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The influence of hydrothermal synthesis duration at 200°C temperature on the crystallinity and stability of gyrolite was 
determined. Gyrolite was synthesized for 120, 168, 336, and 504 h at 200°C from a stoichiometric composition (molar ratio of 
CaO/SiO2 = 0.66) of the initial CaO and SiO2nH2O mixture. It was determined that after 120 – 168 h of hydrothermal synthesis, 
gyrolite formed as the final product, because the increment of the intensities (from 112.55 to 130.57 a. u.) and crystallite size 
(from 46.2 nm to 55.3 nm) of the main diffraction peak (d ~ 2.273 nm) were observed. Meanwhile, after 336 – 504 h of treatment, 
gyrolite became metastable because traces of a new compound of calcium silicate hydrate – truscottite were formed. The 
calculated thermodynamic parameters of hypothetical recrystallization reactions of gyrolite confirmed the obtained experimental 
results: the formation of truscottite is more possible because the obtained Gibbs free energy value of this compound is the 
lowest one (∆G = -39.8 kJ). Also, it was determined that the duration of hydrothermal synthesis has influence on the gyrolite 
specific surface area, dominant pore size and their differential distribution by the radius. It should be noted that synthetic 
gyrolite can be used as adsorbent for Zn2+ ions removal, because its adsorption capacity (27.91 mg Zn2+/g) is higher than natural 
clinoptilolite (25.00 mg Zn2+/g). 
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1. Introduction 
 

 Among the numerous calcium silicate 
hydrates (C-S-H) occurring in the ternary system 
CaO-SiO2-H2O, the interest in gyrolite has grown 
considerably in recent years [1]. This arises from 
the fact that gyrolite similarly to some other calcium 
silicate hydrates – tobermorite, xonotlite or C-S-H(I) 
has cation exchange capacity [2–6]. It was 
determined that gyrolite can adsorb more chemical 
elements than other C-S-H because the interlayer 
sheets with a thickness of about 2.2 nm in gyrolite 
are available for the intercalation of a new guest by 
controlling the charge of the host [7]. For this 
reason this compound is very good immobilizer for 
toxic ions, heavy metals, and organic compounds 
[8-12]. Therefore, it is important to ascertain the 
structural changes of gyrolite under conditions of 
hydrothermal synthesis. Hydrothermal synthesis of 
gyrolite is a long and complex process. However, 
this compound is usually prepared from an aqueous 
suspension of CaO and various forms of SiO2 by 
hydrothermal treatment at temperatures of about 
200°C, where the molar ratio of CaO/SiO2 equals to 
0.66. E. P. Flint et al., who first synthesized gyrolite, 
reported that after 6–42 days of hydrothermal 
treatment at 150–350°C temperature, when the 
molar ratio of the starting materials changes from 
0.5 to 0.66 the only product of synthesis was  

 gyrolite [13]. Meanwhile, Mackay and Taylor [14] 
synthesized this compound at 150°C temperature 
within 76 days of isothermal curing. 

Moreover, Kalousek and Nelson [15], and 
also Stevula and Petrovic [16] found that gyrolite 
could likewise be prepared by interacting of 
dicalcium silicate (2CaO·SiO2) with SiO2 in 
aqueous suspension under hydrothermal 
conditions. Kalousek and Nelson have determined 
that under hydrothermal conditions, gyrolite is 
stable at 200°C temperature, meanwhile at 300°C 
temperature truscottite was formed [15]. 

Later on, other scientists continued the 
studies on the synthesis of gyrolite [17–19]. It was 
declared that gyrolite is stable at 120–200°C 
temperature in hydrothermal conditions under the 
saturated steam pressure. Truscottite forms at a 
temperature higher than 200°C, although a 
metastable gyrolite may be obtained up to 270°C. It 
is assumed that gyrolite forms only at a 
temperature higher than 120°C. At a lower 
temperature, a semicrystalline phase having no 
crystal structure (C-S-H gel) is obtained. At variable 
C/S ratio, the formation of other calcium silicate 
hydrates, which are stable at the given conditions 
(pressure, temperature), takes place. Therefore, C-
S-H gel is transformed into a semicrystalline C-S-H 
(I). However, at sufficiently long hydrothermal 
treatment, this compound may turn into metastable  
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phase, due to the formation of gyrolite. It has been 
shown that while synthesizing gyrolite, an 
intermediary compound Z-phase [20] often forms, 
with a 1.5 nm basic reflection characteristic. 

