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ABSTRACT

Dehydration of double salt hydrates of the type M(I),SO;-M(ID)SO,-6H,0
where M(I)=Rb(I) and M(II)=Mg(II), Mn(II), Co(il), Ni(II), Za(II) and Cu(il)
has been studied by derivatograph. Thermal parameters like activation energy, order
of reaction, enthalpy change etc. for each step of dehydration have been evaluated
from the analyses of TG, DTA and DTG curves and these parameters are compared
with the corresponding salt hydrates of the NH (I) and K(I) series. These double salt
hydrates are deuterated and studied similarly. Activation energies for the first step of
dehvdration of these salt hydrates increase with the increase of second ionisation
potential of the central metal except for Mg. The nature of dehydration changes in the
cases of double salt hydrates of Mg(II) and Ni(II) on deuteration. The order of
reaction for each case of dehydration has been found to be unity. The enthalpy change
per mole of water varies from 11.4 to 17 kcal.

INTRODUCTION

Recently, we reported non-isothermal studies of the dehydration of double
salt hydrates of the type M(I);SO4-M(IISO4-6H,O where M(I) =NH,I)! or
K(@)? and M(II) = Mg(I), Mn(1I), Co(I), Ni(II), Cu(II), Zn{II) or Cd(II) and their
D,O analogues. In continuation to these works the present paper deals with the
dehydration of similar double salt hydrates of the Rb(I) series and their D,O
analogues. The present paper reports the values of activation energies of all dehydra-
tion processes from TG, DTA and DTG curves simultaneously, the order of reaction
from TG and the enthalpy changes from DTA peak areas. It also reports the effect of
deuteration on the nature of dehydration and a comparison of the effect of deuteration
on the thermal properties with the corresponding NH(I) and K(J) series.

EXPERIMENTAL

Double salt hydrates were prepared following the standard procedure adopted
by earlier workers® and their D,O analogues were prepared by dissolving equi-
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molecular mixtures of anhydrous single salts in D,O and subsequent crystallisation.
A Paulik-Paulik-Erdey type MOM, OD-102 derivatograph has been used for thermal
analyses. The particle size of the samples was within 150-200 mesh. The heating rate
was about 1.5°C min~!. The volume of the sample in each case was nearly the same.

RESULTS

The double salt hydrate of Mg(II) of the present series loses its water molecules
in two distinct steps. In the first step four molecules of water are eliminated and the
rest is eliminated in the final step but its D,O analogue loses its D,O molecules in a
slightly different manner, ie., Rb,Mg(S0,),-6D,0 — Rb,Mg(SO;,),-2D,0 —
Rb,Mg(S0,),-1.75D,0 — Rb,Mg(SO,), which is also shown in Fig. 1. The
additional intermediate product, i.e., Rb,Mg(S0y),-1.75D-0, is, however, unstable.
Fig. 2 shows that the double salt hydrates of Mn(II), Co(II) and Zn(II) lose their
water molecules in a single step and their D.O analogues also follow the similar
fashion of dehydration. The double salt hydrate of Cu(Il) loses its water molecules
in two steps like the double salt hydrate of Mg(II) of the same series (Fig. 2) and its
D,O analogue behaves similarly. The double salt hydrate of Ni(IT) loses all its water
molecules in a single step, whereas, its D,O analogue loses D,O molecules like the
double salt hvdrate of Cu(ll) of the present series (Fig. 3). All the dehydration
processes show the well-resolved DTA and DTG curves except for the double salt
hydrate of Mn(II) and its D,0O analogue. DTG peak temperatures and temperature
ranges of dehydration of the double salt hydrates and their corresponding D,O
analogues are tabulated in Table 1. Enthalpy changes for each step of dehydration are
evaluated by the method of Sano® using copper sulphate pentahydrate as the standard
(see Table 1). When DTA peaks overlap too much with each other, the AH values are
evaluated from the overall area of the DTA peaks concerned. Activation energies
for each step of dehyvdration of the salt hydrates and their D.O analogues are evaluated
from the analyses of TG curves using Freeman and Carroll’s® equation. The results
are tabulated in Table 1 and the corresponding curves are shown in Figs. 4 and 5. The
activation energies for each step of dehydration are also evaluated from the analyses
of DTG curves using the method of Dave and Chopra® and the method described
in our earlier works!'Z and also from the analyses of DTA curves using Brochardt’s
equation’ for first order reactions. All these values are tabulated in Table 1 and the
corresponding Arrhenius plots are shown ia Figs. 6 and 7. The order of reaction was
found to be unity for each step of dehydration of the double salt hydrates and their
D>O analogues. The IR spectra of the salt hyd rates and their D,O analogues are taken
to ensure that deuteration of the hydrates proceeds to the desired extent. X-ray
diffraction patterns show that the salt hydrates and their corresponding D.O
analogues are isomorphous to each other.
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DISCUSSION

