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Abstract

The third-law method was applied to systematic investigation of free-surface decomposition kinetics of Group IIA and IIB hydroxides.
The E parameters of the Arrhenius equation (in kJmphare as follows: 124.8 (Be), 166.4 (Mg), 172.9 (Ca), 181.7 (Sr), 173.4 (Ba), 122.0
(Zn) and 124.7 (Cd). In accord with the physical approach, the obtained valuestoptitameter are interpreted as the specific enthalpies of
primary gasification reaction with consideration for the partial transfer of condensation energy of low-volatility oxide to the reactant. The
parameters responsible for consumption of condensation energy by the reactants for all hydroxides except o&Bd(©d{iDH) are higher
than 0.50. The maximum value (0.74) was found for Be(DHdgether with the available values oparameter for eight other reactants,
they are in good correlation with the supersaturating degrees and/or condensation energies of the low-volatile products at the decomposition
temperatures. This makes it possible a priori evaluation of fegameter on the basis of the thermodynamic characteristics of the low-volatile
product.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction and the same work, these values may differ by a factor of
1.5-2 for different samples and different calculation models
The dehydration of hydroxides is attractive potential re- [3,5,9,10].
actant system for fundamental mechanistic studies and one The primary purpose of this work was to measure ther-
of the industrial processes for production of metal oxides. mogravimetrically the decomposition kinetics of Group 1A
The kinetics and the mechanism of thermal decomposition (Be, Mg, Ca, Sr and Ba) and 1IB (Zn and Cd) hydroxides
of hydroxides (mainly, Mg(OH)) have been a subject of a and determine th& parameters using the most reliable (as
large number of studies, covered partiallfir2]. In spite of discussed below) third-law method. Then, these values were
the simplicity of this reaction, there is no general agreement supposed to compare with the enthalpies of corresponding
on the mechanism of decomposition and the appropriate ki- reactions. In accord with the physical approach to the in-
netic model. The kinetic parameters, particularly the values terpretation of decomposition procgd$], these reactions
of the E parameter of the Arrhenius equation measured by reduce to dissociative evaporation of reactant, followed by
different workers are substantially different. As illustration, condensation of the low-volatile product (metal oxide). As
the literature data on decomposition kinetics of Mg(@H) a final result of this comparison, the values of thea-
over last 50 yearf3—14] are presented ifiable 1. A list of rameter that define the consumption of condensation energy
earlier publications (from 1882 to 1947) has been reported by the reactant will be evaluated. As was revealed recently
in [3]. As can be seen, the values of tBeparameter vary  [16], these values vary for different reactants and are in
in the range from 53 to 372kJmdl. Even in the one  correlation with the supersaturating degree of low-volatile
product at decomposition temperature. Based on our pre-
mspondmg author. Tels 7-812-552-7741: vious study of Mg(OH) decomposition[13], .it might be
fax: +7-812-247-4384. assumed that for some of Group Il hydroxides the values
E-mail address: borislvov@rambler.ru (B.V. L'vov). of T parameter should be higher than 0.50 (this value was
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Table 1

Decomposition kinetics for Mg(OH)(the literature data)

Author Year Medium T (K) Point number  E (kJ mot1) Measurement technique Calculation method
Gregg and Razoul3] 1949 Vacuum 578-638 3-5 53-F15 Isothermal Arrhenius plots
Zhabrova and Gordee\d] 1960 Vacuum 543-643 6 121 Isothermal Arrhenius plots
Anderson and Horlock5] 1962 Vacuum 520-575 6 79-116 Isothermal Arrhenius plots
Turner et al.[6] 1963 Air 653-745 6 215-238 Non-isothermal Arrhenius plots
Turner et al.[6] 1963 Air 653-745 6 210 Isothermal Arrhenius plots
Weber and Roy[7] 1965 1bar HO 630-730 190 Non-isothermal Arrhenius plots
Sharp and Brindley8] 1966 Vacuum 84-9¢ Isothermal Arrhenius plots
Gordon and Kingeny9] 1967 Vacuum 573-647 7 121-1806 Isothermal Arrhenius plots
Girgis [10] 1972 Air 650-675 3 192-26% Non-isothermal Arrhenius plots
Girgis [10] 1972 Air 626-651 4 171-298 Isothermal Arrhenius plots
Criado and Morale$11] 1976 Vacuum 600-680 9 88 Non-isothermal Arrhenius plots
Mu and Perlmuttef12] 1981 N flow 558-653 372 Non-isothermal Arrhenius plots
L'vov et al. [13] 1998 Vacuum 600 2 179 Isothermal Third-law

a For different samples.

b For different calculation models.

