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Abstract

Thermogravimetry was used in the study of the kinetics of dehydration of Mi8$0, CuSQ-5H,0 and 3CdS@ 8H,O
under static air atmosphere. The values of the kinetic and thermodynamic parameters for each stage of thermal dehydration
were calculated from(T) data by using the integral method, applying the Coats—Redfern approximation. The best model for
all stages of dehydration is random nucleation model F1. The dependencies of enthalpy on entropy of activated complexes for
different kinetic models were described. The linear relation was calculated between the Gibbs energy of activated complexes
and the maximum dehydration rate temperature for analysed dehydration processes.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction hydrophilic surface and may participate in the restruc-
turing of the solid material, while such surface bonded
Hydrates have been known from the earliest days water molecules may be mobile in an adsorbed state
of chemistry, well-known minerals have interesting [2]. In the salt hydrates water molecules may be asso-
physical properties and have always played an impor- ciated with the metal atoms or with anions and other
tant role in various technologies. A characteristic of water molecules, the metal ions may be surrounded
all hydrates is that the lattice collapses when water by several different water molecules (they do not have
is removed from the crystals and the structure of the the same environment, e.g. Nig@H,O) while two
anhydrous material bearing no simple relation to that kinds of metal ions with different environments may
of the hydrate. There are certain crystals which have existin hydrates (8CdS{BH,0). Hydroxyl bonds are
the ability to absorb water which may be subsequently formed in hydrated oxy-salts. The geometry of hydrate
removed without radically altering the crystal. If the structures may determine their behaviour.
crystal consist of a rigid framework in which there are ~ Dehydrations of crystalline solids together repre-
cavities or tunnels, then reversible hydration and de- sent an important group of heterogeneous reactions.
hydration may take pladd]. The water productisin-  In one set of reactions, water, which is present as
herently volatile, but a proportion is adsorbed on the a ligand coordinated to (usually) a transition-metal
cation, is released on heating. Other dehydrations are
accompanied by the structural reorganization of the
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Nomenclature a_nd cadmium h_ydrated sulphates. The hydrates hgve a
different associated water molecules and crystallised
A pre-exponential Arrhenius factor (nif) in the various space groups.
E  apparent activation energy (kJ mo) The octahedral coordination group around a cop-
f(e) conversion function dependent on per atom in CuS@5H,0 is composed of four wa-
mechanism of the reaction ter molecules and two oxygen atoms of £0 ions.
F  Snedecor’s variable The odd water molecule is held by hydroxyl bonds
g(er) integral form of the conversion function between water molecules coordinated to metal atoms
AG* Gibbs free energy of activated and oxygen atoms of S@ ions. In contrast to pen-
complexes (kJ mot) tahydrate, in the trinydrate of copper sulphate all water
AH* enthalpy of activated complex (kJ md) molecules are coordinated to the copper atom. The co-
k(T) rate constant ordination group around a metal is composed of three
q linear rate of heating (K mint) water molecules and an oxygen atom of;30ions
r2  correlation coefficient [1]. Dehydration of this salt was studied by many au-
R  gas constant (kJmot K—1) thors[5-10].
AS* entropy of activated complexes The hydrate cadmium sulphate has a complex
(kJmol1K—1) structure and contains four crystallographic different
t time (min) groups of water moleculgd]. The decomposition of
T absolute temperature (K) 3CdSQ-8H20 and properties of its intermediates has
Tm maximum dehydration rate temperature been the subject of numerous investigatifi-15].
The rate of a dehydration under non-isothermal con-
Greek letter ditions has been represented by the relation:
o transformation degree dor
o k(T) f(e) 1)

is often connected in different studies with the vari- wherex is the transformation degregthe time (min),
ous strengths of molecular bonding lost from the ini- Kk(T) is the rate constant(«) the conversion function
tial compound structure: weakly bonded molecules dependent on mechanism of the reaction, anithe
are removed in the early stages, and more strongly absolute temperature (K).
bonded ones later. Coordinated and non-coordinated k(T) can be described by the Arrhenius equation:
water molecules are stepwise removed from hydrates.
The dehydration temperature depends on the strengthk(T) = Aexp <_£> 2)
of the water bonding. LongvinenKd] says that there RT
is no correlation between the composition and the
structure of the intermediate phase and the existence
of weakly and strongly bonded water molecules in
starting hydrate. The dehydration steps’ independence
from the starting structure, and the great influence of
the equilibrium shift is well known. The entropy term
controls the reaction of intermediate hydrate forma-
tion. kgT * AH*
Many sulphates crystallize with odd numbers of k(T) = Texp( R > exp(— RT ) @)
molecules of water of crystallization. Dehydration of
these hydrates to the monohydrate stage is easy, butwherekg is the Boltzmann constanh the Planck’s
the last molecule of water is not removed until tem- constant, AH* the enthalpy of activated complex
peratures between 200 and 3@are reached. (kJmol 1), AS* the entropy of activated complexes
The present paper reports a kinetic and thermody- (kJ mol-1K—1), and AG* the Gibbs free energy of
namic study of the dehydration of copper, manganese activated complexes (kJ md).

