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Kinetics and Mechanism of Adsorption of Phosphate 
on Fluorine-containing Calcium Silicate

ZHU Xinhua, ZHANG Zhao, SHEN Jun*

(College of Chemical Engineering, Sichuan University, Chengdu 610065, China)

Abstract: The nanowires-reticulated calcium silicate with a specific surface area more than 100 m2/g was 
prepared by a hydrothermal process using hydrated lime (Ca(OH)2, HL) and silica containing soluble fluoride, 
which was a by-product of fluorine industry, and the soluble fluoride in raw silica was fixed as CaSiF6 at the 
same time. The kinetic characteristics and mechanism of adsorbing phosphate by fluorine-containing calcium 
silicate were investigated in the experiments of phosphorus (P) removal from aqueous solution.  The results 
show that the prepared fluorine-containing calcium silicate has excellent performance for adsorbing phosphate, 
the adsorption process appears to follow pseudo-second-order reaction kinetics and the process is mainly 
controlled by chemisorption. The product resulted from P adsorption is mainly composed of hydroxyapatite 
(HAP) and fluorapatite (FAP), which are further used as adsorbents of heavy metal ion Cd2+ in aqueous solution 
and display excellent performance.
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1  Introduction

Calcium silicate is a new kind of eco-friendly 
material[1]. The extensive literatures indicate that 
calcium silicate has efficient removability for 
wastewater containing phosphate [2-4].  Calcium 
silicate adsorbs phosphorus (P) in the form of 
hydroxyapatite from aqueous solution through a 
simple and effective technology[5,6]. According to 
some studies, hydroxyapatite(Ca10(PO4)6(OH)2, HAP) 
as a novel environmentally-functionalized material 
with special crystal structure[7,8] has showed excellent 
ion absorbability and exchangeability[9,10], which is 
characterized with high-efficiency adsorption capacity 
for most of heavy metal ions in wastewater, including 
Pb2+, Cd2+, Cu2+, Zn2+, Cr6+, Mn2+, Hg2+, Fe3+, Co2+, and 
As3+, etc[11-14]. In addition, the silica containing soluble 
fluoride of approximately 10 percent is a discharged 
waste from fluorine factory in large scale. At present, 
there are no effective management approaches and in 
most cases many factories pay not attention, so the 

released fluoride may cause severe ecological and 
environment issues[15]. It may be a better approach 
making the best of both aspects: the comprehensive 
use of fluorine-containing silica and treatment of the 
wastewater containing phosphate that the calcium 
silicate is synthesized using fluorine-containing silica 
from fluorine industry and hydrated lime (HL) as raw 
materials, and the synthesized fluorine-containing 
calcium silicate is used as an effective adsorbent for 
phosphate and heavy metal ions in wastewater.

The hydrothermal process conditions of fixing 
hazardous fluoride and preparing calcium silicate 
with high specific surface area using the by-product 
silica of fluorine industry and HL as raw materials 
were introduced in this study. The synthetic materials 
were used as the adsorbent of phosphate in aqueous 
solution. The adsorption kinetics and mechanism were 
investigated experimentally. The material obtained after 
adsorbing P was characterized and further used as the 
adsorbent for cadmium removal in aqueous solution, 
the performance of adsorbing Cd2+ of the material was 
evaluated. 

2  Experimental

2.1  Preparation of calcium silicate
The siliceous material with the silica content of 
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approximately 90% and the soluble fluoride content 
of approximately 10% was obtained from a fluorine 
industry and its specific surface area was only 8.1 
m2/g. Calcareous material (Ca(OH)2, HL, AR.) was 
purchased from Chengdu Kelong Chemical Co. Ltd. 

