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Thermogravimetry was 
tion and hydration of the 

used to obtain data on the isothermal rate of dehydra- 
reaction NazSO,- lOH,O --, Na$30,+ lOH,O in the 

temperature range 10 to 25°C. The thermodynamic fixnctions, AZT, AG and M were 
caIcuIated and compared with data in the literature_ The dissociation pressures of 
Na,SO,- IOH, at temperatures in the range 0 to 25°C were measured in a volumetric 
dissociation apparatus_ The results obtaiued were compared with those using thermo- 
gravimetry and the accuracy of the two techniques was assessed- 

lNiRODlJCIION 

The salt hydrate, known in natural deposits as Glauber’s salt or mjrabilite, 
Na,SO,-lOH,O, is an effiorescent mineral which under conditions short of equiii- 
brium transforms- to the anbydrous phase tbenardite, Na2S04_ Work of early 
investigatorsx4 was centred on the m easurement of its dissociation pressure. Their 
attention was concentrated on refining different voluuietric tecbuiques. 

In the preseut work dehydration-hydration studies on artificial NatSO,- 
lOH,O were undertaken in order to revise the existing data- All the experiments were 
done in the absence of air and X-ray powder diffiactlon and/or optical microscopy 
were used as a means of identification. The rate of attainment of equilibrium for both 
the dehydration and hydration stages cf the reaction in the temperature range 
10 to 25°C was determined as a function of imposed water vapour pressure_ From 
the data provided the equilibrium vapour pressures at various temperatures were 
determined &d the entbalpy was calculated. 

For the sake of co-son of results, a further series of experiments were 
performed in a volumetric dissociation apparatus where the dissociation pressure of 
the salt hydrate was measured at diRerent temperatures in the range 0 to 25°C. The 
accuracy of the two techniques was asses&. 

Mafen-a& 

B-D-H. Analar Grade sodium suiphate deeahydrate was used in all the 
experiments undertaken. It contains not less. than 99% Na,SO,- lOH,O_ -On 
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exposing a weighed portion of the crysWine sampkto the dry atmosphere, 25”C, 
the loss in weight after 3 h was ~525% which was equivalent to 9.95Hz0 moles per 
mole of Na,SO,- 10H20_ Using Cu-R, radiatiori an X-ray powdti photi@aph of the 
residue showed that the vaIues of the Bragg &spacings were in reasonable agreement 
with those of orthorhombic thenardite, Na,SO, (A_S_T_M_ card No_ 5-0631)_ 

In view of the aore5cen t character of the salt hydrate, great care was taken to 
avoid the 10s~ of weight by the sampIes during the procedures prior to the start of the 
experiments_ The samples were weighed in a cool room and they were introduced 
immediately into the s_pecimen chamber of the apparatus. 

A thermogravimtic balanaz? was used to obtain dehydration-hydration data 
on Na,SO,- IOH,O. For the experiments performed at temperatures less than W”C, 
the ae~was modified so tbat low tempexatu& could be obtained inside f&e 
balan&&amber. The furnace was replaced by a pyrex-gI& condenser through which 
cold h.er was dowed to circulate_ The condenser was connected via a-rubber tnbe 
to a 5 mm copper tube designed in the shape of a spiral which was placed in a vessel 
containing water and ice_ The other enfl of the spiral was connected to a water tap. 
This technique aIIowed cold water to circulate around the specimen chamber_ The 
rate of flow of water was controlkd with the water tap; constant rates of flowing 
water gave temperatures accurately to within +OS”C which were m with the 
PtjPt-13% Rh thermocouple- In increasing or d ecreaskg the teniperature, the rate of 
flow of water was changed and approximately IO min were allowed for each desired 
temperature to reach a constant v&e before the start of the experiment_ 

