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Kinetic and Thermodynamic Studies of Thermal Dehydration of
the Synthetic Magnesium Orthophosphate Octahydrate
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ABSTRACT

Thermal dehydration kinetics of the synthetic Mg (PO,),-8H,0 was studied by using thermogravimetric/
differential thermogravimetric/ differential thermal analysis (TG/DTG/DTA) techniques at four heating rates. The
activation energy values were calculated by using Ozawa and Kissinger equations. The calculated activation energy
values from both methods are close to each other. The most probable mechanism function with the integral form of
g(a) =—In(1 — @) and the differential form f{a) = (1 — &) can be suggested to be the mechanism function of the 1* step
while the most probable mechanism function of 2" step cannot be determined. The thermodynamic functions of the
transition state complexes were estimated by Eyring method. The positive values of AH;ﬁ and AG;E indicated that the
dehydration is an endothermic process and is a non-spontaneous process.

UnAnge

A o Pl

P ¢ v % a o A A %]
qﬂﬁﬂﬂWﬂﬂuWﬁﬁWﬁ@iﬂ15GUﬁ]ﬂu“ﬂﬁf"ljjll5E]uéllE]\nlllﬂumfﬂilwaﬁlwﬁﬂ@ﬂﬁgqalﬂiﬂﬂﬁ31ﬂ5131’76‘]u1ﬂﬂ

I¥ioyanimmaiiameiuensidwain/ avlilesuFeamesuens1imasn/ avwlesuFeamesuraszun lade

a o °

(TG/DTG/DTA) @ 6A51MSIANQUUAN 4 8A51 AMUIBNAINUNTZAUAIGAUNITVOL Ozawa 1Az KAS WU

u

@

o Z’, as U =3 J v y o [ [ %’ 3’/ =\
WaIUNszAUaINNe 2 s IndiAseny Wenduvesna lnmuzaudmsunsvsath luduaouusniizal
- o 4 v 2a 2 AR
duiinfafe g =-In(1 — o) waziigeyuine fa) = (1 - o) Tuvaginmsviailuduaoui 2 wuliaunsam
4 d' =\ am 1 < o
Wenvesnalnfiuzanld 14s2ibouisues Byring  Tumslumsdszinaalsssunisguvnamaniun
Y a 9 ' A a o a a I & yad
aouznszdugounyNMsnlasuu)aseumatluaznasnudassvesnvuduaniuuin uaasliimuanms

o 3 AR 3 P 3 Ay v a 9
GU%{P‘IT!']‘U@Qﬁ']ﬁWﬁﬂyqlﬂuﬂﬁ31]'Juﬂ']jﬂﬂﬂﬁqﬂﬁﬂullaglﬂuﬂﬁngjuﬂWﬁcﬂ“lllﬁ'llnﬁﬂlﬂﬂllﬂlﬂq

Key Words: Magnesium phosphate, Thermal decomposition kinetics, Thermodynamic functions

o o w =

J ¥ A o 4
AaINEY: uunil@eunoaa "l]ﬁLlWﬁﬁWﬁ@liﬂﬁﬁﬁTﬂﬁ’Jl‘Nﬂ’ﬂu%}@H ﬁﬂﬂﬂfuﬂNQﬂ!‘ﬂWﬁﬁWﬁﬁi

* Master degree student, Center of Excellence for Innovation in Chemistry (PERCH-CIC), Department of Chemistry, Faculty of Science,
Khon Kaen University

** Asst. Prof. Center of Excellence for Innovation in Chemistry (PERCH-CIC), Department of Chemistry,

Faculty of Science, Khon Kaen University

**% Asst. Prof. Department of Chemistry, Faculty of Science, Khon Kaen University

337



l | . Khon Kaen Universify 2011
Graduciglr@Search Conference

Introduction

Mg,(PO,),-8H,0 and its final decomposition
product, Mg,(PO,), are of great interest nowadays.
They are widely used in several fields such as
agricultural, pharmaceutical, food and textile industry
because of they are the absence of ecologically
(toxicology) harmful elements (Mesikova, Sulkova &
Trojan, 2007). Main properties of magnesium
phosphate are insolubility in water, temperature
resistance and chemical stability. Therefore, it can be
used as an anticorrosive pigment (Aramendia, Borau,
Jiménez, Marinas & Romero, 1999a). Furthermore,
Mg,(PO,), exhibits the property as catalysts for
various organic reactions such as the production of 1-
hexene and 2-hexene from the dehydration of 2-
hexanol (Aramendia et al., 1999a), N-alkylation of
aniline with methanol (Aramendia, Borau, Jiménez,
1999b) and the oxidative

