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a b s t r a c t
Al-doped xonotlite (Al-CSH) was prepared from SiO2, Ca(OH)2, and NaAlO2 via the ultrasonic chem-
ical method and doping technique for the removal of lead-containing simulated wastewater. The 
Al-CSH was analyzed by Brunauer–Emmett–Teller, scanning electron microscopy, and X-ray diffrac-
tion. The influence of solution pH, adsorption amount, contact time, initial concentration, and tem-
perature were studied. The results showed that optimum adsorption conditions were found to be 
initial pH of 5.5, Al-CSH dosage of 0.06 g, initial Pb(II) ion concentration of 200 mg/L and contact 
time of 60 min. The adsorption capacity and removal rate of Al-CSH for Pb(II) ions was found to be 
318.48 mg/g and 95.55% at optimum conditions. The adsorption isotherms followed the Langmuir 
isotherm model well. The adsorption processes were well fitted by the pseudo-second-order kinetic 
model. Thermodynamic studies indicated that the adsorption of Pb(II) by Al-CSH is spontaneous 
and endothermic. Mechanism studies revealed that Al-CSH removes lead ions from aqueous solution 
by ion exchange, surface precipitation, dissolution-precipitation, and electrostatic interactions. The 
results suggest that Al-CSH has the potential for use as an effective and low-cost sorbent for removing 
lead ions.
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1. Introduction

The demand for non-ferrous metals has increased with 
the rapid development of the economy and the advance-
ment of industrialization. The ecological pollution caused by 
nonferrous metal has become an important environmental 
issue, which affects the quality of human health and attracts 
great attention from all countries [1–3]. Lead can accumu-
late in the liver and kidneys to cause anemia in hemoglobin 

synthesis disorders, thus interfering with the biochemical 
and physiological activities of the body. In some regions 
of Hunan, China, substandard industrial lead-containing 
wastewater has been discharged into natural water bodies, 
which seriously endangers local human health and life with 
events of blood lead.

Currently, the treatment methods of lead-containing 
wastewater mainly include chemical precipitation, ion 
exchange, membrane separation, biological method, electro-
coagulation method, an adsorption method, etc. [4–10]. The 
chemical precipitation method is low in cost but easy to cause 
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secondary pollution to the environment. The ion exchange 
method has more selectivity, but with high operation cost. 
The membrane separation technology, the biological method, 
and the electrocoagulation method are insufficient in effi-
ciency but complicated in operation and high in cost. The 
adsorption methods have attracted much attention due 
to easy availability, low price, good removal effect, strong 
regenerability, and green concept in wastewater treatment 
[11,12]. For example, Yang et al. [13,14] used imprinted ami-
no-functionalized mesoporous silica and Pb2+, Cu2+ imprinted 
mesoporous adsorbents (Pb-IMA-UM and Cu-IMA-UM) as 
an adsorbent to remove lead, copper ions with an adsorption 
capacity of 217, 65.2, 198, and 51.5 mg/g, respectively; Fu et al. 
[15] used two-dimensional porous Fe3O4/poly (C3N3S3) as an 
adsorbent to remove lead ions with a maximum adsorption 
capacity of 232.6  mg/g. Therefore, in order to achieve high 
efficient separation process, the exploration of new adsorp-
tion materials is becoming more and more important.

The xonotlite [Ca6Si6O17(OH)2] belongs to calcium silicate 
hydrate (C-S-H). As a good thermal insulation material, the 
xonotlite has been widely used in mining, electric power and 
construction fields. So there has been a lot of work in this 
field aimed at understanding the structural relations, for-
mation mechanisms of the C–S–H phases. Some researchers 
have found that aluminum ions can be incorporated in the 
structure of hydrated calcium silicates, both at silicon and cal-
cium sites [16,17]. Gabrovsek et al. [18] studied the influence 
of aluminum on the formation of tobermorite under hydro-
thermal conditions. The crystallization rate was found to 
increase with increasing aluminum content and temperature. 
The xonotlite has a large pore-like structure and large specific 
surface area. Some Chinese scholars used the hydrothermal 
method to prepare xonotlite. The xonotlite was applied in the 
treatment of heavy metal-containing wastewater because of 
cation exchange capacity, with obvious effects [19–22] and 
high removal rate. Miyake et al. [23] have found that Al–
substituted gyrolite may be potentially useful for separation 
and waste disposal. Tsuji et al. [24] have reports concerning 
the complex substitution Al+Na, showing that tobermorite 
substituted in such a way exhibits the properties of an ion 
exchanger. It appears that Na and Al doping the calcium sili-
cate hydrates (CSH) in formation and properties have signifi-
cantly affected. However, there has been no report on the use 
of Al co-doped xonotlite for the removal of lead ions.

