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a b s t r a c t
Thallium (Tl) contamination is of main concerns due to its high toxicity in the environment. To date, 
Tl adsorption is critical but limited by less knowledge on the designing and application of cost-ef-
fective and potential materials for its removal. In this work, a montmorillonite biochar composite 
(MMT-BC) was synthesized from biochar (BC) and montmorillonite (MMT). It was characterized 
to know its Tl’s adsorption mechanisms and was evaluated for its ability to remove Tl through 
batch adsorption experiments. The results showed that MMT-BC had a higher Tl removal rate 
than BC and MMT. The adsorption fitted well the Freundlich model with the highest adsorption 
capacities of MMT-BC (79.7 µg/g), which was higher than 69.8 µg/g of BC and 67.1 µg/g of MMT at 
800 µg/L of the initial concentration. Ion exchange, electrostatic attraction, and complexation were 
the main processes influencing Tl adsorption onto MMT-BC. Furthermore, MMT-BC manifested a 
higher removal percentage of 95.85% under high ionic strength and high selectivity of 95.15% and 
93.66% towards Tl in co-existence with Cu2+ and Pb2+, respectively. The desorption percentage was 
89.4%, 83% and 98.9% for BC, MMT and MMT-BC, respectively. Therefore, our findings highlighted 
that MMT-BC is a potential material for controlling Tl contamination in the environment.
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1. Introduction

Heavy metals contamination is a worldwide issue of 
primary concern. They enter the environment through var-
ious sources such as industries, motor vehicle emissions, 
construction, mining, and the application of pesticides 
and fertilizers [1,2]. They are highly prioritized because 
they can persist in soils and aqueous media and do not 
undergo biodegradation [3]. Thallium (Tl) is one of heavy 
metals present in the environment without any biologi-
cal function in plants and animals’ bodies [4]. The United 
States Environmental Protection Agency (USEPA) has rec-
ognized Tl among 13 important heavy metal contaminants, 
which are highly toxic [5]. Additionally, Tl is considered 
as principal pollutant in many countries [6]. As known, 
Tl has been pronounced to have its source from mining, 
metallurgy, coal combustion, and the discharge of waste-
water from various industries [7,8]. It is strongly toxic, 
responsible for serious harms to animals and human bod-
ies through the food chain [9,10]. To reduce the health risks 
associated with Tl contamination, the USEPA proposed the 
maximum acceptable limit because its contamination was 
increasing, especially in developed countries [11]. Hence it 
is highly warranted to conduct advanced research aiming 
to remove Tl from the environment.

Considering its efficacy, low cost, and ease of opera-
tion, the adsorption method has been selected to remove 
Tl [12,13]. Through adsorption, Tl can be accumulated or 
stabilized in the pores and on the surface of adsorbents, 
thereby decreasing their mobility and bioavailability 
[14], and in most cases, yield a well-treated effluent [15]. 
However, Tl is generally found in coexistence with other 
heavy metals in various aqueous solutions, creating the 
competition during its adsorption due to they have almost 
or the same adsorption sites [16]. Nowadays, different novel 
and economical adsorbent materials have been suggested 
for removing Tl [9,11]. Each adsorbent presents benefits 
and drawbacks; the high cost, low adsorption capacity, 
and prolonged equilibrium time are among the main con-
straints for most adsorbents [17,18]. Therefore, it is highly 
needed to develop a novel, low-cost, and practical material 
which is rapid and has high adsorption capacities of Tl.

Biochar is a carbon-rich material produced by thermal 
decomposition (pyrolysis) of organic materials, including 
agricultural bio-waste, forest residues, and animal wastes 
in oxygen-limited conditions [19,20]. Its physicochemical 
characteristics such as functional groups, large surface 
area, high porosity, cation exchange, low cost and avail-
ability make it an adsorbent of superior choice for heavy 
metals removal [21]. For instance, some Tl ions are immo-
bilized in pores of biochar, exchange with biochar cations, 
other form complexes with oxygen-containing functional 
groups like –COOH, C=O, and –OH and electrostatic 
attraction positive charges of Tl and negative charges of 
biochar [22]. Bamboo has been a good precursor for bio-
char production [23]. Similarly, montmorillonite (MMT) is 
among clay minerals reported as one of plentiful resources 
on the earth. It has versatile utilization, including heavy 
metals remediation due to its low cost and wide availabil-
ity, high specific surface area, firmness layered structure, 
cation exchange capacity, etc. [24,25]. Previous studies 

have used bamboo-derived biochar (BC) [26], and others 
used montmorillonite clay [27] to remediate heavy met-
als. While materials with rough surfaces such as BC gen-
erally exhibit a possibility of accumulating large amount 
of heavy metals [28,29], materials with more regular 
shapes such as MMT may increase the amount of oxy-
gen-containing functional groups, exchangeable cations to 
improve the efficiency of capturing the contaminant[30,31]. 
Thus, complementing both material types could improve 
the adsorption capacity and efficiency of the adsorbent. 
However, to the best of the authors’ knowledge, little infor-
mation is available on the potential of montmorillonite 
biochar (MMT-BC) to remove Tl in the environment.

