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A B S T R A C T

Thallium (Tl), is a highly toxic trace metal in the natural environment. Emerging Tl pollution in waters has
gradually become a global concern. However, limited removal technologies are available for Tl-containing
wastewater. Herein, MnFe2O4-biochar composite (MFBC) was successfully fabricated via coprecipitation method
as a novel and efficient adsorbent for treating Tl(I)-contaminated wastewater. It was found that the MFBC, with a
specific surface area of 187.03 m2/g, exhibited high performance across a wide pH range of 4–11, with the
superior Tl(I) removal capacity (170.55 mg/g) based on Langmuir model (pH 6.0, a dosage of 1 g/L). The
removal mechanisms included physical and chemical adsorption, ion exchange, surface complexation, and
oxidation. This investigation revealed that MFBC is a promising and environmentally friendly adsorbent with a
low cost, large specific surface area, magnetic properties, and high efficiency for the removal of Tl(I) from
wastewater.
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1. Introduction

Thallium (Tl) is an extremely toxic trace metal in the natural en-
vironment (Liu et al., 2018a; Li et al., 2017a; Xiao et al., 2012; Wang
et al., 2020b; Liu et al., 2019c), whose toxicity exceeds other naturally
encountered metal(loid)s such as Pb, Cd, As, and Hg (Puccini et al.,
2018; George et al., 2019; Liu et al., 2019a; Wang et al., 2020c). It can
lead to a variety of adverse effects on the health of most organisms,
even at a low concentration, owing to its acute and chronic poisoning
(Liu et al., 2018a; Vaněk et al., 2013). Therefore, Tl is listed as a dan-
gerous pollutant by both the United States Environmental Protection
Agency (EPA) and the European Union (EU) (Liu et al., 2018b). How-
ever, much less attention has been received to the Tl pollution com-
pared with other well-recognized toxic elements, such as Cd, As, Pb, U
and Hg (Liu et al., 2018b; Zhou et al., 2020; Wang et al., 2020d; Yin
et al., 2020; Zhong et al., 2020; Zeng and Han, 2020). Thallium is an
associated element in a variety of metal sulfide ores and coals, hence Tl
pollution can be generated from wastewater discharge and solid waste
from a wide range of anthropogenic activities, including mining, ce-
ment production, and smelting (Liu et al., 2018a; Tuzen et al., 2018;

Saleh et al., 2018; Vanek et al., 2016; Liu et al., 2020b; Li et al., 2020).
The anthropogenic release of Tl is noticeably increasing in many de-
veloping countries, causing widespread and severe human health con-
cern (Xiao et al., 2012; Liu et al., 2020c). To control the anthropogenic
discharge of Tl, a strict discharge restraint has been promulgated in
China, which limits the maximum permissible level of Tl at 5 μg/L in
industrial wastewaters before discharge (Li et al., 2017a).

In the natural aqueous environment, Tl has two oxidation states
(Tl+ and Tl3+), but it usually exists in Tl+ (Adio et al., 2019;
Sabermahani et al., 2017; Liu et al., 2019b; Li et al., 2017b). Mono-
valent Tl is relatively mobile in aqueous solution (Liu et al., 2019b; Li
et al., 2017b; Pan et al., 2014; Birungi and Chirwa, 2015). It can be
replaced by K+ in the metabolic processes of plants due to their similar
ionic radius (Liu et al., 2019a; Vanek et al., 2019; Martin et al., 2018).
Trivalent Tl is analogous to Al3+, which is highly reactive and can be
readily hydrolyzed in the alkaline solution (Birungi and Chirwa, 2015;
Liu et al., 2014a). However, due to the high redox potential of Tl3+/
Tl+(E Tl

3+
/Tl

+ = 1.28 V), Tl is usually present in wastewaters as Tl+,
which is much more difficult to be removed as compared to Tl3+