The common preparation methods of hydrated calcium 
silicate (C-S-H) mainly include chemical co-precipitation, 
sol-gel method, and hydrothermal method. The chemical 
co-precipitation and sol-gel methods are accompanied by 
partial secondary pollution. Ultrasonic-assisted hydrother-
mal method was used to avoid secondary pollution and real-
ize the green synthesis. Ultrasonic chemistry is an important 
method for synthesizing nanomaterials developed in recent 
years. This method can control the morphology and size of 
particles, with broad application prospects [25,26]. Based 
on the ultrasonic chemistry method, we incorporated Na+ 
and AlO2

– instead of Ca2+ and SiO4
2– in xonotlite for the first 

time to prepare Al-doped xonotlite (Al-CSH). Under static 
adsorption experiments, we determined the adsorption 
performance and adsorption mechanism of Pb(II) onto the 
Al-CSH. It provides an important theoretical reference for 
the application of lead-containing wastewater.

2. Materials and methods

2.1. Reagents and instruments

Analytically-pure reagents were used in the experiment. 
The 1 g/L Pb(II) stock solution was prepared from analytical-
ly-pure Pb(NO3)2 and deionized water. The other Pb(II) con-
centrations were obtained by dilution of the stock solution.

Main experimental instruments include Autosorb 
iQ specific surface area and pore structure tester (Conta 
Instruments, USA), EVO10 scanning electron microscope 
with energy spectrum (Germany Zeiss), Rigaku MiniFlex 600 
X diffractometer (Rigaku, Japan), PH330i precision Acidity 
meter (WTW, Germany), TAS-990AFG atomic absorption 
spectrophotometer (Beijing General Instrument Co., Ltd.), 
and AD-6 automatic electronic balance (PE company of the 
US), Optima 2100DV ICP-MS, (PE company of the US).

2.2. Preparation and characterization of Al-doped xonotlite

2.2.1. Preparation of Al-doped xonotlit

According to the stoichiometric ratio of n(Ca)/n(Si+Al) =  1.0 
and n(Al)/n(Si+Al) = 2%, 5%, 10%, or 15% the high dispersion sus-
pension B (a certain amount of SiO2 powder, 1.0 g KOH and 
100 ml of deionized water) was slowly added dropwise to the 
high dispersion suspension A [0.1 mol of Ca(OH)2 with 100 ml 
of deionized water] under the continuous action of ultrasonic 
waves at 50°C–60°C. Then, a certain amount of NaAlO2 solu-
tion was slowly added. Next, 8.0 g NH4HCO3 was added as 
a blowing agent, for 30  min of ultrasonicated reaction, fol-
lowed by 24 h of aging. The obtained product was washed 
successively with dilute hydrochloric acid, deionized water, 
and absolute ethanol. After that, it was dried, ground, and 
sieved to obtain Al-CSH1 ~ Al-CSH4 powder. Under the same 
conditions, four Al-CSHs were used to adsorb the wastewa-
ter containing lead ion. Al-CSH with n(Al)/n(Si+Al) of 5% had the 
highest removal rate, reaching above 96%. Therefore, Al-CSH 
with n(Al)/n(Si+Al) of 5% were selected as the experimental mate-
rials for the following studies, denoted as Al-CSH.

2.2.2. Characterization of Al-doped xonotlite sample

The Brunauer−Emmet−Teller (BET) specific surface area 
and pore size distribution of the sample were determined 
by N2 adsorption on the adsorbent. BET equation was used 
to calculate specific surface area by N2 adsorption isotherm. 
The phase analysis of the sample was performed on the X-ray 
diffractometer under the following conditions: the radiation 
source of Ka radiation excited by Cu target, the scanning 
range of 10°–80° (2θ) and the scanning speed of 4°/min. The 
surface morphology of the sample was observed by scanning 
electron microscopy (SEM).

2.3. Experimental methods

Batch adsorption experiments were performed by adding 
0.02–0.12g of Al-CSH to 100 mL of 60–300 mg/L Pb(II) simu-
lated wastewater into a 250 mL conical flask. The acidity and 
alkalinity were adjusted with HCl and NaOH. The mixture 
was shock (5–300 min) on a shaker at a constant temperature 
(293°K–313°K) and a rate of 150 r/min. After the reaction, it 



137W. Tang et al. / Desalination and Water Treatment 190 (2020) 135–146

was performed with centrifugal separation. Then, the super-
natant was taken to determine the residual Pb(II) content. 
The removal rate ρ(%) and the adsorption capacity Qe (mg/g) 
were calculated as follows:

ρ =
−

×
( )C C
C

e0

0

100% 	 (1)

Q
C C V
me

e=
−( )0 	 (2)

where C0 is the initial concentration of Pb(II) (mg/L); Ce the 
equilibrium concentration of Pb(II) after adsorption (mg/L); 
V the volume of solution (L); m the amount of Al-CSH (g).

