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high solubility of Cd(II) and its related compounds, compared with those of other heavy metals, means that it 
can effortlessly migrate to biological systems8. Cadmium ions have high toxicity, and carcinogenesis can occur 
even at low dosage9. In line with the World Health Organization (WHO), the maximum Cd(II) concentration 
in domestic water supplies should be 5 μg/L10. Mercury typically enters the environment via activities such as 
pharmaceutical processing, electroplating, mining and industrial effluent and further accumulates in organs 
and bodies, causing harm, especially to nerves and related systems11. Due to its high environmental mobility 
and the fact that Hg(II) has a unique position in the biogeochemical cycle, it accumulated inside organisms, 
and its impact magnifies when it moves up the food chain and ecosystem12,13. Accordingly, WHO has banned 
the presence of mercury in potable water and imposed a limit of 0.1 µg/L in effluents14. In conclusion, waters 
contaminated with zinc, cadmium and mercury ions can cause various adverse effects on living organisms; 
therefore, it is critical to remove them from wastewater before it is released into the environment15. Hence, the 
extraction of the zinc subgroup ions Zn(II), Cd(II) and Hg(II) from effluents is significant.

In contemporary times, various physical, chemical, biological, and electrochemical treatment technologies are 
employed to extract heavy metal ions from aqueous media, including adsorption, oxide reduction, ion exchange, 
precipitation, filtration, etc.16. These approaches, however, pose problems such as high expenses, the creation of 
harmful byproducts causing further pollution, and an inability to effectively remove ions if their concentrations 
are low17. Among these methods, adsorption has arisen and predominated, as it is simple to design, economical 
and highly effective18. The present work aims to describe, to the best of our knowledge, the novel application of 
a TLSB nanocomposite to remove zinc, cadmium and mercury ions in effluents.

Lignocellulose (LCS), a kind of polymer, is nontoxic, biocompatible, biodegradable, and environmentally 
friendly19. There are multiple oxygen moieties (–OH, –COO, –C=O, C–O–C, etc.) in its molecular chains20. 
However, the adsorption capacity of unmodified LCS is relatively low, and LCS possesses low selectivity for 
adsorbates. Thus, diverse functionalized LCS materials have been employed to extract heavy metal ions. Thiol 
group (–SH) sites typically bind strongly with heavy metals due to their chelation and coordination behavior. 
Thiol-lignocellulose (TL) derivatives possess numerous distinct advantages, such as controllable biodegradation, 
good adhesion, and targeting of heavy metals21. The introduction of thiol-containing groups to LCS increases 
the stability of complexed heavy metals, thus enhancing the sorption capacity as well as selectivity22. Sodium 
bentonite (SB) is the most widely used clay mineral and is composed of a sandwich structure that consists of two 
silica tetrahedron sheets sandwiching an aluminum octahedral sheet. SB has a good adsorption capacity because 
of its large surface area, large capacity for cation exchange and microlayered structure23. Recently, biodegrad-
able natural polymer/clay nanocomposites have been investigated24. However, the adsorption and desorption 
by thiol-lignocellulose/sodium bentonite of heavy metal ions, particularly zinc, cadmium and mercury ions, 
have been rarely reported.

Polymer/clay nanocomposites are attracting considerable interest in the adsorption of heavy metals because 
they frequently exhibit a remarkably improved adsorption capacity and material properties. To the best of our 
knowledge, there are few studies focusing on the adsorption capacity of TLSB. The originality of this work is 
that it can be used to analyze the different adsorption capacities of a novel TLSB nanocomposite for the zinc 
subgroup ions Zn(II), Cd(II) and Hg(II); these ions are all located in the same group (IIB) and the 4th, 5th, and 

Figure 1.   (a) Adsorption/desorption curves of N2 on TLSB. (b) Pore size distribution curve of TLSB. (c) FTIR 
spectra of SB, LCS, TL and TLSB. (d) XRD patterns of SB and TLSB. (e) TGA analyses of SB and TLSB. (f) Zeta 
potential measurements of TLSB at different pH values.
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Figure 2.   SEM images of SB (a) and TLSB (b) nanocomposites. TEM images of SB (c) and TLSB (d) 
nanocomposites.

