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Abstract
Little information is available on thallium (Tl) adsorption onto biochar amended soil for a relatively long term. In this study, 
bamboo-derived biochar (BDB), soil in pomelo orchard (SP), and biochar amended soil in pomelo orchard (BSP) were thus 
used to evaluate the potential remediation of thallium (Tl) using batch-adsorption techniques. Furthermore, we characterized 
the above-mentioned sorbents’ properties related to Tl adsorption to understand Tl’s adsorption mechanisms. The results 
showed that BDB, SP, and BSP achieved equilibrium adsorption capacity of 96.9, 95.43, and 96.76%, respectively, within 
the initial 15 min. This means that compared to other sorbents, BSP exhibited an efficient sorbent for Tl remediation even 
when applied in the agricultural field for one year. Multi-layer adsorption played a dominant role in the adsorption of Tl, 
which was supported by the suitability of Freundlich model for describing the adsorption behavior of Tl onto the selected 
sorbents. In addition, the pseudo-second kinetic order models strongly fitted Tl’s adsorption onto BDB, SP, and BSP, indi-
cating that the process was accompanied by chemical adsorption. Observed on the surface of BDB by a Fourier Transform 
Infrared Spectrometer (FTIR) and an X-ray photoelectron spectroscopy (XPS), the presence of O–H groups and PO4

3− might 
promote chemical adsorption of Tl onto BDB. Overall, these findings can provide insights into comprehensively developed 
bamboo-derived biochar technology to remediate Tl contamination in agricultural soils.
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1 � Highlights

Bamboo derived biochar is efficient for Tl adsorption
The dominant mechanisms of Tl adsorption were precipi-

tation and ion exchange
The pseudo-second-order kinetics and the Freundlich 

model dominated the adsorption process

The adsorption of Tl onto BDB, SP and BSP reached 
equilibrium rapidly

2  Introduction

Various heavy metals such as cadmium (Cd), lead (Pb), arse-
nic (As), zinc (Zn), chromium (Cr), and thallium (Tl) have 
been released into the soil and environments due to a rapid 
population growth, development of social economy, industry 
activities, smelting and mining operations, waste disposal, 
and the extensive application of pesticides and chemical 
fertilizers in agriculture. These metals were reported to be 
highly toxic even at trace concentration (Cai et al 2019; 
Zhang et al. 2012), which led to serious environmental pol-
lution and threatened human health. Particularly, the United 
States Environmental Protection Agency has listed Tl as a 
devastating contaminant that needs to be controlled (Luo 
et al. 2020; USEPA 2009). Specifically, 2000–5000 tons of 
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Tl were released into the environment through industrial 
and mining activities (Kazantzis 2000; Luo et al. 2020). In 
addition, Tl was also reported to contaminate agricultural 
soils through sewage sludge from wastewater treatment 
plants (Cai et al. 2019; D.-J. Kim et al. 2016). Consequently, 
the enrichment of Tl release in the agricultural soil is still 
increasing in many developing countries, resulting in Tl con-
tamination and consequent adverse health effects (Li et al. 
2017; Xiao et al. 2012). Therefore, it is necessary to develop 
proper technologies to control Tl contamination in agricul-
ture due to its potential health risks.

Adsorption has been considered to be the most promising 
technology and a widely applied method that can immobi-
lize Tl in the soil. This method is simple, low-cost, profit-
able, high-efficiency and environment-friendly (Sizmur et al. 
2016; Zhong et al. 2016). Adsorption can remove soluble 
and insoluble pollutants effectively without generating haz-
ardous by-products (He et al. 2017). However, there are still 
some unresolved problems associated with this application 
namely low adsorption rate. As a suitable adsorbent mate-
rial, it possesses many special adsorptive physical–chemical 
properties such as: (1) the resistance to chemical/biologi-
cal degradation, which makes it stay in the soil for a long 
time, (2) multiple numbers of functional groups available 
on the surface, and (3) a typical porous structure attached to 
some irregular granules which significantly affect the basic 
properties of soil like pH, electrical conductivity (EC), and 
alkali metals. Furthermore, biochar is an organic carbon-rich 
material produced by pyrolysis of organic matter, such as 
agricultural bio-waste, coconut fiber and bamboo biomass. 
Biochar has been shown to be potentially attractive to con-
taminated soils’ deployment (Beesley et al. 2011; Ye et al. 
2015; Wu et al. 2017; Safari et al. 2019; Qiao et al. 2019).

Previous studies showed that Tl adsorption onto biochar 
is governed by various mechanisms, such as surface pre-
cipitation, adsorption specifically via formation of surface 
complexes between Tl cation and organic function groups 
of biochar, and sorption through electrostatic interaction 
between Tl cation and negatively charged biochar (Li et al. 
2018; Wu et al. 2017). Additionally, electrostatic adsorp-
tion capacity mostly relates to pH value, which always pre-
dominates during the adsorption process (Ye et al. 2015). 
The reported mechanisms augmented the immobilization of 
Tl in acidic soils and thus reduced its movement and bio-
availability in the soils through the incorporation of biochar 
(Jiang et al. 2012a, b). Due to the surface heterogeneity and 
well-distributed pores, Tl’s adsorption affinity by biochar 
was high (Kasozi et al. 2010). Furthermore, the large spe-
cific surface areas and pore volumes of biochar could result 
in a high adsorption affinity for Tl, where Tl ions would be 
adsorbed on the surface of biochar or retained within their 
pores (Peng et al. 2017). Fang et al. (2014) exhibited that 
biochar had numerous function groups like − COOH, C–O, 

and − OH, which can interact with Tl to make complexes 
(Dong et al. 2011). A study conducted by Shen et al. (2016) 
and Ahmad et al. (2014) indicated that biochar applied in 
the agricultural soil showed a remarkable ability to adsorb 
Tl metal as a single contaminant chosen from a group of 
heavy metals in contaminated soil, whereas decreasing the 
potential of Tl and other pollutants that can be up taken by 
agricultural soil. Thus, when well deployed in soil, biochar 
could reduce Tl mobility and bioavailability in soil due to its 
potentiality to extract thallium in soil by quickly changing 
the properties of soils and the chemical behavior of Tl (Jiang 
and Xu 2013). However, little information is available on the 
application of biochar in the field since current studies have 
been reported at lab scale. As a result, long-term biochar 
application in the field deserves more attention to improve 
our knowledge on Tl remediation in soils.