(Wojtkowiak et al., 2016). At present, several techniques for removing

Fig. 1. Removal of Tl(I) in the initial solution of 10 and 20 mg/L by MFBC fitted with (a) Nonlinear pseudo-first-order kinetics, (b) Nonlinear pseudo-second-order
kinetics, and (c) Intraparticle diffusion model.
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Tl from wastewater have been applied, including precipitation (Vink,
1993; Peter and Viraraghavan, 2005), ion exchange (Li et al., 2017b;
Albert and Masson, 1994), and adsorption (Adio et al., 2019; Huangfu
et al., 2015a; Liu et al., 2014b). In numerous metal and organic pol-
lutants removal technologies, adsorption is extensively regarded as a
promising one, due to its high efficiency, simplicity, and low cost (Lin
et al., 2019; Zhou et al., 2018a; Wang et al., 2020a; Chen et al., 2020;
Pang et al., 2019). To achieve sufficient removal of Tl(I) from high Tl-
bearing wastewater, chemical oxidation of Tl and subsequent pre-
cipitation/adsorption is considered as the most feasible method (Liu
et al., 2019b; Huangfu et al., 2015a).

Compared with other adsorbents, biochar produced from biomass
waste is considered as a widespread and promising adsorbent with re-
latively large specific surface area, rich functional groups, and a low
cost (Melia et al., 2019; Hu et al., 2020; Beiyuan et al., 2020). However,
biochar is not conducive to separation and recycling, and the pollutant
removal efficiency is limited. Therefore, magnetic nanoparticles such as
Fe3O4 and Fe2O3 have been applied to prepare magnetic biochar
composites, which have higher adsorption capacity and easier separa-
tion (Mohan et al., 2014; Jung et al., 2018). In recent years, MnFe2O4,
due to strong magnetism, high natural abundance, and low ecotoxicity,
is an attractive adsorbent (Chen et al., 2019). However, it is easy to
agglomerate and not stable in the aqueous environment. Hence, im-
pregnation of MnFe2O4 on the biochar can be used to improve the
dispersion stability of MnFe2O4 and impart the magnetic properties and

Table 1
Parameters of Pseudo-first-order, Pseudo-second-order, and Intraparticle dif-
fusion kinetic models for the adsorption of Tl(I) by MFBC.

Models and Parameters MFBC

Pseudo-first-ordera 10mg/L 20mg/L
qe 9.252 18.131
k1 4.800 5.201
R2 0.9998 0.9990
Pseudo-second-order
qe 9.280 18.181
k2 2.533 1.552
R2 0.9988 0.9985
Intraparticle diffusionb

Kp1 5.757 9.071
R2 1 1
Kp2 0.006 0.032
R2 0.894 0.913
Kp3 0.001 0.008
R2 0.916 0.993

a qe (mg/g) refers to the removal amount of Tl on the MFBC at equilibrium,
k1 (min-1) and k2 (g·mg-1·min-1) are the adsorption rate parameters of pseudo-
first-order and pseudo-second-order models, respectively.

b Kpi (mg·g-1·min-1/2) is the intraparticle diffusion rate coefficient.

Fig. 2. Tl(I) removal by MFBC with (a) Langmuir isothermal fitting, (b) Freundlich isothermal fitting, and (c) Temkin isotherm fitting.
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enhance the adsorption capacity of engineered biochar.
Herein, a MnFe2O4-biochar composite (MFBC) was prepared and

used to investigate its removal of Tl(I) from wastewater. The purpose of
this study was (1) to evaluate adsorption kinetics, isothermal adsorp-
tion, and crucial factors affecting adsorption (i.e., initial pH, adsorbent
dosage, and ionic strength) of Tl(I) removal by the MFBC in a simulated
Tl(I)-containing wastewater; and (2) to explore the removal char-
acteristics and mechanisms of Tl(I) bound to MFBC by using various
characterization techniques, such as Fourier transform infrared spec-
trometer (FTIR), Transmission Electron Microscopy-Energy Dispersive
Spectrometer (TEM-EDS), and X-ray photoelectron spectroscopy (XPS).

