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ABSTRACT 

The deaquation reactions of BaCl, -2H,O, BaBr, -2Hz0 and CoCI, - 6H,O 

were studied by the thermal analysis techniques of thermogravimetry, differential 
thermal analysis (DTA), and electrical conductivity in the pressure range from one to 
170 atm. In general, the effect of pressure on the TG curves increased the Ti and Tr 
vaIues and also the reaction interval, (Tr- Ti)_ The DTA curves exhibited splittings 
into multiple peaks as a result of the increased pressure. These splittings were inter- 
preted as due to the evolution of a liquid water phase followed by its subsequent 
vaporization. 

IXl-RODUCl-IOS 

There have been numerous thermal analysis investigations of the deaquation 
reactions of metal salt hydrate systems at atmospheric or sub-atmospheric pressures. 
From these studies, the nature of the deaquation reactions has been elucidated such as 
the thermal stabihty temperatures, the existence of intermediate hydrates, and the 
composition of the anhydrous products. However, very few of these -studies have 

been carried out at supra-atmospheric pressures. 
Gam’ reported the differential thermal analysis curves of BaCI, - 2H,O in a 

self-generated atmosphere at pressures up to four atrn. Several new endothermic 
peaks were observed during the deaquati,,, I- -tion but no effort was made to inter- 

pret their origin. The DTA curves of this compc uad at elevated pressures were aIso 
reported by Kessis’_ Locke3-” reported the DTA < urves of M&O, - 7H20 at pressures 

up to I50 atm. At the higher pressures single endc ;hermic peaks, which were observed 
at one atmosphere, were split into two or more peaks. UnfortunateIy, the origin of 

these peaks and the effect of pressure on them was not discussed. It was stated that the 
deaquation reaction was quite complex and that it was influenced by the presence of 
water vapor and sample particle size. 

*Taken in part from the Ph. D. Thesis of J. R. Williams, University of Houston, Houston, Texas, 
February, 1973. 

**Present address: E. I. DuPont & Co., Victoria, Texas. 
***To whom correspondence shouId be addwed. 
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A simpIe method for the study of deaquation reactions of metn! salt hydrates at 

elevated pressures is by the use of a sealed tube sample hoIder_ Such an approach was 

used by Wendlandt to investigate the deaquation of CuSO,-SH,O. Using this 

technique, only two endothermic peaks were obsemed rather than three for the loss 

of the first four moIes of water per molt of metal salt. It was possibIe to separate the 

derrquation reaction from the IarSe heat of vaporization of water reaction_ The 

sezded tube technique w-z applied to other systems also, such as: BaCI, - 2H10 and 

BaBr, -2H,06; CoCI, - 6H,O’; [Cr(.NH,)jH,O]X,S ; and others. 

The purpose of this invcstigtion is to report the deaquation reactions of 

certain metal saIt hydrates at pressures up to 170 atm using the thermal ,anaIysis 

techniques of thermogravimetry (TG), difTerentix1 thermal analysis (DTA), and 

ekctrical conductivity (EC). 

Conlpords 
The metal salt hydrates, BrlCI, -2H,O, Balk,-2Ht0 and CoCI,-6H,O,were 

a11 of reagent grade quality. After g-indin_e in a mortar and pestle, the 200 mesh 

particle size fractions were used in all of the measurements_ 

The high pressure thermobaIrtnce9, differential therm4 analysis”, and electrical 

conductivity” instruments used have a11 been previously described. Operationa 

procedures, sample size and furnace heatin 2 rates were the same as previously 

em ployed- 

RESULTS ASD DI.SCXJSSION 

BG Cl2 - 2 Hz 0 sFstenz 
Thz TG curves for this compound are shown in Fig. 1. The curve recorded at 

one CURI pressure (curve A) indicates 8 m‘ass-Ioss in the temperature range from SO to 

I 15°C which ccrresponds to the Ioss of one mole of water per mole of metal salt, 

according to the reaction: 

BaC12 - 2H,O(s) --+ BaCI, -I-%,0(s) i HzO(S) 