To the best of the authors’ knowledge, no research has 
yet investigated the application of bamboo-derived biochar 
(BDB) in the field for one year to amend the soil with Tl 
contamination in Pomelo orchard. In this study, we hypoth-
esized that BDB’s adsorption capacity for Tl might be higher 
than that of soil in pomelo orchard (SP), and the biochar 
amended soil in pomelo orchard (BSP). Accordingly, the 
aim of this work was to characterize the above-mentioned 
sorbents’ properties and to investigate the comparative 
characteristics of Tl adsorption onto BDB, SP, and BSP. 
Specifically, to better understand their potential mecha-
nisms, the environmental effects of solid–liquid ratio, tem-
perature, ion strength, and influence of solution pH on the 
above-mentioned sorbents for Tl adsorption process were 
also described in details. The results could provide insights 
into the effective biochar adsorbent with rapid adsorption 
rate and excellent adsorption capacity, which is helpful to 
develop suitable technologies that may show the ultimate 
potential for future applications in the remediation of Tl.

3 � Materials and methods

3.1 � Biochar preparation, characterization 
and tested reagents

Bamboo-derived biochar (BDB) was purchased from the 
Xinshiji Company in Zhejiang Province as thallium sor-
bents since there is abundant bamboo plantation in our 
studied area, Fujian Province, Southern China. The pur-
chased BDB was produced via the pyrolysis process at a 
temperature ranging from 300 to 500 ℃. Specifically, the 
BDB’s pH and electrical conductivity were determined at 
a ratio of 1:5 (w/v) after shaking for 1 h at room tempera-
ture (Ahmad et al. 2013). The surface morphology of the 
BDB was detected using a scanning electron microscopy 
(SEM- Hitachi S − 4800, Tokyo, Japan). The functional 
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groups present in BDB sample were evaluated using Fou-
rier Transform Infrared Spectroscopy (FTIR Thermo Sci-
entific iS10), with a spectrum range of 4000–500 cm−1 at a 
resolution of 4 cm−1. The specific surface area was exam-
ined by Brunauer–Emmett–Teller (BET) analysis (Merck-
TriStar 3000, Darmstadt, Germany). The zeta potential was 
determined using a ZetaPALS analyzer (Malvern Instru-
ments, Malvern, United Kingdom). In brief, 0.01 g of BDB 
was firstly weighed and mixed with a prepared number of 
aqueous solutions of 20 mL of 0.1 M of NaNO3 solution; 
thus, initial pH of value 1, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12 
have been adjusted using a solution of 0.1 M of HNO3 and 
0.1 M of NaOH. The containers were shaken for 24 h; after 
filtration and detecting the supernatant, the final pH was 
recorded. The intersection of pHfinal versus pHinitial curve 
and the bisector gives pHpzc value (Ben-Ali et al. 2017; Peng 
et al. 2017; Zhong et al. 2016). The binding energy on the 
surface of BDB was determined by X-ray photoelectron 
spectroscopy (XPS; Axis Ultra DLD, Kratos, UK) using an 
Al Kα line (15 kV, 10 mA, 150 W) as the radiation source 
(Xu et al. 2020). Then, the  BDB was characterized with dif-
ferent parameters such as total and available contents of the 
alkali elements (Ca, Mg, K, and Na), the mineral particles 
(sand, silt, and clay) (Yolcubal et al. 2004), total organic 
carbon, total nitrogen contents (TOC and TN), the percent-
age of carbon, nitrogen, sulfur and their molar element ratios 
of O/C and (N + S + C)/C. Additionally, national standard 
Tl sample solution (1000 mg L−1) was also purchased from 
China’s National Center of Analysis. Concentrated nitric 
acid (GR, guarantee reagent) and hydrofluoric acid (GR, 
guarantee reagent) were produced by Sino Pharm Chemical 
Reagent Co., Ltd., China. All the chemical solutions were 
prepared using distilled water (18 MΩ cm, Milli-Q water).

3.2 � Soil sampling and characterization

The purchased BDB was applied into the soil with 5% to 
amend soil Tl contamination using several tested pots in the 
field of pomelo orchard. After one year, we collected the 
samples from the above-mentioned pots to get the homo-
geneously mixed sorbents (BSP). Simultaneously, SP was 
collected randomly at the depth of 0–20 cm to compare its 
adsorption of thallium with that of the BDB. After hand-
picked removal visible plant debris, roots, and the gravels, 
the samples were placed in sterile polyvinylchloride sealed 
bags and transported to the laboratory within 24 h. The SP 
and BSP samples were naturally dried at room temperature 
for 2 weeks, crushed manually using ceramic mortar, then 
mixed symmetrically, and passed through a 2 mm nylon 
sieve for further test. These soil samples were analyzed 
for their pH as one of the most prominent factors influenc-
ing the adsorption of thallium (Xu et al. 2016), and elec-
trical conductivity (EC). Both pH and EC were measured 

electrometrically at a ratio of 1:5 (w/v) (Z. Sun et al. 2020). 
The SP and BSP samples were also characterized for their 
total organic carbon (TOC) and total nitrogen contents (TN), 
using an automated total organic carbon analyzer (TOC-
VCPH 1000). The percentage of carbon, nitrogen, and sulfur 
was analyzed by CNS elemental analyzer (Vario Max, Vario 
MACRO, Germany elemental). The percentage of oxygen 
in all samples was calculated using the following equation 
(Abdin et al. 2020):

