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Abstract: Illite-smectite clay is a new mixed mineral of illite and montmorillonite. The ability of nano 
illite/smectite clay to remove Pb(II) from slightly polluted aqueous solutions has been investigated. The 
effects of pH, contact time, initial concentration of Pb(II), nano illite/smectite clay dosage, and 
temperature on the adsorption process were studied. The nano illite/smectite clay was characterized by 
X-Ray Diffraction (XRD), Fourier transform infrared spectrometry (FTIR), and Scanning electron 
microscopy (SEM). The results showed that Pb(II) was adsorbed efficiently by nano illite/smectite clay 
in aqueous solution. The pseudo-second-order kinetic model best described the kinetic of the adsorption, 
and the adsorption capacity of nano illite/smectite (I-Sm) clay was found to be 256.41 μg·g−1 for Pb(II). The 
adsorption patterns followed the Langmuir isotherm model. Thermodynamic parameters, including the 
Gibbs free energy (ΔG), enthalpy (ΔH), and entropy (ΔS) changes, indicated that the present adsorption 
process was feasible, spontaneous, and endothermic in the temperature range of 298–333 K. 

Keywords: Pb(II); nano illite/smectite clay; adsorption kinetics; adsorption thermodynamic 
 

1. Introduction 

Water is a source of life. In recent years, a large number of studies have indicated that the water, 
especially of rivers, in urban areas has been seriously contaminated by heavy metals [1–3]. Because heavy 
metals are not readily degradable in nature and accumulate in animals as well as human bodies, people 
who drink water or eat food containing heavy metals for a long time are susceptible to disease. Therefore, 
heavy metal contamination in the water environment has attracted great concern owing to its 
environmental toxicity and persistence. 

Lead is a widely distributed and accumulative pollutant, and is the third-most common toxic element 
in the heavy metal toxicity list. It is also one of the 10 chemicals that the World Health Organization 
(WHO) has set out as a cause for significant public health concerns. Once the lead in the environment 
through various ways enters the human body and accumulates, the nerve, digestive, immune, and 
reproductive systems will be compromised and the health of human beings will be threatened, especially 
that of children [4,5]. The permissible limit for lead in potable water is 0.01 mg·L−1 [6]. The removal of 
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Pb(II) has become a great concern globally due to these toxic effects of Pb(II) on living beings. In the past 
few years, various techniques have been used, such as chemical precipitation, membrane filtration, ion 
exchange, and biological treatment, for lead removal [7–10]. Among these methods, adsorption has the 
advantages of being easy to perform and having a low cost and high efficiency. Thus, it has been used 
commonly in the heavy metal pollution treatment of water [11]. 

Clay as an adsorbent is widely used for the removal of heavy metals and has great applicability due 
to its being economical and having an environment-friendly nature, a high adsorption capacity, and a 
wide pH range [12,13]. In recent years, many kinds of clay, i.e., bentonite, kaolin, and montmorillonite, 
have been reported for the removal of high-concentration heavy metals from water [13–17]. Illite-smectite 
(I-Sm) clay is a new mixed mineral of illite and montmorillonite, and a transition mineral from 
montmorillonite to illite, belonging to the typical 2:1-type layered silicate mineral. In 2014, nearly 30 billion 
tons of I-Sm mineral was discovered in Shangsi County, Guangxi. Because I-Sm mineral has the 
characteristics of high purity, fine particles, and a large surface area, I-Sm has been studied for use as a 
rubber modifier [18] and as an adsorbent to remove high concentrations of heavy metals from aqueous 
solution [19,20]. Only a few studies have focused on the adsorption of low concentrations of heavy metals 
in contaminated water using I-Sm. 

In this study, the I-Sm mineral was first made nano-size, then nano I-Sm was used to adsorb Pb(II) in 
a solution close to that of real polluted water. The effects of various analytical conditions, such as initial 
pH of the solution, contact time, and initial adsorbate and adsorbent concentration, were evaluated in 
detail on the removal performance of nano I-Sm. Isotherm, kinetic, and thermodynamic modeling of the 
adsorption process was analyzed. 

