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Summary

Magnesium sulfate hepta hydrate (MgSO,.7H,0) was studied as possible thermochemical mate-
rial for seasonal storage of solar heat. Both hydration and dehydration were investigated and it
was found that the material can be used to store almost 10 times more energy than water of the
same volume using a solar collector (vacuum tube). The amount of stored solar heat that can be
released by the material turned out to be strongly dependent on the water vapor pressure and
temperature. Under practical conditions (P20=12 mbar and T=50°C), the material was not able
to release all the stored heat. Despite this problem, valuable information on the dehydration and
hydration behavior of MgSO,.7H,O was acquired and the characterization procedure will also
be used for future characterization of other salt hydrates for thermochemical materials

8 Confidential ECN-0--08-000
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Introduction

Today the spotlight in the world is on the increasing demand on sustainable and renewable en-
ergy sources. Solar energy is one of the most important sources, which could provide durable
heat for various applications [1]. However, it is most effective in summer and not in winter
when the available solar energy is not enough to meet the heating demand. A solar heat storage
is necessary to accommodate the difference in time between energy production and energy de-
mand. There are three ways for solar energy storage: sensible heat, phase change reaction, and
thermochemical reaction [2]. The storage using thermochemical materials shows more ad-
vantages for practical applications: thermochemical materials have the highest storage capacity
among all the storage media and there is no heat loss associated with thermochemical storage.

A previous study at ECN [2] indicated magnesium sulfate heptahydrate (MgSO,.7H,0) as po-
tentially interesting thermochemical storage material using the following reversible reaction:

MgSQ,.7H,0(s) + heat < MgSO4(s) + 7H,0 (g) (R.1)

The theoretical storage density of MgS0,.7H,0 is 2.8 GJ/m® at temperature level of 122°C,
which offers a more compact way of storing energy for the same volume in comparison to water
(0.25 GJ/m® at temperature range of 25-85°C). It also means that the material can be dehydrated
using a solar collector, which is assumed to realize a maximum temperature of 150°C. In addi-
tion to the high storage density, MgSO,.7H,0 is cheap, non-toxic and non-corrosive. For these
reasons, MgS0O,.7H.,0 is studied at ECN as possible thermochemical material for compact (sea-
sonal) heat storage within the Dutch WAELS project.

Epsomite (MgSQO,.7H,0), hexahydrate (MgS0O,.6H,0) and kieserite (MgSQO,4.H,0) are the dom-
inant natural occurring magnesium sulfates on earth. Reaction R.1 suggests a single step dehy-
dration process, but the actual dehydration is believed to proceed in discrete steps [3-5]. During
the dehydration of Epsomite several other (unstable) members of the magnesium sulfate-water
system have been identified such as MgSQO,4.5H,0 (Pentahydrate), MgS0O,.4H,0 (Leonhardtite),
MgS0,.3H,0, MgS0,.2H,0 (Sanderite), MgSO,.1,5H,0 and MgS0,.0,5H,0 [5-9].

Many experiments have indicated that the first step in the dehydration of MgSQO,.7H,0 results
in the loss of one water molecule [3, 6, 10]. However, this well-defined transition is an excep-
tion in the description of the magnesium-water system: the available literature on dehydration of
MgS0O,.7H,0 shows a disagreement on which intermediates are formed during dehydration of
MgSQ,.6H,0. For example, Ruiz et al [3] suggests that the dehydration proceeds via crystalline
MgSQ,.6H,0, which dehydrates via an amorphous (unknown) intermediate state until crystal-
line amorphous MgSQ, is formed. Emons [5] identifies MgSQ,4.3H,0 and MgS0,.2H,0 as in-
termediates during the dehydration of MgSO,.7H,0, while other investigators [6-9] observe the
formation of other intermediates such as Pentahydrate and Leonhardtite. To investigate the po-
tential of MgS0,.7H,0 as thermochemical material, it is necessary to know which reactions are
taking place during the dehydration and at what temperatures.

Compared to dehydration, less is known about the hydration processes within the MgSO,-water
system. A recent investigation on hydration behavior of magnesium sulfate [11, 12] indicates
that the hydration within MgSQO,-water system is complex and depends strongly on the relative
humidity and temperature. The authors found that other hydrates than MgSO,.7H,0,
MgSQO,.6H,0 and MgSQO,4.H,O can be formed after hydration. In particular, MgS0O,.5H,0 and
an unknown MgS0,.2,4H,0 was identified as a stable product after hydration. It was also found
that MgSQ,.H,0 could persist over a large temperature and relative humidity range and can on-
ly be converted to MgS0O,.6H,0 or MgSQ,.7H,0 at a high relative humidity (>55% at 25°C).

In a future thermochemical heat storage application, a bore hole at an average temperature of
10°C could be used to evaporate the stored water. This means that a maximum (saturation) wa-
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ter vapor pressure of 1.3 kPa is available during hydration. The water vapor will react with the
dehydrated salt to retrieve the stored solar heat (see also [R.1]). The released heat will be used
for space heating, which means that the hydration should take place at the required temperature
for space heating: T>40°C. At these temperatures a water vapor pressure of 1.3 kPa corresponds
to a relative humidity < 17%. In this report we investigate if dehydrated magnesium sulfate is
able to take up water and release heat under the above stated conditions. Since the expected life-
time of thermal heat storage systems is 20 years, it also means that the material should be able
to perform several cycles (hydration-dehydration). Therefore the capacity to store and release
heat after several cycles (=cyclability) is also investigated for magnesium sulfate.

In summary, in this report we evaluate MgSO,.7H,0 as potential thermochemical material by
investigating the dehydration and dehydration behavior of magnesium sulfate anew. This study
not only provides insight into the potential of MgSO,.7H,O as thermochemical material, but
will also provide a blue-print for characterization of other potential thermochemical materials.

ECN-0--08-000 Confidential 11



1. Material and methods

In this chapter we will discuss the material and methods which were used for characterization of
MgS0O,.7H,0.

1.1 Material

Initial characterization experiments [13] were performed using magnesium sulfate heptahydrate
(Merck B.V. Benelux, CAS 10034-99-8, GR for analysis, 99.5 % pure). Experiments were also
conducted using magnesium sulfate heptahydrate from VWR BDH Prolabo (CAS 10034-99-8,
NORMAPUR, 99.5% pure). Here, we will refer to these materials as ‘Merck’ and “VWR”, re-
spectively.

The powder material from both Merck and VWR were analyzed and are discussed in this report.
The material was sieved using a Fritsch vibratory shaker and the sieves of 20, 38, 106, 200 and
500 um to obtain the powders with different particle size ranges. A particle diameter ranging
from 38 to 100 um was used as reference.

1.2 Methods

1.2.1 Thermal analysis

Thermal analysis was performed to obtain information on the dehydration and hydration pro-
cesses in the magnesium sulfate-water system. The goal was to determine the dehydration and
hydration reactions, at which temperatures these reactions occur and to determine the heat of
reaction. The experiments described here, were performed at ECN and at Netzsch Application
Laboratory (Selb, Germany).

The experiments at ECN were performed on a Netzsch STA (TG-DSC) 409 PC Luxx apparatus.
For verification, a Netzsch DSC 204 F1 Phoenix apparatus was used for more accurate DSC
measurements. Both machines were calibrated prior to the measurements. The sample pans were
made of aluminum oxide and were used without lid. The sample mass ranges from 5 to 50 mg,
where 10 mg sample mass were used as reference. The experiments were performed in a nitro-
gen-water vapor atmosphere unless stated otherwise. The nitrogen purge gas (60 ml/min) was
saturated with water vapor using a bubble flask and mixed in the oven with nitrogen protective
gas (total flow rate of 80 ml/min). The humidity of the gas mixture was measured at the exit of
the Netzsch STA 409 PC Luxx apparatus using a dew point meter (Michell Optidew) and found
to be ~40% at 25°C (Pn20=1.3 kPa). However, the local humidity at the sample could not be de-
termined and therefore a Py 0=1.3 kPa was initially assumed near the surface of the sample.

To verify the experiments performed at ECN, a set of experiments was performed at Netzsch
Application Laboratory. These experiments were performed on a Netzsch STA (TG-DSC) 409
PG Luxx apparatus equipped with a water vapor furnace capable of operation between 25°C to
1300 °C. Heating rates of up to 50 K/min can be employed and the digital resolution of the bal-
ance is 2 ug/digit. The vacuum tight system is connected to a water vapor pressure control sys-
tem, which allows performing experiments under moisturized nitrogen atmosphere with pre-
defined relative humidity (accuracy of 1%). The experiments were performed using platinum
crucibles with pierced lids and a sample mass of ~10 mg. A nitrogen-water vapor atmosphere of
R.H. = 40% at 25°C and R.H. = 50% at 30°C were used during the experiments.

1.2.2 X-ray powder diffraction

Information on the crystal structure and the different hydrates of magnesium sulfate before, dur-
ing and after dehydration and hydration was acquired using X-ray powder diffraction. The X-
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ray diffraction patterns were collected using a Bruker D8 Advance with MRI oven with Cu
KA1+KA2 = 1.5418 A radiation. Typical runs were conducted from 10° to 40° 20 using 0.02°
step with a time step of 2 seconds. The experimental diffraction patterns were compared to
known patterns of magnesium sulfate hydrates [14]. Samples of 150 mg were placed on a plati-
num grid inside a nitrogen and water vapor atmosphere (Pu20 = 2.7 kPa or saturation pressure at
22°C unless stated otherwise). The temperature was increased during dehydration from 25°C to
300°C using a heating rate of 1°C/min and held constant at 25°C during hydration experiments.
Diffraction patterns were recorded at temperatures where TG curve indicated a change in com-
position.

1.2.3 Scanning electron microscope with energy-dispersive X-ray spectrosco-
py (SEM-EDX)

Micro structural changes such as crack formation on a grain level were observed using a JEOL
JSM 6330F scanning electron microscope (SEM). The SEM pictures were taken under vacuum
conditions, which could initiate further or partial dehydration of the sample. The samples were
placed on carbon tape and mounted on a bronze stub. In order to improve the quality of the
SEM picture, the samples were platinum coated in a sputter to enhancing the conductivity of the
material. The platinum coated samples were viewed under low-pressure 10°-10"" mbar at mag-
nifications ranging from 50 to 1500x in the SEM. The beam accelerator voltage was set between
5-15kV.

The SEM was also equipped with element analysis equipment. Here, the element composition
of a sample was performed using energy dispersive X-ray spectroscopy (EDX). Here too, the
sample is coated with a platinum layer and examined at low pressure (10°-10" mbar)

1.2.4 Particle size distribution measurements

The effect of hydration and dehydration on the particle size distribution was investigated using a
Malvern Master 2000. This apparatus is capable of measuring materials in the range of 0.02 um
to 2000 um using laser diffraction measurement principle (Mie scattering). During the laser dif-
fraction measurements, a suspension of magnesium sulfate and ethanol is flown through a flow
cell. To prevent that the magnesium sulfate particles stick together, the suspension is shaken us-
ing ultrasound.

