
* Corresponding authors.

1944-3994/1944-3986 © 2020 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2020.25426

185 (2020) 247–261
May

Hydrothermal synthesis of CaTiO3 cuboid-like nanoparticles starting from 
metatitanic acid and calcium hydroxide and their adsorption performance 
for Cd(II), Pb(II), Ni(II), and Co(II) cations

Qin Zhou, Aili Wang*, Hengbo Yin*
Faculty of Chemistry and Chemical Engineering, Jiangsu University, Zhenjiang 212013, China, Tel. +86-(0)511-88787591;  
Fax: +86-(0)511-88791800; email: alwang@ujs.edu.cn (A. Wang), yin@ujs.edu.cn (H. Yin), z.qinemily@foxmail.com (Q. Zhou)

Received 14 June 2019; Accepted 30 December 2019

a b s t r a c t
Calcium titanate (CaTiO3) cuboid-like nanoparticles with the average widths and lengths of 101–184 
and 203–329 nm were hydrothermally synthesized using metatitanic acid and calcium hydroxide 
as starting materials at 120°C–180°C. Metatitanic acid is an intermediate in the commercial TiO2 
pigment production by the sulfuric acid method. High hydrothermal temperature favored the 
formation of small-sized CaTiO3 cuboid-like nanoparticles. When the CaTiO3 cuboid-like nanopar-
ticles were used as the absorbents for the removal of heavy metallic cations from aqueous solu-
tion, the Langmuir adsorption isotherms showed that the maximum adsorption capacities of the 
CaTiO3 cuboid-like nanoparticles for Pb(II), Cd(II), Ni(II), and Co(II) cations were 237.0, 74.7, 60.8 
and 61.2 mg g–1, respectively. The thermodynamic analysis revealed that the adsorption process of 
these metallic cations was spontaneous and endothermic.

Keywords:  CaTiO3 cuboid-like nanoparticles; Hydrothermal method; Adsorption kinetics; Adsorption 
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1. Introduction

Calcium titanate with the Perovskite structure can be 
used as the dielectric material [1–3], sensor [4], alkaline 
catalyst in the transesterification of waste cooking oil into 
biodiesel [5], absorbent for the removal of heavy metallic cat-
ions [6], and photocatalyst in the degradation of dyes [6,7], 
oxidation of As(III) to As(V) [8], and reduction of CO2 with 
water to CO under UV light irradiation [9]. Calcium tita-
nate can also be used as the biomaterial for the Schwann cell 
growth in peripheral nerve regeneration and bone-bonding 
on bone repair materials [10–13].

Calcium titanate powders with the particle sizes ranging 
from dozens of nanometers to several micrometers could 
be synthesized by the conventional solid-state reaction 
technique at high reaction temperatures of 400°C–1300°C 

using CaCO3/TiO2 [1,9], CaCO3/titanium (IV) isopropoxide 
[14], CaCl2/TiO2 [15], Ca(NO3)2/titanium n-butoxide [7], and 
Ca(NO3)2·4H2O/TiO2 (P25) [4] as starting materials.

For the synthesis of CaTiO3 nanoparticles, the spray- 
pyrolysis method was used starting from Ca(NO3)2/titanium 
(IV) isopropoxide at 750°C–850°C [16]. The hydrothermal 
method was also used to synthesize CaTiO3 nanoparticles 
with the use of Ca(NO3)2·4H2O/TiCl4 (titanium isopropox-
ide or titanium n-butoxide) and CaCl2/anatase TiO2 as 
starting materials at 110°C–180°C [8,17]. Compared with 
the solid-state reaction and spray-pyrolysis methods, the 
hydrothermal method can be carried out at mild reaction 
temperature. However, to the best of our knowledge, the syn-
thesis of CaTiO3 nanoparticles by the hydrothermal method 
using Ca(OH)2 and metatitanic acid (an intermediate in 
TiO2 pigment production) has not been reported until now.
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With the rapid development in economy and indus-
try, natural water pollution has caused that one-fifth of the 
world’s population has no access to safe water [18]. Heavy 
metal pollution, such as vanadium, nickel, cadmium, lead, 
chromium, silver, and mercury, has a great impact on the 
metabolism of human beings [19–23]. Nowadays, numerous 
methods have been used for the removal of heavy metal-
lic cations from polluted water, such as adsorption [24,25], 
microbial degradation [26], ion exchange [27], membrane 
separation, and coagulation [28]. Among these methods, 
the adsorption method is known to be most suitable for the 
removal of heavy metals at a lower cost. The CaTiO3 pow-
ders synthesized by the solid-state reaction method exhib-
ited good adsorption capacities for heavy metallic cations 
[29–31]. It was reported that the adsorption capacities of 
porous CaTiO3 powders for Pb(II), Cd(II), Zn(II), Cu(II), and 
Ni(II) cations in aqueous solutions were 141.8–230.2, 18.0–
32.5, 24.4–66.0, 88.1, and 23.9 mg g–1, respectively [29–31]. 
However, the adsorption capacities, kinetics, and thermo-
dynamics of heavy metallic cations on CaTiO3 nanoparticles 
synthesized at a lower reaction temperature (<200°C) have 
rarely been investigated.

