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Abstract The oxygen isotopic exchange during dehydra-

tion and decomposition of five sulfate salt hydrates (CoSO4�
6H2O, NiSO4�7H2O, ZnSO4�7H2O, CaSO4�2H2O, Li2SO4�
H2O) was studied in detail by temperature programmed

desorption mass spectrometry (TPD-MS) in a supersonic

molecular beam (SMB) inlet mode. Crystals of the 18O-

enriched salts were grown and the detailed desorption steps

of the various gaseous products released during dehydration

and decomposition of these compounds were recorded. The

desorption patterns confirmed the known characteristic

stepwise dehydration of these salts, where regardless of the

crystalline structure and composition, in all the salts

(excluding the Li and Ca sulfates) a major group of n - 1

loosely bounded water of crystallization molecules (out of

total of n molecules in the fully hydrated form) are released at

adjacent temperatures in a typical low temperature range

(\200 �C), while the last, most strongly bounded water

molecule, consistently desorbs at relatively higher temper-

atures (240 \ T \ 440 �C). Interestingly, it is established

that the oxygen isotopic exchange occurs exclusively

between that latter, most strongly bound water molecule, and

the salt anion. Remarkably, the results point out that the

exchange process is mostly of solid-solid nature. Finally, the

results point out that the probability of the isotopic exchange

increases with the increment in the desorption temperature of

the last dehydration step, i.e. with the bond strength in the

monohydrate, between the last water molecule of crystalli-

zation and the cation.

Keywords Temperature programmed desorption � 18O �
Isotopic exchange � Water of crystallization � Sulfate

hydrate

1 Introduction

Dehydration of crystalline hydrates represents an important

group of heterogeneous reactions (Galwey 2000). Although

numerous studies of solid-state dehydration and decom-

position have been published (Young 1966; Makatun

and Shchegrov 1972; Lyakhov et al. 1974; Brown 1980;

Galwey et al. 1981; Galwey 1985, 1992; Galwey and

Mohamed 1987; Galwey and Laverty 1990; Tanaka et al.

1995; Brown et al. 1997; Koga and Tanaka 2002; Galwey

and Brown 1999), the detailed mechanism of these reac-

tions has still not been resolved. The dehydration reaction

may comprise more than one type of chemical change,

governed by the nature of the water in the crystal. While

some of the water molecules are coordinated to the cation,

others are associated to the anion via hydrogen bonds. In

the former case, the reactant structure is maintained, or at

most, undergoes minor structural modifications (Galwey

2000; Flanagan and Franklin 1971; Franklin and Flanagan

1972). In the second type however, the reactant structure is

destabilized by the removal of constituent hydrogen bon-

ded water molecules, and dehydration is accompanied with
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a considerable, up to major, structural change (Galwey

2000; Flanagan and Franklin 1971; Franklin and Flanagan

1972). In both cases the exact mechanism, as well as the

chemical and structural changes during the elimination of

water, is not well understood. A.K. Galwey adequately

summarized this problem in a comprehensive review

(Galwey 2000): ‘‘Compounds containing common, or

comparable, chemical constituents often exhibit quite dif-

ferent kinetic behaviors, whereas some apparently dissim-

ilar substances react in similar ways. It has thus been long

appreciated that some characteristic features (reactivity,

kinetics, etc.) of decomposition of solids cannot be obvi-

ously or qualitatively related to identities or properties of

the reactants’’.

The TPD technique (Danon et al. 1997) is a powerful

quantitative and qualitative tool for high resolution analysis

of discrete dehydration steps of hydrated salts (Danon et al.

2005). Thus, the TPD technique enables the elucidation of

key steps in the dehydration mechanism.

In most sulfates, out of n crystallization water molecules,

n - 1 are coordinated to the cation, whereas the last one is

associated with the sulfate ion (Galwey 2000; Varghese and

Maslen 1985). On heating, the inorganic salt splits of its water

molecules via sequential key reaction steps that occur along a

respective characteristic temperature range. Depending on the

heating rate, the coordinated water molecules are released up

to 240 �C, whereas the remaining SO4
2- associated one, and

the most strongly bonded, is released above 250 �C. Upon

further heating, above 600 �C, the dehydrated sulfate salt

decomposes, releasing gaseous SO2 and O2 products. These

fully resolved desorption steps of water molecules and

decomposition products, make hydrated sulfate salts ideal

complexes for gas evaluation studies throughout their dehy-

dration and thermal decomposition processes.

The occurrence of oxygen isotopic exchange between

the water of crystallization and the sulfate anion, during the

dehydration of copper sulfate penta-hydrate, was recently

demonstrated (Danon et al. 2005). The principal findings of

Danon et al. (2005) were: (i) an occurrence of oxygen

isotopic exchange between the water of crystallization and

the sulfate ion was established (ii) the exchange was shown

to occur specifically between the last, most strongly

bounded, water molecule of crystallization and, at most,

one oxygen atom in SO4
2- (iii) the exchange occurs in the

solid phase within the CuSO4 crystalline salt. It was

speculated (Danon et al. 2005) that the exchange is enabled

during the re-phasing of the crystal, where desorption of

the last water molecule causes the crystal to undergo a

morphological change. This speculation relied on the fact

that removal of H2O changes the stabilizing forces in the

crystal, so that dehydration is usually accompanied by

recrystallization to the more stable lattice of a lower

hydrate and/or to fulfill the coordination requirements of

the cation (Galwey 2000). All in all, the latter result was

considered as a remarkable finding as it confronts the

common conviction of the unfeasibility of oxygen isotopic

exchange in sulfates under geothermic conditions (Hall and

Alexander 1940; Miyoshi et al. 1984; Hoering and Ken-

nedy 1957; Rankama 1963).