ECN-0--08-000 Confidential 13



2.

2.1

Results and discussion

Experiments performed at ECN

In this section the experiments which were performed at ECN are discussed. These experiments
include XRD, STA, DSC, SEM-EDX and particle size distribution measurements. As men-
tioned above, the STA and (separate) DSC measurements were performed under nitrogen — wa-
ter vapor atmosphere with an estimated Py,0=1.3 kPa at 25°C near the sample surface.

2.1.1 Composition of starting material

Several sources indicated [3, 10, 14] that MgS0O,.7H,0 can already convert to MgSQO,4.6H,0 at
ambient conditions™ and RH=42-55 %. Therefore it is possible that the composition of the start-
ing material consist of both MgS0O,.7H,0 and MgS0O,.6H,0. For this reason XRD diffraction
patterns at 22°C (Pn20=2.7 kPa) were taken of the starting material from both Merck and VWR.
Figure 1 shows the results of these measurements:
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Figure 1: Experimental X-ray diffraction patterns at 22°C (Pn,0=2.7 kPa) for starting material
supplied by A. VWR, B. Merck. Purple bars denote MgS0O,.7H,O and green bars
denote MgSQO,.6H,0 theoretical X-ray diffraction patterns.

A Ambient conditions are stated as T=298 K and P=1 atm
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The X-ray diffraction pattern for material from VWR corresponds very well with the theoretical
X-ray diffraction pattern for MgSQO,4.7H,0. The X-ray diffraction pattern for material from
Merck shows peaks which correspond with the theoretical X-ray diffraction pattern for both
MgS0O,.6H,0 and MgSO,.7H,0, which indicated that the Merck supplied material is a mixture
of MgS0Q,.6H,0 and MgSQO,.7H,0.The reason for the difference between the powder materials
of the two suppliers is aging of the material: at the time of the measurements, Merck’s
MgS0O,.7H,0O was ordered more than one year ago and was therefore longer exposed to room
conditions, whereas the material from VWR was less than one month old

The results in Figure 1 show that the maximum intensity of some peaks for the material from
VWR are different than those for the material from Merck. The ratio between the maximum in-
tensities is determined by the position of the atoms within the crystal structure. For example,
ratio of the intensity for the peak at 16.5 and 20 2-theta is different for the two materials. This
indicates that the position of the atoms within the crystal structure of material from VWR is dif-
ferent than those for material at Merck. This difference is possibly caused by stress within the
crystal structure. It should be noted that the (orthorhombic) crystal structure of MgSQ,4.7H,0
remains intact for both materials.

EDX experiments were performed on the starting material from VWR and Merck. The goal of
this experiment was to find out if the material was polluted. The results (see Appendix A) indi-
cate that both materials consists of equal amounts of magnesium, sulfide and oxygen atoms (hy-
drogen cannot be detected using EDX). It means that the chemical composition of the material
can be considered identical. The chemical composition of the material was calculated based on
the EDX results and it was found that the material consists of MgSQO,4.H,O. This results seems to
be contradicting the results from the X-ray analysis (see Figure 1), but one should be aware of
the fact that a very low pressure was applied during the EDX experiments which causes the ma-
terial to dehydrated. Apparently, MgSO4H,O is formed during the dehydration of
MgS0O,.7H,0. In the next section the dehydration of MgSO,.7H,0 is studied in more detail.

ECN-0--08-000 Confidential 15



2.1.2 Dehydration of magnesium sulfate hepta hydrate (MgSO,4.7H,0)

In this section the dehydration of magnesium sulfate hepta hydrate is discussed based on the ex-
perimental results from TG-DSC and X-ray diffraction measurements. The focus will be mainly
on which intermediates are formed during dehydration and the dehydration reactions that are
taking place.

2.1.2.1 Thermal analysis: dehydration of magnesium sulfate

Figure 2 shows TG dehydration curves for magnesium sulfate supplied by Merck and VWR:

Dehydration of Mg$0,.7H,0
(10 mg, heating rate = 1 K/min, No+H,O atmosphere at RH=40%)

— TGA - Merck
—TGA - VWR

Mass (%)

0 +-——+————t+t—ttttt—
25 50 75 100 125 150 175 200 225 250 275 300
Temperature (C)
Figure 2: Experimental TG curves as function of temperature of dehydration of MgSO,.7H,0:
Comparison between Merck and VWR powder material (particle size = 38-106 pum)

The difference between the TG dehydration curves is a result from the fact that a large part of
MgSQ,.7H,0 is already converted to MgSO,.6H,0 in the starting material supplied by Merck,
whereas the powder material supplied by VWR consists of MgSO,.7H,0 (see above). The dif-
ference in dehydration between the two powders (VWR and Merck) is only the composition of
the starting material; therefore we will discuss the dehydration of MgS0O,.7H,0O without men-
tioning the specific manufacturer.

Figure 3 shows two DSC curves for dehydration of MgS0O,.7H,0:
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Dehydration of MgS0,.7H.0
(10 mg, 1 C/min, Ny*+H,0 atmosphere with RH=40%)

I r//’—r ——STA PC 409 Luxx
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Figure 3: Experimental DSC curves as function of temperature for dehydration of MgS0O,.7H,0
(particle size = 38-106 um).

The DSC curves obtained using the Netzsch STA PC 409 Luxx apparatus shows a decreasing
baseline (green line in Figure 3) when the sample (Merck) was subjected to a N,+H,O atmos-
phere. The drifting of the baseline can be an indication of problems with the experimental setup
such as instrument malfunction or displacement of crucible. A separate experiment was per-
formed using another DSC machine (Netzsch DSC 204 F1 Phoenix) using MgSO,.7H,O from
VWR under the same experimental conditions (sample mass, N,+H,0, atmosphere and heating
rate). The result of this experiment is shown as the purple line in Figure 3. The DSC curve ob-
tained from this experiment shows a constant baseline. Experts from Netzsch Application La-
boratory indicate that usage of a different carrier system compared to the calibration situation
could be a reason for this non-constant DSC baseline.

Apart from the first peak, which will be discussed later in this section, the shape and position of
the other two peaks corresponds quite well: the difference between the areas under the third
peak of the two DSC curves is less than 10%. Since a constant baseline offers more accurate de-
termination of the area under the curves, we will use the DSC curve from the Netzsch DSC 204
F1 Phoenix for determination of the dehydration enthalpy.

Figure 4 shows a combined TG-DSC curve for dehydration of MgSQ,.7H,0:

ECN-0--08-000 Confidential 17



Dehydration of MgSQO,.7H,O
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Figure 4: Experimental TG-DSC curve as function of temperature for dehydration of
MgS0O,.7H,0 (VWR, particle size = 38-106 um). The red arrow indicates the
inflection point of the change in shape of TG curve at second dehydration step (see
text for details)

The TG curve for dehydration of MgS0O,.7H,O shows that three different steps can be identi-
fied: a mass loss between 25°C and ~55°C, a gradual decrease in the mass between 60°C -
265°C and a small decrease at 275°C. Figure 4 also shows that each decrease in TG signal is ac-
companied with a peak in DSC signal, therefore each step identified in TG curve can be associ-
ated with a dehydration reaction. From the TG curve the mass change per step can be calculated
and used to identify the amount of expelled water during each dehydration reaction. Table 1
shows the mass change per step as shown in Figure 4:

Step Mass loss (%)  Water molecules
1 6.9+0.2 0.9+0.03
2 42.2+0.3 5.9+0.04
3 0.5+0.1 0.1+0.02
Total 49.9+0.2 6.8+0.03

Table 1: Experimental mass changes and expelled water molecules per dehydration step (95%
confidence limit, 8 measurements). A mass loss of 7.31% corresponds to the loss of
one water molecule.

A total mass loss of 49.9+0.2% was found which is close to the theoretical value of 51.2 % cor-
responding to 7 water molecules. The first dehydration reaction involves the loss of almost one
water molecule and corresponds to the following well-known dehydration reaction:

MgSO,.7H,0(s) = MgS0,.6H,0(s) + H,0O(g) (R.2)
From the shape of the TG curve it can be seen that the second dehydration step at least consists
of two dehydration steps: a steep decrease in TG signal is followed by a more gradual decrease

in TG signal (see the inflection point indicated by a red arrow in Figure 4). Unfortunately, the
gradual decrease in TG signal makes it impossible to clearly identify intermediates formed dur-
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ing the dehydration of MgSO,.6H,0. Based on the mass decrease, the following reaction can be
identified:

The third step involves a very small mass decrease at temperatures near 275 °C. This mass de-
crease was consistently observed during the experiments and is always accompanied by a
change in DSC signal, which indicates the following dehydration reaction:

MgS0,.0,1H,0(s) = MgSO,(s)+ 0,1H,0(qg) (R.4)

The existence of MgSO,.0,1H,0 seems doubtful and it is most likely that this phase is a mixture
of MgS0,.H,0 and MgSQO,. The shape of the TG curve suggests that this last transition is a sin-
gle step reaction.

Since water vapor influences the DSC signal in Figure 4, it was decided to determine the reac-
tion enthalpy for each dehydration step using the DSC curve measured by Netzsch DSC 204 F1
Phoenix apparatus shown in Figure 3. However, a difference in area under the first peak was ob-
served between the STA and DSC measurement as shown in Figure 3. It should be noted that
the DSC curves determined using the Netzsch DSC 204 F1 Phoenix were obtained two months
after the DSC curve determined using the STA . Since MgS0,.7H,0 can dehydrate according to
reaction R.1 under lab conditions (see above), it is very likely that the sample used for STA
measurements contains more MgS0O,.6H,0. This would also explain the difference in area un-
der the curve: less MgS0,.7H,0 is converted via reaction R.2 for the sample measured in the
Netzsch DSC 204 F1 Phoenix, resulting in less heat released (= a smaller area under the DSC
curve). For this reason, enthalpy and energy storage density for the first peak was taken from the
area under the DSC curve from STA apparatus (see also Figure 3), since the composition of this
material is less affected by “natural” dehydration.

From the DSC curve shown in Figures 3 and 4 it can be seen that the first two dehydration steps
are endothermic processes (indicated by the negative DSC signal), while the last dehydration
step is exothermic. Table 2 shows experimental enthalpies of reaction (AH) and energy densi-
ties for the three dehydration steps:

Reaction AH AH Energy stor-
[kJ/mol]” [kd/mol H,0]  age density
(GIIm3)®
MgSQO,.7H,0(s) —» MgS0,.6H,0(s) + H,0(g) 50.2+25 50.2+25 0.3 +2x10?
MgS0O,4.6H,0(s) - MgS0,.0,1H,0(s) + 5,9H,0(g) 318.9+15.9 541+27 22+0.1
MgS0,4.0,1H,0(s) = MgSO,(s)+ 0,1H,0(Q) -151+0.8 -151.1+8.0  -0.1+1x10?

* = the enthalpies of reaction are related to one mole of MgSO,.7H,0. Here an estimated error of 5% was as-
sumed for the determination of the reaction enthalpy.

Table 2: Experimental enthalpies and energy storage densities of the dehydration reactions of
magnesium sulfate hydrates.