2. Materials and methods

2.1. Preparation of engineered biochar

Banana leaves, which were collected from the village of Bei Ting
located in Guangzhou Higher Education Mega Center of Guangzhou,
China were used as precursors to prepare biochar. A slow pyrolysis
process was applied to prepare biochar. Specifically, the banana leaves

were rinsed and separated into petiole and blade before being oven-
dried at 80 °C until constant weight. After being dried, the samples were
ground by grinding miller, sieved at a size less than 0.25 mm, and
stored in sealed plastic containers till further use. The pre-treated
samples were pyrolyzed at 500 °C in a ceramic fiber muffle furnace
under oxygen-limited conditions with a heating rate of 10 °C/min,
maintained for 2 h at maximum temperature. Subsequently, the biochar
was naturally cooled to room temperature, ground and passed through
a 60-mesh sieve again to obtain the pristine biochar. The pristine blade
biochar prepared at 500 °C was marked as BCB-500, which was used to
synthesis MFBC.

2.2. Preparation of MFBC

Preparation of MnFe2O4-BC composite (MFBC) was modified fol-
lowing a co-precipitation method proposed by (Wang et al. (2018)). In
brief, 1 g of prepared BCB-500 was mixed with 100 mL of 0.3 M iron (II)
sulfate heptahydrate (FeSO4·7H2O) solution as suspension A. Moreover,
100 mL of 0.1 M potassium permanganate (KMnO4) solution was added
into the suspension A with continuous stirring. Meanwhile, sodium

Table 2
Parameters of Langmuir, Freundlich and Temkin for the Tl(I) removal by MFBC.

Temperature Langmuir modela Freundlich modelb Temkin modelc

=
+

q q k C
K C1e m L
e

L e =q K Ce F e
n1/ = ⎛

⎝
⎞
⎠

q RT
b

K Cln( )e T e

qm kL R2 n KF R2 KT b R2

25 °C 148.00 0.127 0.830 3.654 37.633 0.976 15.777 165.500 0.996
35 °C 160.32 0.072 0.894 3.256 31.935 0.997 11.796 182.372 0.939
45 °C 170.55 0.037 0.932 2.797 23.014 0.996 2.224 121.749 0.919

a qe (mg·g-1) is defined as above, qm (mg·g-1) refers to the maximum removal amount of Tl. kL (L·mg-1) denotes as the Langmuir constant, Ce (mg·L-1) is the
concentration of Tl in a solution at equilibrium.

b n and KF ((mg·g-1)(L·mg-1)(1/n)) refer to parameters related to adsorption intensity and adsorption capacity, respectively.
c b (J·mol-1) refers to the Temkin constant related to the heat of adsorption and KT (L·g-1) is the Temkin isotherm constant.

Fig. 3. Effect of (a) initial pH of solution, (b) MFBC dosage, and (c) ionic strength on Tl(I) removal by MFBC.
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hydroxide (NaOH) solution was manually added into the above-men-
tioned mixed solution to maintain the pH at approximately 10.0. The
suspension was aged for three hours at room temperature, centrifuged
and cleaned with ultra-pure water to remove excessive salts. The pro-
duct was then dried under vacuum at 50 °C overnight.

2.3. Batch experiments for Tl removal using the MFBC

Thallium (I) stock solution (1000 mg/L) was prepared by dissolving
TlNO3 salts with ultra-pure water. The working solutions in various
concentrations required in this study were obtained via further diluting
the Tl(I) stock solution. The Tl concentration of all samples was de-
termined by inductively coupled plasma-atomic emission spectrometry
(ICP-OES, Avio™ 200, PerkinElmer, USA). The calibration solution was
prepared by continuously diluting the high-purity ICP standard solution
of Tl with ultra-pure water (18.25 Ω/cm) (Liu et al., 2018a). In order to
maintain the consistency of instrument performance during the mea-
surement process, quality control standards were run for every ten
samples. The measurement accuracy was within±5 % RSD.

