 
methane, which further influence climate change globally 
[12]. Therefore, seeking appropriate solutions for the treat-
ment and utilization of invasive plants has attracted interests 
in environmental agricultural studies [10]. Alien species AP 
have been used as a cost-effective raw material for biochar 
preparation [10]. Pharmaceutical and personal care products 
like ibuprofen and Pb (II) have been successfully adsorbed 
by biochar prepared from AP [9, 10]. Moreover, AP biochar 
has the potential to be integrated with other materials like 
incorporating with bentonite to efficiently remove Cd (II) or 
modified by hydrogen peroxide to adsorb metformin hydro-
chloride [13, 14].

Polycyclic aromatic hydrocarbons (PAHs) have been 
identified as persistent organic pollutants (POPs) and are the 
most widely detected organic contaminants in groundwater 
due to their common use in industrial processes [15, 16]. The 
maximum reported concentration of naphthalene in ground-
water is 97.10 mg/L at a chemical site, which was 97.10 
times the standard limit for class III water quality accord-
ing to Groundwater Quality Standard GB/T 14848–2017 
(100 μg/L) [17–19]. Another group of POPs, chlorinated 
aliphatic hydrocarbons (CAHs), are also frequently detected 
in groundwater and have been applied as industrial solvents, 
degreasing agents, and dry-cleaning agents for several dec-
ades, although they may be carcinogenic to humans [20–22]. 
A former dry-cleaning facility in Denmark has detected a 
perchloroethylene (PCE) concentration of up to 62 mg/L in 
groundwater [20]. Groundwater resources, especially in for-
mer industrial sites, are often contaminated by several types 
of contaminants [23]. In a municipal landfill site in China, 
CAH and PAH concentrations of up to 2.80 and 2.19 μg/L, 
respectively, were detected in groundwater [24]. Due to 
the ecological and environmental risks generated by PAHs 
and CAHs in aqueous environments, it is crucial for their 
removal [25]. Therefore, using AP as biochar source materi-
als for PAHs and CAHs could be an appropriate solution for 
pollution treatment and the efficient utilization of invasive 
plants. None of the studies have explored the sorption of 
PAHs and CAHs on AP biochar.

The structural properties of biochar determine the removal 
mechanism of contaminants in the environment. By increasing 
the aromatic and hydrophobic properties of biochar, a strong 
adsorption capacity for hydrophobic organic contaminants such as 

PAHs and CAHs has been attained [4, 26]. Bonds such as C = O 
and C-O are the functional groups in the sorption of contami-
nants [27]. Other pathways, such as van der Waals forces, Lon-
don dipole, π stacking, partition, pore-filling, and intra-particle 
(internal) diffusion, also contribute to the sorption of organic 
contaminants. For example, the adsorption of PCE onto biochar 
occurs through partitioning and pore-filling processes [28]. Most 
studies have focused on the adsorption of a single contaminant, 
with only a few studies considering the simultaneous sorption 
of bi-contaminant by biochar. Competition or stimulation phe-
nomena between different contaminants might occur in media 
contaminated by multiple pollutants [4]. Most of the effects of bi-
contaminant on each other in the sorption process remain unclear.

This study aimed to investigate the ability of AP biochar 
to remove phenanthrene (PHE) and PCE, two representa-
tives of PAHs and CAHs, respectively, from aqueous solu-
tions. Batch sorption experiments were conducted to study 
the adsorption abilities of single PHE by AP biochar pre-
pared at different pyrolytic temperatures ranging from 300 to 
700˚C (BC300-BC700). AP biochar’s sorption mechanisms 
of single PHE and binary PHE mixed with PCE were inves-
tigated through the characterization of biochar before and 
after the experiment by X-ray photoelectron spectroscopy 
(XPS), X-ray diffraction analysis (XRD), and Fourier trans-
form infrared spectrometer (FTIR).

2 � Materials and methods

2.1 � Preparation of Alternanthera philoxeroides 
biochar

The stem and leaves of invasive alien species AP were used 
to prepare biochar in reference to previous methods [12, 13]. 
Alternanthera philoxeroides was washed with tap water fol-
lowed by deionized water and then dried at 50˚C in an oven. 
The dried AP was then ground, sieved, and transferred to a 
tube furnace for pyrolysis preparation under a flow of nitro-
gen. The AP samples were heated from room temperature 
to 100˚C and kept for 30 min. To prepare AP biochar with 
different pyrolytic temperatures, the AP biochar was heated 
from 100˚C increasing at a constant rate of 4˚C/min to the 
target temperatures of 300, 400, 500, 600, and 700˚C, and 
kept for 2 h at each target temperature, and the obtained 
biochar was designated as BC300, BC400, BC500, BC600, 
and BC700, respectively.