Due to the elemental composition, the molar element 
ratios of O/C and (N + S + C)/C were also calculated seri-
ously. Acid digestion procedures include digestion with 
concentrated sulfuric acid, and perchloric acid was used 
to investigate total phosphorus (TP) in the SP and BSP 
samples; its concentrations were measured using ICP-OES 
(Inductively Coupled Plasma Optical Emission Spectrome-
ter, Optima 7000DV, PerkinElmer USA). Total and available 
contents of the alkali elements (Ca, Mg, K and Na) of the 
SP and BSP were determined using ICP-OES (Inductively 
Coupled Plasma Optical Emission Spectrometer, Optima 
7000DV, PerkinElmer USA). The mineral particles in SP 
and BSP (sand, silt, and clay), which represent the soil tex-
ture, were measured by particle size analyzer (Marvern Mas-
tersizer-2000) according to Yolcubal et al. (2004). The spe-
cific surface area of the SP and BSP samples was examined 
by Brunauer–Emmett–Teller (BET) analysis (Merck-TriStar 
3000, Darmstadt, Germany). Morphology of SP and BSP 
was measured using a scanning electron microscope (Hitachi 
S-4800, Tokyo, Japan) to observe a typical porous structure 
attached to some irregular granules. The binding energy on 
the surface of SP and BSP was determined by X-ray photo-
electron spectroscopy (XPS; Axis Ultra DLD, Kratos, UK) 
using an Al Kα line (15 kV, 10 mA, 150 W) as the radiation 
source (Munirathnam et al. 2016; J. Xu et al. 2020).

3.3 � Batch adsorption experiments

To investigate Tl’s adsorption on the BDB, SP, and BSP, 
0.25 g of each sample was mixed with 25 mL of Tl in 50 mL 
solution in centrifugal tubes. Herein, the Tl concentrations 
were composed of lower levels ranging from 5 to 100 µg 
L−1 due to its higher toxic effects. Additionally, the initial 
pH and temperature of this solution were set at 7 and 25 °C, 
respectively (Abdin et al. 2020). After being shaken (at 
220 rpm) for 2 h, the tubes were centrifuged at 3000 rpm 
for 10 min, and Tl concentration in the supernatant was then 
determined using an ICP-MS (Inductively Coupled Plasma 
Mass Spectrometry-Agilest 7500CX). The amounts of Tl 
adsorbed on BDB, SP, and BSP, qe (µg g−1), were calculated 
using the equation below:

(1)O% = 100% - (N + S + C,%)
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where qe is the amount of Tl sorbed by BDB, SP, or BSP at 
equilibrium; Ci and Ce (µg L−1) are the initial and equilib-
rium Tl concentrations of the studied solutions, respectively. 
M is the mass of the adsorbent (g), and V (L) is the aqueous 
solution volume. The efficiency of Tl removed by BDB, SP, 
and BSP was determined by using the following equation 
(Eq. 3) (Shirzadi and Nezamzadeh-Ejhieh, 2017).

where RE designates the removal efficiency of Tl.
The adsorption levels at equilibrium were fitted to two 

isotherm models, as well as the Langmuir and Freundlich 
model (Eq. 4 − 5), respectively. The linear equations of 
adsorption isotherm models are expressed as follows:

Where qe is the adsorption level at equilibrium (µg g−1); qm 
designates the maximum adsorption capacity proportional to 
complete monolayer coverage (µg g−1); Ce is the initial equi-
librium concentration of Tl in solution (µg L−1); kL is the 
Langmuir adsorption constant (L µg−1); kf is the Freundlich 
adsorption constant (L µg−1); n indicates how favorable the 
adsorption process; Linearity if convex (n < 1), linear (n = 1), 
or concave if (n > 1).

Adsorption kinetics such as the pseudo-first-order kinetic 
model and pseudo-second-order kinetic model were inves-
tigated to analyze the adsorption mechanisms of Tl onto 
sorbents. The linear equations of these selected adsorption 
models are expressed in the number of the Eqs. (6 − 7), 
respectively.

where qe and qt designate adsorption levels at equilibrium 
and at time t (µg g−1), respectively, k1 and k2 are the rate 
constants of pseudo-first-order model (min−1) and pseudo-
second-order model (g µg−1 min−1) which can be calculated 
from linear slope of log (qe-qt), vs t and t qt

−1 vs t plots, 
respectively. The influences of ionic strengths on adsorption 
of Tl into BDB, SP, and BSP were examined by the salt of 
NaNO3 concentrations ranging from 0.01 to 0.15 mol L−1 
within 24 h contact time (at initial pH = 7; sorbent dose was 
10 g L−1) (Li et al.  2017). Furthermore, we examined the 

(2)qe =
(

Ci − Ce

)

∗ V∕M

(3)RE =

(

Ci − Ce

Ci

)

× 100

(4)qe =
qmkLCe

1 + kLCe

(5)qe = kf C
1∕n
e

(6)ln(qe − qt) = lnqe − k1t

(7)
t

qt
=

1

k2qe
2
+

t

qe

effect of pH with a range of 2 to 10 pH in the batch adsorp-
tion experiments. The effects of agitation speeds and the 
temperature were also examined to designate a comparative 
study for adsorption of Tl on BDB, SP, and BSP at a differ-
ent speed and temperature of 90, 120, 150, 180, 220 rpm, 
25 ± 1 ℃, 35 ± 1 °C, 40 ± 1 ℃ and 45 ± 1 ℃, respectively. 
The Tl concentrations in the supernatant were determined by 
ICP-MS (Inductively Coupled Plasma Mass Spectrometry-
Agilest 7500CX) to obtain their adsorption parameters on 
the tested samples.

