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ABSTRACT 

Non-isothermal thermal studies of the dehydration of the double salt hydrates 
of the type M(I),SO,-M(II)SO,- 6H,O and their D20 analogues were carried out 
where M(I) = n(I) and M (II) = Mg(II), Co(H), Ni(II), Cu(I1) or Zn@). Thermal 
parameters like activation energy, order of reaction, enthaIpy change, etc. were 
evaluated from the analysis of TG, DTA and DTG curves. These thermal parameters 
were compared with those of other series, like NH,(I), K(I), Rb(I) and Cs(I) studied 
earlier. On deuteration the nature of dehydration altered in the case of T12Zn(S04),- 
6H20 only. The thermal stability of the salt hydrates and their D,O analogues is 
discussed in relation to the salt hydrates of other series. The role of divalent cation on 
the thermal properties of dehydration of salt hydrates is aIso discussed. The order of 
reaction was aIways found unity. The values of AH were within - 12 - - 16 kcal 
mol-‘. 

RecentIy, we reported the derivatographic studies on the dehydration of double 
saIt hydrates of the type M(&S04 - M (II)S04-6H,O where M(I) = NH4@)‘, 
K(I)‘, Rb(Q3 orCs(IJS and M(H) = Mg(II), Mn(II), Co(Ii), Ni(II), Cu(II), Zn(II) or 
Cd(H) and their D,O analogues. The above studies reveal that the thermal properties 
of dehydration of double salt hydrates are effected with variation of monovalent 
cation. In continuation to these works, the present paper deals with the dehydration 
of similar double salt hydrates of the Tl(I) series and their D,O analogues. The value 
of activation ener_q of the dehydration process evaluated from TG, DTA and DTG 
curves, the order of reaction from TG, the enthaIpy change from DTA peak area and 
the thermal stability from the first DTG peak temperature are reported in this paper. 
In addition to the evzduation of these thermal parameters, this paper displays the 
effect on the thermal properties of dehydration of sak hydrates due to deuteration and 
also a review of non-isothermal thermal studies of the present series relating the other 
series of Tutton salts studied by us. 
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Double salt hydrates were prepared according to standard procedures adopted 
by earlier workers’ and their D,O analogues were prepared by dissoIving an equi- 

molecular mixture of anhydrous single salts in D,O and followed by crystallisation_ 

A Paulik-Paulik-Erdey MOM derivatograph had been used for thermal analysis. A 

platinum crucrble was used and the heating rate was 1.5”C min- ‘. The particle size 

of the samples was within 150-200 mesh. The volume of the sample in each case was 

the same. 

The double sulphate hydrates of Mg(II) and Ni(II) lose water molecules in a 

single step, i.e., Tl,M(SO.& - 6H20 + TllM(SOJz observed from the respective 

derivatogram (Fig. 1). Whereas, the derivatogram (Fig. 2) of Tl,Co(SO&-6H,O 

indicates that dehydration takes place in three steps, i.e., T12Co(S0&-6H,O --, 

Tl,Co(SO,), - 1 .5Hz0 - Tl,Co(SO,), -0.25H20 --, T12C~(S0,)2. The first step of 

dehydration shows welLresolved DTA and DTG curves and for the second step of 

dehydration both DTA and DTG curves are slightly overlapped indicating the 

existence of an intermediate salt hydrate. Whereas, for the third step, although DTA 

<and DTG curyes are not overlapped, attempts to evaluate the activation energy of this 

step are not successful even by performing the experiment using maximum sensitivity, 

due to small peak areas of the DTA and DTG curves. The intermediate salt hydrates 

are thermally unstable. The dehydration of the corresponding salt hydrate of Cu(II) 

takes place in three steps (Fi g. 2) like the corresponding Co(U) salt hydrate but its 

nature of dehydration is quite differenf i-e., Tl,Cu(SO,), .6Hr0 + TlzCu(SO,& - 

2H,O + T~,CU(SO~)~-O.~H~O - T12Cu(SO&. Here, also the intermediate salt 

hydrates are thermally unstable. As a result DTA curves are overlapped with each 
other to a great extent, wherez, the corresponding DTG curves are not so much 

overlapped. The DTA peak area of the third step of dehydration is very small to be 

calculated for thermal parameters. All the above salt hydrates do not show any 

noticeable effect in thermal properties on deuteration. The double salt hydrate of 
Zn(II) of the present series loses water molecules in three steps (Fig. 3) like Co(H) 

and Cu(rI) but in a different fashion as follows, Tl,Zn(SO,),-6H,O + TI,Zn(SO,),- 