3. Results and discussion

3.1. Material characterization

The work characterized the specific surface area and 
porosity of pure xonotlite (CSH) and Al-CSH. Table 1 shows 
the specific surface area, average pore diameter, and aver-
age pore volume. According to the classification of porous 
materials, the pore size is mesoporous at 2–20 nm. It indicates 
that the xonotlite belongs to mesoporous material with large 
specific surface area, pore size, and pore volume, which is 
a good adsorption material. Table 1 shows that the specific 
surface area, pore-volume, and pore diameter of the modi-
fied Al-CSH are slightly larger than those of the unmodified 
CSH. This further demonstrates that the xonotlite can create 
a better adsorption environment through modification, with 
advantages in the adsorption of heavy metals. Therefore, 
the modified Al-CSH was selected for experiments on the 
adsorption of lead ions.

Fig. 1 shows the infrared spectroscopy results of xonot-
lite (CSH) and Al-CSH. The infrared spectrum shows that the 
structure of the modified material has not been destroyed, 
with the similar basic framework. The 3,300–3,700  cm–1 
band is the stretching vibration absorption peak of –OH. 
Symmetric and asymmetric stretching vibration absorption 
peaks of Si–O–Si bond occur on 714.4 and 1,081.7 cm–1 bands, 
respectively. The two peaks of Si–O–Si bond are shifted to 
different extents, weakening the intensity of the two peaks to 
some extent. This may be due to the substitution of AlO2

– for 
some SiO3

2– in the xonotlite.
Fig. 2 shows the scanning electron micrograph of 

Al-CSH. The shape of the sample is similar to floc fiber. The 
needle-like surface is extremely rough, which is beneficial to 
the adsorption of the adsorbate in the solution due to fast 
contact with the active site of the Al-CSH surface. It indicates 
that this material is a good adsorbent material.

The energy spectrum (energy-dispersive x-ray spectros-
copy, EDX) of Fig. 3 shows that the synthetic xonotlite sam-
ple material mainly composes of Ca, Si, and O. The peak of 
Al element significantly increases while that of Si element 
slightly decreases on the energy spectrum of the Al-CSH. 
This demonstrates that AlO2

– is successfully doped in the CSH 
lattice, which replaces part of SiO3

2– to form a new xonotlite 
derivative. In order to obtain the content of Al substitution, 
we have tested Al-CSH by ICP-MS to determine the exact 
percentage of Al and other elements in the formula. It was 
calculated that the contents of Al and Ca were 1.07 and 25.9%, 
respectively.

The crystal structure of Al-CSH was analyzed by X-ray 
diffraction (XRD; See Fig. 4). The XRD pattern of Al-CSH 
particles shows diffraction peaks around 2θ  =  20.8°, 26.7°, 
and 29.4°, which is basically consistent with the standard 
diffraction pattern of xonotlite [27]. Meanwhile, the charac-
teristic absorption peak of AlO2

– appears at 2θ = 23.0°, 36.0°, 
and 36.5°, indicating that some AlO2

– enter into the xonotlite 

Table 1
BET data of CSH and Al-CSH

Sample BET surface  
area (m2/g)

Average pore  
volume (cm3/g)

Average pore  
diameter (nm)

CSH 98.48 0.32 4.86
Al-CSH 136.72 0.48 5.76

Fig. 1. FTIR spectra of the CSH and Al-CSH samples.

Fig. 2. SEM image of Al-CSH.
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lattice to replace SiO3
2–. Thus, the crystallinity of the particles 

is decreased to weaken the agglomeration.

3.2. Effect of pH on adsorption and ion strength

Figs. 5 and 6 show that the removal rate of Al-CSH for Pb 
increases continuously with the increase of pH in the range 
of 1.0–5.5, respectively. The main reason is that there is a large 
amount of H+ and Pb2+ forming competitive adsorption in 
the acidic solution. H+ is easily adsorbed to rapidly occupy 
the adsorption site on the surface of Al-CSH adsorbent, thus 
increasing the positive charge on the surface of the adsor-
bent. As a result, the positive charge generates repulsion 
with Pb2+ to inhibit the exchange and surface complexation 
of Pb2+. The adsorption efficiency of Pb2+ onto Al-CSH is sig-
nificantly decreased with the decline of pH value. At pH 5.5, 
the removal rate reached a maximum of 97.27%. The removal 
rate gradually decreases with a further increase in pH val-
ues of the solution. When pH > 5.5, the OH– in the solution 
increases to easily strengthen the hydrolysis of Pb(II)+, result-
ing in the rapid transformation of Pb2+ to Pb(OH)3+, Pb(OH)+, 
and Pb4(OH)4