3.4 � Statistical analysis

The analytical data were presented as mean values with 
standard errors. Statistical significance was performed 
using a One-Way ANOVA in SPSS 17.0. Data processing for 
multiple comparisons was analyzed using origin lab version 
2018 (Origin lab Corporation, Northampton, MA, USA). 
KRATOS analytical software was used to analyze the bind-
ing energy position in the sorbents.

4 � Results and discussion

4.1 � Biochar and soil samples characterization

4.1.1 � Physical and chemical characterization of Bamboo 
derived biochar

Biochar offers excellent characteristics as sorbent/amend-
ment for heavy metals in contaminated soil, essentially 
depending on its properties such as porous structure, large 
surface area, and the existence of functional groups (Luo 
et  al. 2020). In this study, BDB was observed to have 
the highest surface area, 13.75 m2 g−1, and pore volume 
(0.06 cm3 g−1), comparable with the values of SP and BSP 
with 8.24, and 7.97  m2  g−1, respectively. Consistently, 
the BDB possessed average adsorption pore width, aver-
age adsorption pore diameter, and desorption average pore 
diameter since their total average pore size was 23.87 nm 
(Fig. 1a). Although a little lower pore size was observed for 
BDB (23.87 nm) than that of BSP (24.23 nm), it is observed 
to possess a higher pore size when compared with that of 
SP as shown in (Table S1). A study conducted by Xiang 
et al. (2020) witnessed that BDB with a higher specific 
surface area could be associated with its porous structure. 
Additionally, BDB used in our study revealed different func-
tional groups that were vigorous to increase the adsorption 
of thallium through its surface area (Fig. 1b). As shown in 
Table S2, there were various characteristics of adsorption of 
bands found in the FTIR spectra of BDB: the band at 3616 
and 3695 cm−1 confirmed the presence of a strong alcohol 
(O–H alcohol-stretching), which can promote Tl adsorption 
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performance via complexation mechanism (Huosheng Li 
et al. 2018; Tang et al. 2019). The peak at 2927 cm−1 showed 
the presence of strong hydrocarbons compounds (C-H 
alkanes- stretching), and band at 1654 cm−1 was assigned 
to C=C variable alkene-stretching; there were bands at 1405 
and 825 cm−1 which were assigned to aromatic compounds 
(C–C alkanes-stretching, and C–H), respectively. The bands 
at 472 and 696 cm−1 corresponded to C-H bending alkynes. 
The peak appeared at 545 cm−1, exhibiting the presence of 
C–Br stretching (Alkyl halides). Moreover, a peak observed 
at 1027 cm−1 could represent the availability of C–O stretch-
ing carbonyl.

Furthermore, the zeta potential is a prominent parameter 
for the stability of colloidal dispersion. The positive and 
negative signs and the zeta potential’s magnitude exhibit 
the degree of electrostatic attraction or repulsion between 
charged particles in a dispersion (H. Zhang et al., 2020a, 
b). The zeta potential of BDB varied from -5.3 to -34.1. 
Their values were negative charges, which decreased with 
increasing pH, as indicated in Table S2. As shown in Fig. 1c, 
the intersection pHfinal versus pHinitial curves and the bisec-
tor gives a point of zero charges (pHpzc value). The pHpzc 
value was found to be 7, where the effect of pH could also 
be explained by considering the point of zero charges of the 
adsorbent (pHpzc). Therefore, the adsorbent’s surface charge 
was negatively charged at pH ≥ 7, and it became positively 

charged at pH < 7. At pH ≥ 7, the adsorption would be favora-
ble because of electrostatic attraction between metal ions and 
adsorbents. The deprotonation of acidic functional groups 
of the surface of BDB would be the cause of zeta potential 
curves towards negative values (Jiang et al. 2012a, b).

4.1.2 � Characterization of soil in Pomelo and Biochar 
amended soils

Selected parameters of SP, BSP, and BDB are presented in 
Table S3. The particle present in SP and BSP is classified 
as a sand particle with the known value of particle size of 
0.0625 and 0.0609 mm, respectively (Yolcubal et al. 2004). 
However, this amount of sizes showed that there is no signifi-
cant difference at 5% level of significance (P = 0.474 > 0.05). 
In contrast, we found a significant difference at 5% level 
of importance on BDB with other soil samples (P < 0.05). 
SP and BSP were slightly acidic and not significant at 5% 
level (P > 0.05), and electrical conductivity (EC) values were 
141.7 µs cm−1 and 110.33 µs cm−1 (Fig. S1), respectively. 
BDB was very alkaline with high pH and EC of 8.03 and 
2560 µs cm−1, respectively, suggesting that higher pyrolysis 
temperature led to higher pH of the BDB (Yuan et al. 2011). 
The increased amount of EC in BDB may be due to the high 
contents of Na, K, Ca, and Mg in BDB (Fig. S1) (Jamari 
et al. 2016).

Fig. 1   Physical–chemical 
properties of the BDB, SP and 
BSP: (a) The BET surface area, 
cumulative volume of pores 
and pore size, (b) Results of the 
FTIR spectra analysis of bam-
boo-derived biochar pyrolyzed 
at 300 − 500 °C, (c) Extractive 
curves of point of zeta charges 
and zeta potential
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Furthermore, the amounts of the total and available con-
tents of the alkali elements (Na, Mg, K, and Ca) were low 
in BSP than those in SP (Fig. S1). The relative proportion 
of these above-mentioned elements, as well as their total 
amount in the SP and BSP depends mainly on the soil par-
ent material, whereby they may coexist in soil and compete 
for the active sites on the adsorbents with Tl; thus, their 
negative effect becomes more obvious with increasing their 
concentrations (Tang et al. 2019). Additionally, the differ-
ences in alkali elements (Na, Mg, K, and Ca) between SP 
and BSP were not significant (P = 0.46, 0.390, 0.887, and 
0.327, respectively).

