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a b s t r a c t
In this study, for the first time, the effective removal of Pb2+ and Cd2+ from wastewater by meso-
porous tobermorite synthesized from alumina-extracted fly ash (AEFA) was reported. The results 
of characterization of the synthesized tobermorite indicated that it showed mesoporous structure, 
with a high specific surface area of 68.4 m2 g–1. The tobermorite particles were aggregates of plate-
like particles resulting in slit-shaped pores. The mesoporous tobermorite showed high removal effi-
ciency for Pb2+ and Cd2+ of 99.97% and 78.64%, respectively, and the adsorption kinetic data for Pb2+ 
and Cd2+ on tobermorite were better fitted to the pseudo-second-order kinetic model. The Pb2+ and 
Cd2+ adsorption isotherms were better described by the Langmuir isotherm model, and the maxi-
mum adsorption capacities of the tobermorite towards Pb2+ and Cd2+ were 338.98 and 105.37 mg g–1, 
respectively. The high adsorption capacities of the tobermorite towards Pb2+ and Cd2+ were due to 
its high specific surface area, the ion exchange of Ca2+ with Pb2+ and Cd2+, and the precipitation. 
This study shows the mesoporous tobermorite synthesized from AEFA as a low-cost and effective 
adsorbent for Pb2+ and Cd2+ and broadens the potential application of AEFA in wastewater treatment.
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1. Introduction

Water pollution has become a serious environmen-
tal problem along with the development of the industry. 
Heavy metal pollution is one of the most urgent issues, 
because heavy metals in aqueous solutions are very toxic 
and non-biodegradable, accumulating through the food 
chain and affecting human health [1–3]. Lead is widely used 
in industrial processes such as lead-acid batteries, print-
ing, painting, metal products and other industries, and it 

can cause kidney disease, mental retardation, and nervous 
system damage [2–4]. Cadmium is used as stabilizers in 
nickel-cadmium batteries, alloys, color pigment, PVC prod-
ucts, and phosphate fertilizers, and it can cause kidney 
damage, skeletal damage, and cancer [2–4]. Many methods 
have been used to remove Pb2+ and Cd2+ from wastewater, 
such as chemical precipitation, coagulation, adsorption, ion 
exchange, membrane filtration, electrolysis, phytoremedia-
tion, etc. [5–8]. Among them, adsorption has many advan-
tages, such as simplicity of operation and high efficiency [9]. 
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Various adsorbents have been developed to remove Pb2+ and 
Cd2+ from aqueous solution efficiently, including alumina 
[10,11], carbon nanotube [12,13], graphene [14,15], activated 
carbon [16,17], zeolite [18,19], etc. Although these adsor-
bents show good adsorption capacities, their high costs of 
preparation limit their application. In recent years, a number 
of researchers have investigated solid wastes for adsorbing 
Pb2+ and Cd2+ from wastewater, due to their low cost [20,21].

Fly ash is an industrial solid waste generated by the 
combustion of coal in coal-fired power plants, with an enor-
mous annual output of approximately 580, 160, and 130 mil-
lion tons in China, India, and the US in 2015, respectively 
[22]. High-alumina fly ash is a type of fly ash with an alu-
mina content of higher than 35 wt.% [23–25], which can be 
used to produce alumina by a mild hydro-chemical process, 
generating NaAlO2 solution and the alumina-extracted fly 
ash (AEFA) [26,27]. Our previous works have successfully 
used the AEFA to synthesize tobermorite in alkaline solu-
tion [28,29]. Tobermorite is a type of crystalline calcium 
silicate hydrate and it has good adsorption performance 
for heavy metal ions [30–33]. It is reasonable to speculate 
that the tobermorite synthesized from AEFA has potential 
application in the removal of Pb2+ and Cd2+ from wastewa-
ter. However, there are few studies about the adsorption 
abilities and adsorption mechanisms of Pb2+ and Cd2+ by the 
tobermorite synthesized from AEFA.