1 .5H20 --, Tl,Zn(SOJ, -0.5Ht0 --, T12Zn(S0J2. The last step of dehydration is 

complicated. Thereby, DTA for this step shows three overlapped endotherms and 

the respective DTG curve is broad in nature. DTA and DTG curves for the first and 
second stew of dehydration are overlapped. None of the intermediate salt hydrates 

are thermally stable. Whereas, its D20 analogue loses D,O molecules in two steps, 

i.e., Tl,Zn(SO,),.6D,O + Tl,Zn(SO,), -DiO + Tl&r(SO,), observed from the 

respe&ve derivatogram (Fig. 3). Here like the third step of dehydration of its Hz0 

analogue, the second step of dehydration is complicated. DTA shows three over- 
lapping endotherms and the DTG is broad. Whereas, both DTA and DTG for the 

first step of dehydration do not show any sign of overlapping. The DTG peak 
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aT* J 
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Fig. 4. Plots of A Iog ‘rT/A log W, VS. AT-‘/A Iog Iif, X 103, from the TG curves for the dehydra- 

tion of T12SOJ- MgSO&- 6H10 --f T12S01- MgSO*!l), Tl$30+- CoS02- 6&O -+ TI,SO,- CoSO,- 
l.SH,O~Ia). TI=SO&-C&Oh- 1.5Hz0 --t~~SO~-CoSO,-O.~5H~O~IIb), Tl,SO,-NiSO,-6H,O --f 
ll,SO,-NiSO1(JIi), ‘&SO,-CuSO,-6HZ0 + TI,SO,*CuSO,-2HzO(IVa), l’&SO*-CuSO,- 
2H~0--tIllS01-CuSO,-O.SH~O(IVb) andTWO+-ZnSO&-6H20--tTl,S0,-ZnSO,- I.SH,O(Va). 

C 

&ST4 s 
- x10- 
AlosW, 

Fig_ 5_ Plots of A log $/A log W, VS. AT- ‘/A log rVr X 103, from the TG curves for the dehydra- 

tion of l&SO,- MgSO*-6Dt0 - -&SO,- MgSO,(I?. -I-&SO4- CoSO,- 6D,O + -I&SO,- CoSO,- 
l.SDtO(II’a), TI=SO~-COSOI- 1.5D10 - l&SO,-C&O,-025D,O(II’b). TIISO,*NiSO,-6D,O 
--f l&SO,-NiSO~W’h l&SO,- CuS04-6Dz0 + l&SOL- CuSOI- 2Dz0 (IV’s), TI,SO,- CuSO*- 
2DzO --f -l-l~So~- CuSOa-0_5DzO(lV’b) and -l&SO4- Z&O,- 6Dt0 -+ X&SO,-Z&O,- D,O(V’a). 



temperatures and the temperature ranges of dehydration of the double salt hydrates 
and their corresponding D,O analogues are tabulated in Table Ii Enthalpy changes 
for each step of dehydration are evaluated by the method of &no6 using copper 
sulphate pentahydrate as the standard and the values are tabulated in Table 1. AH 

vahres are evaluated from the overall area of the DTA curves, where the DTA curves 
&are too much o\-eriappcd. Activation energies for each step of dehydration of the salt 

hydrates and their D,O analogues are evaluated from the analysis of TG curves using 
Freeman and Carroll’s’ equation. The results are tabulated in Table I and the 

corresponding curves are shown in Figs. 4 and 5_ The activation energies for each 
step of dehydration were aiso evaluated from the analysis of DTG curves using the 
method of Dave and Chop& and the method described in our earlier work’ and aIso 
from the analysis of DTA curves using Brochardt’sg equation for first order reactions. 

AU these values are tabulated in Table 1 and the corresponding Arrhenius plots 
are shoPr?l in Figs. 6 and 7. The order of reaction for each step of dehydration was 
found to be unity- The IR spectra of the salt hydrates and their D20 analogues are 
taken to ensure that deuteration of the hydrates takes place to the desired extent. The 
X-ray diffraction pattern shows that the salt hydrates and their corresponding D,O 

analogues are isomorphous to each other. 