2.2 � Batch sorption experiment

2.2.1 � Single contaminant adsorption experiment

Batch experiments were carried out to study the adsorption 
processes of PHE and PCE on AP biochar. The first experi-
ment was carried out to study the adsorption of PHE by 
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AP biochar prepared with different pyrolysis temperatures 
(300–700˚C: BC300-BC700), and the second experiment 
examined the adsorption of PHE/PCE bi-contaminant onto 
BC300. For all experiments, the analytical data attained a 
mean value using three replicates (n = 3), which were ana-
lyzed alongside blank controls without AP biochar. The 
adsorption kinetics of PHE on BC300-BC700 were deter-
mined at 25˚C in a shaker (MQL-621R, Minquan, China) at 
150 rpm. Phenanthrene (analytical grade, Aladdin, China) was 
accurately weighed and dissolved into acetonitrile (gradient 
grade, Supelco, USA) at 10 g/L as the stock solution, and 
then diluted with deionized water to a final concentration of 
1 mg/L in 50 mL vials. To study the adsorption kinetics of 
PHE on BC300-BC700, the concentration of PHE was 1 mg/L 
with the addition of 10 mg AP biochar into a 10-mL aqueous 
solution and the reaction intervals ranged from 10 min to 24 h. 
The method was followed by previous studies [29]. Approxi-
mately 1 mL of the supernatant was collected, extracted by 
acetonitrile, and filtered for further analysis by high-perfor-
mance liquid chromatography (HPLC, Shimadzu LC-20AT, 
Japan) using an instrument equipped with a fluorescence 
detector (FLD). Adsorption isotherms were obtained at a rate 
of 150 rpm at 25˚C for 12 h after adsorption equilibrium. The 
initial concentrations of PHE were in the range of 0.05, 0.1, 
0.2, 0.4, 0.6, 0.8, and 1 mg/L with 10 mg AP biochar in a 
10-mL aqueous solution. After equilibration, the PHE concen-
tration remaining in the solution was determined by HPLC.

2.2.2 � Bi‑contaminant adsorption experiment

For the bi-contaminant experiment, the stock solution of PCE 
(analytical grade, Yonghuachem, China) was diluted to 1 mg/L 
and mixed with PHE solution in 50 serum bottles capped with 
Teflon-lined rubber septa and aluminum crimp caps. Similar 
to the setup of the first experiment, the reaction intervals of the 
adsorption kinetics ranged from 10 min to 24 h with 1 mg/L 
PHE and 20 mg of BC300 was added to each serum bottle of 
20 mL. For the adsorption isotherms of PHE with PCE, the ini-
tial PHE concentrations were in the range of 0.05, 0.1, 0.2, 0.4, 
0.6, 0.8, and 1 mg/L. The PCE concentration was determined 
by gas chromatography (GC, Agilent 7820A, USA) equipped 
with a headspace sampler (7697A, Agilent, USA).

The pH of aqueous solutions was determined by Met-
tler Toledo (FE20, China). As indicated by previous stud-
ies, unlike active carbon, AP biochar is not a pH-dependent 
adsorbent and the adsorption capacity shall be smoothly 
saturated around pH 7 [12, 30]. For all experiments in this 
study, the pH values of the solutions before and after the 
biochar adsorption were about 7 and 10, respectively. The 
initial condition suits the progress of reactions because of 
the weak competition of H+ binding with the functional 
groups (hydroxyl, carboxyl, carbonyl, etc.) and the strong 
precipitation of anions (OH−, CO3

2−, etc.) [13].

2.3 � Characterization of Alternanthera philoxeroides 
biochar

Scanning electron microscopy (SEM, SU8010, Hitachi, 
Japan) was applied to observe the surface and pore structures 
of AP biochar. Brunauer–Emmett–Teller (BET) analyzer 
(ASAP2460, Micromeritics Instrument Corp, America) 
was applied to analyze the specific surface area and pore 
structure of biochar. XRD (Ultima IV, Rigaku, Japan) was 
applied to determine the crystal condition, crystal phase, 
crystal structure, and bonding state of AP biochar. The 
surface bonds on the AP biochar were analyzed by FTIR 
(Nicolet 6700, Thermo Fisher Scientific, USA) with an IR 
scanned area of 400–4000 cm−1. XPS (K-Alpha, Thermo 
Fisher Scientific) was applied to test the elemental content 
and morphology on the surface of AP biochar.

2.4 � Analysis of PHE and PCE

The mobile phase of the HPLC analysis was a 50% methanol 
aqueous solution, at a flow rate of 1.4 mL/min. The column 
was an Agilent PN A7000250X046 (250 × 4.6 mm). With a 
ratio of 1:1, the water phase (A) and the organic phase (B) were 
ultrapure water and acetonitrile, respectively [29, 31]. The PCE 
concentration was determined by GC in the aqueous samples 
with an electron capture detector (ECD) followed our previous 
studies [32]. The injection volume was 1 μL, and the injection 
was performed in split mode (split ratio 20:1). The column 
adopted was Agilent DB–624 (60 m × 0.25 mm × 1.4 μm), with 
a temperature range of 60–260˚C. High-purity N2 was used 
as a carrier gas with a velocity of 1 mL/min. The temperature 
of the ECD was 320˚C. The oven temperature increased from 
40˚C (maintained for 5 min) to 100˚C at 8˚C/min and was 
then continually increased to 200˚C at 15˚C/min, where it was 
held for 2 min.

2.5 � Data analysis

The formula used to calculate the adsorption amount Qe 
(Eq. (1)) of PHE and PCE onto AP biochar was as follows [33]:

where C0 and Ce are the initial and final (equilibrium) con-
centrations (mg/L) of contaminants in the solution, respec-
tively; V is the volume of the solution (mL); and m is the 
mass of AP biochar (mg).