Additionally, the elemental compositions of BDB, SP, 
and BSP were reported to be a useful indicator for under-
standing their nature and adsorption affinity. As a major 
component of BDB, the carbon percentage was much higher 
than that in the SP and BSP (Table S1). The increases in car-
bonization degree were caused by increasing aromatic com-
pounds during BDB production using pyrolysis methods at 
high temperatures in oxygen-limited conditions (Abdin et al. 
2020). As shown in Table S3, the amount of total organic 
carbon (TOC) in BDB was higher due to the relatively high 
amount of organic and inorganic carbon present in bamboo 
woods, used as raw material (Gao et al. 2020; Luo et al. 
2020). The percentage of oxygen in BDB was lower than 
that in other sorbents because it was produced in higher tem-
peratures with limited or no oxygen (Luo et al. 2020). As a 
result of this, volatile compounds and OH dehydration were 
lost, as well as, the breakdown of aliphatic compounds that 
were substituted by aromatic compounds (Abdin et al. 2020; 
Luo et al. 2020). Furthermore, the contents of total nitrogen 
(TN) were higher in SP and BSP (Table S3) due to available 
organic and inorganic compounds containing nitrogen that 
were present in agricultural soils. Additionally, the percent-
age of nitrogen (N) in SP and BSP was lower than that in 
the BDB. This was probably caused by increasing N-related 
aromatic compounds during BDB production. Consistently, 
recent studies reported that BDB has high total nitrogen than 
SP, with amounts of 5.9 and 1.06 mg kg−1, respectively (Jin 
et al. 2020).

Moreover, as explained by Abdin et al. (2020), pyrolysis 
temperature possessed a significant effect on molar element 
ratios of O/C and (O + N + S)/C (Table S1). The smaller 
amount of O/C in BDB was generally caused by dehydra-
tion, which lowers the hydrophilicity on its surfaces (Zhao 
et al. 2017). The lower percentage of molar (O + N + S)/C 

for BDB proposed the presence of aromaticity and reduc-
tion in polarity (Abdin et al. 2020). In our present study, 
the O/C ratio in SP and BSP was much higher than that of 
BDB with 79.30, 69.92, and 4.08%, respectively. In addition, 
total phosphorus in BSP was significantly higher than that 
in SP, with concentrations of 5566.66 and 3524.54 mg kg−1, 
respectively. This means that the application of alkaline 
biochar to soil significantly increased the sorption of P and 
decreased the availability of sorbed P.

4.1.3 � Morphology of bamboo‑derived biochar, soil 
in pomelo and biochar amended soil

Biochar demonstrated a coarse surface attached to some 
irregular granules and size particles with rough surfaces 
indicative of the porous structure (Fig. S2 a). Thus, SEM 
designated that BDB contained a large and typical porous 
structure with an oval-shaped formation, mostly owing to 
organic materials volatilization during the pyrolysis pro-
cess. It also seems to have a lot of carbon (as described in 
Sect. 3.1.1), which is the reason why Tl could be quickly 
attached to its surface. However, at high resolution, BDB 
exhibited loose and porous structure. By contrast, the mor-
phology of SP was more regular, smooth, with limited 
porous structure and a compacted surface area (Fig. S2 b). 
This structure is likely to limit the adsorption of Tl to its sur-
face. By observing the SEM-delivered image, BSP exhibited 
less porous structure on its surface probably because it was 
covered by an agglomeration of small spherical particles of 
the soil (Fig. S2 c).

4.1.4 � XPS analysis

The XPS is routinely used to evaluate the chemical states 
present on the surface of the samples. The XPS peaks of Tl 
4f, Mn 3s, Mn 2p, Fe 2p, S 2p, C1s, O 1s, P 2p, N 1s, and Si 
2p were investigated on BDB, SP, and BSP (Table S4). No 
Tl 4f, Mn 3 s, Mn 2p, Fe 2p, S 2p signals were observed in 
XPS lines for all samples due to the low content of Tl, Mn, 
Fe, and S elements. The P 2p spectrum peaks at 132.2 eV 
and 134.6 eV were only found in BDB (Fig. 2a). These peaks 
indicated that P had been bonded to O, N, and Cl2 atoms, 
which formed P-O type group and (NPCl2)3, containing 
66.67 and 33.33% (1.63 FWHM, Full width high maximum), 
respectively, after the P saturate (H. Zhang et al.  2020a, b). 
It has been reported that Tl can complex with PO4

3−, mak-
ing a more complexation and precipitation on active surface 
sites (Abdin et al. 2020). The same conclusion might be 
drawn from the spectra of N 1 s at 400.2 eV, which bonded 
with Na and C atoms and formed a chemical state of NaCN 
(Fig. 2b). Additionally, the XPS peaks of C 1 s ( 282.2, 284.1 
and 285.8 eV); O 1 s (532.1,533.1, and 534.3 eV); and Si 
2p (103 eV) for BDB were originated from C=C (S. J. Kim 

Fig. 2   XPS analysis of the spectra P 2p, N 1 s, C 1 s, O 1 s, and Si 
2p: (a−e) indicate the binding energy and corresponding bonds on 
BDB, (c) exhibits the similar bonds and binding energy to BDB, SP 
and BSP, (f) similar bonds and binding energy to SP and BSP, and 
2(g−h) exhibit the binding energy and corresponding bonds on SP 
and BSP, respectively

◂
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et al. 2018), C–C/C4F, and CH3OH/C–S/C=S (Omachi et al. 
2020) containing an atomic concentration of 63.19, 23.92, 
and 12.89%; O 1 s could be assigned to oxygen atoms of 
the carboxylic groups together with metal ion O=O/-COOM 
or hydrogen groups H2O/COOH, and the presence of min-
eral SiO2 with 21.9, 68.41 and 9.69% (Tselesh 2008); while 
the peaks Si 2p also exhibited one single SiO2 (Fig. 2c–e), 
respectively. Given that these presences of oxygen atoms of 
the carboxylic groups and hydrogen have more contributions 
to Tl adsorption into BDB, the adsorption behaviours were 
controlled by numerous mechanisms, such as oxygen and 
carbon bonding interactions, ion exchange and electrostatic 
interaction (Haojing Zhang et al. 2020a, b).