Figure 3.   (a) Effect of heavy metal concentration on the adsorption capacity of TLSB. (b) Effect of solution pH 
on the adsorption capacity of TLSB. (c) Effect of adsorption temperature on the adsorption capacity of TLSB. (d) 
Effect of adsorption time on the adsorption capacity of TLSB.
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Figure 4.   Linear fitting curves of adsorption kinetics equations to the experimental data. (a) pseudo-first-order 
model, (b) pseudo-second-order model, (c) intraparticle diffusion model, (d) double constant equation model, 
(e) Elovich model. Adsorption kinetics-related nonlinear fitting curves. (f) Zn(II) at pH 4.84, 0.34 g/L, 43 °C, 
0.05 g TLSB, (g) Cd(II) at pH 4.52, 0.45 g/L, 40 °C, 0.05 g TLSB, and (h) Hg(II) at pH 5.18, 1.61 g/L, 55 °C, 
0.05 g TLSB.
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suggested that the kinetics of zinc subgroup ions, which follow the pseudo-second-order model, are controlled 
by a chemisorption process. In this case, it can be observed that the sorption of Zn(II), Cd(II) and Hg(II) ions 
involved precipitation and chemical adsorption interactions, such as inner-sphere ion exchange, complexation, 
chelation and electrostatic interactions.

Adsorption isotherms.  Adsorption isotherms describe how different kinds of pollutants interact with 
adsorbents and are thus very important in the clarification of adsorption mechanisms as well as in determining 
the equilibrium adsorption capacity and its influence on the surface properties of adsorption. Hence, adsorp-
tion isotherms are essential in the design of batch adsorption systems. The adsorption of the zinc subgroup 
ions Zn(II), Cd(II) and Hg(II) on TLSB was investigated in monocomponent aqueous solutions. The Lang-
muir, Freundlich, Temkin, and Dubinin–Radushkevich (D–R) models were selected to fit the equilibrium data 
obtained from the batch adsorption experiments by varying the concentrations of zinc subgroup ions from 0.20 
to 1.71 g/L. The Langmuir equation (Eq. 6) can be written as follows61–64:

The essential characteristics of the Langmuir isotherm can be expressed by a dimensionless constant called 
the equilibrium parameter RL, which is defined by the following equation (Eq. 7):

The Freundlich (Eq. 8), Temkin (Eq. 9) and D–R isotherm equations (Eqs. 10, 11) can be represented as 
follows:

where qmax (mg/g) is the monolayer saturation adsorption capacity; Ce (mg/L) is the concentration of metal ions 
at equilibrium; KL (L/mg) is the Langmuir constant related to the adsorption capacity; the value of RL indicates 
the nature of the isotherm as unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL < 1), or irreversible (RL = 0); 
Kf is the Freundlich constant, 1/n is the value used to indicate the heterogeneity of the interface; qe (mg/g) is the 
adsorption capacity at equilibrium; R is the ideal gas constant [8.314 J/(mol K)]; T (K) is the absolute temperature 
of the adsorption process; αt (L/g) and bt (J/mol) are Temkin isotherm constants; B is the D–R constant, and ε 
is the Polanyi potential, which can be calculated from Eq. (11).

Plots of the linear and nonlinear fitting curves of the Langmuir, Freundlich, Temkin and D–R isotherm mod-
els for the adsorption of Zn(II), Cd(II) and Hg(II) onto the surface of TLSB are presented in Fig. 5. The isotherm 
parameters are listed in Table 3. From Fig. 5a and Table 3, it is clear that the Langmuir plot had good linearity, 
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Table 2.   R2 and constant values for the different adsorption kinetics models of Zn(II), Cd(II) and Hg(II) on 
TLSB.