Shaw et al. [19] had utilized a synchrotron 
source of high-energy X-rays and energy-
dispersive powder diffraction and presented the 
information about compound formation sequence 
in the hydrothermal crystallization of gyrolite at a 
temperature range of 190–240°C. They found that 
Z-phase probably has no stability field, which 
supports the idea that Z-phase is a transient, 
metastable phase in the formation of gyrolite. 

Also, conditions for the formation and 
stability of gyrolite have been extensively studied 
by Baltakys and Siauciunas [21]. It was determined 
the influence of SiO2 modification on crystallization 
process of gyrolite. Authors showed that gyrolite 
does not form even during a week in the mixtures 
of CaO and amorphous SiO2 at 150°C under the 
saturated steam pressure. The temperature 
increase positively affects synthesis of this 
compound – pure gyrolite is produced at 175°C 
after 72 h, and after 32 h – at 200°C. It should be 
underlined that in the mixtures with quartz the 
mechanism of compound formation is quite 
different. Due to a low quartz solubility rate at 
temperature range from 150 to 200°C, neither Z-
phase, nor gyrolite is formed even after 72 h of 
hydrothermal curing. α-C2S hydrate and C-S-H(II) 
prevail in the beginning of the synthesis and 
gradually recrystallizes into 1.13 nm tobermorite 
and xonotlite. However, there is only a little data in 
the literature on structural changes of gyrolite 
under conditions of hydrothermal synthesis when 
the synthesis duration is higher than one week 
[11]. 

The aim of this work was to determine the 
influence of hydrothermal synthesis duration at 
200°C temperature on the crystallinity and stability 
of gyrolite. 
 
2. Materials and methods 
 
2.1. Materials and manufacture of synthetic 

gyrolite 
In this work the following reagents were 

used as starting materials: calcium oxide, which 
has been produced by burning calcium hydroxide 
(Stanchem, Poland) at 950°C for 30 minutes and 
ground to reach the specific surface area Sa of 
1171 m2 kg-1 by a CILAS LD 1090 granulometer, 
with the quantity of free CaO equal to 97.68%; fine 
ground SiO2·nH2O (Reaktiv, Russia), having a 
specific surface area Sa = 1307 m2 kg-1, with loss of 
ignition – 21.28%; natural zeolite – clinoptilolite of 
Carpathians quarry (Ukraine); Sa = 793 m2 kg-1. 

The synthesis of gyrolite was carried out in 
unstirred suspensions in vessels of stainless steel. 
Pure gyrolite was synthesized for 120, 168, 336, 
and  504 h  at  200°C  from  a  stoichiometric  

 composition (the molar ratio of CaO/SiO2 was 
equal to 0.66 and the water/solid ratio of the 
suspension was equal to 10.0) of the initial CaO 
and SiO2nH2O mixture. These synthesis conditions 
were chosen according to previously published 
data [21]. The products of the synthesis were 
filtered, rinsed with ethyl alcohol to prevent 
carbonation of materials, dried at 50 ± 5°C, and 
sieved through a sieve with a mesh width of 
50 µm. 
 
2.2 Analytical techniques 

The XRD analysis were performed on the 
D8 Advance diffractometer (Bruker AXS, 
Karlsruhe, Germany) operating at the tube voltage 
of 40 kV and tube current of 40 mA. The X-ray 
beam was filtered with Ni 0.02 mm filter to select 
the CuKα wavelength. Diffraction patterns were 
recorded in a Bragg-Brentano geometry using a 
fast counting detector Bruker LynxEye based on 
silicon strip technology. The step-scan covered the 
angular range 3–70° (2θ) in steps of 2θ = 0.02° at 
a scanning speed of 6°·min-1 using a coupled two 
theta/theta scan type. A XRD software 
“Diffrac.Eva” was used for the calculation of 
crystallite size and intensities of synthesis 
products. Scherrer’s equation was used for the 
calculation of crystallite size (Dhkl): 

 

θ
λ
cosB

kD
hkl

hkl ⋅
⋅

=     (Eq. 1) 

where λ is the wavelength of the Cu Kα radiation, θ 
is Bragg’s diffraction angle, Bhkl is the full width at 
half maximum intensity, and k is a constant (the 
value used in this study was 0.94). 