¢ For different samples and different calculation models.

d Absolute rates for decomposition of single crystals were taken {&#j.

accepted earlief15] as the most probable value for all the flux of each product), which ultimately determines
reactants). the rate of decomposition, can be expressed through the
so-called equivalent partial pressig, (in bar) of this prod-
uct corresponding to the hypothetical equilibrium of reac-

2. Theoretical tion (2) in the form
. . : . ¥MPeq
The main concept in the physical appro#th] applied in J = W 3)

this work to the interpretation of kinetics consists of the be-

lief that the decomposition of reactants into primary gaseous e 1 i
species proceeds in agreement with equilibrium laws but the 10” Pabar ~is the conversion factor from bars (used to cal-

origin and composition of these primary products might dif- culate partial pressures in chemical thermodynamics) pas-
fer from those at equilibrium. In the case of hydroxides, this C&!S- This relationship is usually called the Hertz—Langmuir

difference consists in the decomposition of M(QHito equation.

H>O and low-volatility gaseous molecules of MO, which
subsequently condense with the formation of solid oxide:

M(OH)2 (s) -~ MO (g) | +H20(9) 1)

whereM is the molar mass of gaseous product. Here

2.2. Equilibrium pressure of product for dissociative
evaporation

In the absence of reaction products in the reactor atmo-

The equilibrium character of decomposition reactions has sphere, the partial pressuPa can be expressdds] as

received recently17] a strong confirmation. The mean ra-
tio of the initial temperature of decompositioRy, to the E Kp\ " [ Ma /%
parameter for 100 different substances (8.6.4 kJ mof1) Pp =a (7) <M_B>

taken from the literature practically coincides with the value b/2v . .

(3.6 0.2kJmol 1) predicted from equilibrium thermody- -4 (%) expﬂ ex <_ ArHr ) 4)
namics. The great advantage of the physical approach rela- FY/v \ Mg VR vRT

tive to the standard (chemical one) consists of the possibility where

for the quantitative description of the decomposition process a. b

using the laws of chemical thermodynamics. This possibil- F=d xb ()
ity will be used in this work for the theoretical calculation =4+ 5 (6)
and experimental determination of tReparameter.

and
2.1. Decomposition rate Kp= P4 x P} (7)

where AHt° and A, St° are, respectively, the changes of
the enthalpy and entropy in reaction (2).

In order to take into account the partial transfer of the
energy released in the condensation of low-volatility prod-
S(s)—aA (@) | +bB(9) (2) uct A to the reactant, we introduce into calculations of the

In the case of a compound S decomposed in vacuum into
gaseous products A and B with simultaneous condensation
of low-volatility species A, that is
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enthalpy of decomposition reaction (2) an additional term Table 2
ta AcHT° (A), where the coefficient corresponds to the Thermodynamic functionf20] for Group IIA species and +O

fraction of the condensation energy consumed by the reac-Functior? State of T (K)
tant. Thus, we can write aggregation ~ 500 600 700
ArHt® = a AtHt® (A) + b At Ht® (B) — At HT® (S) ArHr (Be(OHY) ~898.2 —889.3
. St° (Be(OHY) 67.0 867
+1a AcHT® (A) ®) ArHr® (BeO) —606.4 —602.7
. . _ _ St° (BeO) 225 306
As one of the basic assumptions underlying the physical A;Hr° (BeO) 137.0 140.1
approach, it was suppos¢ts] that the energy evolved in  St° (BeO) 206.3  213.2
the process of condensation is equally divided between the2f7° (Mg(OH)) —906.1 —895.9
St° (Mg(OH)y) 109.5 128.0
reactant and product phases, e= 0.50. For some of the A Hr® (MgO) 5930 5883
substances investigated up to now (e.g. CaC1B]), the Sr° (MgO) 186 571
conditiont = 0.50 is found to be valid. However, as became A; gt (MgO) 392 431
evident later, for LiSO4-H20 [19] and Mg(OH} [13] 7 is St (MgO) 2309 2380
higher than 0.50, and for MgGQSrCQ and BaCQ [18] A Hr® (Ca(OHY) —966.6 —956.2
; . sT (Ca(OHY) 1325 1514
T is smaller than 0.50. As was revealed recefil§], this At Hr® (CaO) 6257 —620.7
parameter varies for different reactants and is in correlation g (ca0) 620 711
with the supersaturating degree of low-volatile product at a;Hr° (Ca0) 499 534
decomposition temperature. St° (Ca0) 237.1 2436