The lower hydrates are expected to stronger bound the water molecules than the higher hy-
drates, which is reflected in the higher absolute reaction enthalpy per mole water for the third
dehydration step compared to the other two dehydration steps [17].

The experimental values for energy storage density in Table 2 show that the second dehydration
step is most interesting for thermal storage, since it corresponds to the largest experimental stor-
age density. In fact, the experimental energy density for the second dehydration reaction is al-

B The energy density pe can be calculated by multiplying the reaction enthalpy AH [J/mol] with density p [g/m3] and

dividing it through the molar mass M (g/mol): pg = i’?{e—g}
M -10° [ m
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most 10 times more energy compared to the value for water in the temperature range of 25-85°C
(=0.25 GJ/m?)

Next, the experimental enthalpies of reaction are compared with calculated ones. To do so, we
determine the value of AH using known standard enthalpies of formation (AH%° [16]. Wagman
et al [17] presents values of AH® for magnesium sulfate hydrates such as MgSO,.7H,0,
MgSQ,.6H,0 and MgSO,. However, the AH® for MgS0,.0,1H,0 is not known and was deter-
mined by fitting enthalpies of formation for hydrates of magnesium sulfate from Wagman et al
[17] as function of the amount of hydrated water molecules, as shown in Figure 5 (see also Ap-
pendix C):

O 4
¢ \Wagman et al [17]
g -500
E ] B Fitted enthalpy of formation for
= -1000 } MgS04.0,1H20
'% 4 — Fit (Wagman et al)
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] ]
2 -2000
o ]
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Hydrated water molecules

Figure 5: Standard enthalpies of formation for hydrates of magnesium sulfate as function of the
number of hydrated water molecules (0=MgSQ,, 7=MgS0,.7H,0) [17]

From the fit a theoretical enthalpy of formation for MgS0,.0,1H,0 of -1319.6 kJ/mol was
found. Table 3 shows the experimental and calculated enthalpies of formation for the three de-
hydration steps:

Reaction AH
[kd/mol H,O]
This study Wagman etal  Diff [%]
(average value) [17]
MgS0,.7H,0(s)—>MgS0,.6H,0(s) + H,0O(g) 50.2 59.9 19.3
MgSO0,.6H,0(s)—>MgS0,.0,1H,0(s) + 5,9H,0(q) 54.1 57.7 6.7
MgS0,.0,1H,0(s) — MgSO,(s)+ 0,1H,0(g) -151.1 60.8 140.2

Table 3: Comparison between enthalpies of reaction in this study with literature values.

The enthalpy of reaction for the first dehydration reaction is 19.3% lower than the value report-
ed in literature [10, 17]. As mentioned earlier, the reaction enthalpy for the first reaction was de-
termined DSC experiments using the STA at ECN (see also Figure 3). These DSC experiments

€ The enthalpy of reaction is defined as the difference between the sum of the products and the sum of the enthalpies

of reactants: A H =ZnAf Hg(product§—ZmAf HO(reactants), where m and n are stoichiometric coeffi-

cients for products and reactants, respectively.
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suffers from non-constant baseline, which results in an uncertainty in the determination of the
reaction enthalpy (and energy density) since the position of the baseline has to be guessed.

The value of AH for the second dehydration reaction shows a good correspondence with the
value found in the literature. This gives confidence in the high experimental energy density
found for this reaction (see also Table 2).

The experimental value AH for the last dehydration reaction shows an exothermic process,
which seems odd since the removal of water appears to be endothermic (see also the first and
second dehydration steps). In fact, the calculated value of AH [17] shows a positive value,
which indicates an endothermic process. The observation of a negative AH for the final dehy-
dration step in magnesium sulfate-water system is not unique: Ruiz et al [3] also observed an
exothermic final dehydration step and found a value of AH=-13 kJ/mol, which is close to the
value found in this study (see also Table 2). According to Ruiz et al [3] the final transition in-
cludes an exothermic reaction due to recrystallization of an amorphous precursor, which results
in an overall negative enthalpy of reaction.

2.1.2.2 X-ray powder diffraction: dehydration of MgSO,4.7H,0

The suggestion made by Ruiz et al [4] was further investigated by performing X-ray diffraction
experiments, where X-ray diffraction patterns were determined during the dehydration of a
sample by heating it from 25 °C to 300°C at 1°C/min in gas mixture of nitrogen saturated with
water vapor (Pu0=2.7 kPa). Figure 6 shows experimental X-ray diffraction patterns for dehy-
dration of MgS0,.7H,0:
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Figure 6: Experimental X-ray diffraction pattern for dehydration of MgSO,.7H,0. In this case
the material supplied by Merck was used (38-106um).

The above Figure shows X-ray diffraction patterns determined at specific temperatures. Apart
from a difference in peak intensity (see above), the experimental results for material supplied by
Merck and VWR were identical and for this reason only the experimental X-ray diffraction pat-
tern for Merck is shown. Prior to experiments the sample was subjected for one night to a nitro-
gen-water atmosphere (Py0=2.7 kPa) until pure MgSO,.7H,O was formed, which was con-
firmed by X-ray diffraction patterns (see T=25°C in Figure 6). When the temperature of the
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sample is increase, the X-ray diffraction patterns show that MgSQ,.7H,0 is completely convert-
ed to MgS0O,.6H,0 at T=55°C. This observation is in agreement with the results obtained by
TG-DSC experiments (see above). The X-ray diffraction patterns for temperatures between
T=80°C and 276°C show that at these temperature an amorphous phase is formed. Finally, crys-
talline MgSO, is formed at T=300°C, which confirms the findings from TG-DSC curves that the
materials is completely dehydrated at this temperature.

A close examination of the X-ray diffraction patterns in the temperature range of 80°C to 276°C
reveals a small and broad peak which shifts at higher temperatures. Figure 7 shows this peak
together with theoretical X-ray diffraction patterns:
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Figure 7: Experimental X-ray diffraction pattern for dehydration of MgSO,.7H,0 at T=100°C
and 250°C. The blue bars denote MgS0,.3H,0, red bars denote MgSQ,4 and green
bar denote MgS0O,.H,0 theoretical X-ray diffraction patterns

The experimental X-ray diffraction pattern at T=100°C shows some correspondence with the
theoretical X-ray diffraction pattern of MgS0,.3H,0. This observation is in agreement with the
results from Emons [5], who found that MgS0O,.3H,0 was formed at 105°C during the dehydra-
tion of MgSO,.7H,0. At T=250°C, the peak of the X-ray diffraction pattern is shifted. Accord-
ing to Emons [5] only MgS0O,.H,0 exists at this temperature, but the theoretical X-ray diffrac-
tion pattern shown in Figure 7 shows more correspondence to the theoretical patterns of both
MgSQO,.H,O and MgSO,. This results supports the suggestion that at this temperature a mixture
of MgSQO,4.H,O and MgSO, is formed which was identified as MgS0,.0,1H,0 in the TG-DSC
experiments (see above). Summarizing the above, it appears the following intermediates are
formed during the second dehydration step:

MgS0,.6H,0 —T=199C , MgS0,.3H,0 —1=27C_, MgSO, + MgSO,.H,0 mixture (R.5)

2.1.2.3 Melting of the material during dehydration

Initial experiments performed by Van der Voort [13] revealed that the material melts during de-
hydration. The temperature at which melting occurs is investigated by means of a combined
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TG-DSC measurement: the melting process results in a peak in DSC curve without an accom-
panied change in mass. Based on TG-DSC measurements it was observed that melting only oc-
curs during the first dehydration step. Figure 8 shows differential mass (dTG/dt) and DSC curve
for the first dehydration step as function of the temperature:
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Figure 8: Differential mass and heat as function of temperature for 200-500 and 20-38 um
particles. The red circle indicates the peak associated with melting.

As shown in the above Figure, melting occurs near 52°C, which is in good agreement with the
melting temperature of 52.5°C determined by Van der Voort [13] and 50°C determined by
Emons et al [5]. If dehydration is slow compared to the heating rate, MgSO,.7H,O may still be
present at this temperature range and will start to melt incongruently [5]. Further investigation
showed that melting doesn’t occurs when low heating rates (<1 °C/min), small particles
(<200um) and/or small sample sizes (<5 mg) are being used. In these cases, dehydration pro-
ceeds fast enough compared to the heating rate and MgS0O,.7H,O will not be present at 52°C.

2.1.2.4 Thermal analysis: kinetics analysis of MgS0O,.6H,O dehydration
2.1.2.4.1 Theory of kinetic analysis

In the previous section the three dehydration steps in the magnesium-water system were identi-
fied. If we can determine how different experimental conditions (temperature, water vapor pres-
sure and so on) can influence the reaction rate, we can make a mathematical model to predict
effect of each parameter in advance. The information from mathematical model will also help us
to find and design the TCM reactor for seasonal heat storage.

In solid-state reactions the reaction rate is generally expressed in terms of fraction of sample re-
acted [18], which is defined as:

o= m; _m(t)

Am )

Where m; and m (t) are the initial mass and the mass at time t [mg], and Am is the total mass dif-
ference between initial and final mass [mg].

The rate of thermal decomposition of a solid is generally expressed as:
da
E:k(T)f(a) 2)
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da . . ] . .
Where o is the reaction rate [s'], k (T) is the temperature dependent reaction rate constant

[s*] and f () is the reaction type. The Arrhenius equation is often used to describe the tempera-
ture dependency of the reaction rate constant:

k(T)= Aexp[;_ll_zj ©)

Where A is the pre-exponential factor [s™], E is the activation energy [kJ/mol] and R is the uni-
versal gas constant [kJ/mol.K].Substitution of equation (3) in (2) results in the following expres-
sion:

da _ Aexp(—Ejf(a) @)

Under isothermal conditions, the sample is heated with a constant heating rate
(S =dT/dt[°C/s]). In this case, equation (4) can be rewritten as follows:

da Aexp(_E]f(a) )

dT g T\RT

The integral form of equation (2 or 5) can be written as:

da A -E
a)=|—,~=|k(T)dt=|—exp| — |dT 6
ole)- [ (= [Tt [ 2o ®
Examples of the integral form of the reaction type are listed in Table 4:
g(o) Reaction type
-In(1-ar) First order reaction
1/(1-0) Second order reaction
L—a)" N™ order reaction (N>1)
n-1
o One dimensional diffusion
[-In(1-0))]*? one-dimensional nucleation (Avrami/Erofeev, n=1.5)
[-In(1-0))]"? Two dimensional nucleation (Avrami/Erofeev, n=2)
[-In(1-0))]"? Three dimensional nucleation (Avrami/Erofeev, n=3)
[-In(1-)]*" n dimensional nucleation (Avrami/Erofeev, n=1.5, 2, 3 or 4)

Table 4: examples of reaction type and corresponding reaction equation [18-21]

Temperature, heating rate and sample reacted are variables that can be retrieved from experi-
ments, but the other parameters for describing the kinetics (pre-exponential factor, activation
energy and reaction type) are unknown. To retrieve information on these kinetic parameters, so-
called model-fitting is used, which solves equation (6) by fitting experimental data to different
reaction types. For each reaction type, the fit will also give fitted values for the activation ener-
gy and pre-exponential factor.

