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ABSTRACT: The water phases in a MgSO4·7H2O crystal during heating
were studied with the help of NMR. The thermogravimetric analysis (TGA)
data showed that the heating rate has a strong effect on the dehydration
process. NMR experiments showed that pore water, i.e., an aqueous solution
of MgSO4, was produced during dehydration. Additional NMR measurements
indicate a water diffusion coefficient of this pore water that is 10 times lower
than that of bulk water. We showed on the basis of a model that pore water is
produced as the vapor release is not sufficient at crossing a phase transition
temperature.

■ INTRODUCTION
Thermochemical energy storage by salt hydrates can serve as a
bridge, closing the gap between heat demand and supply. The
publication of Goldstein1 marks the beginning of the renewed
interest in salt hydrates. Salt hydrates are salts that contain a
definite amount of water in the crystal lattice. The basic
reaction behind this process can be represented as

· ⇌ · + −

Δ

m n m n

H

MX H O(s) MX(s) H O(s) ( )H O(g),2 2 2

(1)

wherein MX·mH2O is a solid salt complex produced from solid
MX and solvent H2O. The amount of water inside product A is
called the loading of the salt. For the decomposition of A·
mH2O, energy (ΔH = enthalpy of reaction) has to be added,
whereas in the formation of A·mH2O the same reaction energy
(ΔH) is produced. While eq 1 is an equilibrium reaction, the
state of the system can be modified by both the vapor pressure
and temperature of the system. In the literature MgSO4

2 is seen
as a salt with a high potential for heat storage systems.3−5

Different phases of the MgSO4 hydrates can be identified with
the help of techniques, such as X-ray diffraction (XRD) and
Raman and neutron diffraction under equilibrium conditions6−9

and under dynamic conditions, i.e., by changing the temper-
ature10−13 or the vapor pressure.14−17

From the equilibrium data it is known under which
conditions (temperature and vapor pressure) which hydrate is
stable. How water is dynamically redistributed during a
transition of one hydrate into another is not considered. Such
knowledge of water transport is, however, needed for a better

understanding of the dehydration processes of hydrated salts.
The goal of this chapter is to get a better understanding of how
water is transported on a macroscopic scale during the
dehydration induced by heating. The main question is How
does water leave a hydrated salt during dehydration induced by
heating? We will answer this question with help of nuclear
magnetic resonance (NMR), which allows monitoring of water
molecules within a hydrate during dehydration nondestruc-
tively.

■ PHASE DIAGRAM MGSO4−H2O

The phase diagram of MgSO4−H2O is given in Figure 1. This
diagram shows stability fields and the coexistence curves of the
MgSO4 hydrates as a function of temperature and relative
humidity (RH). The bold and dotted lines in this graph predict
phase transitions at certain RH and temperature and have been
composed on the basis of a combination of experimental data
and thermodynamic calculations.18 The label next to each line
indicates the transition; e.g., 7-4 stands for the transition
between MgSO4·7H2O and MgSO4·4H2O, whereas aq indicates
an aqueous solution of MgSO4. In the case of a solid line there
is a phase transition between two stable phases, whereas the
dotted lines indicate a phase transition with at least one
metastable phase. For example, let us consider a MgSO4 crystal
equilibrated at a RH of 80% at 20 °C. In this case MgSO4·
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7H2O (heptahydrate) will be formed, as these conditions are
within an area enclosed by stable phase transition lines. As long
as the temperature and RH are kept within this area there will
be no transformation. Let us now assume that the temperature
is kept constant and the RH is slowly decreased to 30%. In this
case there will be a phase transition. If during the decrease the
crystal is kept in equilibrium with the changing relative
humidity there will be a phase transition as indicated by the
bold line; i.e., there is a transition from heptahydrate to
monohydrate at 47%. Only when all crystals are transformed
the relative humidity can be decreased to 30%.
At the moment that the crystal is not kept in equilibrium, i.e.,

by a sudden change in RH, there can also be a transformation
in which a metastable crystal is formed. Such transformations
are indicated by the dotted lines, and in this case the crystal can
also transform to the metastable phase MgSO4·5H2O. If this
transition occurs, the pentahydrate can at the same time
transform to the monohydrate, as indicated by the dashed line
at 48.5% RH. These combined transitions indicate that during
such a transformation there is no equilibrium between the
crystal and the surrounding RH. Indeed, it is not possible to
determine from the phase diagram which crystal will be
observed, as this will depend on the transition rate of the
various transformations. The transformation can be described
by

· → · +

→ · +

MgSO 7H O(s) MgSO 5H O(s) 2H O(g)

MgSO H O(s) 4H O(g)

k

k
4 2 4 2 2

4 2 2

1

2

(2)