Accordingly, the objectives of this study were (1) to 
investigate the ability of MMT-BC to remove Tl from the 
aqueous environment, (2) to explore the potential mecha-
nisms underlying Tl adsorption onto MMT-BC (3) to exam-
ine the competitive adsorption of Tl in coexistence with 
other heavy metals onto MMT-BC, and (4) to discuss its 
environmental implication and application. The obtained 
results will provide a deep understanding of designing a 
cost-effective adsorbent material from MMT and BC and its 
application for Tl removal in the environment.

2. Materials and methods

2.1. Materials

BC was bought from the Xinshiji Company in Zhejiang 
Province, China. MMT (CAS: 1318-93-0) and Tl NO3 (CAS: 
10102-45-1) were purchased from Sinopharm Chemical 
Reagents Co., Ltd., China. To get the Tl stock solution of 
200 mg/L, the appropriate amount of TlNO3 was dissolved 
in Milli-Q water (Millipore Corp.). The following required 
solutions of varying levels of Tl have been prepared by dilut-
ing the stock solution. A pure standard solution containing 
1,000 mg/L of Tl was obtained from China’s National Center 
of Analysis. Chemicals such as HNO3, NaOH, and NaNO3 
used in this study were of analytical grade, acquired from 
Sino Pharm Chemical Reagent Co., Ltd. All experiments 
were accomplished using Milli-Q water (Millipore Corp.).

Additionally, MMT-BC was prepared from BC and 
MMT as described below. Firstly, 5 g of MMT was added 
to 500 mL of deionized water to prepare the clay suspen-
sion. To obtain a good mixture, the suspension spent 60 min 
in an incubator shaker (ZHWY-2102C, China), and then 1 g 
of biochar powder was added and shaken again for 90 min. 
Afterward, the feedstock was removed from the mixture 
and oven-dried at 105°C for 24 h. In this study, no pyrolysis 
was involved because it is non-economic and may stimulate 
the activation of other reactive compounds in the material 
[32]. Finally, samples were grounded using an agate bowl, 
sieved in a 100–200 mesh screen and stored in plastic bags 
for further experiments. Meanwhile, pure BC and MMT 
were used as a reference in this study.

2.2. Characterization of adsorbent materials

The pH meter (STARTER3100/F, Ohaus Inc., China) 
was used to determine the pH values of BC, MMT and 
MMT-BC using a 1:20 ratio (solid:liquid). Using the pH 
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values ranging from 3 to 10, the zeta potential of the mate-
rials was determined by means of a Zeta PALS analyzer 
(Malvern Instruments, Malvern, United Kingdom) to find 
the points of zero charge (pHPZC). The point of zero charge 
of every sample was determined as previously reported 
[18]. The C, N, S elements embedded in the tested materials 
were determined using an elemental analyzer (Elementar 
Analysensysteme GmbH – Vario MAX, Germany). The per-
centage of oxygen in the samples was calculated using the 
formula O% = 100–(N + S + C) %. The exchangeable cations 
or alkali metals/alkali earth metals such as Ca, K, Mg, and 
Na were measured using inductively coupled plasma opti-
cal emission spectrometry (ICP-OES, PerkinElmer Optima 
7000DV, USA).

A scanning electron microscopy (SEM Hitachi S-4800, 
Tokyo, Japan) was used to observe the morphology and ele-
mental composition of the tested materials in combination 
with energy-dispersive X-ray spectroscopy (EDS) (Genesis, 
XM2, FL, USA). The X-ray diffraction (XRD) measurements 
were taken on a PANAanalytical X’Pert Pro diffractometer 
with Ni filtered, Cu Kα radiation (=1.54056) to know the 
BC, MMT and MMT-BC crystallography. Thermo Scientific 
Nicolet iS10, USA was used to record Fourier-transform 
infrared spectrometer (FTIR) spectra between the wave-
lengths of 4,000 and 500 cm–1 to determine the functional 
groups. A mixture of 1.5 mg dried sample and 200 mg KBr 
was used to pelletise the sample during sample preparation.

On a micromeritics ASAP 2020 instrument, the N2 
adsorption/desorption isotherms were calculated at liq-
uid nitrogen temperature (–196°C) and a relative pressure 
range of 0.001 to 0.998. Before measurement, the samples 
were outgassed at 160°C for 12 h under a vacuum of less 
than 10–3 Torr. From the desorption data and in the relative 
pressure range of 0.05–0.35, the surface area was assessed 
using the Brunauer–Emmett–Teller (BET) equation [33]. 
At a relative pressure of 0.995, the total pore volume was 
calculated using the quantity of N2 adsorbed. Furthermore, 
X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 
250 K-Alpha+, Thermo Fisher Scientific Inc., USA) was 
used to analyze the elemental composition and their 
valence states on the surface of the materials utilizing Al 
Kα radiation.

2.3. Sorption experiments

To investigate different environmental parameters 
influencing the adsorption process, the batch experiments 
of Tl adsorption onto BC, MMT and MMT-BC were con-
ducted. Fixing the initial concentration of Tl at 100 µg/L, 
pH of 7, rotation speed of 180 rpm and the volume of 
25 mL at room temperature (25°C) for 24 h, the effect of 
adsorbent dosage was studied as described in supplemen-
tary information (section 1). The effect rotation speed and 
temperature were investigated as shown in supplementary 
information (section 2 and section 3). Furthermore, the 
experimental conditions of pH, the initial Tl concentration, 
contact time, ionic strength, and coexistence with other 
heavy metals were determined by the obtained results 
of adsorbent dosage, rotation speed, and temperature. 
Specifically, the effect of adsorbent dosage was studied 
in the range between 2–40 g/L; rotation speed was varied 

between 50 and 400 rpm, and the temperature between 
10°C ± 1°C and 35°C ± 1°C. To assess the effect of pH on 
the adsorption process, the experimental studies were per-
formed in a pH range from 2 to 10.