Unless stated otherwise, the conditions of adsorption experiments in
this study were as follows: the initial concentration of Tl solutions was
10 mg/L, the background concentration of NaNO3 solution was 0.01
mol/L, the initial pH of the reaction was 6.0, the dosage of MFBC was
1.0 g/L, the speed of oscillation was 200 r/min, the temperature of the

reaction was 25 °C, contact time for adsorption experiments was 24 h.
All experiments were carried out in triplicate in a 50 mL polyethylene
centrifuge tube containing 25 mL Tl-bearing solution. The pH of the
solutions was adjusted to the designated value by NaOH and/or HNO3

(in various concentrations). The test results are expressed as the mean
values with standard deviations.

The Tl adsorption kinetics experiments were investigated in a fixed
adsorbent mass of 25 mg at different time intervals (0.5–1440 min). The
Tl adsorption isotherms were studied by examining the removal of Tl
with an adsorbent mass of 25 mg at various initial concentrations of Tl
(I) (20–400 mg/L) at 25, 35, and 45 °C. The influence of initial pH on Tl
adsorption capacity of MFBC was investigated in a range of 2−11. The
equilibrium pH values of solutions were determined after reaching the
specified time. The effect of dosage (0.1–3.0 g/L) of MFBC on the re-
moval of Tl was examined. The impact of ionic strength on the removal
of Tl was also examined in 0.001, 0.01, 0.05, 0.1 and 0.5 mol/L NaNO3.
After reaching the adsorption reaction time, 10 mL of supernatant was
obtained by filtering with 0.22-μm pore size filters. Also, 200 μL of 50 %
HNO3 was added into the filtrates for preservation and further analyses.

Tl(I) adsorption capacity (q) and removal of Tl (%) by the MFBC
were obtained using Eq. (1) and Eq. (2), respectively (Pan et al., 2019;
Wu et al., 2019).

= − ×R(%) (C C )
C

1000 e

0 (1)

Fig. 4. SEM-EDS characterization about particles formed on MFBC: (a) and (c): before reaction, (b) and (d): after reaction with Tl(I).
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= − ×q (C C ) V
m

0 e
(2)

Where Co and Ce are the initial and equilibrium concentration of Tl
(mg/L), respectively. V refers to the volume of the solution (L), and m is
the weight of the adsorbent (mg).

2.4. Characterization

The morphology and elemental compositions of the MFBC before
and after adsorption were analyzed by a Scanning Electron Microscope
(SEM, SU8220, Japan) combined with Energy Dispersive Spectrometer
(EDS, Oxford) (Liu et al., 2020a). Fine structure of the MFBC was fur-
ther characterized by Transmission Electron Microscopy (TEM; JEOL-
2010, Japan) (Yin et al., 2019). The specific surface area (SSA) and

pore-size distribution of MFBC were determined by the Brunauer–-
Emmett–Teller (BET, TriStar II 3flex, USA) (Wang et al., 2018). Fourier
transform infrared spectrometer (FTIR, TENSOR II+ Hyperion2000)
was used to characterize the surface functional groups of the composite.
X-ray photoelectron spectrometer (XPS, Thermo Scientific K-Alpha+)
was used to evaluate the surface composition and valence state of the
composite (Liu et al., 2020a) The C1s peaks were used as the internal
standard calibration peak at 284.8 eV.

3. Results and discussion

3.1. Sorption kinetics

In order to investigate the kinetics of Tl(I) sorption on MFBC,

Fig. 5. TEM-EDS characterization of the MFBC after reaction with Tl(I): (a) TEM image, (b) HRTEM image; (c) SAED patterns of Tl2O3 and (d) SAED patterns of
MnFe2O4.