· → · +MgSO 7H O(s) MgSO H O(s) 6H O(g)
k

4 2 4 2 2
3

(3)

Here the ki indicates the reaction rate, i.e., metastable transition
rate of heptahydrate to pentahydrate k1, the metastable reaction
rate pentahydrate to monohydrate k2, and finally the direct
stable transition rate from heptahydrate to monohydrate k3. If
k1 > k3, the dehydration follows the pentahydrate pathway, and
metastable crystals will be formed. In the case that k1 ≥ k2,
pentahydrate will be observed. In the case that k1 < k2, the
formed pentahydrate is immediately transformed into the
monohydrate, and pentahydrate will not be observed. Hence,
sudden changes in RH can have strong effects on the
interpretation of dehydration or hydration experiments.19,20

■ MODEL
The dehydration process of MgSO4·7H2O by varying temper-
ature and relative humidity can be modeled with the help of the
data from the phase diagram of Figure 1. In these models it is
emphasized that only stable phases and no reaction rates are
considered. In this section, three different models will be
discussed in order to get a better understanding of the
dehydration. Each model has two boxes, box A and box B. In
box B only water vapor is present, while in box A MgSO4 and
H2O are present. Box A is always in thermal equilibrium
according to the phase diagram in Figure 1, and the various
phases present in box A are homogeneously distributed over its
volume. We will not consider density changes as result of
temperature in this model for the solid hydrates. For the
aqueous solution of MgSO4, the density is taken from the
literature,21,22 which depends on the MgSO4 concentration and
temperature of the solution. The possible phases and
corresponding densities are given in Table 1. All three models
assume that the number of moles of MgSO4 (mMgSO4

) in box A
is constant

∑= · ≡n m n constant
i

i iMgSO4 (4)

wherein ni is the number of moles of phase i in box A; all the
time ni ≥ 0; and mi is the number of moles of MgSO4 per mole
of phase i. The possible phases in box A are given in Table 1.
During an experiment the temperature of boxes A and B is

varied according to

= + ·T t T H t( ) 0 (5)

wherein T0 is the initial temperature in °C and H the heating
rate in °C/min, representing a dehydration experiment induced
by a temperature change.

Model 1. Figure 2a gives a schematic overview of model 1,
i.e., the dehydration of box A filled with a single-crystal MgSO4·
7H2O. In this model, we assume that box A (Va) is a single

Figure 1. Relative humidity (RH)−temperature (T) phase diagram of
MgSO4 + H2O. The solid lines enclose the areas of the stable phases.
The dotted lines are the calculated phase transitions of metastable
phases.

Table 1. Overview of the Parameters of the Various Phases i Which Can Be Presenta

phase i Molecular formula ρi (10
3 mol/m3) mi (mol/mol) hi (mol/mol)

hepta MgSO4·7H2O(s) 6.82 1 7
hexa MgSO4·6H2O(s) 7.71 1 6
mono MgSO4·H2O(s) 17.67 1 1

aqua MgSO4(aq)
ρ·

· +
S T

S T M

( )

( ) 1
solution

MgSO4
1 ·M S T

1
( )water

vapor H2O(g)
− +

· + ×
T

R T

133.32 exp(20.386 5132 / ( 273.15))

( 273.15) 10
RH

100 %3 0 1

ai.e., ρi is the density of phase i, mi the number of moles MgSO4 per mole of phase i, and hi the number of moles of water per mol of phase i. S(T)
[mol kg−1] is the solubility of MgSO4

18 and ρsolution [kg m
−3] the density of aqueous MgSO4.

21,22 MMgSO4
andMwater [kg mol

−1] are the molar mass of

MgSO4 and water, respectively. T [°C] is the temperature, and R is the gas constant.
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crystal; i.e., the walls of box A are the surfaces of the crystal, and
no vapor phase is present. The volume of box A is variable, and
water vapor can pass through the walls. In addition, we assume
that the water transport is not a limiting factor inside the box
nor through the wall and that all produced vapor during a
dehydration reaction is instantaneously released from box A
into box B. Box B has an infinite volume with a constant vapor
density ρv,outside. Box A and box B are always in thermal
equilibrium. These assumptions are only valid in systems that
change extremely slowly in time, as shown by the example
discussed in Figure 1 on the RH change. Let us now assume we
will perform a dehydration experiment by decreasing the RH in
box B to RH = 0% and afterward increase the temperature of
both boxes from 18 to 90 °C. In Figure 3a the phase diagram
used in this model is plotted with the trajectory (thin solid line)
of box A in model 1 for this experiment. Initially box A has a
volume of V0, which is filled with MgSO4·7H2O with a density
of ρ7 (n7 = V0·ρ7), and box B has the initial conditions of T = 18
°C and RH = 60%. The heating rate in this simulation is
irrelevant because we assume that all reactions and exchanges
occur instantaneously. When the RH in box B drops to RH =
0%, box A immediately reacts into a monohydrate according to
the phase diagram in Figure 1. Box B is infinitely large, so the
released vapor from box A does not affect the RH in box B. By
increasing the temperature to 90 °C, no further reaction occurs
because the monohydrate is stable under the applied
conditions.
In this model, the phases in box A are determined by the