In this study, the mineralogical, chemical, structural, and 
morphological properties of the tobermorite synthesized 
from AEFA were characterized by X-ray diffraction (XRD), 
inductively coupled plasma-optical emission spectrometry 
(ICP-OES), nuclear magnetic resonance (NMR), Brunauer–
Emmett–Teller (BET) specific surface area analyzer, scanning 
electron microscopy (SEM), and transmission electron micros-
copy-energy-dispersive X-ray spectroscopy (TEM-EDS). For 
the first time, the adsorption performance of the tobermorite 
synthesized from AEFA towards Pb2+ and Cd2+ was investi-
gated by kinetic and isotherm studies. The tobermorite syn-
thesized from AEFA showed high adsorption capacities of 
Pb2+ and Cd2+, which were 338.98 and 105.37 mg g–1, respec-
tively. The tobermorite after adsorption of Pb2+ and Cd2+ 
were analyzed by XRD, SEM-EDS and X-ray photoelectron 
spectroscopy (XPS), to reveal the adsorption mechanisms. 
The aim of this study was to realize the resource utilization 
of tobermorite synthesized from AEFA as an effective and 
low-cost adsorbent towards Pb2+ and Cd2+ in wastewater.

2. Experimental section

2.1. Materials

The AEFA, whose main crystalline phase was NaCaHSiO4, 
obtained by extracting alumina from the high-alumina fly 
ash using a hydro-chemical process [26,27]. This process was 
conducted at 260°C to leach alumina from high-alumina fly 
ash using concentrated NaOH solution and CaO with C/S 
(mass ratio of CaO to SiO2) of 1.0. The main components of 
the AEFA used in this study were Na2O (16.15 wt.%), CaO 
(32.43 wt.%), and SiO2 (32.96 wt.%). The sodium hydrox-
ide, lead nitrate, cadmium chloride, and hydrochloric acid 
were of analytical grade, purchased from China Xilong 
Chemical Co., Ltd. The high-purity Milli-Q water was used 
for all experiments.

2.2. Preparation of tobermorite

The preparation of tobermorite from AEFA was using 
a hydrothermal method according to our previous study 
[28]. In detail, the mixture of AEFA and NaOH solution 
(20 g L–1 Na2O), whose liquid to solid ratio was 20 mL g–1, 
were added into a 1 L autoclave. Then, they were digested 
at 170°C for 4 h under stirring. After the reaction, the slurry 
was filtered and washed with heated deionized water 
3 times to reduce the adsorption of sodium ions on the struc-
ture of the product. Eventually, the synthesized product 
was dried in an oven at 80°C for 12 h.

2.3. Pb2+ and Cd2+ adsorption

Batch adsorption experiments of Pb2+ and Cd2+ were 
performed in 50 mL centrifuge tubes. Pb(NO3)2 and CdCl2 
were dissolved in deionized water to prepare Pb2+ and Cd2+ 
solutions, respectively. The pH of the Pb2+ and Cd2+ solutions 
with the concentration of 100 mg L–1 were adjusted to 2–7 
using 0.1 M HCl or NaOH solutions, respectively. The higher 
pH values of the solutions were not used to avoid precipi-
tation. In a typical experiment, 0.02 g synthesized products 
were added into 20 mL Pb2+ or Cd2+ solutions with the con-
centration of 100 mg L–1 and different pH values, shaken at 
room temperature for 1 h. Then, the Pb2+ or Cd2+ solutions 
were filtered through a syringe filter (0.45 μm) and the 
residual concentration of Pb2+ or Cd2+ in the solutions was 
measured by the ICP-OES.

In order to investigate the adsorption kinetics, 0.02 g 
synthesized product was added into 20 mL Pb2+ or Cd2+ solu-
tion with a pH of 4 or 5 and the concentration of 100 mg L–1, 
shaken at room temperature for different time intervals. 
Then, the Pb2+ or Cd2+ concentrations in the solutions with 
different adsorption time were measured.