This a~ees with previous TG studies 6_ A second mass-loss takes place between 125 

and 160% which again corresponds to the loss of one mole of water per mole of 

lmetal sait, or 

BaClz - H=O(s) --, BaCI,(s) i H,O(g) 

As the pressure of the s>-stem is increased, the most obvious change in the TG 

curxes is that the initiai dezquation temperatures, Ti, increase. Also, the mass 

pIateau correspondin g to the composition, BaCIz -H,O, disappears compIeteIy or is 
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indicated onIy by a curve inflection point. The rate of the deaquation reaction is 
also affected by the pressure increase, as indicated by the slopes of the curves. At a 
pressure of 69 atm (curve E), the mass-loss is continuous from about I 10% to a 
maximum temperature of 3!M ‘C. As seen from the curves. the final dehydration 
temperature, r,, increases by 140-C on _going from one to 69 atm. 

: . -- 
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FiS. I (1efi.L Thermogrkmctric curves of B&i?- _ ‘HzO. A. I atm; B. IS atm; C. 27 atm; D. 42 aim: 
E, 69 ztm. 

Fig. 2 (right). Difierential thermal analysis curves of BaCI?-2H+l. A, I atm; B, 27 atm; C. $2 atm; 
D. 69 atm; E. 137 atm. 

The DTA curves at various pressures are shown in Fig. 2. At one atmosphere 
of pressure, the cume consists of two endothermic peaks; the first peak temperature 
minimum occurs at 95 “C while the second minimum is at 142 rC (curve A). These two 
peaks are due, of course, to the two dehydration reactions previously discussed. AS 

the pressure is increased, the most obvious change observed is the formation and 
consequent disappearance of new shoulder peaks on the txvo main peaks. The initial 
peak temperatures did not chan_ce with change in pressure lvhich ir ziicates that the 
first peak is due to the sum of the two reactions, 

BaC!, - 2H20(s) - BaCI, - H,O(s) i H,O(I) 

and 
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This behavior has previously been shown to exist by both electrical conductivity” 

and DT.4 measurement5 I’_ The evoIution of liquid water in the first step of the reac- 

tion shouId not be pressure dependent while the vaporization step is. The first reac- 
tion also shows up as the initial shoulder peaks in curves B and C and does not change 

as the pressure is increased from 27 to 137 atm. The reason for this is not clearly 

understood. The curve peak minimum for the second stage of the dehydration reac- 

tion, at a pressure of 42 atm (curve C), splits into two poorly resoIved peaks sug_resting 

that perhaps the compound, BaCIl -0_5H,O. exists. The two peaks appear even at the 
highest pressure emptoyed, 137 atm (cr?n-e E). 

Fig_ 3_ Ekctricai conductivity curves of BSI-1-2H:O. A, 1 arm; B. 7 atm; C. 15 atm; D. 27 afm; 
E. 42 atm; F, 170 aim. 

The fact that the pressure of the system alters the diffusivity of the liberated 
water throu_eh the solid sampIe and thus the amount of water vapor present is iIIus- 
trated by the eiectrical conductivity curves shown in Fi,o. 3. In curve A, it is seen that no 

deviation from the baseline is detected even though water is evolved_ The reason for 

this appears to be that the rate of diffusion of water vapor from the thin Iayer of 

sample is so rapid that no liquid water can exist and no electrical conductivity is 

possible. -4s the system pressure is increased (curve B), a slight change in the baseline 

at the predicted temperature for the first dehydration step is observed. The second 

dehydration reaction is not detected since at the hisher temperature, the water is 

vaporized as rapidly as it is liberated and the diffusion is rapid enough to prevent 
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the presence of a liquid water phase. As the pressure is increased, the effects previously 
mentioned increase, as indicated by the amplitude of the EC pezk and the temperature 

range of the peak. At a pressure of 170 atm, the second dehydration reaction is 
observed, as noted by a slight change in the base line at the expected temperature. 

The TG curves of this compound are shown in Fig. 4. 