conditions in box B, so no mathematics is necessary to know
the phases in box A in this model. This model is ill-defined
when the applied conditions in box B cross a phase transition
line, which is a coexistence line, because at that moment all
possible ratios of the two phases from that phase transition line
will fit. The volume of box A in model 1 can be calculated
according to

∑ ρ= ·−V na
i

i i
1

(6)

In this example, the final volume is Va = ρmono
−1 ·nmono. The

amount of water in box A can be calculated by

∑= ·n h n
i

i iwater
(7)

wherein hi is the number of moles of water per mole of material
i. In this example nwater = hi·nmono = nmono at the final conditions.
The number of water molecules lost can be calculated by

∑= − = · −n n n h n n( )
i

i i iwater loss water,0 water ,0
(8)

Model 2. A schematic overview of model 2 is given in
Figure 2b. In this case we assume a closed box A partially filled
with a single crystal, with no exchange of water molecules
through the walls of box A to box B. This can be seen as an
experiment whereby a crystal is placed in a closed sample
holder. The volume of box A is determined by the volume of
the single crystal inside the box and the free volume around the
crystal, which determines the porosity of box A. The water
transport inside the box is not a limiting factor. Because we are
working with a closed box, the amount of water nwater is kept
constant during the experiment. Also, in this case the number
of moles of MgSO4 will be constant; i.e. eq 4 is valid, as no
exchange of material between box A and box B is allowed. As
the volume is constant due to the closed sample holder, eq 6
can be rewritten as

∑ ρ= · ≡−V n constanta
i

i i
1

(9)

Here it should be noted that we incorporated the gas phase,
and hence the volume of the gas phase will represent the
porosity. In addition to a constant volume, the number of
moles of water in box A is constant as there is no exchange
(nwater loss = 0)

∑= · = ==n h n n constant
i

i i twater water, 0
(10)

In the example at 18 °C, water vapor is present in
combination with heptahydrate, monohydrate, an aqueous
solution of MgSO4, or a coexistence of two of these three
phases. For every case we can calculate the number of moles of
phase i by using eqs 4, 9, and 10. In the case of a combination
of heptahydrate, water vapor, and an aqueous solution of
MgSO4, we have three unknowns nhepta, nvapor, and naqua, and all
three should satisfy ni ≥ 0. These equations can be solved, and
there will be only one solution. In contrast to model 1, this
model is well-defined at phase transition lines. It is only ill-
defined at triple points because in that case four unknowns are
present in the system, and only three equations exist in the
mathematical model.

Figure 2. A schematic representation of the three models of dehydration. Model 1: box A is in equilibrium with box B, whereby a fast exchange of
vapor is possible. Model 2: box A is isolated from box B, the number of moles water and MgSO4 are constant in this box. Model 3: box A is in
connection with box B, the number of moles water can vary and the number of moles of MgSO4 is constant in this box. Only vapor can escape from
box A to box B by an airflow v.
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We consider the same dehydration experiment as in model 1,
i.e., decreasing the RH in box B to RH = 0% and a subsequent
increase in the temperature of both boxes from 18 until 90 °C.
Without exchange between box A and box B the decrease in
RH in box B is not relevant. We assume that the crystal in box
A occupies 90% of the box. The other 10% defines the porosity
in this model. The initial conditions in box A are 60% RH and
18 °C. The heating rate in this simulation is irrelevant because
we assume that all reactions and exchanges occur instanta-
neously. In Figure 3a the results are plotted with the trajectory
(dashed line) of box A. Initially in this model the RH slowly
decreases, due to the increased water vapor capacity of air with
increasing temperature. As the temperature is increasing with a

