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The nature of the crystallization water in some hydrates with different cations,

namely: MnSO4
.H2O; FeSO4

.7H2O; CoSO4
.7H2O; NiSO4

.7H2O, has been studied by the

application of the following non-isothermal techniques: thermogravimetry (TG), derivative

thermogravimetry (DTG), and differential thermal analysis (DTA). Analysis of the charac-

teristic thermogravimetric data (Tm,W ) and of the kinetic parameters (n, Ea) calculated

from DTG and DTA data - with CuSO4
.5H2O as a reference - demonstrated the existence

of crystallizationandanionwater in thestudiedhydrates.Theactivationenergyof theprocess

of anionwater elimination does not depend on the nature of the cation. This conclusionwas

confirmed by the absence of the compensation effect in this process.

Keywords: crystallization water, TG�DTG�DTA, kinetics, hydrates.

Our previous papers1,2 dealt with the influence of the anion � with a common

cation - on the process of anion water elimination. In the present study, the influence

of the nature of the cation, with a common anion (i.e., SO4
2�),3 was investigated. In

MSO4
.7H2Ohydrates,whereMdenotesFe,CoorNi, (heptahydrates)andMnSO4

.H2O

(monohydrate), the crystalline structuresof the investigatedhydrates are isomorphous.4

The values of the kinetic parameters of the process of anionwater elimination,

calculated from DTG5,6 and DTA7�9 data, do not depend on the operational

conditions, such as heating rate, air or N2 atmosphere. The study of compensation

parameters10�12 for this stage showed that the activaiton energy does not vary with

ln Am which was also confirmed by the Arrhenius plots k = f(1/T). These facts lead

to the conclusion that the anion water hydrogen bond is the same in all the studied

hydrates, independent of the nature of the cation.

EXPERIMENTAL

I.�Paulik-Paulik-Erdey/MOMBudapest derivatograph, enabling the simultaneous recording

of T, TG,DTGandDTAcurves.Recording conditions: samplemass»100mg, heating rate =12 ºC/min,
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maximum temperature = 1000 ºC, DTG and DTA sensitivity 1/10, reference material Al2O3, freshly

calcinated at 1000 ºC in an air atmosphere.

II.�Mettler TA-1 No. 80 thermobalance, enabling the simultaneous recording of T, TG, DTG

and DTA curves under a dynamic N2 atmosphere of 30 ml/min. Recording conditions: sample mass

» 10 mg, heating rate = 10 ºC/min, maximum temperature 600 ºC, DTG and DTA sensitivity 1/10,

reference material Al2O3, freshly calcinated at 1000 ºC.

III. � Thermogravimetric TGA - 2910 Du Pont, Canada balance, enabling the simultaneous

recording of TG and DTG curves. Recording conditions: sample mass = 55.017 mg, heating rate = 10

ºC/min, maximum temperature = 600 ºC, dynamic nitrogen atmosphere at 30 ml/min.

The hydrates studied, CuSO4
.5H2O (M = 249.68 g/mol), MnSO4

.H2O * (M = 169.01 g/mol),

FeSO4
.7H2O (M = 278.02 g/mol), CoSO4

.7H2O (M = 281.1 g/mol) and NiSO4
.7H2O (M = 280.06

g/mol), were supplied by Merck and Prolabo (
*

).

The size of the hydrate granulates analyzed was in all cases 40 mesh.

RESULTS AND DISCUSSION

The TG and DTG curves recorded with device I are shown in Figs. 1 and 2.

These Figs. andTable I show that the eliminationofwater occurs in twowell-distinct

stages, regardless of the atmosphere and the sample mass. This observation is in

agreement with literature data in which it was reported that other heptahydrates,

Fig. 2. DTG curves of hydrates 1 � 4 recorded

on installation I.

Fig. 1. TGA curves of hydrates 1 � 4 recorded

on installation I.
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ZnSO4
.7H2O

13,16 and MgSO4
.7H2O

14,15, behave in a similar manner, even at the

low heating rates of 3 ºC/min13 and 5 ºC/min.14�16

The characteristic temperatures and mass losses from DTG and TG measure-
ments obtained on instruments I and II are presented in Table I. Comparing these

data with data for [Cu(H
2
O)

4
]2+(SO

4
.H

2
O)2� (Fig. 3), it would seem that 6 mole-

cules of crystallization water are eliminated in the first stage (samples 2, 3 and 4)

and a molecule of anion water remains that is eliminated in the final step, as the
temperature ranges are the same for all samples.

TABLE I. Characteristic thermogravimetric values

No. Sample Ap

Sample

mass

(mg)

Step I Step II

Ti/ºC Tf/ºC
No.Mol.

Ti/ºCTm/ºCTf/ºC
No.Mol. W t W exp

.

