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Abstract

On the basis of copper sulphate pentahydrate thermal dissociation, for analyzed reactions I to IV,
6 thermokinetic equations was discussed. Arrhenius law parameters were determined and the isokinetic
effect (IE) and Kissinger law appearing was analyzed. It was found that only dependence resulting
from isokinetic effect, in the form k,,=¢q/T,, relates to the suitable thermokinetic Eq. (2) and Kissinger
law in modified form (14). The confirmation was made that the possibility of determining the averaged
activation energy from thermokinetic equations using suitable correction coefficients exists.

Keywords: Arrhenius law, CuSO4-5H,0, CaC,04-H,0, isokinetic effect, Kissinger law, thermal
decomposition, thermokinetic equations

Introduction and aim of the work

It has been shown that the most known thermokinetic equations g(a.) vs. T— for which
pairs of the activation energy (E) and the pre-exponential factor (4) fulfil the iso-
kinetic effect (IE) — may not be convergent with Kissinger law [1-4].

The aim of the work is experimental verification of liaisons being discussed on
the base of CuSO,4-5H,0 thermal dissociation (and dehydration of CaC,04-H,0) with
5 heating rates.

Basic assumptions

According to equations, formulas and symbols carried in work [1] the assumption
was made with following results elaborating schedule:

1) Equations in integral form:
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g(a)=2Lerm @)
(o) =0004844E o-rosiser (3)
qR
2) Equations (1) to (3) in integral form after introducing the Kissinger law for 6=1:
2 E (| T
g(a){TJ el ) 4)
Tm
E (| Ty
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g(a)=000484) = | M T (6)
RT,

3) As g(o) functions we carry in 13 models: F1, F2, F3, R1, R2, R3, A2, A3, D1
to D4, 2F1-R1,
4) For all solutions from (1) to (6) we analyze IE [5] in form:

InA= £ +Ink  , for g=idem (7)

5) We make selection of equations from (1) to (6) using:
a) criterion g(ou,)=1, proposed in [1], ()
b) statistic criterion: 1*>99%, 9)

thus, in result, we obtain the most substantial models from 13 analyzed;
6) We verify the reasonableness of formulas (10) to (12):

kngfz :Tium (10)
k=1 (1
Tm
k, =% (12)
0005E

taking k,, for selected models;
7) We assume control points:
a) the Kissinger law in Wendlandt’s version [6]:
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1n(q2j _mAR__E g, (13)
T E RT

m

b) the Kissinger law in version [1]:

In| 4 |=tn4-—E£_ E=E, (14)
RT

m m

¢) averaged activation energy according to [1]:
E=E/b (15)
where

b=1 for F and R models,
b=2 for D models,
b=1/2 for A2 model and b=1/3 for A3 model,

so from Egs (1) to (6) we obtain the activation energies marked with £ , to E() sym-
bols, where indices 1 to 6 correspond to adequate Eqgs (1) to (6).

Some remarks on Eqs (2), (5) and (11)

In previous work [1] the relation resulting from condition:

2
d’a _o 11, (16)
dr?
was introduced into Eq. (2) in form:
2
AT, o E/RT _ E 17)
q E+RT,
and other form of equation than it is presented by Eq. (5) was obtained:
2 E (1 Ta
sw=L (£l (18)
T\ E+RT,

Equation (17) was presented:

2
k =4 E (19)
T \ E+RT,

and formula similar to Eq. (11) was obtained.
For condition:

E>>RT,, (20)

Equations (18) and (19) simplify themselves into relation:
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g(oc)=TTeRT"‘[1‘T“j

m

and into Eq. (11), respectively.