constant number of water vapor molecules in the air the RH
will decrease. When the RH reaches the heptahydrate−
hexahydrate phase transition line the RH will subsequently
follow the phase transition line. Further heating the
heptahydrate in the sample will slowly dehydrate it to
hexahydrate. The released water will appear as water vapor,
and this will increase the vapor pressure and hence the RH. By
crossing the triple point of heptahydrate, hexahydrate, and
aqueous solution, all heptahydrate present in the sample will
dehydrate to the hexahydrate because according to the phase
diagram no heptahydrate can exist at temperatures above the
triple point temperature. The released water, i.e., lattice water,
is relocated either as vapor or as aqueous solution, and the
latter will partially dissolve the hexahydrate. This aqueous
solution will be referred to as pore water. In Figure 3b the
composition of box A is plotted for model 2. As can be seen in
Figure 3b about 24% of the water is present as pore water at the
triple point. That is liquid water (an aqueous solution of
MgSO4) that partially fills up the porosity, i.e., the pore space,
and hence will be referred to as pore water. By further
increasing the temperature, the amount of pore water increases
as a result of the temperature dependence of the hexahydrate
solubility. By crossing the triple point of hexahydrate,
monohydrate, and solution, again an increase of pore water is
observed. In this case, further heating decreases the solubility as
well as the pore water contribution. Where initially 90% of the
box was a solid hydrate, at 90 °C only 17% is occupied by a
solid hydrate, 80% by the aqueous solution, and only 3% by the
vapor phase.
The dehydration process in this model is strongly affected by

the porosity of the system. In the limiting case that the porosity
approaches 100%, model 1 and model 2 will be equal to each
other.

Model 3. The major drawback of model 2 is that water
cannot be be released into box B. In reality the situation will be
somewhere in between model 1 and model 2. During the
decomposition of hydrates, often a pseudomorphic structure
appears; i.e., after dehydration of a crystal the outer shape is
nearly unchanged, but the crystal becomes porous. This is
incorporated in model 3. The volume of box A is again
considered to be constant. The water vapor can escape the box
at a limited rate, depending on the exchange rate between box
B and box A. Figure 2c shows a schematic overview of model 3.
Box A has a constant volume and a limited exchange with box
B, depending on the surface A of box A and the airflow v over
this surface.
The number of moles of water molecules in box A can be

calculated from the time integration of the water vapor flux

∫
∑

ρ ρ

= · = =

− · ′ − ′ · ′ ≥

n t n h n t

A v T t T t t

( ) ( 0)

( ( ( )) ( ( ))) d 0

i i
t

water water

0 vapor flow (11)

wherein A is the surface of box A (A = 6Va
2/3), v the airflow in

m/s, and ρflow the vapor density of the airflow and ρvapor
represents the vapor density in box A.
Let us again assume box A contains initially 90% MgSO4·

7H2O and is equilibrated at a RH of 60% and 18 °C. The initial
volume is V = 20 mm3, and the airflow is v = 1 mm/s. The
vapor density in box B is equal to 0 mol/m3. The heating rate in
this simulation is 0.35 °C/min, and T rises from 18 to 90 °C. In
Figure 3a the results are plotted with the trajectory (dotted
line) of box A. In Figure 3c the composition of box A is plotted

Figure 3. (a) Phase diagram of stable phases of MgSO4−H2O,
whereby the three models are plotted. The curves show the expected
RH and temperature during a certain dehydration process. (b) The
loading of MgSO4·7H2O during a dehydration experiment according
to model 2. (c) The loading of MgSO4·7H2O during a dehydration
experiment according to model 3 with an air flow v of 1 mm/s with a
sample volume of 20 mm3 at a heating rate of 0.35 °C/min. The total
amount of water is divided into lattice and pore water.
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for model 3 during this experiment. As for model 2, eqs 4 and 9
are used, but the water content is calculated by eq 11. By
solving these three equations, the environmental conditions
and phases are calculated. The RH decreases until it touches
the phase transition line between the monohydrate and the
heptahydrate. It will cross the triple point of monohydrate,
hexahydrate, and heptahydrate, and the system follows the
heptahydrate−hexahydrate line. Upon crossing the triple point
of heptahydrate, hexahydrate, and aqueous solution, pore water
is produced as in model 2. This pore water is decreasing with a
further increase of the temperature. At a certain moment, all
pore water is evaporated, and the phases in box A shift from a
mixture of an aqueous solution of MgSO4 and hexahydrate to a
mixture of hexahydrate and monohydrate. By crossing the triple
point of hexahydrate, monohydrate, and aqueous solution again
some pore water is produced; however, by increasing the
temperature the pore water evaporates, and finally inside box A
only monohydrate is observed. At that moment the vapor
pressure in box A is equal to the vapor pressure in box B and
the RH in box A is 0%, assuming the monohydrate−anhydrous
phase transition line is close to 0% RH at 90 °C.
This model emphasizes that vapor transport out of the

sample strongly affects the dehydration. In contrast to the other
two models, model 3 strongly depends on the heating rate as
related to sample volume and air exchange. In Figure 4 the
water contents as calculated for six different heating rates are
plotted (V = 20 mm3, v = 1 mm/s). When the heating rate is
equal to infinity, model 3 is equal to model 2. In the limiting
case the heating rate is equal to 0, and the model will be equal
to model 1. As can be seen, the production of pore water
strongly depends on the heating rate. It may happen that the
lattice water component increases by further heating as a result
of recrystallization of the pore water. According to this model,
it is not possible to totally dissolve the entire crystal in its own
crystal water at any heating rate.