2. Materials and Methods 

2.1. Preparation of Nano I-Sm 

I-Sm mineral was provided by Sino-nanotech Holdings Co., Ltd. (Shangsi, Guangxi, China). The main 
steps of nano I-Sm preparation included crushing, soaking, dispersing, sieving and purification, and 
ultrafine grinding [18,21]. In detail, the preparation was as follows. Firstly, I-Sm mineral was crushed into 
small pieces (d < 2 cm) and then soaked in a certain amount of water (the water-to-clay ratio was 9:11) for 
about 10 h. Secondly, the soaked I-Sm mud was dispersed for 30 min with a mixer beater and then passed 
through a 100-mesh and 325-mesh vibrating screen to obtain the primary nano I-Sm slurry (d < 45 μm). 
Thirdly, the slurry was ground by a high energy density medium stirring mill (FPML OML-H/V, Buhler 
Group Co., Uzwil, Switzerland) for 2 h. Finally, the slurry was dried by azeotropic distillation and then 
dispersed by high-speed mill. 

2.2. Characterization of Nano I-Sm 

The Fourier transform infrared (FT-IR) spectra of nano I-Sm were recorded with the Fourier transform 
infrared spectrophotometer (Nicolet 380, Thermo Fisher, Waltham, MA, USA). The X-ray diffraction 
(XRD) analysis was determined using a MiniFlex X-ray diffractometer (Miniflex 600, Rigaku, Tokyo, 
Japan), and the scanning regions of the diffraction were 5–80° on the 2θ angle. The morphology of nano 
I-Sm was analyzed by a scanning electron microscope (SEM) (ProX, Phenom World, Shanghai, China), The 
Brunauer-Emmett-Teller (BET) surface area and pore properties of nano I-Sm were determined via N2 
adsorption–desorption isotherms using a Micromeritics analyzer (ASAP 2460, Micromeritics, Norcross, 
GA, USA). The cation exchange capacity (CEC) of nano I-Sm was determined by the ammonium acetate 
method [22]. The slurry’s pH was determined by soaking 1 g of nano I-Sm in 50 mL distilled water, stirring 
the solution for 24 h, filtering it, and then measuring the final pH [23]. 

2.3. Batch Adsorption Experiments 

Stock solutions of Pb(II) were prepared by dissolving appropriate amounts of (CH3COO)2Pb·3H2O 
in distilled water. Batch adsorption experiments were carried out in a series of centrifuge tubes by mixing 
a constant amount of nano I-Sm with 40 mL of the aqueous solution of Pb(II) at varying concentration and 
different temperatures. Then, the centrifuge tubes were put in a shaker incubator at 150 rpm for a certain 



Water 2018, 10, 210 3 of 14 

 

time interval, the nano I-Sm was separated from the aqueous solutions by centrifugation at 3000 rpm for 5 
min (TDZ5-WS, Cence, Changsha, China), and the supernatant was filtered through a 0.45 μm filter 
membrane. Pb(II) concentration in the solutions was measured by inductively coupled plasma mass 
spectrometry (7700 e, Agilent Technologies, Santa Clara, CA, USA). 

The adsorption capacity of Pb(II) on nano I-Sm in the batch test was calculated using Equations (1) 
and (2). ܴ݋݅ݐܽݎ = 0ܥݍ݁ܥ−0ܥ × 100%  (1) 

ܳ݁ = ൫0ܥ − ൯ܸ݉ݍ݁ܥ  (2) 

where Rratio is the Pb(II) removal rate; Qe is the equilibrium capacity of lead on the nano I-Sm, mg·g−1; C0 is 
the initial concentration of the Pb(II) solution, mg·L−1; Ceq is the equilibrium concentration of the Pb(II) 
solution, mg·L−1; V is the solution volume, L; and m is the mass of nano I-Sm, g. All assays were carried out 
in triplicate and only mean values are presented. 