Following this finding, it seemed of interest to extend the

TPD experiments to other sulfate hydrates, as well as to sel-

enate (Hevroni and Danon 2010; Hevroni et al. 2009) and

nitrate hydrated salts (to be published). The hydrated salts

studied may be generally formulated as M�SO4�nH2O (or

more conveniently in a matrix representation of the form

SO4
n
M

� �
, with M the metal cation and n the number of water

of crystallization molecules that compose the fully hydrated

crystal respectively). Utilizing the above notation, the fol-

lowing hydrated sulfate salts were studied in the present work:

SO4
1 2 6 7 7

Li2 Ca Co Ni Zn

� �

The results suggest some apparently common, broad and

general features that affect the exchange process and shed

light on the key steps that govern the isotopic oxygen

exchange, and in a more general fashion, the overall

dehydration mechanism of hydrated solids.

2 Experimental details

2.1 Crystal growth

Commercial salts were purchased from Merck (NiSO4�7H2O-

99 %, CoSO4�6H2O-99 %, ZnSO4�7H2O-99.5 %, CaSO4�
2H2O-99 %, Li2SO4�H2O-99 %). 18O enriched water

(Hyox18 LTD) was purchased from ROTEM industries-

Israel. The oxygen isotopic abundance of the enriched raw

liquid water was verified by electrolyzing ca. 0.5 ml of it, col-

lecting the released gaseous O2 and measuring its isotopic

composition with a QMG 422 Balzers quadruple mass spec-

trometer (QMS). Due to the poor,D(m/z) = 1, resolution power

of the QMS, the isotopic abundance was determined under the

approximation that the signal at m/z = 34 is contributed solely

by 16O–18O, thus neglecting the contribution from 17O2 as its

content is expected to be extremely low. The resulting uncer-

tainty introduced by this assumption is by far smaller than the

overall experimental uncertainty, and is thus insignificant to the

deduced isotopic composition. Different growth routes were

utilized in order to obtain in advance controlled and localized

isotopic composition of the oxygen in the molecular targets, i.e.

water of crystallization molecules and/or salt anion.

Initially, as purchased hydrated sulfate salts were fully

dehydrated by prolonged evacuation at 350 �C, after which

the dehydrated crystals were left to cool down to room
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temperature (RT) under active vacuum. The dried crystals

were then promptly dissolved to yield saturated solution, in

either natural (16O) or 18O enriched water. Actual enrich-

ments are indicated for each salt in the results section.

Dissolution procedure was carried out at ambient temper-

ature under room atmosphere in case of utilizing natural

water, and with no contact with the atmosphere in enriched

water. Recrystallization was sequentially carried out fol-

lowing dissolution by slow evaporation of the water solvent

at RT. Final weights of grown crystals were of the order of

few grams. From each freshly grown crystal batch, a

minute amount was sampled, grained and structurally

characterized by means of XRD crystallography (only for

the Co, Ni, Zn and Ca sulfates) provided with a Bragg–

Brentano diffractometer and a Cu anode. The Ka line was

filtered by means of graphite moderator. Further, indirect

verification, was provided by the TPD spectra themselves,

where the desorption patterns (desorption peak tempera-

tures) were compared to published data (Kolitsch 2001;

Ptasiewicz-Bak et al. 1998; Stadnicka et al. 1987; Angel

and Finger 1988; Elerman 1988; Kellersohn 1992; El-

Houte et al. 1989; Chichagov 1997; Siriwardane et al. 1999).

As the present study deals with an isotopic exchange

phenomenon in the solid phase, it is important to address in

advance the argument of possible oxygen exchange during

the crystallization procedures, which may allegedly occur

between the water in the solution and the sulfate salt anion.

Such an exchange will not only undesirably alter the pre-

designed 18O enrichment of the crystallization water mol-

ecules; it would imply that the exchange occurs in the liquid

phase. If so, our principal claim of occurrence of an oxygen

isotopic exchange in the solid phase would be highly

questionable. Nonetheless, such an exchange is not proba-

ble during our practical crystallization periods at RT. The

primary reason for this is that oxygen exchange between

SO4
2- and H2O is extremely slow, taking *105 years at RT

(Hall and Alexander 1940; El-Houte et al. 1989; Siriwar-

dane et al. 1999; Zeebe 2010). Furthermore, such a possi-

bility may be also ruled out for elevated temperatures as

shown by Loyd (1968), for isotopic exchange in geothermal

water reservoirs. Loyd (1968) reports that the half-time of

the oxygen exchange reaction between water molecules and

sulfate ions, at 80 �C in the liquid phase, is ca. 120 years.

Assuming first order reaction kinetics, a period of 5 years

would be required for the completion of 3 % oxygen

exchange at 80 �C. Moreover, by accounting for mass

conservation considerations which account for all the 16O

and 18O containing- species that participate in the exchange

reaction, prior and after the exchange, one may confidently

conclude that our crystallization process does not introduce

such an exchange.

Finally, all grown natural and enriched hydrated crystals

were weighed, grained and heated in a controllable rate

inside the TPD reactor to release their water of crystalli-

zation molecules and to further thermally decompose. The

oxygen isotopic composition of the thermally desorbed

water molecules, SO2 and O2 decomposition products,

were measured at the outlet of the TPD apparatus within

isotopic resolutions, using the QMS apparatus.