To study adsorption isotherm, 0.02 g synthesized prod-
ucts and 20 mL Pb2+ or Cd2+ solutions with the pH of 4 or 
5 and different concentrations (100, 200, 300, 400, 500, 600, 
and 1,000 mg L–1) were shaken for 1 h at room temperature. 
Then, the Pb2+ or Cd2+ concentration in the solutions after 
adsorption were analyzed.

To investigate the adsorption abilities of the synthesized 
product towards the mixture of metal ions, 0.1 g synthe-
sized products and 100 mL solution of a mixture of metal 
ions, including Pb2+, Cd2+, Mg2+, Zn2+, and Mn2+, were shaken 
at room temperature for different time intervals. The con-
centration of each metal ion in the solution was 50 mg L–1. 
Then, the concentration of Pb2+, Cd2+, Mg2+, Zn2+, and Mn2+ 
in the solutions with different adsorption time were mea-
sured by ICP-OES.

The products after adsorption of Pb2+ or Cd2+ were 
washed with deionized water three times and dried at 80°C 
for further characterization.

2.4. Characterization

The synthesized product and the products after adsorp-
tion were characterized by X-ray diffraction (XRD, X’Pert 
Pro MPD, PANalytical) for identifying the mineral phases. 
The chemical composition of the product and the concentra-
tion of Pb2+ or Cd2+ in aqueous solution were analyzed using 
inductively coupled plasma-optical emission spectrometry 
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(ICP-OES; Optimal 7300 V, PerkinElmer Instruments, USA). 
The silicate structure of the product was analyzed by 29Si 
magic-angle spinning nuclear magnetic resonance (MAS 
NMR, Bruker AVANCE III 400 MHz, Switzerland). The N2 
adsorption–desorption isotherm of the product was mea-
sured by a specific surface area analyzer (ASAP 2020 HD88), 
the pore size distribution was determined by the Barrett–
Joyner–Halenda method and the specific surface area was 
calculated from BET equations. The morphology and micro-
structure of the product were observed by scanning electron 
microscopy (SEM, JSM-7100F). Transmission electron micros-
copy (TEM) images, high angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) images, 
and energy-dispersive X-ray spectrometer (EDS) elemental 
mapping were recorded by the high-resolution transmission 
electron microscopy (HRTEM, JEM-2100F). The morphology 
and the elemental analysis of the products after adsorption 
of Pb2+ or Cd2+ were conducted by SEM-EDS (JSM-6701F). 
The elements of the products after adsorption of Pb2+ or 
Cd2+ were analyzed by X-ray photoelectron spectroscopy 
(XPS, ESCALAB250Xi, Thermo Fisher Scientific).

3. Results and discussion

3.1. Characterization of the synthesized product

The XRD pattern of the synthesized product is shown in 
Fig. 1. The main diffraction peaks at about 7.7°, 16.3°, 29.0°, 
31.8°, 49.4° were indexed to tobermorite (Ca5(OH)2Si6O16·4H2O, 
ICDD card no. 00-019-1364), suggesting the main mineral 
phase of the synthesized product was tobermorite. The main 
chemical compositions of the synthesized product were 
SiO2 and CaO, as shown in Table 1. The C/S (the mass ratio 
of CaO to SiO2) of the product was 0.91, which was only a 
little bit higher than that of tobermorite. This reveals that 
the product was mainly composed of tobermorite.

To investigate the structure of the synthesized product, 
the 29Si MAS NMR spectrum of the tobermorite was stud-
ied, which is shown in Fig. 2. According to the literature, 
the tobermorite has a sandwich-like structure that consists 
of a central layer of CaO octahedra with individual silicate 
“dreierketten” chains on each side [34]. In this study, there 

were four peaks for the end of the silicate “dreierketten” 
chain (Q1), the bridging site (Q2

B), the pairing site (Q2
P), and 

the branching site (Q3) at about –79, about –82, about –85, 
and about –95 ppm, respectively. These values were similar 
to our previous 29Si MAS NMR studies of the hydrother-
mally synthesized tobermorite samples [34]. The appearance 
of the characteristic peak of the branching site Q3 confirmed 
the formation of the cross-linked structure of tobermorite.