—945.1 —934.2 -922.7
1448 1646 1823
—580.8 —575.6 —570.4
80.2 89.6 97.7

Under high vacuum conditions (the equimolar mode of AffT° (SH(OHR)

vaporization), the value of thie parameter of the Arrhenius in;(TSOr((g:-gz))

equation is related with the enthalpy of reaction (2) by the .- (50

Qo O PaoaaoununPogann?®PQaQnmn®vaoaann®o

obvious relationshipl5] A¢Hr° (SrO) 7.2 3.7 0.0
5 St° (SrO) 2477 2543 259.9
ArHT® =VvE ) At Hr® (Ba(OH)) ~904.6 —894.9
St° (Ba(OHy) 192.0 207.b

Taking into accounkgs. (6), (8) and (9), we obtain for  a;Hr° (BaO) _532.7 —527.3
hydroxides under investigation & b = 1): St (BaO) 1072 1155
AfHr° (BaO) -117.2 —113.6

_ 2E— AtHt° (A) — AtHT° (B) + At H1° (S) (10) st° (BaO) 259.6  265.1
t= AcHT® (A) AfHr° (H20) —238.3 —234.9 —231.3 —227.6
St° (H20) 198.7 2064 2129 2186

The magnitudes of thermodynamic functions (the entropy

. 2 All AtHr° values are in kJmolt and all St° values are in
and enthalpy) for the components of decomposition reac- o T

JmoltK—1.
tions at different temperatures are listedTables 2 and 3 nloAt 681.5K (the melting point).
[20,21]. A possible error (S.D.) in calculations of, Ht°
and A, St° values is within 6 kJmol* and 2JImott K1, by the Hertz—LangmuiEq. (3) rewritten as
respectively.
P y b _ (2TMRDY2) 13)
eq= — =,
2.3. The third-law method for the experimental yM
determination of the E parameter As can be seen from the analysis of results reported in

_ _ _ ~ [20] for several tens of substances, the data calculated by the
The third-law method is based on the direct application third-law method are in general the order of magnitude more
of the basic equation of chemical thermodynamics precise than those calculated by the second-law method. This
ArHT® = T(ArST° — RIn Kp) (11) is connected with the systematic errors in the determination

Table 3

where as beforeA,St° is the entropy change anp is
o1 Py 9 P Thermodynamic functionf21] for Zn and Cd species and,B®

the equilibrium constant for the reaction (2). Taking into

accountEgs. (4), (6), (7) and (9)Eq. (11)in the case of  Species State of A Hzgs"1 Sa08° .
decomposition of hydroxides in vacuum can be reduced to aggregation (kJmot™) (Jmol”K™7)
Zno s ~350.6 436
ArST° Zno g 104.8 224.7
E=T ( >~ —RIn Peq> (12)  cd©Hy s —561.5 93.0
cdo s ~250.0 54.8
The equivalent pressure of the gaseous product (B) is relateoCdo 9 8Ll 2330
H20 g —241.8 188.7

to the total absolute rate of decompositidin kg m=2s-1),
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of the true temperature of reactant (mainly, because of theprevious work[22]. It consists in the evaluation of the ab-
self-cooling effect). Instead of a proportional dependence of solute decomposition rate of a powder sample (reduced to

the error inA;Ht° determination on the error of in the
case of the third-law method, the error A}y H1° determi-
nation is proportional to the error in the slope of the plot is

the unit of the outer surface area of a pellet formed by the
powder sample in a cylindrical crucible). The value received

lowered by the correction (empirical) factor and then

in the case of the second-law and Arrhenius plots methodsused for the calculation of the parameter by the third-law

[17]. For illustration, atTiyin = 900 K andTmax = 1000 K,
the error in 10K (Hax = 990K) results in the error in

method. The value of this factor.@+ 0.4), as was shown
in [16,18,22], does not depend on the temperature, residual

Ay H7° calculation about 9% instead of only 1% in case of pressure of gas in the reactor, grain size and mass of a powder

the third-law method applied &nax.

3. Experimental 4.

sample.

Results and discussion

The experiments were carried out with a Netzsch STA429 41 Kinetics and mechanism of dehydration

instrument on the TG and DSC measuring head. The actual

measured quantities were the mass change of the sample per The experimental conditions and results of determination
open alumina crucible 5.7 mm inn_er diameter and 4.0mm jn Table 4. The final (averaged) values of tBeparame-
high was used as a sample container. The reacting materiter and the calculated values of specific enthalpies for the
als were high purity powders obtained by precipitation from fyjy equilibrium reactions (corresponding to the formation
aqueous solutions in this laboratory and some commercial of equilibrium primary products) are collected Table 5.

reagents (Ca and Mg hydroxides). Composition of all mate- Thjs table contains also the valuesTE ratio andr param-
rials was checked beforehand by the dynamic TG and DSCegter calculated bigg. (10).

with a STA 449 instrument. The powder sample (20-40 mg)

The following conclusions can be deduced from the anal-

introduced into a crucible was leveled and pressed manu-ysis of these data.

ally (about 1 kgmm?) into a flat pellet. The total (outer)
surface area of pellet was calculated taking into account the1.
crucible diameter and the width of pellet (estimated from the
sample mass and the apparent density of powder measured
separately).