Experimental

2y

Thermal dissociation of copper sulphate pentahydrate (Thermal Analysis Tutorial Kit,
ME-29710, Mettler TA-Test Sample) was carried out using Mettler TG-50 thermo-
balance in TA-4000 thermoanalytic system in nitrogen (200 mL min ). Figure 1 presents

20 g=1.5 K min !
16
12
8
280 480 680 880 1080
280 480 680 380 1080
j=11]
£
Qo
—
280 480 680 880 1080
21 =12 K min"!
16
11
6 - :
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280 480 680 880 1080
Temperature/K

Fig. 1 TG and DTG curves of CuSO,-5H,0 thermal dissociation for five heating rates (g)
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adequately registered (and smoothed) TG and DTG curves. Calcium oxalate mono-
hydrate (purity: 99.999%, Aldrich) was dehydrated in Mettler Toledo TGA/SDTA-
851¢/STAR® thermobalance in dynamic atmosphere of air (100 mL min™'). Mass samples
(20+0.01 mg), platinum open crucible and 5 heating rates: g=1.5, 3, 6, 12 and 24 K min”’
were analogous for both substances.

The choice of CuSO,4-5H,0 results from the fact that its thermal dissociation is
well described in literature. The dissociation curves of this model substance are pub-
lished in atlases of thermogravimetric curves [7]. They reflect simple reactions:

CuS0,-5H,09=CuS0,-H,0%+4H,0® (22)
CuS04-H,09=CuS0,Y+H,0® (23)
CuS0,¥=Cu0®+S0;® (24)

From Fig. 1 and [8—13] comes that the course of reactions (22) to (24) is more
complicated and it is presented in Table 1 in chronological conception.
For further considerations the following reactions were taken into account:

reaction I  Table 1

reaction II  Table 1

reaction III Table 1 and (23)

reaction [V (24) although from Fig. 1 and Table 1 and [8, 10, 12, 13] comes
that this reaction courses in two stages.

Results

The correlations analysed formed a large amount of graphic illustrations (1676). Figure 2
shows the course of performed calculations. Because of large number of dependencies only
selected ones will be presented. Apart from basic relationships (g(c) vs. T according to
Eqgs (1) to (6)) the criterion (8) is illustrated by Fig. 3 (reaction III). For reactions I to IV mod-
els A2, A3 the and F1 were selected, what is maybe reflecting, but according to work [1] we
can expect that condition (8) is fulfilled only by some models. Figure 4 presents analysis of
IE (7) for reaction I (Fig. 4a — 13 models) and after selection (Fig. 4b — 3 models). Since
there are invisible control points resulting from Eqs (13), (14) and formula (15) on Fig. 4,
therefore, analysis of IE (7) in the three-model version is given in Fig. 5.

If we say that in spite of differences common IE (7) exists for any heating rate (g),
then control points £y, £, E, to E, also form IE, however £y and £, are connected with
lower In4 value (Fig. 5a) (reaction IV, Eq. (4)). On the contrary, when control points £y
and £, are placed on the IE straight line (7), then remaining ones deviate from IE insig-
nificantly, but In4 value is slightly higher (Fig. 5b) (reaction I, Eq. (2)).

One can say that the case illustrated on Fig. 5a is remarked in [14] (activation en-
ergy is connected with lower In4 value). It was also concluded that for reactions I
and II activation energies according to (13) and (14) are significantly lower than val-
ues resulted from Eqs (1) to (6) and averaged by calculation (15). With mentioning
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Fig. 3 Graphical analysis of g(o.,)=1, criterion for reaction III

that for every case activation energies according to (13) and (14) are similar, so we
can say that the Kissinger law modification leads to similar values. Table 2 shows the
comparison of estimated kinetic parameters. The table recapitulates results of calcu-
lations showed as an example on Figs 4 and 5, and demonstrates that it is necessary to
verify reasonableness of formulas (10) to (12).

Figure 6 shows £k, (Eq. (7)) dependence linearly connected with heating rate (g)
for corresponding formulas — version on Fig. 6a is related to all 13 models and Fig. 6b
for 3 chosen models (A2, A3, F1) only. From the fact that in many cases we obtain
linear relationships (straight line with one parameter), that’s why the comparison of
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Fig. 4 The IE analysis for reaction I for: a — 13 g(a) models, b — A2, A3 and F1 models; g=idem
and the next, g=var.

determined activation energies with values presented in Table 2 is only possible veri-
fication. Table 3 shows that we did not gain conformity of determined values with
formule (10) and (12) thus, we experimentally proved that only Eq. (2), the isokinetic
effect (7) and modificated Kissinger law (14) are congruent.
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Fig. 5 The IE analysis for reactions: a— IV, b—1. A2, A3 and F1 models with control
points according to Egs (13), (14) and formula (15); g=idem and the next, g=var.