Pseudo-first-order, pseudo-second-order, and internal 
diffusion kinetic models were selected to fit the analyti-
cal results of the AP biochar adsorption of PHE and PCE. 
The pseudo-first-order model was as follows [33, 34]:

(1)Qe=

(

C0 − Ce

)

V

m
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The pseudo-second-order model was as follows [35]:

The internal diffusion model was as follows [36]:

where t is the contact time (h), Q and Qe are the adsorp-
tion capacities (mg/g) of PHE and PCE on the AP biochar 
at intervals and at equilibrium, respectively; K1

(

h−1
)

 and 
K2 (g∕mg ⋅ h)) are the rate constants of the pseudo-first-
order and the pseudo-second-order models, respectively; 
v1(mg∕(g ⋅ h)) andv2mg2/

(

g2 ⋅ h
)

  are the adsorption rates; 
Ki (mg/g ⋅ h0.5) is the internal diffusion constant of stage i; 
and Ci is the constant of stage i, which characterizes the 
boundary layer effect during the diffusion process. The larger 
the value of Ci, the greater the boundary layer effect will be.

Freundlich and Langmuir models were used to fit the iso-
therm adsorption data [37]. The Langmuir model is as follows:

The Freundlich model is as follows:

where ρe is the concentration of contaminants in solution at equi-
librium (mg/L); Qm is the maximum adsorption capacity of AP 
biochar (mg/g); and b is the adsorption constant of the Langmuir 
model, which usually applies to the monolayer adsorption model. 
The Freundlich model is an empirical model, which applies to 
low- and medium-concentration chemicals. KL is the adsorption 
capacity, and n is an empirical index in the Freundlich model.

3 � Results and discussion

3.1 � Adsorption of single‑contaminant PHE 
on BC300–BC700

3.1.1 � Adsorption kinetics of PHE on BC300–BC700

As shown in Fig. 1(a), the PHE adsorption kinetics of 
BC300–BC700 shared similar trends, with only slight 
differences. Overall, the adsorption amount of PHE 

(2)Q = Qe

(

1 − e−K1t
)

(3)v1=K1Qe

(4)
t

Q
=

1

K2

Q2
e
+

t

Qe

(5)v2=K2Q
2
e

(6)Q = Kit
0.5+Ci

(7)Qe=
Qmbρe

1 + bρe

(8)Qe=KLρ
n
e

increased over time, indicating the effectiveness of PHE 
removal by AP biochar. The adsorption rates of PHE on 
BC300–BC700 were initially fast in the first 1 h and then 
slowed and gradually approached an equilibrium. Similar 
trends were observed in previous studies [5, 9, 38]. The 
initial rapid adsorption might be attributable to a large 
number of sorption sites available on the external surface 
of AP biochar [21]. Chemisorption, involving changes in 
bond energies leading to changes in functional groups, 
occurred simultaneously [39]. As the surface sorption sites 
were gradually saturated during the sorption process, PHE 
slowly diffused into the porous material and the accom-
panying chemisorption slowed down [9]. As a result, the 
adsorption rate of PHE onto AP biochar slowed and even-
tually tended toward an adsorption equilibrium.

As shown in Fig. 1(b) and (c), the adsorption kinetics 
data for PHE on BC300–BC700 were fitted with a pseudo-
first-order kinetics model and pseudo-second-order kinet-
ics model. The adsorption kinetics model parameters used 
are given in Table 1. The pseudo-second-order kinetic 
model achieved better fitting than the pseudo-first-order 
model according to the coefficient of determination (R2), 
indicating that the adsorption process fitted the pseudo-
second-order model well. This suggested that the adsorp-
tion process of PHE on BC300–BC700 might involve a 
chemisorption interaction between PAHs ions and polar 
functional groups on the adsorbent, such as ion exchange 
and a chelating reaction [40–42]. In addition, BC700 had 
the highest equilibrium adsorption capacity of 0.810 mg/g, 
followed by BC300 with 0.640 mg/g in the pseudo-second-
order kinetic model. The other three AP biochar had rela-
tively lower adsorption capacities in comparison.

Figure 1(d) shows the fitting result of the Weber and 
Morris internal diffusion model. The linear fitting of the 
internal diffusion model was adjusted to the experimen-
tal data divided into two stages. The first stage with a 
large slope was the diffusion process, and the second 
stage with a small slope was associated with the surface 
adsorption in the sorption process [43]. This indicated 
that the first stage was strongly involved in the control of 
the sorption process, while the second stage did not pass 
through the origin, indicating that internal diffusion was 
not the only process controlling sorption [43, 44]. The 
adsorption kinetics indicated that the sorption of PHE 
onto BC300–BC700 was determined by surface adsorp-
tion and internal diffusion together, which was consistent 
with the results of other studies [40, 45, 46].