The silica and HL were mixed together with 
the Ca/Si (calcium /silicon molar ratio) of 0.7, then 
the mixtures were agitated by a ultrasonic generator 
for 5 min, the suspensions of 58.6 mL with a liquid/
solid ratio of 10 were obtained, the suspensions were 
transferred to a hydrothermal reactor heated at 120, 
140, and 160℃ for 8 h, respectively, and taken out 
when the temperature of reaction systems was reduced 
to room temperature. The obtained products were 
dried at 120 ℃ for 10 h and used as adsorbents in the 
following adsorption experiments. Three samples from 
120, 140, and 160 ℃, were indexed as A, B, and C, 
respectively.
2.2  P adsorption test

The 1 000 mL simulated solutions with initial P 
concentration of 100 mg/L or 56.12 mg/g were prepared 
by adding KH2PO4 (AR). The prepared calcium silicate 
of 1.0 g was placed into a beaker with the P simulation 
solution located in a water bath and shaken at a 
constant rate of 100 r/min under controlled temperature 
condition (25 ℃) to keep the powder sample in 
complete suspension. During adsorption, the sample 
of 25 mL was taken from the suspension at various 
intervals, filtered and pipetted into 150 mL erlenmeyer 
flask for determination of the P concentration until the 
P concentration of solution sample no longer changed. 
After adsorption experiments, the suspensions were 
filtered, the sediments were obtained and dried at 
120 ℃ for 10 h. Then the P contents of sediments could 
be calculated as Eq.(1):

       (1)

where, qp is the amount of phosphorus adsorbed by 
per unit mass adsorbent (mg/g), ct is the restrained 
P concentration in solution (mg/L), c0 is the initial P 
concentration (mg/L), w is the mass of adsorbent (mg) 
and n is the volume of the simulation solution (L).
2.3  Cd2+ adsorption test

The metal cadmium powder (purity of 99.99%) 
was dissolved in HNO3 solution (1+1, in volume), after 
heating and boiling, a simulated cadmium standard 
solution was obtained. The pH value of the solution 
was adjusted to neutral with HNO3 solution of 6 mol/L
and NaOH solution of 6 mol/L prior to adsorption 

experiments. The sediment samples of 0.5 g from P 
adsorption test were placed into a beaker with simulated 
cadmium solution located in the water bath and 
shaken at a constant rate of 100 r/min under controlled 
temperature condition (25 ℃) to keep the powder 
sample in complete suspension. The solution samples 
of 25 mL were taken from the suspension at various 
intervals, and pipetted into 250 mL separating funnel 
after filtration, and the residual concentration of Cd2+ 
was detected by dithizone spectrophotometric method 
(GB 7471-87) with a ultraviolet spectrophotometer 
(TU-1810) .  The  method’s  lowes t  de tec tab le 
concentration for Cd2+ was 0.001 mg/L and the linear 
equation of standard curve (Y=0.9541X-0.013, the 
correlation coefficient of 0.9970) was obtained in the 
experiment. 

The cadmium contents qCd of adsorbent samples 
after cadmium adsorption, which is the capacity of 
adsorbent, could be calculated using Eq.(2):

           (2)

where, ct is the restrained cadmium concentration in the 
simulation solution (mg/L), c0 is the initial cadmium 
concentration (mg/L), m is the mass of adsorbent (mg) 
and V is the volume of the simulation solution (L).
2.4 Characterization methods of solid sample

X-ray diffraction (XRD) patterns of samples 
were recorded with an X-ray diffractometer (D/Max-
rA, Japan) using Cu Kα radiation. SEM images were 
collected on an S-4800 scanning electron microscope 
(Hitachi, Japan). Brunauer-Emmett-Teller (BET) 
surface areas were measured from N2 adsorption 
isotherms by homemade adsorption instrument 
according to Chinese national standard (GB/T 19587-
2004 Determination of the specific surface area of 
solids by gas adsorption using the BET method). 