The kinetic software from Netzsch (version 2006.08) [22] was used for the Kinetic analyses of
the dehydration measurements. This software package includes 16 reaction types to fit the ex-
perimental data.

24 Confidential ECN-0--08-000



2.1.2.4.2 Experimental details

Experimental TG curves using the STA apparatus served as input for Kinetic software. Table 5
gives an overview of the experimental conditions:

Heating rates 0.5, 1, 5and 10 °C/min
Temperature range 25°C...300°C

Mass 10 mg

Atmosphere nitrogen

Starting material MgSQ,.6H,0

Table 5: Experimental conditions for TG measurements

The kinetic software is able to simultaneous analyze multiple TG curves. It was decided to per-
form TG measurements run at four heating rates instead of a single heating rate: more and accu-
rate information is obtained compared to a single run, which improves the selection of the reac-
tion type [23]

Because we were not sure about the partial water vapor pressure used during the STA measure-
ment, it was decided to perform the measurements in a dry nitrogen atmosphere. After the ex-
periments were performed it was discovered that the starting material was completely converted
to MgS0,.6H,0. This means that the kinetic analysis of the first dehydration step was not pos-
sible. The last dehydration step could also not be evaluation since the mass difference was too
small.

Thus, only the second dehydration step could be analyzed, which is not bad since this step is the
most interesting for seasonal heat storage (see previous section).

2.1.2.4.3 Kinetic analysis of second dehydration step.

From the TG-DSC curves discussed in the previous section, it was determined that the second
dehydration step involves several dehydration steps. The best way to fit the kinetic parameters
of this complex reaction is to use a non-linear regression [23], which is an iterative process. This
process requires a set of initial values (or initial guesses) in order to be able to fit the experi-
mental data. These initial values can be acquired by using a model-free estimation of the activa-
tion energy as described by Ozawa, Flynn and Wall (OFW) [23]. The result of this model-free
estimation is presented in Figure 9:
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Figure 9: Activation energy and pre-exponential factor as function of the fraction mass loss
(0=no mass loss, 1 = total mass loss). The dots denote experimental values; the lines
denote fits based on model-free estimation [22, 23]

The above Figure shows that the activation energy changes as function of the fraction mass
losses. Three regions can be identified as shown in Table 6:

Fraction mass losses Activation energy
(kJ/mol)
0.0-0.05 70-130
0.05-0.6 70-80
0.6-1.0 70-100

Table 6: Overview of regions with different behavior of activation energy as function of
fractional mass loss

Each region shows a different behavior of the activation energy as function of the fraction mass
loss; the first and third region show a rapid change in activation energy and the second show a
more constant value for the activation energy. This behavior of the activation energy is an indi-
cation that the reaction contains at least three steps. The values of the activation energy and pre-
exponential factor for each region were determined from Figure 9 and used as initial value for
the non-linear regression fit. The TG curves were fitted to 18 mechanism functions®. The best
result is shown in Figure 10:

P A mechanism function is consisting of one or more reaction types, for example: a first order reaction followed by
an n' order reaction.
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Figure 10: Kinetic analysis of the TG curves as function of temperature for the dehydration of
MgSQ,.6H,0. Dots denote measured values, lines denote fit.

The above fit was achieved when a three-step consecutive reaction was fitted where the first two
reaction steps were 1% order and the last reaction step was n™ order. As can be seen in Figure 10,
the fit describes the dehydration of MgSO,.6H,0 quite well. It is therefore recommended to use
the kinetic parameters shown in Table 7 for describing the dehydration of MgS0O,.6H,0 in a
nitrogen atmosphere:

Step Corresponding transition Reaction E. Log A
order (kJ/mol) (sh)
1 MgS0,.6H,0 — MgS0,.5,7H,0 1 89.2+4.4  11.4+0.7
2 MgS0,.5,7H,0 — MgS0,.2,3H,0 1 59.7+7.7  6.5+1.0
3 MgS0O,.2,3H,0 - MgS0,.0,4H,0 4 74.0+6.0  7.6+0.8

Table 7: Optimized kinetic parameters for dehydration of MgS0,.6H,0. The correlation coeffi-
cient of the fit was 0.999803
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2.1.3 Water uptake of dehydrated material

After dehydration, the anhydrous MgSO, was allowed to hydrate at 25°C for 20 hours in a gas
mixture of water and nitrogen. As mentioned earlier, the relative humidity during the experi-
ments performed at ECN were assumed to be 40% or Py, = 1.3 kPa (at 25°C). In this section
the experiments performed on the STA (TG-DSC), DSC machine and X-ray diffraction appa-
ratus at ECN are discussed.

2.1.3.1 Thermal analyses: water uptake by MgSQO,

The dehydration experiments described in the previous section showed that MgSO, was formed
after MgS0O,.7H,0 was heated up to 300°C. After MgSO, was cooled down to 25°C with -5
°C/min, the material was allowed to hydrate for 20 hours in the gas mixture of water and nitro-
gen (assuming RH=40% or Py,o = 1.3 kPa above the sample). Figure 11 shows typical TG-DSC
dehydration curves for material from both VWR and Merck:

Hydration of MgS0O,
(10 mg MgS04.7H,0, 25C, N,+H,0 with RH=40%)
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Figure 11: Experimental TG-DSC curves for hydration of MgSO, at 25°C and RH=40% (see
text for details)

In general, the experimental results indicate that the dehydrated material is able to take up water
while releasing heat (positive peaks in DSC curve in the above Figure). However, the extent of
the water uptake is dependent on whether the material is from Merck or VWR. The material
from Merck starts at a higher mass percentage then the material from VWR. This difference can
be traced back to the difference in composition of the starting material prior to the dehydration
reaction (see also section 2.1.1)

The shape of the TG curve for the material from Merck shows a gradual and slow uptake of wa-
ter. The total mass increase after 20 hours was ~19.3+2.1% (95% confidence limit, 4 measure-
ments) which corresponds to the following reaction:

MgSQ4(s) + 2,6H,0 (g) » MgS0Q,.2,6H,0(s) (R.6)
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On the contrary, the material from VWR is characterized by a much faster hydration: in 5 hours
the total mass increase was 44.5+0.9% (95% confidence limit, 10 measurements) which corre-
sponds to:

MgSQ,(s) + 6H,0 (g) — MgS0,.6H,0(s) (R.6)

The shape of the TG curve suggests that the water uptake by the material from VWR proceeds
as a single step reaction.

For thermo chemical heat storage applications it is necessary that the heat stored during dehy-
dration is released during hydration. However, the DSC hydration curve for Merck’s material
shows almost no heat release, whereas the DSC hydration curve for material from VWR clearly
shows an exothermic (positive) peak. The difference in heat release is a consequence of the dif-
ference in hydration speed: if it is slow, the heat release is also slow. In case of material from
Merck, the heat release (hydration) is so slow that it almost cannot be detected by means of
DSC. For this reason, the enthalpy of hydration was only determined for the material from
VWR. The enthalpy of hydration is shown in Table 8 and compared to enthalpy of dehydration
(see also previous section):

Dehydration* Hydration
Overall reaction MgS0,.6H,0(s) —» MgSO,(s) + 6H,0 (g) —
MgSQ,(s) + 6H,0(qg) MgSQ,.6H,0(s)
Total enthalpy 303.8 +15.2 268.4 +13.4
(kJ/mol)
Total energy 21+01 1.8+0.1
storage density
(GI/Im?)

* = values were obtained by adding enthalpies and energy storage densities for the second and
third dehydration steps 2 and 3 (see also Table 2)
Table 8: overview of hydration and dehydration enthalpies and energy storage densities

The values for the enthalpy of hydration and dehydration are in close agreement (approximately
14%), which indicates that the amount of stored heat can be retrieved after one dehydration-
hydration cycle.

From the above description of difference in hydration between two powder materials, the mate-
rial supplied by VWR seems more interesting as thermochemical material since hydration is fast
and heat release is clearly noticeable. For this reason we will only discuss the hydration results
obtained by using VWRs material.

2.1.3.2 X-ray diffraction

The water uptake of the dehydrated material (from VWR) was also investigated using X-ray dif-
fraction. First, the powder material was dehydrated under nitrogen atmosphere by heating it up
from 25°C to 300°C with 1°C/min. After the formation of the anhydrous material at 300°C,
which was confirmed by X-ray diffraction pattern (see Figure 12), the material was cooled
down to 25°C overnight. At this temperature the material was subjected to a water nitrogen at-
mosphere (Py0=2.7 kPa). The results are shown in Figure 12:
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Figure 12: Experimental X-ray diffraction patterns: at T=300°C and 30°C, the material was
subjected to N, atmosphere, while at 25°C a N,+H,0 atmosphere (Py20=2.7 kPa)
was applied.

The dehydrated material takes up water and forms MgSO,.6H,O without the formation of in-
termediates, which was also observed in the TG-DSC experiments. The material is converted to
MgSQ,.6H,0 in 3 hours, which is shorter than the 5 hours found in the TG-DSC experiments.
The differences in water vapor pressure, 2.7 kPa during X-ray diffraction compared to an esti-
mated 1.3 kPa applied during TG-DSC experiments, is most likely the reason for this difference.

2.1.3.3 Kinetics of MgSO, hydration

The hydration experiments using material supplied by VWR were all performed at T=25°C,
which means that only the reaction rate constant k (T) at T= 25°C can be determined. It should
be noted that in case of hydration, the dehydrated fraction starts from a=1 (see equation (1), ful-
ly dehydrated or MgSQO,) to o =0 (fully hydrated or MgSO,.7H,0). Since the final product in
the hydration of MgSQO, (supplied by VWR) is MgS0O,.6H,0, it means that the value of o rang-
es from 1 to 0.14, as shown in Figure 13
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Figure 13: Dehydrated fraction as function of time. Blue line denotes experiment, purple line
denotes fit based on Avrami-Erofeev model (particle size = 38-106 pum)

The above Figure shows that the dehydration fraction decreases linear in time for a=1-0.2. As a
first rough estimation of kinetic parameters, several empiric equations were fitted to this linear
part using MS Excel. It turns out that the Avrami-Erofeev model® (see also Table 4) for n=1.5
[8, 9] was most appropriate for hydration:

ey (t) = D [— (k(T = 25°C)-t)1'5J @)

Where k (25°C) =0.00658 min™ is the fitted reaction rate constant at 25°C and t is time [min].
Equation (7) showed an excellent fit in the dehydration fraction range of 1-0.2 (see also Figure
13) which corresponds to the following hydration reaction:

MgSO,(s) + 5,6H,0(s) - MgS0,.5,6 H,O(s) (R.7)

However, it should be noted that although the fit looks good, it is still a fit at single temperature
and single partial water vapor pressure: simultaneous fitting of TG-curves acquired at different
hydration temperatures and controlled water vapor pressure(s) is highly recommended [23] for
more accurate determination of kinetic parameters for hydration of MgSO, to MgS0O,.6H,0.