2.2 TPD setup and measurements

A detailed description of the TPD-MS experimental setup

was reported elsewhere (Danon et al. 1997, 2005). Here we

just mention principle key features that enabled the per-

formance of the present study. The apparatus is schemati-

cally illustrated in Fig. 1. It incorporates an atmospheric

pressure TPD reactor provided with a supersonic molecular

beam (SMB) inlet. Basically, TPD-MS with SMB inlet

involves coupling of paired differentially pumped vacuum

compartments, connected via a nozzle capillary. Under that

configuration, it is practically possible to link between the

high vacuum required for the normal operation of the mass

spectrometer and the atmospheric pressure at the sample-

containing TPD reactor. Transfer of the thermally desorbed

species from the sample inside the TPD reactor to the MS

chamber is achieved by 50 standard cc per minute (sccm)

flow of inert UHP dry Helium carrier gas. To avoid pos-

sible adsorption/desorption reactions of the desorbed water

molecules along their trajectory throughout the system, the

inlet as well as all tubing down to the mass-spectrometer

are constantly heated to 100 �C. The combination of the

nozzle and skimmer components creates a SMB of the

desorbed products and the carrier gas. This SMB flies

through the system tubing, free of any collisions with the

walls, then enters axially to the mass spectrometer ion

source and is ionized therein. As the heating rate directly

affects the resolution of the peaks in the TPD profiles, with

low rates yielding higher resolutions, TPD data were first

acquired during linear programmed ramping of sample

temperature between RT and 900 �C, utilizing various

predetermined heating rates between 2� and 30� C/min, in

search for an optimal resolution of the desorption peaks. A

heating rate of 10� C/min was found to be satisfactory in

producing good resolution in reasonable running times, and

was thus used for all data acquisitions in order to keep

comparative conditions for all measured samples. It is

worth mentioning in that respect that various heating rates

may also be utilized for deducing activation energies of

desorption. However, due to structural variances in the

TPD profiles, caused by the occurrence of polymorphs (see

further discussion in the text), such a procedure could yield

erroneous activation energies and was therefore left out of

the scope of the present study. The oxygen isotopic abun-

dance of the thermally desorbed water molecules was

determined by accounting for the ratios of the areas
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occupied by the TPD curves along the characteristic tem-

perature desorption range of interest. These areas were

determined by integrating over the background subtracted

TPD curves of interest. The deduced abundances where

then used to evaluate the depletion/enrichment percentages

quoted in the results section. It should be emphasized that

enrichment/depletion trends are evaluated in the present

study solely by accounting for the mass ratio 20/18 of H2
18O

and H2
16O, while ignoring the17O abundance, being

0.038 % and ca. 1 % in natural water and in the com-

mercial enriched water respectively. In addition, the

0.15 % abundance of D2O is also not accounted for.

Finally, further considerations that are related to the

accuracy of the current measurements are worth mention-

ing. In comparison to the CuSO4�5H2O TPD profiles, the

TPD spectra currently measured for the other hydrated salts

differ only in the number of peaks, resolution, relative

intensities and locations. In addition, some peaks may

possess multi component contributions. The signal at m/

z = 32 for instance, contains contributions from 16O2 from

the decomposition of the sulfate anion, and 16O2 and 32S

from the fragmentation of 32S16O2 in the ionizing chamber.

The extent of fragmentations is a function of the ionization

voltage in the QMS source, and has known fixed values. It

is thus possible to correct for these artificial contributions

of fragmentations. Likewise, additional corrections were

carried out for all measurements by accounting for the

effect of spatial mass discrimination in the molecular

beam. These latter corrections, although minor, were

nonetheless carried out before deducing the 18O enrichment

values. Finally, correcting for differences in the instru-

mental response (sensitivity) of the QMS to the different

species, by utilizing a calibration procedure, was skipped

since our analysis relies on calculating relative intensities

of different oxygen-containing isotopic species of the same

ions. After accounting for the signal/noise ratio, repro-

ducibility of the TPD scans, choice of base line, theoretical

consideration, fragmentations, mass discriminations and

ignoring 17O and D2O abundances, the quoted values have

satisfactory low relative uncertainties of less than 15 %

(within two standard deviations).

The same overall measurements and interpretation pro-

cedures, described previously for the measurements of

copper sulfate (Danon et al. 2005), were applied for nickel

(NiSO4�7H2O), cobalt (CoSO4�6H2O), zinc (ZnSO4�7H2O),

calcium (CaSO4�2H2O) and lithium (Li2SO4�H2O) sulfates.

3 Results and discussion

Figure 2 summarizes the desorption patterns of H2O, O2

and SO2 (continuous lines) from natural hydrated salts of

Fig. 1 Experimental setup of the TPD-MS-SMB apparatus. The TPD

reactor (right hand side) is a 1/400 tube located inside a cylindrical

heater. The sample is placed at the center of the oven. Desorbed

products are transported to the inlet by a carrier gas. The gas flows

through a differential pump system composed of coupled paired

differentially pumped vacuum compartments, connected via nozzle

capillary. The combination of the nozzle and capillary components

creates a supersonic molecular beam (SMB) of the desorbed products

and the carrier gas. This SMB flies through the system tubing, free of

any collisions with the walls, then enters axially to the mass

spectrometer ion source and ionized therein

Fig. 2 TPD patterns from natural hydrated salts Zn (a), Co (b) and Ni

(c). Left hand frames desorbed H2O, right hand frames O2 and SO2

decomposition products of SO4
2-. On the H2O frames, continuous

lines m/z = 18, dashed lines m/z = 20. The m/z = 20 curves are

multiplied by 1/0.002 = 500, the ratio of 16O/18O natural abundances

and are artificially biased for clarity. TPD were taken at 10 �C/min

heating rate

c
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Zn (a), Co (b) and Ni (c). The dashed lines in the left hand

frames of Fig. 2 depict the intensity of m/z = 20, the

desorption curve of the enriched water molecules (H2
18O).