The effects of process variables, including pH of the solution, initial concentration of Pb(II), contact 
time, adsorbent dosage, and temperature, on the adsorption were studied. The pH of the solution at the 
start of the experiments was adjusted with 0.1 mg·L−1 HCl or 0.1 mg·L−1 NaOH. Adsorption isotherms 
studies were conducted at 298, 308, 313, 323, and 333 K, whereby 0.1 g of nano I-Sm was kept in contact 
with 40 mL of Pb(II) solution of varying concentrations (0.25, 0.50, 1.50, 2.50, 3.50, and 5 mg·L−1) at pH 5. 
The kinetic experiments were performed using a Pb(II) concentration of 1 mg·L−1 with 0.1 g nano I-Sm at 
different time intervals (5, 10, 20, 30, and 60 min) at pH 5. 

2.4. Theoretical Model 

2.4.1. Adsorption Kinetics Model 

The equations of the pseudo-first-order [24] and the pseudo-second-order kinetic model [25] were 
used to fit experiment data obtained from the batch experiments. The formulas of the pseudo-first-order 
and the pseudo-second-order kinetic model are expressed as Equations (3) and (4), respectively. ln൫ܳ݁ − ൯ݐܳ = lnܳ݁ −  (3)  ݐ1݇

ݐݐܳ = 1݇2ܳ2݁ + 1ܳ݁ ݐ   (4) 

where Qt is the amount of Pb(II) adsorbed at time t, mg·g−1, k1 is the pseudo-first-order rate constant 
adsorption rate, min−1; and k2 is the adsorption rate constant in the pseudo-second-order kinetic rate 
constant, g·μg−1·min−1. 

2.4.2. Adsorption Equilibrium 

The isotherm models of Langmuir [26] and Freundlich [27] were tested to analyze the equilibrium 
data. The Langmuir isotherm model and Freundlich isotherm model equations are expressed by 
Equations (5) and (6). ݁ܳݍ݁ܥ = ݔ1ܳ݉ܽ ݍ݁ܥ +  (5)  ܮܭݔ1ܳ݉ܽ

lnܳ݁ = ln݂ܭ + 1݊ ln(6)  ݍ݁ܥ 

where Qmax is the monolayer capacity of nano I-Sm, mg·g−1; KL is the Langmuir constant, L·μg−1; Kf is the 
Freundlich constant, μg·g−1; and n is the heterogeneity. 
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2.4.3. Adsorption Thermodynamics 

The thermodynamic parameters can be determined using the equilibrium constant and temperature 
[28,29]. The change in the Gibbs free energy (ΔG), enthalpy (ΔH), and entropy (ΔS) in the adsorption 
process was calculated using Equations (7) and (8). ∆G = −ܴTlnܭௗ  (7) lnܭௗ = ∆ୗோ − ∆ୌோ்  (8) 

where R is the universal gas constant, 8.314 J·mol−1·K−1; T is the absolute temperature, K; and Kd is the 
distribution coefficient of nano I-Sm, Kd = Qe/Ceq. 

3. Results 

3.1. Characterization of Nano I-Sm 

The chemical composition and physicochemical properties of nano I-Sm are presented in  
Table 1. The XRD patterns of nano I-Sm are given in Figure 1 A. Nano I-Sm is mainly composed of quartz, 
mixed-layer illite/smectite, illite, and kaolinite, and the characteristic diffraction peak of nano I-Sm was 
observed between 5 and 10° (2θ) [30]. Furthermore, an FT-IR analysis was applied to identify the 
functional groups on the nano I-Sm sample’s surface. The FT-IR spectra of the nano I-Sm sample are shown 
in Figure 1B. The absorption bands at 3698.96 and 3620.60 cm−1 represent the inner surface OH stretching 
vibration, while the absorption band at 3423.76 cm−1 represents the outer surface OH stretching vibration. 
These OH groups function as an active site for the binding of positively charged cations. The absorption 
band at 1629.97 cm−1 represents the OH bending of water retained in the silica matrix [23]. The absorption 
bands at 1031.99 and 470.19 cm−1 represent the Si–O–Si stretching vibration [31]. The absorption band at 
912.4 cm−1 represents the Al–OH bending vibrations [29], while those at 798.04 and 694.4 cm−1 represent 
the Si–O stretching vibration [23]. 