4+. The positively-charged ionic lead hydroxide 

compounds repel Pb2+ due to the same charge. Then, Pb2+ is 
inhibited from reaching the Al-CSH surface for adsorption, 
reducing Al-CSH adsorption capacity for Pb(II). After the 
pH is further increased, sediments of Pb(OH)2 occur in the 
solution, more against the adsorption of Pb(II). To investigate 
the effect of ionic strength on the adsorption of lead ions, the 
effect of different concentrations of NaNO3 on the removal 
rate of lead ions was studied with Reference [28] (See Fig. 6). 
The result showed that the effect of ionic strength on the 
adsorption slightly declined, but without great impact on the 
whole. Therefore, the pH values were all set as 5.5 in other 
adsorption experiments of the work.

3.3. Effect of Al-CSH dosage on Pb(II) adsorption

According to the experiment method, the amount of 
adsorbent is adjusted for comparative experiments. Fig. 7 
shows the change of removal efficiency for Pb(II) in solution 
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with the dosage of adsorbent Al-CSH. The result indicates 
that the removal rate of Pb(II) firstly rapidly increases and 
then slowly increases with the rise of Al-CSH dosage; on 
the contrary, the trend of adsorption capacity changes from 
rapid decline to slow decrease. This is basically consistent 
with the adsorption law of similar adsorbents [29]. As the 
addition amount of Al-CSH increases from 0.02 to 0.06 g, the 
removal rate increases from 83.77% to 95.55%. Meanwhile, 
the adsorption capacity decreases from 837.7 to 318.4 8 mg/g. 
When the dosage of Al-CSH is further increased to 0.12 g, the 
removal rate and adsorption capacity become 98.07% and 
163.44 mg/g, respectively. The removal rate of the adsorbent 
only increases by 2.52% compared with that of the dosage of 
0.06 g, while the adsorption capacity has been decreased by 
155.04  mg/g. After comprehensive comparison, the dosage 
of adsorbent used in the work was determined as 0.06 g to 
ensure higher removal rate and relatively large adsorption 
capacity.

3.4. Adsorption Models

3.4.1. Adsorption isotherms models

As an important method to reflect the adsorption char-
acteristics of the adsorbate onto the adsorbent, the equilib-
rium adsorption isotherm is used to describe the adsorption 
capacity at different equilibrium concentrations. Meanwhile, 
the saturation adsorption capacity of the adsorbent can be 
obtained by fitting the adsorption process. Common isother-
mal equations include Langmuir isotherm (3), Freundlich 
isotherm (4), and Dubinin–Radushkevich (D–R) isotherm (5) 
[30,31].

Q
Q K C
K Ce

m L e

L e

=
+( )1

	 (3)

Qe = KFCe
1/n	 (4)

where Ce is the concentration (mg/L) of Pb(II) in the solu-
tion when the adsorption reaches the equilibrium; Qm the 
adsorption capacity (mg/g) when the adsorption reaches the 
equilibrium; Qm the maximum adsorption amount (mg/g);  

KL the adsorption constant (L/mg) associated with adsorption 
energy; KF and 1/n the Freundlich constants.

lnQe = lnXm – kε2	 (5)

ε = RT ln(1 + Ce
–1)	 (6)

E = (2k)–1	 (7)

where Ce is the concentration of Pb(II) in the solution at 
absorption equilibrium (mol/L); k the model constant 
associated with free energy; Xm the monolayer adsorption 
capacity of the adsorbent (mol/g); ε the Polanyi potential 
energy (kJ/mol); R the universal gas constant kJ/(mol  K);  
T the temperature (K); and E the change of average adsorption 
free energy (KJ/mol).

The adsorption experiment temperatures were controlled 
at 293, 303, and 313  K. The initial concentration of Pb(II)  
(60–300  mg/L) was changed for adsorption experiments. 
Fig.  8 shows the adsorption results of Pb(II) onto Al-CSH. 
It indicates that the removal rate of Pb(II) onto Al-CSH con-
tinually decreases at three temperatures with an increase of 
the initial concentration of Pb(II). The removal rate of high 
temperature is lower than that of low temperature, indicat-
ing that the rise of temperature is beneficial to the removal 
of Pb(II) onto Al-CSH within a certain temperature. In addi-
tion, it demonstrates that physical adsorption occurs in the 
adsorption mechanism besides chemical adsorption. The 
addition of energy promotes the combination of Al-CSH and 
Pb(II), thereby promoting the effective removal of Pb(II).