r’ x IO3 - 

Fig_ 6_ Arrhenius plots of log k vs_ T- ’ x IO3 from DTG curves for the dehydraticn of l&SO~* 
MgSOI-6H10 +n$30,- MgSOLCl),Tl2SOI- higsO4*6DzO +n,so,* MgsOI(I13,n.so,-coso, 
6H10 + 7f2S01- CoSOd- 1 .5H20(IIa). TlzS04- cOS04- 6D10 + Tl,SO,- C&O,- l.5D20 (II’& 
T12SOI-NiSO*-6HI0 + Tl,SO,-NiSO,(III). Tl,SO,-NiSOI-6D30 -+ Ti,SO,-NiSO,(III’). 
TIISO1- CuSOA- 6H20 + T12SOa- CuSO*- 2H:O @Va), TI,SO,- CuS04- 2H10 --f Tl,SO,- CuSOI- 
0.5H10 (I%%), Tl,SO,- CuS04- 6DzO + T&Sod- CuSO4-2Dz0 (IV’& T&SO.- CuSOa- 2D20 ---f 
TI,SOI- CuS04- 0-5DZO(IV’b) and Tl,SO,-&SO,- 6D,O --f Tl,SOI-ZnS04- DIO(V’a). 
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Fig. 7. Amhen& plots of log k vs_ T- 1 x IO3 from the DTA curves for the dehydration ofm,SO,- 
MgSD~-6H~O--tTI~SO;-MgSO~(~,~~SO~+- M~SO~-~DZO-P-&SO,- ~~~~,~~~,~,SD~~C~SOs- 
6Hz0 --f -j&S04*cOS0,- iSH,O(iIa)). -l-l~SOs- COSOr- 1SHzO --t~lSO~-CoS0,-0.2SH,0~IIb), 
n,SO,- coSOa- 6~3~0 + -i-&sO~- CosOa- 1.5D20 rII’a), TIzSOr- COSOI- I -5DzO i- -&so+- 
CoSO+-0.25DzO<II’b). IIZS0,-NiSOI-6H,0 + TI=SO,-XiSOr(III). TLSO,-KiSOr-6D20 + 
TI,SO,-NiS04(I11’) and TIZSOZnS04-6D20 + T@O,- &SO.- DzO (V’a). 

DLSCUSSIOM 

The nature of dehydration of the salt hydrate of Mg(II) of the present series is 
different from the other Tutton salts of Mg(II). But it is similar to that of the 
deuterated salt hydrate of the K(Q2 series, where dehydration took place in a single 
step instead of in three equal steps for its H,O anaIogue_ In our earlier works’-4v two 

other Tutton salts of Mg(II), i.e., of the K(1) and Rb(I) series showed changes in the 
nature of dehydration on deuteration, whereas, no such change is observed in the 
present salt hydrate like in the corresponding NH,(I) and Cs(I) series. The thermal 
stability of this salt hydrate with respect to the fh-st DTG peak temperature is ciose to 
that of NH,(I). Similar closeness is also observed between the corresponding salt 
hydrates of Rb(I) and Cs(I). Th e order of thermal stability of the present salt hydrate 
with other Tutton salts of Mg(II) is as follows: NH4(I) 3 Tl(I)>Cs(I) = Rb(I)>K(I). 
But on deuteration the thermal stability of the present salt hydrate is close to that of 
other deuterated Tutton salts of Mg(II) except (NHJ2Mg(SOJ2 - 6D20. Our earlier 
works report that the thermal stability increases slightly in the case of the cor- 
responding salt hydrates of NH,(I), Rb(1) and Cs(I) and increases considerably in the 
case of the corresponding K(I) series due to deuteration, whereas, a slight decrease 
in the thermal stability is observed in the case of T12Mg(S0,& - 6D20. The noticeable 
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change in the thermal stability in the case of the corresponding salt hydrate of the 
K(1) series is probably due to the complete-change in the nature of dehydration due to 
deuteration. The value of activation energy* obtained for the dehydration of the 

present saIt hydrate is close to that of Cs(1) and is much higher in comparison to that 

of NH40 and low with respect to the K(I) series. The vaIue for Rb(I) is slightly high. 

Ht is noticed in our earlier work that the value of activation ener_gy of dehydration of 

the Tutton sahs of Mg(TI) remains unaltered on deuteration except for the cor- 

responding salt hydrate of the K(1) series where the value decreases to a considerable 

extent, thereby changing the order as fohows: Rb(I)>TI(I)>Cs(I)>K(I)>NH,(I). 

The vaIue of enthalpy change of dehydration of the present saIt hydrate is close to 

those of the other Tutton salts of Mg(I1). On deuteration like other series except the 

corresponding Rb(1) series where the value increases no effect on the vaiue of enthaIpy 

change of dehydration of the Tutton salts of Mg(II) is observed. 