■ MATERIALS AND METHODS
Sample Preparation. Magnesium sulfate heptahydrate

crystals were prepared by initially saturating demineralized
water at 40 °C with magnesium sulfate heptahydrate (ACS
grade, Merck KGaA, Darmstadt). By cooling the saturated
solution to 20 °C, a supersaturated solution was created, which
initiated the crystal growth. The solution was stored in a beaker
closed with aluminum foil, with a small hole allowing water
vapor to escape. The crystals were kept in the saturated
solution until a size was reached in the order of 4 × 4 × 15
mm3. Afterward the crystals were crushed to approximately 1 ×
1 × 1 mm3 and equilibrated above a saturated solution of KCl
at 22 °C (RH = 85%) to prohibit dehydration. Hence, all
different experiments are performed starting with the similar
material.
Thermogravimetric Analysis (TGA). First we character-

ized the crushed crystals (1 × 1 × 1 mm3) with TGA, i.e., a
TG50 of Mettler Toledo. The sample holder was an aluminum
cylinder, 12 mm in height and 6.6 mm in diameter and closed
with an aluminumoxide disk of 1 mm thickness and a hole of 1
mm. This hole enables evaporation of water from the sample.
Outside the sample holder, a nitrogen atmosphere (∼0% RH)
was applied.
Nuclear Magnetic Resonance (NMR). We used NMR to

get more information on the state of water molecules inside
hydrates during dehydration. NMR measurements were
performed on a spectrometer operated at a proton resonance

frequency (PRF) of 200 MHz. For detecting nuclei with
transversal relaxation times (T2) larger than about 50 μs, we
used a home-built RF-coil with a Faraday shield. With this
Faraday shield, a quantitative analysis of the NMR signal can be
performed. This is possible, as the Faraday shield decreases the
effect of varying dielectric constants during dehydration
experiments.23 In this setup, the temperature can be controlled
with an inaccuracy of 1 °C over a temperature range of 20−150
°C.
The NMR signal S(t) will attenuate according to

∑= = · −S t S t t T( ) ( 0) exp( / )i i2, (12)

Figure 4. Water loading of the different components calculated with
the help of model 3 for six different heating ratings for an air flow v of
1 mm/s and a sample volume of 20 mm3: (a) the total water content,
(b) the pore water content, and (c) the lattice water content.
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wherein Si is the proton density from the nuclei, which is
related to the water density, and T2,i is the transversal relaxation
time of the investigated nuclei.
In the NMR experiments, a cylinder of 1 cm height and 6

mm diameter was filled with crushed crystals (1 × 1 × 1 mm3).
The porosity in the sample holder is around 30%, which was
calculated with the help of the mass of the sample and
theoretical density of the crystals. The sample holder is open
from one side during the dehydration experiment, and nitrogen
(∼0% RH) is blown over the sample holder.

■ RESULTS
TGA. TGA measurements were performed with an initial

mass of 300 ± 10 mg and with different heating rates of 0.15−
10 °C/min. The loading during this experiment was calculated
under the assumption that the initial sample consists of
heptahydrate crystals. In Figure 5 the measured loading with

the TGA is plotted against the temperature. The effect of
incomplete dehydration steps can be seen by higher heating
rates. Phase transformations are smeared out and shift toward
higher temperatures as a result of the limited dehydration time.
This fits well with our model 3.
Two main observations can be made from these experiments.

First, during dehydration the grains can obviously dehydrate
into mixed phases because the dehydration is incomplete before
the temperature crosses a transition line. As a result, the average
loading of the grains does in general not dehydrate in steps with
integer values. These noninteger dehydration steps have
previously also been observed in the literature.13,24,25

Second, the water loading in the sample during dehydration
is higher than expected based on the phase diagram. The
question is therefore whether additional water is still present as
lattice water, as a result of a slow reaction rate, or is present in
another phase? With TGA it is only possible to study the
amount of water molecules and not possible to clarify the state
of water. NMR was used to study how the water molecules are
present in the grain structure.
NMR. In Figure 6 the loading is plotted against the

temperature of a dehydration experiment with a heating rate of
0.375 °C/min. The corresponding TGA data have been added.