In this work, CaTiO3 cuboid-like nanoparticles were 
synthesized by the hydrothermal method using metatitanic 
acid and calcium hydroxide as raw materials at different 
reaction temperatures. The evolution process of CaTiO3 
nanoparticles was discussed. The adsorption kinetics, iso-
therms, and thermodynamics of Pb(II), Cd(II), Ni(II), and 
Co(II) cations on the CaTiO3 cuboid-like nanoparticles were 
simulated.

2. Experimental setup

2.1. Materials

Metatitanic acid (36 wt.% TiO2) was supplied by the 
Jiangsu Taibai Group Co. Ltd., China. Sodium hydroxide, 
lead(II) nitrate, cobalt(II) nitrate, nickel(II) chloride, and 
cadmium(II) nitrate were of analytical grade and were pur-
chased from Shanghai Chemical Reagent Co. Ltd., China.

2.2. Preparation of calcium titanate nanoparticles

Metatitanic acid (based on TiO2, 20 g) was dispersed in 
450 mL deionized water in a 1 L plastic beak under mag-
netic stirring for 15 min. A sodium hydroxide (2.5 mol L−1) 
aqueous solution was added slowly into the metatitanic acid 
suspension to adjust the pH value of 7. 18.8 g (0.25 mol) of 
calcium hydroxide was dissolved in 50 mL deionized water 
and added into the metatitanic acid suspension with a Ca/Ti 
mole ratio of 1:1 under stirring for 2 h. The mixture was trans-
ferred into an autoclaved at 120°C−180°C for 4−16 h. After 
the hydrothermal reaction, the precipitate was filtrated and 
washed with deionized water until the pH value of filtrate 
was decreased to 7. The precipitate sample was dried at 100°C 
in an electric oven overnight and then kept in a desiccator.

2.3. Adsorption experiments

A given amount of lead(II) nitrate, cobalt(II) nitrate, nick-
el(II) chloride, and cadmium(II) nitrate were dissolved in 
250 mL deionized water at 25°C, respectively. Under magnetic 

stirring, 1.0 g of CaTiO3 was added into these metallic cation 
aqueous solutions. The concentrations of the metallic cations 
in the solutions were determined by the atomic absorption 
spectrometry at different adsorption time periods by taking 
3.0 mL of an aqueous suspension. The aqueous suspension 
was filtrated before analysis.

2.4. Characterization

The X-ray powder diffraction (XRD) patterns of the 
CaTiO3 samples were determined on a D8 super speed 
X-ray diffractometer in a range of 10°–90° (2q) with Cu Kα 
radiation at λ = 1.5406 Å. The morphologies of the CaTiO3 
samples were observed on a scanning electron microscope 
(SEM) (HiTachi S-4800, Hitachi, Japan). The concentra-
tions of Cd(II), Pb(II), Ni(II), and Co(II) in aqueous solu-
tions were analyzed by the atomic absorption spectrometry 
(TAS-986). The elements of the CaTiO3 sample were ana-
lyzed by the energy- dispersion X-ray spectroscopy (EDX) 
(JSM-6010 PLUS/LA, JEOL, Japan, 15 kV). The point of zero 
charges for the CaTiO3 sample was measured on a NanoBrook 
90PlusPALS, Brookhaven, USA. The band gaps of the CaTiO3 
sample was determined by the UV-visible diffuse reflectance 
spectroscopy.