They are multiplied by a factor of ca. 500, the ratio of
16O/18O natural abundances (1/0.002), and are artificially

biases downwards for clarity. It may be noted that in all
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cases, the normalized m/z = 20 curves fully coincide those

of m/z = 18, nicely illustrating the natural abundance of

oxygen in the natural crystals.

3.1 Desorption and decomposition schemes

of the hydrated sulfate salts

The TPD patterns of Fig. 2a all share a clear common

behavior: whereas all (n - 1) water of crystallization mol-

ecules desorb along the low temperature range, below

200 �C, leaving the crystalline salts in a monohydrate form,

the last dehydration step, quantitatively involving the release

of only one water molecule (by calibration), is peaked at

significantly higher temperatures, above 240 �C. In addition,

following the completion of dehydration, the sulfate anion in

all these salts starts to decompose thermally above 600 �C.

Shown on the right hand frames of Fig. 2 are the SO4 thermal

decomposition products, 32S16O2 (m/z = 64) and 16O2 (m/

z = 32), where 16O2 is also contributed from the fermenta-

tion of SO2 in the ion source. The above behavior, although

satisfied by the Ni, Co and Zn sulfate salts, is not shared by

the Ca and Li sulfates. These compounds will thus be dis-

cussed separately later on.

It should be noted that the rapid response time, \1 s

(Danon et al. 1997), of the TPD apparatus is expressed in

high resolution, which in turn may yield noticeable differ-

ences in the detailed fine structure of the desorption profiles,

although acquired for a given salt. These differences can vary

quite significantly according to the various parameters and

experimental conditions that govern them, e.g. heating rate,

carrier gas flow rate, crystal size etc. Nonetheless, the effect

of such differences on the deduced relative enrichment of the

desorbed species is practically insignificant because any

quantification and enrichment determination have integra-

tive character that relies on relative areas occupied under the

measured profiles. Any dissimilarity between the fine

structures of the TPD profiles taken for different crystals of

the same salt, from either the same or different batches, is

thus intrinsically hindered by accounting for the relative

integrals/intensities of each crystal. All in all, with respect to

data published in the literature (Kolitsch 2001; Ptasiewicz-

Bak et al. 1998; Stadnicka et al. 1987; Angel and Finger

1988; Elerman 1988; Kellersohn 1992; El-Houte et al. 1989;

Chichagov 1997; Siriwardane et al. 1999), where other

experimental techniques were employed, a satisfactory

agreement with the currently measured data is evident

regarding the unambiguous occurrence of a separate, high T,

desorption step that systematically involving the release of

one last water molecule, i.e. that of the monohydrate form.

Regarding the effect on the currently deduced enrichment

values, as quantifications and enrichment determinations

rely on the relative areas occupied under the measured TPD

profiles of different isotopic forms of the same molecule/ion

desorbed from a given crystal, e.g. between masses 20

(H2
18O) and 18 (H2

16O), any dissimilarities in the fine struc-

ture of desorption profiles between different crystals are

intrinsically avoided when the degree of enrichment is

derived.

The source of the differences between TPD profiles

from crystals of the same growing batch might be due to

the observation, at least for copper sulfate penta-hydrate,

that water molecules in freshly as-grown crystals undergo

continuous relocations between several effective lattice

binding sites before the stable polymorphic form is

obtained (Saig et al. 2003). In the case of CuSO4�5H2O,

this continuous kinetic process was shown to be accom-

plished within a period of ca. 1 week (Saig et al. 2003).

Thus, the presently observed structure inconsistencies

between different crystals of the same compound are

attributed to either polymorphic effects and/or to the

occurrence of surface effects due to the small dimensions

of the crystals. In summary, whatever the source of dif-

ferences between the shapes of the TPD profiles of these

intermediate structures, they have an insignificant effect on

the enrichment values deduced for each crystal.

Figure 2b1 depicts the desorption profile of H2O from

CoSO4�6H2O. It consists of a doublet desorption peak at

100 �C, followed by a rather sharp shouldered peak at

145 �C, and then a single shallow desorption peak at

315 �C. Accounting for crystal weight and the calibration

curve, the water of crystallization content in the measured

crystal is confirmed and the ratio (2.8:2.2:1) between the

integrated areas of the above three TPD peaks suggest the

following dehydration scheme:

CoSO4 � 6H2O! CoSO4 � 3H2O þ 3H2O; 100 �C

ð1Þ
CoSO4 � 3H2O! CoSO4 � 1H2O þ 2H2O; 145 �C

ð2Þ
CoSO4 � 1H2O! CoSO4 þ H2O; 315 �C ð3Þ

While the above desorption steps comply with published

desorption temperatures, the stoichiometry is rather different

than published in the literature (Straszko et al. 2000;

Tomaszewicz and Kotfica 2003, 2004) where the first two

dehydration steps were assigned to the release of two and three

water molecules respectively. Here the order is reversed. Such a

discrepancy may well be due to integration over tightly adjacent

peaks. Nonetheless, the release of a single water molecule at

315 �C is in full accordance with the literature (Tomaszewicz

and Kotfica 2003). As the temperature is further raised, the

dehydrated salt starts to decompose at ca. 715 �C (Fig. 2b2)

according to the scheme:

3CoSO4 ! Co3O4 þ 3 � SO2 þ O2 ð4Þ
Co3O4 ! 3CoO þ 1=2O2 ð5Þ
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The simultaneous occurrence of m/z = 32 (O2/S) and 64

(SO2) curves, peaked at about 820 �C, are due to the

desorption of SO3 which is then fragmented in the ion

source of the mass spectrometer into SO2 and 1=2O2.