3.1.2 � Adsorption isotherm of PHE on BC300–BC700 

The Langmuir and Freundlich models were used to 
fit the data for PHE adsorption on BC300–BC700, as 
shown in Fig. S1(a) and  (b). The resulting regression 
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parameters are listed in Table 2. The Langmuir model 
indicated that monolayered sorption took place on a 
homogeneous sorbent surface, while the Freundlich 
model indicated that adsorption occurred on heteroge-
neous surfaces and the binding sites were not equal [40, 
47, 48]. The gradient of the initial concentration was set 
below 1 mg/L, which was commonly selected in previous 
studies because the solubility of PHE is low in ground-
water [48, 49]. In general, there was an improvement in 
adsorption capacity with an increase in the initial PHE 

concentration. In brief, as suggested by the R2 values, 
the adsorption isotherms of PHE by AP biochar pre-
pared at low temperatures (300–500˚C) were a better 
fit using the Langmuir model, indicating the dominance 
of single molecular layer adsorption in the sorption of 
PHE onto AP biochar. In contrast, BC600 and BC700 
had higher R2 values in the Freundlich model, indicating 
the presence of multiple molecular layer adsorption in 
the sorption of PHE onto AP biochar prepared at high 
temperatures (600–700˚C).

Fig. 1   a Adsorption kinetics 
of PHE onto BC300–BC700 
and fittings of b the pseudo-
first-order kinetic model, c the 
pseudo-second-order kinetic 
model, and d the internal diffu-
sion model

Table 1   Adsorption kinetics 
parameters of PHE sorption 
onto BC300–BC700

Models Parameters Unit BC300 BC400 BC500 BC600 BC700

Pseudo-first-order kinetic Qe mg/g 0.610 0.570 0.290 0.440 0.790
K1 1/h 6.90 12.1 7.25 6.16 8.47
v1 mg/(g·h) 4.21 6.90 2.10 2.71 6.69
R2 0.974 0.993 0.899 0.823 0.987

Pseudo-second-order kinetic Qe mg/g 0.640 0.580 0.300 0.470 0.810
K2 g/(mg·h) 18.9 57.9 33.8 15.8 21.1
v2 mg2/(g2·h) 7.74 19.5 3.04 3.49 13.8
R2 0.996 0.997 0.952 0.901 0.999

Internal diffusion model K1 kg/ (mg·h0.5) 0.0350 0.0500 0.0220 0.0320 0.0530
C1 0.790 0.800 0.350 0.500 1.05
R2 0.878 0.770 0.767 0.763 0.841
K2 kg/ (mg·h0.5) 0.560 0.540 0.230 0.320 0.740
C2 0.0230 0.0110 0.0220 0.0470 0.0180
R2 0.676 0.896 0.837 0.895 0.483
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In the Langmuir model, BC400 and BC300 had 
the highest maximum adsorption capacities of 2.83 
and 2.13 mg/g, respectively, followed by BC700 with 
1.94 mg/g. In contrast, BC500 and BC600 had very limited 
maximum adsorption capacities of 0.460 and 0.410 mg/g, 
respectively. This suggested a potential change in the pore 
structure and surface functional group compositions such 
as -OH when the pyrolysis temperature reached a certain 
point. In addition, the relatively low KL and 1/n value 
(< 0.5) of BC500 and BC600 indicated that the adsorp-
tion of PHE was not ideal. It has been reported that biochar 
is composed of both carbonized organic matter (COM) 
and amorphous organic matter (AOM) [50, 51]. Usually, a 
higher pyrolysis temperature improves the carbonization of 
biochar and decreases the proportion of AOM [51], there-
fore improving the sorption performance of biochar on tar-
get contaminants [52, 53]. However, this study identified 
a different phenomenon in which the adsorption capacity 
of contaminants by AP biochar might not increase linearly 
along with the AP biochar’s pyrolysis temperature. This 
phenomenon was also found in a previous study by Kim, 
Lee and Khim [54], in which a peat moss-derived biochar 
did not show an increase in its adsorption capacity when 
its pyrolysis temperature increased.

3.1.3 � Sorption mechanisms of PHE on BC300–BC700

It has been reported the adsorption ability of biochar was 
affected by surface features and functional groups [55, 56]. 
Therefore, the study used SEM, XRD, BET, and FTIR 
to investigate the physical and chemical properties of the 
biochar. Indicated by the SEM images (5 µm to 50 µm) 
of BC300 in Fig. S2, the ability of AP biochar to adsorb 
PHE and PCE was benefited from its surface features of 
irregular shapes and rough surface area. Furthermore, the 
well-developed pores in biochar have been enriched with the 
mineral crystallinity and aromatic arrangements, which was 
consistent with the previous studies that identified the dense 
fibers on the unique macrocellular morphology and surface 
precipitation ability of biochar [57, 58].

In general, the presence of functional groups such 
as C = O, -OH, and C = C, which were influenced by the 
pyrolysis temperature, has an influence on the adsorption 

capacity of PHE in aqueous solutions. The XRD spectra 
of BC300–BC700 AP biochar prior to the sorption of PHE 
were scanned from 10° to 80° at a scan rate of 0.02° per sec-
ond. The spectra from 22° to 43° are shown in Fig. 2(a), with 
no relatively broad amorphous diffraction peaks observed in 
this range. In contrast, many sharp crystal diffraction peaks 
were observed in this range. A comparison conducted with 
Jade software showed that the characteristic peaks of 2θ at 
28.34° and 40.50° were the crystal peaks of a potassium salt 
(KCl) (JCPDS NO. 75–0296), which is a common compo-
nent in AP biochar prepared by plants and crops [59, 60]. 
Additionally, with a change in the pyrolysis temperature dur-
ing the AP biochar preparation process, there were slight 
differences in the chemical bonds within the AP biochar. The 
C–O peaks at 29.30° and 31.30° shifted slightly in the spec-
tra. In addition, the peaks at 24.30° and 30.94° in the XRD 
patterns represented quartz (silica) and graphite, including 
C = O and -OH functional groups, as suggested in a previous 
study [61]. These peaks indicated the formation of aromatic 
carbon in the AP biochar, which enabled the adsorption of 
PHE [62, 63].