The textural properties of the tobermorite were mea-
sured by N2 adsorption–desorption. Fig. 3a shows that the 
N2 adsorption-desorption isotherm of the tobermorite was 
of type IV with H3 hysteresis loop, indicating that it was 
mesoporous material and the pore structure was slit-shaped 
pores resulting from the aggregates of plate-like particles 
[31]. Fig. 3b presents the pore size distribution curve of the 
tobermorite, which centered at about 5 nm, also confirming 
that the tobermorite was mesoporous material. The calcu-
lated BET specific surface area of the tobermorite synthe-
sized from AEFA in this study was 68.4 m2 g–1, which was 
higher than that of the previously reported tobermorite 
synthesized from municipal solid waste incineration bot-
tom ash (26.9 m2 g–1) [31], the tobermorite synthesized from 
quartz (67.04 m2 g–1) [32], and the tobermorite synthesized 
from blast furnace slag at 180°C for 48 h (51 m2 g–1) [33], 
but it was lower than those of the tobermorite synthesized 
from blast furnace slag at 180°C for 2 h (72 m2 g–1) and 3 h 
(92 m2 g–1) [33]. In addition, the pore volume of the tober-
morite in this study was 0.19 cm3 g–1. The high specific 

Table 1
Chemical composition of the synthesized product

Composition Content (wt.%)

Al2O3 2.07
SiO2 36.64
CaO 33.43
Na2O 2.56
A/S 0.06
C/S 0.91
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Fig. 2. 29Si MAS NMR spectrum of the product.
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surface area of the tobermorite synthesized from AEFA in this 
study might result in the high adsorption capacity of heavy  
metals.

The morphology of the tobermorite was characterized 
by SEM. Fig. 4a and b show SEM images of the tobermorite 
particles, indicating that the tobermorite particles were in the 
size of dozens of micrometers and they were aggregates of 
plate-like particles forming slit-shaped pores, which was con-
sistent with the result of N2 adsorption-desorption isotherm. 
Fig. 4c–f presents the HAADF-STEM image and EDS elemen-
tal mapping of the tobermorite, revealing that the primary 
morphology of the tobermorite was nanosheet, mainly con-
sisted of O, Si, and Ca. During the reaction, the nanosheets 
aggregated together to form mesoporous micrometer parti-
cles under stirring, due to the cross-linking of silicate chains. 
Above all, the porous morphology of the tobermorite might 
result in a good adsorption ability of heavy metals.

3.2. Adsorption

3.2.1. Effect of pH

The pH of the solution is of great importance to the 
adsorption of heavy metals from an aqueous solution, 
because the pH affects both the heavy metal ionic state 
and the properties of the adsorbent. The effects of pH on 

the removal efficiency of Pb2+ and Cd2+ on tobermorite are 
shown in Fig. 5. The removal efficiencies of Pb2+ and Cd2+

 
increased from 61.12% and 36.69% to 99.94% and 69.00%, 
respectively when pH increased from 2 to 3, and then the 
adsorption was almost saturated. When the pH was lower 
than 3, a large amount of H+ was released and the cation 
exchange of H+ with Pb2+ and Cd2+ occurred, which inhib-
ited the adsorption of Pb2+ and Cd2+ on tobermorite. The 
maximum removal efficiencies of Pb2+ and Cd2+ on tober-
morite were 99.97% at pH 4 and 78.64% at pH 5, respectively. 
Therefore, pH 4 and pH 5 were chosen for the following 
adsorption experiments of Pb2+ and Cd2+, respectively.

3.2.2. Adsorption kinetics

The removal efficiency vs. time for Pb2+ and Cd2+ 
adsorption on tobermorite is shown in Fig. 6a. Obviously, 
the adsorption rate for Pb2+ on tobermorite was faster than 
that for Cd2+. The removal efficiencies for Pb2+ and Cd2+ on 
tobermorite at 2 min were 99.6% and 37.8%, respectively. 
Then, Pb2+ and Cd2+ were adsorbed slowly to reach equilib-
rium with the removal efficiencies of 99.97% (adsorption 
capacity of 99.97 mg g–1) and 78.64% (adsorption capacity of 
78.64 mg g–1), respectively.