Table 1. Chemical composition and physicochemical properties of nano illite-smectite (I-Sm) clay. 

Parameter Value 
SiO2 (wt %) 64.29 

Al2O3 (wt %) 20.38 
Fe2O3 (wt %) 2.95 
K2O (wt %) 2.74 
MgO (wt %) 1.82 
TiO2 (wt %) 0.82 
Na2O (wt %) 0.19 

Loss of ignition (wt %) 6.46 
BET surface area (m2·g−1) 39.46 
Micropore area (m2·g−1) 10.46 

External surface area (m2·g−1) 28.99 
Total pore volume (cm3·g−1) 0.011 
Micropore volume (cm3·g−1) 0.0055 

Adsorption average pore diameter (4 V/A by BET) 1.07 
CEC (meg/100 g) 2.11 

Slurry pH 6.75 
CEC: cation exchange capacity. 
BET: Brunauer-Emmett-Teller. 



Water 2018, 10, 210 5 of 14 

 

 

Figure 1. XRD spectra (A) and FT-IR spectrum (B) of nano I-Sm. 

SEM analysis is another important tool used in the determination of the surface morphology of an 
adsorbent. In this study, SEM was used to probe the change in morphological features of nano I-Sm and 
Pb-adsorbed nano I-Sm (Figure 2). 

 

Figure 2. (A) SEM micrograph of nano I-Sm (before adsorption); (B) after Pb(II) adsorption. 

3.2. Effect of Adsorption Conditions 

3.2.1. Effect of pH 

The effect of pH on Pb(II) removal rate was investigated at 298 K for 60 min as shown in  
Figure 3A. It was observed that the levels of adsorption efficiency of Pb(II) increased significantly with 
increasing pH. The removal rate of Pb(II) on nano I-Sm was only 41.25 % at pH 2.0. In addition, the removal 
rate of Pb(II) tended to equilibrate at pH 4.0. When the solution had a pH > 6.0, the solution of Pb(II) 
gradually formed Pb(OH)2 precipitate, and the solution system became relatively complex. 
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Figure 3. Effect of adsorption conditions on the removal rate of Pb(II). (A) for pH, (B) for dosage of I-Sm, 
(C) for adsorption temperature, (D) for adsorption time, (E) for Pb(II) initial concentration. 

3.2.2. Effect of Nano I-Sm Dosage 

The effect of nano I-Sm dosage on Pb(II) removal rate is shown in Figure 3B. The nano I-Sm dosage 
varied from 0.625 to 12.5 g·L−1 with a constant initial Pb(II) concentration of 1 mg·L−1 for 60 min at 298 K. 
Figure 3B shows the effect of nano I-Sm dosage on the removal rate of Pb(II). It was observed that the 
removal rate of Pb(II) increased with an increase in the nano I-Sm dosage from 0.625 to 2.5 g·L−1. A further 
increase in the nano I-Sm dosage, however, did not result in a sufficient increase in the removal rate of 
Pb(II). 

3.2.3. Effect of Adsorption Temperature 

The effect of temperature on Pb(II) removal rate is shown in Figure 3C. It was observed that the 
removal rate of Pb(II) was 98.44–98.99% when the temperature was set at 298, 308, 313, 323, and 333 K. 
The trend of the removal rate with the increase of temperature is not obvious. 