The curve of the total water component of the NMR
experiments fits reasonably well with the TGA experiments,
especially considering the different air flows used in the TGA
and NMR. This experiment indicates that all water is measured
during the NMR experiment.
Additional information on the state of water can be obtained

on the basis of relaxation analysis of the NMR signals. The
relaxation curves were analyzed with the help of the fast Laplace
inversion transformation (FLI),26−28 to calculate T2 distribu-
tions of a decay. With this relaxation analysis, the decay curves
measured during the NMR experiment were analyzed. In
Figure 7 the T2 relaxation distribution is plotted as a function of

the temperature during a dehydration experiment. The
relaxation distribution can be divided in two regimes: lattice
water with T2 < 300 μs and pore water with T2 > 300 μs.
Lattice water is part of the crystal structure. These water
molecules are immobile and have strong static interaction with
their neighboring water molecules. As a result of this strong
static interaction, the relaxation time is small.29 As can be seen
at 25 °C, >99% signal corresponds to hydrate water with a
mean T2 value of 100 μs. With increasing temperatures the
peak around 100 μs is always observed. As a result of the noise

Figure 5. Loading plotted against the temperature during dehydration
experiments of MgSO4·7H2O at various heating rates and constant
initial sample size. The grains used were about 1 × 1 × 1 mm3, and the
total sample weight was equal to 300 mg. The legend denotes the
heating rate.

Figure 6. Loading of MgSO4·7H2O as measured by NMR and TGA
plotted against the temperature during dehydration experiments with
0.375 °C. The total water component of the NMR experiment is
divided with the help of relaxation analysis into lattice water (T2 <
10−3 s) and pore water (T2 > 10−3 s).

Figure 7. Relaxation time distribution of the T2 as calculated with FLI
plotted at different temperatures during the dehydration of MgSO4·
7H2O. The frame indicates the boundary between lattice water (T2 <
300 μs) and pore water (T2 > 300 μs).
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in our measurements the peak width during our FLI analysis
fluctuates, which results in variations in the peak value of the
lattice water.
As can be seen from 52 °C up to 110 °C contributions are

observed for T2 > 300 μs. These components can be attributed
to water in pores. Pore water refers to water molecules that are
not part of the crystal structure of the hydrate and are located
in fluid phases within a pore-like structure. The effective
diffusion coefficient of the pore water was measured (see
Appendix) and found to be approximately 10 times lower than
bulk water over the entire experiment. This is the result of the
combination of two factors; i.e. first, the effective diffusion
coefficient decreases with increasing concentration of MgSO4,

30

and second water in porous materials has a smaller effective
diffusion coefficient as a result of the tortuosity in the system.31

On the basis of this additional information, we divided the
total amount of water into two contributions, i.e., lattice and
pore water, which are also plotted in Figure 6. The lattice and
pore water contributions are calculated by summation of the
relaxation components, respectively, below and above 300 μs,
i.e., by integrating the peak, given the lattice and pore water.
Obviously, part of the lattice water is suddenly transformed to
pore water at a temperature of 50 °C. This transition can not be
observed in the TGA curve, as the water is still present in the
sample in another phase and therefore the total mass will not
change. Two hypotheses can be suggested for this sudden
change. First, dehydration is a combination of melting and
recrystallization. Second, dehydration is a combination of
dehydration and deliquescence. Both hypotheses can be
summarized as

· → · →

· +

MgSO 7H O(s) MgSO 7H O(l) MgSO

6H O(s) MgSO (aq)

k k

4 2 4 2 4

2 4

4 5

(13)

· → · +

→ · +

MgSO 7H O(s) MgSO 6H O(s) H O(g)

MgSO 6H O(s) MgSO (aq)

k

k
4 2 4 2 2

4 2 4

6

7

(14)

The first hypothesis is based on the melting point of the
heptahydrate. By analyzing the solubility data,18 the melting
temperature was determined at 76.8 °C. In that case the first
hypothesis does not hold because the reaction temperature is
52 °C. The second hypothesis is based on the triple point of
heptahydrate, hexahydrate and aqueous MgSO4 at 48.5 °C. The
seventh water molecule of the heptahydrate is released by the
lattice at the triple point. This molecule initially evaporates
inside the crystal, but as the internal vapor transport in the
crystal is limited, the evaporated water molecules create an
atmosphere, which leads to deliquescence and partial
dissolution of the crystal (at 50 °C by an RH > 83.4%), and
consequently, there will be an aqueous solution of MgSO4
inside the crystal.
With further increase of the temperature, the pore water

evaporates above 100 °C, and simultaneously, most lattice
water evaporates as well. At 110 °C almost all pore water has
disappeared.
By TGA experiments it was observed that at higher heating

rates the mass decrease shifts to higher temperatures. Repeated
dehydration experiments were carried out inside the NMR with
different heating rates, to get a better understanding of the
influence of the heating rates on the dehydration process. In
Figure 8 the loadings of the different components, i.e., total

