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Abstract
A new calculation method was presented using surface area data for the thermal analysis of adsorbents. Five parts from a 
silica gel (Hypersil) were heated at the temperatures of 500, 640, 700, 770, and 850 °C, respectively, for 16 h. The maxi-
mum adsorption capacity as liquid nitrogen volume (0.930 cm3 g−1), monolayer capacity (0.093 cm3 g−1), surface area 
(AH = 245 m2 g−1), number of monolayer (10) in the multimolecular adsorption, and heat of the first layer (3300 J mol−1) 
were evaluated from the nitrogen adsorption data obtained at − 196 °C. Surface area (A) of the preheated samples was 
determined similarly. The assumed parameters k = −(�A∕�T)p∕A and K = (1 − a)∕a were calculated for each preheating 
temperature, where a = A∕AH is the relative decrease in the surface area by the thermal deactivation, because the k and K 
supplying Arrhenius equations and van’t Hoff equation behave as reaction rate constant and equilibrium constant, respec-
tively. The activation energy for the thermal deactivation of the silica gel was calculated as E# = 27330 J mol−1 from the 
slope of a straight line which is plotted according to the Arrhenius equation. The enthalpy change (ΔH0 = 28936 J mol−1) 
and entropy change ( ΔS0 = 47.42 J mol−1 K−1) for the same case were, respectively, evaluated from the slope and intercept 
of a straight line which is plotted according to the van’t Hoff equation. Accordingly, temperature dependence of the Gibbs 
energy is written as ΔG0 = ΔH0 − TΔS0 = 28936 − 47.42T  by the SI units. The spontaneous nature of the deactivation was 
discussed using the last relationship.
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Introduction

Silica gels are the condensation polymers of orthosilicic 
acid, Si(OH)4. They are obtained through the acid leach-
ing of the silicate minerals as well as hydrolysis of the sili-
con tetrachloride,  SiCl4, and tetraethoxysilane, Si(OC2H5)4 
[1–3]. Silica gels have been widely used as adsorbents [4, 
5], composite additive [6, 7], and chromatographic material 
[8, 9].

Silica gels and many of their modified products are non-
porous or porous materials [10, 11]. Their surface properties, 

liquid and gas permeability, and mechanical and optical 
properties change depending on the thermal, hydrothermal, 
aging, and drying treatments [12–14]. Besides the prepara-
tion methods, the modifications and their application order 
greatly affected the physicochemical properties of the silica 
gels such as particle size, density, surface area, porosity, 
and permeability [15–17]. Thermal changes in solids such 
as dehydration [18], dehydroxylation [19, 20], calcination 
[21], carburizing [22], decomposition [23], degradation [24], 
sintering [25], pyrolysis [26], and combustion [27] have 
been examined using the dynamic non-isothermal and/or 
static isothermal analysis techniques [28–30]. Several kinetic 
and thermodynamic parameters for these cases have been 
determined using the temperature-dependent system vari-
ables such as mass loss [31], composition [32], microhard-
ness [33], intensity of a XRD-reflection [34], height of a 
DTA peak [35], density [36], and specific pore volume [37]. 
The voids inside and among the solid particles of internal 
width less than 2 nm, between 2 and 50 nm, and larger than 
50 nm are named as micropore, mesopore, and macropore, 
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respectively. Recently, voids of the internal width less than 
100 nm are called as nanopores. Diameter of cylindrical pore 
or distance opposite walls of a silt is equal to their internal 
width [4].

Various experimental data on the thermally deactivated 
silica gels as well as other amorphous silica polymorphs 
such as volcanic and biogenic opals are found in the litera-
ture [38–40]. However, there is no any adequate numerical 
result on the kinetics and thermodynamics for the thermal 
deactivation of the silica polymorphs. Therefore, the pur-
pose of the present study is to evaluate some kinetic and 
thermodynamic parameters during thermal deactivation of 
a silica gel using the specific surface area as a temperature-
dependent physicochemical variable.

Experimental

Silica gel Hypersil (H) formed from the spherical particles 
with the diameter of 5 µm was supplied by Shandon Com-
pany (580 × 8, UK) and used as a material. Five samples in a 
20-g batch from the material were heated in a muffle furnace 
at the temperatures 500, 640, 700, 770, and 850 °C for 16 h, 
respectively. The adsorption isotherm of  N2 at − 196 °C on 
the H and the preheated samples was determined. A volu-
metric adsorption apparatus connected to high vacuum was 
used by the experiments [25]. Before adsorption, the sam-
ples were degassed at 150 °C for 4 h under vacuum.