3. Results and discussion

3.1. Chemical structure and morphology of CaTiO3 sample

The XRD patterns of the CaTiO3 samples synthesized 
at different temperatures are shown in Fig. 1. When the 
hydrothermal reaction was carried out at 120°C and 140°C 
for 4–8 h, the samples contained two phases of anatase TiO2 
(JCPDS 21-1272) and CaTiO3 (JCPDS 78−1013). When the 
reaction time period was prolonged to 12 h or longer, the 
samples were mainly composed of CaTiO3 phase.

When the hydrothermal reaction was carried out at 
160°C and 180°C for 8 h or longer, the as-synthesized sam-
ples were mainly composed of CaTiO3 phase. The results 
revealed that high reaction temperature and long reaction 
time favored the evolution of CaTiO3 phase through the 
reaction between anatase TiO2 and Ca(OH)2.

The SEM images of the CaTiO3 samples synthesized at 
different reaction temperatures are shown in Fig. 2. When 
the hydrothermal reaction was carried out at 120°C for 4 h, a 
large number of nanoparticles with the average particle size 
of 35 nm were formed, which should be ascribed to anatase 
TiO2 nanoparticles (Fig. 2a1). An only a small amount of 
CaTiO3 cuboid-like nanoparticles was observed in this sam-
ple. When the reaction time periods were 8–16 h, the CaTiO3 
cuboid-like nanoparticles were dominantly formed with 
the average widths and lengths of 148.7–184.1 and 236.5–
329.5 nm, respectively (Figs. 2a2–a4, Table 1).

At the reaction temperature of 140°C, the CaTiO3 cuboid-
like nanoparticles were formed at a shorter reaction time of 
4 h. When the reaction time periods were 8–16 h, the CaTiO3 
cuboid-like nanoparticles with the average widths and 
lengths of 137.1–162.6 and 240.2–292.1 nm were dominantly 
formed (Figs. 2b2–b4, Table 1).

When the reaction temperatures were raised to 160°C and 
180°C, the CaTiO3 cuboid-like nanoparticles were formed 
even at a shorter reaction time period of 4 h. The average 
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widths and lengths of the as-synthesized CaTiO3 cuboid-like 
nanoparticles were 121.1–144.0, 221.0–251.7; 101.3–126.7, and 
203.5–233.4 nm, respectively (Figs. 2c and 2d).

It was found that high reaction temperature favored 
the formation of small-sized CaTiO3 cuboid-like nanopar-
ticles. However, their specific surface areas decreased 
upon increasing the reaction temperature or prolonging 
the reaction time period (Table 1). It could be explained as 
that at a higher reaction temperature, more CaTiO3 crystal 
nucleus could be rapidly formed, resulting in the formation 
of small-sized CaTiO3 cuboid-like nanoparticles. However, 
the crystallinity of the CaTiO3 cuboid-like nanoparticles 
was improved at higher reaction temperature and a longer 
reaction time period, giving a lower specific surface area.

3.2. Elemental composition, point of zero charge, and band 
gap of CaTiO3 cuboid-like nanoparticles

The elements of the CaTiO3 cuboid-like nanoparticles 
hydrothermally synthesized at 160°C for 12 h were analyzed 
by the EDX technique. The EDX analysis showed that the ele-
ments of calcium, titanium, and oxygen were present in the 
as-synthesized sample. The atomic ratio of Ca2+ to Ti4+ in the 
CaTiO3 sample was around 1:1 (Fig. 3), being close to that of 
pure CaTiO3.

The point of zero charges of the CaTiO3 cuboid-like 
nanoparticles hydrothermally synthesized at 160°C for 12 h 
is shown in Fig. 4. The point of zero charges of the CaTiO3 
sample was at the pH value of 2.9. The band gap of the 
CaTiO3 sample was determined by the UV-visible diffuse 
reflectance spectroscopy (Fig. 5). The band gap of the CaTiO3 
sample was 3.68 eV.