Meanwhile, the initial Tl concentration was varied 
between 200 and 800 µg/L whereas the effect of contact 
time was studied between 2 and 60 min. Various initial 
salt (NaNO3) concentrations ranging from 0.001 M to 0.2 M 
were prepared and used as background electrolytes to 
evaluate the effect of ionic strength on Tl adsorption. To 
examine the effect of co-existence, different concentra-
tions (100, 200, and 500 µg/L) of Pb2+ and Cu2+ were used 
and a concentration of (100 µg/L) of only Tl was used as 
control treatment (CK).

Accordingly, unless otherwise specified, experimen-
tal tests have been carried out as follows: 0.25 g of adsor-
bents was melded with 25 mL of Tl (100 µg/L) using 
centrifuge sealed bottles (50 mL), with a rotation speed 
of 200 rpm, pH of 7 at 25°C for 24 h, and lastly centri-
fuged at 3,000 rpm for 10 min. The suspensions have 
been purified using 0.45 µm filters, and the residual Tl 
concentration has been determined using inductively 
coupled plasma mass spectroscopy (ICP-MS, Agilent 
7500CX). The quantity of absorbed metal was deter-
mined as the difference between the original and con-
centration of Tl in solution at a particular time per unit 
of adsorbent mass. The amount of Tl absorbed per unit 
of adsorbent weight was determined based on Eq. (1). 
While the removal efficiency was calculated using Eq. (2).
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C C
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100  (2)

where qe is the adsorption capacity (µg/g), Co and Ct are 
the initial Tl concentrations and concentrations at time t, 
respectively, V is the volume of the aqueous solution (L) and 
m is the mass of adsorbent materials (g).

After adsorption experiment using 100 µg/L, the sam-
ples were filtered and oven-dried at 100°C for 12 h, dis-
seminated into the background electrolyte of Milli-Q 
water (pH = 3) using 0.5 M HNO3 for 4 h.

Desorption des%� � � �
C
Co

100  (3)

where Cdes is the desorbed Tl concentration (µg/L) and 
Co (µg/L) is adsorbed Tl concentration.

2.4. Fitting models for kinetic and isotherm studies

The pseudo-first-order and pseudo-second-order mod-
els were used to analyze the adsorption kinetic using 
Eqs. (4) and (5).

Pseudo-first-order kinetic model: ln lnq q q k te t e�� � � � 1  (4)
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Pseudo-second-order model: t
q q

t
k qt e e
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1 1

2
2  (5)

where k1 (1/min) and k2 (g/µg min) are rate constants of the 
pseudo-first-order and pseudo-second-order models where 
qe (µg/g) and qt (µg/g) are the amounts of Tl adsorbed at 
equilibrium and time t, respectively.

To study the isotherm adsorption, Langmuir and 
Freundlich models fitness were used following Eqs. (6) 
and (7) as described below:

Langmuir model: 
C
q q
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e m
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1 1  (6)

Freundlich model: ln ln lnq
n

C Ke e F� �
1  (7)

where Ce (µg/L) is the concentration at equilibrium; qe (µg/g) 
is the equilibrium adsorption capacity; qm (µg/g) is the the-
oretical maximum sorption capacity, and KL (L/µg) and 
KF (mg/g (L/mg)1/n) are the Langmuir and Freundlich 
adsorption constants, n symbolizes a heterogeneity factor. 
For the Langmuir model, qm and KL are generated by the 
slope and intercept of the linear plots of Ce/qe vs. Ce.

2.5. Statistical analysis

All the experiments were conducted in triplicate. The 
mean values were used to present analytical data, and error 
bars were indicated to display the highest deviation from 
average values. Statistical significance was performed using 
a One-Way ANOVA in SPSS 17.0, and measured values 
considered significant at P < 0.05 level.

3. Results and discussions

3.1. Characterization of the adsorbents

3.1.1. pH and point of zero charge

The pH of BC, MMT and MMT-BC were 8.9 ± 0.5, 
9.7 ± 0.5 and 10.0 ± 0.5, respectively. The point of zero 
charge (PZC) is referred to the pH at which the number of 
negative charges on the adsorbent surface is equal to the 
number of positive charges. At pH values below pHPZC, 
the adsorbent’s surface is positively charged whereas at 
pH values above pHPZC, the surface is negatively charged 
favoring cation adsorption [18]. The zeta potentials of all 
the three studied materials decreased with increasing pH 
and were all negative, varying in the range of –18 and 
–38.2 mV (Fig. 1a). Negative charges will enhance the 
adsorption of positively charged Tl and inhibit the risks 
of aggregation of adsorbent materials in the solution. PZC 
values of the materials were 7.4, 8.0, and 8.5 for MMT, 
MMT-BC, and BC, respectively as shown in Fig. 1b.