whereR is the gas constant (kJmdiK—1), E the
apparent activation energy (kJmd), and A the
pre-exponential Arrhenius factor (mif).

These equations imply a strong correlation between
kinetic parameters. The rate constant can also be de-
scribed by Eyring equatiofi6]:
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Fig. 1. TG curves for particular hydrated sulphates: CySB,0, MnSQ;-5H,0 and 3CdS@8H,0.

After integratingEq. (1), we have:

C{da t
— = k(Td
o f@) /O(T)t

whereg(«) is the integral form of conversion function.

In the present study, the kinetics of thermal decom-
position of hydrates was followed by integral method
by applying the Coats—Redferns approximation:

|:AR ( 2RT>:| E
nl—(1-—)|- =
qE E

whereq is the rate of heating a sample.

A plot of In(g(e)/T?) versus 1/Tgives a straight line

if the model relation is correct.
The thermodynamic functions of activated com-

gla) = 4)

gla)
In 77 =

®)

plexes can be calculated via the equations:
AH* = E—RT (6)
hA
AS*=R(In— -1 7
( ksT ) )
AG* = AH* — T AS* (8)

The application of these equations to systems of con-
densed phases can be justifiable by employing a canon- 2
ical ensemble approach. From the above equations it

The correlation coefficient? and Snedecor’s vari-
able,F were calculated to aid the selection of ti(e)
function best describing the experimental results.

2. Experimental

These investigations of thermal dehydration of
choice hydrated sulphates (Mn6H,0O, CuSQ-
5H,0 and 3CdS@8H,0) were carried out in static
air atmosphere, at a heating rate of 2—10 Kndinn
the temperature range 293-600 K, with derrivatograph

Table 1
Characteristic parameters of particular dehydration steps of hy-
drated sulphates at heating rate 10 Kin

seems that the correlation between the enthalpy and3CdSQ-8H,0

entropy of activated complexes will be similar to the
correlation between parametdisand InA.

Stage  Trange (K) Tm (K) Mass loss (%)
Found Theoretical
MnSQOy-5H,0
1 336-370 362.7 12.47 13.07
2 370-399 385.4 26.75 28.01
3 487-530 516.9 35.16 35.48
4 530-556 549.4 37.50 37.34
CuSQ;-5H,0
1 327-380 368.1 14.15 14.42
380-421 407.0 28.49 28.84
505-553 541.2 35.94 36.05
1 361-441 404.0 11.54 11.70
2 415-515 496.0 18.58 18.72
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Table 2

Kinetic, thermodynamic and statistic parameters of MpS8,0 thermal dehydration

Model E (kJmol 1) A (min—1) r2 F AS* (Jmor1K-1) AH* (kJmol 1) AG* (kJmol 1)

Stage 1
D1 162.6 3.16x 106 86.0 312 161.2 159.6 102.7
D2 186.1 6.82 x 10?8 89.2 421 225.0 183.1 103.7
D3 217.8 1.75 x 1031 92.8 655 309.4 214.9 105.7
D4 196.4 8.98 x 1077 90.5 488 246.5 1935 106.5
F1 1235 1.46 x 10'8 95.2 1006 59.1 120.6 99.8
A2 58.8 2.49 x 10° 94.7 909 —127.9 55.9 101.0
A3 37.2 1.17 x 10° 94.1 817 —191.6 34.3 101.9
R1 78.3 1.32 x 1011 85.0 290 —-75.8 75.4 102.1
R2 98.2 1.68 x 10 90.7 499 -16.4 95.2 101.0
R3 106.0 2.75 x 10'° 92.4 620 6.9 103.0 100.6