An FTIR analysis in the 4000–400 cm−1 spectral region 
was used to identify the bonds of BC300–BC700, with the 
results presented in Fig. 2(b). The FTIR peak characteristics 
of AP biochar obtained at different pyrolysis temperatures 
were similar, and only a few peaks were observed to be 
absent. There were strong sorption peaks at 3420 cm−1 in all 
AP biochar, which were the stretching vibrations of the -OH 
bond [64]. The sorption peak at 2850 cm−1 situated in the 
2845–2865 cm−1 spectral region was related to the C-H bond 
stretching vibration of aliphatic hydrocarbons or cycloal-
kanes, as a part of the asymmetric and symmetric CH2-C-H 
structure [61]. The peak at 1620 cm−1 was suggested to be 
the stretching vibration of the C = C bond and was related to 
the characteristic peaks of the benzene ring or aromatics [40, 
64, 65]. The peaks at 1380 and 1118 cm−1 were associated 
with -CH2 and C-O vibrations, respectively [40].

As indicated by Table 2, BC300 and BC400 have the 
largest adsorption capacities, with the strongest peaks 
at 3420 cm−1 and 1620 cm−1 accordingly. Meanwhile, 
the relatively lower intensity peaks at 3420 cm−1 (-OH) 
and at 1620  cm−1 (C = C) were observed in BC500 
and BC600, which indicated their weak representative 

Table 2   Isotherm parameters 
of PHE sorption onto BC300–
BC700

Biochar Langmuir Freundlich

b (L/mg) Qmax (mg/g) R2 KL 1/n R2

BC300 5.78 2.13 0.980 3.75 0.700 0.960
BC400 2.72 2.83 0.958 3.49 0.830 0.935
BC500 4.34 0.460 0.935 0.410 0.390 0.787
BC600 10.7 0.410 0.957 0.440 0.390 0.983
BC700 14.1 1.94 0.968 3.95 0.590 0.989
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aromatic and nonpolar structures, in which π–π interac-
tions with planar and aromatic PAHs were more common 
when compared with other biochar [66]. Previous studies 
have shown that free radicals (·OH) in the AP biochar 
may be able to form reactive oxygen species (e.g., -OH) 
and remove organic contaminants [67, 68]. Therefore, 
FTIR results showed a decrease in -OH and -COOH con-
centration and better carbonization of AP biochar when 
the pyrolysis temperature exceeded 500˚C [69, 70]. 
These changed characteristics might explain why BC500 
and BC600 had a lower maximum adsorption capacity 
than the other AP biochar. When the pyrolysis tempera-
ture was raised to 700 °C, the C = C aromatic structures 
in BC700 at 1620 cm−1 reinforced, which might be due to 
the gradual thermal cracking of cellulose in the biomass 
as the temperature increased and the gradual condensa-
tion of aliphatic hydrocarbons into aromatic rings dur-
ing the dehydration process [28]. The peak intensities 
of C = O at 1310 cm−1 and C-O at 1118 cm−1 showed 
obvious decreasing trends when the pyrolysis tempera-
ture was increased from 300 to 700˚C, indicating the 
increase in carbonization and aromatic structures when 
the pyrolysis temperature reached a certain temperature, 
while the decreasing number of free-radicals indicated 
the removal of contaminants.

3.2 � Sorption of PHE/PCE bi‑contaminant on BC300

3.2.1 � Sorption of PHE (bi‑contaminant) on BC300

The adsorption isotherm results revealed that the maximum 
adsorption capacities of BC300 and BC400 were superior 
to those of the other AP biochar. The adsorption capacity of 
BC300 was higher than that of BC400 at the initial concen-
tration of 1 mg/L PHE. In addition, BC300 was prepared 
at the lowest pyrolysis temperature and therefore had the 
lowest energy demand. Therefore, BC300 was chosen for 
further studies to investigate the sorption of PHE/PCE bi-
contaminant onto AP biochar.

Figure 3(a) shows the adsorption kinetics for BC300 to 
adsorb PHE in single- and bi-contaminant solutions. In gen-
eral, similar behaviors were observed in the sorption of both 
solutions. The adsorption rate of PHE in the bi-contaminant 
was slower, with 66.5% of the ultimate adsorption occur-
ring in the first 60 min, whereas the corresponding figure 
for a single solute was 89.1%. The adsorption capacity then 
continued to increase at a slow speed to reach an equilib-
rium at 12 h. The presence of PCE reduced the adsorption 
capacity of PHE onto AP biochar in the first 12 h. Then, in 
the next 12 h when equilibrium was reached, the adsorption 
capacity of PHE in bi-contaminant solutions was slightly 
larger than in its single solution, reaching levels of 0.664 and 
0.648 mg/g, respectively. Therefore, it could be speculated 
that the adsorption of PCE and PHE onto AP biochar occur 
simultaneously and the presence of PCE did not have an 
obvious impact on the sorption of PHE on BC300.