3.1.2. Elemental composition (%) of samples by CNS

In this study as presented in Table S1, O was more than 
other elements (N, C, and S). The sample MMT had a very 
low amount of carbon mainly because, naturally, MMT con-
tains low carbon content [34]. The O/C and (O+N+S)/C shows 
the dehydration degree. Their ratios were greater in MMT 
and MMT-BC than in BC, indicating the higher carboniza-
tion degree of the later. Generally, the C content depends on 
feedstock material and temperature. It was low in MMT-BC 
mainly due to its high content of metal elements from MMT 
and low carbonization degree [35]. The presence of alkali 
and alkali earth metals including Ca, K, Mg, and Na in 
the adsorbents was tested and their results are presented  
in Table S2.

 
Fig. 1. Zeta potential (a) and point of zero charges (b) of BC, MMT and MMT-BC.
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3.1.3. Morphology and elemental analysis of adsorbents

The analysis of SEM-EDS data was accomplished 
before and after Tl adsorption (Fig. S1). The surface of 
MMT-BC was more irregular and rough than BC and 
MMT, suggesting the high possibility of accumulating Tl. 
The BC also presented rough surfaces, resulting from vol-
atile compounds removal during pyrolysis. Contrarily, the 
MMT surface had regular shapes. The high peaks of sili-
con, aluminum, sodium, calcium, magnesium, and iron, 
which are characteristic of the elemental composition of 
clay minerals observed on the EDS images of MMT-BC, 
confirmed the existence of MMT in the composite (Fig. 
S1b). On the other hand, a high peak of Si was observed in 
MMT-BC than in MMT, which was assigned to the intro-
duction of quartz (SiO2) reported being the common bio-
char component [36]. During MMT-BC preparation, MMT 
increased the amount of oxygen-containing functional 
groups, immediately increasing the adsorption sites for 
Tl [37]. After adsorption, there was a formation of new 
peaks of Tl which was attributed to the accumulation of 
Tl on the BC, MMT and MMT-BC (Fig. S1b).

(XRD) configurations of BC, MMT, and MMT-BC are pre-
sented in Fig. S2. The peaks observed at 2θ values of 22, 26.5, 
and 36.10 approved the porous structure of these adsorbent 
materials. As shown in the figures, no false diffractions con-
firm the crystallographic purity of materials under investiga-
tion [38]. The XRD results strongly agree with the SEM-EDS 
findings, proving that the production method used in this 
study has effectively embedded BC into MMT surface.

3.1.4. FTIR analysis

The FTIR analysis was performed between 4,000 
and 500 cm–1 before and after Tl adsorption to detect the 
potential binding sites of Tl on the adsorbent surfaces 
(Fig. S3). For BC, the peaks at 3,432 cm–1 corresponded to 
–OH stretching vibrations, while the bands at 1,648 and 
1,037 cm–1 are assigned to C=O and C–O stretching of ether 
groups, respectively[39]. The bands located at 3,450 and 
1,646 cm–1 on MMT spectrum belong to –OH stretching 
vibrations and –OH bending mode, respectively [40]. Other 
bands located at 1,089, and 1,039 cm–1 on the same spectrum 
correspond to Si–O–Si stretches. Moreover, in the range of 
500 and 1,000 cm–1, several components such as Si–OH and 
Al–OH located at 792, 626 and 526 cm–1 are the primary 
functional groups of MMT [41]. The strong bands at 3,631 
and 3,448 cm–1 are attributed to hydrogen-bonded H–O–H 
stretching vibrations as representative hydroxyl groups in 
MMT-BC. The band at 1,646 cm–1 confirmed the presence of 
C=O ether groups in MMT-BC, while the bands located at 
1,091 and 1,037 cm–1 belong to Si–O–Si layered vibrations 
stretches MMT. Again, different functional groups of Si–O 
and Al–OH were observed between 500 and 1,000 cm–1 
located at 792, 626 and 526 cm–1 because MMT is the 
main component of the composite. The functional groups 
observed on the surface of MMT-BC, extreme peaks of –OH, 
are expected to stimulate the adsorption of Tl [42].

After Tl adsorption, the observed peaks were almost 
the same as before, with minor changes in wavenumbers 
from higher to lower positions (Fig. S3). For instance, 

the peak corresponding to –OH has shifted from 3,432 to 
3,417 cm–1, 3,450 to 3,430 cm–1 and 3,448 to 3,432 cm–1 for BC, 
MMT and MMT-BC, respectively. The reduction in peak 
position has been observed on other functional groups pro-
posing that there has been an interaction between Tl ions 
and the surface of the adsorbents. It also approves that 
the functional groups have played an essential role during 
Tl ions bonding [43].

3.1.5. Porosity and surface area analyses

The results from this study manifested that the specific 
surface area (SSA) and pore volume of MMT-BC is higher 
compared to that of BC due to the incorporation of alkali 
metals like Na in it (Table S3). However, the SSA of MMT-BC 
reduced compared to MMT, probably due to the clogging 
of pores of MMT by BC [44]. Moreover, as indicated by 
their average pore size results (Table S3), the three adsor-
bents were mesoporous, showing that they can increase the 
adsorption spaces for Tl, and fitted the type III according 
to the IUPAC classification as indicated by their Nitrogen 
adsorption–desorption isotherms (Fig. S4). Though no 
pyrolysis was involved in this study, the SSA, pore-volume 
and pore diameter of MMT-BC are comparable with the pre-
vious findings [30,45].