In experiments on determination of tleparameter, the
sample chamber was evacuated to a residual pressure about
n x 10-8 bar with the use of rotation and oil-diffusion pumps.

All measurements have been conducted at continuous pump-2.
ing under isothermal conditions. The heating rate of the sam-
ple from the room temperature to intermediate one (20K
lower than the desired temperature) was 3-5 Kthiand

from intermediate to the desired temperature was 1 Kthin 3.
At the beginning of each measuring cycle, the system was
heated at the temperature chosen, usually during 10 min, to
reach a constant rate of the decomposition. The changes of
the mass and surface area of powders during this period were
taken into account. A decrease of the surface area, as was
checked experimentalf22], was proportional tg1 — «)%/3
whereq is the decomposition degree. This dependence can4.
be interpreted as a combined result of the reduction of num-
ber and size of particles in the process of decomposition.
Temperature was measured with Pt—-Pt10%Rh thermocou-
ple placed with its junction immediately below the crucible.
Temperature variations in the process of mass-change mea-
surements (usually, during 30 min) did not exced? K. A 5.
single measurement of the decomposition rate took entirely
about 2-3 h.

The absolute value of the decomposition rate for powder
samples was estimated using the method proposed in our

For the first time, the kinetic decomposition parameters
are obtained for hydroxides of all Group IIA and IIB
metals by the use of the most reliable third-law method.
The standard deviation for repetitive measurements in
all cases is equal or below 2kJmél This magnitude
includes a small systematic increase of Ehealues with
temperature due to the self-cooling effect.

The average magnitude BE ratio (3.3+01 K mol kJ-1)

is in agreement with the theoretically predicted value for
Peq = 2 x 10~8bar[17]. This is an additional proof of
validity of the data received.

The values of thé&e parameter for all hydroxides are
30-150 kJ mot! higher than the enthalpies of fully equi-
librium reactions (corresponding to the formation of equi-
librium primary products). In accord with this general
difference, the dehydration of Cd(Of} actually the en-
dothermic process instead of exothermic one as it should
be for the equilibrium reaction.

In the framework of the physical approach, the obtained
values of theE parameter are interpreted as the specific
enthalpies of primary gasification reaction with consid-
eration for the partial transfer of condensation energy of
low-volatility oxide to the reactant. The valueswofactor
indicated inTable 5correspond to the condition (9).
Thet parameters for all hydroxides (except of Ba(@QH)
and Cd(OH}) are higher than 0.50. The maximum value
(r = 0.74) was found for Be(OH) The peculiarities of
variation ofr parameter for different hydroxides will be
discussed irSection 4.3.
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Table 4
Experimental conditions and results of calculation of Ehearameter for hydroxide dehydration by the third-law method
Hydraté  Vacuum T (K) my S am® S AMVAt  Jeor® Peq (bar) ArSTo® E (kJmol1)
(atm) (mg)  (mn?) (mm?)  (pgs™)  (kgm2s™) (mol*K™1)
Be(OHp 6 x 108 4065 20 81.5 0.245 67.6 0.770 4.6710% 436x 108 3377 125.9
Be(OHR 5x 108 397.0 20 81.5 0.186 71.1 0.535 2.69106 285x 108 338.1 124.5
Be(OHp 5x 108 3960 20 81.5 0.204 70.0 0.538 2.%4510% 291x 10% 3382 124.1
Mg(OH), 8 x 108 5104 40 77.9 0.026 76.6 0.104 482107 579x 10° 3274 164.0
Mg(OH), 9 x 108 5352 40 77.9 0.033 76.2 0.260 1.2210% 150x 108 326.0 167.4
Mg(OH), 9 x 108 536.7 40 77.9 0.059 74.8 0.260 1.2410% 1.53x 108 326.0 167.8
Ca(OH» 5x 108 6023 30 69.8 0.083 65.9 0.815 442108 576x 108 305.1 175.4
Ca(OHy 6x 10® 5720 30 70.7 0.0036  70.6 0.315 1.5910% 2.02x 10® 306.9 172.0
Ca(OH) 4 x 108 5728 30 70.7 0.022 69.7 0.377 1.9310% 245x 108 306.9 171.4
Sr(OHy 6 x 10® 5923 30 65.4 0.100 60.9 0.101 593107 7.67x 10° 303.3 181.8
Sr(OHy 6 x 108 5923 30 65.4 0.011 64.9 0.113 6.19107 8.01x 10° 303.3 181.6
Ba(OHR 5x 108 6179 30 63.6 0.395 455 0.362 2.8410% 375x 108 279.4 174.2
Ba(OHp 5x 108 6075 30 63.6 0.324 49.0 0.315 2.3010% 3.01x 10% 280.0 172.5
Zn(OH), 5x 108 3981 30 68.1 0.344 51.4 0.648 451108 4.78x 108 336.4 122.8
Zn(OHy, 5x 108 3884 30 68.1 0.223 57.5 0.453 2.8110°% 294x 10% 3364 121.3
Cd(OH, 6x 108 3820 30 64.5 0.053 62.2 0.070 462107 4.18x 10° 3287 124.1
Cd(OH, 6x 10® 3889 30 64.5 0.056 62.1 0.098 561107 588x 10° 3287 125.2