The C 1 s peaks in SP and BSP were fitted the same 
component with pure BDB but differed in their atomic con-
centrations and FWHM (Fig. 2c, Table S4). For the O 1 s 
peaks (Fig. 2f), two components were fitted at 531.5 and 
532.7 eV, attributed to Na2CO3/CuCO3 and Al2O3/SiO2 
(Duan et al. 2011; Huang et al. 2017), respectively. The Si 
2p in the SP and BSP indicated a similar peak centered at 
103.6 eV, which was assigned to a mineral SiO2 (Fig. 2g), 
but the only difference observed in the presence of the peaks 
-Si (CH3)2–O-)n centered at 102.4 eV, and O=O centered at 
102.6 eV (Fig. 2h), respectively. The fitted elemental per-
centage and FWHM in each chemical state observed in all 
samples are shown in Table S4. The results for the Si 2p 
spectrum in both samples highlighted the significant role of 
the minerals mentioned for thallium cycling in SP and BSP, 
implied that SP and BSP strongly bound Tl on their surface 
(Wick et al. 2020).

4.2 � Tl adsorption onto bamboo‑derived biochar, 
pomelo soil and biochar amended soil

4.2.1 � Effect of pH on Tl adsorption

The solution pH is a critical factor for the adsorption pro-
cess in the aqueous phase because it determines the surface 
charge of the adsorbate-adsorbent (Ndagijimana et al. 2019). 
The solution pH contained a significant effect on the removal 
rate of Tl (Fig. 3). Pointedly, at a pH of 2, the removal rates 
of Tl by BDB and SP were less than 80%. Particularly, at pH 
2 and 3, the removal rates for BSP were also less than 80%. 
This implies that the more solution pH augments, the more 
removal rates by BDB, SP, and BSP. Indeed, the adsorption 
mechanism was not usually presented under acidic condi-
tions due to the availability of multiple numbers of func-
tional groups on the surface of BDB, which is generally 
connected with excess of H+. That could form competitive 
adsorption sites with Tl (Gao et al. 2020; Y. Sun et al. 2016). 
Additionally, at lower pH, the carbon surface transmits posi-
tive charges, which resulted in electrostatic repulsion force 
with Tl particles (Sun et al. 2016). As a result, the adsorption 

capacity and efficiency removal amount of Tl by BDB was 
partially higher compared to SP and BSP. The optimum pH 
range for thallium adsorption was found in the range of 7 
to 9. The more pH increased from 2 to 10, the more the 
surface functional groups were deprotonated, which gives 
more chance to bind to Tl.

4.2.2 � The effect of contact time and adsorption kinetics

BDB, SP, and BSP presented the highest adsorption capac-
ity of 48.68, 47.72, and 48.38% µg g−1, respectively, and 
their corresponding removal rates reached 97.35, 95.43, 
and 96.76%, respectively (Fig. 4). As a function of time, 
the adsorption capacity for BDB increased faster at an ini-
tial time of 2 to 15 min; thereafter, there was no significant 
increase up to 60 min, due to two main reasons: (1) the satu-
ration sites on the surface of BDB, (2) the reduction of Tl 
concentrations in the solution as the effect of continuous 
adsorption with time. While in SP and BSP, the adsorption 
capacity was also increased faster from 2 to 15 min. There-
after, it decreased slowly until the last time of oscillation, 
which was probably because most spaces on the surface area 
of adsorbents were fully occupied.

Moreover, various models were used to investigate the 
adsorption kinetics of Tl to fit the experimental data. The 
linear plots of adsorption kinetics models for Tl on BDB, SP, 
and BSP are shown in Fig. 5. And their appropriate kinetic 
parameters are recorded in Table S5. The lower R2 values 
of the pseudo-first-order kinetic model of Tl on BDB, SP, 
and BSP confirmed that this model does not fit the adsorp-
tion of Tl, which indicates the lousy quality of lineariza-
tion (Fig. S3). This was because the calculated values of R2 
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Fig. 3   Effect of pH on adsorption (the initial Tl concentration is 500 
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were not close to 0.999 as a standard correlation coefficient. 
However, the correlation coefficient of the pseudo-second-
order kinetic model of TI for all adsorbents was significantly 
higher (R2 is near to 1), which contained good agreements 
with the theoretical value Qe (Huosheng Li et al. 2018) com-
pared to those of the pseudo-first-order model (Table S5). 
These correlations exhibited that the pseudo-second-order 
model was more suitable to predict the kinetic behavior of 
adsorption of Tl. Similar to the previous studies reported 
by (Gao et al. 2020; Y. Sun et al. 2016; Zhu et al. 2016), 
they implied that the adsorption on all mentioned adsorbents 
takes place along chemical interactions dominated by ionic 
exchange.