Simultaneous thermal analysis (STA), 
differential scanning calorimetry (DSC) and 
thermogravimetry (TG)) was also employed to 
measure the thermal stability and phase 
transformation of samples at a heating rate of 
15°C/min; the temperature ranged from 30°C up to 
1000°C under air atmosphere. The test was 
carried out on a Netzsch instrument STA 409 PC 
Luxx. Ceramic sample handlers and crucibles of 
Pt-Rh were also used. 

Infrared spectra were carried out with the 
help of a Perkin Elmer FT-IR Spectrum X system. 
Specimens were prepared by mixing 1 mg of the 
synthesized product with 200 mg of KBr. The 
spectral analysis was performed in the range of 
4000–400 cm–1 with spectral resolution of 1 cm–1. 

For the thermodynamic calculations of the 
hypothetical reaction parameters, the values of 
enthalpy ( )f,o

298H∆ , entropy ( )f,o
298S  and molar 

specific heat capacities (Cp) of the formed 
compounds are applied and given in Table 1. For 
the estimations we used a method of absolute 
entropies, according to which the change of  
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reaction standard free Gibbs energy 0
Tr G∆ can be 

calculated by the equation: 
0
Tr

0
Tr

0
Tr STHG ∆∆∆ −= ,                       (Eq. 2) 

where 0
Tr H∆  and 0

Tr S∆ are the 
change/alteration/variation of reaction enthalpy and 
entropy in temperature T. Enthalpy and entropy for 
the reaction can be calculated form the equations: 

)298T(CHH 1p
0
298r

0
Tr −+= ∆∆∆ ,      (Eq. 3)
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where 0
298r H∆  is the standard enthalpy change of 

the reactions, J/mol; 0
298rS∆  is the standard 

entropy change of the reactions, J/mol; and 
'

rrrr cand,c,b,a ∆∆∆∆ are the constants of heat 
capacity dependence on temperature. The 
standard molar thermodynamic properties values 
at 25 ºC and 1 bar (Table 1) were taken from the 
literature [22, 23]. 

The surface area, total pore volume and 
pore size distribution of the synthesis products 
were performed by a BET surface area analyzer 
‘‘KELVIN 1042 Sorptometer’’ (Costech 
Instruments). 

The specific surface area of gyrolite was 
calculated by the BET equation using the data of 
the lower part of N2 adsorption isotherm 
(0.05 < p/p0 < 0.35): 
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where X is the mass of adsorbate, adsorbed 
on the sample at relative pressure p/p0, p the 
partial pressure of adsorbate, p0 the saturated 
vapour  pressure  of  adsorbate,  Xm  the  mass  of  

 adsorbate adsorbed at a coverage of one 
monolayer, C is a constant which is a function of 
the heat of the adsorbate condensation and heat 
of adsorption (CBET is a constant). 

BET equation yields a straight line when 
1/X[(p0/p) − 1] is plotted versus p/p0. The slope of 
(C − 1)/XmC and the intercept of 1/XmC was used 
to determine Xm and C: S = slope = (C − 1)/XmC 
and I = intercept = 1/XmC. Solving for Xm yields Xm 
= 1/(S +I). BET plot is usually found to be linear in 
the range p/p0 = 0.05–0.35. The total surface area 
of the sample St was determined by the equation 
St = XmNAcs/M, where M is the molecular mass of 
the adsorbate, N the Avogadro’s constant, Acs the 
cross-sectional area occupied by each nitrogen 
molecule (16.2 × 10−20 m2). The specific surface 
area was given by the equation SBET = St/m, where 
m is the mass of synthesis product sample.  