Following these peaks is a sole O2 peak at 840 �C that is

associated with decomposition of Co3O4. The above

decomposition temperatures are lower by 60 �C from

published data (Straszko et al. 2000; Tomaszewicz and

Kotfica 2003).

Figures 2c1, c2 show the H2O desorption and NiSO4

decomposition respectively of NiSO4�7H2O. Four H2O

desorption peaks may be noted; two unresolved peaks at 115

and 130 �C, one sharp split peak at 145 �C and then a single

shallow desorption peak at 410 �C. In fact, some crystals

exhibited an improved resolution between the first two adja-

cent peaks (not shown here). By accounting for the ratios

between the integrated areas of the peaks in the higher resolved

curves, we conclude the following dehydration scheme:

NiSO4 � 7H2O! NiSO4 � 5H2O þ 2H2O; 115 �C

ð6Þ
NiSO4 � 5H2O! NiSO4 � 3H2O þ 2H2O; 130 �C

ð7Þ
NiSO4 � 3H2O! NiSO4 � 1H2O þ 2H2O; 145 �C

ð8Þ
NiSO4 � 1H2O! NiSO4 þ H2O; 300 �C ð9Þ

Here also, a discrepancy exists between the stoichiometry of

dehydration steps along the low temperature range below

200 �C, but again, the last dehydration step at 300 �C is in full

accordance with the literature (Siriwardane et al. 1999;

Tomaszewicz and Kotfica 2004). As for the SO4
2-

decomposition (Fig. 2c2), as for cobalt sulfate, simultaneous

O2 (m/z = 32) and SO2 (m/z = 64) peaks are due to the

desorption of SO3 and its fragmentation in the ion source of the

mass spectrometer. However, two differences are noted between

the results in the nickel system and those in cobalt and copper

(Danon et al. 2005) systems. (a) A shoulder is present at the low

T wing of the peaks near 800 �C. This shoulder implies that

NiO�NiSO4 may be a byproduct that then decomposes further to

form nickel oxide. (b) The absence of a single O2 desorption

peak, implying that NiO is the decomposition product that as

expected is not reduced further.These features are in accord with

the decomposition pattern reported in the literature (Siriwardane

et al. 1999; Tomaszewicz and Kotfica 2004). Thus the overall

decomposition scheme of the dehydrated salt is:

NiSO4 ! NiO IIð Þ þ SO3ðSO3

! SO2 þ 1=2O2 in the ion sourceÞ ð10Þ

In the desorption profile of ZnSO4�7H2O (Fig. 2a1), two

desorption peaks are evident; the first at 50 �C with a

shoulder at ca. 60 �C, and the second at 240 �C. The

relative areas occupied by the two peaks are 5.7:1,

suggesting the following dehydration scheme:

ZnSO4 � 7H2O! ZnSO4 � 1H2O þ 6H2O; 55 �C

ð11Þ
ZnSO4 � 1H2O! ZnSO4 þ H2O; 240 �C ð12Þ

The resolution in this case seems to be lower than that

reported in the literature (Siriwardane et al. 1999), where two

resolved peaks (three water molecule each) are observed in

the low temperature range prior to the release of the seventh

water molecule. The temperature range is however in accord

with the published data. The SO4
2- decomposition is

initiated at ca. 650 �C (Fig. 2a2). As in all the other salts

studied here, gaseous SO3 is released and further fragmented

in the ion source of the mass spectrometer. Here again, the O2

peak from the SO3 fragmentation is not followed by a single

O2 desorption peak, implying that ZnO is the final product as

expected, leading to the following decomposition scheme:

ZnSO4 ! ZnO þ SO3ðSO3

! SO2 þ 1=2O2 in the ion sourceÞ ð13Þ

In summary, the observed dehydration and decomposition

patterns are in accord with the known characteristic stepwise

dehydration of these salts, where regardless of crystalline

structure and composition, a main group of n - 1 loosely

bound water of crystallization molecules (out of total of

n molecules in the fully hydrated form) are released at

adjacent temperatures in a typical low temperature range

(\200 �C), while in the remaining monohydrate, the last,

most strongly bound water molecule, consistently desorbs at

relatively higher temperatures (240 \ T \ 440 �C).

3.2 Isotopic exchange in the hydrated sulfate salts

The isotopic exchange processes of NiSO4�6H2O,

CoSO4�7H2O and ZnSO4�7H2O were studied, using the

TPD-MS-SMB apparatus, and analyzed in an analogous

procedure to that used for the CuSO4�5H2O system (Danon

et al. 2005). Figure 3 summarizes the measured TPD pro-

files of the isotopic products from the Zn (a), Co (b) and Ni

(c) hydrated sulfate salts grown in advance with the same

ca. 50 % 18O raw enriched water. As in Fig. 2, the left hand

profiles are the low T regime, where the salts are dehy-

drated and the released water molecules are recorded,

whereas the right hand ones depict the high T regime

containing the SO4
2- decomposition products.