Marinas & Romero,

dehydrogenation of ethane (Sugiyama, Kondo,
Satomi, Hayashi & Moffat, 1995). The kinetic and
thermodynamic studies of solid-state reactions are
remarkable for decades due to the thermal stability,
decomposition rate and life time prediction of
materials and systems under different experimental
and environmental conditions can be provided. In
previous works, thermal decomposition kinetics and
some of thermodynamic functions of some metal
hypophosphite monohydrate and metal phosphate
hydrates were studied (Noisong, Danvirutai &
Boonchom, 2009; Boonchom & Danvirutai, 2009;
Danvirutai, Noisong & Youngme, 2008).

In this work, the purpose is to study the kinetic
and thermodynamic properties of the thermal
dehydration of the synthetic Mg,(PO,),'8H,0 by
using TG/DTG/DTA data. Non-isothermal
dehydration kinetics was carried out by using Ozawa

and Kissinger-Akahira-Sunose (KAS) equations. The
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thermodynamic functions (AS#, AH#, AG#) were
estimated by using the transition state complexes
theory of Eyring (Rooney, 1995). All parameters
from Ozawa and KAS methods are compared and

discussed.

Materials and Methods
Synthesis and Characterization
Mg,(PO,),-8H,0 samples were synthesized by
precipitation method using 0.50 M Mg(NO,),-6H,0
and 0.10 M Na,PO,-12H,0 in the desired molar ratio
of Mg:P. The white suspension of product was stirred
for 24 h at room temperature, filtered by suction
pump, washed three times with de-ionized water and
dried in a desiccator for overnight. The synthesized
samples and its calcined product at 750 °C were
characterized by X-ray powder diffraction (XRD,
Phillips 3710), Fourier transform infrared (FTIR)
(Perkin  Elmer

spectroscopy Spectrum  GX),

thermogravimetric/ differential thermogravimetric/
differential thermal analysis in nitrogen atmosphere
(TG/DTG/DTA, Perkin Elmer Pyris Diamond), and
atomic absorption spectrophotometry (AAS, Perkin

Elmer Analyst 100).

Kinetic Study

Dehydration and decomposition of crystalline
hydrates is a solid-state process of the type:
A(solid) — B(solid) + C(gas) (Vlase, T., Vlase, G.,
Daca, M. & Doca, N., 2003). The kinetics of such
reactions is described by various equations taking into
account the special features of their mechanisms. All

kinetic studies are assumed to be based on the

following equations:

d
7? = kf (@) 1)
N k=4 —E, /RT @)
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where o is the extent of conversion and is equal to
(m, — m)/(m; — m,); m,, m, and m, are the initial mass
of sample, current mass of sample at temperature t,
and final mass at a temperature at which the mass loss
is approximately unchanged, respectively. f(a) is a
function depending on the particular decomposition
mechanism and is referred to as the difficult form.
The pre-exponential factor, 4 (min>l) is assumed to be
independent of temperature, E, is the activation
energy (kJ mol ™), R is the gas constant (8.314 J K’
mol_l), and £ is the rate constant. Combination of egs.

(1) and (2) gives

Eq (3) can be modified, when f is the heating rate
(f = dT/dt), T is temperature (K), and t is time, and
the following equation is obtained:

da dT da f(a)efEa/RT (4)

- T - ﬂ _
Cdt dT

Eq (4) can be rearranged to eq (5) as follows:

da A

—-E, /RT
=—e “dt

fla) B

The solution of the left-hand side integral depends on

dt

®)

the explicit expression of the function f{o) and is
denoted as g(a). Various scientists suggested different
ways to solve the right-hand side of eq (5). Thus, the
kinetics of solid-state reactions can be described by
various equations taking into account the special
features of their mechanism. In kinetic study of
Mg,(PO,),-8H,0, Ozawa and KAS equations were
used to determine the activation energy (E,) and
pre-exponential factor (4) of the dehydration reaction.
These methods are well described and widely used in
reliable results.

the literatures, which provides

Therefore, these methods are selected for Kkinetic
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analysis of the dehydration of the studied compound.