The total pore volume and pore size 
distribution were calculated according to the 
corrected Kelvin equation and Orr et al. scheme 
[27, 28] using entire N2 desorption isotherm at 77 
K. The Kelvin equation relates the adsorbate 
vapour pressure depression to the radius of a 
capillary which has been filled with adsorbate: 

  
k0 rTR
θcosmVγ2

p
pln −= ,                         (Eq. 6) 

 
where p is the saturated vapour pressure in 

equilibrium with the adsorbate condensed in a 
capillary or pore, p0 the normal adsorbate 
saturated vapour pressure, γ the surface tension of 
nitrogen at its boiling point (γ = 8.85 ergs/cm2 at (-
195.8°C)), Vm the molar volume of liquid nitrogen 
(Vm = 34.7 cm3), θ the wetting angle (usually taken 
0◦ and cos θ = 1), R the gas constant (R = 
8.134·107 ergs deg-1 mol-1), T the absolute 
temperature (T = 77 K) and rK the Kelvin radius of 
pore. 
 

Table 1

Standard molar thermodynamic properties at 25 ºC and 1 bar 

Material , 
kJ·mol-1 

 

, 
kJ·mol-1 

 

, 
J·mol-1·K-1 

, 
J·mol-1·K-1 

H2O(v) -241.8 -228.6 33.2 188.7 
SiO2 -910.9 -856.6 44.5 41.8 

Ca(OH)2 -985.1 -897.5 87.4 83.3 
Z-phase -3135.8 - 161.9 170.9 
gyrolite -4914.4 -4550.1 325.9 271.2 
1.4 nm 

tobermorite -12175.1 -11090.1 973.5 874.5 

1.1 nm 
tobermorite -10680.9 -9889.2 764.9 692.5 

Xonotlite -10022.1 -9465.1 548.3 507.5 
Okenite -3135.7 -2881.7 210.0 208.5 

Truscottite -16854.6 -15280.4 1034.1 927.6 
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Adsorption experiments were carried out at 
25 °C in the thermostatic absorber Grant 
SUB14 with different time periods (0.5, 1, 3, 5, 10, 
25, 60 and 120 min). A series of suspensions in 
conical flasks were prepared, each containing 1 g 
of gyrolite (synthesized after 168 h) or clinoptilolite 
and 100 ml of 0.3 g×Zn2+/dm3 aqueous 
solutions. The percentage of adsorbed ions was 
determined using the variations of cations 
concentration both in the solution and in gyrolite or 
clinoptilolite. The concentration of Zn2+ ions in 
aqueous solution was determined using a Perkin 
Elmer AAnalyst 400 Atomic Absorption 
Spectrometer. All tests were repeated three times.  
 
3. Results and discussions 
 

It was determined that, in the CaO and 
SiO2·nH2O mixture after 120 h of hydrothermal 
treatment when the molar ratio of the initial mixture 
CaO/SiO2 ~ 0.66, gyrolite (d-spacing: 2.273, 1.126, 
0.844, 0.420, 0.365, 0.280, and 0.224 nm) formed 
as the final product of synthesis (Fig. 1, curve 1). 
By extending the treatment duration to 168 h, the 
intensity of the main diffraction peak (d ~ 2.273) 
and the crystallite size of mentioned compound 
increased from 112.6 to 130.6 a. u (Table 2) as 
well as from 46.2 nm to 55.3 nm, respectively (Fig. 
2, b). 

 Meanwhile, after extending the duration of 
isothermal curing to 336 h, gyrolite became 
metastable because traces of a new compound of 
calcium silicate hydrate – truscottite (d-spacing: 
1.880, 0.942, 0.769, 0.471, 0.314, 0.183, and 
0.176 nm) were formed (Figure 1, curve 3). The 
visible changes in the main diffraction peak (d ~ 
2.273) of gyrolite can be seen in the Figure  2, a, 
because doublet peak with d-spacing 2.2047 nm 
and d-spacing 2.030 nm formed in 3 – 5° 
diffraction angles range (Figure 2, a, curves 2, 3). 

