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ABSTRACT

An Al-substituted tobermorite was prepared by hydrothermal treatment using 4A-zeolite,
sodium silicate, and calcium hydroxide. The X-ray diffraction (XRD) patterns and FT-TR
spectra confirmed that tobermorite was formed after the hydrothermal process. The removal
of phosphorous using the synthesized tobermorite was studied. XRD patterns, FT-TR spectra,
and scanning electron microscope (SEM) images showed the formation of hydroxyapatite
after p-elimination. It was found that the best solid/liquid ratio is 1.0 g/L and the best pH
value is 9. Kinetic models and thermodynamic parameters of p-elimination were discussed,
and the p-elimination process was proved to follow pseudo-second-order rate kinetics; it was
spontaneous and endothermic.
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1. Introduction

Preparation of tobermorite has been attracting
attention in recent years. Tobermorite, Ca5Si6O16(OH)2·
4H2O, is hydrated calcium silicate. It has a layer-type
structure and is prepared using reactive Ca and Si as
starting materials under hydrothermal conditions
below 180˚C [1]. Tobermorite (Ca5Si6O18H2·4H2O) has
been shown to have high potential applications in cat-
ion exchange, and nuclear and hazardous waste water
treatment [2,3]. It is well known that the reactivity of
silica source [4,5], addition of Al compounds [6,7],
addition of alkali [8,9], and addition of sulfate com-
pounds [1,10] strongly affect tobermorite formation.

Moreover, tobermorite was an effective adsorbent
for the removal of phosphorous in waste water. In
natural waters, phosphorus concentrations as low as
10 lg/L P can already lead to eutrophication processes
and to the deterioration of the water quality. Because
tobermorite can be easily and commercially synthe-
sized, the water treatment system developed is rapid
and simple, and it has potential for application in
treatment of waste water, which could be adopted by
developing nations.

Though most waste waters are supersaturated
with respect to calcium phosphate compounds, spon-
taneous precipitation of calcium phosphate is kineti-
cally inhibited. However, the supply of suitable seed
material initiates the deposition of calcium phosphate
compounds onto the seed material surfaces, in order
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to achieve equilibrium between Ca2+ and phosphate.
OH� and Ca2+ in Tobermorite, can form hydroxyapa-
tite with phosphorus in waste water, resulting in the
phosphorus elimination.

The goal of this study was to develop a simple
technology for phosphorus elimination from waste
water and the new material was proved apt to remove
phosphorus.

2. Materials and methods

2.1. Materials and synthesis

The raw materials used for synthesis were Ca(OH)2,
Na2SiO3, and 4A-zeolite. All reagents were of analytical
reagent grade, made in China.

For the synthesis, distilled water (25mL), Ca(OH)2,
and Na2SiO3 were added to a Teflon reaction vessel.
The synthetic conditions were set to give a CaO/SiO
molar ratio of 0.83. The reaction vessel was put in an
oven at 180˚C for 10 h. The resulting product was
washed thoroughly in distilled water and was dried
at 100˚C for 3 h.

The final sample was characterized by X-ray dif-
fraction (XRD) and scanning electron microscope
(SEM).

2.2. Phosphorus removal experiment

Simulated waste water containing 50mg/L P was
prepared by NaH2PO4.H2O. 1.0 g/L synthesized
tobermorite was added to 25mL waste water, oscillated
for an hour, after centrifugation the supernatant was
measured to determine the concentration of phospho-
rus. The residue was dried and recycled, and added to
25mL fresh waste water to remove phosphorus, so the
Al-substituted tobermorite can be recycled to remove
phosphorus repeatedly. The recycled Al-substituted
tobermorite was characterized by XRD and SEM.

2.3. Apparatus

The absorbance at 700 nm was measured on a Per-
kin-Elmer lambda 17 UV-VIS spectrophotometer (P-E
Co., America) with 10-mm cells for the determination
of concentration of Phosphorus. SEM (Model EPMA-
8705QH2, Shimadzu Co., Japan) was used to observe
the morphologies of tobermorite. The crystalline
structure and composition of the tobermorite were
identified respectively by a D/max-IIIC X-ray diffrac-
tometer (Shimadzu, Japan). Fourier transform infra-
Red (FTIR) spectra were taken with a Spectrum One
FTIR spectrophotometer (Perkin-Elmer, America) at
room temperature.