3.3. Adsorption of heavy metallic cations

3.3.1. Adsorption of heavy metallic cations on CaTiO3 cuboid-
like nanoparticles

The CaTiO3 cuboid-like nanoparticles hydrothermally 
synthesized at 160°C for 12 h were used as the adsorbents. 
The adsorption capacities of CaTiO3 cuboid-like nanoparti-
cles for Cd(II), Pb(II), Ni(II), and Co(II) metallic cations in 
aqueous solutions are shown in Fig. 6. When the CaTiO3 dos-
ages were in a range of 0.5–1.2 g, the adsorption capacities 
of the CaTiO3 cuboid-like nanoparticles slightly decreased 
upon increasing the CaTiO3 dosage. When the adsorption 
time period was 300 min, the adsorption capacities of the 
CaTiO3 cuboid-like nanoparticles for Cd(II), Pb(II), Ni(II), 
and Co(II) metallic cations were around 28, 110, 32, and 
33 mg g–1, respectively.
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Fig. 1. X-ray diffraction patterns of the CaTiO3 samples hydrothermally synthesized at different reaction temperatures of (a) 120°C, 
(b) 140°C, (c) 160°C, and (d) 180°C for 4–16 h.
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Fig. 2. SEM images of the CaTiO3 samples hydrothermally synthesized at different hydrothermal reaction temperatures of (a1–a4) 
120°C, (b1–b4) 140°C, (c1–c4) 160°C, and (d1–d4) 180°C for 4, 8, 12, and 16 h, respectively. The scale bar is 1 μm.

Table 1
Particle sizes and specific surface areas of the CaTiO3 samples

Hydrothermal  
reaction  
temperatures (°C)

Reaction time  
periods (h)

Particle sizes of CaTiO3 cuboid-like nanoparticles
Specific surface 
areas (m2 g–1)Average  

widths (nm)
Average  
lengths (nm)

120 4 100 150 137
35.0 (Particulates)

8 148.7 275.7 74
35.0 (Particulates)

12 156.8 236.5 38
16 184.1 329.5 24

140 4 139.1 273.0 101
35.0 (Particulates)

8 141.2 240.2 56
12 137.1 292.1 28
16 162.6 282.8 19

160 4 121.1 223.7 52
8 144.0 247.7 38
12 140.2 251.7 33
16 125.5 221.0 23

180 4 126.0 233.4 51
8 126.7 231.9 37
12 101.3 203.5 28
16 112.0 214.9 27
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The adsorption capacities of the CaTiO3 cuboid-like 
nanoparticles for the metallic cations at different pH val-
ues are shown in Fig. 7. When the adsorption time period 
was 300 min, upon increasing the pH values from 3 to 8, 
the adsorption capacities of the CaTiO3 cuboid-like nanopar-
ticles for Cd(II), Pb(II), Ni(II) and Co(II) metallic cations 
increased from 22 to 37, 99 to 140, 23 to 33, and 31 to 
37 mg g–1, respectively. According to the point of zero charge 
analysis, it could be explained that the adsorption capaci-
ties of CaTiO3 cuboid-like nanoparticles were affected by 
the surface charge property of CaTiO3 cuboid-like nanopar-
ticles. Pb(II) cation had a higher adsorption capacity than 
the other metallic cations. The reason may be due to that 
Pb(II) cation has a higher electrophilicity, exhibiting a higher 
adsorption ability on the negatively charged CaTiO3 surface 
at a pH value of 7.

3.3.2. Adsorption kinetics

The adsorption kinetic experiments were carried out at 
25°C by adding 1.0 g of CaTiO3 cuboid-like nanoparticles 

hydrothermally synthesized at 160°C for 12 h into 250 mL 
of heavy metallic cation aqueous solutions under stirring. 
The concentrations of heavy metallic cations were analyzed 
at different adsorption time periods. The adsorption kinet-
ics of heavy metallic cations on the CaTiO3 nanoparticles are 
simulated by the pseudo-first-order Eq. (1), pseudo-second- 
order Eq. (2), and Weber–Morris Eq. (3) adsorption kinetic 
equations [32–35].

q q k tt e= − −( )( ) exp1 1  (1)

t
q k q

t
qt e e

= −
( )

1

2
2  (2)

q k t Ct = + id
0 5.  (3)

where qt and qe (mg g−1) are the adsorption capacities of 
CaTiO3 cuboid-like nanoparticles for heavy metallic cat-
ion at time t and equilibrium, respectively. k1 (min−1), k2 
(g mg−1 min−1), and kid (mg g–1 min–0.5) are the rate constants 
of the pseudo-first-order, pseudo-second-order, and Weber–
Morris equations. C (mg g−1) is the thickness of the boundary 
layer. C0 and Ce are the initial and equilibrium concentrations 
of metallic cations (mg L−1).