Stage 2
D1 93.6 2.02 x 1012 84.1 175 —53.7 90.5 110.9
D2 130.6 2.11 x 10Y7 89.8 289 42.4 127.5 111.4
D3 207.0 4.06 x 10?7 97.1 1112 239.3 203.8 112.9
D4 153.5 1.21 x 102 92.8 427 95.2 150.3 114.1
F1 153.5 1.23 x 104 99.8 18238 114.5 150.3 106.8
A2 73.5 7.33 x 10° 99.8 16551 —100.4 70.4 108.5
A3 46.9 1.13 x 108 99.8 14962 —173.4 43.7 109.6
R1 43.6 2.38 x 10° 82.1 151 —186.4 40.4 111.2
R2 81.0 6.68 x 1010 94.1 525 -82.1 77.8 109.0
R3 100.3 3.76 x 1013 96.9 1041 —29.4 97.1 108.3

Stage 3
D1 277.5 1.13 x 10?8 94.9 723 245.4 273.3 148.7
D2 314.5 5.14 x 10 96.2 988 315.4 310.3 150.1
D3 360.2 1.25 x 1036 97.5 1510 399.4 355.9 153.1
D4 329.6 6.94 x 1032 96.7 1138 337.0 325.4 154.2
F1 200.1 2.69 x 1070 98.3 2281 99.4 195.9 145.4
A2 95.8 3.00 x 10° 98.2 2086 -110.3 91.6 147.6
A3 61.1 5.68 x 10° 98.0 1900 —1815 56.9 149.1
R1 134.5 2.27 x 1013 94.6 679 —36.0 130.3 148.6
R2 164.6 4.09 x 106 96.8 1169 26.3 160.4 147.0
R3 175.9 6.62 x 10V 97.4 1437 49.5 171.6 146.5

Stage 4
D1 304.7 7.75 x 1078 93.2 480 260.8 300.2 158.6
D2 385.0 3.38 x 10%® 96.2 883 407.1 380.5 159.5
D3 517.6 1.16 x 10%° 99.2 4095 647.1 513.1 161.7
D4 426.9 1.48 x 10%0 97.5 1356 476.8 422.4 163.5
F1 334.8 1.92 x 1032 99.9 128600 325.8 330.3 153.4
A2 162.9 3.01 x 10'® 99.9 121502 4.1 158.3 156.1
A3 105.5 6.34 x 10° 99.9 114606  —104.6 101.0 157.8
R1 147.8 5.78 x 1013 92.8 451 —28.8 143.3 158.9
R2 221.5 1.28 x 104 98.1 1761 111.8 217.0 156.3
R3 254.3 2.24 x 1074 99.1 3946 173.9 249.8 155.3

MOM-PC (Hungary). All hydrates used in the present 3. Results and discussion

study after recrystallization from water were an an-

alytical grade materials and were supplied by PPH  The thermal decomposition of particular anal-
Polskie Odczynniki Chemiczne, Gliwice, Poland. The ysed hydrates is characterised by several stages. The
sample mass was 20 mg. changes in the TG run at 10 Kmih are shown in
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Table 3

Kinetic, thermodynamic and statistic parameters of CySB,0 thermal dehydration

Model E (kJmol 1) A (min—1) r2 F AS* (Jmor1K-1) AH* (kJmol 1) AG* (kJmol 1)

Stage 1
D1 120.4 9.89x 1016 92.7 291 36.5 117.4 104.3
D2 144.5 2.47 x 1070 95.5 484 101.6 141.5 105.0
D3 179.9 1.96 x 102 98.2 1272 195.4 176.9 106.7
D4 155.9 4.49 x 10?1 96.6 652 125.7 152.9 107.8
F1 107.2 3.38 x 10'° 99.5 4533 8.5 104.2 101.2
A2 50.6 1.10 x 107 99.4 3990 —154.0 47.6 102.9
A3 31.7 1.40 x 10* 99.3 3488 —209.4 28.7 103.9
R1 57.2 6.30 x 107 91.9 262 —1395 54.2 104.3
R2 78.2 1.19 x 104 96.9 728 —-76.8 75.2 102.8
R3 86.9 2.62 x 102 98.1 1183 —51.1 83.9 102.3