3. Results and discussion

3.1. Characterization of tobermorite

Fig. 1(a) shows the XRD patterns of the synthe-
sized powder, prepared by the hydrothermal method.
Numerous sharp peaks were observed in the XRD
patterns and were identified as tobermorite [11]. The
sharp diffraction peaks indicate that the tobermorite
formed are well crystallized. Fig. 1(b) shows that after
the recovery of phosphorus, the characteristic peaks of
tobermorite become weak or disappear, and the peak
position and intensity are similar with HAP [12], indi-
cating that the phosphate existed as hydroxyapatite.

Fig. 1. XRD patterns of the as-synthesized powders. (a)
synthesized tobermorite; (b) recycled tobermorite.

Fig. 2. FT-IR spectra of synthesized tobermorite and
recycled tobermorite. (a) synthesized tobermorite; (b)
recycled tobermorite.
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Fig. 2 shows the FT-TR spectra of synthesized
tobermorite and recycled tobermorite. It can be seen
from Fig. 2(a) that 3438, 958, and 658 cm�1 are charac-
teristic peaks of tobermorite. Comparing with Fig. 2
(a), 1035, 605, and 564 cm�1 are characteristic peaks of

PO3�
4 in Fig. 2(b), indicating that hydroxyapatite crys-

tals are formed [12].
The surface morphology of tobermorite was ana-

lyzed by SEM. Typical results are shown in Fig. 3.

Before adsorption of phosphorous, the fine thin plate-
like crystals on the surface of tobermorite can be
observed (Fig. 3(a) and (c)) [13]. However, after the
adsorption, the plate-like form disappears (Fig. 3(b)
and (d)). The surface is covered with white flakes,
which can explain the hydroxyapatite formed [12].

3.2. Phosphorus removal by tobermorite

Fig. 4 shows the effect of oscillation time on the
elimination efficiency. Simulated waste water is used
in experiments and the concentration of P is 50mg/L.
The elimination efficiency is 96% over a period of
about 1 h, indicating that the tobermorite has good
phosphorous removal capacity. It can also be seen that
the residual phosphorus content remained almost
unchanged, when oscillation time was more than one
hour. Therefore, one hour is selected as the optimal
oscillation time in experiments.

Fig. 5 is the effect of the tobermorite amount on
the phosphorous removal. It shows that when toberm-
orite amount (solid/liquid ratio) is 1.0, 1.5, or 2.0 g/L,
the p-elimination efficiency is relative high and nearly
kept a constant. However, when tobermorite amount
is over than 2.0 g/L, p-elimination efficiency declines.
It can be explained that with the increase in the
amount of tobermorite, the concentration of dissolved
Ca2+ and OH� increases, thereby pH value increases,

(a) (b)

(c) (d)

Fig. 3. SEM images of the synthesized and recycled tobermorite powders.

Fig. 4. Effect of the oscillate time on the phosphorous
elimination efficiency.
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which is conducive to the generation of hydroxyapa-
tite. The increase in Ca2+ concentration can increase
super saturation, which is also conducive to crystalli-
zation. But when Ca2+ concentration increases to a cer-
tain extent, crystal nucleus formed by heterogeneous
nucleation will be too much, and a large number of
small crystal nucleuses will form, which is difficult to
separate from the liquid phase, so phosphorus
removal rate declines.

3.3. The effect of pH value on the adsorption

The effect of pH value on the adsorption is shown
in Fig. 6. It is clear that the p-elimination efficiency
increases with increasing pH value, which can be
explained that the increasing pH value is conducive to

the generation of hydroxyapatite. When pH value is
beyond 9, the p-elimination efficiency is not stable,
and the reason is probably that the formation of
CaCO3 has an effect on the formation of hydroxyapa-
tite in a strong basic condition. Therefore, pH 9 is
selected for experiments.