On the other hand, the intensity of gyrolite 
diffraction peak significantly decreased (to 94.55 a. 
u.). Meanwhile, the peaks intensities of truscottite 
remained the same (~ 62 a. u) till 504 h (Table 2). 
At the same time, the crystallite size of gyrolite 
decreased from 56.1 nm to 52.3 nm, whereas the 
crystallite size of truscottite increased from 45.5 to 
50.2 nm (Figure 2, b). 

The presented results are only in a partial 
agreement with the data of Flint et al., which 
indicated that after 6–42 days of hydrothermal 
treatment at 150–350°C temperature, the only 
product – gyrolite – forms when C/S changes from 
0.5 to 0.66 [13]. Meanwhile, Mackay and Taylor 
[14] have synthesized this compound at 150°C 
within 76 days of isothermal treatment. Later on, K. 
Garbev has synthesized gyrolite from C-S-H gel 
with C/S=0.66 after 10 days at 200°C and after 33 
days at 220°C [24]. 

 
Fig. 1- X-ray diffraction patterns of synthesis product for varying durations of hydrothermal treatment at 200 °C, in h: 1 – 120, 2 – 168, 3 – 

336, 4 – 504. Indexes: ● – gyrolite, ○ – truscottite, ■ – calcite. 
 

Table 2 
The intensities of the main gyrolite d-spacing (2.273 nm) and truscottite d-spacing (2.040 nm) diffraction Peaks 

Duration of synthesis, h Peak intensity of gyrolite 
 ·102, a. u.

Peak intensity of  
truscottite ·102, a. u. 

120 112.6 -
168 130.6 -
336 94.6 62.5
504 91.5 62.9
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a 

 
 

b 
Fig. 2 - X-ray diffraction patterns (a) and crystallite size (b) of synthesis product with varying durations of hydrothermal treatment at 

200°C, h: 1 – 120, 2 – 336, 3 – 504. Indexes: G – gyrolite, Tr – truscottite. 
 

 
Fig. 3 - DSC curves of synthesis products with varying durations 

of hydrothermal treatment at 200 ° C, in h: 1 – 120, 
2 – 336, 3 – 504. 

 
The obtained results were confirmed by STA 

analysis data (Figure 3, Tables 3 and 4). On the 
DSC curve at 143–139°C temperature range, the 
broad endothermic peak is related to the loss of 
physisorbed and interlayer water from the crystal 
structure of synthesis products. This peak slightly 
decreased by prolonging synthesis duration to 
504h (Figure 3, curve 3). The second exothermic 
peak (~870°C) is associated with recrystallization 

 of this compound into wollastonite. Moreover, at 
~700°C due to the decarbonation of synthesis 
products, a fair amount of formed calcium 
carbonate is also observed (Figure 3, curve 1-3). 

It was observed that after 120–504 h of 
hydrothermal treatment, the heat of endothermic 
effects at 80–200C decreased from 71.1 J/g to 
54.2 J/g (Figure 3, Table 3). Also, the typical 
temperatures of this effect shift to lower 
temperatures: Tonset from 111°C to 108°C; Tmax 
from 143 °C to 140 °C; Tend varies from 176°C to 
175°C. At the same time, the mass loss of this 
compound decreases from 3.9 wt % to 3.1 wt % 
(Table 3). 

It was estimated that the heat of exothermic 
effect at 830–890°C practically did not change till 
336 h but by prolonging the hydrothermal 
treatment duration till 504 h, decreased to 47.8 J/g 
(Figure 3, Table 4). Also, the typical temperatures 
of this effect shift to higher temperatures: Tonset 
from 857°C to 858°C; Tpeak from 868°C to 870°C; 
Tend from 878°C to 882°C. Besides, the mass loss 
remained the same (Table 4). 

At the same time, the total amount of water in 
the formed calcium silicate hydrate structure slightly 
decreased by prolonging the synthesis duration 
from 120 h to 504 h (Figure 4) and can be 
expressed: 
(3.3 wt% H2O) 168 h < τ < 168 h (4.1 wt% H2O) 

This data is in a good agreement with other 
scientists results [25, 26]. 
 