Fig. 6. FTIR characterization of the MFBC before and after reaction with Tl(I).
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pseudo first order (Ho and McKay, 1998), pseudo second order (Deng
et al., 2017), and intraparticle diffusion (Li et al., 2019c) models are
adopted to describe the sorption process in Fig. 1a-c and the fitting
parameters are given in Table 1. Tl(I) removal is characterized by a
rapid removal phase in the first one minute (Fig. 1a-c), which can be
attributed to the large concentration gradient force and the abundant
binding sites at the early stage (Zhang et al., 2018). As the reaction
progresses, the amount of binding sites and the adsorbate concentration
gradually decrease, then the adsorption rate decreases with the reaction
time until equilibrium. It can be observed that the correlation coeffi-
cients (R2) of MFBC in initial Tl(I) solution(10 and 20 mg/L) were
0.9998 and 0.9990 for the pseudo first order kinetic model; and 0.9988
and 0.9985 for the pseudo second order kinetic model, respectively
(Table 1). It shows that both the models can fit well with the experi-
mental data. The calculated equilibrium Tl(I) adsorption capacities on
MFBC were close to the experimental data.

To further investigate the mechanisms of adsorption kinetics, the
adsorption process was studied by the intraparticle diffusion (IPD)
model. The IPD model could identify the adsorption processes and as-
sess the rate-controlling steps (Tan et al., 2015a). In this study, the IPD
model can also fit well with the experimental data for the Tl(I) ad-
sorption on MFBC (Fig. 1c), which indicates that intraparticle diffusion
plays a vital role in Tl(I) adsorption. The curve can be divided into three
parts, which suggests that the adsorption process has three steps (ex-
ternal mass transfer, intraparticle diffusion process, and adsorption/
desorption equilibrium). The rate constants of MFBC decrease in the
order of Kp1, Kp2, and Kp3, which reveals that the internal diffusion is
closely related to the adsorption process. Studies have shown that if the
linear curve does not traverse the origin, the intraparticle diffusion is
not the rate-limiting process to control the Tl(I) adsorption rate.
Meanwhile, it may involve other processes such as chemical reactions

(Zhang et al., 2019a; Zhu et al., 2014).

3.2. Adsorption isotherms of MFBC

The nature of adsorption process was assessed by the investigation
of adsorption isotherms (Zheng et al., 2019). The variation of the iso-
therms can help to infer the interactions between the adsorbate and the
adsorbent and the characteristics of the adsorbed layer (Jang et al.,
2018). Three widely used adsorption isotherm models of Langmuir
(Zhou et al., 2018b), Freundlich (Wang et al., 2017), and Temkin
(Araújo et al., 2018) were applied to shed lights on the Tl(I) sorption
process on MFBC at different temperatures (25, 35 and 45 °C). Fig. 2a-c
exhibit the nonlinear fitting curves of Langmuir and Freundlich iso-
therm models and the linear fitting curves of the Temkin model, re-
spectively. The fitting parameters are presented in Table 2. The fitting
obtained from the Freundlich isotherm model is slightly better than that
from the Langmuir isotherm model. It can be inferred that the ad-
sorption mainly occurs in multilayer and interaction between the Tl(I)
and the surface of the heterogeneous composite (Zhou et al., 2018b;
Tang et al., 2018). RL (equilibrium parameter) was in the range of 0–1,
indicating that adsorption is favorable. It can also be observed that the
heterogeneity factor n was at the range of 2–4 at different temperatures,
indicating that Tl(I) adsorption onto MFBC is facile and easy. The ad-
sorption capacities of Tl(I) at different temperatures (25, 35 and 45 °C)
were 148, 160.32, and 170.55 mg/g, respectively, which is significantly
higher than those observed in other adsorbents, such as activated
carbon (10.53 mg/g) (Sabermahani et al., 2017), and titanium iron
magnetic adsorbent (111.3 mg/g) (Tang et al., 2019). The Temkin
model also fitted the experimental data well. The regression coefficients
R2 at 25, 35 and 45 °C were 0.9958, 0.9393 and 0.9192, respectively,
which suggested that MFBC has a strong internal molecular force in the

Fig. 7. XPS characterization of MFBC before reaction with Tl(I): (a) survey scan, (b) Mn 2p core level, (c) Fe 2p core level.
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Tl(I) adsorption processes. According to the calculated R2 value, the
adaptability of the fitting data to the isothermal models is as follows:
Freundlich>Temkin> Langmuir.