EKEET OF DERYDM-~~ON A& HYDMXON ON Na2S04- 10H20- 

_To explok the extent of dehydration and hydration on ka$O,- IoH, a 
skies of preliminary eXperimentS were carried out on ZOGmg portions of Na,S?+- 
10H20.‘ In onk experiment the specimen was dehydrated under vacuum conditions 
and’over PzOi at a temperature of 163°C. The dati &e illustrated in Fig_ I, c&e A_ 
On &other portion of Na&04- IOH,O, an experimkt w& carried outat 22.O”C and 
as a ~functio~ of imposed wa@ vap&r pressure_ The vapour p&sure in the-de- 
hydration- process was 1200 mm Hg and in Ihe rehydration reactitin it .was 
19-7 mm Hg, 3106 of the percentage Ioss and gain in weight_& a f&n&On ,of time a& 
shown in Fig. I, curve& B and C_ 

The remIti showed that the dehy&ation over P,O, was y&y f&t in spite of the 
fact that the expe&ent was condkted at a Iow temperature_ On the -6ther hand, in 
the presence of water vapour the reaction was much slow&_ AIthough the d& 
hydration and the reversiile hydration processes were performed at differen! FpoF 
press&q the rate of the two reactions was ahnost the same_ 

The total amount of water involved in this reversible reaction was eqnivakn~ 
to 930 moles of Hi0 per mQ1 of Na,SO, - 10&O; In view of the efBore&nt character 
of the-&B-hydrate, it is pussiilt that at least a fix&ion of the difference of 0_70 moles 
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Fig- I- Comparison of dehydration and hydration rates for NatSO ~-iOHtO- A, dchydraticn under 
vacuum conditions at 163 %; B, dehydration at 22% vapour pressure 1200 mm Hg; C, hydration 
at 22-c vaponr pressure 19.7 mm Hg. 

of Hz0 had been iost from the specimen during the short time taken between its 
weighing in the adytical balance and its introduction into the apparatus- 

CRITICAL VAPOUR PRESSURS OF THE REKITOX Na,SO,- 10H2 + Na,SO,+ IOH 

Method 

A series of experiments on sodium sulphate decahydrate were carried out in 
absence of air in order to determine the CriticaI vapour pressures of the reaction, 
Na,SO,-lO~,~_‘Na,SO,+IOH~O at temperatures in the region (lO-255°C. A 
sample weighing 200 mg was dehydrated in vacunm and over P,Os untiI the weight 
loss was equivzdent to a state of approximately half dehydration_ The tap counecting 
the vacuum pump with the P,O, trap was then closed, aud while the system was still 
uuder vacuum the:desired temperature was brought to a constant value inside the 
specimen. chamber. Vapour pressure-. was imposed and four readings of weight loss 
were recorded every 5 min_ From these measure ments the average loss of weight per 
minute was obtained- The vapour pressure __ was then iu,leastd, and in a similar way, 
the rate of weight loss at this vapour pressure was obtained_ -hGasuremeut of the rate 
of weight change as a function of increased vapour pressure was maintained in the 

same maker until equilibrium iad been reached and the specimenbegan to hydrate_ 
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Data expressed in microgram per minute at half dehydration-hydrationandas 
functions of imposed water vapour are plotted in Fig, 2 

fig_ 3, Reaction ralcs of dchyd@tiott and hydration for_ Na$!iO~- IOH at a state of half achy- 
dration and as frmctioIls of imposed watcrvapour prcssurc A, At 13.0%; B; at 172%; C, at 23:l ‘Cm 

It is dear from these resuk that the rates of dehydration and hydration outside 
the regions :of the equiIi%rium vapour pressures showed Iinear rekztioqship with 
vapour prcssu~:However, in the regions dose to the critical vapour pressmes, the 
rates-had decreased to amsiderabre Iow vabxes. The equilibrium vapour pressures of 
the reactions were taken as those vapour pressures corresponding to zero rates: 

TqeCC) -. Ckidadaapocrr Pnzrmc (MM &?I 

13.0 8.20 
172 II.45 
23.1 17-70 -_ . :-. -L.. _ 
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Using the integrated form of Van? Hoff’s equation 

h$_!?&_J_] 

values of In P (mm) were plotted against T(K)-’ as shown in Fig_ 3. From the slope 
of the straight line the heat of hydration was calculated. 
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3.45 350 

Fi~3.Tcmpcraturc ~dcpcndencc of the vapour pressure for. the reaction NazSO1-lOH+O= 
NazS04i IOH20. 

slope = 2.716 x lo3 
. 