The kinetic data for Pb2+ and Cd2+ adsorption on tober-
morite were fitted by the pseudo-first-order and pseudo- 
second-order models. The equations were as follows [35,36]:

The pseudo-first-order model:

ln lnq q q k te t e�� � � � 1  (1)

The pseudo-second-order model:

t
q k q

t
qt e e

� �
1

2
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where t is time, qe and qt are the adsorption capacity at equi-
librium and at time t, respectively, and k1 is the rate con-
stant of the pseudo-first-order model, k2 is the rate constant 
of the pseudo-second-order model.

The fitting parameters of the two kinetic models for Pb2+ 
and Cd2+ adsorption on tobermorite are given in Table 2. 
The results suggest that the adsorption kinetic data for Pb2+ 
and Cd2+ on tobermorite were better fitted to the pseu-
do-second-order kinetic model, with a correlation coeffi-
cient of 1.000 and 0.998, respectively, which reveals that 
this adsorption process was governed by chemisorption 
involving valence forces through the sharing or exchange 
of electrons between the tobermorite and Pb2+/Cd2+ as cova-
lent forces [35,36].

3.2.3. Adsorption isotherms

The adsorption isotherms for Pb2+ and Cd2+ on tober-
morite are shown in Fig. 7. The equilibrium adsorption 
capacities of tobermorite towards Pb2+ and Cd2+ gradually 
increased with the initial concentration of Pb2+ and Cd2+ and 
then reached a saturation value. Both the Langmuir iso-
therm model and Freundlich isotherm model were used to 
analyze the adsorption data. The equations were as follows.
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tribution curve (b) of the tobermorite.
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The Langmuir isotherm model:

C
q k q

C
q

e

e L m

e

m

� �
1  (3)

The Freundlich isotherm model:

ln ln lnq
n

C ke e f� �
1  (4)

where Ce is the equilibrium concentration of Pb2+ and Cd2+ in 
solution, qe is the equilibrium adsorption capacity, qm is the 
maximum adsorption capacity, kL is the Langmuir adsorp-
tion constant, kf and n are the Freundlich adsorption consta-
nts related to adsorption capacity and adsorption intensity.

As shown in Fig. 7 and Table 3, the Pb2+ and Cd2+ adsorp-
tion data were better described by the Langmuir isotherm 
model, with the higher correlation coefficients of 0.999 
and 0.998, respectively, suggesting monolayer adsorption 
of Pb2+ and Cd2+ on tobermorite, and this was consistent 
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Fig. 4. SEM images (a,b), HAADF-STEM image (c) and EDS elemental mapping (d–f) of the tobermorite.
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Fig. 6. Removal efficiency vs. time (a), pseudo-first-order kinetic 
model (b), and pseudo-second-order kinetic model (c) for Pb2+ 
and Cd2+ adsorption on tobermorite.