£ The Avrami-Erofeev kinetics is an indication that the reaction rate is determined by the for-
mation and growth of product nuclei.
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2.1.4 The effect of particle size and layer thickness during the dehydration and
hydration processes

In the previous section the reactions involved during dehydration and hydration of the material
were discussed. The results indicated that the material could be dehydrated and, subsequently,
take up water. In this section the effect of dehydration and hydration on the particle (grain) is
discussed based on the SEM experiments.

The results discussed in the previous section are based on using particles of 38-106 um. Van der
Voort [13] discovered that the size of the particle and also the layer thickness influences the de-
hydration process. To further investigate this, it was decided to perform TG-DSC experiments
using different particles ranging from 20-500um. Additionally, the layer thickness was varied
by performing experiments with different sample masses using the same type of crucible during
TG-DSC experiments.

2.1.4.1 The effect of dehydration and hydration on grains

To investigate the effect of dehydration on a grain, it was decided to make SEM pictures of
grains (38-106 um) before and after dehydration, and after hydration. The dehydration took
place by heating the sample from 25 °C to 150°C with 1°C/min. After cooling down to room
temperature (25°C), the material was allowed to take up water under ambient conditions

(RH~50-55%). Figure 14 shows the results of these experiments for the material from Merck:

Figure 14: SEM pictures of particles (38-106 um) for material from Merck: A; before
dehydration, B; after dehydration, C: after hydration. The material was dehydrated to
150°C with 1 °C/min and hydrated at ambient conditions

And for the material from VWR are shown in Figure 15:

dehydration, B; after dehydration, C: after hydration. The material was dehydrated to
150°C with 1 °C /min and hydrated at ambient conditions.

The same trend can be observed for both Merck and VWR supplied material: before hydration
the surface of the grain is smooth, but after dehydration cracks appear due to the release of wa-
ter vapor and when the materials takes up water the grains appear to be more porous (more
cracks appear). The porous structure of the grain seemed unaltered when the material was dehy-
drated again; even after several cycles the grain did not visually become more or less porous
(see also Appendix D). The SEM experiments indicate that there is no noticeable visual differ-
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ence between material from Merck and VWR. Additional porosity” measurements (see Appen-
dix E) indicate that after dehydration the porosity of both materials is similar:
Merck VWR
Porosity between particles (vol %) 12.7 14.1
Porosity of particles (vol %) 54.2 54.5
Table 9: Values for porosity (vol %) for material from Merck and VWR after dehydration of the
material. The same experimental conditions as for the SEM experiments were used.

These SEM pictures and the porosity measurements suggest that there is no difference in porosi-
ty between the material from VWR and Merck, which indicates that the difference in water up-
take (see also § 3.1.3.1) cannot be explained based on processes occurring on a grain level.
Next, the particle distribution of particles before and after dehydration, and after hydration was
investigated. Figure 16 shows the results of these measurements:

12
10
a — Untreated
— — Dehydrated
E — Hydrated
E 6
2
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2
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Particle size (um)
Figure 16: Particle size distribution of MgSO,.7H,0 (Merck): before (blue line) and after (red
line) dehydration, and after hydration (green line). The material was dehydrated to
300°C with 1 °C/min and hydrated under ambient conditions.

The material was sieved to acquire particles of 38-106um prior to the experiments. The particle
distribution before dehydration (blue line in Figure 16) shows a good correspondence between
the expected particle distribution based on sieving the material and the actual particle distribu-
tion. After dehydrating the material, the particle distribution shifts to smaller particle sizes and
in particular particles ranging 1-10um have formed. It seems that the formation of cracks in the
particles (see Figure 14) can be so violent that smaller particles are ejected from the particle.
The formation of small particles can be a problem for a future TCM reactor; for example, when
a fluidized bed is used the smaller particles could flow out of the reactor before being dehydrat-
ed [27]. When the dehydrated material takes up water, the particle sizes distribution slightly
shifts to larger particles due to the crystal growth.

The hydration reaction results in a significant variation in molar volume (3 times) between the
reactant (MgSO,) and the (final) product, which is assumed to be MgSO,.6H,0°. The particle
size distribution changes to smaller particles when the material dehydrates, which is surprising
when considering the large variation in molar volume. A possible explanation for this behavior
is that the grain size remains constant but the porosity of the grain changes upon hydration and
dehydration. However, more research is needed to fully understand this behavior. The particle

F The porosity is defined as the volume of the void-space divided by the total or bulk volume of the material
€ The molar volume (cm®/mol) is calculated by dividing the molar mass through the density of the material. The cal-
culated molar volume for MgSO, is 0.05 cm®mol and for MgS0,.6H,0 is 0.15 cm®/mol.
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distribution measurement was only determined for the material from Merck, but it is assumed
that the material from VWR shows similar behavior since the SEM pictures.

2.1.4.2 Effect of particle size on hydration and dehydration of the material

To investigate the effect of particle size on dehydration, it was decided to study the dehydration
for particle sizes of 20-38um, 38-106um, 106-200um and 200-500um. The sample weight was
held constant to 10 mg. Since the material from VWR appeared to take up more water than the
material from Merck, it was decided to use the former to investigate the influence of the particle
size and layer thickness. Figure 17 shows TG dehydration curves for different particle sizes:
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Figure 17: TG curves as function of temperature for four different particle size distributions for
material from VWR. The material (10 mg) was dehydrated from 25-300°C (1
°C/min) and hydrated at 25°C under N,+H,0 atmosphere with RH~40%.

The shape of the dehydration (first part till ~400 minutes) and the hydration (between 400-1600
minutes) TG curves is similar to the ones previously discussed (see also Figure 2 and Figure
11). The results in the above Figure clearly indicate the investigated particle sizes don’t influ-
ence both hydration and dehydration.

2.1.4.3 Effect of layer thickness on dehydration and hydration of the material

Van der VVoort [13] indicated that very large layer thickness significantly decelerates the propa-
gation of the dehydration reaction. In addition to this, the low thermal conductivity of salt hy-
drates will mean that thick layers require more time to dehydrate. Van der Voort [13] performed
experiments on two different layer thicknesses and using high (30 K/min) heating rates. The
goal of the experiments described here is to study the effect of layer thickness on the dehydra-
tion reaction using a smaller heating rate (1 K/min) in order to avoid melting of the material
during the first dehydration reaction (see above). The effect of layer thickness was studied by
varying the mass, but keeping the particle size (38-106um) constant. The experiments were per-
formed using crucibles with a volume of 72 mm?®. Since the dimensions of the crucible remained
constant (same crucible was used), it is possible to change the layer thickness by varying the
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mass. Table 10 gives an overview of the masses used during the experiments and their corre-
sponding (calculated) layer thickness.

Mass (mg)  Layer Thickness (mm)

5 0.1
20 0.4
50 1.1

Table 10: variation in mass and corresponding layer thickness.

Again, in order to clearly see any differences during hydration and dehydration it was decided to
choose the material from VWR as starting material since this material shows a larger water up-
take. The results of the TG experiments are shown in Figure 18:
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Figure 18: TG curves as function of temperature for three different values for the layer thickness
(material from VWR). The material (10 mg) was dehydrated from 25-300°C (1
°C/min) and hydrated at 25°C under N,+H,0O atmosphere with RH~40%.

Hydration, and to a lesser effect the dehydration, is strongly affected by a change in layer thick-
ness: a smaller layer thickness, the reaction is completed in a shorter time, which is in agree-
ment with the findings of Van der Voort [13]. For a future TCM reactor it means that the effect
of layer thickness cannot be ignored; although small samples were used, the observed trend in-
dicates that increasing the layer thickness may result in slower water uptake.

Summarizing the above results on the effect of particle size and layer thickness: it can be said
that the effect of particle size is limited, but the layer thickness influences the hydration rate.
The layer porosity tends to decrease as the particle size decreases since large particles will not
pack as compact as smaller particles. On the other hand, the surface area of the reactants in-
crease, which will increase the reaction rate. The results for both hydration and dehydration in-
dicate that for the same layer thickness, the effect of particle size is neglect able. This observa-
tion indicates that the two processes (increase surface area, lower layer porosity) cancel each
other out.

The layer thickness does play an important role, indicating that diffusion of water vapor through
a layer is rate determining for both dehydration and hydration processes.
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2.2 Experiments performed by Netzsch Application Laboratory

The STA and DSC experiments at ECN were performed under N,+H,O atmosphere, which was
created by mixing dry nitrogen protective gas and water saturated nitrogen purge gas inside the
machines. The relative humidity was measured at the exit of the STA machine and indicated a
RH=40% at 25 °C (or Py0o= 1.3 kPa). The actual local partial water vapor pressure near the
sample surface could not be determined. So far it was assumed that this local partial water vapor
pressure is equal to the value determined at the exit of the machine. However, incomplete mix-
ing of both gas flows can result in different local partial water vapor pressures. Furthermore,
since the gas flows were not continuously monitored and controlled, an undetected change in
the gas flow can occur, which can change the relative humidity. Since the partial water vapor
pressure is an important parameter during hydration (see also section 2.1.3.2), it is expected that
a change in the partial water vapor pressure will influence the hydration process.

Netzsch Application Laboratory can perform experiments under preset and controlled N,+H,O
atmosphere (see above). To check if the measurements at ECN were indeed performed at
Pr20=1.3 kPa (R.H. = 40% at 25°C), it was decided to ask Netzsch Application Laboratory to
repeat some experiments. The experiments were performed under the following conditions:

Experimental conditions

Sample carrier TG-DSC

Crucibles Platinum with pierced lids
Sample thermocouple Type S

Atmosphere R.H. = 40% (at 25°) Py,0=1.3kPa

R.H. = 50% (at 30°)* P,0=2.1kPa

Temperature program Dehydration

(dehydration followed by hydration) | 25 °C for 15 minutes

25° to 300°C with 1°C/min
300°C for 15 minutes

300° to 25°C with -5°C/min
Hydration

25 °C for 20 hours

Sample mass ~10 mg
Calibration standard Sapphire
* = see text for details

Table 11: Experimental conditions for measurements performed by Netzsch Application
Laboratory

2.2.1 Dehydration of the material

Figure 19 shows the TG curves for dehydration of magnesium sulfate measured by Netzsch Ap-
plication Laboratory (‘Merck’ and “VWR” in Figure 19) in comparison with the one measured at
ECN.
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Dehydration of MgSO,.7H,0
(106 mg, 1 C/min, N,+H,0 atmosphere, Py,,=1.3 kPa)

110

100 1

90 }+ —VWR (Netzsch)
—Merck (Netzsch)

—ECN

80 T

Mass (%)

70

60 1

50 T

40

] 5‘0 1(130 15;0 2(;0 25;0 3(;0
Temperature (C)
Figure 19: Experimental TG curves for dehydration of magnesium sulfate. The TG curve for
material from Merck and VWR were measured by Netzsch Application Laboratory,
the other was measured at ECN.

