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Abstract

By using aqueous solutions of K2SO4 and CuS04.5H20 with equal molecular ratios (1:1) light blue single crystals of K2Cu(S04)2.6H20 (KCUSH) were prepared and
grown by the slow evaporation technique of supersaturated aqueous solution at 309 K. X-ray diffraction measurements revealed the monoclinic structure, space
group P21/a and Z = 2 for KCUSH crystal which is the structure of all Tutton salts family. The DTA and TGA measurements revealed that the evolution of the six
water molecules of KCUSH takes place in two steps (two after four) at 351 K and 426 K respectively. It was found also that the two exothermic peaks at the end of
DTA thermogram (792 K and 822 K) related to the material of the crucible (aluminum) in addition to the existence of Cu in our material KCUSH. By using

platinum crucible, the two exothermic peaks disappeared and instead there is an endothermic peak at 796 K which refers to the melting process.
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1. Introduction

Potassium copper sulfate hexahydrate, which is abbreviated as
KCUSH and has the chemical formula K2Cu(S04)2.6H20, is one of the
complexes in the family called Tutton salts. Tutton salts are aqua
complexes having general formula M;M! (X04)2.6(H20), where M! is a
univalent cation, K*, NH4*, Rb*, Cs*, etc., M!! is a divalent cation, Niz*Co2+,
Cu?+, Mg?+, Zn2*, Fe?+, etc, and X stands for S, Se or Cr. They are all
isostructural and they crystallize in the monoclinic system with the space
group P21/a, and Z = 2[1, 2]. The unit cell dimensions of members of
Tutton salts family are in the ratio a:b:c = 3:4:2 and the monoclinic angle f8
lies in the 103-107° range [3].

The hydrogen bonding interaction was found to be the most
important parameter that can affect the switching of (NH4)2Cu(S04)2.6H20
from Cu-O(7) to Cu-0(8) at low temperatures [4]. Because of their
interesting paramagnetic properties, as they can be used as an element for
cooling to very low temperatures, Tutton salts have been the subject of
numerous studies [5-9].

Augustyniak and Krupski [10] found that hydrostatic pressure
changes the volume and packing of the (ND4)2Cu(S04)2.6D20 (ACUSD)
crystal and at low temperatures, a new phase with a new system of
hydrogen bonds is created. Composing the IR of hydrated Tutton salts and
dehydrated one, Campbell et al. [11] were able to prove that the
dehydration process can be achieved during sample preparation by
mulling and pressing, similar to the dehydration process by heating.
Doping the ACUSD crystal with Zn to substitute Cu with a concentration of
1.3-3.4% change the structure from low-density dimorph to the high-
density dimorph. This change is accompanied by a switch in the direction
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of the Jahn-Teller distortion [12]. Cesium copper Tutton salt
Cs2Cu(S04)2-6H20 was investigated in a study by Gémez-Salces et al. [13],
where they studied the coordination geometry of copper (II) ions in
aqueous solution through absorption intensity. The electronic properties
and vibrational spectra of ammonium copper Tutton salt
(NH4)2Cu(S04)2:6H20 were studied by Ghosh et al. [14].

Potassium copper sulfate hexahydrate K2Cu(S04)2:6H20 (KCUSH)
crystal has been studied widely because of its interesting properties and
important applications. The most interesting properties are the structure
and thermal analysis, primarily due to the direct relation between these
properties and the use of this crystal in important applications such as
thermochemical heat storage material. Thermal analysis of KCUSH crystal
has been investigated in several studies [15-17]. It was found that KCUSH
crystal loses its six water molecules in two steps. Four water molecules
are lost in the first step while the remaining two water molecules are lost
in the second step [15-17].