4.2.3 � The effect of initial concentration and solid–liquid 
ratio on Tl adsorption

The effect of different initial concentrations on the adsorp-
tion of Tl onto BDB, SP, and BSP is indicated in Fig. S4. 
Initially, the experimental results exhibited that, when the 
initial concentrations of Tl increased from 5 to 20 µg L−1, 
there was rapidly increasing in the removal rate of Tl. There-
after, the increasing moderately tended towards equilibrium 
at Tl concentrations in the range of 50–100 µg L−1. This is 
because the potential adsorption sites of BDB were unlim-
ited. In SP, initially, there was a slow increase in the removal 
rate at Tl concentrations ranging from 5 to 20 µg L−1 with 
their appropriate adsorption capacity of 0.5 and 2 µg L−1, 
respectively. However, when the initial concentrations were 
increased from 20 to 50 µg L−1, no significant change was 
observed in the Tl removal rate, due to rapidly being occu-
pied on its surface as the initial Tl concentration increased, 
afterwards when the initial concentration increased from 50 

to 100 µg L−1, there was a slight decrease in the removal 
rate from 99.72, 99.68 and 99.63%, respectively. Except in 
BSP, when the initial Tl concentration increased from 5 to 
20 µg L−1, the percentage of removal rate decreased moder-
ately before decreasing slowly. It decreased from 99.9 and 
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99.8%, then became decreased slowly from 99.80, 99.79, 
99.77, and 99.75% when Tl concentrations were in the 
range of 20 − 100 µg L−1, respectively. It is because that the 
adsorption sites in SP and BSP were limited and tended to 
be unsaturated. Nevertheless, with the increase of concentra-
tions of Tl from 5 to 100 µg L−1, the adsorption capacities of 
Tl increased sharply with overlapping linear lines for both 
adsorbents (Fig. S3) due to the stronger mass power trans-
fer given by the increasing concentration of Tl (Aydin et al. 
2008; Gao et al. 2020).

Furthermore, the Langmuir and Freundlich isotherms 
equations were extensively used to explain all adsorbents’ 
sorption equilibrium data. The former model has generally 
applied to assess ideal sorption concerning homogeneous 
sorbents (Langmuir 1918), while the later model is fre-
quently used for non-ideal sorption controlled by complex 
sorption process; thus, it is considered as the best model dis-
cussing the adsorption isotherms of metal ions (Peng et al. 
2017; Xiang et al. 2020). The Freundlich and Langmuir’s 
isotherm parameters equations are summarized in Table S6. 
Both equations are commonly described as preferable to the 
isotherm data for all adsorbents. Based on the R2 values, it is 
confirmed that the Freundlich isotherm could better stimu-
late the Tl adsorption process than the Langmuir isotherm 
model, exhibiting that the process was not predominantly 
a single-molecule adsorption process. The adjusted coef-
ficient of determination (r2

adjust) ranged from 0.98 − 0.99 for 
all samples, confirming that the Freundlich model (FM) is 
the best choice for adsorption isotherms. The Freundlich 
isotherm model is shown in Fig. 6, while the Langmuir iso-
therm model is illustrated in Fig. S5.

Additionally, the solid–liquid ratio could be a prominent 
factor affecting adsorption and have many contributions to 
the adsorption capacity of adsorbents (Aydin et al. 2008; Gao 
et al. 2020). The more the solid–liquid ratio is increased, the 
more adsorption surface area and surface sites upon which 
Tl can quickly attach were provided for adsorbents (Gao 
et al. 2020). The maximum removal rates of BDB, SP, and 
BSP reached 91.62, 83.18, and 88.80%, respectively (Fig. 
S6). With the increase of solid–liquid ratio, the efficient 
removal of Tl on BDB, SP, and BSP increased rapidly (Fig. 
S5). Except for BDB at the higher solid–liquid ratio of 20 µg 
L−1, the removal rate became equilibrium. This was possibly 
due to the wide distribution of micro or mesopores and the 
interactions (aggregation) among BDB particles at a higher 
solid–liquid ratio. Their surface area could decrease adsorp-
tion capacity; thus, the space of Tl spreading to BDB could 
also be increased (Gao et al. 2020).

4.2.4 � Effects of ionic strength

The ionic strength influences the thickness of the electrical 
double layer (Guo et al. 2019). An increase in ionic strength 

caused a decrease in Tl adsorption and removal efficiency 
into BDB, SP, and BSP (Fig. S7). The decrease in Tl adsorp-
tion capacity and removal rate was caused by the competition 
of binding sites between Na+ and Tl+ on the surface area of 
adsorbents at low ionic strengths (Li et al. 2017). Unfortu-
nately, there was an inconspicuous decrease when the ionic 
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strength was from 0.1 to 0.15 µg L−1 but became obvious 
when the ionic strength ranged from 0.01 to 0.1 mol L−1. This 
explains that at a high ionic strength of 0.15 mol L−1, Na+ did 
not affect a considerable decrease in Tl removal due to the 
electrostatic interactions, which were more sensitive to varia-
tion in ionic strength (Lalhmunsiama et al., 2013).

4.2.5 � Effects of agitation speed and temperature 
on adsorption

In this study, the range of agitation speed varied from 90 to 
220 rpm while keeping the optimum dose of BDB, SP and 
BSP, and the optimum pH at constant. As shown in Fig. S8, 
the Tl removal rate of BDB commonly increased slowly 
with increasing agitation speed from 90 − 150 rpm. While in 
BSP, the equilibrium began at the optimum agitation speed 
of 180 rpm. Except in SP, Tl adsorption decreased when it 
reached the last oscillation speed; thus, the maximum removal 
rate for all adsorbents reached 180 rpm. With the increase of 
agitation speed, the Tl removal efficiency of BDB, SP, and 
BSP increased from 97.59 to 99.97%, 85.98 to 92.97%, and 
86.18 − 98.10%, respectively, and the Tl removal efficiency of 
the adsorbents for a higher agitation speed remained at equi-
librium. This can be explained by the fact that a higher agita-
tion speed increases the degree of physicochemical interaction 
between the negatively charged surface of the adsorbents used 
in this study and Tl ions at acidic conditions, resulting in a 
higher Tl removal efficiency (Muhammad 2011). The agitation 
speed of 180 rpm, providing the highest Tl removal efficiency, 
was not selected as the highest speed for all experimental stud-
ies and used for the remaining adsorption studies. An optimum 
agitation speed is fundamentally recommended to maximize 
the interactions between metal ions and adsorption sites of all 
adsorbent solutions.