Stage 2
D1 105.4 1.77 x 1043 79.8 111 -359 102.2 116.2
D2 131.5 3.98 x 106 85.3 162 28.3 128.3 117.3
D3 175.9 1.74 x 1072 92.4 339 136.3 172.7 119.5
D4 145.4 1.11 x 10'8 88.0 205 56.0 142.2 120.4
F1 112.1 4.62 x 104 96.6 788 8.8 108.9 112.3
A2 52.7 3.76 x 10° 96.1 693 —163.6 495 113.3
A3 32.9 7.02 x 10° 95.6 604 —216.6 29.7 114.1
R1 49.4 7.15 x 10° 77.6 97 —177.4 46.1 115.3
R2 73.6 1.99 x 10° 88.6 218 —1115 70.4 113.8
R3 84.6 6.94 x 100 91.8 313 -82.0 81.4 113.3

Stage 3
D1 182.3 1.98 x 107 84.6 176 39.2 178.0 157.5
D2 227.9 4.97 x 10?1 89.6 275 1235 223.5 159.2
D3 307.7 2.29 x 107° 95.9 748 270.2 303.4 162.6
D4 252.6 5.58 x 1073 92.1 371 162.7 248.3 163.5
F1 200.6 4.40 x 109 98.9 2964 84.1 196.3 152.5
A2 95.9 1.15 x 10° 98.8 2691 —1185 91.5 153.3
A3 60.9 2.89 x 10° 98.7 2433 —187.4 56.6 154.2
R1 86.7 7.38 x 107 83.3 159 —141.3 82.4 156.0
R2 129.5 2.18 x 1012 93.0 425 —55.7 125.2 154.2
R3 149.4 2.48 x 1014 95.7 704 -16.3 145.1 153.6

Fig. 1. The values of characteristic parameters of
dehydration processes are presentetable 1.

Analysis of the weight losses changes suggests the
following scheme for the dehydration processes of
analysed compounds:

For MnSQ;-5H,0:

1. MnSQ;-5H0 — MnSQy-3.25H,0+1.75H:0;
2. MnSQ;-3.25H0 — MnSQOy-1.25H,0+2H,0;
3. MnSG;-1.25H0 — MnSOy - 0.25H,0 4 H20;
4. MnSQ,; - 0.25H,0 — MnSOy + 0.25H,0.

For CuSQ-5H,0:

1. CuSQ - 5H,0 — CuSQ, - 3H,0 + 2H,0;
2. CuSQ - 3H20 — CuSQ - H20 + 2H,0;

3. CuSQ - H,O — CuSQG + H20.
For 3CdSQ-8H,0:

1. 3CdsSQ - 8H,0 — 3CdSQ - H20 + 5H,0;
2. CdsSQ - HO — CdSQ + H»0.

The dehydration steps of 3Cd$®H,0 under ex-
perimental conditions are not at all connected with this
different bonding of the water molecules; there is no
step of loss for the two weakly bonded uncoordinated
water molecules. This hydrate decomposes with the
formation of only one stable phase—monohydrate.

Decompositions of the all examined hydrates were
endothermic processes. The variableas calculated
from the fractional mass loss (TG).



176 M. Olszak-Humienik, J. Mozejko/ Thermochimica Acta 405 (2003) 171-181

Table 4

Kinetic, thermodynamic and statistic parameters of 3C(8@,0 thermal dehydration

Model E (kJmol 1) A (min—1) r2 F AS* (Jmor1K-1) AH* (kJmol 1) AG* (kJmol 1)

Stage 1
D1 217.3 1.54x 1078 91.3 87 249.9 214.0 114.2
D2 240.1 1.19 x 103! 93.9 570 305.2 236.8 115.1
D3 273.2 1.51 x 10% 96.9 1169 383.8 269.8 116.7
D4 250.7 1.17 x 1032 95.0 709 324.2 247.4 118.1
F1 152.5 1.26 x 1020 98.7 2886 95.1 149.2 111.3
A2 73.0 2.31x 10° 98.6 2622 -110.4 69.7 113.7
A3 46.5 5.18 x 10° 98.5 32373 —180.3 43.2 115.1
R1 105.4 3.03 x 103 90.8 364 -31.6 102.1 114.7
R2 125.1 1.85 x 1016 95.4 771 21.7 121.8 113.2
R3 133.3 2.59 x 10Y7 96.8 1110 43.7 130.0 112.6