a The apparent density of pellets was equal to 461 kdon Be(OH), 1045 kg n? for Mg(OH)2, 1120kgn? for Ca(OH), 1470kg i for Sr(OH),
1680kg nt for Ba(OH), 1238kgn? for Zn(OH), and 1567 kg i for Cd(OH).

b The decomposition degree by the time of measurement.

¢ The surface area by the time of measurement calculated by the eqSatienSo(1 — am)?/2.

4 Joor = (Am/A1)/(2.85m).

€ Interpolated for temperatures used taking into account the values lisfeabla 2. No interpolation was used for Zn(QHind Cd(OHj).

4.2. Comparison of our results with the literature data A small discrepancy (about 4%) between the value of the
E parameter for Mg(OH)found in this work (166 kJ moit)

With the exception of Mg(OH), there are only a few pub-  and that one (173 kJmot) reported in[13] is due to the
lications on investigation of decomposition kinetics of other difference in temperatures used for determination of the ab-
hydroxides. InTable 6, we compare our results with avail- solute rates of decomposition (535 and 600 K, respectively).
able data from the literature. In case of Mg(QH)e used  As expected fronkq. (12), the self-cooling effect, in contrast
for comparison the results obtained by Gordon and Kingery to the Arrhenius plots method, should slightly increase the
[9], which, in our opinion, are the most reliable. As can be E values. At higher rates of decomposition, the self-cooling
seen from the analysis of these data, in all cases the literatureand resulted overestimation of tEevalue is higher.
data are smaller than our results. The difference is maxi-
mum for Sr(OH) and Ba(OH) (55 and 110 kJ mol') when 4.3. Dependence of T parameter on thermodynamic
the non-isothermal technique was used. For the isothermalcharacteristics of low-volatile product
methods, the difference is in the range of 10-30 kJthol
We attribute this systematic underestimation offgaram- Recent analysis of variation efparameters for eight dif-
eters to the self-cooling effect, which is extremely important ferent reactants (all for alkaline earth metals) made it pos-
as discussed iBection 2.3, for the Arrhenius plots method  sible to correlate these values with the supersaturating de-

[27]. gree of the low-volatile product (metal oxide) at the moment

Table 5

Enthalpies for hydroxide decomposition up to equilibrium products andcEthed r parameters

Hydroxide T2 (K) Equilibrium ArHT° Primary products E (kJmol ) T/IE T parameter
products (kdmol1) (physical approach) (KmolkJ1)

Be(OH) 395 BeO (sH+ H20 53.6+ 2 BeO (g) +H20 124.8+ 0.9 3.2 0.74

Mg(OH), 540 MgO (s)+ H20 774+ 1 MgO (g9)J +H20 166.4+ 2.1 3.2 0.64

Ca(OH) 570 CaO (sH H20 103.9+ 2 CaO (g)| +H20 1729+ 21 3.3 0.65

Sr(OH), 610 SrO (sH+ H20 127.0+ 2 Sro (g9)) +H20 181.7+ 0.1 3.4 0.59

Ba(OH) 600 BaO (sH+ H20 140.6+ 2 BaO (g) +H20 173.4+ 1.2 35 0.50

Zn(OH), 385 ZnO (s)+ H20 53.04+ 2 ZnO (g)! +H20 122.0+ 0.8 3.2 0.58

Cd(OH) 400 CdO (s)+ H20 —27.0+ 2 CdO (g)| +H20 124.7+ 0.6 3.2 0.45

@ Temperature that corresponds Bgq = 2 x 108 bar.
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Table 6