Earlier, the dehydration of Rb,Mg(S0,),-6H,0 was studied by Rassonskaya®.
He observed the similar nature of dehydration as observed by us but the corresponding
DTA and DTG curves overlapped, having both two peaks. But we found a prominent
break in the TG curve and two well-resolved DTA and DTG curves. He evaluated
the activation energy for the first step of dehydration from DTA curve by Piloyan’s
method and found a value of 26.0 kcal mol~ ! and a value of 27.5 from the analysis of
the TG curve. In our case, the value for the activation energy for the first step of
dehydration is high in comparison to Rassonskaya’s value. This difference 1s probably
due to the difference in heating rate, the nature of the crucible etc. Moreover, he did
not determine the activation energy from the DTG curve. The nature of dehydration
of this salt hydrate is quite different from the corresponding NH (I)* and K(I)?
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Fig. 4. Plots of A log ar / Alog Wy vs. log 7. x 102 from TG for the dehydration of Rb,SO,

MgSO,-6H;O — Rb,;S0,-MgSO.-2H,0(Ia), Rb;SO,-MgS0O,-2H,0 — Rb,;SO - MgSO,(1b),
Rb,;SO,- MnSO,-6H, O — Rb.SO,- MnSO,(IT), Rb;SO,;- CoSO4-6H,0 — Rb;SO,- CoSO,(I2I),
szSO" NiSO" 6H20 — RbISU" NiSO‘ (lV), szSO¢' CuSO.,,' 6H20 —_ Rb1504' CuSO"
2H10 (Va), szSO;' CuSO" 2H10 b RbISO‘,’ CUSO4 (Vb) and Rb2$0" ZnSO;,' 6H;O —>
Rb;SO.-ZnSO,(VI).
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series. In the case of the corresponding NH () series, the first step of dehydration
took place with five molecules of water and the rest was eliminated in the final step,
the monochydrate, however, was unstable. A similar way of dehydration was also
observed on deuteration. In the case of the corresponding K(I) series dehydration
took piace in three equal steps, whereas, on dueteration, dehydration took place in a
single step. With respect to the first DTG peak temperature, the thermal stability of
Mg(il) double salt hydrates of the NH (I), K(I) and Rb(I) series follows the order:
NH, (I)>Rb{I)> K(I) but the thermal stability of the corresponding D,O analogues
follows a different order: NH (I) > Rb(I) = K(I). The activation energy* of dehydra-
tion is less than that of K(Y) and higher than that of NH (). On deuteration this value
of activation energy remains the same, but the D,O analogue follows the order:
REI) > K()>NH_(). This change is due to a fall in the value of activation energy of
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Fig 5. Plots of A d"’/Ax w, ~__ from TG for the dehydration of Rb;SO.- MgSO
1g8. 5. Plots o ogdt, og 'Vs'AlogW, rom ¥ or the dehydration o 2S04 MgSO,

6D;0 - Rb:SO,-MgS0,-2D,0(1’3), Rb:SOMgs0,-1.75D;0 — Rb,SO, MgSO.(I°b),
Rb.;SO,-MnSO,-6D.0 — Rbi;SO;~MnSO.(II), FbiS0 CoSO,-6D;0 — Rb;SO,
COSO‘(III'), szSO;' NiSO;' 6D10 b o Rb;SO“ NiSO" ZD;O (IV'Z), szSO“ NiSO" ZDZO b o
Rb;SO" 'NiSO‘(TV'b), Rb280¢’ CuSO" 6D30 - Rb;SO“ CuSO,- 2D20 (V’a), Rb;SO‘- E
CuS04-2D;0 — Rb;SO,-CuSO,(V'b) and Rb;SO.-ZnSO, 6D.0 — RbH3;S0,°ZnSO(VI).

*Average of the values obtained from the analyses of TG, DTA and DTG curves.
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the corresponding K(I) series due to deuteration. The enthalpy changes for the first
step of dehydration of the double salt hydrates of Mg(II) of the present series, NH4(T)
and K() series do not differ much, but the enthalpy change of the deuterated salt
hydrate differs from the aquated one.

The nature of dehydration of the double salt hydrate of Mn(II) of this series is
similar to the corresponding NH (1) series. Comparison with that of the K(I) series is
not possible, as this compound vndergoes dehydration as soon as the crystals are
removed from its mother liquor. The first DTG peak temperature and enthalpy
change of of the present sait hvdrate are less than the corresponding NH,(I) series but
its activation energy is higher than that of NH (). There is no significant change in the
thermal properties on deuteration.