Stage 2
D1 267.7 1.41 x 10?8 85.2 386 247.7 263.8 146.1
D2 288.1 1.66 x 10%0 87.6 473 287.4 284.2 147.7
D3 317.6 1.40 x 1033 90.9 672 343.4 313.6 150.5
D4 297.6 6.82 x 10%° 88.7 528 299.1 293.6 151.5
F1 172.0 2.22 x 10'8 93.6 981 60.1 168.1 139.5
A2 82.0 2.69 x 10° 93.0 888 —129.8 78.1 139.7
A3 52.0 1.13 x 10° 92.3 800 —194.4 48.1 140.4
R1 129.9 2.63 x 103 84.4 363 —34.2 125.9 142.2
R2 147.5 3.10 x 10 88.9 535 5.4 143.6 141.0
R3 154.8 2.21 x 106 90.5 637 21.8 150.9 140.5

Thea—temperature curves from non-isothermal TG~ The dependencies of the enthalpy of activation on
experiments were used to determine the mechanism ofthe entropy of transient state for different kinetic mod-
the individual stages and were fitted by well-known ki- els are shown irFigs. 2—4and can be described as
netic modelg16]. The values of kinetic and thermody-  follows:
namic parameters obtained at heating rate 10 K+hin
from differentg(«) functions for particular stages of  Stage AH* r2
analysed hydrates are shownTiables 2—4.

The best model was chosen at heating rate MnSQOs-5H,0

10Kmin~! on the basis of statistic parameters 1 362.4AS" +101.9 0.9994
values—F andF. FromTables 2—4, itcan be seenthat 2 385.4AS" +110.3 0.9984
the most suitable expressions for the all dehydration 3 516.9AS" + 148.0 0.9996
stages are those of the random nucleation model F1 4 549.4AS" + 156.7 0.9996

over the widestr range and an activation energies for c
. . i uSQ-5H,0
this model were in the range from 107 (the first stage Q-SH

368.1ASF + 104.3 0.9989

for CuSQ-5H,0) to 335 kJ mot! (the last stage for 407.0AS i 116.5 0.9982
MnSQy-5H,0). The highest values d& for the last ’ ’ '

. i 541.0AS" + 156.3 0.9989
dehydration stages reflect the fact that the final wa-
ter molecule is most strongly bound. The hydrates: 3CdSQ-8H,0
MnSQOy-5H,O and CuSQ@5H,0 decompose at ap- 1 404.0AS" + 113.9 0.9995
proximately equal temperatures, have approximately 2 496.5AS" + 142.0 0.9995

equal values of Gibbs energies of activated complexes
but the entropy term contribution is higher in the case  Table 5lists the kinetic and thermodynamic pa-
of MnSQy-5H,0. rameters for dehydration of all analysed salts at dif-
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Table 5
Characteristic parameters of dehydration at different heating rates (F1 model)

177

B (Kmin—1) E (kJmol?) InA (min~1) Tmax (K) AS* (ImortK—1) AH* (kJmol 1) AG* (kJmol 1)
MnSOy
Stage 1
25 186.2 65.5 334 256.3 183.5 97.9
5 166.5 57.8 342 192.0 163.7 98.0
7.5 144.7 49.8 346 125.4 141.8 98.5
10 1235 41.8 353 59.1 120.6 99.8
Stage 2
25 238.6 78.1 361 360.7 235.6 105.3
5 212.3 69.0 363 285.2 209.3 105.8
7.5 189.6 60.6 374 214.9 186.5 106.1
10 153.5 48.6 380 114.5 150.3 106.8
Stage 3
25 293.0 70.9 486 298.1 289.0 144.2
5 261.8 62.7 491 230.1 257.8 144.7
7.5 230.6 54.0 519 157.1 226.3 144.8
10 200.1 47.0 508 994 195.9 145.4
Stage 4
25 381.8 87.2 523 432.9 377.4 150.8
5 379.9 85.8 532 421.5 375.5 151.5
7.5 357.0 80.0 536 373.0 3525 152.5
10 334.8 74.3 543 325.8 330.3 153.4
CuSQy
Stage 1
25 162.6 55.9 347 176.3 159.7 98.6
5 150.3 51.2 351 136.8 147.4 99.4
7.5 128.0 42.8 359 66.8 1251 101.1
10 107.2 35.8 359 8.5 104.2 101.2
Stage 2
25 217.7 69.0 373 284.9 214.6 108.4
5 183.0 57.2 379 186.6 179.9 109.1
7.5 150.0 46.0 387 93.1 146.7 110.8
10 112.1 33.8 390 —8.8 108.9 112.3
Stage 3
25 248.5 58.2 498 192.3 244.4 148.6
5 234.3 54.4 506 160.4 230.0 148.8
7.5 213.6 49.1 515 116.4 209.3 149.4
10 200.6 452 521 84.1 196.3 152.5
CdsQ
Stage 1
25 166.7 53.2 354 153.7 163.8 109.3
5 162.8 51.0 362 1355 159.7 110.7
7.5 159.9 49.8 369 125.1 156.8 110.6
10 152.5 46.3 399 95.1 149.2 111.3
Stage 2
25 219.0 57.0 431 183.2 215.4 136.4
5 206.4 52.8 443 148.2 202.7 137.0
7.5 192.8 48.8 440 115.0 189.2 138.5
10 172.0 42.2 475 60.1 168.1 139.5
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Table 5 (Continued)