Figure 3b1 shows the desorption profiles of H2
16O (m/

z = 18) and H2
18O (m/z = 20) over the course of dehydration

of enriched CoSO4�6H2O. The results clearly demonstrate

that the isotopic composition of the first five water molecules

of hydration, in analogy to the first four molecules released

from CuSO4�5H2O, have the same isotopic composition,
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47.0 % 18O, as that used in their crystallization. On the other

hand, the isotopic composition of the last water molecule

released, 26.5 % 18O, is clearly considerably lower. The

results presented in Fig 3b2 demonstrate that the deficit in the

m/z = 20 intensity in the third, the last water peak, is com-

pensated by a significant increase in the intensity of m/

z = 66 (32S16O18O ? 34S16O2). This clearly indicates that

an isotopic exchange occurred between the sixth water of

crystallization molecule and the sulfate anion. The quanti-

tative analysis of the results, as discussed in detail in Danon

et al. (2005), involves the areas of the peaks for m/z = 64, 66,

68 (32S18O2) that have all contributions from the isotopic

exchange. The m/z = 70 signal which corresponds to
34S18O2 was also measured; however its intensity was neg-

ligible and therefore discarded due to both the relative low

natural abundances of 34S (*4 %) and that of 18O whose

contribution to the intensity is determined by its square

value. Also, the signal measured at m/z = 66 possess an

apparent complexity as it involves contributions from vari-

ous isotopic terms: 33S16O17O, 32S17O2, 34S16O2 and
32S16O18O. Nonetheless, while the first two terms may be

ignored due to the low natural abundances of 33S and 17O,

only a correction for the none-negligible but known natural

abundance of 34S is sufficient to correctly account for the net

contribution from 32S16O18O which is of our interest. The

measured 18O enrichment of the sulfate in the latter experi-

ment amounts to 5.5 %. In order to confirm that the heavy

oxygen in the sulfate anion indeed originates from the sixth,

last water of crystallization molecule, the theoretical average

enrichment of the salt prior to the exchange and the measured

average enrichment after the exchange were calculated.

If prior to the exchange, the natural 18O abundance of the

four oxygen atoms in the sulfate is 0.2 % and the 18O

enrichment of the six water of crystallization is 47.0 %, then

the average 18O enrichment of the hydrated salt prior to the

exchange is ð6� 47:0þ 4� 0:2Þ=10 = 28.28 %. Simi-

larly, by accounting for the measured enrichments of

the various TPD peaks of Fig. 3b2, it can be shown that after

the exchange the average 18O enrichment is: ð5� 47:0þ
1� 26:5þ 4� 5:5Þ=10 = 28.35 %. The enrichment in the

SO4
2- is deduced from the measurement of enrichment in

the SO2 fragment assuming that the enrichment of the SO2

equals that of the SO4
2- ion. The two averages are practically

identical, pointing out that the isotopic exchange indeed

occurs in the solid phase between the sixth water of crys-

tallization molecule and the sulfate anion during the dehy-

dration reaction in the TPD reactor.

Figure 3a and 3c show the isotopic TPD profiles of H2O and

SO2 upon dehydration and decomposition of the ZnSO4�7H2O

and NiSO4�7H2Ocrystalline salts respectively. Examination of

these profiles and calculating their integrated areas clearly

points out the similarity to the CoSO4�6H2O system. Following

the same methodology, 18O enrichments prior and following

the exchange were compared. The average enrichments prior/

after the exchange were 27.4/27.6 % and 27.0/27.5 % for the

Zn and Ni salts respectively.

In summary the results point out that during the dehydration

of the MSO4�(H2O)n salts, M = Co; Ni; Cu (Danon et al. 2005)

and Zn, an isotopic exchange occurs only between the last

water of hydration and the sulfate anion in the solid phase. This

similarity is striking as these salts have different crystallo-

graphic structures, dehydration and decomposition profiles.

It seemed of interest to study the analogous process in salts

of main group cations that have fewer water molecules of

crystallization. Calcium sulfate dihydrate, CaSO4�2H2O, and

lithium sulfate monohydrate, Li2SO4�1H2O, were chosen for

this study. Presented in Fig. 4 are TPD profiles of water

(H2
16O-black and H2

18O-red) released from CaSO4�2H2O

grown from ca. 40 % 18O enriched water. It is clearly noted

that the TPD profile of Fig. 4 resembles an asymmetric

broadened peak that is evident as a structural shoulder at its

low temperature wing. Such a shoulder may stem from either a

temperature overshoot or it may alternatively indicate the

occurrence of overlapping adjacent dehydration peaks. A

suspected overshoot is ruled out as the observed sample

temperature (measured at close vicinity to the sample inside

the TPD reactor) was fully in accord with the predetermined

linear ramping temperature program of the TPD reactor. As

for the possible existence of closely adjoining peaks, not only

that the total integrated area of the TPD peak accords with a

quantitative release of two water molecules (by calibration),

as well as with XRD analysis which confirmed the CaSO4�
2H2O structure, a multiple peak fitting procedure that was

applied to the TPD profile resulted in two partially overlap-

ping peaks (at 136 and 147 �C, not shown in Fig. 4), with an

integrated areas ratio of 1:1.09. Within experimental uncer-

tainties, the above fit may be viewed as strong evidence that

CaSO4�2H2O gives up its two hydration water molecules in a

rather simultaneous fashion. Worth mentioning are the dis-

crepancies associated with the thermal dehydration of

CaSO4�2H2O; While some TGA measurements (Hall and

Alexander 1940) suggest a two step dehydration path, in

which 1.5 H2O molecules are released at *120 �C while the

remaining hemi-hydrate looses 0.5 H2O at *160 �C, others

(Salman and Khraishi 1988) propose a different route where

desorption to the anhydrous phase occurs via a single step.