H2O H2O mg mg

1� MnSO4
.H2O I(air) 103.4 � � � 232 295 320 1 11.01 11.11

2 FeSO4
.7H2O I(air) 95.9 29 153 6 291 320 348 1 6.21 5.26

II(N2) 10 45 464 6 253 278 317 1 0.65 0.67

3 CoSO4
.7H2O I(air) 95.9 75 204 6 289 343 362 1 6.14 6.43

II(N2) 10 32 180 6 210 295 340 1 0.64 0.68

3� CoSO4
.H2O I(air) 92.5 � � � 316 348 387 1 9.62 8.77

4 NiSO4
.7H2O I(air) 98.6 65 226 6 340 383 455 1 6.32 6.43

II(N2) 10 88 224 6 369 396 429 1 0.64 0.6

5 CuSO4
.5H2O I(air) 102.4 48 165 4 244 281 305 1 7.37 7.6

II(N2) 10 57 165 4 238 265 295 1 0.72 0.75

III(N2) 55.017 68 183 4 205 250 285 1 3.96 4.03

Ti = initial temperature; Tm = temperature corresponding to the maximum rate of mass loss; Tf = final
temperature;W t = theoretical loss;W exp = experimental mass loss; Ap = type of device.

The same conclusion may be drawn from the shape of the DTG curves obtained
using equipment I (Fig. 4) and also from the characteristic temperatures listed inTable II.

Fig. 3. TGA curve of

CuSO4
.5H2O, recorded on instal-

lation III.
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TABLE II. Characteristic vlue for DTA

No. Sample Ap

Step I Step II

Ti/ºC Tf/ºC
No.Molec.

H2O
Ti /ºC Tm/ ºC Tf/ ºC

No.Molec.

H2O

1� MnSO4
.H2O I(air) � � � 232 300 337 1

2 FeSO4
.7H2O I(air) 52 177 6 291 323 353 1

II(N2) 60 164 6 253 278 317 1

3 CoSO4
.7H2O I(air) 75 205 6 291 355 390 1

II(N2) 32 182 6 260 295 340 1

3� CoSO4
.H2O I(air) � � � 315 350 416 1

4 NiSO4
.7H2O I(air) 65 226 6 350 390 448 1

II(N2) 88 224 6 342 396 433 1

5 CuSO4
.5H2O I(air) 79 196 4 252 284 324 1

II(N2) 57 165 4 228 240 282 1

DSC(air) 57 162 4 211 243 286 1

Ti = initial temperature of the DTA peak; Tm = temperature at the maximum of the DTA peak; Tf =
final temperature of the DTA peak; Ap = type of device.

It can be seen from Tables I and II that the temperature domain over which
the water molecule fromMnSO

4
.H

2
O and CoSO

4
.H

2
Omonohydrates corresponds

to the elimination of anion water.

Due to the complexity of the process of the elimination of crystallization

water, and to the fact that ourmain interest lay in the anionwater, only the activation

Fig. 4. DTA curves of hydrates

1 � 4 recorded on installation I.
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energy for the last step, the elimination of anionwater, was evaluated by differential

and integral methods using DTG and DTA data for the same interval of the extent

of the reacton (a = 0.2 � 0.8).

The determined activation energies for this step are listed in Table III, from

which it can be seen that the activation energies for all the studied samples may be

considered constant. From this fact it follows that the activation energy associated

with the eliminiation of the last water molecule is independent of the nature of the

cation. For the hydrates under investigation this justifies its name � anion water.

TABLE III. Kinetic parameters for the last step of dehydration (a = 0.2�0.8)

No. Sample

Last step of dehydration

DTG DTA

FC CR FC CR F ki

n
Ea

(kJ/mol)
R n

Ea

(kJ/mol)
R n

Ea

(kJ/mol)
R n

Ea

(kJ/mol)
R n

Ea

(kJ/mol)
R n

Ea

(kJ/mol)
R

1� MnSO4
.H2O 0.8 164 0.98 1 140 0.99 1 182 1 1 189 1 1 176 1 1 195 0.99

2 FeSO4
.7H2O 0.8 209 0.97 1 193 0.99 1 172 0.83 1 196 1 1 184 0.97 1 215 0.89

3 CoSO4
.7H2O 0.9 187 0.96 1 169 0.99 1 163 0.99 1 177 1 1 173 1 1 208 1

4 NiSO4
.7H2O 0.9 206 0.92 1 166 0.98 1 178 0.98 1 195 0.99 1 180 0.98 1 182 0.94

5 CuSO4
.5H2O 1.1 196 0.97 1 216 1 1 191 0.99 1 199 0.99 1 189 0.94 1 197 0.87

FC = the Freeman-Carroll method; CR = the Coats Redfern method; F = the Fatu method; ki = the
methodof kinetic parameter determination from the initial rate constants;R= the correlation coefficient
for the linear regression; n = the reaction order; Ea = activation energy.