3.4. Kinetic models of p-elimination

The p-elimination model which describes the sorp-
tion of a solute onto a solid surface can be expressed
in the following way:

dq

dt
¼ k1ðqe � qtÞ ð1Þ

where k1 is the apparent pseudo-first-order constant
(in min�1), qt is the extent of sorption at time t (in
mgg�1), and qe is the extent of sorption at equilibrium
(in mgg�1). This law is used to describe processes in
which the reaction rate, dqt/dt, is proportional to the
number of available sorption sites, (qe� qt). The linear,
integrated form of this equation for the boundary con-
ditions; qt= 0 at t= 0 and qt=qt at t= t, can be written
as:

lnðqe � qtÞ ¼ ln qe � k1t ð2Þ

hence, the rate equation is obeyed when a linear
relationship exists between log(qe� qt) and t, in which
case k1 may be estimated from the gradient of the
plot. Similarly, the expression can be used to describe
sorption processes in which the reaction rate is pro-
portional to the square of the number of available
sorption sites.

dqt
dt

¼ k2ðqe � qtÞ2 ð3Þ

where k2 is the apparent pseudo-second-order rate
constant (in gmg�1min�1), and can be integrated and
rearranged thus:

t

qt
¼ 1

k2q2e
þ t

qe
ð4Þ

gradient of a linear plot of t/qt against t.
The applicability of the pseudo-first- and pseudo-

second-order kinetic models to p-elinination by
tobermorite has been tested by fitting the experimental
data, to the models by least-squares regression analy-
sis (as shown in Figs. 7 and 8, respectively). The
apparent pseudo-rate constants, k1 and k2, integrated
rate equations, and corresponding squares of the

Fig. 6. The effect of pH value on the adsorption.

Fig. 5. Effect of the tobermorite amount on the
phosphorous removal.
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correlation coefficients, R2, are listed in Table 1. High
correlations between the experimental data for the
sorption of p by tobermorite and the pseudo-second-
order kinetic model are indicated by R2 values of
0.9970: whereas, R2 values of 0.9328 were obtained by
fitting the p-elimination data to the pseudo-first-order
model and demonstrated that this model affords a less
appropriate description of the sorption process.

3.5. Thermodynamic parameters of p-elimination

In the process of phosphorus adsorption, accord-
ing to the adsorption equilibrium for different temper-
atures, the thermodynamic equilibrium constant (K)
and the free energy change (DG) can be estimated
from the following relationship:

K ¼ qe
Ce

ð5Þ

DG ¼ �RT lnK ð6Þ

If the enthalpy change (DH) does not vary signifi-
cantly over the temperature range, its value and that
of entropy change (DS) can be determined from the
van’t Hoff equation:

lnK ¼ �DH
RT

þ DS
R

; ð7Þ

where K, DH, DS, and DG are obtained from the above
equations and shown in Table 2. The negative free
energy (DG) means that the phosphorus adsorption (p-
elimination) is spontaneous. The positive enthalpy
change (DH) means the process is an endothermic
process, therefore, higher the temperature, greater the
equilibrium constant. It indicates that phosphate
adsorption of tobermorite becomes better with increas-
ing temperature and thus the result of p-elimination
will be better.

Fig. 7. Pseudo-first-order kinetic model fitted to
experimental data for the p-elimination by tobermorite.

Fig. 8. Pseudo-second-order kinetic model fitted to
experimental data for the p-elimination by tobermorite.

Table 1
Kinetic and statistical data for the pseudo-rate models

Integrated rate equation R2

Pseudo-first-order model

k1(min�1)

0.0101 ln(qe � qt) =�0.0101 t+ 5.0324 0.9328

Pseudo-second-order model

k2(gmg�1min�1)

0.00121 t/qt= 9.1426� 10�4 t+ 6.9084� 10�4 0.9970
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4. Conclusion

A new one-step hydrothermal synthesis of Al-
substituted tobermorite is reported, using 4A-Zeolite
as reactants. The tobermorite product has been proved
by XRD and FT-TR spectra. The p-elimination experi-
ments are conducted by tobermorite. SEM images
expose that hydroxyapatite is formed after p-elimina-
tion. The best oscillation time is one hour and the best
tobermorite amount is 1.0 g.

The p-elimination process follows pseudo-second-
order rate kinetics and the process is spontaneous.
The positive enthalpy change (DH) means that the
process is an endothermic process, indicating that the
result of p-elimination becomes better with increasing
temperature.
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Table 2
Thermodynamic equilibrium constant K and relative
thermodynamic parameters

T (K) K DH
(kJmol�1)

DS
(Jmol�1 K�1)

DG
(kJmol�1)

300 674.65 45.17 205.01 �16.33

310 1318.17 �18.38

316 1659.09 �19.61
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