Figure 3(b) and (c) shows the pseudo-first-order and 
pseudo-second-order kinetic models of adsorption onto 
AP biochar. The detailed kinetics parameters are presented 
in Table 3. The adsorption process of PHE onto BC300 
was better fitted in the pseudo-second-order model, with 
the initial adsorption rates for PHE in both single- and 
bi-contaminant conditions reaching 7.86 and 5.87 mg2/
(g2·h), respectively, which indicated that the addition of 
PCE reduced the adsorption rate of PHE and had a nega-
tive impact on the absorptivity of BC300. The equilib-
rium adsorption capacity of single PHE onto BC300 was 
0.640 mg/g, which was slightly higher than that of the 
PHE in the bi-contaminant solution (0.600 mg/g).

The internal diffusion model is presented in Fig. 3(d). 
The regression of Qe and t1/2 was linear, but it did not pass 
through the origin, indicating that the involvement of the 
internal diffusion process was not the main rate-limiting step 
for the sorption of PHE onto AP biochar in the first stage. It 
was apparent that other processes, such as the initial external 
mass transfer or chemical reactions, were also involved [71]. 
In comparison with a single contaminant solution (0.550 kg/
(mg·h0.5)), the bi-contaminant condition had a lower Ki value 

Fig. 2   a XRD diffraction spec-
trum and b FTIR spectrum of 
BC300–BC700
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(0.414 kg/(mg·h0.5)) in the first stage. It can be speculated that 
the addition of PCE deaccelerated the adsorption rate of PHE 
on the surface of BC300 particles, as reflected by the Ki value 
[60]. This phenomenon might be due to the small PCE mol-
ecules being mobile and able to diffuse into AP biochar faster 

than PHE molecules during the particle diffusion stage [54]. 
The second stage of the internal diffusion model showed that 
the sorption of PHE on BC300 increased with the presence of 
PCE, as the Ki value of PHE in bi-solute at the second stage 
was higher than that in the single solute solutions.

Fig. 3   a Adsorption kinetics 
of PHE and PCE onto BC300 
in bi-contaminant aqueous 
solutions and fittings of b 
the pseudo-first-order kinetic 
model; c the pseudo-second-
order kinetic model; d the 
internal diffusion model

Table 3   Adsorption kinetics parameters of PHE and PCE on BC300

Models Parameters Unit PHE (single) PHE (bi-con-
taminant)

PCE (single) PCE (bi-
contami-
nant)

Pseudo-first-order kinetic Qe mg/g 0.622 0.575 0.380 0.292
K1 1/h 7.26 7.91 2.57 2.71
v1 mg/(g·h) 4.52 4.55 0.977 0.791
R2 0.987 0.871 0.985 0.954

Pseudo-second-order kinetic Qe mg/g 0.640 0.600 0.307 0.400
K2 g/(mg·h) 19.2 16.3 13.3 10.1
v2 mg2/(g2·h) 7.86 5.87 1.25 1.62
R2 0.996 0.895 0.884 0.935

Internal diffusion model K1 kg/(mg·h0.5) 0.550 0.414 0.393 0.302
C1 0.0790 0.0940 -0.0212 -0.0259
R2 0.850 0.694 0.976 0.941
K2 kg/(mg·h0.5) 0.0178 0.0584 -0.0269 -0.00928
C2 0.575 0.423 0.383 0.290
R2 0.711 0.831 0.208 0.0179
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The Langmuir and Freundlich isothermal models were 
used to describe the adsorption isotherms, as shown in 
Fig. S3. In general, the adsorption capacity increased as the 
concentrations of PHE and PCE increased, which was due to 
the ratio of the number of adsorbate moiety to the available 
active sites on the external surface of adsorbent increasing 
accordingly [72, 73]. Table 4 lists the adsorption isotherm 
parameters for PHE sorption onto BC300. Higher R2 values 
were observed for the Langmuir isotherm models, suggest-
ing that the adsorption isotherm of PHE with PCE could 
be better described by the Langmuir model. The maximum 
adsorption capacities of PHE alone and PHE with PCE 
onto BC300 were 2.13 and 2.03 mg/g, respectively. This 
indicated that the presence of PCE would not significantly 
affect the maximum adsorption capacity of PHE onto AP 
biochar. Furthermore, for the Freundlich model, because the 
KL value under bi-contaminant conditions was larger than 
under single contaminant conditions, the sorption affinity or 
bond energy of the sorption between adsorbates and adsor-
bents was speculated to be reduced due to the addition of 
PCE [60].

3.2.2 � Sorption of PCE in a bi‑contaminant solution 
on BC300

In addition to the impact of PCE on PHE in the sorption 
process, the impacts of PHE on PCE were also studied. Fig-
ure 3(a) shows the adsorption kinetics of PCE on BC300 
for single and bi-contaminant solutions. Similar to previous 
studies, the PCE adsorption on AP biochar was found to be 
initially rapid (first hour) with or without PHE, which could 
be attributed to the strong sorption on the external surface 
of the AP biochar [21]. As the sorption progressed, PCE dif-
fused into the pores to reach the internal surface of BC300 
and then gradually reached an equilibrium.