Table 2
Parameters for Pb2+ and Cd2+ adsorption kinetics on tobermorite

Metal ion Qe,exp (mg g–1) Pseudo-first-order model Pseudo-second-order model

Qe,cal (mg g–1) k1 (min–1) R2 Qe,cal (mg g–1) k2 (g mg–1 min–1) R2

Pb2+ 99.97 0.23 0.0351 0.950 100.00 1.0117 1.000
Cd2+ 78.64 73.75 0.0835 0.975 80.19 0.0047 0.998
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Fig. 7. Adsorption isotherms (a), Langmuir model (b), and Fre-
undlich model (c) for Pb2+ and Cd2+ on tobermorite.
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with the previous reports for the adsorption of Cd2+ and 
Cr(VI) on tobermorite [30,32]. The fitting results also indi-
cate that the maximum adsorption capacities (qm) for Pb2+ 
and Cd2+ on tobermorite synthesized from AEFA were 
338.98 and 105.37 mg g–1, respectively. The qm for Pb2+ on 
tobermorite synthesized from AEFA was much higher than 
that for Cd2+, which might be due to the smaller hydrated 
ionic radius of Pb2+ than that of Cd2+ [37–40]. Compared 
with Cd2+, Pb2+ was easier to diffuse into the pores of the 
synthesized mesoporous tobermorite, resulting in a higher 
qm of Pb2+ than that of Cd2+. The comparisons of adsorption 
capacity for Pb2+ and Cd2+ on various adsorbents are shown 
in Tables 4 and 5, respectively. As shown in Table 4, the 
qm for Pb2+ on tobermorite synthesized from AEFA in this 
study was higher than those for Pb2+ on alumina [10,11], 
carbon nanotube [12,13], graphene [14,15], activated car-
bon [16,17], zeolite [18,19], ligand-based composite [41], 
Ti(IV) iodovanadate cation exchanger [42], fly ash [43,44], 
zeolite from fly ash [45,46], and Al-substituted tobermorite 
from newsprint recycling residue [47], all of which are 
without functionalization. As shown in Table 5, the qm for 

Cd2+ on tobermorite synthesized from AEFA in this study 
was higher than those for Cd2+ on alumina [10], activated 
carbon [48], fly ash [49], modified fly ash [50], zeolite [51], 
zeolite from fly ash [45,46], and Al-substituted tobermorite 
from newsprint recycling residue [47], but it was lower than 
those for Cd2+ on activated carbon/ZrO2 composite [52] and 
tobermorite from newsprint recycling residue [30]. The high 
adsorption capacity of the synthesized tobermorite might 
due to the mesoporous structure, high specific surface area, 
and the natural properties of the tobermorite. The Ca2+ 
from the interlayer and the structure of tobermorite could 
exchange with the Pb2+ and Cd2+ ions which diffused into 
the structure of the mesoporous tobermorite, leading to the 
high adsorption capacity of Pb2+ and Cd2+ [32]. The high 
adsorption capacities for Pb2+ and Cd2+ on the tobermorite 
indicate that the tobermorite synthesized from alumina-ex-
tracted fly ash has a good application prospect as a low-cost 
and efficient adsorbent for Pb2+ and Cd2+ in wastewater.

A variety of heavy metal ions might coexist in real waste-
water and compete for active sites. Therefore, the adsorp-
tion abilities of the tobermorite synthesized from AEFA in 
this study towards a mixture of metal ions, including Pb2+, 
Cd2+, Mg2+, Zn2+, and Mn2+, were investigated. The results 
are shown in Fig. 8, the removal efficiencies of Pb2+ and 
Cd2+ on the tobermorite were higher than those of Mg2+, 
Zn2+, and Mn2+. What is noteworthy is that the adsorption 
rate and adsorption capacity of Pb2+ on the tobermorite 
were fastest and highest, respectively, among the mixture of 
metal ions, which might be due to the small hydrated ionic 
radius and low hydration energy of Pb2+ [37–40].

3.2.4. Adsorption mechanisms

To better understand the adsorption mechanisms, the 
concentrations of Pb2+ and Ca2+, Cd2+ and Ca2+ in the solution 
vs. time were analyzed, respectively. Fig. 9 shows a nearly 
equal molar amount of the adsorbed Pb2+ and Cd2+ with the 
molar amount of Ca2+ released in the solution. This reveals 
that Pb2+ and Cd2+ were adsorbed by ion exchange with Ca2+ 

Table 3
Parameters for Pb2+ and Cd2+ adsorption isotherms on tober-
morite

Metal ion Langmuir Freundlich

qm (mg g–1) kL (L mg–1) R2 n kf R2

Pb2+ 338.98 0.183 0.999 8.149 168.9 0.909
Cd2+ 105.37 0.0519 0.998 13.40 62.76 0.988