It is necessary to say that formula (11) has to be fulfilled for trend coefficient
equal 1 and for one-parametric straight line determination coefficient p>=1 (Fig. 6b,
symbol (2, 11)).

Discussion

The other question is taking an attitude with regard to determination possibility of the
Arrhenius law coefficients (activation energy (F) and pre-exponential factor (4)) in
the case studied, using calculating procedures applied in the work. For this purpose
Table 1 was filled up using data from Table 4. There is standard enthalpy of reac-
tions I to IV (7=298 K) given in the Table which was calculated from the formula:
AH 5y =ZViAHf,i (25)

taking individual enthalpies of formation AH; ; from Barin’s tables [15].
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Fig. 6 Analysis of formulas (10) to (12) resulting from IE (7) for: a — 13 g(o) models,
b — A2, A3 and F1 models. Reaction II. The symbol on figure, for example
(1, 10), means formula (10) analysis by the g(a) function No. (1)

Tables 1 and 4 show that all Eqs (1) to (6) lead to congruent values of activation
energy after averaging by formula (15). However we can note wider and wider diver-
gence of these values for reactions I1I and IV. Good accordance with [9] was gained
for reaction IV, but for reactions I and II it is lower, in relation to [11]. As we said be-
fore, the other question is that for reactions I and II the Kissinger laws (13) and (14)
determine much lower activation energies, even below standard enthalpy of reaction
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of dissociation (AH»95). We can explain it by the fact of large influence of reaction of
dehydration course in low temperatures (Fig. 1), where it is necessary to take
enthalpy of water evaporation into account, it means:

Hzo(l)_>H20(g)’ AH95=44.0 kJ rn()l_1 (26)

According to Table 4, for reactions I to III enthalpy of water molecule detaching
in liquid state is very small, about 24-29 kJ mol'. For that reason for reactions I
and II the Kissinger law fulfil IE (7) according to relation: lower £ imply lower loga-
rithm of pre-exponential factor In4 with this difference, which results from insignifi-
cant differences of activation energies £ (13) and £y, (14) — see comments to Fig. 5.

Table 4 The comparison of determined activation energies — the supplement of Table 1

' E/kJ mol™
Reaction number AH,9g/k] mol™ ——
E—Ey E-E,

I 111.8 56-59 101-107
Ia 111.8-2-44.0=23.8
Ib (for 1 mole of H,0) 44.0

114.9
L (114.9-2.44.0=26.9) 63-66 171-178

72.6
I (72.6-44.0=28.6) 164-168 168-183
IVa 219.5 234-248 233-247
IVb 209.0 [8]/202.4°
IVe 205.0 [8]/198.1°

Reciprocal of temperature, T;ll /K
00.002 10 0.00215 0.00220 0.00225 0.00230 0.00235 0.08240

-85 In(q/ T2, )=—9563.3/ Ty +11.048 1
r2=0.9979
9071 . E=79.5kImol !
—_ T2 78
dg 93 £
=
U‘ il
F 100 173 %
<&
-10.5 A {4
110 | (2/Tm)=-10009/Ty+18.148
T r2=09081 s
_11.5 | E=832k]mol
-12.0 -6

Fig. 7 The Kissinger law in versions (13) and (14) for dehydration of calcium oxalate monohydrate
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*AH, from experimental data (Tables 1 and 2 in [8]), van’t Hoff’s equation

In lower pressure (in vacuo) conditions, likewise in [9], as well activation en-

ergy £=65.3 kJ mol ', as logarithm of pre-exponential factor In4=12.18 (4 in min ")
fulfil IE (7) presented on Fig. 5 and real values are congruent with data in Table 4 for
the Kissinger law and reaction II. Thus, the laws (13) and (14) omit energetic effects
connected with physical phenomena. If we take into consideration the existence of
the liquid product (H,O) in low temperatures, the kinetic barrier (£) will be higher
than the thermodynamic one (AH) again.