The process of dehydration of the double salt hydrate of Co(II) of the present
series is similar to the dehydration of that of the NH (1) series and is different from that

logk

1
T X IO

Fig. 6. Arrhenius plots, log & vs. T- 1 x 103, from DTG curves for dehydration of Rb;SO-MgSO,-
6H.0 — Rb,SO,- MgSO,-2H,0(12), Rb,SO,- MgSO,°-2H,0 — Rb.SO;- MgSO,(Ib), Rb,SO,"
MgSO" 6D20 - Rb2504' MgSO." 2D10(I’a), szSO4' MSSO4' l.'/'SDzO - szSO"
MgSO4 a’ b), Rb2504' COSO4' 6H70 > szSO4' COSO4 (III), szSO4' COSO" 6D20 >
Rb;SO04-CoSO, (A1), Rb.SO4-NiSO,-6H,0 — Rb:SO,-NiSO,(1V), Rb;SO,-NiSO,-6D,0 —
Rb,;SO,-NiSO,-2D,0(IV’a), Rb;SO NiSO2D;0 — Rb;SO NiSO.(AV’b), RSO,
CuSO,-6H,0 — Rb,SO,-CuSO,*2H,0(IVa), Rb.SO,*CuSO.°2H,O — Rb.SO,-CuSO.(Vb),
szso" CuSO" 6D20 - szSO" CuSO" 2D10 (V'a), szso" CuSO" 2D10 - szso"
CuSO;(V’b), Rb;SO,-ZnSO,-6H;0 —» Rb;SO,-ZnSO(VI) and Rb,SO¢-ZnSO-6D,0 —»>
Rb;SO4- ZnSO(VI).



296

of the K(I) series whose nature of dehydration is similar to Rb,Mg(S0O,).-6H,0. The
first DTG peak temperature of the present salt hydrate does not differ much from
the corresponding NH_(I) but is higher than the corresponding K(I). The activation
energy of dehydration of the same salt hydrate is less than the corresponding K(I)
series and higher than that of the NH (I) series. The enthalpy change of dehydrationis
minimal with respect to the corresponding NH,(I) and K(I) series. On deuteration
the enthalpy change increases slightly (13 to 14.5) and thereby the enthalpy changes of
dehydration of the Rb(I) and the corresponding NH(I) and K(I) follow the order
NH_ (D> Rb(I)> K(I).

The nature of dehydration of the double salt hydrate of Ni(Il) of the present
series is similar to that of corresponding NH,(I)! and unlike that of K(I)?, but this
picture changes completely on deuteration of this salt hydrate as stated earlier. The
first DTG peak temperature is higher than that of the corresponding K(I) and NH_(I)

)

pd¢)

log k

Fig. 7. Arrhenius plots, log k vs. T~ ' x 103, from DTA curves for dehydration of Rb;SO,- MgSO,-
6HO0 — RbD;SO,-MgSC,-2H,0(Ia), RD;SO-MgS0,2H 0 — Rb:SO,-MgS0,.(Ib),
Rb.SO,.-Mg50,4-6D:0 — Rb,SO4- MgSO,-2D,0(1a), Rb:SO,-MgSO0,-1.75D:0 —
Rb;SO;’ MgSO;(I' b), Rb;SO;' COSO" 6H10 _— szSO;' COSO; ﬂlD, szSO;' COSO,"
6D;0 — Rb:SO,-CoSO(I17), Rb.SO, NiSO, 6H,O — RbD:SONiS0,(V), RbzSO,.-
NiSO,-6D-O — Rb:SO,-NiSO,-2D.OI¥’a), Rb;3S0,4-NiSO0,-2D,;C — Rb;SO,-
NiSO; (IV' b), szSO" CUSO" 6H20 — szsO;' CuSO;‘ 2H 10 (Va), szSO" CUSO;' 2H20 -
Rb;S0,-CuSO,(Vh), Rb2SO, - CuSO,-6D.0 — Rb;SO,-CuSO,-2D.0(V’a), Rb.SO,-CuSO,-
2D,0 — Rb3:SO,.-CuSO,.(V’b), Rb:SO,-ZnSO,-6H,0 — RbaSO,-ZnSO0,(VI) and Rb,SO.-
ZnS04-6D:0 — Rb1SO,.-ZnSO, (VI).
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series [Rb(I)>K(I)>NH,(I)] but on deuteration the order changes as follows:
K@) = NH_.()> Rb(l). The value of enthalpy change of dehydration is higher than
that of the corresponding K(I) series and lower than that of the NH_(I) series. On
deuteration the value of enthalpy change remains practically unaltered. The activation
energy for the first step of dehydration of the Rb(I) series is maximal with resgect to
the corresponding NH,(I) and K(I) series. On deuteration the activation energy for
the first step of dehydration becomes high, whereas, the values for the corresponding
NH(I) and K(I) series do not show any significant change.