3  Results and discussion

3.1  Preparation and characteristics of calc-
ium silicate 
As adsorption material, the high specific surface 

area not only provides more adsorption and ion 
exchange sites, but also can enhance the adsorbability 
of the material[16]. The experiments show that the 
specific surface area of the prepared calcium silicate is 
affected by Ca/Si molar ratio, hydrothermal temperature 
and reaction time. Further experiments discovered 
that shorter reaction time is not helpful for complete 
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conversion of raw materials, and higher reaction time 
requires more energy. So the proper reaction time of 
8 h was determined in the experiment. The relationship 
between the specific surface area and the experiment 
condition (Ca/Si molar ration and hydrothermal 
temperature) of material preparation is shown in Table 
1 and Table 2. From the above tables it can be seen that 
the Ca/Si molar ratio has the most significant impact on 
the specific surface area of samples in a certain reaction 
time and secondarily hydrothermal temperature, and 
the optimal conditions are Ca/Si molar ratio of 0.7, 
hydrothermal temperature maintained from 120 ℃ to 
140 ℃ and reaction time of 8 h.

The composition of the prepared samples A, 
B, and C is mainly tobermorite (PDF card 29-0329, 
Ca5Si6O16(OH)2), which is simply named as calcium 
silicate subsequently, and calcium fluosilicate (PDF 
card 01-0482, CaSiF6) based on transformation of 
the soluble fluoride in the raw material (Fig.1). The 
free fluorine content is up to 99.52 mg/g in initial 
raw materials, but during the hydrothermal reaction 
preparing calcium silicate, the fluorine releasing 
into the solution is only around 0.3 mg/g because of 
the formed CaSiF6 with very small solubility. Three 
samples: A, B, and C have high specific surface area 

of 143.8, 122.5, and 106.4 m2/g because they have a 
developed space connected mesh structure (Fig.2), 
which is of benefit to strengthen the adsorption mass 
transfer process and shorten the adsorption equilibrium 
time.

3.2  Kinetic equation of P adsorption

The pH value of P adsorption system runs from 
7.5 to 8.5 (the pH of the system itself), which promotes 
adsorbing P and forming apatite of calcium silicate 
from wastewater[1,17]. Under the same adsorption 
conditions, the P adsorption characteristics of the 
prepared calcium silicate sample B for different 
initial P concentrations (56.12 mg/L and 100 mg/L) 
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in aqueous solution are shown in Fig.3. It can be seen 
that the adsorption rate at different P concentrations 
decreases rapidly after the first 4 h, then the adsorption 
capacities keep unchanged. Moreover, the lower initial 
P concentration accelerates adsorption rate and shortens 
adsorption equilibrium time, and the adsorption process 
carries out thoroughly. By contrast, the higher initial 
P concentration is favorable to increase P adsorption 
capacity.

In spite of many mathematical models proposed 
to interpret the transport of solutes inside adsorbent, 
the complexity of mathematical models makes them 
inconvenient in practice[18]. The pseudo-first-order 
(Eq.3)) and pseudo-second-order (Eq.(4)) kinetic 
models are applied to study the adsorption dynamics 
of solid sorbent because of their good applicability in 
many cases[19]:

The pseudo-first-order equation:

        (3)

The pseudo-second-order equation:  

        (4)

where, q e(mg/g) is the amount of equilibrated 
adsorption capacity, q t(mg/g) is the amount of P 
adsorption capacity at the time t (min), and k1(min-1) 
and k2(g·mg-1·min-1) are the constants of the pseudo-
first-order and pseudo-second-order equation, 
respectively. The dynamic models are applied to fit 
experimental data and the results are shown in Fig.4 
and Fig.5, and the kinetic parameters are shown in 
Table 3.