The equations used for £, calculation are

Ozawa equation (Ozawa, 1965):

Inp= ln(O'OMSAEa j -1.05 16(E“j ©)
g(a)R RT

KAS equation (Kissinger, 1957; Akahira & Sunose,

1971):
ln(ﬂj = lni _L,
T g(a)E, RT

All other parameters are the same as given in egs. (1)

(7

and (2). The Arrhenius parameters, together with the
reaction model, are sometimes called the kinetic
triplet. g(a) is the integral form of f{a), which is the
reaction model that the reaction

depends on

mechanism. According to the above-mentioned
equations, the plots of Inf versus 1000/7 (eq. (6)) and
ln(,b’/Tz ) versus 1000/T (eq. (7)) corresponding to
different extents of conversion a can be obtained by a
linear regression of the least-squares method. The
activation energy E, and pre-exponential factor 4 can
be evaluated from the slopes and intercept of the
straight lines with better linear correlation coefficients
(rz), respectively. The activation energy values were
calculated at the heating rates of 5, 10, 15, and 20

°C min" via the mentioned methods in the o range of

0.2-0.8.

Determination of the Most Probable Mechanism
Function and Pre-exponential Factor

Some of kinetic results in the literature showed
that the kinetic parameters depend on the selection of
a proper mechanism function for the process (Vlaev,
Nedelchev, Gyurova & Zagorcheva, 2008). In this
present work, the most probable mechanism function
can be determined by using the equations as stated in

Table 1.
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No. Symbol Mechanism function name flo) g(o)
L | F, one-third order 32(1-)" 1-(1-”
2. | F,, three-quarters order 4(1 - 0()3/4 1-(1- 0()]’4
3. | F,, one and a half order 201-a)” (1-o)"-1
4. | F, second order a-a) a-a'-1
5| F, third order 12(1 - )’ 1-a)’-1
6. | P,, Mampel power law e o
7.1 P, Mampel power law 20" "
8. | P, Mampel power law 30™" "
9. | P Mampel power law 40" a”
10. | E, exponential law a Ina
11. | ALF, Arami-Erofeev equation 1-o) -In(1 - a)
12. | A,, Arami-Erofeev equation 3/2(1 - a)[-In(1 - 0()]l } [-In(1 - 0()]23
13. | A, Arami-Erofeev equation 2(1 - o)[-In(1 - 0()]1/2 [-In(1 - 0()]”2
14. | A, Arami-Erofeev equation 3(1 - o)[-In(1 - Oc)]z/3 [-In(1 - 0()]l }
15. | A, Arami-Erofeev equation 4(1 - a)[-In(1 - 0()]3/4 [-In(1 - 0()]”4
16. | R,F,P | powerlaw (1- (X)O o
17. | R,F,,, | powerlaw 21-" 1-(1-)"
18. | R,F,, | powerlaw 3(1-a)” 1-(-0"
19. | D, parabola law 120, o
20. | D, Valensi equation [-In(1 - o) a+(1-0)In(l-a)
21. | D, Jander equation 3201-)[1-(1-)" 7" [-a-0r
22. | D, Ginstling-Brounstein equation 3/2[(1 - 0[)7”3 - 1]7l 1-20/3-(1- 0()2/3
23. | D, Zhuravlev, Lesokin, Tempelman equation 3/2(1 - a)m[l - 0()_1'3 - 1]_1 [(1- Oc)-”3 - 1]2
24. | D, anti-Jander equation 3/2(1 + 0()2/3[(1 + oc)l/3 17" [+ 0()”3 - 1]2
25. | D, anti-Ginstling-Brounstein equation 3/2[(1 + 0()-”3 - 1]-1 1+20/3-(1+ 0()2/3
26. | D, anti-Zhuravlev, Lesokin, Tempelman equation 3/2(1 + 06)4/3[(1 + 0()71/3 -7 [(1+ 0()7]’3 - 1]2

—X

Ing(c) {mAI? +1n‘j7 +lnh(x)} ~Ing ®)

where, x is E,/RT and
4 3 2
x" +18x" +88x° +96x
h(x)

X +20x7 +120x7 +240x +120
which is expressed by the fourth Senum and Yang

approximation (Senum and Yang, 1977). The plots of
Ing(a) versus Inf were carried out by using a linear
regression of the least-squares method. To determine

the most probable mechanism function, the degrees of
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conversion a corresponding to four heating rates taken
at the same temperature (we selected at 150 and 155 °C
for the 1% step, and 210 and 220 °C at the 2" step)
were substituted into the left side of eq. (8) for all 26
types of mechanism functions as presented in Table 1
(Noisong and Danvirutai 2010). If the mechanism
functions according to eq. (9) exhibits the slope and the
linear correlation coefficient r close to -1.0000 and
unity, respectively, then the function g(a) is the most

probable mechanism function. The results of the most
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probable mechanism functions during the dehydration

process are tabulated in Table 2.