3.3. Effect of initial pH on Tl(I) removal

The solution pH is a crucial factor since it can influence the spe-
ciation of sorbate and the surface charge of adsorbent (Lai et al., 2016;
Li et al., 2017c; Xiang et al., 2019a). The removal efficiencies of Tl(I)
sharply increased from 38.6 to 99.4% with the initial solution pH in-
creasing from 2 to 4. Then, the removal efficiency remained relatively
constant with initial pH values ranging from pH 4–11. The removal
efficiency reached a maximum value of 99.9 % under an initial pH of
11. The equilibrium pH of the solution was elevated compared to the
initial pH. This may be attributed to the fact that MFBC remained al-
kaline after synthesis, which can neutralize the acidity in the solution,
resulting in an increase of the solution pH. In general, Tl(I)-containing
wastewater produced by the industrial plants is acidic. Considering the
cost and removal efficiency in practical applications, pH 6 was selected
as the initial pH of the solution for subsequent adsorption experiments.

3.4. Influence of adsorbent dosage on Tl removal

It can be noted from Fig. 3b that the Tl(I) removal efficiency is
above 99.4 % at the adsorbent dosage of 1.0 g/L. Tl(I) can be entirely
removed via MFBC at the adsorbent dosage≥ 2.0 g/L. With an elevated
dosage of MFBC, the removal efficiency of Tl(I) significantly increases,
while the adsorption capacity gradually decreases (Fig. 3b). It could be
ascribed to the fact that at a low MFBC dosage, the main factor limiting
the increase of the removal efficiency is the available adsorption sites
on the saturated MFBC. While at a higher MFBC dosage, the more

available adsorption sites on MFBC contribute to the high Tl(I) removal
efficiency (Zhang et al., 2019a; Zeng et al., 2018). However, adsorption
sites on the accessible surface are greatly reduced as a result of MFBC
accumulation, which results in a low adsorption capacity. Given the
removal efficiency and experimental cost of the adsorbent, the ad-
sorbent dosage of 1.0 g/L was selected for the following adsorption
study.

3.5. Effect of ionic strength on Tl adsorption

It is crucial to examine the influence of ionic strength on the ad-
sorption process between Tl(I) and adsorbent, as common ions usually
existed in wastewater (Xiang et al., 2019b). The removal efficiency of Tl
(I) decreases with increasing ionic strength, from 99.2% to 81.3%
(Fig. 3c). When the concentration of NaNO3 is less than 0.05 mol/L, the
influence of ionic strength on Tl(I) removal was subtle. However, the
ionic strength has vital effects on the Tl(I) adsorption by MFBC at high
levels of NaNO3 (> 0.1 mol/L) (Fig. 3c). The removal efficiency of Tl(I)
was decreased with increasing ionic strength of the solution. It may be
attributed to the competition between the Na+ and Tl+ for the avail-
able adsorption sites on MFBC (Li et al., 2017a). Secondly, the surface
of the MFBC was positively charged, where NO3

− was more readily
adsorbed by electrostatic attraction. Tan et al. (2015b) and Zhang et al.
(2019b) indicate that the aggregation of adsorbent particles would re-
sult in a decline in the active surface areas. This may be another reason
for the reduction of the removal efficiency of Tl(I).

3.6. Characterization of MFBC

3.6.1. Morphology and microstructure characteristics
The morphology and elements percentage of the MFBC before and

Fig. 8. XPS characterization of MFBC after reaction with Tl(I): (a) survey scan, (b) Mn 2p corelevel, (c) Fe 2p core level, (d) Tl 4f core level.
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after adsorption were characterized by SEM coupled with EDS, and the
results are presented in Fig. 4. The coarse surface observed by SEM and
the composition of the pristine sample examined by EDS (including C,
O, Na, K, Mn, and Fe) indicated that MnFe2O4 particles were success-
fully fabricated on the pristine biochar surfaces. Especially, the C and K
originate from biochar, while Fe, Mn, and O from MnFe2O4. Many small
irregular particles were formed on the surface of MFBC (Fig. 4a), re-
flecting the Mn/Fe oxide particles generated on the biochar surface,
which also was in agreement with the Mn/Fe content presented in
Fig. 4c (EDS spectrum before adsorption). The uneven distribution of
particle size and irregular shape may be caused by the temperature and
reaction time during the preparation process.