Comparison of the€e parameters measured in this work with the literature data

Hydroxide E (kJmol 1) Measurement conditioAs Reference
This work Literature data

Be(OH) 124.8+ 0.9 115 TG, iso, vacuo, powders [23]

Mg(OH), 166.4+ 2.1 126-134 TG, iso, vacuo, single crystals [9]

Ca(OH) 1729+ 2.1 145-174 TG, iso, vacuo, powders [24]

Sr(OH) 181.7+ 0.1 126 TG, non-iso, vacuo, powders [11]

Ba(OH) 1734+ 1.2 63 TG, non-iso, vacuo, powders [11]

Zn(OH), 122.0+ 0.8 95 TG, iso, vacuo, powders [25]

Cd(OH), 124.7+ 0.6 95-116 TG, iso, vacuo, powders [26]

2 |so: isothermal; non-iso: non-isothermal.

of decompositior[16]. This correlation was approximated the appropriate results for alkaline earth hydroxides only. In
(with the correlation coefficienf = 0.894) by the equation: this case, the approximate function

r = 0.138Inx + 0.03 (14)  ©=0.120Inx+0.187 (16)

differs from that inEqgs. (14) and (15), but the correlation
coefficient (7 = 0.997) is close to maximum. However, it is
conceivable that this excellent correlation is only coincident
(for carbonates, for example, the correlation is significantly
worse).

The other possible way for description of the correlation
between the parameter and thermodynamic characteristics
of the low-volatile product is presented Kig. 3. The ap-
proximation function takes the form:

where x=l0g(Peq/ Psa). Here Peq and Psyt are the equiv-
alent and saturation pressures of low-volatile product. The
values oft parameter varied from 0 for Bag@o 0.61 for
Mg(OH)s.

It is possible now to add to this list of reactants a number
of new data for six other hydroxide3gble 5) and also for
LioSOs-H20 [27] and BN[28]. The full list of reactants is
presented irTable 7. Ther parameter for Mg(OH) was
recalculated using the experimental results obtained in this
work. Fig. 1lillustrates graphically this cprrel_ation for_all 16 L — 0423 In(— AcHTO) _1.48 (17)
reactants. As can be seen, the approximation function

7=0.1341Inx + 0.07 (15) Instead of the supersaturating degree|og(Peq/ Psa, the
reduced value of condensation energy: H7°/RT, is used
has not been changed significantly in comparison with as a controlling parameter. The correlation coefficient in-
Eq. (14), though the range of supersaturating degeefer creased in this case from 0.882 up to 0.936.
all 16 reactants was more than doubled (81.3 against 37.5). The correlation revealed should be considered as an im-
This correlation can be improved if to limit the list of reac- portant step in the development of the physical approach as
tants by similar compounds. As illustratiofig. 2 presents  awhole. We remind that theparameter was introduced into

Table 7

Dependence of parameter on the condensation energy and supersaturating degree of the low-volatile product at decomposition temperature
Reactant Low-volatile product T (K)? In (—AcHT°/RT) Psat (bar) log (Rq/Psay T parameter Reference
BasSQ, BaO 1390 3.54 1.2x 10°8 0.2 0 [16]

BN B 1790 3.63 1.9 x 10°° 1.0 0 [28]
BaCQ; BaO 1080 3.81 53 x 10713 4.6 0.10 [18]
MgSQy MgO 1000 4.33 28 x 1072 15.2 0.42 [16]
Ba(OH) BaO 600 4.42 8.8 x 1072 15.4 0.50 This work
SrCQs Sro 910 4.72 6.8 x 1072 16.5 0.42 [18]
CaCQ CcaO 800 4.61 9.2 x 10736 27.0 0.50 [18]
Cd(OH) cdo 400 4.63 7.9 x 10736 27.4 0.45 This work
MgCa(CQ), MgO, CaO 790 4.63 2.6 x 10736 27.9 0.50 [22]
MgCOs MgO 675 4.72 3.9 x 10740 317 0.47 [18]
Sr(OH) Sro 610 473 4.2 x 1074 32.7 0.59 This work
Li»SOy-H,0 LSOy 320 4.84 9.4 x 10746 37.3 0.56 [27]
Mg(OH), MgO 540 4.95 2.4 x 107%2 43.9 0.64 This work
Zn(OH), Zno 385 4.94 4.7 x 10753 44.6 0.58 This work
Ca(OH) CaO 570 4.96 1.7 x 1078 45.1 0.65 This work
Be(OH) BeO 395 5.42 2.0 x 10789 81.3 0.74 This work