Estimation of Thermodynamic Functions of the
Transition State Complexes

From the activated complexes (transition state)
theory of Eyring, the following general equation may

be written:

e (e}(kBTp jeXp(WJ )
h R

where 4 is the pre-exponential factor, e = 2.7183 is the
Neper number, y is the transition factor which is unity
for the monomolecular reactions, k, is the Boltzmann
constant (1.3806 x 10>’ J K™"), h is Planck’s constant
(6.6260 x 107 7 s), and Tp is the average phase
transformation temperature peak in DTG or DTA
curves (K). The entropy change can be calculated

according to the formula:

AS* = Rln( Ah J (10)
eyk,T,

Since

AH™ = E” —RT, (11

AG* = AH” —T,AS” (12)

when E¢ is the activation energy E, calculated from
TG/DTG/DTA data by using Ozawa and KAS
equations. The enthalpy and Gibbs free energy changes
(AH¢ and AGi) for the activated complex formation
from the reactant can be calculated using the

well-known thermodynamic equations.

Results and Discussion

Characterization
The TG, DTG and DTA curves of the synthesized

compound at four heating rates are illustrated in Fig. 1.
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Figure 1 TG/DTG/DTA curves of the synthesized
Mg,(PO,),-8H,O at the heating rates of 5,

10, 15 and 20 °C min"'

All curves are approximately in the same shape and
indicate that the maximum temperature and the mass
loss increase when increasing the heating rate. The
observed total mass loss at the heating rate of 10 °C
min" in the temperature range of 50 — 700 °C was
found to be 26.15% (5.91 mole H,0) and 7.56% (1.71
mole H,0), which agree well with the theoretical value
of Mg,(PO,),-8H,0 (35.42%, 8.00 mole H,0). The
retaining mass of about 66.29% is compatible with the
value expected for the formation of Mg,(PO,), which
can be identified by XRD and FTIR techniques.
Therefore, the suggested reactions of the dehydration
are:
Mg,(PO,),-8H,0 — Mg,(PO,),2H,0 + ~6H,0 (13)
Mg,(PO,),2H,0 — Mg (PO,), + ~2H,0 (14)
The mass loss is approximately unchanged at about
700 °C, therefore, the calcined temperature was
observed and the final decomposition product,
Mg,(PO,), can be obtained.

The XRD patterns of the synthesized sample and
its calcined product at 750 °C are shown in Fig. 2(a)
and (b), respectively. All detectable peaks of the
prepared sample are indexed to be Mg,(PO,),"8H,0

with the PDF standard file number 84—1147 while the
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detectable peaks of its calcined product at 750 °C are
indexed to be Mg,(PO,), using the standard PDF file

number 33-0876 (Aramendia et al., 1999a).

(b)

Intensity /a.u.

T T T g SRR T T
10 20 30 40 50 60
26 /degree

Figure 2 XRD patterns of the synthesized
Mg,(PO,),)8H,0 (a) and its calcined
product at 750 °C (b)

(b)

%Transmittance

T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400

-1
wavenumber /cm

Figure 3 FTIR spectra of the synthesized
Mg,(PO,),-8H,0 (a) and its calcined

product at 750 °C (b)

The FTIR spectra of the as-prepared
Mg,(PO,),'8H,0 and its calcined product at 750 °C are
illustrated in Fig. 3. The FTIR spectrum of the
synthesized sample in Fig. 3(a) is similar to the
recorded spectrum of the commercially obtained
Mg,(PO,),)8H,0 (Fluka) (Tabtimsai 2007). Two
vibrational bands at 3153 and 3098 cm’ are assigned to

be v,(A)H,O, whereas the band at 3489 em’ s
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assigned to v,(B,)H,0. The band at 1638 cm’
corresponds to v,(A )H,0. Two bands at 954 and 995
cm’ are attributed to VI(AI)PO;-, while two bands at
1045 and 1075 cm are attributed to v3(F2)PO43'. The
band at 399 ¢cm”’ corresponds to v,(E)PO 43', while two
bands at 554 and 587 cm ' are attributed to the splitting
of the triply degenerate mode v,(F,)PO 43_. One band at
862 cm’ disappears in the spectrum of calcined
product, which could be assigned to the H,O libration.
The observed bands at 982 and 995 c¢m ' of the
calcined product at 750 °C in Fig. 3(b) can be assigned