3.2.4. Effect of Adsorption Time 

The effect of adsorption time on the removal rate of Pb(II) is shown in Figure 3D. In a Pb(II) solution 
with a low initial concentration, the removal rate of Pb(II) in solution reached 99.41% when the adsorption 
time was 5 min, and the removal rate of Pb(II) tended to be stable after 20 min. 

3.2.5. Effect of Initial Concentration of Pb(II) 

The effect of initial concentration on the removal rate of Pb(II) adsorbed by nano I-Sm is shown in 
Figure 3E. The removal rate of Pb(II) decreased with the increase of initial Pb(II) concentration. When the 
initial concentration of Pb(II) increased from 0.25 to 5 mg·L−1, the removal rate of Pb(II) decreased from 
99.45% to 98.90%. 

3.3. Kinetic Parameters of the Adsorption 

The kinetic of adsorption of Pb(II) on nano I-Sm was fitted by pseudo-first-order and pseudo-second-
order kinetic equations. The results are shown in Table 2 and Figure 4. The correlation coefficient of the 
linear plots of t/Qt against t for the pseudo-first-order model and the pseudo-second-order model was 
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0.985 and 1, respectively. The Qe of the pseudo-first-order kinetics model was 2.603 μg·g−1, and the Qe of 
pseudo-second-order dynamic model was 256.410 μg·g−1. 

Table 2. The predicted parameters by pseudo-first-order and pseudo-second-order kinetic models and 
experimental data. 

Pseudo-First-Order Kinetic Model Pseudo-Second-Order Kinetic Model Experimental Data 
k1/min−1 Qe/(μg·g−1) R2 K2/(μg·g−1·min−1) Qe/ (μg·g−1) R2 Qe/(μg·g−1) 

0.380 2.603 0.985 0.251 256.410 1.000 254.680 

 

Figure 4. Pseudo-second-order plots for the adsorption of Pb(II) at 298 K. 

3.4. Equilibrium Parameters of the Adsorption 

The Langmuir and Freundlich isotherm models were used to analyze the adsorption of Pb(II) on 
nano I-Sm. All of the isotherm constants and correlation coefficients were calculated from the linear forms 
of the isotherm model equations and are provided in Table 3 and Figure 5.  

Table 3. Parameters calculated by the Langmuir and Freundlich isotherm models for the adsorption of 
Pb(II) on nano I-Sm. 

Langmuir Freundlich
Qmax/(mg·g−1) KL/(L·μg−1) R2 Kf/(μg·g−1) 1/n R2 

2.104 0.216 0.985 8.825 0.457 0.980 
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Figure 5. Comparison of equilibrium isotherms between the experimental data and the theoretical data. 

3.5. Thermodynamic Parameters of the Adsorption  

The results of the analysis of the thermodynamic parameters of adsorption are shown in Table 4 and 
Figure 6. 

Table 4. Thermodynamic parameters for adsorption of Pb2+on nano I-Sm. 

ΔS ΔH ΔG/(kJ·mol−1)
J/mol−1·K−1 kJ·mol−1 298 K 308 K 313 K 323 K 333 K 

9.658 4.844 −2.541 −2.637 −2.695 −2.788 −2.876 
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Figure 6. Relationship between 1/T and lnKd for nano I-Sm. 