For the effect of temperature, the adsorption of Tl onto 
BDB, SP, and BSP was also examined by setting different 
temperatures such as 25 ± 1 ℃, 35 ± 1 ℃, 40 ± 1 °C, and 
45 ± 1 °C. The observation indicated that the amount of 
adsorbed Tl on BDB, SP, and BSP favored as temperature 
increased; thus, the endothermic reaction is proven. With 
the increase of temperatures, the adsorption of Tl ions into 
adsorbents decreased sharply from three consecutive tem-
peratures but became equilibrium when reached a higher 
temperature (Fig. S9). This is possibly due to the intrapar-
ticle diffusion decreases at a higher temperature, and more 
adsorption sites were not created, which limited to boost up 
adsorption phenomena (Batool et al. 2018).

4.3 � Potential adsorption mechanism 
and implications

Tl mobilization in soil is demonstrated to be related to sev-
eral simultaneous processes such as oxidation, reduction and 

adsorption–desorption (Antic-Mladenovic et al. 2017; Rin-
klebe et al. 2020). For Tl adsorption, a few components such 
as ionic exchange, electrostatic attraction, surface precipita-
tion and surface complexation with functional groups are 
considered to be a great function (Li et al. 2018; Wu et al. 
2017). In this study, as shown by FTIR and XPS results, 
the presence of O–H can promote chemical adsorption of 
Tl; This was confirmed by kinetics study which fitted well 
with pseudo-second order, implying chemical adsorption. 
Based on experimental data and results from XPS, the pres-
ence of PO4

3− observed on the surface of BDB would play 
a certain role in the Tl uptake via complexation mechanism. 
Whereby, the attraction of Tl towards the active sites could 
be significantly affected by the protonation or deprotonation 
of hydroxyl groups (Fig. 7). In the chemisorption process, Tl 
can form complexes with oxygen (Huosheng Li et al. 2018; 
Tang et al. 2019). In particular, the availability of carbonyl, 
oxygen, carbon bonding interactions, and phenolic enables 
the ability to form a complex with Tl ions. These ions are 
primarily retained by simple ions exchange with COOH 
groups (Zhang et  al. 2013). Furthermore, electrostatic 
interactions between the negatively charged groups in the 
adsorbents and the adsorbed Tl ions are very likely to occur 
based on our findings here that the adsorption capacity was 
increased with increasing pH (Tran et al. 2016). Addition-
ally, supported by the suitability of Freundlich model for 
describing the adsorption behavior of Tl, multi-layer adsorp-
tion might play a dominant role in the adsorption of Tl.

Meanwhile, the soil is a mixture of organic and inorganic 
solid materials. Therefore, countless amount of organic 

Fig. 7   Mechanism of Tl by BDB, SP, and BSP
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and inorganic solutes in soil-solution systems compete for 
adsorption sites on solid (Covelo et al. 2004). As illustrated 
above, SP and BSP have also been used as adsorbents for 
Tl removal in aqueous solutions. Tl into SP, and BSP could 
be sorbed to various solid phases, which is limited in its 
mobility and availability because it is mostly complicated 
forms (Kim et al. 2016). Tl mobility and adsorption in SP 
and BSP-solution systems could be affected by different 
soil properties, including soil texture, soil reaction (pH), 
clay content, types and electrical conductivity (EC), which 
are considered as the most prominent factors influencing 
the adsorption of thallium (Xu et al. 2016). Accordingly, 
Tl mobility and availability in soil-solution systems can be 
determined by equilibrium isotherms and kinetic studies in 
target Tl adsorption mechanisms. These studies are promi-
nent to assess the Tl adsorption capacity of BDB compared 
to SP and BSP. However, there is still insufficient informa-
tion on the full mechanisms of Tl adsorption into SP and 
BSP to which warrants more attention.

From the above-mentioned adsorption data, we found 
that the bamboo-derived biochar can be utilized to improve 
soil properties to increase Tl adsorption, even for one-year 
application in the field scale. For the comprehensive benefits 
of biochar, including carbon dioxide sequestration and soil 
properties amendment, biochar can be substantially used in 
agricultural practices. However, the efficiency of biochar 
application and its corresponding duration are impacted by 
many environmental factors. Thus, it is needed to have more 
investigations on their duration at longer-term while biochar 
applied in the field.

5 � Conclusion

This study mainly discussed the efficient sorption and reme-
diation of thallium of BDB applied in the field for 1 year 
(BSP) while compared to SP and BDB. Considering the 
comparable equilibrium adsorption capacity of Tl and the 
comparable amount of specific surface area observed in BSP, 
we concluded that BDB is the suitable candidate for the 
adsorption of Tl from agricultural soils even when applied in 
the field for one year. The pseudo-second-order kinetics and 
the Freundlich model dominated the adsorption process to 
delineate Tl onto BDB, SP, and BSP, suggesting that avail-
able adsorption sites determined the adsorption capacity of 
Tl on them. Among the reported sorbents, BDB was also 
effective in removing Tl from aqueous solutions and immo-
bilizing co-existing of Tl in the contaminated agriculture 
soil. The adsorption process of BDB, SP, and BSP was influ-
enced by pH. Experimental and modelling results indicated 
that multiple mechanisms control Tl sorption onto BDB, SP, 
and BSP. Chemical interactions showed the dominance of 
ionic exchange mechanism, surface complexes, and surface 

precipitation between Tl ions and the surface of adsor-
bents. Even though we mostly highlighted the adsorption 
mechanism by BDB,SP, and BSP, there are still uncertain-
ties in understanding their full mechanism on Tl adsorption 
in agricultural soil. Additionally, it is still needed to have 
more investigation on BDB’s longer-term duration while 
applied in the field. Our findings from this work exhibited 
that BDB is recommended to be applied to agricultural soils 
to immobilize Tl distribution due to its removal ability and 
great potential as an alternative adsorbent for environmental 
remediation.
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