B (Kmin~1) E (kJmol 1) InA (min—1) Tmax (K) AS* (ImoltK-1) AH* (kJmol ) AG* (kJmol?)
CdsQg
Stage 1
25 166.7 53.2 354 153.7 163.8 109.3
5 162.8 51.0 362 1355 159.7 110.7
7.5 159.9 49.8 369 125.1 156.8 110.6
10 152.5 46.3 399 95.1 149.2 111.3
Stage 2
2.5 219.0 57.0 431 183.2 215.4 136.4
5 206.4 52.8 443 148.2 202.7 137.0
7.5 192.8 48.8 440 115.0 189.2 138.5
10 172.0 42.2 475 60.1 168.1 139.5
500 4
= 400 -
E
< 300 -
T
< 200 A o Stage 1
m Stage 2
A Stage 3
e Stage 4
-400 -200 0 200 400 600 800
SH(J(molK))

Fig. 2. Dependence between the enthalpy and entropy of activated complexes created in thermal dehydrationy GHY®SO
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: 150
<
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Fig. 3. Dependence between the enthalpy and entropy of activated complexes created in thermal dehydration-5HEDSO
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SH(I{molK))

Fig. 4. Dependence between the enthalpy and entropy of activated complexes created in thermal dehydration 8£2SO

ferent heating rates (F1 model). From these data it Table 6lists the characteristic parameters values of
seems that the apparent kinetic energies, the logarithmdehydration which were calculated by an extrapolation
of pre-exponential factor, the enthalpy and the en- of functions andTyay, respectively, at zero heating
tropy for the particular steps of dehydration decrease rate (under isothermal conditions).
with a rise in heating rate. The maximum dehydra- The dependence of Gibbs free energy of activated
tion rate temperature and the Gibbs free energy of complexes calculated for F1 model on the maximum
activated complexes increase with a rise in heating dehydration rate temperature can be described by
rate. equation

Figs. 5 and 6show the example dependencies of « 2
AS* andAH* on heating rates for dehydration of man- AGT =0.29Tn — 04697 r*=0.963
ganese sulphate. and is shown irFig. 7.

500

450 r
400 r
350
300 r
250 r
200 -

150
100 + m Stage 2

ASH(JI(molK))

& Stage 1

A Stage 3
50 r X Stage 4
0 ] ) ) ] ) ] ]
2 3 4 5 6 7 8 9 10 "

B/(K/min)

Fig. 5. Correlation between the entropy of activated complexes and the heating rate foyMnSO
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Fig. 6. Correlation between the enthalpy of activated complexes and the heating rate foy.MnSO

Table 6
Extrapolated values of characteristic parameters of dehydration
Stage Eo (kJmolY) InAg (min—1) Tomax (K) ASy (Imol1K-1 AH} (kImol?) AG} (kImof?)
MnSOy
1 207.7 735 328.5 322.7 205.0 99.0
2 268.0 88.4 352.8 446.0 265.1 107.7
3 323.9 78.7 477.4 363.5 319.9 146.4
4 404.3 92.9 517.7 480.8 400.0 151.1
CusQ
1 184.2 63.6 342.4 240.5 181.3 99.0
2 253.2 80.8 367.4 382.5 250.1 109.6
3 265.3 62.8 490.7 230.4 261.3 148.2
CdsQ
1 171.8 55.6 335.7 174.0 169.0 110.7
2 236.2 62.2 415.3 227.2 232.7 138.4
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Fig. 7. Correlation between the Gibbs free energy of activated complexes and the maximum dehydration rate temperature.
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