Interestingly, Yamamoto and Kennedy (1969) showed that a

Fig. 3 TPD patterns (10 �C/min) from 18O enriched hydrated salts

Zn (a), Co (b) and Ni (c). Left hand frames desorbed H2
16O (m/z = 18)

and H2
18O (m/z = 20), right hand frames isotopic species of SO2, the

decomposition product of SO4
2-: m/z = 64 (32S16O2), 66

(32S16O18O ? 34S16O2) and 68 (34S16O18O ? 32S18O2). Intensity

deficits are clearly noted for all salts in the last m/z = 20 H2
18O

desorption peak, systematically accompanied with excess intensities

at m/z = 66 and 68, indicating isotopic oxygen exchange between the

last water of crystallization molecule and the sulfate anion

b
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two step dehydration process (1.5 followed by 0.5 H2O) may

be realized in CaSO4�2H2O only at elevated pressures,

between 4 and 30 kbar. In view of the above diversity, great

care was presently taken in attempting to test and validate our

observation of single step dehydration, and to rule out a res-

olution issue possibly occurring due to a fast heating rate.

Initially, an additional TPD measurement was executed at a

low heating rate of 2 �C/min and was found to reproduce the

single asymmetric desorption peak similar to that presented in

Fig. 4. Then, a series of TGA measurements with a very slow

heating rate of 0.5 �C/min were preformed, which yet again

resulted in a singlet. Finally, we carried out TGA isotherms at

the dehydration temperatures (136 and 147 �C), with no

particular indications of a two-step dehydration process. All

together, the above set of measurements strongly supports the

soundness of the conclusion that CaSO4�2H2O de-hydrates via

a single step process, or via two partially overlapping pro-

cesses. Lastly, in contrast to the other salts studied in the

present work, no indications of isotopic exchange were

observed during the dehydration of CaSO4�2H2
18O, i.e. no

deficit in the 18O enrichment of the hydration water molecules

was monitored. As dehydrated CaSO4 decomposes only at

about 1,100 �C (Salman and Khraishi 1988), far beyond the

capabilities of our experimental setup, the isotopic composi-

tion of the sulfate was not analyzed. The TPD profile of water

released from a 50 % 18O enriched Li2SO4�H2O is shown in

Fig. 5. Clearly only single water desorption peak is observed.

As in the calcium salt no oxygen isotopic exchange is

observed.

It is of interest to note the temporal delay in the

beginning of the m/z = 20 desorption peak in Figs. 4 and 5

(and in a less pronounced fashion also in the TPD spectra

of all other salts). This delay is attributed to the kinetic

isotope effect, H2
18O/H2

16O, in the dehydration process.

These differences further emphasize the high sensitivity of

the present technique that enables observation of fine

details in the TPD profiles.

3.2.1 Isotopic exchange probability

It is of interest to analyze the experimental data in terms of

the probability P, of finding the 18O atom of the last crys-

tallization water molecule in the sulfate anion as a conse-

quence of the atom exchange. This probability is expected to

stay intact for a given salt, irrespective its initial 18O

enrichment. We hereby evaluate P by accounting for a

simple, straightforward statistical model that is parameter-

ized by the initial and final 18O enrichments of the hydration

water and of the sulfate anion. This evaluation may be tested

by taking the parameters that were obtained experimentally

for each salt as input data into the expression of P. Such a

check can provide further insight into the role of the cation in

the exchange process. P, the probability of the exchange, is

calculated assuming that the exchange occurs between the

oxygen atom of the last water molecule and the four oxygen

atoms in SO4
2-. Let w(i) and s(i) be the initial 18O enrich-

ments of the crystallization water molecules and of the

sulfate anion respectively, prior to the exchange. The final

enrichment of the last water molecule, w(f), may be expressed

by w(f) = P 9 s(i) ? (1 - P) 9 w(i), from which it follows

that P = w ið Þ � w fð Þ
� �

= wðiÞ � sðiÞ
� �

. Alternatively, the aver-

age 18O enrichment in the sulfate anion will be the sum of the

following products: P (wðiÞ þ 3 � SðiÞ)/4 and (1 – P)� sðiÞ,

whence: P = 4(sðf Þ � sðiÞ)/(wðiÞ � sðiÞ), where s(f) is the

deduced final enrichment of the sulfate anion. In order to test

this model, great care was taken in providing identical

Fig. 4 TPD patterns of the isotopic species of water released from

CaSO4�2H2O. Crystals grown in water with ca. 40 % H2
18O enrich-

ment. The H2
18O curve is normalized by a factor of 3/2, the ratio of

16O/18O abundances. TPD was taken at 10 �C/min heating rate

Fig. 5 TPD patterns of the isotopic species of water released from

Li2SO4�H2O. Crystals grown in water with ca. 50 % H2
18O enrich-

ment. TPD was taken at 10 �C/min heating rate
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conditions for all salts, i.e. all the salt crystals were grown

with the same enriched raw water. Furthermore, great care

was taken to accurately deduce the values of wðiÞ; s ið Þ;

wðf Þ and s fð Þ. This was done by carefully correcting for both

isotopic isobars originating from the sulfate isotopes as well

as for the mass discrimination effects in the molecular beam

due to mass differences of the various masses of ions flowing

into the mass spectrometer. Then, the corrected wðiÞ; s ið Þ;

wðf Þ and s fð Þ values were introduced in fractional form into

the two equivalent formulas of P. The resulting P values are

summarized in Table 1.

As expected the values of P nicely agree with the expected

equivalency of the two P expressions. It is of interest to note

that the exchange probability increases with the desorption

temperature, Td, of the last water of crystallization molecule.