3-
4

to v,(A)PO,”, while three bands at 1042, 1078 and
1093 cm’ are attributed to the complete splitting of the
triply degenerate mode v3(F2)PO43- caused by the
symmetry lowering from T,. Four bands in the region
of 486-399 and 626-578 cm are assigned to
VZ(E)PO;- and V4(F2)PO43-, respectively. The splitting
of the triply degenerate v,(F)) and the doubly
degenerate Vv,(E) bands either in hydrate and the
calcined product indicate that the symmetry of the
phosphate group is decreased from T, symmetry to the
lower one.

The magnesium content of the synthesized sample
from AAS method was found to be 16.33% (2.73 mole
Mg), which agrees with the calculated value of 17.92%

(3.00 mole Mg for Mg,(PO,),-8H,0).

Calculation  of  Activation  Energy  Values,

Determination of the Most Probable Mechanism
Function and Pre-exponential Factors

The calculated results from Ozawa and KAS
methods according to four TG measurements are
presented in Fig. 4 — 7. The activation energy values E,
for the 1" step and the 2" step are tabulated in Table 2
and 3, respectively. The average activation energy

values from the conversion factor from 0.2 to 0.8 of
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Ozawa and KAS methods for the 1" step are 91.67 and
89.40 kJ molil, respectively. The activation energy of
the 1" step of dehydration is reliable via the very small
difference of the calculated values from two methods
(~2 kJ mol). The average activation energy values of
Ozawa and KAS methods for the 2™ step are 100.37

and 95.02 kJ molil, respectively, which are close to

PMO16-7

each other (~5 kJ mol” difference). However, the
higher activation energy values of the 2" step
compared to the 1" step in both methods can be
interpreted that the dehydration in the 2" step occurred
in the

long temperature range and completely

dehydrated at elevated temperature (~700 °C).

Table 2 Activation energy values (E,), pre-exponential factors (4), and correlation coefficients (rz) calculated by

using Ozawa and KAS methods for the 1" step of dehydration of Mg,(PO,),-8H,0

Ozawa method KAS method
¢ E,/kJ mol’' A/min”’ r E,/kJ mol’' A/min”' v
0.2 99.6342.24 1.21x10" 0.9990 98.03+2.38 6.73x10" 0.9988
0.3 95.74+2.67 3.70x10" 0.9984 93.83+2.81 1.84x10" 0.9982
0.4 93.02+2.95 1.68x10" 0.9980 90.88+3.10 7.67x10"° 0.9977
0.5 90.8043.19 8.98x10"° 0.9975 88.48+3.36 3.82x10" 0.9971
0.6 89.01+3.47 5.45x10" 0.9970 86.5243.66 2.18x10" 0.9964
0.7 87.48+43.54 3.49x10"° 0.9967 84.8443.74 1.31x10"° 0.9961
0.8 86.04+43.67 2.23x10" 0.9963 83.23+3.87 7.88x10° 0.9957
Average 91.67+3.10 2.78x10" 0.9976 89.40+3.27 1.45%10" 0.9972

Table 3 Activation energy values (E,), pre-exponential factors (4), and correlation coefficients (rz) calculated by

using Ozawa and KAS methods for the 2" step of dehydration of Mg,(PO,),-8H,0

Ozawa method KAS method
* E,/kJ mol’ v E,/kJ mol’ v
0.2 76.64+10.25 0.9655 72.41£10.78 0.9575
0.3 77.73£9.67 0.9700 72.83%£10.19 0.9623
0.4 89.23£7.72 0.9852 84.00+8.20 0.9813
0.5 98.74+12.36 0.9696 93.27+13.08 0.9621
0.6 105.85+17.24 0.9497 100.04+18.21 0.9378
0.7 120.74+19.66 0.9496 114.92420.77 0.9387
0.8 133.68+20.78 0.9539 127.67+21.94 0.9442
Average 100.37+13.95 0.9634 95.02+14.74 0.9549
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Figure 4 Ozawa plots for the 1" step of dehydration of