water, pore water, and lattice water, are plotted as a function of
temperature for seven dehydration experiments with different
heating rates. In Figure 8a the total water component curves
show a similar behavior as observed in the TGA experiments:
the dehydration curves shift to higher temperatures at higher
heating rates. As can be seen in Figure 8b, as expected from
simulations at 50 °C for each heating rate, pore water is formed.
However, in contrast, at 70 °C we do not observe a similar
increase. This could be an effect of the low reaction rate from
hexahydrate to monohydrate. We do observe an increase in the
pore water for higher heating rates. This might be an effect of a
delayed transformation of crystals. As can be seen in Figure 8c,
as expected from simulations at 50 °C for each heating rate
lattice water is decreased. Also in this case no abrupt decrease
in lattice water is observed at 70 °C. For higher heating rates
the dehydration curves shift to higher temperatures.

Figure 8. Loading as measured by NMR plotted against the
temperature during dehydration experiments of MgSO4·7H2O with
different heating rates varied between 0.0625 and 1 °C/min. In a the
total water content is plotted, whereas the pore and lattice water are
plotted, respectively, in b and c. The solid lines are a guide for the eyes.
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■ DISCUSSION AND CONCLUSION
The goal of this work was to understand how water leaves a
hydrated MgSO4·7H2O crystal during dehydration induced by
heating. The TGA data showed that the dehydration process of
MgSO4·7H2O depends on the heating rate. By studying the
dehydration with the help of NMR, formation of pore water is
observed during dehydration; i.e., an aqueous solution of
MgSO4 in the crystal is formed. These measurements indicate
that this water is present inside the crystals. We have done an
additional experiment wherein we visualized the dehydration of
a crystal with a heating rate of 2 °C/min (i.e., see Figure 9). As

can be seen no water is formed outside of the crystal, being in
line with the NMR measurements. Eventually, the crystal
structure is destroyed during dehydration at high temperatures,
i.e., at T > 115 °C. This water is produced at the triple point of
heptahydrate, hexahydrate, and solution as a consequence of a
limited vapor transport through the crystal, as supported by our
model. The amount of pore water depends on the amount of
heptahydrate at the moment of crossing the triple point.
The observations during the dehydration of MgSO4·7H2O

are summarized in a schematic representation in Figure 10. In
Figure 10a, the initial crystal is a heptahydrate crystal. During
heating, it starts to dehydrate to hexahydrate, which is not
completed as long as the temperature is below 48.5 °C. While
heptahydrate occupies a larger volume, the crystal shrinks over
the entire sample, and a pseudomorphic structure with
secondary porosity is formed (Figure 10b). In between the
microcrystals voids are formed. These do not have to be
connected to the crystal surface. By increasing the temperature
above the triple point, the remaining heptahydrate is trans-
formed to hexahydrate, and water vapor is produced. The vapor
is not immediately and fully released as a result of a limited
diffusion out of the crystal or that the pores are not connected
to the surface. This leads to a vapor pressure that is above the
deliquescence vapor pressure. Upon deliquescence and partial
dissolution of the crystal pores filled with MgSO4 solutions are
formed (Figure 10c). When the solution evaporates, hexahy-
drate crystals are formed at the evaporation surface as a result
of recrystallization from the saturated solutions, creating a crust,

and will block the surface. This blocking will happen in the case
where the evaporation is faster than the redistribution of the
Mg2+ and SO4

2− over the pore volume. This will result in a
constant pore water content at higher heating rates between 55
and 80 °C. By further heating the pores are emptied (Figure
10d). This emptying of the pores is a result of three processes:
First, more cracks are formed with increasing amounts of lower
hydrates, which have higher densities (see Table 1). Second,
the hydrates of the crust dehydrate to lower hydrates, and the
crust breaks open. Third, part of the crust will dissolve because
the solubility product increases with increasing temperature.
After breaking of the crust, the dehydration does not occur
instantaneously because of a limited evaporation rate at the
surface of the crystal.
At the triple points in the MgSO4−H2O phase diagram other

than at 48.5 °C, no additional pore water production is
observed, so phase transitions do not always occur at each triple
point of a phase diagrams. A good explanation is missing for
this observation but might be found in the reaction kinetics or
volumetric hindrance. The volume of the MgSO4 containing
phasesall solid hydrates and aqueous solutionvaries during
dehydration experiments. The density of MgSO4 containing
phases is phase dependent according to Table 1. As we consider
the case with maximum heating rate and an initial porosity of
30%, the volume occupied by MgSO4 containing phases
increases during a dehydration experiment. The density of the
aqueous solution of MgSO4 is determined with the help of the
literature.21,22 Just above the triple point of heptahydrate,
hexahydrate, and aqueous solution the volume increased with
0.61% compared to the initial volume. After crossing the triple
point of hexahydrate, monohydrate, and aqueous solution this
increase is 5.7%, and at 90 °C the volume is increased with even

Figure 9. Visualization of the dehydration of a crystal grain of 6 × 6 ×
10 mm3 by a heating rate of 2 °C/min at 12 different temperatures.
The crystal becomes opaque at a temperature between 55 and 65 °C,
whereas the grain explodes between 115 and 125 °C.