Table 3 

Parameters of endothermic effect at 80–200 °C for varying durations of hydrothermal treatment 
Duration of 

hydrothermal 
treatment, h 

Tonset, °C Tmax, °C Tend, °C Mass loss, % Heat of reaction, J/g 

120 111 143 175 3.9 71.1 
168 115 145 177 3.6 69.3 
336 108 140 174 3.3 55.1 
504 108 140 175 3.1 54.2 
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Table 4 

Parameters of exothermic effect at 830–890C at varying durations of hydrothermal synthesis 

Duration of 
hydrothermal 
treatment, h 

Tonset, °C Tmax, °C Tend, °C Mass loss, % Heat of reaction, J/g 

120 857 868 878 0.2 49.9 
168 855 866 876 0.2 49.9 
336 857 869 880 0.2 49.1 
504 858 870 882 0.2 47.8 

 

 
 
 
 
Fig. 4 - Dependence of amount of water in synthesis product 

structure on the duration of hydrothermal treatment. 
 

 
Fig. 5 - IR spectra of synthesis product for varying durations of 

hydrothermal synthesis at 200 °C, in h: 1 – 168, 2 – 336, 
3 –504.

FT-IR analysis data support the above 
mentioned results. It was found that hydrothermal 
treatment duration has influence on the width of 
absorption bands and peak intensities. It was 
determined that by prolonging treatment duration to 
504 h, a sharp peak near 3639 cm–1 becomes more 
sharper and shows the decrease of the intensity of 
the H2O bending and stretching bands (Figure 5, 
curves 2–3). A wide band near 3444 – 3554 cm–1

indicates that molecular water forms hydrogen 
bridges in the interlayers. The decrease of this band 
intensity shows the lower quantity of molecular H2O 
in synthesis product structure (Figure 5, curves 2–
3). Also, additional stretching bands at about 1252 
and 807 cm–1 can be assigned to cross-linked 
tetrahedral units, formed due to polymerization of 
the single silicate sheets to double sheets, thus 
forming a framework (Q4) (Figure 5, curves 2–3). 
Garbev et al. has determined that these bands are 
assigned to truscottite [27]. 

The experimental data and theoretical 
hypothesis were also supported by thermodynamic 
calculations. Recrystallization reactions of gyrolite 
that are possible during the hydrothermal synthesis 
at 200°C are given below: 

2CaO·3SiO2·2.5H2O + 10H2O → 
 → 1/4(7CaO·12SiO2·3H2O) + 0.25Ca(OH)2 +  
+ 11.5H2O, truscottite                                        (1)
2CaO·3SiO2·2.5H2O + 10H2O →  
→1/3(6CaO·6SiO2·H2O) + SiO2 + 12.17H2O, 
 Xonotlite                                                           (2)

 2CaO·3SiO2·2.5H2O + 10H2O → 
→ 0.4(5CaO·6SiO2·5.5H2O) + 0.6SiO2 + 10.3H2O, 
 1.1 nm tobermorite                                           (3) 
2CaO·3SiO2·2.5H2O + 10H2O → 
→ 1.5(CaO·2SiO2·2H2O) + 0.5Ca(OH)2 + 9H2O, 
 okenite                                                             (4) 
2CaO·3SiO2·2.5H2O + 10H2O →  
→0.4(5CaO·6SiO2·10.5H2O) + 0.6SiO2 + 8.3H2O,  
1.4 nm tobermorite                                            (5) 
2CaO·3SiO2·2.5H2O + 10H2O →  
→1.5(CaO·2SiO2·2H2O) + 0.5Ca(OH)2 + 9H2O,  
Z-phase                                                              (6) 

The theoretical possibilities of the truscottite 
(curve 1), xonotlite (curve 2), 1.1 nm tobermorite 
(curve 3), okenite (curve 4), 1.4 nm tobermorite 
(curve 5) and Z-phase (curve 6) formation 
reactions are given in the Figure 6 )T(fG0

Tr =∆  
plot and in Table 5. 