- In the temperature raage studied the heat of hydra&n . . 
= -2.716 x lo3 x 2.3026 x 1.98G 
= - 12.470 kcal mol- ’ Hz0 

Applying this value to all the water held by Na2S04 when it is fnily hydrated to 
Na,SQ,- lOH,O, the heat of th? reaction 

Na,sO,+ IOH + Na,SO,- lOH,O will be AH = - 124.700 kcal 
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The free energy changes AG for a reaction such as MX+nfIzO --, MX.nH,O 
is given by the expression 

AG=A@RTlnK 

Where AG” is the standard fixe energy of hydration and Kis the equilibrium constant 
of the reaction. At equiIii 

AG=O .-. AG=‘=-RThK 

Assuming that at standard state the solid phases are pure substances and the water 
vapour behaves as an ideal gas, then the equilibrium constant will be proportional to 
the partial pm PHfi. 

For the equilibrium Na,SO&)+ lOH,O(g)+Na,SO,-10Hr(S) 

1 
AC = -RTln,, = RTlnP’O 

P 

In this equation P is the critical vapour pressure of the reaction in atmospheres, 
T= 298.16”K and R = 1.986 cai deg- 1 mol- I. 

From the plot of In P vs. T(K)’ 1 of Fig. 3, the equilibrium vapour pressure at 
25°C was obtained. 

P = 19.72 mm Hg = 0.02622 atm. 
.-. AG’ = 1.986 x 2.3026 x 298.16 x 10 log 0.02622 = 21.660 kcal, 
i.e., = 2166 kcal mol- l H,O 

According to Kirchoffs equation, A.& = AH&8+rjgs AC,,dT, the heat evolved or 
absorbed ir a reaction is sli@ly dependent 0x1 temperature but for a short range of 
temperatures, AC, is very small, hence bw is approximateiy comtant. 

Using the de-g equation AG” = A.W- TAP and the values of AGO and 
AH obtained above, the entropy of hydration ds” was calculated. 

bs”= 
MI-AL\G” 

T = 

-1247ilO+21&60 _ 

298.16. . 
. 

= -345.30 Cal deg-’ mol”. 

Sin? for the reaction Na$O,(s)+ lOH,O(g) = NazSOI- lOH~O(S) -. 

4x3 i ~,90,-,,,~(s’,,,+~o~~~ ---: - 

4% lm;cs) = 35.73 cal deg- 1 mol- 1 @atimer; 1952). 

s&$x = 45.106 caI deg-’ mol-’ (Latimcr,‘i952) _ 
.._ The entropy of N~SOI-lOH~OQ at 298.16 K .- .. . 

.= ~345.3i;35.73+451.06 = 141.50c+l.deg~1_ mol-l.. _. __ 

It is of interest to ax&are the results of &e’prcs& i&&atio~ wi&simiI& 
n%l$ts obt+ed by other rexarch workers who. calculated the e&ropy pf the sodium 
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sulphate decahydrate using the known entropy of water vaponr together with the 
dissociation pressure of the decahydrate and the entropy and heat of solution of 
Na,SO,. These authors determined also the entropy of Na,SO,- lOH,O from Iow 
temperature heat capacities using the expression g,, = Sg+jf’* C, d ln T. 

Theresultsares 
. . 
sexl below: 

As- -c, d In T 

(cd t&g-’ mol-1) 
s--s..;oHy~ ‘) I R&SidiUd 

o(coldeg-’ owl-1) txwopy (c-u.) 