According to the experimental data of isothermal 
adsorption, the Langmuir, Freundlich, and D–R isothermal 
models were used to fit the adsorption process of Pb(II) 
onto Al-CSH. Fig. 9 show the fitting results, and Table 
2 shows the fitting parameters. Comparing the results of 
three isothermal model fittings, the fitting coefficient of 
each isothermal model is higher than 0.9 within the exper-
imental range, indicating that all the three isothermal 
models can reflect the adsorption behavior. Wherein, the 
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Langmuir isotherm model has the highest correlation coef-
ficient (>0.98). It demonstrates that the Langmuir isotherm 
model is the most suitable model to describe the adsorption 
process, revealing that the adsorption is monolayer adsorp-
tion [30]. The larger Freundlich isotherm constant KF value 
and the 1/n value of <1 indicate that the adsorption of Pb(II) 
onto Al-CSH belongs to preferential adsorption [32]. The E 
values of the mean adsorption free energy calculated by the 
D–R isothermal model are 128.21, 147.06, and 166.67 kJ/mol, 
respectively. This indicates that the adsorption of Pb(II) 
onto Al-CSH has the characteristics of ion exchange and 
surface complexation [31,33].

According to the saturated adsorption capacity Qm of 
Pb(II) onto Al-CSH at different temperatures in Langmuir 
model, Qm is larger at high temperature, indicating that tem-
perature increase is beneficial to adsorption reaction. The 
saturated adsorption capacity of Pb(II) onto Al-CSH is up 
to 497.99 mg/g at 313°K. Table 3 shows the adsorption endo-
thermic capacities of Pb(II) onto various adsorbents in recent 
literature. The adsorption capacity of CSH/chitosan is larger 
than that of the work, while the adsorption capacity of other 
materials is lower than of Al-CSH in adsorption of lead ions. 
It indicates that the Al-CSH adsorbent of the work has obvi-
ous advantages.

3.4.2. Adsorption kinetics

Equal kinetic models of Lagergren pseudo-first-order 
kinetics [See Eq. (8)], Lagergren pseudo-second-order kinet-
ics [See Eq. (9)], Weber–Morris diffusion [See Eq. (10)], and 
Elovich [Eq. (11)] were used to further explore the adsorption 
mechanism of Pb(II) onto Al-CSH in solution [30].

Qt = Qe (1–e–K
1
t)	 (8)

Q
Q K t
Q K tt
e

e

=
+

2
2

21( )
	 (9)

Qt = Kit1/2 + C	 (10)

Q
tt

e e e e

= +
1 1

β α β βln ln( )
	 (11)

where Qt is the adsorption amount (mg/g) at time t;  
K1 the pseudo-first-order adsorption rate constant (min–1); 
K2 the pseudo-second-order adsorption rate constant [mg/
(g min)]; Ki the internal diffusion adsorption rate constant 
(mg/g  min1/2); C the constant; αe [mg/(g  min)] the initial 
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Fig. 9. Adsorption isotherm models (a) Langmuir isotherm, (b) Freundlich isotherm, and (c) Dubinin–Radushkevich model.

Table 2
Adsorption isotherm constants for Pb(II) onto adsorbents at various temperatures

Adsorbent Isotherm Parameters Temperatures (K)

293 303 313

Qe (mg/g) 301.32 308.70 318.48
Langmuir Qm (mg/g) 484.15 484.08 497.99

KL 0.0738 0.1162 0.2093
R2 0.9899 0.9974 0.9910
KF 74.83 94.48 128.54

Freundlich 1/n 0.4159 0.3938 0.3653
R2 0.9197 0.9555 0.9455

Dubinin–Radushkevich Xm (mol/g) 0.0123 0.0109 0.011
E (kJ/mol) 128.21 147.06 166.67
R2 0.9483 0.9807 0.9814
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adsorption rate constant; βe (g/mg) the desorption rate 
constant.

Comparative adsorption experiments of Pb(II) onto 
Al-CSH were implemented under 293, 303, and 313°K, 
respectively. Fig. 10 shows the changing trend of the removal 
rate with the contact time. It indicates that the removal rate 
of Pb(II) onto Al-CSH increases rapidly from 70% to over 
90% in the early adsorption stage of 5–60  min, with a fast 
adsorption rate. In the late stage within 60–300  min, the 
removal rate and adsorption capacity of Pb(II) onto Al-CSH 
increased steadily, with the removal rates increased by only 
1.5%, 1.67%, and 2.28% at three temperatures, respectively. 
The increase is not significant, which demonstrates that the 
adsorption of Pb(II) onto Al-CSH is close to equilibrium at 
60 min. The increase of adsorption time has little effect on 
improving the adsorption. In the early stage of adsorption, 
most of Pb(II) is adsorbed on the surface of Al-CSH due to 
electrostatic action. Meanwhile, ion exchange and surface 
complexation occur between some lead ions and calcium 
ions. At the late stage of adsorption, most of the adsorption 
sites on the adsorbent surface were occupied by Pb. (II), lead-
ing to the weakening of adsorption force and reduction of 
adsorption rate. Therefore, the adsorption time in the work 
was controlled as 60 min.