The morphology of MFBC after adsorption was observed by the TEM
(Fig. 5a) and HRTEM (Fig. 5b). Also, (311) and (113) planes (Fig. 5d)
were characterized by the isometric system of MnFe2O4, which further
proved the rationality in SEM-EDS analysis. This result indicates that
MFBC was successfully fabricated, and the magnetism from MnFe2O4

equipped MFBC was characterized by easy separation, which is sig-
nificant in practical engineering.

The results of N2 adsorption isotherm suggest that the composite
showed type IV with an H3 hysteresis cycle (Fig. S1a). After forming
MnFe2O4, the surface area of composite (187.03 m2/g) significantly
increased compared with the raw biochar (38.54 m2/g). These may be
ascribed to the formation of Mn/Fe oxide particles coupled with the
activation of the surface of MFBC after modification. The significant
increase in specific surface area enhances the ability of engineered
biochar as an adsorbent and catalyst. Moreover, the average pore size of
the modified biochar was 9.18 nm (Fig. S1b), indicating that the pre-
pared adsorbent particles were mesoporous materials, which provided
accessible adsorption sites for Tl(I).

3.6.2. Adsorption mechanisms
The EDS spectrum reveals that there was a new peaks position on

the image after adsorption, which was caused by the adsorption of Tl on
MFBC (Fig. 4c, d). The content of Tl on the MFBC increased after ad-
sorption (Fig. 4c, d) confirmed that Tl was successfully adsorbed on the
surface of MFBC. This is consistent with the EDS-mapping images
(Fig. 5). After adsorption, the decrease of the K contents may be as-
cribed to ion exchange with Tl, which is contributed to the removal Tl
from the solution. It can be seen from the EDS mapping that the
brightness of K decreased significantly, which can illustrate the point
above. Research has shown that the replacing of K+ by Tl+ is con-
sidered to be the main mechanism in biogeochemical reactions/cycles
(Liu et al., 2018a). The identified lattice fringes from HRTEM image
presented (321) and (040) planes (Fig. 5c) were characterized by the
isometric system of Tl2O3, indicating that Tl(I) transformed to Tl (III)
via the oxidation reaction in the process of adsorption. This result
verified the rationality of the hypothesis from SEM-EDS analysis. Thus,
as an important mechanism, oxidation plays a critical role in the Tl
adsorption process.

FTIR analysis of MFBC before and after Tl(I) adsorption was in-
vestigated (Fig. 6). The peak at 505.89 cm−1 may be attributed to the
coupling with metal Oe stretch vibration, which mainly include MneO
and FeOe before adsorption, indicating the successful incorporation of
Mn/Fe oxide in the MFBC (Xiang et al., 2019b; Kumar et al., 2014).
After adsorption, the signals at 505.89 cm−1 enhanced, which may be
due to the addition of Tl-O. The peaks at 871.73 cm−1 might be at-
tributed to CHe stretching in aromatic hydrogen (Li et al., 2017c). The
vibration signals at 1060.3 cm−1, 1113.2 cm−1 and 1168.98 cm−1

were associated with the surface functional groups CeOC/CO, CO, and
HOCOee]e], respectively. The peak at 2923.8 cm−1 might be at-
tributed to C-Hn stretching vibration in alkyl, aliphatic. The peak at
3421.28 cm−1was associated with the stretching vibration of OHe,
which may be from, in part, the adsorbed water. The signal of OHe
weakened slightly after adsorption, which may be associated with the
adsorption of Tl(I), indicating that iron exchange between Tl+and the

OHe groups on the surface of MFBC may also facilitate the removal of
Tl(I) .