Recently, the KCUSH crystal has been studied in many publications
[18-21] because of its interesting properties and important applications.
The electronic structure of the KCUSH crystal alongside some other Tutton
salts was studied by Colaneri and Vitali [18]. Peets et al. [19] grew single
crystal of the KCUSH Tutton salt and investigated its structural and
magnetic properties. They found that the magnetic response is fully
consistent with free Cu2" spins. Neto et al. [20] synthesized and studied
novel mixed Tutton salts with the chemical formulas K:Mn ¢03 Ni 097
(S04)2(H20)s and KzMn o018 Cu o2 (SO4)2(H20)6. They found that, both
samples had the potential for use in thermochemical heat storage devices
due to their high energy density. Smith et al. [21] studied the dehydration
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performance of some mixed Tutton salts as thermochemical heat storage
materials. One of these Tutton salts is potassium copper sulfate
hexahydrate mixed with potassium zinc sulfate hexahydrate. They
concluded that, increasing the copper content leads to a nearly linear
decrease in the onset dehydration temperature. Souamti et al. [15] found
that the dehydration process of the KCUSH crystal occurs in two steps.
Four water molecules are lost at 354 K and the remaining two water
molecules are lost at 426 K. Smith et al. [21] reported that the two steps of
the dehydration process for the KCUSH crystal are at 353 K and 423 K
respectively.

The previous works studied some properties of the KCUSH crystal
but without details on the dehydration process and phase transitions of
the material. Also, the thermal stability and its importance for using the
material in some applications were not studies carefully. Although
K2Cu(S04)2.6H20 (KCUSH) Tutton salt is very important as a
thermochemical heat storage material, the studies on this crystal are
limited as far as our knowledge. The existence of the six water molecules
in the structure of K2Cu(S04)2.6H20 is the cause of most of the interesting
properties of this crystal. The evolution of these water molecules by heat
treatment changes the properties of this material. Also, temperature
stability is very important for using the material in some applications. In
this work, we prepare KCUSH as single crystal, characterize its structure
and study its thermal behavior in detail to clarify the dehydration process
and other reactions at different temperatures. These studies will show the
range of temperatures where the material remains stable and suitable for
using in its applications.

2. Experimental Details

2.1. Synthesis and Crystal Growth

The compound KCu(S04)2.6H20 (KCUSH) was synthesized by a
complex reaction of K2S04 (99% purity) with CuS04.5H20 (99% purity) in
an equal molecular ratio (1:1) as shown in the following equation:

K2S04+ CuS04.5H20 % KzCu(SO4)z.6H20 - H20 (1)

It was prepared as an aqueous solution by dissolving the two
sulfates in double-distilled water in a suitable beaker.

To evaporate the excess amount of water slowly at a constant room
temperature, the beaker was kept in a steady place (the temperature
changes very slowly with the weather throughout the day). Therefore, we
obtained a supersaturated aqueous solution slowly, and small crystals
(seeds) were produced due to spontaneous nucleation after about 5 days.
A clear seed with high quality was chosen to be used for growing a single
crystal of KCUSH. The slow evaporation of the supersaturated aqueous
solution was used in the crystal growth process at a fixed temperature of
309 K. To allow the crystal to grow uniformly from all sides, the seed was
suspended in the supersaturated aqueous solution using a nylon thread.
The apparatus which used for crystal growth was described in our
published paper [22]. After about 45 days, single crystal with a light blue
color and dimensions of 2x1.5x1 c¢cm3 was obtained. Figure 1 displays a
photograph of the grown KCUSH single crystal. From the figure, it is clear
that the crystal has a regular shape and low transparency.

2.2. Samples Preparation

The samples were used as powder for X-ray diffraction and thermal
measurements. A sample was cut from the single crystal and ground
thoroughly in an agate mortar and pestle for analysis and testing. Then, a
small amount of the obtained fine powder was taken to be used in each
measurement.

2.3. Powder X-ray Diffraction Measurements

Powder X-ray diffraction measurements were performed for KCUSH
using a Philips (PW1710) diffractometer, which is equipped with a curved
graphite crystal monochromator, an automatic divergence slit, a vertical
goniometer (PW1050) with an automatic sample changer, and a Xenon
proportional detector. The measurements were taken from 26=4" to
20=80.02° with a step size of 0.06', using a copper target at 40 kV, 30 mA, a
scanning speed of 0.06"/min and an incident wavelength AK.1=1.5405A4.
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Figure 1: Photograph of the grown K,Cu(S04)2.6H:0 single crystal.

2.4. Thermal Measurements

The differential thermal analysis (DTA) and thermogravimetric
analysis (TGA) were measured for KCUSH by using the differential thermal
analyzer (DTA-60, Shemadzu, Japan). Powder sample of mass 5.046 mg
was used for these measurements between 295 K and 875 K. Both DTA
and TGA were recorded simultaneously at a heating rate of 10 K/min. The
atmosphere was the nitrogen gas which was flowing at a rate of 40
ml/min. The reference material was aluminum oxide (Al203) and the
output of DTA was in uV.