The experimental data on adsorption of Pb(II) onto 
Al-CSH at 293, 303, and 313°K were fitted (See Fig. 11). 
Table 4 shows the fitting results.

The adsorption experiment data was fitted (See Table 4). 
Comparing the results of fitting parameters in four kinetic 
models, where the pseudo-second-order model has the best 
fitting effect, with the correlation coefficient R2 of above 0.99. 
Meanwhile, the theoretical adsorption capacity Qe,cal calcu-
lated by the pseudo-second-order kinetic equation is con-
sistent with that obtained from the experiment. The model 
can well describe the adsorption of Pb(II) onto Al-CSH, and 
it also proves that the adsorption has chemisorption behav-
ior [39].

The parameter intercept is not equal to zero in the Weber–
Morris diffusion (Internal divergence) fitting model. The 
straight-line does not pass through the origin, indicating that 
the internal diffusion process is not a single control step of 
the adsorption rate. It is inferred that the adsorption contains 
the integrated control process containing multiple effects 
such as external liquid film diffusion, surface adsorption, and 
internal diffusion of particles [40]. In addition, the Ki of the 
internal diffusion equation decreases with increasing tem-
perature, while the equilibrium adsorption capacity of Pb(II) 
increases accordingly. It proves that the rise of temperatures 
in the adsorption process is conducive to the adsorption reac-
tion and effective improvement of the removal of Pb(II). The 
larger slope and intercept of the model obtained by Elovich 
fitting demonstrates that Al-CSH has a fast adsorption rate 
and strong adsorption capacity for Pb(II).

3.4.3. Adsorption thermodynamics study

The adsorption thermodynamics reflects the thermal 
effect of the adsorption process under isothermal isostatic 
pressure. Endothermic or exothermic characteristics can be 
presented. Meanwhile, it indirectly judges whether the pro-
cess is spontaneously performed. The main parameters of 
adsorption thermodynamics include Gibbs free energy (DG), 
enthalpy change (DH), and entropy change (DS). The positive 
or negative value of DG can determine whether the reaction 
is performed spontaneously; the positive or negative value 
of DH determines whether the reaction is an endothermic or 
exothermic process. The thermodynamic parameter values 
were calculated from Eqs. 12–15 [41,42]:

DG = ΔH–TΔS	 (12)

Table 3
Comparison of adsorption capacity for Pb(II) by various adsorbents

Adsorbent pH Initial Pb2+ concentration Qm (mg/g) References

CSH/chitosan 8.0 100 mg/L 796.0 [34]
HAP/CSH 5.0 207.2 mg/L 462.0 [28]
Mild air oxidation of a biochar 5.0 100 g/m3 7.9 [29]
CoFe2O4 nanoparticles 6.0 50–300 326.79 [35]
Plant biochar 5.0 30–500 mg/L 138.9 [36]
Cr-pillared clays 6.0 10–1300 mg/L 222.22 [37]
Mesoporous silica 5.5 200 ppm 48.3 [38]
Al-CSH 5.5 60~300 497.99 This work
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Fig. 10. Effect of contact time on the adsorption of Pb(II) onto 
Al-CSH at different temperatures.
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DG = –RT ln K0	 (13)

lnK0 = 1,000 × C0 × lnKL	 (14)

lnK H
RT

S
R0 =

−∆
+

∆

( ) 	 (15)

where R is the gas constant [J/(mol × K)]; T the absolute tem-
perature (K); K0 the equilibrium constant characterizing the 
distribution of Pb(II) between the solution phase and the 
adsorbent material; KL the Langmuir constant.

Linear regression is performed for lnK0 and 1/T. Fig. 12 
shows the linear fitting equation is Y = –5,212X + 27.33, with 
the correlation coefficient of R2  =  0.9890 Gibbs free energy 
(DG), enthalpy change (DH), and entropy change (DS) in the 
actual state were calculated according to Eqs. (16) and (17).