Conclusions

Only Eq. (2), of which g(a) contains temperature in the first power (in 47/q expres-
sion), is congruent with isokinetic effect (7) and modificated Kissinger law (14).
This law is in close numerical connection with classical Kissinger law (13) (Fig. 7).
We proved that simple dependence given by Eq. (11) provides new possibilities of
analysis of thermokinetic equations and some laws connected with them. The
isokinetic effect (7) contains constants k,, and T}, only when heating rate g=idem.
We also confirmed that for changeable heating rates g=var, we obtain insignifi-
cantly differing numerical constants of Arrhenius equation (£ and 4) using Eqs (1)
to (6), what is in some contradiction with the Kissinger law. Developing the left
hand side of the formula (11) leads to modificated Kissinger law, which averages
considerated constants — activation energy and pre-exponential factor (£ and A4).
The studies confirm results of the works [1, 16, 17] that the possibility of activation
energy determination exists using adequate averaging coefficients given by for-
mula (15). For reactions running in lower temperatures the divergence is much
lower, than for reactions of dissociation in higher temperatures. The divergence is
the lower the more restrictions in kind of (9) or (8) are used.

Assuming that for Eqs (1) to (6) one group make Eqs (1), (4) and approxima-
tions (3) and (6), and second one — (2) and (5), and that changeable heating rates
form common isokinetic effect (7), the regularity was confirmed as follows:

a) concrete activation energies E, E |, E; to E, also form the isokinetic effect and
Ey and E, are placed below the IE straight line,

b) in other way, when Ey and £, form IE too, then remaining ones may be placed
over the IE straight line.

It means we have to do with: a) a lower In4 factor or b) a higher one.

We confirmed that, using the Kissinger law, in some cases, we may obtain much
lower activation energies and lower In4 factors convergent with the isokinetic effect.
The fact was confirmed for reactions I and II, where we observe two H,O molecules
detaching in low temperature range: 40—130°C (stage 1) and 90-160°C (stage II).
Basing on the results of the work, this fact may be explained by energetic effects
connected with a high water evaporation enthalpy and so, with high enthalpy of reac-
tion, in which water appears in gaseous state (thermodynamic barrier). Thus,
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Kissinger law determines energetic effect connected only with the chemical reaction
kinetic barrier in low activation energy (£) and pre-exponential factor (4) form.

 Taking the sequence given in conclusion first paragraph Eqs (1) to (6) may be com-
pleted with another possibility, namely Eq. (21), which differs from Eq. (5) only by
omitting the expression E/RT,. Considerations of this work and the previous
one [1] point at some kind of peculiarity of Eqs (2) and (21) in relation to remain-
ing ones. Simultaneously, they are congruent in conception of (7) and (11). In this
situation what thermokinetic equations are used is conventional question. But there
are more premises to take Eq. (2).

Symbols
A pre-exponential factor in Arrhenius equation/min”'
o conversion degree, 0<a<l
b the coefficient for converting activation energy, according to (15)
d
N
do,,
E activation energy/J mol ™’
E averaged value of activation energy/J mol '

fla) symbol of mechanism of reaction/process
g(o) mass integral, g (o) :_[d(x/ f(o)
0

AH  enthalpy/J mol™
AH,gg standard enthalpy/J mol™
IE isokinetic effect
k rate constant/min '
n exponent, n=0, 1 or 2 (Fig. 2)
heating rate/K min "'
#*, p* determ. coefficient for the double and single parameter linear plot, respectively/%
R= 8314Jmol 'K
t, T temperature/°C or K
u dimensionless activation energy (for example u,,=E/RT,,)

Subscripts

I,1I  according to Egs (13) and (14), respectively
1 to 6 according to Egs (1) to (6)

d decomposition

i number of chemical compound

f formation

m maximal reaction rate

Superscripts
(s) solid
(1)  liquid

(g) gaseous
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