In order to check this conclusion, the compensation parameters introduced by
Nicolaev10 and Gorbachev11 were calculated (see Table IV). The compensation

parameters a, b and S
p
can be considered constant17,18which indicates that the bond

is of the same type. From Fig. 5, which shows a plot of ln A versus E
a
, it can be seen

that the points converge to a restricted area indicating the lack of a kinetic compen-
sation effect (KCE). This is the case when the breaking link is the same � i.e., the

molecule of water is bound through hydrogen bridges of the same strength.

TABLE IV. The compensation parameters

No. crt. Hydrate DT=Tf�Ti

Tm

(K)

Ea

(kJ/mol)

Sp = Ea/lnA

(kJ/mol)

Nikolaev Gorbachev

a·10.000
(mol/J)

b ln A Tcr(k) ln/A

1� MnSO4
.H2O 88 568 188 4.747 2.12 �0.195 39.7 571 39.7

2 FeSO4
.7H2O 62 582 199 4.858 2.07 �0.188 40.9 584 40.9

3 CoSO4
.7H2O 73 616 194 5.164 1.95 �0.327 37.5 621 37.5

4 NiSO4
.7H2O 115 660 200 5.557 1.82 �0.437 35.9 668 35.9

5 CuSO4
.5H2O 70 554 189 4.62 2.17 �0.137 41 556 41

Tm = Temperature at maximum rate; Ea = the mean activation energy; Tcr = isokinetic temperature; A
= the pre-exponential factor.
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A clear confirmation of such a conclusion can be gained from the Arrhenius

plots,19 Fig. 6, in which the parameter k is plotted as a fuction of 1/T. A series of

parallel straight lines, with correlation coefficients ranging between 0.97788 and

0.9955, results. From the Arrhenius plots, constant values of the activation energy

of the second step of dehydration are obtained that agree with the values listed in

Table II.

CONCLUSIONS

Theappliedmethods of analysis, combinedwith the studyof the compensation

effect, allow the following conclusions to be reached:

� The hydrates FeSO4.7H2O, CoSO4.7H2O and NiSO4.7H2O contain 6

molecules of crystallization water and one molecule of anion water;

� The hydrates MnSO4.H2O and CoSO4.H2O contain only one molecule of

anion water;

� The strength of the hydrogen bond linking the anion water depends only

Fig. 5. The ln A = f (Ea) depend-

ence for the last stage of dehydra-

tion of hydrates 1 � 4.

Fig. 6. The ln k = 1/T dependence

for the last dehydration stage: (n)

MnSO4
.H2O; (s)FeSO4

.7H2O;

(6) CoSO4
.7H2O; (l)NiSO4

.7H2O;

(u)CuSO4
.5H2O
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negligibly on that of the coordinative bond and is not influenced by the nature of

the cation;

� The study of the compensation effect supports the conclusions drawn from

the values of the activation energies;

� The results obtained by the applied thermal methods supports the following

generalized structure for the studiedhydrates,whichagreewith theexisting literature:20

[M(H2O)6]2+(SO4
.H2O)

2�, where M = Fe, Co, Ni and [Mn]2+(SO4.H2O)
2�

I Z V O D

KORI[]EWE TERMIJSKE ANALIZE U ODRE\IVAWUPRIRODE KRISTALI-

ZACIONE VODE - PRIMENANANEKE HIDRATE SA RAZLI^ITIMKATJONIMA

LUCIA ODOCHIAN,* DANA MAGDALENA PANTEA,*** IRINA CALUGAREANU,* DANA IONESCU* and
OLGA VICOL**

*Department of Physical Chemistry, "Al. I. Cuza" University, Iasi, Romania,

**Department of Inorganic Chemistry, "Al. I. Cuza"
University, Iasi, Romania and ***Department of Chemical Engineering, Laval University, Quebec, Canada

Priroda kristalizacione vode kod nekih hidrata sa razli~itim katjonima, kao

{to su MnSO4.H2O, FeSO4.7H2O, CoSO4.7H2O i NiSO4.7H2O, prou~avana je primenom

slede}ih neizotermskih tehnika: termogravimetrijom (TG), derivativnom termogra-

vimetrijom (DTG) i diferencijalnom termijskom analizom (DTA). Analizom karakter-

isti~nih termogravimetrijskih podataka (Tm,W ) i kineti~kih parametara (n, Ea)

izra~unatih iz DTG i DTA podataka koriste}i CuSO4.5H2O kao referencu, dokazano je

postojawe kristalizacione i anjonske vode u prou~avanim hidratima. Energija akti-

vacije za proces uklawawa anjonske vode ne zavisi od prirode katjona. Ovaj zakqu~ak

potvr|en je odsustvom kompenzacionog efekta kod ovog procesa.

(Primqeno 2. decembra 1998, revidirano 25. marta 1999)
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