3. Results and Discussion

3.1. Crystal Structure

Figure 2 displays the X-ray powder diffraction pattern of
K2Cu(S04)2.6H20 (KCUSH) crystal. The obtained data from the X-ray
measurement were processed, and the unit cell dimensions were
calculated using the FullProf program and the Rietveld method.
Refinement of the X-ray data confirmed that the structure of the KCUSH
crystal has a monoclinic system with a space group of P21/a and Z = 2.
This is the structure of all Tutton salts, of which this crystal is a member.
It is clear from Figure 2 that the diffraction peak values match very well
with the values of the peaks reported for the KCUSH crystal in the ICDD
card [PDF No. 70-1570].
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Figure 2: X-ray powder diffraction pattern of K,Cu(S04)2.6H.0 crystal.

The unit cell dimensions of KCUSH obtained in this work are in very
good agreement with those in the same card, as shown in Table 1.
Additionally, the unit cell dimensions calculated in this work for the
KCUSH crystal are in very good agreement with those reported by
Colaneri and Vitali [18] and Peets et al. [19]. Although there are some
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differences in the contents, such as K replaced by ND4 and H20 replaced by
D20, the unit cell dimensions of KCUSH calculated in this work are nearly
similar to those of the ACUSD reported by Schultz et al. [12].

Table 1: A comparison between unit cell dimensions in the present study and
that in the ICDD card of K>Cu (SO4)2.6H,0 crystal.

Parameter Present work Card (70-1570)
a,A 9.0730 £ 0.0002 9.066
b,A 12.1058 + 0.0002 12.13
c,A 6.1560 + 0.0001 6.149
3% 104.4485 + 0.0018 104.40
v, As 654.757 + 0.023 654.96

3.2. Thermal Analysis

Differential thermal analysis (DTA) and thermogravimetric analysis
(TGA) thermograms of the KCUSH crystal are shown in Figure 3. In the
DTA thermogram, there are two large endothermic peaks. The first peak
starts at 325 K and its maximum intensity occurs at 351 K. In the same
range of temperatures, a weight loss of approximately 16.5% is detected,
as it is clear in TGA thermogram. This weight loss corresponds to the
molar weight of four water molecules as a ratio of the total compound
molar weight. Therefore, this peak represents the escape of only four
water molecules from the lattice.
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Figure 3: DTA and TGA thermograms of K2Cu(S04)2.6H20 crystal.

The second peak starts at 390 K and its maximum intensity occurs at
426 K. In the same range of temperatures, a weight loss of approximately
8.5% is detected, as is evident in the TGA thermogram. This weight loss
corresponds to the molar weight of two water molecules as a ratio of the
total compound molar weight. Therefore, this peak indicates that the
remaining two water molecules leave the structure. The evolution of the
six water molecules (dehydration process) takes place in two steps (two
after four) as follows:

K2Cu(S04)2.6H20 —> K2Cu(S04)2.2H20 + 4H20  (2)
Then:

K2Cu(S04)2.2H20 —> K2Cu(S04)z + 2Hz0 3)

These results are in very good agreement with previous works [15-
17] where it was found that the KCUSH crystal loses its six water
molecules in two steps. Four water molecules are lost in the first step,
while the remaining two water molecules are lost in the second step. For
the two peaks, the maximum intensities occur at the temperatures 351 K
and 426 K respectively as shown in Table 2. These two values are in very
good agreement with those in the literatures [15, 21]. They were detected
at 354 K and 426 K respectively, by Souamti et al. [15], while Smith et al.
[21] detected them at 353 K and 423 K respectively. The evolution of
water molecules (dehydration process), which occurs in two steps, was
also detected in other materials such as potash alum [23, 24].

Table 2: The temperatures of starting, maximum dehydration process and the
two exothermic reactions in the DTA thermogram of K,Cu(S04)2.6H,0 crystal.
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Figure 4: The DTA signal: (a) temperature and (b) time dependence of the
exothermic reaction peak at 792 K of the K,Cu(S04)2.6H-0 crystal.

It is clear in Figure 3 that there are two strong exothermic peaks at
792 K and 822 K (DTA thermogram) without loss in weight (TGA
thermogram). The amount of heat associated with the reaction at 792 K is
so high that it accelerates the sensor temperature, causing a loop to be
observed in the DTA signal. We did not find these two exothermic peaks in
the literature, so we attempted to explain them by conducting some
additional procedures.