3.1.6. XPS observation

The evaluation results from XPS clearly showed the 
chemical states of three adsorbents, BC, MMT, and MMT-BC 
(Fig. 2). For BC and MMT-BC (Fig. 2a and c), the surface 
of the materials presented two prominent peaks located 
at 284.30 (C1s) and 531.4 eV (O1s). The C1s spectra fitted 
components such as C–C/C–H, C–COOX, C–OH, COO−, 
and COOH species that may be assigned to C10H8 [46]. The 
presence of C in MMT-BC mainly comes from biochar due 
to carbonization during composite preparation. In the O1s 
spectra, peaks were expansive, which indicates the exis-
tence of various chemical states of oxygen. They consisted 
of organic oxygen (O in carboxyl, carbonyl, alkoxyl, or 
ether groups) and inorganic oxygen (O in iron oxides) in 
biochars and iron or aluminum-containing oxides or other 
surface hydroxyls [47] and silicon oxides (SiO2) but also 
from OH groups in MMT. In Fig. 2b, the MMT showed spec-
tra with two prominent peaks located at 101.10 ev (Si) and 
529.90 eV (O), which probably corresponds to SiO2 [44] and 
OH of the montmorillonite, respectively [45].

3.2. Results of batch experiments

3.2.1. Effect of pH

Tl absorption onto BC, MMT and MMT-BC increased 
with increasing pH from 2.0 to 10.0. The highest adsorp-
tion percentage of 99.8%, 97.4% and 99.9% for BC, MMT, 
and MMT-BC, respectively, occurred at a pH of 10 
(Fig. S8). Specifically, at lower pH, the functional groups of 
BC, MMT and MMT-BC can be protonated to some extent. 
Subsequently, this protonation increased H+ ions, and the 
surface of the adsorbents become positively charged, which 
could result in repulsion with positively charged Tl. On the 
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other hand, when the solution pH is greater than the pHPZC, 
the same functional groups (active sites) are deprotonated 
to create negative charges on the surface of the adsorbents. 
Consequently, the deprotonation enhanced the binding 
of positively charged Tl ions and increased the attraction 
between positively charged Tl and the negative surface of the 
adsorbents [43]. Thus at higher pH, the three tested adsor-
bents presented high Tl removal, particularly MMT-BC. But 
also, for the case of MMT and MMT-BC, it can be linked 
with the high release of cations of MMT at higher pH values, 
then favoring Tl adsorption through ionic exchange [44].

3.2.2. Adsorption isotherm and capacity

The results clearly manifested that an increase in the 
initial concentration of Tl was followed by an increase in 
adsorption capacity (Fig. 3). The highest adsorption capacity 
was 69.8, 67.1, and 79.7 µg/g for BC, MMT, and MMT-BC, 
respectively at 800 µg/L of initial concentration. At low 
initial concentration Tl removal was very quick due to the 
availability of specific sites and low concentration of the 
adsorbate, but at high concentration, the adsorption rate 
started to decrease for BC and MMT mainly due to the sat-
uration of binding sites while that of MMT-BC was continu-
ously increasing. The increased adsorption with increasing 
initial metal concentration can be attributed to two major 
factors, that is, (1) the possibility of collisions happening 
between Tl and ions of adsorbents and (2) a high distribu-
tion of Tl through adsorbents surface powered by increased 
driving force which decreases the transmission resistance.

Furthermore, the high adsorption capacity of MMT-BC 
than BC and MMT can be related to its high surface area, 
abundant negative charges, higher exchangeable Na and 
functional groups that increased the ion exchange between 
Tl and H+/Na+. In addition, it is due to the fact that MMT-BC 
combines the properties of BC and MMT which are also 

Fig. 2. XPS full survey of BC (a), MMT (b) and MMT-BC (c).

 
Fig. 3. Effect of initial concentration on Tl adsorption onto BC, 
MMT, and MMT-BC
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good adsorbents to remove a high amount of Tl [44]. 
In contrast, the low adsorption capacity of MMT may be 
assigned to its regular shape and smoothness, low amount 
of exchangeable cations and low carbon content compared 
to other adsorbents in this study. More specifically, the 
Na ions in MMT were saturated and attached by van der 
Waals forces, making them non-exchangeable (Table S2). 
Here, two standard models were used to describe the iso-
therm adsorption process, that is, Langmuir model [48] 
and the Freundlich model [49]. Results showed that the 
adsorption fitted well Freundlich model as indicated by 
the correlation coefficients (R2) (Fig. S10), and other fitting 
parameters are presented in (Table S4).

As the adsorbent’s performance is controlled by var-
ious parameters including adsorption capacity, equilib-
rium time, regeneration, and cost, comparing adsorbents’ 
performance under different adsorption conditions is dif-
ficult. Meanwhile, MMT-BC showed higher Tl adsorption 
capacity than bamboo biochar and montmorillonite used 
in this study under same conditions and in other’s inves-
tigation [7]; also, it presented high adsorption percentage 
and high desorption percentage than the multi-walled 
carbon nanotubes [50]. Similarly, hypochlorite oxidation 
coupled with magnetite-based biochar, MnFe2O4-biochar 
composite and needle-shaped manganese oxide nanopar-
ticle exhibited higher absorption capacity for Tl. However, 
they are expensively requiring careful pre-treatment, have 
low competition ability with cations and slow adsorp-
tion rate compared with MMT-BC, respectively [9,51,52].