4. Discussion 

Among the adsorption conditions, the pH of the aqueous solution is an important variable for the 
adsorption of metals onto the adsorbents [32]. In this study, the adsorption efficiency was significantly 
inhibited when the pH of the aqueous solution was low. At a low pH, the number of H+ ions exceeds that 
of Pb(II) ions several times and the surface of nano I-Sm is most likely covered with H+ ions, which account 
for less Pb(II) adsorbed [33]. As the pH increases, more and more H+ ions leave the nano I-Sm surface, 
making the sites available to the Pb(II), which could increasingly bind to the nano I-Sm surface through a 
mechanism similar to that of exchange interactions (H(I)/Pb(II)) [28]. In the meantime, Yuan et al. [19] have 
found that the Zeta potential decreased from 3.29 to −69.95 mV when the pH value increased from 2 to 7 
in a nano I-Sm solution, indicating that the surface charge of the nano I-Sm changed from positive to 
negative, and further verifying the deprotonation processes of nano- I-Sm with the increase of pH. It was 
observed that nano I-Sm was suitable for removing Pb(II) from waste water under an acidic condition, 
which was similar to the results of some clay adsorbing heavy metals [28,29]. The removal rate of Pb(II) is 
also related to the I-Sm dosage. At a lower nano I-Sm dosage, Pb(II) ions compete for the limited adsorption 
sites in the nano I-Sm. As the quantity of nano I-Sm increased, more available sites promoted a greater 
percentage removal of Pb(II) [33]. When the amount of nano I-Sm was 6 g·L−1, 1 mg·L−1 Pb(II) in solution 
would be reduced to 0.01 mg·L−1, reaching the potable water standard. In addition, nano I-Sm showed a 
rapid adsorption effect in the temperature range of 298–333 K. The above results revealed an important 
advantage of high efficiency removal of Pb(II) by the nano I-Sm. 

The Qe of the pseudo-second-order dynamic model was much closer to the experimental result and 
the correlation coefficients were found to be relatively high. The pseudo-second-order adsorption 
mechanism was predominant for the adsorption of Pb(II) on nano I-Sm. The pseudo-second-order model 
assumes that two reactions are happening: the first one is fast and reaches equilibrium quickly, whereas 
the second one is a slower reaction [15]. Accordingly, the following mechanism may be proposed [33]: 

Clay + Pb(II) = Clay···Pb(II) 
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in which the number of adsorption sites on the nano I-Sm surface and the number of Pb(II) ions in the 
liquid phase determine the kinetics. Depending on pH, different Pb-species may be held to the clay surface 
at appropriate ion-exchange sites [25,33]. 

The correlation coefficient of the Langmuir isotherm model was higher than that of the Freundlich 
isothermal model, from which we can conclude that the Langmuir isotherm model was more suitable for 
nano I-Sm removal of Pb(II) in aqueous solutions. Similar results were also reported in earlier studies in 
which the adsorption of heavy metal ions fitted well to the Langmuir isotherm [15,19,33]. Furthermore, 
the n values of the Freundlich isothermal model relate to the adsorption properties of the adsorbent, where 
values of n between 2 and 10 represent good adsorption [34], which is an indication of the good adsorption 
of Pb(II) by nano I-Sm. 

The Gibbs free energy (ΔG) was −2.541, −2.637, −2.695, −2.788, and −2.876 kJ mol−1(ΔG < 0) when the 
temperature was set at 298, 308, 313, 323, and 333 K, respectively. These indicate that the adsorption of 
Pb(II) on nano I-Sm is a spontaneous process [23]. The ΔH was 4.844 kJ mol−1(0 < ΔH < 16), which indicates 
that the adsorption of Pb(II) on nano I-Sm is an endothermic process [19,34]. 

The SEM results showed that the surface morphology of Pb-adsorbed nano I-Sm is different from that 
of natural nano I-Sm. The natural nano I-Sm showed loose aggregates with a porous structure. After 
adsorption, the surface of nano I-Sm demonstrates compacted aggregates. The surface morphology of the 
natural nano I-Sm changed evidently during the adsorption process, indicating that significant interaction 
at the lead–clay interface occurred during the experiment. Similar SEM results were reported by other 
researchers [28,35]. 

5. Conclusions 

As a new adsorbent, nano I-Sm can be used for depth treatment in lead-contaminated water. The 
pseudo-second-order adsorption mechanism was predominant for the adsorption of Pb(II) on nano I-Sm. 
The saturated adsorption capacity of Pb(II) on nano I-Sm in the aqueous solution was 256.41 μg·g−1. The 
adsorption patterns followed the Langmuir isotherm model. The adsorption of Pb(II) on nano I-Sm is a 
thermodynamically feasible, spontaneous, and endothermic process. 
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