The shape of the TG curves measured by Netzsch Application Laboratory is consistent with the
shape of the TG curve measured at ECN. However, the curves show that for each measurement
a different final mass is achieved. Since the TG-DSC measurements and X-ray diffraction
measurements at ECN show that material is completely dehydrated at 300°C, we assume that
this is also the case for the measurements performed by Netzsch Application Laboratory. To-
gether with the total mass difference, we can calculate the composition of starting material™ .
Table 12 shows the results of these calculations:

Amount of water molecules Amount of water molecules

in starting material in starting material
(R.H. = 40% at 25°C or (R.H. =50% at 30°C or
Pu2o=1.3 kPa) Puyo=2.1 kPa)
Merck 6.3+0.3 6.4+0.3
VWR 45+0.2 52+0.2

Table 12: Calculated amount of water molecules in starting material at the beginning of the
heating segment for experiments performed by Netzsch Application Laboratory

The results in the above Table show that the starting composition of the material from Merck is
a higher hydrate than the one for the material from VWR. The composition of the starting mate-
rial from VWR shows a lower hydrate than MgS0O,.6H,0, which seem to dehydrate faster (from
the original composition of MgS0O,.7H,0) than the material from Merck. A possible explanation
is that MgSQO,.H,0 instead of MgSQ,.6H,0 is the stable species for the vapor pressure and tem-
perature used during the storing of the material. This would mean that the material is slowly
converting to MgSQO4H,O and forms a mixture with an overall molecular formula of
MgS0O,.5H,0.

Figure 20 shows the experimental TG-DSC curve for dehydration of magnesium sulfate from
Merck. Please note that in the Figure below, the exothermic behavior is plotted downward in
contrast to for example Figure 3):

H If we assume that MgSO, is the final product at T=300°C and that the initial material consists of MgSO,.xH,0,

where X is the amount of water molecules in the crystal structure, we can calculate the starting material as follows:
X-Myo0 _ Mass_decreag%)

(Mpgsos +X-Myyz0) 100%

sos and My, are molar masses of MgSO, and water, respectively. Since x is the only unknown in the equation, it
should be possible to calculate the initial composition.

, where Mass_decreas (%) is the total observed mass decrease and Myg.
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Figure 20: Experimental TG-DSC dehydration curve for magnesium sulfate for material from
Merck. The particle size distribution was 38-100 um. Arrows indicate the three
dehydration steps.

The three dehydration reactions which were observed during the TG-DSC measurements per-
formed at ECN (see Figure 4) can also be seen in the above TG-DSC dehydration curve. Since
the material from VWR consists of lower hydrates (<MgS0,.6H,0), then only the second and
third dehydration reactions could be identified for material from VWR (not shown) and for this
reason only the TG-DSC curve for material from Merck was shown. Table 13 shows the energy
densities for the three dehydration steps:

N,+H,0 atmosphere
PH20=1.3 kPa and 25°C PH20:2-1 kPa
and 25°C
Step Conversion Netzsch ECN* Netzsch
Merck  VWR Merck  VWR
1 MgSO,.7H,0 to MgS0O,.6H,0 0.5 -- 0.3 0.6 -
2 MgS0,.6H,0 to MgS0O,.0,1H,0 2.8 1.9 2.2 1.9 2.1
3 MgS0,.0,1H,0 to MgSO, 0.1 3x10%  -0.1 0.1 0.1

* = here a nitrogen-water atmosphere with py,0=1.3 kPa was assumed
Table 13: Average energy densities (GJ/m?) determined for each dehydration step.

The results in Table 13 show that the energy density for the first and third dehydration step de-
termined by Netzsch Application Laboratory are in agreement with the values found at ECN.
The only exception is the value for the first dehydration step for material from VWR at
Pu20o=1.3 kPa and 25°C, which is caused by the fact that the starting material consists of
MgSQO,.5H,0 instead of MgS0,.6H,0. The energy density for the second dehydration reaction
varies between 1.9 and 2.8 GJ/m®. Two factors are determining for calculation of the reaction
enthalpy from DSC curves (and consequently also the energy density): choosing the correct
base line [24] and selecting the start and end point of the reaction. From Figure 20 it can be seen
that the baseline for the measurements performed at Netzsch Application Laboratory for the ma-
terial from Merck is non-constant (see also Appendix F). This means that the start and end of
the reaction and the shape of the baseline has to be estimated, and this will cause an additional
uncertainty in the determination of the reaction enthalpy. Nevertheless, the average value of
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2.4%0.3 GJ/m® (95% confidence limit) is in excellent agreement with the theoretical value of 2.5
GJ/im® [17]".

2.2.2 Water uptake of the dehydrated material at different temperatures and
relative humidities

2.2.2.1 Water uptake of the dehydrated material at 25°C and RH=40% or P,;0=1.3
kPa

Figure 21 shows the experimental TG-curves for hydration of dehydration material for material
from Merck and VWR at 25°C and RH=40% (Py20=1.3 kPa)
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Figure 21: Experimental TG curves for hydration of dehydrated material at 25°C and Py20=1.3
kPa. The arrows indicate the mass change.

The results in the above Figure show that the mass of the dehydrated material only slightly in-
creases during the 20 hours of hydration. Based on the mass change, the amount of water taken
up by the material from Merck is:

MgSO,(s) + 0,3H,0 — MgS0,.0,3H,0 (s) (R.8)
And for the material from VWR:

MgSO,(s) + 0,8H,0 — MgS0,.0,8H,0 (s) (R.9)
The amount of water taken up by both materials is very small. Nevertheless we can observe the

same trend as was seen during the experiments performed at ECN: less water is taken up by the
material from Merck compared to the material from VWR (see for example Figure 11).

" From Table 3 we find for the second dehydration reaction A\H = 57.7 kiJ/mol H,O = 57.7*5.9 water molecules =
340.7 kJ/mol.  The energy density is calculated as  follows: Energy  density =

340.7*
PMgSO47H20 :342'7°1680:2.5—G‘;, where  Mygsoastzo i the molar mass of MgS0,.6H,0 and
Mmgsos.6H 20 10” e 2285 m

Pmgsos.7H20 IS the density of MgS0,.7H,0, which was taken as reference point [2]

ECN-0--08-000 Confidential 39



As mentioned in the Introduction, there are four stable hydrates in the magnesium sulfate-water
system: MgSQ,4, MgS0O,4.H,0, MgS0,4.6H,0 and MgSO,.7H,0 [11]. Since 0.3-0.8 water mole-
cules were taken up by the material after complete dehydration, it seems to suggest that the sta-
ble hydrate at T=25°C and RH=40% (Pn20=1.3 kPa) is MgS0O,.H,0.

The results in Figure 21 are completely different from the results shown in Figure 11; clearly,
the measurements at ECN were not performed at P,,0=1.3 kPa (25°C) near the sample. Unfor-
tunately, Netzsch Application Laboratory was unable to determine the amount of heat released
during the hydration reaction from the DSC curves. However, based on the trends observed dur-
ing the measurements performed at ECN it is expected that the slow uptake of small amounts of
water will not result in a large (or detectable) power output.

2.2.2.2 Water uptake of the dehydrated material at 25°C and RH=50% (30°C) or
PH20=2.1 kPa

In order to obtain a larger water uptake, it was decided to perform experiments using a N,+H,0O
atmosphere at 30°C and R.H.=50%, which corresponds to Py,0=2.1 kPa. The results of these
measurements are shown in Figure 22:
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Figure 22: Experimental TG curves for hydration of dehydrated material at 25°C and Pyp0=2.1
kPa. The arrows indicate the mass change.

As can be seen from the above Figure, the samples showed a larger and faster mass increase,
which corresponds to the following hydration reaction for material from Merck:

MgSO,(s) + 5,7H,0 — MgS0,.5,7H,0 (s) (R.10)
And for the material from VWR:

MgSO4(s) + 5,3H,0 — M@S0,.5,3H,0 (s) (R.11)
The amount of water taken up during hydration is almost equal for both materials. This result

was not expected, since results so far indicated a slower water uptake by the material from
Merck. So far we have no adequate explanation for this behavior (under investigation).
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The results shown in Figure 22 resemble the results shown in Figure 11, which suggests that the
partial water vapor pressure that was used during the experiments at ECN is closer to 2.1 kPa
than 1.3 kPa (see also Figure 21). The hydration reactions stated above suggest that under the
experimental conditions used during these experiments (RH=50% at 30°C), MgS0,.6H,0 is
most likely stable species. Again, Netzsch Application Laboratory was unable to determine the
heat release during hydration. But we expect a larger power output during these hydration reac-
tions compared to the result acquired at T=25°C and RH=40% (Py20=1.3 kPa) due to larger
amount of water taken up during hydration.

2.2.3 Water uptake of the dehydrated material at 50°C

Until now, the dehydrated material was allowed to take up water at 25°C. In practical condi-
tions, the material should be able to take up water (and release heat) at temperatures >40°C
(see also Introduction). For this reason it was decided to measure the water take up of dehydrat-
ed material at 50°C. The experiments were performed at Py,0=2.1 kPa (RH=50% at 30°C),
since the water take up for this partial water vapor pressure was the largest (see previous sec-
tion). The result of this experiment is shown in Figure 23:
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Figure 23: Experimental TG curves for hydration of dehydrated material from VWR at 50°C
and PH20=2-1 kPa

The results in the above Figure clearly indicate that almost no water taken up by the material. It
seems that under these experimental conditions (T=50°C and Py,0=2.1 kPa) MgSO;, is the final
product. Thus, even at higher water vapor pressure, which is favorable for the water uptake by
MgSO, (see above), the material is unable to take up water. This means that under practical
conditions the water uptake by MgSOy, is problematic.

2.2.4 Magnesium sulfate — water equilibriums

In the previous sections it was observed that the final product of hydration depends on the tem-
perature and partial water vapor pressure. Table 14 gives a summary of the observations dis-
cussed in the previous sections:
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Partial water vapor pressure

Temperature 1.3 kPa 2.1 kPa
25°C MgSO,.H,O MgSQO,.6H,0
(R.H.=40%) (R.H.=67%)
50°C - MgSO,
(R.H.=17%)

Table 14: Stable species observed after 20 hours hydration of MgSO,

Figure 24 shows the temperature- relative humidity relations in the magnesium sulfate- water
system (1 atm.) from Chou et al [10] together with the results from Table 14:
100
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Figure 24: Temperature — relative humidity relations in the system MgSQO,-H,0 at 1 atm. The
lines were taken from Chou et al [10]. The triangles are experimental results and
denote the final product after 20 hours hydration of MgSQO,.

The lines in the above Figure were taken from Chou et al [10], who experimentally determined
the MgSQ,.7H,0 (Epsomite) — MgS0,.6H,0 (hexahydrate) equilibrium. An elaborate study by
Chipera et al [11] confirms the position of this equilibrium line. Chou et al [10] estimated the
equilibrium between MgS0,.6H,0 and MgSQO,4.H,O (kieserite) based on thermodynamic data,
and indicates that there is some uncertainty in the position of this equilibrium. This has also
been confirmed by Chipera et al [11], who shows that the position of this equilibrium line is
guestionable. Despite this uncertainty, it was decided to show the hexahydrate-kieserite equilib-
rium line in Figure 24, since it illustrates that the conversion from lower hydrates (e.g. kieserite)
to higher hydrates (hexahydrate/Epsomite) occurs at high relative humidity. This was also found
by Chipera et al [11].