3.2.3. Effect of time and adsorption kinetics

Tl removal was characterized by rapid adsorption 
in the early minutes of adsorption, followed by a grad-
ual increase, and reached equilibrium in less than 1 h, as 
shown in Fig. 4. Within the first 10 min, the removal rate 
was above 90%, and by 30 min, it was around 100%. This 
is linked to the abundance of specific sites; that is, high 
surface area and porosity and high concentration gradi-
ent in the commencement [53]. As time goes on, the num-
ber of available active sites reduces, and the reduction in 
driving forces prolongs the equilibrium time; hence the 
adsorption process slows down. The results of this study 

are comparable with the findings of other researches 
highlighting that Tl adsorption was observed to be fast 
in the beginning and, after reaching the equilibrium time, 
slowed down and remained almost constant [11].

The adsorption kinetics fitted well the pseudo-sec-
ond-order model with R2 above 0.9 (Fig. S11). In addi-
tion, the calculated adsorption qe (µg/g) were close to the 
theoretical qe values (Table S5). Accordingly, the best fit of 
pseudo-second-order model indicated that the adsorp-
tion of Tl was dominated by chemical forces such as ion 
exchange between Tl and Na+/H+, electrostatic attraction 
between positively charged Tl and negatively charged sur-
face of adsorbents, and complexation reactions between 
Tl and oxygen-containing functional groups (OH) of the 
adsorbents [43].

3.2.4. Effect of ionic strength

The removal percentage of Tl decreased with increasing 
ionic concentration from 0.001 to 0.2 M (Fig. S9). However, 
the removal percentage of MMT-BC was still high (95.85%) 
when the concentration of NaNO3 was 0.2 M. Tl adsorp-
tion on adsorbent binding sites was decreased due to 
competition for adsorption sites between Tl ions and Na+ 
ions present in the background electrolyte (NaNO3). It was 
significant because they have the same binding sites, and 
both of them are monovalent, which can increase their 
competition, thereby reducing Tl adsorption [54]. But 
also, the background electrolyte has reduced the nega-
tive charges of the adsorbents and enlarged the thick-
ness of diffuse, which has resulted in the reduction of Tl  
adsorption [55].

3.2.5. Effect of co-existence with other heavy metals

In this study lead (Pb) and copper (Cu) have been 
used as model heavy metals because both are the principal 
metal ions found in waste water from mining plants as one 
of various sources of Tl contamination. An incompatible 
effect was found in competitive environments, suggesting 
that Cu2+ and Pb2+ are competing for the same adsorption 
sites with Tl, as shown in Fig. 5. At a low concentration 
of interfering heavy metals, the slight competition was 
observed for both metals, but with increasing the amount 
of interfering metal, the removal percentage was continu-
ously decreasing as a sign of competition on the binding 
sites. Both Cu2+ and Pb2+ revealed lower competition on 
MMT-BC than on individual adsorbents. At equal concen-
tration (100 µg/L) of Tl and Pb2+, the removal percentage 
reduced from 99.75% to 97.79% and reduced from 99.75% 
to 93.66% at 500 µg/L (Fig. 5a). With Cu2+, the removal per-
centage reduced from 99.75% to 96.11% at 100 µg/L, while 
at 500 µg/L it reduced from 99.75% to 95.1% (Fig. 5b). This 
might be due to on MMT-BC, Pb2+/Cu2+ can bind with one 
or another adsorbent, thereby providing enough adsorp-
tion sites for Tl [56]. Comparing the variation of removal 
percentage with and without the interference of heavy 
metals (Pb2+ and Cu2+), the results showed negligible 
change for Tl removal mainly due to the stoichiometric 
reactions between monovalent (Na+) and divalent cations 
(Pb2+ and Cu2+) during the ionic exchange is complicated.

 

Fig. 4. Effect of time on Tl adsorption onto BC, MMT, and 
MMT-BC.
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3.2.6. Desorption

The recovery of Tl from the adsorbents was performed 
in acidic conditions using HNO3 as elution agent and the 
results are presented in Fig. 6. The highest recovery of Tl 
was 89.4%, 83% and 98.9% for BC, MMT and MMT-BC. 
The obtained result complies with the reverse ion exchange 
reaction between Tl and H+ in solution. It is clear that Tl 
can be simply desorbed and the adsorbents can be restored 
at a high degree which increases its usage in removing 
further Tl in other cycles and making the removal pro-
cess more economical. Regeneration study should be done 
in order to know the adsorption capacity of the adsor-
bents after numerous cycles.

3.2.7. Adsorption mechanism

As summarized, the well-fitting of the Freundlich 
model during isotherm studies highlighted that Tl adsorp-
tion onto MMT-BC belongs to the heterogeneous surface 
and no formation of a monolayer. Similarly, the well- 
fitted pseudo- second-order model from kinetic studies 
confirmed that chemical forces dominated Tl adsorptions 
through ion exchange, electrostatic attraction and complex-
ation. Specifically, the spectrum from EDS characterization 
discloses the formation of new peaks position on the image 
after adsorption. It is attributed to the accumulation of Tl 
on MMT-BC through ion exchange between cations and 
Tl and complexation between Tl and oxygen – containing 
functional groups [57].