8 Temperature that corresponds Bgq = 2 x 108 bar.
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Fig. 1. Dependence of parameter on the supersaturating degree of low-volatile product at decomposition temperature (for all r@atianty,

theory of the physical approach as adjusting factor to corre- is not the case. Now, it has become possible to evaluate this
late the value ot parameter with the enthalpy of deduced parameter a priori on the basis of the saturation pressure,
reaction[19]. That was, on admission of the author himself, Psg, or condensation energycHt°, for the low-volatile

“the most weak point of the theory as a who[@9]. Later product at decomposition temperature dqgs. (15)—(17).
[15], it was assumed that in most cases “the condensationBut, some questions remain unanswered. The all-important
energy is approximately equally divided between the reac- problems consist in the physical interpretation of this cor-
tant and product phases”, so that thparameter should be  relation and the mechanism of energy consumption by the
equal to 0.50. However, as it became evident recently, this reactant.
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Fig. 2. Dependence af parameter on the supersaturating degree of metal oxide at decomposition temperature (for alkaline earth hydroxides;and BaSO
Table 7).
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Fig. 3. Dependence of parameter on the condensation energy of low-volatile product at decomposition temperature (for all reEadtéen(s).

5. Conclusions

The third-law method was applied to the systematic in-
vestigation of free-surface decomposition kinetics of Group
IIA and IIB hydroxides. The much lower dependence on the
self-cooling effect and the order of magnitude higher preci-
sion of this method compared to the Arrhenius plots method
permitted for the first time over the long story of these in-

[2] AK. Galwey, M.E. Brown, Thermal Decomposition of lonic Solids,
Elsevier, Amsterdam, 1999.

[3] S.J. Gregg, R.l. Razouk, Kinetics of thermal decomposition of
magnesium hydroxide, J. Chem. Soc. (London) (Suppl. 1) (1949)
S36-S44.

[4] G.M. Zhabrova, V.A. Gordeeva, Kinetic and sorption laws of the
topochemical processes of the decomposition of magnesium com-
pounds, in: Kinetika i Kataliz (Collection of Papers), Akad. Nauk
SSSR, Moscow, 1960, pp. 31-42 (in Russian).

vestigations to obtain reliable (precise and accurate) data on [5] P.J. Anderson, R.F. Horlock, Thermal decomposition of magnesium

the E parameters. For all hydroxides, these values are much

higher than the enthalpies of equilibrium reactions (corre-
sponding to the formation of equilibrium primary products).

In accord with the physical approach, the obtained values of
the E parameter are interpreted as the specific enthalpies of

primary gasification reaction with consideration for the par-
tial transfer of condensation energy of low-volatility oxide
to the reactant.

Thet parameters responsible for consumption of conden-

sation energy by the reactants for all hydroxides (except of

Ba(OH) and Cd(OHj}) are higher than 0.50. The maximum
value (r= 0.74) was found for Be(OH) Together with the
available values of parameter for eight other reactants, they
are in good correlation with some thermodynamic charac-
teristics of the low-volatile products. This makes it possible
a priori evaluation of the parameter. Further investigations
are necessary to find the physical interpretation for this cor-
relation.

References

[1] M.E. Brown, D. Dollimore, A.K. Galwey, Reactions in the Solid
State, Elsevier, Amsterdam, 1980.

hydroxide, Trans. Faraday Soc. 58 (1962) 1993-2004.

[6] R.C. Turner, I. Hoffman, D. Chen, Thermogravimetry of the dehy-
dration of Mg(OH}, Can. J. Chem. 41 (1963) 243-251.

[7] J.N. Weber, R. Roy, Complex stable metastable solid reactions
illustrated with the Mg(Ob, < MgO reaction, Am. J. Sci. 263
(1965) 668-677.

[8] J.H. Sharp, G.W. Brindley, Kinetic measurements of the dehydrox-
ilation of brucite in vacuo, Sci. Tech. Aerosp. Rept. 4 (1966)
706.

[9] R.S. Gordon, W.D. Kingery, Thermal decomposition of brucite: ki-
netics of decomposition in vacuum, J. Am. Ceram. Soc. 50 (1967)
8-14.

[10] B.S. Girgis, Activation energy evaluation of Mg(OHylehydration
from conventional and isothermal DTA traces, Trans. Br. Ceram.
Soc. 71 (1972) 177-185.

[11] J.M. Criado, J. Morales, On the thermal decomposition mechanism
for dehydroxilation of alkaline-earth hydroxides, J. Therm. Anal. 10
(1976) 103-110.