Table 5 shows that DG values in the thermodynamic 
parameters are all negative, indicating that the adsorption 
of Pb(II) onto Al-CSH in the solution is spontaneously per-
formed. The enthalpy change value is used to judge the type 
of adsorption. The enthalpy change of chemical adsorption 
is usually >60  KJ/mol, while that of physical adsorption is 
generally <40  KJ/mol. The DH in adsorption of Pb(II) onto 

0 80 160 240 320
220

240

260

280

300

320

340

 

 

 313k
 303k
 293kQ

t /m
g/

g

t / min

(a)

0 80 160 240 320
220

240

260

280

300

320

340

 

 

 313k
 303k
 293k

Q
t / 

m
g/

g

t /min

(b)

 

0 80 160 240 320

240

260

280

300

320

340

 

 

313k
 303k
 293k

Q
t / 

m
g/

g

t / min

(c)

0 80 160 240 320
220

240

260

280

300

320

340

 

 

 313k
 303k
 293k

Q
t / m

g/
g

t / min

(d)

 

Fig. 11. Adsorption kinetics models (a) pseudo-first-order model, (b) pseudo-second-order model, (c) Weber–Morris diffusion model, 
and (d) Elovich model.

Table 4
Comparison of the different kinetic model parameters

Kinetics models Parameters Temperatures (K)

293 303 313

Pseudo-frist-order Qe,exp (mg/g) 301.32 308.70 318.48
Qe,cal (mg/g) 297.26 305.76 316.70
K1 0.3306 0.3691 0.3833
R2 0.8288 0.8191 0.8448

Pseudo-second-order Qe,cal (mg/g) 305.40 312.64 323.17
K2 0.0024 0.0030 0.0032
R2 0.9912 0.9902 0.9970

Weber–Morris diffusion Ki 3.1460 2.7053 2.5880
C 264.97 278.11 290.21
R2 0.4427 0.4428 0.4427
βe 0.0677 0.0791 0.0830

Elovich αe 1.15 × 108 5.21 × 109 4.03 × 1010

R2 0.7825 0.7836 0.7787
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Al-CSH is >40  KJ/mol, demonstrating that the adsorption 
is an endothermic reaction process. Thus, we can conclude 
that the rise of temperature is conductive to the adsorption 
reaction. Meanwhile, the adsorption mechanism of Pb(II) 
onto Al-CSH is the comprehensive adsorption behavior of 
ion exchange, surface complexation and physical adsorp-
tion [41], which is basically consistent with the results of 
the previous isothermal adsorption model. A positive value 
of entropy indicates an increase in the irregularity of the 
adsorption process [33].

3.5. Regeneration

The Al-CSH sample after adsorption of Pb(II) was 
desorbed by 50  mL 0.1  mol/L hydrochloric acid. After 
desorption, the sample was washed and filtered four times 
with deionized water, dried at 70°C. Then, the Pb(II) adsorp-
tion experiment was repeated five times in sequence accord-
ing to the experimental method. Fig. 13 shows the experi-
mental results. From the cycling desorption-adsorption 
experiments, we find that the removal rate in adsorption of 
Pb(II) onto Al-CSH still maintains a high value of 88.67% 
after five times of regenerations, only decreasing by 6.88%. 
This demonstrates that the material has good adsorption 
performance, with high regenerative capacity and impact 
resistance.

3.6. Possible adsorption mechanisms studies

Guan et al. [43] found that calcium silicate hydrate 
near the surface had the concentration of Ca2+, OH–, and 

H3SiO4
– by the flow field distribution characteristics. 

Calcium silicate hydrate could the release of Ca2+ and OH– 
via solubility experiments [43,44]. The study also found 
that calcium silicate hydrate contains Ca–OH bonds as well 
as Si–OH bonds [45]. Al-CSH is one of hydrous CSH, also 
contains Ca–OH, Si–OH, and Al–OH bonds. Al-CSH near 
the surface in solution also existed Ca2+ and OH–, Pb(II) 
can exchange Ca2+, similar to the result was reported else-
where in the calcium silicate hydrate [46] and the hydroxyl 
groups on the surface can combine the heavy metal ions 
by chemical adsorption [28,47,48]. Through this result, we 
can speculate that there are surface complexation reaction 
between lead ions and Al-CSH.

2[≡Si–OH] + Pb2+ → [≡Si–O]Pb + 2H+	 (16)

2[≡Al–OH] + Pb2+ → [≡Al–O]Pb + 2H+	 (17)

At high pH values, only less H+ (or H3O+) ions exited 
in solution, the existence of ≡Si–O– and ≡Al–O– groups on 
the A-CSH surface were speculated [28,47,48], form static 
adsorption with the positive charge taken by lead ions.