To further investigate the adsorption mechanism of Tl(I), XPS was
applied to obtain the chemical states of MFBC before and after ad-
sorption. The XPS spectra with the binding energies of Fe, Mn, and Tl
on MFBC before and after Tl(I) adsorption were exhibited in Figs. 7 and
8, respectively. It can be observed that the presence of Fe, Mn, and O
elements in the prepared MFBC sample. The Mn 2p spectra had a spin
− orbit doublet of Mn 2p1/2 and Mn 2p3/2 (Fig. 7c). The deconvoluted
Mn 2p spectra showed four peaks with binding energies of 641.64,
642.38, 643.39 and 647.37 eV, corresponding to Mn(II), Mn(III), Mn
(IV) and satellite, respectively. It can be observed that the proportions
of Mn(II), Mn(III), and Mn(IV) are 45.30%, 21.23%, and 33.47%, re-
spectively. The main species of Mn in the MFBC is Mn(II). For the
spectra of Fe 2p, the energy difference between Fe 2p1/2 and Fe 2p3/2
spin-orbit levels is 13.6 eV, which is consistent with the previous in-
vestigation (Li et al., 2017a). Satellite peaks of Fe(II) were detected in
both Fe 2p1/2 and Fe 2p3/2 spectra, suggesting the presence of Fe(II)
oxides. There are two satellite peaks of Fe(II) and Fe(III) in the Fe 2p1/2
and Fe 2p3/2 spectra of the MFBC, respectively. It indicated character-
istic peaks of the oxidation states of Fe(II) and Fe(III) (Fig. 7c). This
could be ascribed to part of Fe(II) being adsorbed on biochar during the
synthesis of materials.

After adsorption, Mn(II) was increased by about 10 %. It could be
explained by that part of Mn(III) and Mn(IV) were reduced to Mn(II)
after Tl(I) adsorption. The peak of Tl 4f appeared, indicating that Tl(I)
was adsorbed on the surfaces of the MFBC (Fig. 8d), which is consistent
with the results of EDS elemental mapping in Fig. 5. The Tl 4f spectra
with the binding energy of 118.5 eV (Wan et al., 2014) and 119.1 eV
(Tang et al., 2019) indicate peaks with characteristics of Tl(III) and Tl(I)
oxidation states (Fig. 8d). This also agrees with the observation in
HRTEM (Fig. 5). The peak of Tl(III) was found in Tl 4f spectra of MFBC
after Tl(I) adsorption, which suggests that the oxidation state of Tl(I)
can be altered in the process of adsorption on the MFBC. Among them,
approximate 37.15% of Tl(I) captured by MFBC was oxidized to Tl(III).
Since Tl(III) is unstable and easily reduced in the air, it may lead to an
underestimation of Tl(III) contents detected by XPS (Peter and
Viraraghavan, 2005). Therefore, oxidation could be designated as a
principal mechanism for Tl(I) removal by the MFBC. Besides, it is ob-
served that no apparent difference in Fe 2p spectrum after the ad-
sorption of Tl(I), indicating that the valence state of Fe in the adsorbent
did not change in the adsorption process (Fig. 8). In addition, ion ex-
change may also be another main driving force in the adsorption pro-
cess. It can be described as Eq. (3) and Eq. (4).

− − + ⇔ − − ++ +Mn OH Tl Mn O Tl H (3)

− − + ⇔ − − ++ +Fe OH Tl Fe O Tl H (4)

4. Conclusions

In summary, MFBC manifests an excellent performance in the re-
moval of Tl(I) under a wide range of pH from the Tl(I)-containing
wastewater, and the maximum removal capacity reached 170.55 mg/g.
The ionic strength has a significant effect on the Tl(I) removal by MFBC
at high levels of NaNO3. The experimental data can be well fitted with
the pseudo-first-order, pseudo-second-order kinetic model, and in-
traparticle diffusion models, while the adsorption isotherm can be well
described by Freundlich and Temkin isotherm models. Physical and
chemical adsorption, ion exchange, surface complexation, and oxida-
tion are the main mechanisms for the Tl(I) removal. Hence, MFBC is a
promising and environmentally friendly adsorbent for the Tl(I) removal
in aqueous solution.
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