The thermodynamic parameters of reactions 
(Figure 6, Table 5) showed, that the negative values 
of 0

Tr G∆  would be reached only at higher than 
150°C temperature for all studied reactions. 
Moreover, by increasing the temperature most likely 
reactions 1 and 2 would occur, meanwhile the 
thermodynamic possibility of reaction (3) is 
significantly lower even if calculated  0

Tr G∆  value 
are negative. Thus, it can be seen that during the 
hydrothermal treatment at 200°C temperature the 
greatest possibility that gyrolite will transform into  
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Table 5 
 

Thermodynamic data of reaction dependence on temperature for truscottite (1) and Z-phase (6) formation reactions at 373–548K 
Reactions T, K 373 398 423 448 473 498 523 548 

1 

0
Tr H∆ , 

kJ 

105.1 108.4 111.7 115.1 118.3 121.6 124.9 128.2 

0
Tr S∆ , 

J 

256.0 264.5 272.5 280.1 287.2 294.0 300.4 306.6 

0
TrG∆ , 

kJ 
9.6 3.1 -3.5 -10.4 -17.5 -24.7 -32.2 -39.8 

2 

0
Tr H∆ , 

kJ 

149.9 152.5 154.9 157.4 159.9 162.5 165.0 167.5 

0
Tr S∆ , 

J 

333.1 339.7 345.8 351.6 357.0 362.2 367.1 371.8 

0
TrG∆ , 

kJ 
25.7 17.2 8.7 -0.01 -8.8 -17.8 -26.9 -36.2 

6 

0
Tr H∆ , 

kJ 
-32.4 -31.0 -29.6 -28.3 -26.9 -25.5 -24.2 -22.8 

0
Tr S∆ , 

J 
-187.6 -184.0 -180.7 -177.6 -174.6 -171.8 -169.1 -166.6 

0
TrG∆ , 

kJ 
37.5 42.2 46.7 51.2 55.6 59.9 64.2 68.4 

 

 
Fig. 6 - Gibbs free energy values as a function of temperature 

for truscottite (curve 1), xonotlite (curve 2), 1.1 nm 
tobermorite (curve 3), okenite (curve 4), 1.4 nm 
tobermorite (curve 5) and Z-phase (curve 6) formation 
reactions at 373–548 K. 

 
truscottite because the obtained Gibbs free energy 
value of this compound is the lowest one (ΔG  =  -
39.8 kJ) (Figure 6, curve 1, and Table 5). Reaction 
(2) could also influence the process; however, its 
thermodynamic possibility is lower than the first 
ones (ΔG =  -36.2 kJ) (Figure 6, curve 2). It should 
be noted that the formation of Z-phase in such 
conditions is the least probable, and it still  

 decreases with increasing temperature 
(ΔG = -79.1kJ)  (Figure 6, curve 6, and Table 5). 

It has to be noted that duration of 
hydrothermal treatment has influence on synthesis 
products structure as well as its specific surface 
area (Tab. 6). It was determined that SBET of 
product was equal to 46.0 m2/g after 168 h of 
isothermal treatment. Prolonging the hydrothermal 
synthesis duration to 336h, the value of SBET 
decreased to 35.8 m2/g. Besides, this tendency 
was observed also after 554 h of treatment.  

As it was expected, the pore volume of the 
synthesis product samples also decreased from 
78.8 to 68.8 mm3/g (Figure 7, a). Besides, the 
pores with 2.0–5.0 nm radius were dominated in 
the gyrolite structure after 168 h of synthesis 
(Figure 7, b). Meanwhile, the pores with 3.0–5.0 
nm and even larger radius started to form after 336 
h of hydrothermal treatment (Figure 7, c). One of 
the main reason could be the formation of new 
compound – truscottite. This tendency of pores 
growth remains by continuing isothermal treatment 
(up to 504 h), because the pores with 3.0–6.0 nm 
and 6.0–10.0 radius is dominated in the synthesis 
product (Figure 7, d).  