The nature of dehydration of the double salt hydrate of Co(H) of the present 

series is quite different from the corresponding saIt hydrates of NH,(I), K(I), Rb(I) 

and es(I). The corresponding salt hydrates of NH,(I) and Rb (I) series lose water 

molecuies in a sing,Ie step, whereas, the corresponding salt hydrates of K(I) and Cs(I) 
show dehydration in two steps The first step corresponds to four moIecuIes of water 
and the second step corresponds to the rest. The intermediate products, i-e_, 
TI,Co(SO,), - 1_5H,O and T12Co(SOJ2 - 0.25Ht0 which are indicated from the 
corresponding thermogram, are unique in the sense that these types of intermediates 
are not observed during the dehydration of other Tutton Saks, though the former type 
intermediate is observed in the thermogram of TQZn(SO,),-6Hz0. The nature of 
dehydration of a11 Tutton salts of Co(II) remains unaltered on deuteration- With 

respect to the first DTG peak temperature of M(I),SO,~CoSO,-6H,O where 

M(1) =NH,(I), K(I), Rb(I), Cs(I) and Tl(1) the thermal stability foIIows the order 

NH&(I)> Rb(I)>-l-I(I)>Cs(I)>K(I), whereas, the activation ener,T for the iirst 

step of dehydration folIows practically a reverse order; Cs(I) > K(I) >TI(I)> 
Rb(I)>NH,(I) with respect to the order folIowed in thermal stability. It is noticed 

that the above order of thermal stability and the activation ener=y for the first step of 

dehydration of the deuterated salt hydrates of Co(H) of the Tutton series remain 

practically unaltered ; only the basic difference in the above order is the similarity in 

the value of activation energy of the corresponding K(l) and TI(I) series. But on 

deuteration of this salt hydrate both enthalpy change and activation energy slightly 

increase. It is also noticed that the vaiue of enthalpy change for the dehydration of the 

saIt hydrate of the present series is minimum in comparison to other Tutton sa1t.s of 

coo- 
The nature of dehydration of the double salt hydrate of Ni(II) of the present 

series is simiIar to that of other corresponding salt hydrates of Ni(II) of the Tutton 

series except K,Ni(SO,), - 6H,O which Ioses water moIecuIes in two steps. The first 
step corresponds to 5.5 molecules of water and the second to the rest. The nature of 

*Average of the v&es obtained from TG, DTA and DIG curves. 
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dehydration of this saIt hydrate is not effected on deuteration like the other Tutton 
salts of Ni(II) except the salt hydrate of the corresponding Rb(I) series, which on 
deuteration shows dehydration in two steps. The first step corresponds to four 

molecules of D20 and the second step to the rest. The position of the thermal 
stability of the present salt hydrate with respect to the other corresponding Tutton 
salts of Ni(II) can he seen f:om: Rb(I) > K(I) 2 n(I)> Cs(I)> NH4(I). On deuter- 
ation, the above order remains unaltered except the saIt hydrate of Rb(I), whose DTG 
peak temperature becomes Iowest. This considerable decrease of thermal stability of 
Rb(I) is probably due to a complete change in the nature of dehydration on 
deuteration. The value of activation energy for dehydration of the Tl,Ni(SO,), - 6H,O 
is close to those of other Tutton salts of Ni(I1). On deuteration, the value remains 
practically unaltered but differs considerabIy from the value of the corresponding 
deuterated salt hydrate of Rb(1). It is noticed in our earlier works that where the 
deuteration effect completely changes the nature of dehydration of the salt hydrate, 
the value of activation energy ahers noticeably and it is also not&d that the vaIue 
increases with increase in the number of steps during dehydration and vice versa. The 
value of enthalpy change for the dehydration of this salt hydrate is slightly greater 
than that of K(I) and Iess than those of the other Tutton saIts of Ni(Ii). On 
deuteration the value of enthaIpy change is minimum with respect to other 
deuterated salt-hydrates. This is due to the increase in the value of enthalpy change of 
the corresponding salt hydrate of the K(1) series due to deuteration, though the vaIue 
of enthalpy change of the present salt hydrate remains unaitered. 