Metals Parameters Pseudo-first-order model Pseudo-second-order model Intraparticle diffusion model
Double constant 
equation model Elovich model

Zn(II)

R2 0.4525 0.9947 0.8431 0.8772 0.9022

Constants
k1 0.0201 min−1 k2 0.308 g (min/min)−1

ki 0.339 mg/(g min0.5)
A 0.1980 α 9.17 mg/

(g min)

qe 247.08 mg/g qe 366.83 mg/g B 0.0963 β 0.0211 g/mg

Cd(II)

R2 0.4932 0.9926 0.9186 0.8589 0.9496

Constants
k1 0.011 min−1 k2 0.587 g (min/min)−1

ki 0.116 mg/(g min0.5)
A 0.0880 α 8.01 mg/(g 

min)

qe 310.41 mg/g qe 471.23 mg/g B 0.1007 β 0.008 g/mg

Hg(II)

R2 0.8298 0.9956 0.9218 0.8779 0.9773

Constants
k1 0.014 min−1 k2 0.291 g (min/min)−1

ki 0.241 mg/(g min0.5)
A 0.0097 α 18.25 mg/(g 

min)

qe 274.10 mg/g qe 205.11 mg/g B 0.6811 β 0.0019 g/mg
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Figure 5.   Linear fitting curves of adsorption isotherm models to the experimental data. (a) Langmuir, (b) 
Freundlich, (c) Temkin, and (d) D–R models. Nonlinear fitting curves for the adsorption isotherms of (e) Zn(II) 
at pH 4.84, 43 °C, 100 min, 0.05 g TLSB, (f) Cd(II) at pH 4.52, 40 °C, 40 min, 0.05 g TLSB, and (g) Hg(II) at pH 
5.18, 55 °C, 105 min, 0.05 g TLSB.
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reagent concentration until it reached the maximum desorption capacity. This phenomenon could be elucidated 
on the grounds that the H+ concentration in the system was insufficient to completely replace the metal ions, 
causing the TLSB to lose its absorption properties. A high concentration of H+ ions can almost completely block 
the ions adsorbed onto TLSB, and the desorption capacity of metal-loaded TLSB could not increase further 
and even slightly decreased. The maximum desorption amount of metal-loaded TLSB reached 140.11 mg/g for 

Table 3.   R2 and constant values for the different adsorption isotherm models of Zn(II), Cd(II) and Hg(II) on 
TLSB.

Materials Parameters Langmuir Freundlich Temkin D–R

Zn(II)

R2 0.9956 0.9586 0.8496 0.8995

Constants

KL 0.2130 L/mg Kf 47.53 L/g bt 51.02 J/mol B 0.029 × 10–8 mol2 J2

qmax 351.36 mg/g 1/n 0.1121 at 2.15 × 1010 L/g
ε 8.58 kJ/mol

qmax 251.32 g/mg

Cd(II)

R2 0.9964 0.9662 0.9639 0.9096

Constants

KL 0.1744 L/mg Kf 20.09 L/g bt 35.66 J/mol B 0.102 × 10–8 mol2 J2

qmax 465.29 mg/g 1/n 0.2306 at 1.73 × 1010 L/g
ε 10.26 kJ/mol

qmax 308.09 g/mg

Hg(II)

R2 0.9950 0.8479 0.9089 0.4655

Constants

KL 0.1996 L/mg Kf 25.77 L/g bt 39.07 J/mol B 0.088 × 10–8 mol2 J2

qmax 211.02 mg/g 1/n 0.1881 at 5.40 × 1010 L/g
ε 9.67 kJ/mol

qmax 311.55 g/mg

Table 4.   Comparison of the adsorption capacities of various adsorbents.

Adsorbent

Adsorption capacity 
(mg/g)

ReferencesZn(II) Cd(II) Hg(II)

Guanyl-modified cellulose 78 68 48 48

Zn(II)-ionic imprinted polymer 20.833 4

Chitosan coated diatomaceous earth beads 127.4 5

Chitosan-based hydrogels 234.84 65

CPM 186.36 73

Fe1−xS NP/C microspheres 104 11

PAMAM-ATP 200.8 72

TLSB 357.29 458.32 208.12 This work

Table 5.   Thermodynamic parameters for the adsorption of Zn(II), Cd(II), and Hg(II) on TLSB at different 
temperatures.