FTIR and XPS results showed –OH groups on MMT-BC, 
which could stimulate the ion exchange between Tl and H+ 
and complexation on oxygen-containing functional groups. 
After adsorption, the reduction in spectrum peak posi-
tion observed on FTIR as a result of the accumulation of 
Tl through complexation or ion exchange and electrostatic 
attraction [43]. Additionally, the results from exchange-
able cations analysis revealed the presence of exchange-
able cations in MMT-BC, which encouraged their exchange 
with Tl. Again, the increase of adsorption percentage with 
increasing pH indicates the possibility of electrostatic attrac-
tion between positively charged Tl and the surface of the 

adsorbents, which is negatively charged. Moreover, besides 
its high surface area, porosity, and more oxygen-containing 
functional groups, the high amount of exchangeable Na in 
MMT-BC could explain its high removal efficiency than BC 
and MMT. The study of [58] reported Tl is mainly adsorbed 
by ion exchange between Tl and Na+ due to both Tl and Na+ 
are monovalent cations, and their exchange is relatively  
easy.

During MMT-BC preparation, MMT increased the oxy-
gen containing functional groups [59], which have promoted 
the formation of new pores and increased reactive sites on the 
surface. From the findings of this study, we consider that the 
accumulation of Tl ions onto MMT-BC through its exchange 
with Na ions, electrostatic attraction and complexation 
with the hydroxyl, carboxyl and silanol functional groups 
are the best description for Tl adsorption mechanism (Fig. 7).

3.3. Environmental implications

Tl contamination has increased primarily in developed 
countries, jeopardizing human health and the ecosystem 

 
Fig. 5. Effect of co-existence with Pb2+ (a) and Cu2+ (b). Different letters indicate significant differences at P < 0.05 level.

 
Fig. 6. Desorption studies of Tl from BC, MMT and MMT-BC.
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in general [11]. The current study has developed a mont-
morillonite biochar composite (MMT-BC) and tested 
its potential Tl remediation for the first time. MMT-BC 
showed a quick and high removal rate towards Tl under 
different environmental conditions from acidic to alka-
line environments. MMT-BC showed high Tl removal in 
co-existence with other heavy metals and under high ionic 
strength. Additionally, the high desorption percentage 
as displayed, confirmed that the adsorbents were almost 
fully recovered which increases its usage in removing 
further Tl in other cycles and making the removal pro-
cess more economical. Thus, in addition to the low cost 
of BC and MMT as precursors of MMT-BC, and envi-
ronmental friendliness, the factors mentioned above can 
suffice for recommending MMT-BC to be used in reme-
diation of Tl contaminated aqueous environments and 
agricultural soils. Accordingly, its potential application 
would be favored to improve environmental health status 
due to Tl’s higher adsorption capacity. However, further 
investigations are still required to assess its regeneration  
capacity.

4. Conclusion

A montmorillonite biochar composite (MMT-BC) from 
bamboo-derived biochar (BC) and montmorillonite (MMT) 
was successfully produced and used for the first time to 
remove Tl in aqueous environments through its adsorption. 
As observed, the MMT-BC displayed porosity, roughness 
and more functional groups on its surface. Tl was removed 
from pH 2 to 10 with more than 80% removal at pH 2 and 
around 100% at pH 10. The kinetic adsorption data fitted 
the pseudo-second-order model with a correlation coeffi-
cient (R2 > 0.9). The equilibrium was attained within 10 min, 
indicating that chemisorption predominated through ion 

exchange, electrostatic attraction and complexation. The iso-
therm studies fit the Freundlich model well, and the high-
est adsorption capacity of 79.7 µg/g was obtained using 
MMT-BC when the initial concentration was 800 µg/L. 
MMT-BC presented high selectivity for Tl in competition 
with other heavy metals. In addition, the desorption per-
centage was around 100%. This study showed how MMT-BC 
is environmentally friendly and can remove Tl in aqueous 
environments and can be used in remediation of agricultural 
soils contaminated by Tl to improve their health conditions, 
including carbon sequestration.
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S1. Effect of adsorbent dosage

Generally, the removal efficiency increased as increasing 
the dose of adsorbents (Fig. S5). Thallium (Tl) (I) removal effi-
ciency was greater than 90% at an adsorbent dosage of 2 g/L 
for all the adsorbents. Similar results were obtained when 
removing Tl using magnetic Prussian Blue derivative [S1] 
and Na–montmorillonite and kaolinite [S2] from aqueous 
solutions. At low adsorbent dosage, the only limiting factor 
is the availability of adsorbent active sites on the surface of 
the adsorbent [S3]. Therefore, the elevated removal rate at 
higher adsorbent dosage can be ascribed to the availability of 
adsorption sites on the adsorbent surface [S4]. Nevertheless, 
the aggregation and overlapping of particles at high adsor-
bent dosage resulted in the reduction of adsorption sites on 
the surface; consequently the adsorption capacity decreases 
[S5]. Since the results found using 40 g/L is comparable 
with that found with 8 g/L, which is 5 times higher there 
is no need to use a high amount of adsorbent to adsorb Tl 
in this study. Thus, considering the removal efficiency and 

economical point of view, the adsorbent dose of 10 g/L 
was chosen for the following adsorption experiments.