The adsorption amount of the metallic cations, Cd(II), 
Pb(II), Ni(II), and Co(II) on the CaTiO3 cuboid-like nanopar-
ticles steeply increased at the initial 30 min (Figs. 8a–d), 
probably due to the high concentration gradient of heavy 
metal cation between bulk solution and CaTiO3 nanoparticle 
surface as well as the expose of more adsorption sites at the 
CaTiO3 cuboid-like nanoparticle surface.

Adsorption kinetic simulation of metallic cations on 
CaTiO3 cuboid-like nanoparticles is shown in Fig. 8. The 
Kinetic parameters and correlation coefficients simu-
lated according to the three adsorption kinetic models are 
listed in Table 2. By comparing the values of a correlation 
coefficient, R2, it was found that the pseudo-second-order 

Fig. 3. EDX spectra of the CaTiO3 cuboid-like nanoparticles 
hydrothermally synthesized at 160°C for 12 h.
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Fig. 8. Adsorption kinetic simulation of the metallic cations on CaTiO3 cuboid-like nanoparticles at 25°C and pH value of 7. Solid lines 
represent the fitting results using (a–d) the pseudo-first-order, (e–h) pseudo-second-order, and (i–l) Weber–Morris adsorption models.
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adsorption kinetic model well fitted the experimental data. 
The simulation of adsorption kinetics revealed that the 
adsorption kinetics of these cations on the CaTiO3 surfaces 
was neither affected by the diffusion of the metallic cation 
from the solution to CaTiO3 surface nor by the intraparticle 
diffusion. The adsorption kinetics could be affected by the 
interaction between the metallic cations and the active sites 
at the CaTiO3 surfaces.

3.3.3. Adsorption isotherms

The Langmuir, Freundlich, and Dubinin–Radushkevich 
adsorption isotherm models were used to fit the adsorption 
isotherms of the metallic cations on the CaTiO3 cuboid-like 
nanoparticles [32–36]. The linear form of the Langmuir 
isotherm is expressed as Eq. (4).

C
q K q

C
q

e

e L

e= +( ) 
max max

1  (4)

where qmax (mg g–1) is the maximum adsorption capacity. 
qe (mg g–1) is the adsorption capacity at equilibrium, and 
Ce (mg L−1) is the concentration at equilibrium. KL (L mg−1) is 
the Langmuir constant.

The linear form of the Freundlich adsorption iso-
therm is expressed as Eq. (5).

ln  ln  lnq K
n

Ce F e= +










1
 (5)

where KF (mg g−1 (mg L−1)−1/n) is the Freundlich constant. 
qe (mg g–1) is the equilibrium adsorption capacity. Ce (mg L–1) 
is the equilibrium concentration, and 1/n refers to the inten-
sity of adsorption.

The linear form of the Dubinin–Radushkevich adsorp-
tion isotherm is expressed as Eq. (6).

ln ln maxq q Be D= − ε2  (6)

where qe (mg g−1) is the adsorption amount at equilibrium. 
BD (mol2 J–2) is the activity factor related to the mean energy 
of adsorption. ε is the Polanyi potential and can be calculated 
by Eq. (7).

ε = +








RT

Ce
ln 1 1  (7)

The mean adsorption free energy E (J mol–1) could be 
calculated according to Eq. (8).