Present investigation - 345.30 I41.50 - - 
Pitza and Co&c? - 344.50 I4z.20 140.50 1.70 
Brodalc and Giauquti -345.31 141.46 139.95 1.51 

Brodale aud Giauque claimed that there was an error in the s;f C, d In T value 
obtained by Pitzer and Coulter. Aver correctlug the rlnta, the results showed a 
residual entropy of 1.54e.u. instead of 1.70 e-u. The entropy of Na,SO,- IOH 
obtained in the current investigation is I.55 e.u. higher than the value calcula*kd by 
Brodale and Giauque’ from the integral of I;f C, d In T. This discrepancy is in close 
agreement with the values obtained by the various investigators. It is also close to the 
entropy of R ln 2 cal mol’ ’ which Ruben et al.” believed to be due to the disorder 
in Na,SO,- lOH,O. 

TFE DlSSDCUTiON Pm OF Na,SO,- lOH,O 

Method 
An experiment was performed in absence of air and in the temperature range 

(O-2!i)°C to measure directly the decomposition pressure of the crystahine Na,SO,- 
10H30 and the vapour pressure of the saturated water soiution of Na,SO,- IOH,O. 
The usual static technique of measuring the vapour pressure was used. The apparatus, 
a schematic diagram of. which is shown in Fig. 4. consisted of a sample tube, a 
manometer and a P,O, trap co~ected to a high vacuum oil pump. The sample tube 
containing approximately 100 g of Na$304- lOH,O was placed in a thermostatically 
controlled waterbath. The_ temperature of the stirred water was measured with a 
mercury-in-glass thermometer which gave readin@ to within _tO.l “C- To obtain O°C 
the waterbath was filled .tith ice, and 30 min were allowed to enable the sample to 
reach this temperature before the equilibrium vapour pressure was meas& The 
ice was then removed from the waterbath and the desired temperatures above O°C 
were obtained by switching on the heating element and adjusting the thermostat 
control. 

To ensure the absence of air, the apparatus was pumped briefly at certain 
intervals, and the. vapour m _at the appropriate temperatures were theu 
allowed to reach equilibrium befor&hey were recorded. All the m easurements were 
made at temperatures lower than that of the surrounding atmosphere. This was to 
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Fis 4. Schunatic diagram of apparatus for measuring the dissociation pressure in the systax 
Na2SOI- IOH = NarSOa+ 10HzO_ 

avoid the danger of condensation_ At the same time part of the tube connecting the 
specimen with the manometer and P,O, trap was made as short as possible from a 
tubing of narrow diameter_ 

The values of the vapour pressure up to 13_00 mm Hg were measured with an 
oil manometer, but for measurements of higher vapour pressures. it was replaced by 
a mercury manometer which could be read to the nearest 250 microns, 

The resuhs of the dissociation pressure measure ments for the reactions, 
Na,SO,- IOH, = Na,SO,+ IOHzO(V) and for saturated solution of Na,SO,- 
IOH, = vapour, obtained in a similar manner using the &e apparatus, are plotted 
in Fig. 5. It is evident that the plots lie on two smooth curves A and B_ Using the 
integrated form of Van? Hoffs equation, 

lnp 
2 AH I -1 

-=--B-m 

Pl .[ I_. R T2~ Tl ‘. 

values of in P were plotted against T(K)“, Fig_ 6. 
~FromthesIopesofthetwographsAand-BofFig.6the_vaIueofMwas 

calcnlatedford&ox_~ ‘:.= __. .- : ._ 
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Fig. 5. D- ssociation curve of the salt hydrate NaS04-IOH in abscnca of air. & Equilibrium 
Na$SO~- ~~IOH~O-Na~SO~,~ water vapour; B, aq,uiIibrium NalSO,,,- lOH&-saturatec! solutioa- 
water vapour- 

(A) The heat of dissociation of Na,SO,- IOH, = Na,SO,+ lOH,O 

fU%= 3-00 x- 10’ x l-986 x 23026 

= 13.620 kcal mol- ’ H,O 

(B) The heat of vaporisation of watex solution saturated with Na,SO,- lOH,O 

-AU= 2786 x lo3 X 1.986 x 23026 
= 10.410 kcal mol- 1 Hz0 

The point of intersection of the two straight lines Fig. 6, repxseqting the 
temperature dependence of the vapour pressure for the reactions Na,SO,- 

10HzO(S) 5 Na$O,(S)i- lOH,O(V) and. -Na,SO,- IOH,O--saturated solution- 
vapour, lies at 3225°C and at a vapour pressure of 3OS5 mm Hg_ These figures ares 
in dose agreement with the estabiished vabxs of 3228 “C and 30.80 mm Yg obtained 

for the quadruple point where Na,SOb-.lOHzO, Na2SOh, saturated solution and 
watezvapo&ireinequilibli~“. -- -. -. 