S2. Effect of rotation speed

The rotation speed plays a critical role in the solute-sol-
vent mass transfer mechanism influencing the external 
boundary layer and circulation of the solute in the bulk solu-
tion. The effect of rotation speed was studied in a range of 
50 to 400 rpm. As illustrated in Fig. S6, the adsorption per-
centage was higher than 80% at a rotation speed of 50 rpm. 
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Table S1
Elemental composition (%) of the samples by CNS

Samples/Elements N C S O (O+N+S) O/C (O+N+S)/C

BC 2.48 22.37 0.3 74.83 77.621 3.343 22.379
MMT 0.04 0.28 0.05 99.61 99.714 348.311 348.65
MMT-BC 0.33 3.65 0.08 95.93 96.35 26.27 26.382

Table S2
Exchangeable cations distribution in BC, MMT and MMT-BC 
(cmol/Kg)

Adsorbents Ca K Mg Na

BC 30.65 14.5 13.39 2.58
MMT 11.03 4.8 42.33 Saturated
MMT-BC 4.56 2.5 5.79 20.83



E. Cyubahiro et al. / Desalination and Water Treatment 253 (2022) 177–193188

(a) (b)

  (c) 

a

b

c

d

e

f

(A)

(b)

Fig. S1. (A) SEM images of BC (a), MMT (b) and MMT-BC (c). (B) EDS images of BC, MMT and MMT-BC (a–c), respectively before 
adsorption and (d–f) after adsorption.
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The highest adsorption of thallium into biochar (BC), and 
montmorillonite biochar (MMT-BC) reached 98.8% and 
99.9% respectively at a rotation speed of 300 rpm while for 
montmorillonite (MMT) the highest adsorption percentage 
of 95.6% was obtained at 400 rpm.

The adsorption was increasing with the rotation speed 
because the increased turbulence and reduction of thickness 

of the liquid enhanced the diffusion rate of Tl into the liq-
uid boundary layer covering the adsorbents surface [S6]. 
However, at a rotation speed greater than 200 rpm, the vari-
ation in adsorption rate is negligible and tends to shrink 
suggesting that the film thickness has little effect when the 
rotation speed is above 300 rpm. The low adsorption at 
low rotation speed is due to low mass transfer of thallium 

 

Fig. S2. XRD images of BC (a), MMT (b), and MMT-BC (c).

Table S3
SSA, pore size and pore volume of BC, MMT and MMT-BC

Adsorbent/property Specific surface area (m2/g) Pore volume (cm3/g) Pore size (nm)

BC 7.76 0.02 10.98
MMT 47.22 0.10 8.95
MMT-BC 27.10 0.06 9.42

Table S4
Isotherm parameters for adsorption of Tl on BC, MMT and 
MMT-BC

Adsorbents Freundlich model

Parameters n KF (mg/g (L/mg)1/n) R2

BC 0.84 3.04 0.9097
MMT 0.55 11.97 0.9684
MMT-BC 0.6 2.77 0.9487

Table S5
Kinetic parameters for adsorption of Tl on BC, MMT, and 
MMT-BC

Adsorbents Pseudo-second-order model

k2 (min–1) qe,cal (µg/g) R2

BC 0.40 9.77 0.98
MMT 0.15 9.92 0.94
MMT-BC 0.47 10.01 0.98
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Fig. S3. FTIR images of BC (a), MMT (b), and MMT-BC (c) before adsorption and BC (d), MMT (e), and MMT-BC (f) after adsorption.
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Fig. S4. Nitrogen adsorption–desorption isotherms at 77 K for BC (a), MMT (b) and MMT-BC (c).

 

Fig. S5. Effect of adsorbent dosage (g/25 mL) on Tl adsorption 
onto BC, MMT, and MMT-BC.

 

Fig. S6. Effect of agitation speed on Tl adsorption onto BC, MMT, 
and MMT-BC.
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into the materials’ surface from inadequate dispersion but 
also higher rotation speed may cause the collision between 
Tl and adsorbents particles which lead to desorption 
when the equilibrium is reached [S7] affecting the kinet-
ics and the overall adsorption capacity [S8]. Therefore, 
200 rpm has been selected to conduct other experiments.

S3. Effect of solution temperature

The solution temperature plays a critical role when 
studying the adsorption process. Fig. S7 displays the 
change in Tl removal with temperature of the solution. 
As it is shown on the figure, the removal percentage 
was increasing with temperature and the peak values 
were observed around 25°C for all the adsorbents. The 
increase of adsorption with temperature is due to high 
temperature reduces the stickiness of the solution and 

 

Fig. S7. Effect of temperature on Tl adsorption onto BC, MMT, 
and MMT-BC.

 

Fig. S9. Effect of ionic strength (mol/L) on Tl adsorption onto 
BC, MMT, and MMT-BC.

 
Fig. S10. Freundlich isotherms of adsorption.

 

Fig. S8. Effect of pH on Tl adsorption onto BC, MMT, and 
MMT-BC.
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increases the movement energy of ions which creates 
more adsorption sites and enhancing the diffusion of 
metal ions into the material pore surface [S9]. The linear 
increase between temperature and adsorption amount 
proposes that Tl (I) was enabled to diffuse the adsor-
bent’s layer and accumulated in its surface through inte-
gration of energy gained at higher reaction temperature 
[S10]. Subsequently, other experiments done in this study 
were conducted at 25°C (room temperature).
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Fig. S11. Linearized form of pseudo-second-order model fitting 
of BC, MMT and MMT-BC.
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