E BD= ( )−
2

1 2/
 (8)

Simulation of experimental data using the Langmuir, 
Freundlich, and Dubinin–Radushkevich isotherm models 
are shown in Fig. 9. The values of KL and qmax were obtained 
according to the simulated straight lines using the Langmuir 
isotherm model (Figs. 9a–d). While using the Freundlich 
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Fig. 9. The Langmuir (a–d), Freundlich (e–h), and Dubinin–Radushkevich (i–l) adsorption isotherms for metallic cation adsorption at 
25°C and pH value of 7.
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isotherm model, the values of KF and 1/n were obtained from 
the intercepts and the slopes of the straight lines (Figs. 9e–h). 
The Dubinin–Radushkevich adsorption parameters, lnqmax 
and BD, were calculated according to the intercept and slope 
of the plot of lnqe vs (RTln(1 + 1/Ce))2 (Figs. 9i–l). The data of 
the simulated parameters using the Langmuir, Freundlich, 
and Dubinin–Radushkevich models are listed in Table 3.

Considering that the values of the correlation coefficient, 
R2, obtained using the Langmuir isotherm were larger than 
those using the Freundlich isotherm, it was suggested that 
the adsorption was probably a monolayer surface adsorp-
tion of the metal cations at the surfaces of CaTiO3 cuboid-like 
nanoparticles. According to the estimation by the Langmuir 
adsorption isotherm, the maximum adsorption capacities of 
CaTiO3 cuboid-like nanoparticles for the Cd(II), Pb(II), Ni(II), 
and Co(II) cations were 74.7, 237.0, 60.8 and 61.2 mg g–1, 
respectively. It was reported that the adsorption capacities of 
porous CaTiO3 powders synthesized by the solid-state reac-
tion method for the Cd(II), Pb(II), and Ni(II) cations from aque-
ous solutions were 18.0–32.5, 141.8–230.2, and 23.9 mg g–1, 
respectively [29–31]. The as-synthesized CaTiO3 cuboid-like 
nanoparticles exhibited higher adsorption capa cities for 
these metallic cations than the porous CaTiO3 powders.

According to the Dubinin–Radushkevich isotherms and 
the calculation method reported in the references [35,36], 

the mean adsorption free energies (E) of Cd(II), Pb(II), Ni(II), 
and Co(II) cations on the CaTiO3 cuboid-like nanoparticles 
were 0.03, 0.01, 0.09, and 0.04 kJ mol–1, respectively. It is sug-
gested that the adsorption process is physical adsorption 
when the E value is less than 8 kJ mol–1 [35,36]. Considering 
that the mean adsorption free energies (E) of these cat-
ions were obviously less than 8 kJ mol–1, their adsorption 
processes were of physical adsorption nature.

3.3.4. Adsorption thermodynamics

To assess the adsorption thermodynamics of the Cd(II), 
Pb(II), Ni(II), and Co(II) cations on the CaTiO3 cuboid-like 
nanoparticles, the adsorption experiments were conducted 
at the pH value of 7 and different temperatures of 298, 313, 
and 328 K under different concentrations. The standard 
Gibb’s free energy change, ∆G° (J mol–1), can be obtained 
according to the following equation:

∆G RT Kc° = −  ln
 (9)

where R (8.314 J K−1 mol−1) is the universal gas constant, 
T (K) is the temperature of metallic cation aqueous solution. 
Kc (L mol–1) is the Langmuir constant [37–39].

Table 3
Parameters of the Langmuir, Freundlich, and Dubinin–Radushkevich isotherms and the correlation coefficients for the adsorption of 
Cd(II), Pb(II), Ni(II), and Co(II) cations on CaTiO3 cuboid-like nanoparticles at 25°C and pH value of 7