: - 
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amcLuSloxS _- 

The resuIts obtained using the technique of thermo@wimetry showed that the 
highly ef3orescent salt hydrate Na,SO,- IOH, loses ad regains -approximately all 
itswatezco~tinasinelestage,Inaseriesofisothermalexperimentsattemperaturcs 
in t& tige 10 to 25°C the equilibriu.& vap&r p&s&s were determined for the 
reaction Na$jO,-lOH,O = Na,S04+10Hr0, These data gave the h-t of 
hydration = 12470 kcal inol- ’ HzO. Other thermodynamic- fimctions calculated 
were in aaxrcl with those of other investigatc&, The amount of heat of hydration 
indicates that the water mole&es are -weakly bound .in the crystal-stnwtwe of 
N&S04- lOI&O. : . ..I. 

It is of in@rest ~.com.pare the da& obtained in. the present investigations with 
_ those nqinted iii the literature. The dissociation pressme of N&Oi- lOH,O at2!5”C 

- 
&tamed 3w.n <Fig’ 6’ af’ter extrapolation, is --18.62mm Hi. companxF..wit.h t& 
~i-Mpo~pressure of 19.72 mm H$-d&ved..for thi equiliium +&on 
Na,sO,: IOH,O~Na,SO,+ lOHi Whi&.Was performed in the.thermogravimetric 
m.-. -. -. . : 

The tabk below contains some of the resuJts obt&ned in comparison with those 



of other workers, viz, the equihirium vapour pressures iu mmHg at different 
temperature: 

Presalt investigati~ (tbcrmobalana) 

Rc6mtin~jpuiou<dissodatIonapparatm) 

Footi and Scholcs’ 
Baxter and Iansing 
z+kxtonand Jolrtamd 
wasma 
Pumau and Uny” 

Scbumb6 

19.72 17.70 II-45 820 

18-62 

18.20 
.19.20 
18.55 
19.22 
19.17 

19.16 

(23.1-c) (172-c) 
15.65 1020 6.87 
c23.1Tj (17.2x3 
- - - 
- - - 
- - - 
- _ - - 
16.0 1156 - 
@!.5"c) (179C~ 
- - - 

It is clear from the above table that the results obtained in the current in- 
vestigation using the static method of measuring dissociation pl-BMesareconsistent 
with the data of other investigators who used similar techniques. But most of these 
values are slightly lower thau those obtained in the preseut study in the thermo- 
gravimetric balance. These slight discrepancies may be due to certain factors and 
limitations in the dissociation apparatus: 

(a) In this apparatus equilibrium for the reaction is approached from one side 
only and it is difiicdt to visualise how closely equilibrium is reached. On the contrary 
this difliculty is non-existent in the technique of the thermobaiaucewhereequihbrium 
cau be approached Tom both sides with very Iow rates of reactioa 

(b] As idicated by W&on4 salt hydrates approach equilibrium with extreme 
slowness if they are left undisturbed. In the present study the values of the dis- 
sociation pressures of. Na,SO,- IOH,O were recorded 20 min after the desired 
tempemmres were brought to constant values_ Since no changes were observed inthe 
position of the oil in the manometer after this period, the readings recorded were taken 
as the true equilibrium pressures, 

In the Iight of the resuhs obtained in the present study one may conclude that 
the technique of thermogravimetry bad yielded results of considerable accuracy, In 
comparison with the data obtained using the voInmetric disso&tion apparatus, one 
may add, that iu spite of the agreement of there data with those reported elsewhere, 
the_ditEcuIties and limitations of this technique should always he borne in mind when 
experimeuts of this uature are contemplated. 
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