Dehydration of al1 the Cu(II) salt hydrates of the Tutton series occurs in 
multipIe steps. The nature of dehydration of Tl,Cu(SOJ2 - 6?l,O is similar to that of 
the corresponding salt hydrate of the NH4(I) series. It is observed that the nature of 

dehydration remains practically the same in all the deuterated Tutton salts of Cu(II) 
except K,Cu(SO,), - 6D,O where the first endotherm splits into two and the resolution 

of the second endotherm decreases. The thermal stability with respect to the first 
DTG peak temperature of the present salt hydrate is less than the corresponding salt 
hydrate of the NH,(I) and Cs(1) series and greater than those of the K(I) and Rb (I) 
series. The order of thermal stability of the Tutton salts of Cu(IJ) is as follows: 
Cs(I)>NH,(I)>Tl(I)>K(I) >, Rb(I). It is observed that this order is maintained 
even on deuteration. The value of activation energy for the first step of dehydration of 
TItCu(S0,),*6H,0 is Iess than those of the corresponding Rb(1) and NH,(I) series 
and greater than those of Cs(I) and K(I). The decreasing order of the values of 
activation energies of the salt hydrates of Cu(II) is as follows: Rb(I)>NH,(I)> 
Tl(I)> Cs(1) 2 K(I). On deuteration of this sah hydrate the activation energy 
remains practically the same but the above order slightly changes as follows: 
NH, (I) > Rb (I) > Tl (I) > Cs (I) > K(I). The order in the value of enthalpy change for 
these Tutton sa!ts of Cu(II) is as follows: NH,(I)>Rb(l)>K(I)>Tl(l)>Cs(I). On 
deuteration the value of entbalpy change slightIy increases, but the above order is 
maintained_ 

The nature of dehydration of the double salt hydrate of Zn(II) of the present 
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series is quite different from that of the other salt hydrates of the present series and 
aIso from the other Tutton salts of Zn(II), though the first step of dehydration is 
simiIar to that cf the saIt hydrate of Co(H) of the present series. The third step of 
dehydration of this saft hydrate is very complicated. On deuteration, the nature of 
dehydration changes but the last step of dehydration is similar to that of its Hz0 
analogue. However, it is observed that there is Iittie effect on the nature of dehy- 
‘dration of the other Tutton salts of Zn(Il) due to deuteration. The thermal stability is 
similar to that of the cS(i) series but Iess than those of NH,(I) and Rt(I) and greater 
than that of K(I) and the order is as follows: NH,(I)>Rt(I)>Cs(I) >,JTI(I)>K(I). 
On deuteration, this order is maintained except Cs(I), where the thermal stability 
increases due to deuteration. The position of the value of activation ener_gy of 
dehydration with respect to other Tutton salts of Zn(I1) follows from: K(I)> 
Rb(T),Tl(r)>Cs(I)>NH,(I)- On d eu erztion t of this salt hydrate. the value of 
activation ener_q for the first step of dehydration increases though it is obscrvcd in 
our ear&x work that the value of activation ener=T decreases where the number of 
step decreases for dehydration of the salt hydrates due to deutcration. However, the 
order of the activation cner_q is maintained on deutert.ion_ The overall AH value is 
minimum with respect to those of other Tutton salts of Zn(II). On deuteration, the 
vaIue of ent.haIpy change: which is not the overall value, but the value caIcuIated for 
five moIecuIes of I&O, increases. 

The relative thermal stability of ah the sait hydrates of the present series is as 
fohows; Ni(II)>Mg(II) = Co(iI)>Zn(II)>Cu(II). On deuteration this order is not 
maintained but is as follows: NiCII)>Co(‘II)>?uig(II)>Zn(II) >, Cu(II). The value 
of activation energy of the sait hydrates of the TI(I) series decreases in the order: 
Mg(I1) > Co (II) > Cu (II) >, Ni (II) > Zn (II), but this order alters on deuteration as: 
Mg(II)>Co(II)>Zn(II) >Cu(II)>Ni(II). This change in the order of activation 
ener_gy is due to the change in the nature of dehydration of Zn(II) of the present 
series. The values of activation energies of the saIt hydrates do not foilow any reIation 
with increase or decrease of ionic size or atomic number or 2nd ion&&ion potential 
of the divalent cation. The average AH values are, in general, Iow in comparison to 
those of other series_ It is also obsemed that the value of activation ener_ey for the 
Iater step of dehydration is always higher than the former step which is observed in 
our earher works. 

The differences in the therma properties of dehydration from the saIt hydrates 
of other series are due to a natural cause, i.e., slight difference in ionic size of 
monovalent cations, We attempted to isoIate the double saIt hydrate of Cd(H) and 
Mn(II) of the present series but could not succeed. The salt hydrate of Mn(II), 

-though isoIabIe, becomes anhydrous as soon as the crystals zre removed from the 
mother liquor_ 

The authors are grateful to Prof- N. K_ Dutt, Head of this laboratory for 
various help and stimulating interest in this work. 
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