Metallic  
cations

Models Equations R2 Parameters Estimated 
values

Cd(II) Langmuir qe = qmaxKLCe/(1 + KLCe) 0.9975 qmax 74.7
KL 0.0070

Freundlich qe = KFCe
1/n 0.9956 KF 2.4547

1/n 0.5469
Dubinin–Radushkevich lnqe = lnqmax – BDε2 0.9763 qmax 44.3752

BD 5.8904E-4
Pb(II) Langmuir qe = qmaxKLCe/(1 + KLCe) 0.9387 qmax 236.96

KL 0.0034
Freundlich qe = KFCe

1/n 0.9205 KF 6.9545
1/n 0.4986

Dubinin–Radushkevich lnqe = lnqmax – BDε2 0.9615 qmax 155.4805
BD 0.00379

Ni(II) Langmuir qe = qmaxKLCe/(1 + KLCe) 0.9972 qmax 60.8
KL 0.0362

Freundlich qe = KFCe
1/n 0.9840 KF 2.3157

1/n 0.3407
Dubinin–Radushkevich lnqe = lnqmax – BDε2 0.9512 qmax 47.7687

BD 6.6414E-5
Co(II) Langmuir qe = qmaxKLCe/(1 + KLCe) 0.9861 qmax 61.2

KL 0.0189
Freundlich qe = KFCe

1/n 0.9238 KF 7.2573
1/n 0.3687

Dubinin–Radushkevich lnqe = lnqmax – BDε2 0.9888 qmax 47.8208
BD 2.6451E-4



259Q. Zhou et al. / Desalination and Water Treatment 185 (2020) 247–261

Based on the relationship of qe (mg g−1) vs. Ce (mol L−1) 
at different temperatures (Fig. 10), the values of Kc were 
simulated. And then the values of ∆G° could be calculated by 
Eq. (9). The data of Kc and ∆G° are listed in Table 4.

The relationship among the standard Gibb’s free energy 
change (ΔG°), enthalpy change (ΔH°, J mol–1), and entropy 
change (ΔS°, J mol–1 K–1) is expressed as Eq. (10).

∆ ∆ ∆G H T S° ° °= −  (10)

Combining Eq. (9) with Eq. (10), Eq. (11) is obtained as 
follows.

ln  K S
R

H
RTc =

°
−

°∆ ∆  (11)
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Fig. 10. Plots of qe vs. Ce at different temperatures.

Table 4
Thermodynamic parameters for the adsorption of metallic cations on CaTiO3 cuboid-like nanoparticles

Metallic  
cations

T  
(K)

Kc  
(L mol–1)

ΔG°  
(kJ mol−1)

ΔH°  
(kJ mol−1)

ΔS°  
(J k-1 mol–1)

R2

Cd(II) 298 780 –16.5 3.2 66.0 0.8390
313 806 –17.5
328 879 –18.5

Pb(II) 298 704 –16.2 3.1 64.8 0.8308
313 726 –17.2
328 790 –18.2

Ni(II) 298 2,120 –19.0 23.9 144.0 0.9990
313 3,424 –21.2
328 5,126 –23.3

Co(II) 298 1,113 –17.4 9.7 1,165.6 0.9981
313 1,329 –18.7
328 1,592 –20.1
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By plotting lnKc vs. 1/T, a straight line could be obtained. 
The slope and intercept of the straight line are the values 
of -ΔH°/R and ΔS°/R, respectively. And then the adsorp-
tion enthalpy change and entropy change can be calculated 
correspondingly.

The straight lines of lnKc vs. 1/T for the adsorptions 
of Cd(II), Pb(II), Ni(II), and Co(II) cations on the CaTiO3 
cuboid-like nanoparticles are shown in Fig. 11. The thermo-
dynamic parameters are listed in Table 4.

The adsorption thermodynamic analysis revealed that 
the values of ΔG° for the adsorption of Cd(II), Pb(II), Ni(II), 
and Co(II) cations on the CaTiO3 nanoparticles were negative, 
indicating that the adsorption processes were spontaneous. 
The positive values of ΔH° indicated that the adsorption of 
these metallic cations was endothermic.

4. Conclusions

Calcium titanate (CaTiO3) cuboid-like nanoparticles 
with the average widths and lengths of 101–184 nm and 
203–329 nm were hydrothermally synthesized using meta-
titanic acid and calcium hydroxide as the raw materials at 
120°C–180°C. The crystallization of CaTiO3 nanoparticles 
was enhanced at higher reaction temperature and a longer 
reaction time period.

The as-synthesized CaTiO3 cuboid-like nanoparticles 
exhibited higher adsorption capacities for the Cd(II), Pb(II), 
Ni(II), and Co(II) cations, which were higher than those over 

the reported porous CaTiO3 synthesized by the solid-state 
reaction technique. The adsorption processes of these metal-
lic cations on the CaTiO3 cuboid-like nanoparticles were 
spontaneous and endothermic.
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