Mg3(PO4)2'8H20
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Figure 5 KAS plots for the 1" step of dehydration of

Mg,(PO,),'8H,0
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Figure 6 Ozawa plots for the 2™ step of dehydration of

Mg,(PO,),"8H,0
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Figure 7 KAS plots for the 2™ step of dehydration of
Mg,(PO,),'8H,0

According to Table 4, only the slopes determined
from the function no. 11 are close to -0.1000 for two
selected temperatures (150 and 155 °C) and the
correlation coefficients are very close to each other.
Hence, the most probable mechanism function for 1
step is in the integral form g(a) = —In(1 — a) and the
differential form f{a) = (1 — a), which is the random
nucleation and subsequence growth mechanism. This is
a special case of Avrami—Erofeev model or the first
order reaction (Khanwam & Flanagan 2006). The
slopes determined from the function no. 6 is close to
—1.0000 at 210 °C, while the slopes from the other
functions are much deviated from unity (< —1.2000 and
> —0.8000). The slopes determined for all functions at
220°C are not close to —1.0000 (< —1.2000 and
> —0.8000). Thus, the most probable mechanism
function for the 2™ step of dehydration cannot be one
of the 26 types. Further study can be extended later.
Subsequently, the pre-exponential factors of the 1" step
can be particularly calculated from the intercept of the
plots of Ozawa and KAS equations by inserting the
most probable mechanism function g(o) and f{o) into
the intercept of these plots. The obtained

pre-exponential factors 4 of the 1" step from Ozawa
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and KAS calculations are 2.78 x 10" and 1.45 x 10”,

respectively, as shown Table 2. These values from both

methods agree well with each other.

Estimation of Thermodynamic Functions of the
Transition State Complexes

The thermodynamic functions of the transition
state complexes of the 1" step of dehydration
calculated from Ozawa and KAS methods are
summarized in Table 5. The negative values of AS;&
from two methods reveal that the activated state is
highly ordered compared to the initial state. These AS¢
values suggest a large number of degrees of freedom
due to the rotation and vibration which may be
interpreted as a “slow stage”. The positive values of
AH;é agree well with the endothermic peaks in the
DTA curves and notify that the dehydration is an
endothermic process. The positivity of AG¢ is
controlled by a large amount of AH and a small of
AS” according to eq. (12). The positive values of AG
at all methods can be interpreted that the dehydration

process is not spontaneous.

Table 4 Most probable mechanism functions g(a),
slopes, and correlation coefficients of linear

regression (r2) at 150, 155,210 and 220 °C

Temperature/°C | Mechanism | Slopes r

no.

150 6 -0.9693 | 0.9839
11 -0.9934 | 0.9957
26 -0.9874 | 0.9780

155 11 -0.9387 | 0.9927
19 -1.0537 | 0.9699
25 -0.9534 | 0.9677

210 6 -1.0364 | 0.9230

220 - - -
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Table 5 AS¢, AH¢, and AGqﬁ values for the 1" step of

dehydration of Mg,(PO,),"8H,O

Thermodynamic functions Ozawa KAS
AS 7K mol” 3732 | -42.74
AH /KT mol’! 88.04 |  85.77
AGT /KT mol’! 10435 | 104.44

Conclusions

The synthesized Mg,(PO,),"8H,0 dehydrates in
two steps and its final dehydration product is found to
be Mg,(PO,),. The TG/DTG/DTA curves demonstrated
two dehydration steps. The kinetics of dehydration was
carried out by using Ozawa and KAS equations. The
activation energy values from both methods of the 1"
step are very close to each other, while the activation
energy values of the 2" step are quite different. The
mechanism of the 1™ step of dehydration process is the
first order reaction which the reaction rate is
proportional to the concentration, amount or fraction
remaining of reactant. In contrast, the most probable
mechanism function of the 2™ step cannot be
determined from the presented 26 reaction mechanism
functions. The activation entropy (AS¢), the activation
enthalpy (AH;&), and Gibbs free energy (AG¢) changes
of the transition state complexes of the 1" step from
two methods can be calculated through the kinetic
parameters. The values of AS;é, AH¢, and AG¢
indicate the less disorder of transition state complex
and the process is an endothermic as well as a

non-spontaneous process.
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