Figure 24 includes the experimental results discussed in the previous sections. The results indi-
cate that the final product after hydration at T=25°C and Py,0=2.1 kPa (RH=67%) is most likely
not MgS0O,.6H,0 but MgS0,.7H,0, indicating that the uptake of the last water molecule under
these conditions is quite slow. The formation of MgSO,.H,0 at T=25°C and Pu0=1.3 kPa
(RH=40%) is in agreement with the results from Chou et al [10]. At T=50°C and Py,0=2.1 kPa
(RH=17%) it was observed that no water was taken up by the MgSO,. This could mean that
there is an addition equilibrium line between kieserite (MgSO,4.H,O) and MgSO,. Figure 24 in-
dicates that the position of this equilibrium line should be at low relative humidity’s, which was
also suggested by Chipera et al [11].
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2.3  Cyclability of the material

An important requirement for the usage of magnesium sulfate as seasonal storage is that the re-
versible reaction can be used a several times (=cyclability). A cyclability experiment can be per-
formed using the STA machine at ECN. However, the sample sizes used during these experi-
ments are very small (few milligrams), while in practice the amount of material will be more in
the order of several kilograms. For this reason it was decided to perform experiments using 17
grams of material with a particles of 38-106 micron. A Petri dish, with an internal diameter of 7
cm, served as a container in which the material was placed. The layer thickness of the sample
was approximately 0.8 cm.

The samples were placed in an oven and heated up from room temperature to 150°C with
1°C/min. Thermocouple measurements inside the oven show that the temperature is distributed
uniformly in the oven. After an isothermal period of 15 minutes at 150°C, the samples were
cooled down to T=20°C and placed outside the oven, allowing hydration to laboratory air
(T=20°C and RH=70% or Py,0 = 1.6 kPa) for 20 hours. The dehydration-hydration procedure
was repeated two times. The relative humidity and the temperature in the laboratory were moni-
tored using an Escort Junior EJ-HS-B-8 data logger. Figure 25 shows the results from these ex-
periments.
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1 + 140
100 - —T=40C _
80 ] -- Temperature| | 120 o
;\3 1 T 100 &
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Figure 25: Experimental results of two hydration/dehydration cycles at 20°C and 40°C for the

material from Merck.

An initial mass loss of ~40% is observed when the material is heated to 150°C, corresponding to
a loss of ~5.5 water molecules. For hydration at 20°C, the material takes up water until 74% of
the initial mass is reached. The results for hydration at 20°C indicate that magnesium sulfate can
be used several times.

Figure 25 also shows the results of cyclability experiments performed at a hydration tempera-
ture of 40°C, where the dehydrated sample was placed inside an oven at 40 °C for hydration.
Here too, the Escort Junior EJ-HS-B-8 data logger was used to monitor both temperature and
relative humidity during hydration. The results for hydration at 40°C show no water uptake after
dehydration. This can be explained by the fact that the partial water vapor pressure during these
experiments is considerably lower than for cyclability experiments performed at 20°C (0.4 kPa
(RH=6%) at 40°C compared to 1.6 kPa (RH=70%) at 20°C). This effect of partial water vapor
pressure on hydration is in agreement with the results from the measurements by Netzsch (see
previous section).

The relative humidity in the laboratory changed from day to day, depending on the weather out-
side. The changing humidity allows us to investigate the influence of the partial water vapor
pressure on the cyclability at a hydration temperature of 20 °C. The experiments were per-
formed for different particles sizes and three cycles were investigated. The results are shown in
Figure 26:
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Figure 26: Experimentally determined mass changes as function of time for 15 min isothermal
part at 150°C (A) and 4 hours isothermal part at 150°C (B). The samples from VWR
were dehydrated in an oven and hydrated in laboratory air of 20°C. The partial
water vapor pressures (in kPa) are also indicated in the above Figures.

Figure 21A shows that the mass decrease after the first dehydration is smaller than after the sec-
ond dehydration. From STA measurements we would expect a 45-50% decrease at 150°C (see
for example Figure 4), which is only reached after the second dehydration. This suggests that
the sample isn’t completely dehydrated after the first dehydration step. Therefore, experiments
were performed with 4 hours (instead of 15 minutes) isothermal part at 150°C. The results of
these experiments are shown in Figure 26B. Clearly, increasing the time of the isothermal part
results in a constant final mass after dehydration which shows a good correspondence to the re-
sults obtained from STA measurements: in both cases a ~55% of the initial mass was left after
dehydration.

After hydration, the actual increased mass is strongly dependent on the partial water vapor pres-
sure of the environment. In general, higher partial water vapor pressure leads to higher mass in-
crease. The effect of particle size (porosity) on the cycling behavior is only marginal in corre-
spondence to the results obtained with STA machine.
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2.4 Summary and conclusions

The dehydration and hydration processes in the magnesium sulfate-water system were investi-
gated using thermal analysis (at ECN and by Netzsch Application Laboratory), X-ray diffrac-
tion, particle distribution measurements and SEM-EDX. The results show that the dehydration
of MgS0O,.7H,0 proceeds in three steps:

1. MgSO,.7H,0 (s) = MgS0,.6H,0 (s) + H,O (g) at 25-55°C
2. MgS0,.6H,0 (s) = MgS0,.0,1H,0 (s) + 5,9H,0 (g) at 60-265°C
3. MgS0,.0,1H,0 (5) = MgSO;, (s) + 0,1H,0(0) at ~275°C

Experimental X-ray diffraction patterns confirm that the material is completely dehydrated at
300°C. Melting of MgSO,.7H,0 was observed during the first dehydration step; the experimen-
tally determined melting temperature of 52°C is in good agreement with values found in litera-
ture [5, 13].

The second dehydration step is most interesting for compact seasonal solar heat storage, because
of large energy density (2.2+0.1 GJ/m®) and the fact that the reaction occurs in a temperature
range that can be covered by solar collectors ( <150°C). The TG-DSC measurements indicate
that this dehydration step is combination of several dehydration steps. X-ray diffraction experi-
ments indicated the second dehydration step involves a material structure change from crystal-
line (MgS0,.6H,0) to an amorphous phase until crystalline MgSQ, is formed. The X-ray dif-
fraction results further suggest that MgSQO,4.3H,0 is formed at T=100°C as intermediate during
this second dehydration step.

The kinetics of the second dehydration step can be best described by a three-step consecutive
reaction, where the first two reaction steps are 1% order and the last reaction step is 4" order.
The partial water vapor pressure which was used during the STA/DSC measurements at ECN
was estimated to be Py,0=1.3kPa. However, measurements performed by Netzsch Application
Laboratory revealed that the partial water vapor pressure during the measurement at ECN is ac-
tually higher and probably closer to 2.1 kPa.

The water uptake of the dehydrated material strongly depends on the temperature and the partial
water vapor pressure. The results show that higher magnesium sulfate hydrates can only be
formed from MgSQ, at T=25°C and pu0=2.1 kPa. The energy density of this singe step hydra-
tion reaction is 2.1 GJ/m® which shows that energy can be stored and retrieved using magnesi-
um sulfate hydrates. At lower partial water vapor pressure (1.3 kPa) or higher temperature
(50°C), it was observed that there was no or marginal water uptake. This means that the applica-
tion of magnesium sulfate as thermochemical material for seasonal heat storage is quite prob-
lematic.

A first kinetic evaluation of the hydration reaction reveals that the kinetics of the hydration from
MgSO, to MgS0,.5,6H,0 can be best described by an single step Avrami-Erofeev (nucleation)
model. However, the kinetics were determined at a single temperature and partial water vapor
pressure and for more accurate and complete kinetic evaluation of hydration reaction it is rec-
ommended to evaluate data at different temperatures and (controlled) different partial water va-
por pressures.

In general, the hydration and dehydration rate was only effect by a change in layer thickness,
and not by changing the particle diameter (layer porosity), indicating that diffusion of mass and
heat plays an important role in the dehydration and hydration processes.

An oven was used to investigate the cyclability of the material. The material shows a good cy-
clability at 20°C (and P20 = 1.6 kPa) but the material is unable to take up at 40°C.

Material from two suppliers (VWR and Merck) were evaluated and it was discovered that the
hydration was slower for the material from Merck than for VWR. So far, only a difference in
stress within the crystal structure was detected using X-ray diffraction.
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Appendix A EDX results for starting material from Merck and VWR

Fri Aug 15 14:00:37 2008
VWR-1

Filter Fit Method

Chi-sgd = 7.86 Livetime = 60.0 Sec.
Standardless Analysis
Element Relative Error Net Error
k-ratio (1-Sigma) Counts (1-Sigma)
C -K -——- -——- 604 +/- 52
0O -K 0.44742 +/- 0.00428 14955 +/- 143
Mg-K 0.19605 +/- 0.00174 18371 +/- 163
Pt-M -——- -——- 2439 +/- 312
S -K 0.35653 +/- 0.00412 27547 +/- 318
Adjustment Factors K L M
Z-Balance: 0.00000 0.00000 0.00000
Shell: 1.00000 1.00000 1.00000

PROZA Correction Acc.Volt.= 15 kV Take-off Angle=35.61 deg
Number of Iterations = 7

Element k-ratio ZAF Atom % Element Wt % Err.

(calc.) Wt % (1-Sigma)

0O -K 0.2521 2.313 71.17 58.30 +/- 0.56

Mg-K 0.1105 1.596 14.16 17.62 +/- 0.16

S -K 0.2009 1.198 14.66 24.07 +/- 0.28
Total 100.00 100.00

The number of cation results are based upon 24 Oxygen atoms
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Fri Aug 15 14:17:56 2008
VWR-2

Filter Fit Method

Chi-sgd = 6.07 Livetime = 60.0 Sec.

Standardless Analysis

Element Relative Error Net

k-ratio (1-Sigma) Counts

C -K -—= -—- 783
O -K 0.40178 +/- 0.00477 10104
Mg-K 0.20328 +/- 0.00200 14332
Pt-M -—= -—- 1757
S -K 0.39494 +/- 0.00497 22961

Adjustment Factors K
Z-Balance: 0.00000 0.00
Shell: 1.00000 1.00

(
+/-
+/-
+/-
+/-
+/-

L
000
000

PROZA Correction Acc.Volt.= 15 kV Take-off

Number of Iterations = 7
Element k-ratio ZAF Atom
(calc.)
0O -K 0.2267 2.444 68.
Mg-K 0.1147 1.572 14.
S -K 0.2228 1.193 16.
Total 100.

The number of cation results are based upon 24 Oxygen atoms

Q

<

78
73
48
00

Error
1-Sigma)

50

120

141

282

289

M
0.00000
1.00000

Angle=35.61 deg

Element Wt % Err.