As expected, the dehvdration reactions were similar to those for the BaCI,- 

2H,O system, and indicates that the first dehydration reaction proceeds according to: 

BaBrz - 2H,O(s) -+ BaBr2 - H,O(s) + H,O(g) 

and occurs over the temperature range from 70 to I IOC, at one atm. A well defined 

mass plateau extends from I IO to 160 ‘C, where the second dehydration raaction. 

BaBrz - H,O(s) --, BaBr, + H,O(g) 

takes place and is compIeted by about 2OO’C. With increasing pressure. the same 

behavior was observed as w-as found for the BaCI,-2Hz0 systems in that the ri and 
Tf temperatures increased while the mass plateau decreased, yielding onIy an inflec- 

tion point in the curves. 

, 
t) . & ’ 200 * 360 ~~ 

f 

Tempercture,*C 

‘*f. 4 (left). Thermogravimetric curves eiBaBr2 -3HzO. A, I atm; B, I5 atmr C, 27 atm; D, 42 atm; . 
E, 69 atm. 

Fig. 5 (right). Differential thermal acaiysis curves of BaBr, --2HzO. A, I arm; B, 18 atm; C. 35 atm; 
D. 69 atm; E, 103 atm; F, 137 atm. 

; l 

The DTA cumes for this jys.;em are shown in Fig. 5. The curve at one aymos- 

phere (curve A) of pressure contains two endothermic peaks due to the two dehy-dra- 

tion reactions previously described. The peaks are well separated. with peak minima 
temperatures of 90 and 175”C, respectively. At elevated pressures, 18 and 35 atm. 



the Iiberation of Iiquid water is obsened as evidenced by the splitting of the peak into 

two peaks tone main peak and a shoulder peak). Thus, as in the case of BaC12*2H20, 

the first peak is made up of the txo reactions: (a) the liberation of a liquid water 

phase; and (b) the vaporization of the liquid water. The second dehydration peak 

minima temperatures shift to higher temperatures as the pressure is increased, chang- 

ing f-rom 175-C at one atm to 275’C at I70 atm. This change occurs in a regular 

manner, as shown by the plot of pressure I‘ersw temper&ture in Fig. 6. 

Fig_ 6 (Ietl). Change in peak minimum temperature with pressure for the BaBrz- H:O-+BaBrl 
trzmsition. 

Fig. 7 (right). Electrid conductivity curves of BxBr?-2H-30. A, I am; B, I5 atm; C, 35 atm; C, 
69 ritm: E, I70 ztm_ 

The EC curves for this compound at various pressures are shown in Fig. 7. 

At one atmosphere of pressure, no conductivity is observed indicating that the water 

vaporization rate is equal to the rate of evoiution from the solid phase. As the system 

pressure increases (15 atm), the EC curves increase in magnitude. There was even 

wme indication of a conducting phase for the second dehydration reaction at I70 atm. 

The TG curves for this compound are shown in Fig. S_ In agreement with 

earlier studies’, the dehydration reactions take place in three steps, according to the 

equations: 
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CoCI, - 6HzO(s) + CoCIz - ‘HzO(s) t4H,O(l) 

CoCI, -2H,O(s) --, CoCi, - H,O(s) + H,O(g) 

COCI, - H,O(s) -+ CoCl,(s) + HtO@j 

There is no evidence from the TG curves concerning the physic31 state of the first 

water evoiution but previous DiA and melting point studies indicate that it is in 

the liqtid phase. More wili be discussed about this reaction Iater on. 

Fig. S (ktl). Thermogravimctric curves of CoCin-6HnO. & 1 atm; B, 15 atm: C, 27 atm: D. 32 atm; 
E, 6Y stm. 

Fig. 9 (right). DitTerentid thermal anrtiysis curws of CoCI--6H~O. A, I ztmr B. 15 a:m: C. ZI stm: 
D, 35 ztm; E. 69 xtm. 