Table 4
Comparison of adsorption capacities of Pb2+ on various 
adsorbents

Adsorbent qm (mg g–1) Reference

Alumina 83.33 [10]
Alumina 125.00 [11]
Carbon nanotube 49.95 [12]
Carbon nanotube 117.65 [13]
Graphene 35.46 [14]
Graphene 80.00 [15]
Activated carbon 29.44 [16]
Activated carbon 27.53 [17]
Zeolite 68.00 [18]
Zeolite 20.10 [19]
Ligand based composite 214.15 [41]
Ti(IV) iodovanadate cation exchanger 18.80 [42]
Fly ash 22.00 [43]
Fly ash 18.00 [44]
Zeolite from fly ash 98.04 [45]
Zeolite from fly ash 65.75 [46]
Al-substituted tobermorite from 
newsprint recycling residue

1.99 [47]

Tobermorite from AEFA 338.98 This study

Table 5
Comparison of adsorption capacities of Cd2+ on various 
adsorbents

Adsorbent qm (mg g–1) Reference

Alumina 25.06 [10]
Activated carbon 1.85 [48]
Fly ash 18.98 [49]
Modified fly ash 56.31 [50]
Zeolite 1.89 [51]
Zeolite from fly ash 26.88 [45]
Zeolite from fly ash 52.12 [46]
Al-substituted tobermorite from 
newsprint recycling residue

2.00 [47]

Activated carbon/ZrO2 composite 166.70 [52]
Tobermorite from newsprint 
recycling residue

179.00 [30]

Tobermorite from AEFA 105.37 This study
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in the structure of tobermorite [32]. However, the molar 
amount of Ca2+ released in the solution was a little bit higher 
than that of Pb2+ adsorbed on tobermorite, indicating that 
the Ca2+ released in the solution might be attributed to both 

ion exchange with Pb2+ and the hydrolysis of tobermorite 
in the acidic solution. The tobermorite has a sandwich-like 
structure that consists of a central layer of CaO octahe-
dra with individual silicate “dreierketten” chains on each 
side, and the interlayer contains water, calcium, alkali and 
other ions [34]. Therefore, Ca2+ from the interlayer and the 
surface of tobermorite could exchange with Pb2+ and Cd2+ 
in the solution. At the same time, Ca2+ in the interlayer or 
on the surface of tobermorite could also be released in the 
solution due to the acidic nature of the solution.

Fig. 10 presents the XRD patterns of the Pb2+ adsorbed 
tobermorite (a) and the Cd2+ adsorbed tobermorite (b). 
The diffraction peaks of tobermorite decreased after adsorp-
tion of Pb2+ and Cd2+, compared to the tobermorite before 
adsorption (Fig. 1). The reaction of tobermorite with Pb2+ 
and Cd2+ resulted in the precipitation of PbCO3 (ICDD card 
no. 01-070-2052) and CdCO3 (ICDD card no. 00-042-1342). 
This was consistent with the adsorption kinetics that the 
adsorption processes were governed by chemisorption. 
The phenomena reveal that the Pb2+ and Cd2+ were removed 
by tobermorite via chemical precipitation, because the Ca2+ 
of tobermorite was substituted by Pb2+ and Cd2+, and the 
carbonization occurred during this process [53].
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Fig. 10. XRD patterns of the Pb2+ adsorbed tobermorite (a) and 
the Cd2+ adsorbed tobermorite (b).
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Fig. 11 illustrates the SEM images and EDS elemental 
mappings of the Pb2+ adsorbed tobermorite (a,c) and the Cd2+ 
adsorbed tobermorite (b,d). Fig. 11 shows the morpholo-
gies of the Pb2+ adsorbed tobermorite and the Cd2+ adsorbed 
tobermorite were porous rodlike particles. When compared 
to the morphology of the tobermorite before adsorption in 
Fig. 4a and b, there was no significant difference due to the 
high stability of the material. The EDS elemental mappings 
of the Pb2+ adsorbed tobermorite and the Cd2+ adsorbed 
tobermorite clearly present the appearance of Pb and Cd on 
the surface of the Pb2+ adsorbed tobermorite and the Cd2+ 
adsorbed tobermorite, respectively. This was consistent 
with the XRD results that Pb2+ and Cd2+ were adsorbed on 
the surface of tobermorite through surface complexation, 
ion exchange, or precipitation.