The adsorption kinetics fitting curves of PCE onto BC300 
are shown in Fig. 3(b), (c), and (d). The kinetic fitting param-
eters are listed in Table 3. In general, the pseudo-first-order 
kinetic model fitted the data better than the pseudo-second-
order model, indicating that the sorption of PCE from both 
single and bi-contaminant solutions was predominantly a 
physical partitioning process [59, 74]. Compared with the 
adsorption rate of PHE at 4.52 and 4.55 mg/(g·h) in single- 
and bi-contaminant conditions, respectively, the adsorption 
rate of PCE was slower at 0.977 and 0.791 mg/(g·h), respec-
tively. As a volatile organic contaminant, PCE relied on the 

pore diffusion process to achieve its partition into AP bio-
char, which naturally had a slower adsorption rate than that 
of PHE [21]. The equilibrium adsorption capacity of PCE 
decreased from 0.380 mg/g for a single contaminant solution 
to 0.292 mg/g for a bi-contaminant solution. Therefore, there 
was a competition between PCE and PHE for the sorption 
sites on BC300, and the addition of PHE into PCE solution 
suppressed the adsorption capacity and adsorption rate of 
PCE onto AP biochar.

As shown in Fig. 3(d) and Table 3, the regression of Qe 
and t1/2 was also linear, and it passed close to the origin. 
Therefore, the internal diffusion process was significant in 
the sorption of PCE from both single- and bi-contaminant 
solutions in the first stage. The low Ki values in the second 
stage indicated that it was more difficult for PCE to diffuse 
into BC300 internally after equilibrium was reached. Nota-
bly, the R2 values for PCE under single- and bi-contaminant 
conditions were relatively low in the second stage. The 
reason for this was that after the equilibrium of PCE on 
BC300 was reached (1 to 24 h), the equilibrium concentra-
tions Ce were almost parallel to the X-axis, which gener-
ated extremely low R2 values. However, the low R2 values 
did not necessarily mean that the regression model lacked 
credibility.

3.2.3 � Sorption mechanism of PHE and PCE on BC300

Both XRD and FTIR analyses were undertaken to study 
the characteristics of AP biochar pre- and post-sorption. As 
shown by the results of an XRD analysis in Fig. 4(a), in addi-
tion to the disappeared or weakened crystal peaks of KCl at 
28.34° and 40.50°, which may have been due to KCl being in 
a crystalline state and has been supersaturated in the solution 
and was washed off, the C-O bond also disappeared at 31.30° 
[75]. In addition, the BET analysis result in Table S2 shows 
that BC300 contained K (11.5%) and Cl (5.2%), which was 
also confirmed in the XRD analysis. Figure 4(b) shows the 
FTIR spectra for the sorption of single PHE, single PCE, and 
the PHE/PCE bi-contaminant on BC300. After adsorbing 
the three groups of contaminants, the peak intensities of the 
-OH and C = O functional groups changed slightly, which 
was related to the chemical groups present. Compared with 
BC300 before the sorption, the peak intensities of -OH at 
3420 cm−1 increased after the sorption of the single PHE, 
single PCE, and PHE/PCE bi-contaminant, while the C-O 
peak at 1118 cm−1 disappeared. This indicated that the C-O 

Table 4   Isothermal adsorption 
parameters of PHE in the 
presence of PCE on BC300

Contaminant Langmuir Freundlich

b (L/mg) Qm (mg/g) R2 KL 1/n R2

PHE (single) 5.78 2.13 0.980 3.75 0.703 0.960
PHE (bi-contaminant) 4.42 2.03 0.999 3.48 0.762 0.998
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bond participated in chemical reactions, and the breakage of 
the C-O bond might be the main contributor to the sorption 
of PHE and PCE. Therefore, both FTIR and XRD produced 
the same experimental results, with a cross-verification of 
the importance of C-O in the sorption of PHE and PCE by 
AP biochar. This phenomenon indicated the possible occur-
rence of specific cation–π and hydrogen–π interactions in 
the presence of K+ and functional groups (i.e., –COOH) in 
the AP biochar [76, 77].

It has been reported that hydrophobic interactions, 
including partitioning, van der Waals forces, and the π–π, 
hydrogen–π, and cation–π interactions between PHE and 
AP biochar, commonly dominate the sorption of PHE onto 
AP biochar [28, 39, 78]. In this study, the molar O/C and 
(O + N)/C ratios (Table S2), indicators of the polarity of 

carbonaceous materials such as -OH and -COOH groups 
[79, 80], suggested that BC300 was less aromatic and more 
hydrophilic, compared with biochar prepared in previous 
studies [81, 82], which was likely due to the less extent of 
carbonization and abundance of polar functional groups. 
Furthermore, studies have pointed out that low-tempera-
ture (e.g., 300˚C) pyrolyzed AP biochar would have obvi-
ous PAHs partitioning and van der Waals force properties 
because of the AP biochar’s polarity [28, 83].