At one atmosphere of pressure, the first mass-loss occurs at about 40 ‘C giving 
a mass plateau startin, * at about I 15 ‘C. From 135 to I55’C, the CoClz -2H,O 

!wes wafer to give the monohydrate, CoCI, - H1O, whik above 175 “C, the anhydrous 

salt, COCI,) is formed. As the system pressure is increased, an inflection point is 

still evident in the curve for the ‘-hydrate, CoCI, -2H10, but no cun-e inflection point 

is present for the existence of the monohydrate. The reaction intewzl. r,- ri) 

increases as the pressure increases, as was observed for the other metal salt hydrate 

systems. 
Perhaps the most interestin, 0 aspect of this system is shown in the DTA cures, 

as illustrated in Fig. 9. The narrow endothermic peak at a peak minimum temperature 

of about 5OT is due to the evolution of the four moles of liquid xvater per moie of 

compound and is independent of pressure up to 69 atm. Thus. the first peak (plus the 

shoulder peak) at one atm of pressure (curve A) is due to the two reactions: 

CoCI, - 6H,O(s) ---, CoCI, -2H,O(soln.) +4HzO(I) 

4H,O(l) + 4HzO(g) 
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As the pressure is increased, the second endothermic peak shifts to higher peak 

minimum temperatures due to the pressure dependence of the vaporization of the 

water. 

No simpIe explanation can be used to expIain the multiple peaks occurring 

above 150°C at pressures greater than I5 atm. The narrow peaks must be related to 

de2 quation transitions, with the 2-hydrate + l-hydrate peak at a ATminimum peak 
temperature of 175X as the most prominent feature. This temperature did not shift 

with an increase in system pressure_ Usin, 0 the same type of explanation as before, 
the narrow peak with a ATpeak minimum at 210 ‘C is probably due to the l-hydrate+ 

CoCIl transition; it also is independent of pressure. This narrow peak is a shoulder 

peak on a broader endothermic peak, the latter of which must certainly be due to the 

vaporization of the liquid water_ 

Fig_ IO. Ekcnicai conductivity curws of CoCiz- 6HzO. A. I am; B, 7 atm; C. 27 acm; D. 69 alm. 

The electrical conductivity ewes are shown in Fig. IO_ At one atmosphere of 

pressure (curve A). the conductivity increases very rapidly at about 5O”C, due to the 
liberation of liquid water and the formation of a saturated soIution of CoC12-2Hz0 
or some similar ionic species. As the pressure in the sq-stem increases, the temperature 

interva1 at which e!ectricaI conductivity occurs also increases_ At a pressure of 69 atm, 

the conductivity continues over the temperature ran_ee from 50 to 3OO’C, indicating 

the presence of a liquid conducting phase. 
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Thermodynamic considerations 
There are two primary deaquation reaction considerations which may be 

approached thermodynamiraliy: (a) the temperature at which the reaction is initiated, 
Ti : and (b) the reaction inten.al. Tr- Ti _ The effect of pressure on these two para- 
meters can be determined qualitatively through the followin_g considerations_ 

Deaquation reactions for metal salt hydrates can be represented by the equations 

MX-nH,O ++ [MX-nHZO]* - hlX+-nHzO(l) (1) 

and 

nHzO(!) + nH,O(g) (2) 

where MX-nHzO is the initial metal salt hydrate; [MX-nH,O]* is the activated 
complex; MX is the metal sak; and (r) and (g) refer to the liquid and ga=ous state, 
respectiveIy. For a reaction to occur, the free ener_q chanse to fern the activated 
compiex, AG’, must be negative. Therefore, at the temperature at which the reaction 
just begins. 