[12] J. Mu, D.D. Perlmutter, Thermal decomposition of carbonates, car-
boxylates, oxalates, acetates, formates, and hydroxides, Thermochim.
Acta 49 (1981) 207-218.

[13] B.V. L'vov, A.V. Novichikhin, A.O. Dyakov, Mechanism of thermal
decomposition of magnesium hydroxide, Thermochim. Acta 315
(1998) 135-143.

[14] J.H. Sharp, On the activation energy for the dehydroxilation of
magnesium hydroxide, Trans. Br. Ceram. Soc. 72 (1973) 21—
23.



B.V. L'vov, V.L. Ugolkov/ Thermochimica Acta 413 (2004) 7-15 15

[15] B.V. L'vov, The physical approach to the interpretation of the kinetics [23] J.B. Holt, Kinetics of the thermal decomposition of beryllium hy-
and mechanisms of thermal decomposition of solids: the state of the droxide, AEC Accession No. 35 506, Rept. No UCRL-7384, Chem.
art, Thermochim. Acta 373 (2001) 97-124. Abstr. 62 (1965) 8426h.

[16] B.V. L'vov, V.L. Ugolkov, Kinetics of free-surface decomposition of  [24] A.K. Galwey, G.M. Laverty, A kinetic and mechanistic study of the

magnesium and barium sulfates analyzed thermogravimetrically by dehydroxilation of calcium hydroxide, Thermochim. Acta 228 (1993)
the third-law method, Thermochim. Acta, 73237. 359-378.

[17] B.V. L'vov, The interrelation between the temperature of solid de-
compositions and the E parameter of the Arrhenius equation, Ther-
mochim. Acta 389 (2002) 199-211.

[18] B.V. L'vov, V.L. Ugolkov, Kinetics of free-surface decomposition of

[25] M.M. Pavlyuchenko, E.A. Prodan, F.G. Kramarenko, L.E. Sh-
pilevskaya, L.N. Zhukovskaya, Thermal decomposition of inorganic
compounds in atmosphere of gases, in: E.A. Prodan (Ed.), Het-
erogeneous Chemical Reactions, Nauka i Tekhnika, Minsk, 1979,

magnesium, strontium and barium carbonates analyzed thermogravi- pp. 39-57 (in Russian).
metrically by the third-law method, Thermochim. Acta 409 (2004) [26] M.M. Pavlyuchenko, M.Yu. Novoselova, E.A. Prodan, Kinet-
15-21.

ics of thermal decomposition of cadmium hydroxide in vac-
uum, lzv. Akad. Nauk. BSSR, Ser. Khim. Nauk 1 (1969) 5-10
(in Russian).

[27] B.V. L'vov, V.L. Ugolkov, The self-cooling effect in the process
of dehydration of L4S0O4-H,0, CaSQ-2H,0 and CuS@-5H,0 in
vacuum, J. Therm. Anal. Cal. 74 (3) (2003).

[21] V.P. Glushko (Ed.), Thermodynamic Constants of Substances, Hand- [28] B.V. L'vov, V.L. Ugolkov, Kinetics and mechanism of free-surface
book in 10 volumes, Akad. Nauk SSSR, Moscow, 1962-1982 (in vaporization of Group IIA, llIA and IVA nitrides analyzed thermo-
Russian). gravimetrically by the third-law method, in preparation.

[22] B.V. L'vov, V.L. Ugolkov, Kinetics of free-surface decomposition of ~ [29] B.V. L'vov, Kinetics and mechanism of thermal decomposition of

dolomite single crystals and powders analyzed thermogravimetrically nickel, manganese, silver, mercury and lead oxalates, Thermochim.
by the third-law method, Thermochim. Acta 401 (2003) 139-147. Acta 364 (2000) 99-109.

[19] B.V. L'vov, Mechanism of thermal decomposition of2904-H,0,
Thermochim. Acta 315 (1998) 145-157.
[20] V.P. Glushko (Ed.), Thermodynamic Properties of Individual Sub-

stances, Handbook in four volumes, Nauka, Moscow, 1978-1982 (in
Russian).



	Kinetics and mechanism of free-surface decomposition of Group IIA and IIB hydroxides analyzed thermogravimetrically by the third-law method
	Introduction
	Theoretical
	Decomposition rate
	Equilibrium pressure of product for dissociative evaporation
	The third-law method for the experimental determination of the E parameter

	Experimental
	Results and discussion
	Kinetics and mechanism of dehydration
	Comparison of our results with the literature data
	Dependence of tau parameter on thermodynamic characteristics of low-volatile product

	Conclusions
	References