From Fig.4 and Table 3, the pseudo-first-
order kinetics model shows poor fitting for the low 
concentration solution with the linear correlation 
coefficient of 0.6389 and a margin of error of 82% 
between theoretical and experimental values. However, 
as shown in Fig.5 and Table 3, the pseudo-second-order 
kinetics model provides preferable match between 
theoretical and experimental values, and the pseudo-
second-order kinetics model has a better correlation for 
experimental data than the pseudo-first-order kinetics 
model. Besides, for the high concentration solution, 
the experimental data more conform to pseudo-second-
order equation. As a result, the adsorption process 
appears to follow pseudo-second-order reaction 
kinetics, which suggests that the process is mainly 
controlled by chemisorption [20,21]. Moreover, the 
correlation of pseudo-first-order equation increases 
with increasing initial P concentration, which suggests 
that the high concentration solution strengthens 
the driving force of adsorption by a concentration 
difference of the external mass transfer[22,23], and the 
P adsorption process is the result of external mass 
transfer and chemisorption.

The total P adsorption capacity, residual P 
concentration and the exchange rate of Ca2+ are used 
to explore the influence of initial concentration on 
P adsorption. As shown in Table 4, the adsorption 
performance of calcium silicate samples A, B, and C 
changes with change of the initial P concentration, the 
effective P removability for the simulation solution 
with a low concentration P is more than 99.8%, and 
residual P concentration is less than 0.1 mg/L, which 
has attained the level 1 standard of comprehensive 
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discharge standard of sewage of China (GB 8978-
1996). 
3.3  Mechanism of P adsorption 

The XRD patterns of the samples applied 
in adsorbing P test are shown in Fig.6. There the 
diffraction peaks of tobermorite (calcium silicate)
are discovered when sample B was used in adsorbing 
P but unsaturated. However, the diffraction peaks of 
tobermorite and fluosilicate no longer appear, and the 
principal peaks of apatite ( PDF card 09-0432, HAP; 
PDF card 03-0747, FAP) emerge at 25.88°, 31.76°, and 
53.26°  for the saturated sample B, which indicates that 
P adsorption process is realized by converting calcium 
silicate and calcium fluosilicate into apatite on the 
surface. Some researches suggest that the XRD peaks 
of HAP and FAP are similar and the phase is apatite, 
additionally, the crystallinity of FAP increases with 
the sharper correlation peaks related to HAP, and the 
stability of apatite is increased by adding fluorine[24-26]. 

In the phosphorus removal process of fluorine-
containing calcium silicate, the fluorine was transferred 
to apatite and existed in the form of FAP. FAP widely 
exists in nature, the enamel surface of teeth was FAP, 
with excellent stable property and no releasing fluorine 
to worry about. So the new formed fluorine compound 
after P adsorption will not cause secondary pollution. 

EDS analysis results of sample B, before and after 
adsorption process, are presented in Fig.7, indicating 
that phosphorus emerges after adsorption. The data in 
Table 5 reveal that the Ca/P molar ratio of sample B 
after adsorption is near 5:3 in similar proportion on 
HAP and FAP, which further proves adsorption process 
realized by converting calcium silicate to apatite on the 
surface. 

SEM images of sample B before and after 
adsorption are shown in Fig.8. From Fig.8, there are 
obvious changes in the morphology of adsorbent after 
adsorption, from initial nanowires-reticulation (before 
adsorption, Fig.8(a)) to needle (after adsorption of a 
period of time, Fig.8(b)), then to disintegrated short bar 
structure (after adsorption saturation, Fig.8(c)). 
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In general, P adsorption principle of calcium 
silicate is described based on crystallization process, 
in which calcium silicate used as the crystal seed 
promotes combining the phosphate ion with calcium 
ion in solution to crystallize out apatite crystal within a 
certain range of pH[27-29]. In our experiments, however, 
these changes are based on not only complete transition 
of phase (Fig.6), but also distinct morphology (Fig.8), 
which is not corresponding to the principle of a simple 
crystallization. 