As seen from the SEM and EDX after adsorbing in 
Figs. 14a and b, the surface of Al-CSH are similar to the floc 
fiber and the needle-like surface, which suggests that Al-CSH 
has a large adsorption surface area. Compared with the SEM 
before and after adsorbing Pb2+ (Figs. 2 and 14), the results 
indicated that the adsorption of Pb2+ mainly occurred on the 
outer surface of Al-CSH and it was probable for the forma-
tion of Pb precipitates [47].

In summary, the possible mechanisms involved in Pb2+ 
sorption by Al-CSH may be divided into three parts (Fig. 15): 
ion exchange followed by surface complexation, dissolu-
tion-precipitation, and electrostatic interactions.

3.7. Cost estimation of Al-CSH production

A synthetic cost analysis was performed on Al-CSH to 
evaluate the economic feasibility. Without considering the 
electricity and labor costs, the main raw materials collected 
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Table 5
Thermodynamic parameters at different temperatures

Adsorbent T(K) ΔG kJ/mol ΔH kJ/mol ΔS J/(mol K)

293 –22.46
Al-CSH 303 –24.66 41.87 219.55

313 –26.85
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from the eggshell, which are free. Other reagents such as 
industrial silica, potassium hydroxide, anhydrous acetic 
acid, sodium meta aluminate, and ammonium bicarbon-
ate are purchased on the market, with the prices of 3.8, 
6.5, 2.8, 3.0, and 0.65 yuan/Kg, respectively. After a rough 
calculation, the reagent cost in the synthesis of Al-CSH is 

1.54 yuan/Kg, with low synthesis cost. The removal rate of 
0.06 g Al-CSH for 100 mL 200 mg/L Pb(II) is 95.55%, and 
the equilibrium adsorption capacity is 318.48  mg/g. The 
removal effect for lead ions is significant, which proves 
that the practical application of Al-CSH has economic 
feasibility.
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Fig. 14. (a) SEM and (b) EDX after adsorbing Pb2+ onto Al-CSH.

Fig. 15. The schematic illustration of Pb2+ ions sorption mechanisms on Al-CSH.

Table 6
Removal efficiency of heay metal ions in practical industrial wastewater after contact with Al-CSH

Corp. Heay metal 
ions

Concentration before 
adsorption (mg/g)

Concentration after 
adsorption (mg/g)

Removal efficiency (%) MPC of heavy metal 
ions (mg/L)

1 Pb2+ 16.20 0.316 98.05 1.0
Cd2+ 1.48 0.034 97.70 0.1

2 Pb2+ 35.28 0.734 97.92 1.0
Cd2+ 3.63 0.086 97.63 0.1

MPC, the maximum permissible concentrations (in China).
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3.8. Application of Al-CSH in practical industrial wastewater

Based on the dynamic adsorption test method, the exper-
imental wastewater was extracted from two local heavy met-
al-containing manufacturing enterprises in Hengyang, Hunan 
Province. The prepared Al-CSH was used as the adsorption 
column material, controlling the flow rate at 3 mL/min. Table 
6 shows the test results. After the dynamic adsorption test, the 
concentrations of the three heavy metals in the treated waste-
water can meet the maximum permissible concentrations of the 
GB8978-1996 the first-class pollutant (in China). Meanwhile, 
the concentration of each heavy metal ion is far below the 
range of China’s permitted emission standards. Al-CSH can be 
well used in the treatment of actual heavy metal wastewater.

4. Conclusions

The results obtained from sorption experiments indicate 
that Al-CSH is an efficient sorbent for the removal of lead 
ions from solution. The removal efficiencies were signifi-
cantly influenced by initial Pb(II) concentration, solution pH 
and contact time. The experiments have proved that:

•	 The optimum adsorption conditions were found to be the 
initial pH of 5.5, Al-CSH dosage of 0.06 g, initial Pb(II) 
ion concentration of 200 mg/L and contact time of 60 min. 
Results demonstrated that the equilibrium adsorption 
capacity was up to 318.48 mg/g at 313°K.

•	 The Langmuir adsorption isotherm model can be applied 
to our experimental results. The maximum adsorp-
tion capacities by Langmuir model were found to be 
479.99 mg/g at 313°K.

•	 A floc fiber and needle-like surface of Al-CSH is the effec-
tive structure for the sorption, and the mechanism involves 
ion exchange with Ca2+, electrostatic interactions, surface 
as well as complexation with ≡Si–OH and ≡Al–OH etc.

•	 The pseudo-second-order kinetic model was adopted to 
fit the adsorption process of Pb(II) onto Al-CSH. The ther-
modynamic parameters indicated that the adsorption 
was a spontaneous endothermic reaction, while the tem-
perature increase was beneficial to the removal of Pb(II) 
onto Al-CSH.
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