AG’zO (3) 

and 

AH* - TiAS+ = AG’ 2 0 (4) 

where AH’ is the enthafpy of activation and AS* is the entropy of activation. Since 
both MX-NH~O and [RIX-nH,OJ’ are solids, neither AS’ nor AH’ should be 
pressure dependent_ Hence, from eqn (1). 

ri s AH’/AS* zconstant (5) 

which indicates that ri shculd be almost independent of pressure. The free energy 
change, AG, for the overah reaction is 

AC = AH- TAS (6) 

where AH and AS are the reaction enthalpy and entropy, respectively, and T the 

absolute temperature_ This equation can only be considered in a very qualitative 
manner since durirg the reaction, Tis not constant but varies with time- The entha!py 
and entropy chanses are the sum of those for both steps of the reaction shown in 
eqns (1) and (2). or 

AH = AH, iAH, (7) 

and 

AS = AS, +-AS, CL0 

where the subscript, (I), refers to the overall reaction given in eqn (1) and the subscript, 



(v), refers to the vaporization step in eqn (2). Since the reactions in eqn (1) involve no 
gaseous species, the entropy change vvould be expected to be less than AS,, or 

AS, > AS, (9) 

further, it is known from previous investigations” that generally 

AH,> AZ, (IO) 

hence, 

AG 2 AG, = AH,.- TAS,. (1 I) 

where thermodynamic parameters are controhed predominant& by the vaporiza- 
tion step. But, for vaporization (liquid and gaseous phase in equilibrium), 

AG,=O (12) 

and eqn (I I) may therefore be written as 

AH, = TAS, (13) 

which is simply a special form of the Clapeyron equation. Since the enthalpy of 

vaporization v-arics only slightly with pressure changec, 

AH, = Y-AS, z C (14) 

where C is a constant independent of pressure_ Thus, increasing the pressure decreases 

AS, so T must increase in order for AH, to remain constant. Hence, increasing the 

pressure of the system should increase Ti and also the reaction interval, rr- ri_ 

Kinetics considerations 

NonisothermaI dcaquation reactions may be convcnientIy chtssified into three 

general categories: reactions in which the \vater is released (i) beIow the boiling point; 

(ii) abow its boiling point; and (iii) at or near its boilins point. The mass-loss kinetics 

of reactions of type (i) are controhed by the vaporization of water below its boiling 

point. while for reactions of type (ii). in which the water is vaporized as quickiy as it is 

released, the mass-loss kinetics are controlled by the actual deaquation reaction. 

Ia both eases, the usual non-isothermal kinetic equations are probably applicable. As 

is we11 known, most of the non-isothermal kinetics methods are based on the three 

equations: 

dcjdt = kP (15) 

x_ = A~-E.=R (16) 

and 

C T/df = jj (17) 

where c is the concentration of the reactant at time. t; k the rate constant; n the reac- 

tion order; E the activation ener_g; ii the preexponenti J factor; T the absolute 

temperature; and j? the heating rate. 



These methods are probably not vaiid, however, for reactions of type (iiij- In 

this ae, the water is released at or near its boilin point and its enthaIpy of vaporiza- 

tion tends to keep the sampie temperature constant throughout the vaporization 

step. Reactions of this type possess quadruple points in which gaseous and Iiquid 

\vater and hydrated and dehydrated salts in equilibrium. The mass-Ioss kinetics of 

type (iii) reactions have been anaiyzed” by balancing the rate of heat loss of the 
sampIe due to water vaporization by rhat of the heat gain due to heat transfer from 

the furnace; the equation employed is 

dc CIJ17 -= 
dt C,T,--AH,. 

(1s) 

where 7 is a proportionality constant (a type of heat transfer coefficient); C, the heat 
capacity of water at constant pressure at its boiIing point, r, ; and AH, the heat of 

vaporization of water. 

The brief kinetic considerations given above allow a qualitative description of 

some of the effects of pressure on deaquation reactions_ First, it is apparent that an 

increase in pressure may change a deaquation reaction from one type to another- 

Specifically, a pressure increase may change a reaction of type (iii) to reaction (i) or a 

reaction of type (ii) to reaction (i) or (iii), and so on. Hence, a pressure increase may 

change compIeteIy the type of kinetics which describe the mass-loss dutinS the deaqua- 

tion reaction. A we11 known esampie of this behavior is the deaquation reaction of 

BaCI, - 3H,O which at ambient atmosphere pressure is a type (iii) reaction but becomes 

a type (i) reaction on increasing the pressure. 
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