This observation might be attributed either to the stronger

M–O bond, that polarizes the water molecule and increases

the probability of oxygen atom exchange or to the higher

temperature at which the process occurs that might provide

the required activation energy. In that respect, tracing out and

measuring a monohydrate salt which gives up its hydration

water molecule below ca. 240 �C, can be of great interest.

Possible candidates for such a check are: (i) 3CdSO4�8H2O

which dehydrates via two steps (Nobuaki 1993), 3CdSO4�
8H2O ? 3CdSO4�H2O ? 5�H2O at 131 �C and CdSO4�
H2O ? CdSO4 ? H2O at 223 �C (ii) KMnPO4�H2O which

dehydrates in a single step process at T \ 300 �C (Noisong

and Danvirutai 2010).

A final discussion concerning the nature of the exchange

mechanism is in place. A possibility exists that at elevated

temperatures the released water molecules participate in the

exchange, in their gaseous phase, with the solid anion. In

order to test this issue, we have conducted the following set

of experiments: dried natural CuSO4 was kept at a prede-

termined temperature while being in contact with H2
18O

vapor for 24 h, allowing it to undergo a possible oxygen

isotopic exchange with the enriched vapor phase. The pre-

determined temperatures were chosen between 150 and

300 �C, so to cover the range of phases starting from

the monohydrate and up to the fully dehydrated form of the

salt. Following each dwelling time at each predetermined

temperature, excess vapor was evacuated and the sample left

to cool down to RT under the continuous flow of Helium

carrier gas. A TPD measurement was then recorded up to

high temperatures, exceeding the thermal decomposition of

the sulfate anion. The resulting relative intensities of S16O2,

S16O18O and S18O2 (corrected for the natural abundance of
34S) were such that could confirm the occurrence of only

small extent of exchange. The results depicted the occur-

rence of a direct correlation between the dwelling temper-

ature and the extent of isotopic exchange. Nonetheless, in all

cases the resulting extent of exchange was consistently far

less than that observed during the thermal dehydration of the

hydrate salt. This result indicates that the exchange path is

mainly of a solid–solid nature, with only a small solid–vapor

fraction. It could also be the case that the last H2O thermally

dissociates and, within the crystalline bulk, its oxygen

exchanges with an oxygen of the solid anion. On the other

hand, it could well be the case that in the above experiment

the surface area is insufficient to allow a large extent of

vapor–solid exchange, while in the case of exchange during

dehydration, the H2O vapor stems from inside the crystal

and is thus effectively exposed to a large surface area of the

anion solid, increasing in turn the extent of exchange. Better

insight into the fine details of the exchange mechanism may

be gained by complementary studies utilizing in situ spec-

troscopic techniques such as IR and Raman that can be

helpful in further description of the process.

4 Concluding remarks

The results obtained in this study can be summed up as

follows:

In hydrated sulfate salts, oxygen atoms exchange

between water of hydration and the sulfate anion in the

solid state. This process was observed only for salts with

more than one hydration molecule for which the dehydra-

tion path is such that a monohydrate is formed and dehy-

drates separately. Previous and ongoing studies indicate

that this is also valid for the case of selenate (Hevroni and

Danon 2010) and nitrate salts (to be published), in which

Table 1 The probability of oxygen isotope exchange between the last water of crystallization molecule and the sulfate anion for the various salts

Cation Td (oC) wðiÞ sðiÞ wðf Þ sðf Þ
wðiÞ�wðf Þ
wðiÞ�sðiÞ

4 � sðf Þ�sðiÞ
wðiÞ�sðiÞ

Pav

Zn 240 0.43 0.002 0.313 0.036 0.273 0.318 0.296

Co 320 0.47 0.002 0.265 0.055 0.438 0.453 0.446

Ni 430 0.429 0.002 0.146 0.077 0.663 0.703 0.683

wðiÞ; s ið Þ;wðf Þ and s fð Þ are the actual measured initial (i) and final (f) 18O fractional enrichments of the last water of crystallization molecule

(w) and of the sulfate anion (s) respectively. The last three columns are the calculated Ps as explained in the text and their average value Pav. Td

is the measured desorption temperature of the last water molecule

Adsorption (2013) 19:821–833 831

123



the oxygen exchange occurs between water of hydration

and the selenate/nitrate anion in its solid state.

This exchange occurs, at least for the cations studied,

between the last water of hydration molecule, that of the

monohydrate form, and the anion.

The probability of the atom exchange increases with the

increase in the temperature at which the last water hydra-

tion molecule is lost.

This atom transfer was observed only for divalent

transition metal sulfates and not for lithium and calcium

salts. Whether this observation is due to involvement of d

orbitals in the process or just to the weaker Lewis Acidity

of the latter cations has to be checked in the future, e.g. by

studying the dehydration of Al2(SO4)3�9H2O.

The occurrence of isotopic exchange between water of

hydration molecules and sulfate in the solid phase opposes

the conventional hypothesis that oxygen exchange between

minerals and their environmental surrounding is restricted to

the liquid or gaseous phases. This result is of great signifi-

cance regarding geothermic studies as it may have consid-

erable implications on the determination of geothermic

parameters. Nonetheless, complementary in situ spectro-

scopic IR and Raman studies are needed in order to achieve

better insights into the fine details of the exchange mecha-

nism and gain a more conclusive description of the process.

The results point out that the TPD-MS-SMB technique

is sensitive enough to detect the 16O/18O kinetic isotope

effect in the dehydration of CaSO4�2H2O and Li2SO4�H2O.

Overall, the fundamental properties and characteristic

behaviors reported in the present study may be considered

in general as potential classifying parameters in search for

a unified formulation of solid-state dehydration reactions.
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