In the next stage of experiment there was 
done Zn2+ ions adsorption by using gyrolite 
(synthesized after 168 h at 200°C) and clinoptilolite 
samples (Figure 8). 
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Table 6 

Parameters of specific surface area (SBET) of synthesis product 

Duration of  
hydro-
thermal 

treat-ment 
, h 

Sample 
mass m, 

 g 

BET equation 
constants 

Capaticy 
of 

mono 
layer Xm, g 

SBET, 
 m2/g 

 

m
BET XI

1C
⋅

=

Constant     CBET 

 

Reliability 
coefficient 

R2 Slope 
 S=tgα Intercept I 

1 2 3 4 5 6 7 8 
168 0.036 2095.7 7.0 0.0005 46.0 284.2 0.9991 
336 0.063 1606.3 16.3 0.0006 35.8 99.5 0.9995 
504 0.062 1735.4 15.7 0.0006 33.4 111.2 0.9994 

 

   

a 

 

b 

c 

 

d 
Fig. 7- Total pore volume (a) and differential pore volume plot (b - d) of synthesis product, at varying durations of hydrothermal treatment 

at 200 °C in, h: b – 168, c – 336, d –504. 
 

 
Fig. 8 - Integral kinetic curves of Zn2+ ions adsorption from 

Zn(NO3)2·6H2O solution, when Zn2+ initial concentration 
was equal to 0.3 g·Zn2+/dm3; adsorbents: 
1 – clinoptilolite; 2 – gyrolite 

 It was found that the reaction equilibrium is 
achieved at different periods: after five minutes when 
gyrolite was used (Figure 8, curve 2), and after 2–3 
min – with clinoptilolite (Fig. 8, curve 1). However, at 
the end of the process, a considerable amount of 
Zn2+ ions (27.91 mg Zn2+/g) was incorporated into the 
structure of gyrolite, while clinoptilolite adsorbed a 
smaller quantity (25.00 mg Zn2+/g). After adsorption 
experiment, gyrolite and clinoptilolite powders were 
dried and poured into decarbonized water for 
leaching test. It was determined that the amount of 
zinc ions leached from gyrolite and clinoptilolite to 
aqueous medium was below the detection limit 
(0.0155 mmol/g). 
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It should be noted, that in order to evaluate 
multiplew adsorbates, which are commonly found 
in waste waters, the further research is needed to 
determine the simultaneous adsorption capacity of 
gyrolite for heavy metals mixture. 

4. Conclusions 

1. It was determined that in the CaO – 
amorphous SiO2 – H2O system, when CaO/SiO2 
ratio equals to 0.66, after 120 – 168 h of 
hydrothermal treatment, gyrolite formed as the final 
product, because the increment of the intensities 
(from 112.55 to 130.57 a. u.) and crystallite size 
(from 46.2 nm to 55.3 nm) of the main diffraction 
peak (d ~ 2.273 nm) were observed. Also, the 
mass loss of this compound decreased from 4.1 wt 
% to 3.3 wt %. Meanwhile, after 336 – 504 h of 
treatment, gyrolite becames metastable because 
traces of a new compound of calcium silicate 
hydrate – truscottite were formed. 

2.  The calculated thermodynamic 
parameters of hypothetical recrystallization 
reactions of gyrolite confirmed the obtained 
experimental results: the formation of truscottite is 
more possible because the obtained Gibbs free 
energy value of this compound is the lowest one 
(∆G = -39.8 kJ). Meanwhile, the formation of Z-
phase in such conditions is the least probable, and 
it still decreases with increasing temperature. 

3. It was found that SBET value of gyrolite 
was equal to 46.0 m2/g after 168 h isothermal 
curing and by prolonging the hydrothermal 
synthesis duration till 336 h, SBET of the product 
decreased to 35.8 m2/g. Also, the pore volume of 
the product decreased from 78.8 to 68.8 mm3/g but 
the tendency of pores growth remains by 
continuing isothermal curing (up to 504 h). 

4. It was determined that gyrolite has a 
higher adsorption capacity because the amount of 
incorporated Zn2+ ions into the structure of gyrolite 
was equaled to 27.91 mg Zn2+/g, 
meanwhile clinoptilolite adsorbed a smaller 
quantity (25.00 mg Zn2+/g). Also, it was found that 
the cation exchange reactions are specific to 
chemisorption process. 
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