Wt %
55.39
18.02
26.59

100.00
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1-Sigma)
+/- 0.66
+/- 0.18
+/- 0.33
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Merck-1

Refit C -K' C -K"
Refit Pt-M" S -K"
Filter Fit Method

Chi-sgd = 5.61 Livetime = 60.0 Sec.
Standardless Analysis
Element Relative Error Net Error
k-ratio (1-Sigma) Counts (1-Sigma)
C -K -—- -—- 154 +/- 22
0 -K 0.42145 +/- 0.00482 8665 +/- 99
Mg-K 0.19299 +/- 0.00215 11123 +/- 124
Pt-M -—- -—- 1684 +/- 107
S -K 0.38556 +/- 0.00328 18323 +/- 156
Adjustment Factors K L M
Z-Balance: 0.00000 0.00000 0.00000
Shell: 1.00000 1.00000 1.00000

PROZA Correction Acc.Volt.= 15 kV Take-off Angle=35.61 deg
Number of Iterations = 7

Element k-ratio ZAF Atom % Element Wt % Err.

(calc.) Wt % (1-Sigma)

0O -K 0.2373 2.397 70.09 56.87 +/- 0.65

Mg-K 0.1087 1.585 13.98 17.23 +/- 0.19

S -K 0.2171 1.193 15.93 25.90 +/- 0.22
Total 100.00 100.00

The number of cation results are based upon 24 Oxygen atoms
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Fri Aug 15 14:25:54 2008
Merck-2

Filter Fit Method

Chi-sgd = 5.22 Livetime = 60.0 Sec.

Standardless Analysis

Element Relative Error Net

k-ratio (1-Sigma) Counts

C -K -—= -—- 399
O -K 0.44128 +/- 0.00514 9794
Mg-K 0.19713 +/- 0.00211 12265
Pt-M -—= -—- 1425
S -K 0.36159 +/- 0.00509 18551

Adjustment Factors K
Z-Balance: 0.00000 0.00
Shell: 1.00000 1.00

PROZA Correction Acc.Volt.=

Number of Iterations = 7
Element k-ratio ZAF Atom %
(calc.)
0O -K 0.2486 2.330 70.86
Mg-K 0.1111 1.592 14.24
S -K 0.2037 1.198 14.90
Total 100.00

The number of cation results are based upon 24 Oxygen atoms

(
+/-
+/-
+/-
+/-
+/-

L
000
000

15 kV Take-off

Error
1-Sigma)

43

114

131

256

261

M
0.00000
1.00000

Angle=35.61 deg

Element Wt % Err.

Wt %
57.92
17.68
24.40

100.00
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1-Sigma)
+/- 0.67
+/- 0.19
+/- 0.34
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Appendix B analysis of experimental uncertainty

In this Appendix the equations are given which were used to calculate the experimental uncer-
tainty. Detailed information on this subject can be found in Ref [25]

Uncertainty in dehydrated water molecules

The amount of dehydrated water molecules are determined using the following equation:

Am

T 731% (B-1)

NH,0

Where ny o is the total amount of dehydrated water molecules per dehydration step, Am is the

mass difference per dehydration step (%) and 7.31 % is the theoretical mass difference corre-
sponding to one dehydrated water molecule when MgSO,.7H,0 is the starting material. The un-
certainty in the amount of calculated amount of dehydrated water molecules is calculated using
the following equation:

MNy,0
oAm

o (B-2)

O,
NHy0

-O' = |
Am ‘7.31%

Ny,0

Where T is the uncertainty in the calculated amount of dehydrated water molecules,

is the partial derivative calculated using equation (B-1) and &, is the uncertainty in the mass
difference per dehydration step. The value Tp,,o CAN be calculated based on equation (B-1) and

the value of o, (see Table 1).

Uncertainty in reaction enthalpy per water molecule and energy storage
density

The reaction enthalpy per water molecule (A;Hu20, kJ/mol H,0) is calculated using the follow-
ing equation:
AH
ArHHZO =
NH,0,r

Where AH is the enthalpy of reaction (kJ/mol) and ny o.r is the total amount of water mole-

cules involved in the dehydration reaction. Here it is assumed that the reaction proceeds via a
fixed number of water molecules. The uncertainty in the enthalpy of reaction per water mole-
cule (o4, 1,,, ) can be calculated using the following equation:

(B-3)

OAH H,0
SAH

1

NH,0,r

OAHyp0 =

"OAH (8‘4)

'O—A,H =

AH . . I . . .
Where gA :20 is the partial derivative calculated using equation (B-3) and o, 4 is the uncer-

r

tainty in the enthalpy of reaction.
The energy storage density (pg, GJ/m?) is calculated using the following equation:

_ AH *PMgSQ,-7H,0 (8-5)

PE
Mmgsa,-7H,0
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Where  puygso, 71,0 [kg/m®] and Mwmgso,7H,0 [Kg/mol] are the density and molar mass of

MgS0O,.7H,0, respectively. It should be noted that the enthalpy of reaction (AH) in equation
(B-5) is expressed in terms of GJ/mol instead of kJ/mol (see above). The uncertainty in the en-
ergy density (apE) can be calculated assuming that the error in the density and molar mass of

MgS0O,.7H,0 are neglect able:

OpE

. PMgSQ, TH,0
SAH

r

*OAH (B'6)

GPE

Mmgsa,-7H,0

Uncertainty in calculated amount of water molecules in starting material

(Table 12)

The starting composition (= amount of water molecules in the starting material) is calculated
based on the total mass difference after dehydration (Am, %):

n -M
H,O(start) H,0 .100= Am (B-7)
NH,o(starty - MH,0 + Mugso,

Where ny,o@sary IS the amount of water molecules in the starting material, My, o is the molar
mass of water (g/mol) and Mygsq, is the molar mass of magnesium sulfate anhydrate. Rearrang-
ing equation (B-7) leads to the following equation:

Am- MMQSO4
M0 -100-Am- My, o

(B-8)

nHZO(start) =

Then the following expression can be found for calculating error in the amount of water mole-
cules in the starting material (o, ):

_ meZO(start)‘_U _ Mpgsg, -100-My 0

ONuzo = | saAm \Am*(MHzolloO—MHzoAAm)z.GAm

Where o,y is the uncertainty in the determination of the total mass difference. For the experi-
ments described in this report an estimated error of 1% in the mass difference determination was
used.
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Appendix C Determination of enthalpy of formation for
MgS0,.0,1H,0

The NBS database [17] gives the following enthalpies of formation in the solid magnesium sul-
fate-water system:

Material Enthalpy of formation ~ Amount of hydrated
(AH) water molecules
kJ/mol
MgSO, -1284.9 0

MgSO,.H,0 1

(crystalline) -1602.1

(amorphous) -1574.9

MgSO,.2H,0 -1896.2 2

MgSO,.4H,0 -2496.6 4

MgSO,.6H,0 -3087 6

MgSO,.7H,0 -3388.71 7

Table C.1 Enthalpy of formation for the solid magnesium-water system taken from [17]

In the enthalpy of formation is plotted as function of the amount of dehydrated water molecules:

0 -

] & \Wagman et al [17]
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] B Fitted enthalpy of formation for
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4 — Fit (Wagman et al)
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Figure C.1 Standard enthalpies of formation for hydrates of magnesium sulfate as function of
the number of hydrated water molecules (0=MgSQO,, 7=MgS0,.7H,0) [17]

The data was fitted to a linear equation (Y=AX+B) and the following variables were determined
(R? = 0.9999): A=-300.2 kJ/mol/water molecule and B=-1289.5 kJ/mol.

The enthalpy of formation for MgS0,4.0,1H,0 can now be calculated using the linear equation

and the fitted variables:
MMgSOAO,lHZO:BOO-Z*Oil -1289.5=-1319.6 kJ per mol
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Appendix D SEM pictures

In this appendix the SEM picture before and after dehydration, and after hydration are present-
ed. The material is dehydrated by increasing the temperature from 25°C to 150°C at 1°C/min.
After cooling down to room temperature (25°C), the material is allowed to hydrated under am-
bient conditions (RH=50-55%).

Merck Prolabo

£CN SEI 15.0k\
Prior to dehydration
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Appendix E

of the material

results from porosity measurements after dehydration

Mercury intrusion porosimetry measurements for two samples: MgSO,.7H,0 from Merck

and from VWR

Measurement conditions :

Apparatus used: Autopore 11 from Micromeritics
Contact angle : 140 degrees

Surface tension of Mercury (20°C) : 480 dynes/cm
Mercury density (room temperature) : 13,5310 g/cm®
VVolume of the penetrometer: 3,6404 ml

Volume of the stem: 0,4120 ml

Results :
MgSO, 7H,0 Merck
Mass sample 0,1812 G
Total volume of intrusion 0,1840 ml/g
Average diameter of the pores 0,9 um

58

Apparent density -

Skeletal density -
54,2 %

Porosity between particles
Porosity within particles 12,7 %
Confidential

MgSO, 7H,0 Tule
0,1808 G
0,1906 mi/g
0,6 pm

54,5 %
14,1 %
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Appendix F  Results from measurements performed by Netzsch

Application Laboratory

F1. Material from Merck; Py,0=1.3 kPa, Hydration temperature is 25°C
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Figure 1: Mass changes (TG), heat flow rate (DSC) and temperature of

MaS0. TH2O (Merck) sample measured at 40% r.h. at 25T
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Figure 2: Temperature-dependent mass changes (TG) and heat flow rate (DSC) of

the Mg50,. 7H:O (Merck) sample measured at 40% r.h. at 257,
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F2. Material from Merck; Py,0=2.1 kPa, Hydration temperature is 25°C
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Figure 3: Mass changes (TG), heat flow rate (D3SC) and temperature of the
MgSO.-TH2O (Merck) sample measured at 50% r.h. at 30T
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Figure 4: Temperature-dependent mass changes (TG) and heat flow rate (DSC) of

the MgSO. TH.O (Merck) sample measured at 50% r.h. at 30T
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F3. Material from VWR; Py,0=1.3 kPa, Hydration temperature is 25°C
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Figure 1: Mass changes (TG) and
measured at 40% r.h. at 257,

temperature of the MgS0,7TH:O sample
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Figure 2: Temperature-dependent mass changes (TG) and heat flow rate (DSC) of

the Mg30.: TH:O sample measurad at 40% r.h. at 257C.
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F4. Material from VWR; P,0=2.1 kPa, Hydration temperature is 25°C
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Figure 3: Mass changes (TG) and temperature of the MgS0sTH2O sample

measured at 50% r.h. at 30T
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Figure 4: Temperature-dependent mass changes (TG) and heat flow rate (DSC) of

the MgS0. 7H2O sample measured at 50% r.h. at 30T
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B5. Material from VWR; Py,0=2.1 kPa, Hydration temperature is 50°C
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Figure 5: Mass changes (TG), heat flow rate (DSC) and temperature of the

MgSO.-TH2O (Prolabo) sample measurad at 50% r.h. at 30°C.
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Figure 6: Temperature-dependent mass changes (TG) and heat flow rate (DSC) of

the MgS50.-7H.0O (Prolabo) sample measured at 50% r.h. at 30T
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