Figure 10. Schematic representation of the dehydration of a crystal
grain. (a) The crystal is an ideal heptahydrate crystal without cracks.
(b) During dehydration the crystal forms cracks because of volume
changes between the heptahydrate and hexahydrate. All formed water
vapor can escape. (c) The crystal passes the triple point, and all
heptahydrate transforms into hexahydrate, which results in an overload
of water vapor that cannot escape fast enough. The vapor
deliquescence and forms pore water inside the crystal. These pores
are not emptied, as the evaporation surface is blocked by hexahydrate
crystals. (d) The crystal continues to dehydrate, and more cracks are
formed. Additional cracks form pathways to empty the pores that
accelerate evaporation.
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6.8%. So during a dehydration in a closed box, the crystals will
expand. If the volume for this expansion is not present, the
transition may be mechanically hindered. This might explain
that no additional pore water production is observed by
crossing the temperature of the triple point of hexahydrate,
monohydrate, and aqueous solution. To allow the crystal to
expand during dehydration without water loss, the dehydration
is expected to start at the surface of the crystal. By cleaving a
crystal after heating at 55 °C, we were not able to demonstrate
this at this moment in time.
Concluding, pore water may strongly affect the dehydration

of MgSO4·7H2O. From the point of applications the amount of
pore water in a system during dehydration should be reduced.
This water may destroy the crystal structure and affects the
internal structure, which can have a negative effect on the
reusability of the system. So, a slow dehydration process is
preferable with a good ventilation of the system.

■ APPENDIX

Self-Diffusion Measurement
The diffusion coefficient of the pore water during dehydration
experiments was measured with a home-built NMR spec-
trometer FEGRIS NT. The NMR spectrometer operated at a
proton frequency of 125 MHz, equipped with a pulsed field
gradient (PFG) unit providing a maximum magnetic field
gradient of 37.9 T m−1.32−34 The FEGRIS NT can measure
diffusion coefficients of signals with a T2 larger than in the
order of 1 ms. The PFG NMR signal intensity is sensitive to the
effective self-diffusion coefficient D of diffusing nuclei in the
direction of the pulsed field gradient. The NMR signal was
generated by using the primary spin echo pulse sequence.35 In
the experiments, the magnetic field gradient width δ was fixed
to 500 μs; the observation time Δ was 10 ms; and the magnetic
field gradient amplitude g was incremented up to 37.9 T m−1.
The effective self-diffusion coefficients were determined by
measuring the normalized attenuation S(g) = M(g)/M(g = 0)
of the NMR signal intensity as a function of the magnetic field
gradient strength g. Thereby the signal attenuation obeys the
relation

γ δ δ= − Δ − ·S g g D( ) exp( ( /3) )2 2 2
(15)

wherein γ is the gyromagnetic ratio of water. To accurately
calibrate the magnetic field gradient of the PFG unit, effective
self-diffusion measurements in pure H2O done by Holz et al.36

were used as reference.
In Figure 11 the measured self-diffusion coefficient is plotted

against temperature during dehydration of MgSO4·7H2O. This
dehydration experiment is performed in three steps with a
heating rate of 0.15 °C/min: (1) heating the sample from 22 to
70 °C, (2) heating the sample from 22 to 120 °C, and (3)
heating the sample from 22 to 140 °C. In between the heating
steps a cooling was performed within 30 min to 22 °C. In this
experiment the sample is in open connection with the lab by a
tube of 1 m, but no active ventilation of the sample was
performed.
During the first run of heating the crystal, the measured self-

diffusion coefficient drops around the triple point of
heptahydrate, hexahydrate, and aqueous solution. At the same
temperature, the signal intensity increases. During the second
time of heating the crystal, above 90 °C, the diffusion
coefficient drops as well, and the signal intensity increases.
The signal intensity drops down above 120 °C, and almost no

pore water is observed. The measured effective diffusion
coefficient is approximately 10 and 3 times lower compared to,
respectively, bulk water and a saturated solution of MgSO4 over
the entire temperature range. The dip in the effective diffusion
coefficients at 50 and 90 °C can be a result of the released
lattice water, which partially dissolves the crystal structure. This
can result in a temporary higher MgSO4 concentration and a
lower diffusion coefficient30 or small flakes of broken crystal
which will precipitate after some time.
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