 Fig. 12 shows the XPS spectra of the tobermorite, the 
Pb2+ adsorbed tobermorite, and the Cd2+ adsorbed tober-
morite. The XPS spectra clearly show the presence of Pb 

and Cd on the surface of tobermorite after adsorption. The 
binding energies for the Pb 4f7/2 and Pb 4f5/2 peaks are 138.05 
and 142.8 eV, respectively, as shown in Fig. 12a, which were 
similar to those reported in the literature confirming the 
appearance of Pb on the surface of the Pb2+ adsorbed tober-
morite [54–56]. As shown in Fig. 12b, the binding energies 
for the Cd 3d3/2 and Cd 3d5/2 peaks are 412.2 and 405.35 eV, 
respectively, which were similar to those reported in the 
literature confirming the appearance of Cd on the surface 
of the Cd2+ adsorbed tobermorite [50]. Consequently, it 
reveals that the adsorption of Pb2+ and Cd2+ on tobermorite 
occurred through surface complexation, the ion exchange 
with Ca2+, or precipitation on the surface of tobermorite.

Based on the above analyses, the mechanisms for the 
Pb2+ and Cd2+ adsorption on tobermorite synthesized from 
AEFA were complex, as shown in Fig. 13. First of all, the 
high specific surface area and the mesoporous structure of 
the tobermorite contributed to the adsorption of Pb2+ and 

 

 

Fig. 11. SEM images and EDS elemental mappings of the Pb2+ adsorbed tobermorite (a) and the Cd2+ adsorbed tobermorite (b).
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Fig. 13. Schematic presentation of the adsorption mechanisms of the tobermorite towards Pb2+ and Cd2+.
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Cd2+. Secondly, the Pb2+ and Cd2+ could be adsorbed by tober-
morite through surface complexation or ion exchange with 
the Ca2+ from the surface of tobermorite. Thirdly, the pre-
cipitation of PbCO3 and CdCO3 occurred on the surface of 
tobermorite. Finally, Pb2+ and Cd2+ could also exchange with 
the Ca2+ from the interlayer and the structure of tobermorite. 
Above all, the Pb2+ and Cd2+ ions diffused into the meso-
porous structure of the tobermorite and exchanged with 
more Ca2+, forming the precipitation of PbCO3 and CdCO3, 
which led to the high adsorption capacity of Pb2+ and Cd2+.

 4. Conclusions

In summary, a mesoporous tobermorite was successfully 
synthesized from AEFA by a facile hydrothermal method, 
with a high specific surface area of 68.4 m2 g–1 and a pore 
volume of 0.19 cm3 g–1. The tobermorite particles presented 
aggregates of plate-like particles resulting in slit-shaped 
pores. The mesoporous tobermorite showed high removal 
efficiencies for Pb2+ and Cd2+ of 99.97% and 78.64%, respec-
tively, and the adsorption kinetic data for Pb2+ and Cd2+ on 
tobermorite were better fitted to the pseudo-second-order 
kinetic model, revealing the adsorption processes were 
governed by chemisorption. The Pb2+ and Cd2+ adsorption 
isotherms were better described by the Langmuir isotherm 
model, suggesting monolayer adsorption, and the max-
imum adsorption capacities of the tobermorite towards 
Pb2+ and Cd2+ were 338.98 and 105.37 mg g–1, respectively. 
The mechanisms for the Pb2+ and Cd2+ adsorption on tober-
morite were due to the high specific surface area of tober-
morite, the ion exchange of Ca2+ with Pb2+ and Cd2+, and 
the precipitation of PbCO3 and CdCO3. The high adsorp-
tion capacities for Pb2+ and Cd2+ on the tobermorite indicate 
that the mesoporous tobermorite synthesized from AEFA 
has a good application prospect as a low-cost and effective 
adsorbent for Pb2+ and Cd2+ in wastewater.
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