On the other hand, given that AP biochar contained a 
C = C bond as implied by the π = π interactions, PCE might 
interact with the aromatic content in the AP biochar [84]. 
However, PCE has no active hydrogen atom and was there-
fore unable to interact internally, specifically with polar 
functional groups [28, 85]. Therefore, the adsorption 

Fig. 4   a XRD diffraction 
spectrum and b FTIR spectrum 
of BC300 before and after 
sorption; XPS C1s peaks of c 
BC300, BC300 post-sorption 
with d PHE, e PCE, and f bi-
contaminant PHE/PCE
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capacity of PCE onto BC300, which was polar and hydro-
philic, was limited due to the missing hydrogen functional 
groups (i.e., –COOH and -OH), which explained the smaller 
adsorption capacity of PCE than PHE onto BC300 under 
single-solute conditions. Importantly, the lack of internal 
interactions between hydrogen atoms in PCE and polar 
functional groups of BC300 might explain the difficulty in 
internal diffusion during the second stage of the internal dif-
fusion models, which further supported the phenomenon that 
the loading of PCE into PHE solution did not decrease the 
adsorption capacity of PHE onto BC300 as discussed above.

The functional groups’ composition of BC300 before and 
after the sorption process was investigated by XPS to quan-
titatively measure the changes in bonds [86]. As shown in 
Fig. S4, all the spectra presented similar characteristic peaks 
that were mainly assigned to C1s, but the peak intensities 
under bi-contaminant PHE/PCE conditions in XPS analysis 
were particularly low, indicating that C and O atoms were 
more actively to mediating contaminants in the sorption. 
The peak of C–C/C = C, C-O, and C = O bonds decreased 
significantly in the bi-contaminant solution, indicating their 
intensive reactions with PHE and PCE simultaneously. The 
XPS results suggested that no shift of bonds was observed 
and the most predominant peak occurred at 284.9 eV for 
the C–C/C = C bond [87–89]. As suggested above, PCE was 
intended to interact with the aromatic part of AP biochar. 
The decrease in peak intensities of the C–C/C = C bond in 
Fig. 4(c) and (e) supported the speculation that PCE was 
adsorbed by AP biochar. In contrast, C–C/C = C may be less 
influenced in the sorption of PHE by AP biochar, as indi-
cated in Fig. 4(c) and (d). The other main C1s peaks for 
BC300 were C-O, C = O, and COOR, with binding energies 
of 286.1, 287.5, and 289.1 eV, respectively [60, 87]. The 
decreased intensities of C–C/C = C, C-O, and C = O func-
tional groups in Fig. 4(f) revealed their participation in the 
sorption of PHE/PCE bi-contaminant solution.

The parameters of XPS results are detailed in Table S1. 
The relative ratio of C = O peaks decreased from 21.87% 
before the sorption to less than 10% after the sorption of 
single PHE, single PCE, and bi-contaminant PHE/PCE. 
Meanwhile, the relative proportions of C-O and COOR were 
low and only slightly changed before and after the sorption 
process, while the proportion of C–C/C = C increased from 
66.7% to over 80% after the sorption process. This phenom-
enon implies that C–C/C = C bond is still the main compo-
nent in BC300, though experienced significant decrease of 
peak area of characteristic peak. A previous study observed 
similar ratio changes, which suggested a breakage of C = O 
functional groups on the surface of BC300 after sorption, 
and thus, its chemical characteristics became more aro-
matic and less hydrophilic [90]. Additionally, the dominant 
C bonds of BC300 were C = C, C-O, and C = O, which were 
consistent with the elemental compositions of C (61.2%) and 

O (16.6%) in BC300 as presented in Table S2. Therefore, 
according to the analysis results of FTIR and XPS, C = C, 
C-O, and C = O functional groups have played a key role 
in the chemisorption of PHE/PCE bi-contaminant solution.

4 � Conclusions

The performance of biochar pyrolyzed by intrusive species 
AP to remove single- and bi-contaminant PHE and PCE from 
aqueous solutions was investigated. The adsorption of PHE on 
BC300–BC700 fitted the pseudo-second-order model well. 
The adsorption isotherms were a better fit with the Lang-
muir model for BC300–BC500 and the Freundlich model for 
BC600–BC700. The maximum adsorption capacity of PHE fol-
lowed the order of BC400 > BC300 > BC700 > BC500 > BC60
0. Under the bi-contaminant PHE/PCE conditions, the pseudo-
second-order model and pseudo-first-order kinetic model better 
described the adsorption kinetics of PHE and PCE on BC300, 
respectively. Notably, the presence of PCE did not significantly 
inhibit the maximum adsorption capacity of PHE onto AP bio-
char. According to the analysis results of FTIR and XPS, it was 
found that C = C, C-O, and C = O played a dominant role in 
PHE/PCE bi-contaminant’s sorption on BC300.

Through the pyrolysis process at a relative low tempera-
ture 300˚C, the organic matters and biomass of AP have been 
transformed into BC300, which was found to be a promising 
adsorbent for the removal of co-contaminants of PAHs and 
CAHs. The successful application of AP biochar provides 
an eco-friendly and low-cost approach for the re-utilization 
of harmful weeds. Moreover, the use of AP biochar is an 
effective alternative to traditional control measures to reduce 
the growth of AP without further environmental damage. In 
a nutshell, the economic benefits from the re-utilization of 
AP as biochar to adsorb organic contaminants are promising.
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