Figure 4 shows the DTA of the first of these two peaks, plotted once
against temperature and once again against time. The figure indicates a
significant amount of heat is released at a rate higher than that of heating
during the reaction. The DTA-time curve shows a nearly symmetric peak
with a broad area. Similar behavior was not observed for the second peak
at 822 K. A sample of KCUSH that was previously heated to 363 K for four
hours was subjected to DTA measurement.

Figure 5 confirms the evolution of the four water molecules and the
inset shows the TGA thermograms as another confirmation of this
observation. A shift of approximately 3 K, a decrease in the DTA signal
height, and a disappearance of the thermal loop were also observed for the
peak at 792 K. However, the peak at 822 K shows an increase in the peak
height and the presence of a thermal loop. It is noteworthy that Figure 6
contains two DTA thermograms for the KCUSH with two different heating
rates, namely 5 and 10 K/min. The difference in the peak temperature and
the change in the broadening of the peak due to the change in the heating
rate confirm that this peak represents a thermally activated process.
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Figure 5: The thermograms of hydrated and partially dehydrated sample of the
K2Cu(S04)2.6H:0 crystal.

The last procedure conducted to find out the reason for the existence
the two strong exothermic peaks involved changing the crucible material.
The DTA of KCUSH was repeated using a platinum crucible instead of
aluminum crucible used in the previous measurements. The resultant
thermograms for the two crucibles are shown in Figure 7. When the
platinum crucible was used, the two exothermic peaks disappeared and
instead there was an endothermic peak nearly at the same position
(exactly at 796 K). This endothermic peak was detected at 801 K by
Souamti et al. [15]. They explained this peak as a phase transition where
B-K2S04 transformed to a-K2SO4 while -K:SO4 was obtained from the
decomposition of K2Cu(SOs)z at the exothermic peak at 573 K. The
exothermic peak at 573 K is not observed in this work, and we can explain
the endothermic peak at 796 K as the melting process.
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Figure 6: The DTA thermograms of K2Cu(S04)2.6H-0 crystal with two different
heating rates.

From this result one could conclude that the two strong exothermic
peaks are directly related to the material of the crucible in addition to the
existence of Cu in our material. It is noteworthy that this process was not
observed in the case of nickel or cobalt Tutton salts [25].

What happens is that Al atom transfers its outer electrons to Cu ions
because of the higher position of Al in the electrochemical series relative
to Cu. The following equation represents this transfer:

241+ 3Cuz —> 3Cu + 2AB+ “)

Approaching the melting point, the electron transfer process started
partially while the material was still in the solid state. This electron
transfer is associated with the evolution of a significant amount of heat,
which appeared in the form of the first exothermic peak. Then the material
melted rapidly due to the high amount of heat generated, which masked
the appearance of the endothermic peaks associated with melting. The
melting process enhanced the electron transfer process, leading to the
appearance of a second peak indicating this process.
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Figure 7: The DTA thermograms of K.Cu(S04)2.6Hz0 crystal using two different
crucibles.

To confirm this idea, pure Al powder was added to the KCUSH
powder in a platinum crucible with weight ratios of 1:1, 1:4 and 1:20
respectively. The DTA indicated the same exothermic reaction but with a
single broad peak. The amount of heat per gram increased with decreasing
Al weight. This is because only part of the higher Al weight used reacts
with Cu-ion according to the given equation.

4. Conclusions

In this study, single crystal of K2Cu(S04)2.6H.0 (KCUSH) was grown
by the slow evaporation technique of a supersaturated aqueous solution at
309 K. It has a light blue color, monoclinic structure, space group P21/a
and Z = 2.

The dehydration process of the KCUSH crystal occurs in two steps
(two after four). Four water molecules are lost in the first step, while the
remaining two water molecules are lost in the second step. The two steps
occur at 351 K and 426 K respectively.

The two exothermic peaks at 792 K and 822 K are directly related to
the material of the crucible (aluminum) in addition to the presence of
copper in KCUSH. When a platinum crucible was used for thermal
measurements instead of aluminum crucible used in the previous
measurements, these two exothermic peaks disappeared, and an
endothermic peak was detected at 796 K, which refers to the melting
process of the KCUSH crystal.
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