Temperature/°C ΔG0/(kJ/mol) ΔH0/(kJ/mol) ΔS0/(kJ/mol × K)

Zn(II)

20 − 0.986

+ 19.811 + 0.053
30 − 1.230

43 − 1.908

50 − 2.349

Cd(II)

20 − 2.206

+ 14.716 + 0.049
30 − 2.513

40 − 2.897

50 − 3.265

Hg(II)

20 − 0.763

+ 20.771 + 0.077

30 − 1.030

40 − 1.692

50 − 2.566

55 − 3.104

60 − 4.087
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Adsorption mechanism
To clarify the adsorption mechanisms of Zn(II), Cd(II) and Hg(II) on TLSB, FTIR analysis of TLSB, metal-
loaded TLSB and desorbed Zn(II), Cd(II), Hg(II) samples within the wavenumber range of 500–4000 cm−1 
was performed. As shown in Fig. 7, the absorbance bands of TLSB were found at 3400–3690 cm−1, with a peak 
at 3481 cm−1, which can be attributed to the O–H stretching of hydroxyl groups and intermolecular hydrogen 
bonds. This peak shifted to lower wavenumbers of 3620 cm−1, 3486 cm−1, and 3521 cm−1 and weakened after 
adsorption, indicating that the O–H and hydrogen bonds of TLSB were broken, which in turn demonstrates 
the involvement of oxygen in the chemisorption of Zn(II), Cd(II) and Hg(II) and subsequent complexation 
process68. The bands at 2864 and 2574 cm−1 were related to the C–H stretching of the C–S skeleton and S–H and 
nearly disappeared after adsorption, indicating that the thiol groups of TLSB were complexed with ions, and 
these peaks appeared after desorption. The characteristic absorption peak at approximately 1718 cm−1 revealed 
C=O stretching in carboxylic organic acid groups, which shifted to lower wavenumbers after adsorption and 
appeared at 1713 cm−1, 1719 cm−1, and 1720 cm−1 after desorption. The S–H bond characteristic absorption 
peak at 985 cm−1, which weakened and shifted to 973 cm−1, 960 cm−1, and 957 cm−1, respectively, after adsorp-
tion, may be explained by the thiol groups of TLSB forming complexes with heavy metal ions. In addition, 
the FTIR spectrum of TLSB after desorption of ions was almost the same as that of the original TLSB, which 
indicated that TLSB can be reused. These changes in the absorption peaks indicated that the activated sites on 
the surface of TLSB contained hydroxyl, carboxylic and thiol functional groups, which formed new chemical 
bonds with Zn(II), Cd(II), and Hg(II). Furthermore, ion exchange and electrostatic attraction may also occur 
in the adsorption process, yet chemical adsorption is the main adsorption process69. More importantly, during 
the process of metal adsorption and desorption, the pore structures and properties of TLSB remained relatively 
stable, indicating that TLSB has great potential for applications in the removal of the zinc subgroup ions Zn(II), 
Cd(II), and Hg(II) from water.

To further elucidate the adsorption mechanism of Zn(II), Cd(II) and Hg(II) onto TLSB, samples were ana-
lyzed by using SEM and EDX. SEM micrographs of TLSB and metal-loaded TLSB are shown in Fig. 8a,d. The 
surface morphology of TLSB was considerably changed after adsorption. The image of TLSB in Fig. 8a shows that 
there are irregular shapes and sizes with steps, bends and broken edges on the surface of TLSB, and this encour-
ages metal ions to diffuse from the outside to the inside of the material, leading to a greater specific surface area 
and more active sites for the metal ion desorption process70. SEM images after adsorption are given in Fig. 8b–d. 
It is observed that the mentioned structure on the TLSB surface was destroyed. The additional bright spots on 
the metal-loaded TLSB are adsorbed ions, which were verified by EDX analysis. It can also be observed that the 
distribution of bright spots is not uniform, indicating that only specific functional groups are involved in the 
adsorption process of ions71. EDX analysis was also conducted to evaluate the adsorption on TLSB (Fig. 8a,d). The 
EDX spectrum of TLSB indicated the presence of C, O, S, Na, Ca, Mg, Al and Si in the structure (Fig. 8a) but did 
not exhibit the characteristic signal of ions on the surface of TLSB. In the EDX spectra of TLSB after adsorption 

Figure 7.   FTIR spectra of TLSB and samples after the adsorption and desorption of Zn(II), Cd(II) and Hg(II).
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