Results and discussion

Adsorptive properties of the silica gel

The  N2 adsorption isotherm on the H as shown in Fig. 1 
looks like type IIa according to the IUPAC classification 
[4]. Here, p is the adsorption equilibrium pressure, p0 is the 
vapor pressure of bulk liquid nitrogen at − 196 °C, p/p0 = x 
is the relative equilibrium pressure, and v is the adsorption 
capacity as the volume of gaseous nitrogen at 0 °C and 1 atm 
adsorbed on 1 g sample at any x.

After completion of monomolecular and multimolecu-
lar adsorption in the intervals 0 < x<0.35 and 0.35 < x < 1, 
respectively, bulk liquid nitrogen is condensed at x = 1. The 
maximum adsorption capacity as gaseous nitrogen volume 
at 0 °C and 1 atm is evaluated as v = 600 cm3 g−1 from the 
isotherm (Fig. 1). The value for same parameter as liquid 
nitrogen volume is calculated as V = 0.930 cm3 g−1 using 
the relationship:

(1)V = (v∕Vg)V l

where v = 600  cm3  g−1 and Vg = 22,400  cm3  mol−1 are 
the maximum adsorption capacity and molar volume 
of gaseous nitrogen at 0 °C and 1 atm, respectively, and 
V l = 34.65 cm3 mol−1 is the molar volume of the liquid 
nitrogen.

Extent of surface in 1 g solid covered monomolecular 
adsorption is defined as specific surface area (A). The surface 
area for the H and preheated samples was calculated using 
Brunauer, Emmett, and Teller (BET) method [4]. The BET 
plots for the H and preheated samples are given in Figs. 1 
and 4, respectively. Each straight line plotted in the interval 
0.05 < x < 0.35 fits the linearized BET equation as follows:

where vm is the monomolecular adsorption capacity and c is 
a unitless temperature-dependent parameter. It is given with 
the equation of

where T is the absolute adsorption temperature, 
R = 8.314 J K−1 mol−1 is the universal gas constant, and q1 
is the heat of the monomolecular adsorption.

The vm and c parameter for the H were calculated by solving 
two simultaneous equations written from slope and intercept 

(2)x∕v(1 − x) = 1∕cvm + (c − 1)x∕cvm

(3)c = exp(q1∕RT)

–
–

Fig. 1  Nitrogen adsorption isotherms and BET plot of the silica gel 
Hypersil at − 196 °C (v: adsorption capacity as the gaseous volume of 
 N2 at 0 °C and 1 atm, x = p/p0: relative adsorption equilibrium pres-
sure)
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of the determined BET relationship (Fig. 1) in the following 
form:

The specific surface area of the H was calculated from the 
relationship

to be AH = 245 m2 g−1, where NA= 6.02 × 1023 mol−1 is 
Avogadro constant, and σ = 1.62 × 10−19 m2 is the average 
area occupied by each  N2 molecule in the completed mon-
olayer [41]. The q1 value was calculated as 3.3 kJ mol−1 
using c value in Eq. 3. The q1 < 20 kJ mol−1 inequalities 
indicate that the monomolecular adsorption has physical 
nature, whereas q1 > 20 kJ mol−1 has chemical nature.

Otherwise, the monolayer adsorption capacity for the H was 
evaluated V l

m
= 0.093 cm3 g−1 as liquid nitrogen volume from 

the intercept of the straight line (Fig. 2) plotted
according to the linearized Dubinin–Radushkevich (DR) 

equation in the following form [4]:

where V l is the adsorption capacity and D is an empirical 
constant. The gaseous volume of this parameter at 0 °C and 
1 atm was calculated from Eq. 1 as vm = 60.121 cm3 g−1 
which is almost equal to the value obtained from BET 
method. This case would be valid only for the non-porous 
adsorbents having highly active surface [4]. The number of 

(4)A = (vm∕V
g)NA�

(5)lnV l = lnV l
m
− D ln2(p0∕p)

the monolayers in the multimolecular adsorption (Fig. 1) is 
calculated as follows:

The nitrogen adsorption isotherms and corresponding 
BET plots of the thermally deactivated samples are shown 
in Figs. 3 and 4, respectively. The isotherms reveal that the 
adsorption capacity decreases rapidly with increasing the 
deactivation temperatures and reaches zero at about 850 °C. 
This change is due to the dehydration and dehydroxylation 
of the particles. The A value of the preheated samples was 
calculated and is given in Table 1.

Kinetic estimations

The A value for the thermally deactivated samples decreases 
linearly with the rate of (�A∕�T)p = 0.130 m2 g−1 K−1 by 
increasing the preheating temperature (Fig. 5), where p 
represents the constant atmospheric pressure. The A quan-
tity was taken as a system variable to evaluate the kinetic 
parameters of the deactivation process. An isobaric thermal 
deactivation coefficient was defined in the following form:

The negative sign is to have positive k value, since 
(𝜕A∕𝜕T)p < 0 . The calculated k value for the each tem-
perature is given in Table 1.