The fashion of dehydration of double salt hydrate of Cu(lI) of the present series
is unlike the corresponding NH (I) and K(I). It is observed that the nature of the TG
curve of the corresponding K(I) series is similar to that of the present salt hydrate, but
both steps showed overlapping DTA and DTG curves indicating the existence of
more unstable intermediate salt hydrates, which is not found in the present salt
hydrate. In the corresponding NH_.(I)* series dehydration took place in three steps
which was stated earlier. On deuteration of the Cu(II) compound, the nature of de-
hydration is not altered, whereas, for the corresponding K(I) serics, the nature of
dehydration differed slightly®. The first DTG peak temperature of the present salt
hydrate is lower than that of the corresponding NH,(I) series and equal to that of the
K(X) series. Tke enthalpy change for the first step of dehvdration is lower than for the
corresponding NH,(I) series and higher than that of the K(I) series. On deuteration
the values increase slightly. The activation energy for the first step of dehydration is
equal to that of the corresponding NH,(I) series and higher than that of the K(I)
series. On deuteration the value becomes slightly lower.

The nature of dehydration of the double salt hydrate of Zn(II) of the present
series is like that of the corresponding NH,(I)* series but is different from the cor-
responding K(I)? series whose nature of dehydration is similar to that of the double
salt hydrate of Cu(II) of the present series. The D, analogue dehydiates similarly.
DTG peak temperature and enthalpy change for the first step of dehydration are
higher than those of the corresponding NH(I) series and less than those of K(I). The
value of activation energy for the first step of dehydration of the present salt hydrate
is higher than that of the corresponding K(I) series and less than that of NH,(I). On
deuteration, the above order also remains unaltered. '

It is noticed that the thermal stability of the double salt hydrates of Rb(I) is
greater than that of the corresponding K(I) series and less than that of the NHy(I)
series, whereas, the activation energy for the first step of dehydration of the present
series is greater than that of NH(I) and less than for the corresponding K(I) series.

The first DTG peak temperatures of the double sait hydrates of the present
series show that the salt hydrates are thermally stable in the following order:
Ni(Il) > Co(IT) > Zn(II) > Mg(IT) > Cu(lI) > Mn(1I). This order is almost maintained
in the NH,(I) series except for the double salt hydrates of Zn(II) and Co(1I) whose
order is reversed. But the above order is not maintained in the K(I) series. D,O
analogues of the present series show a similar order of thermal stability except for
Ni(II). In the case of Rb,Ni(SO,),-6H,O, on deuteration the thermal stability
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decreases to a great extent. This change is probably due to the change in the nature of
dehydration.

The variation of the values of activation energies for the dehydration process
evaluated from TG, DTA and DTG curves is not too much. This shows that all the
methods used for the evaluation of activation energies are standard. It is observed that
on deuteration of the single salt hydrates® activation energies of dehydration of the
corresponding D, 0 analogues increase. But in the case of double salt hydrates there
is no significant change in the value of activation energy on deuteration where the
nature of dehydration remains unaltered. In general, salt hydrates!+2- which lose
water molecules in more than one step, the activation energy for the latter step of
dehydration gives a larger value than the previous step. In the present series a similar
phenomenon is observed. It is observed in our earlier work? that where the deuteration
effect completely changes the nature of dehydration, the value of the activation
eaergy of dehydration changes markedly, i.e., in the case of K,Mg(S0,),-6H,0, on
deuteration dehydration took place in a single step instead of dehydrating in three
equal steps. As a result the value of activation energy of dehydration fell markedly on
deuteration. Whereas, Rb,Ni(SO,),-6H,0 dehydrates in two steps on deuteration
instead of in a single step. Due to this change in the nature of dehydration the
activation energy for the dehydration of Rb,Ni(SO,),-6D,0 is markedly high in
comparison to that of its H,O analogue. The above observations show that the value
of the activation energy of dehydration increases with increase in the number of steps
during dehydration due to deuteration and vice versa. The activation energies for the
first step of dehydration of the double salt hydrates of the present series do not show
any systematic variation with increase in atomic number of the cation, whereas, a
systematic order was maintained in the NH(I) series. It is noticed, however, that the
activation energies of the double salt hydrates of the present series increase with rise
of the 2nd ionisation potential of the central metal except for Mg. But this trend is not
observed between the corresponding D,O analogues due to abrupt rise in: the value of
activation energy for dehydration of Rb,Ni(SO,),-6D-O.

It is aiso observed that the value of enthalpy change of dehydration of the
double salt hydrates of this series ranges from 11.4-17 kcal mol™!. There is little
effect on the vzlue of AH on deuteration.

The differeaces in thermal properties of dehydration between the NH (I), K(I)
and Rb(]) series is due to a natural cause, i.e., slight difference in ionic size of NH ()
(1.43), K(I) (1.33) and Rb(I) (1.48). We attempted to isolate Rb,Cd(SOy),-6H,0 but
could not succeed as the compound loses water as soon as the crystals are removed
from its mother liquor.
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