In conclusion, the mechanism of adsorbtion of 
phosphate on fluorine-containing calcium silicate 
can be described as the following three processes: 
dissolution of Ca2+, the formation of nucleus of 
apatite with the disintegrable space structure, and 
growth of apatite micro-crystal with a large number of 
separating crystalline grains. In the practical adsorption 
process, these are not independent and are reaction 
simultaneously to form a new phase, apatite. Because 
Ca2+ ions are homogeneously inlaid in the pore structure 
and dissolve slowly, the adsorption equilibrium time 
will be longer than that of a crystallization process, 
agreeing with the long saturated adsorption time in our 
experiments. Therefore, the dissolution of Ca2+ is the 
rate determining step of P adsorption process. 

The specific surface area of sample B after 
adsorption remains as high as 128.4 m2/g, which can 
further provide a probability as adsorbent for heavy 
metal ions in solution. 
3.4  Cd2+ adsorption 

From Table 5 and Fig.6, it is evident that the 
major components of surface of sample B after P 
adsorption are HAP and FAP. The soluble fluoride in 
raw silica further transforms into more stable apatite 
crystal during the process of P adsorption. Generally, 
the mechanism of the metal cation exchange of HAP 
includes: ion exchange, adsorption, dissolution/
precipitation, and formation of surface complexes[30-32]. 
Moreover, the crystal structure and the ionic radius 
similarity of HAP determine that the Ca2+ in lattice can 

be exchanged by certain cations (Pb2+, Cd2+, Zn2+, and 
Hg2+, etc), and the OH- in lattice can be exchanged 
by certain anions (F-, HCO3

-, etc). Because the 
structure of FAP is similar to HAP and more stability, 
it is considered that FAP has the similar adsorption 
mechanism corresponding to HAP and removal 
capacity for heavy metal ions. 

For the simulation solution with the Cd2+ 

concentration of 50 mg/L, the adsorption tests of Cd2+ 
of samples A, B, and C after P adsorption are shown 
in Fig.9. It can be seen that the concentration of Cd2+ 
decreases sharply for 0-30 min and adsorption reaches 
equilibrium in 80 min. Furthermore, there is significant 
relation between the preparation temperature and the 
adsorptive performance of samples. The samples A 
and B display excellent behavior, the maximal Cd2+ 

adsorption capacity of the prepared sample is 67.4 
mg/g, which indicates that the specific surface area of 
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material as adsorbent is closely related to the maximal 
Cd2+ adsorption capacity and Cd2+ removability. 

The relationship between Cd2+ removability 
and initial Cd2+ concentration of adsorption system 
is shown in Fig.10, which indicates that the removal 
rate decreases with increasing concentration of Cd2+. 
Moreover, when the initial concentration is below 10 
mg/L, the removal rate of Cd2+ is close to 100%, and 
the residual Cd2+ concentration in solution can reach 
the comprehensive discharge standards of sewage (GB 
8978-1996) and the drinking-water standards of China.

4  Conclusions

The nanowires-reticulated calcium silicate 
(Ca5Si6O16(OH)2) with a specific surface area more than 
100 m2/g can be prepared by a hydrothermal process 
using hydrated lime (Ca(OH)2) and silica containing 
soluble fluoride, and 99.7% of the soluble fluorine was 
fixed as calcium fluosilicate (CaSiF6). The fluorine-
containing calcium silicate materials display excellent 
performances for removing phosphate from aqueous 
solution. The P removal rate is as high as 99%. The 
process appears to follow pseudo-second-order reaction 
kinetics and is mainly controlled by chemisorption. 
The fluorine-containing calcium silicate is transformed 
to hydroxyapatite (HAP) and fluorapatite (FAP) after 
adsorbing phosphate and still keeps a high specific 
surface area, which is propitious to adsorb some heavy 
metal ions from aqueous solution. The maximal Cd2+ 
adsorption capacity of the prepared sample is 67.4 mg/
g and Cd2+ removal rate can approach 100% when the 
simulation solution with initial concentration of Cd2+ 
10 mg/L is treated, which meets the drinking-water 
standards of China. 
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