(6)n = V l∕V l
m
= 0.930 cm3 g−1∕0.093 cm3 g−1 = 10.

(7)k = −
1

A

(

�A

�T

)

p
.

Fig. 2  The Dubinin–Radushkevich plot of the nitrogen adsorption on 
the Hypersil ( Vl and Vl

m
∶ adsorption capacity and monolayer capacity 

as the liquid nitrogen volume)
Fig. 3  Nitrogen adsorption isotherms for the thermally deactivated 
samples
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A straight line was obtained from the lnk versus 1/T 
(Fig. 6). Since this line fits the linearized Arrhenius equa-
tion as follows:

the k parameter behaves as a reaction rate constant, where 
E# is the activation energy, C is the pre-exponential factor, 
T is the absolute temperature, and R = 8.314 J mol−1 K−1 is 
the gas constant. Activation energy for the thermal deactiva-
tion was calculated as E# = 27330 J mol−1 from the slope of 
the relationship given in Fig. 6. Accordingly, the linearized 
Arrhenius equation is written in SI units as follows:

in the temperature interval of 500–770 °C.

Thermodynamic estimations

The relative decrease in the surface area by the deactivation 
is described as A/AH= a, calculated for each preheating tem-
perature and given in Table 1, where AH and A are the specific 

(8)ln k = −E#∕RT + lnC

(9)ln k = −27330∕RT − 1.862

surface area for the H and preheated samples, respectively. A 
unitless parameter (K) was assumed in the following form:

as similar as an equilibrium constant for a chemical reaction, 
where a and (1 − a) represent the deactivated and remained 
fractions of the H after each preheating, respectively. The 
calculated K and lnK quantities are given in Table 1.

The lnK versus 1/T graph (Fig. 7) provided to the linearized 
van’t Hoff equation in the following form:

where ΔH0 and ΔS0 are the enthalpy and entropy changes 
for the thermal deactivation, respectively. These quanti-
ties were calculated from the slope and intercept of the 
relationship given in Fig. 7 as ΔH0 = 28936 J mol−1 and 
ΔS0 = 47.42 J mol−1 K−1, respectively. Accordingly, the lin-
earized van’t Hoff equations for this case can be written in 
SI units as follows: 

The equality ΔH0 ≅ E# indicates that the activation energy 
is absorbed by the H and completely used for the deactivation.

Gibbs energy (ΔG0: free enthalpy change) for the deacti-
vation is written according to the most basic thermodynamic 
relationship in SI units as follows:

using the values calculated above. The temperature at equi-
librium (ΔG0 = 0) is calculated as follows:

Accordingly, ΔG0 > 0 before 337 °C and the deactiva-
tion has unspontaneous nature. In contrary, ΔG0 < 0 after 
337 °C and the deactivation occurs spontaneously.

(10)K = (1 − a)∕a

(11)lnK = −
ΔH0

RT
+

ΔS0

R

(12)lnK = −
28936

RT
+

47.42

R
.

(13)ΔG0 = ΔH0 − TΔS0

(14)ΔG0 = 28936 − 47.42T

(15)
T = 28936 J mol−1∕47.42 J mol−1 K−1 = 610 K (337 ◦C).

Fig. 4  BET plots for the thermally deactivated samples

Table 1  Some physicochemical 
properties of the thermally 
deactivated Hypersil 
samples ( AH = 245  m2 g−1; 
(�A∕�T)p = 0.130 m2 g−1 K−1 ; 
k = −(�A∕�T)p∕A)

t/°C T/K (1/T)/10−3K−1 A/m2 g−1 k/10−3  K−1 lnk a = A/AH K = (1 − a)/a lnK

500 773 1.2937 54 2.4074 − 6.0292 0.2204 3.5372 1.2633
640 913 1.0953 36 3.6111 − 5.6237 0.1469 5.8071 1.7591
700 973 1.0277 27 4.8148 − 5.3361 0.1102 8.0744 2.0887
770 1043 0.9588 19 6.8421 − 4.9847 0.0776 11.8872 2.4755
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Conclusions

A new method was proposed for thermal analysis of non-
porous silica gel using the temperature-dependent specific 
surface area as a physicochemical variable. Two parame-
ters written by analogy from the rate and equilibrium con-
stants for a reaction were, respectively, used to obtain the 

activation energy and thermodynamic properties such as 
enthalpy change, entropy change, and temperature depend-
ence of Gibbs energy. The spontaneous nature of thermal 
deactivation of a silica gel was discussed according to the 
value of the Gibbs energy depending on the temperature. 
The same method would be applied for thermal deactiva-
tion of other non-porous as well as micro- and mesoporous 
materials. The specific pore volume and mean internal 
width of pores can also be used as physicochemical vari-
ables instead of the specific surface area.
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