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Abstract Polyhalite (KQSO4 . MgSO4 . 2C3.SO4 : 2H20)
and analogue triple salts, where Mg?* is substituted
by Mn?*, Fe?*, Co?*, Ni>*, Cu®>* and Zn>*, have
been synthesized. The salts were characterized by
thermal analysis, Raman spectroscopy and X-ray
powder diffraction.

Diffraction patterns and Raman spectra resemble
those of natural polyhalite, except K,SO,4 - CuSOy -
2CaS0y, - 2H,0. The latter corresponds to the miner-
al leightonite, which is structurally different.

For polyhalite analogues the cell parameters of the
triclinic unit cell have been determined from the pow-
der diffraction patterns. The length of the unit cell
vectors varies regularly with the ionic radius of the
substituted ion M** and is explained by changes in
the extension of the coordination octahedron of M>*.
Thereby increasing distances of the coordinated water
molecules at M>* parallel with decreasing dehydra-
tion temperatures of the corresponding polyhalite.
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Introduction

Polyhalite, K,MgCa,(SOy)4 - 2H,0, belongs to the
most abundant minerals in rock salt formations.
Several publications regarding the crystallization field
of polyhalite appeared [1-16] during the past cen-
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tury. Studies on the thermal behaviour of polyhalite
were required in respect to the storage of nuclear
waste in rock salt deposits [17, 18]. Although poly-
halite is a relatively common mineral, the crystal
structure was solved not until 1970 [19, 20]. This
is due to the distinctive twinning and small size of
the salt crystals.

The existence of a series of polyhalite analogue
triple salts A,MCay(SO,), - 2H,0 with A = K+, NH4+
and M = Mn**, Fe2t, Co?t, Ni?t, Cu?t, Zn*t,
Cd”>* was already reported by D’Ans in 1908 [21].
However, he did not describe details of preparation,
only the chemical composition was stated.

In 1938 Palache discovered a new pale blue miner-
al in Chile, which later was named leightonite [22].
According to chemical analytical examinations the
mineral represents a copper analogue of polyhalite.

Up to now, there are no investigations on the char-
acterization of the polyhalite analogue triple salts
reported by D’Ans, except of the crystal structure
of the copper analogue — leightonite. From optical ex-
aminations Palache stated a triclinic-pseudorhombic
unit cell as for polyhalite. Van Loan found an ortho-
rhombic unit cell according to the X-ray powder
pattern [23] and Menchetti et al. determined a mono-
clinic unit cell on the basis of a single crystal analy-
sis at a natural leightonite twin [24].

The aim of this work is to find convenient condi-
tions for the preparation of the polyhalite analogue
triple salts and to characterize the synthesized salts
by thermal analysis, Raman spectroscopy and X-ray
powder diffraction.
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Fig. 1 SEM of an obtained polyhalite in comparison with a polyhalite crystal sketch by Gorgey [25]

Results and discussion

Morphological characteristics

The obtained crystals of polyhalite and its analogues
were too small (max. 50 um) for a proper inspection
using optical microscopy. For this reason scanning
electron micrographs (SEM) were taken.

Figure 1 shows polyhalite crystals at a magnifi-
cation of 3000. As can be seen the crystals are quite
small and crystal faces are not well developed.
Nevertheless the shape resembles closely Gorgey’s
sketch of a natural polyhalite crystal [25]. The main
difference that can be noticed concerns the side faces
of the polyhedron. Gorgey’s polyhalite has only 4
side faces, while the obtained crystals present 6.

The synthesized leightonite crystals shown in
Fig. 2 can be described best as square bipyramids.

Fig. 2 SEM of an obtained leightonite

Table 1 Thermal dehydration characteristics of polyhalite
and its analogues

Compound Theoretical ~ Practical Tonset/  Ipeak/
mass loss/% mass loss/% °C °C
Polyhalite 5.97 59 255 343
Mn-polyhalite 5.69 5.7 185 280
Fe-polyhalite  5.68 55 290 326
Co-polyhalite  5.65 5.5 243 347
Ni-polyhalite  5.65 55 273 393
Leightonite 5.61 5.7 311 372
Zn-polyhalite 5.59 5.6 240 330

A remarkable degree of intergrowth can be recog-
nized. Compared with common polyhalite the crystal
faces of leightonite are better developed.

Thermal analysis

In Table 1 the thermal dehydration data are collect-
ed. Comparison of columns 2 and 3 confirms the water
content of the polyhalite formula within 0.1%. As can
be seen in the thermal release diagrams (Fig. 3)
ranges of different dehydration rates occur, which
cannot be resolved into single steps. Depending on
the substituted cation the dehydration temperature
varies from 185 to 311°C at onset of the peak and
from 280 to 393°C at the peak maxima. The latter
temperatures 0., correlate with the radius of the
M?2* jons ryp+ in an octahedral coordination (Fig. 4).
The thermal effects after completed dehydration
were not further investigated. They are caused by a
variety of solid state reactions and transformations as
earlier discussed in more detail [17].



Polyhalite and its analogous triple salts

102

102

onset | | peak onseti Ipeak
4<
| 1
|
B |
|
2 |
|
S |
= |
4 |
411
6
4
> 2
3
S o
[a)
2
4
3
-6 L—
4
onset peak
3 5
2
2 0
= 1
&
[a)]
0 5
-1
iE o6
T
onset| | peak
6 1 |
| |
|
|
4 |
2 |
b |
S |
a [
|
0_
240 330]

Temperature/°C

50 100 150 200 250 300 350 400 450 500

TG/%

TG/%

741

Fig. 3 Thermal analysis diagrams with TG, DTA, DTG (axis not shown); / polyhalite, 2 Mn-polyhalite, 3 Fe-polyhalite, 4 Co-

polyhalite, 5 Ni-polyhalite, 6 leightonite, 7 Zn-polyhalite

Raman spectroscopy

The comparison of the Raman spectra of polyhalite
and its analogues (Fig. 5) reveals similarity of all
spectra except the spectrum of leightonite. Major
differences can be noticed in the range of sulphate
stretch vibrations at about 1000 cm™". In this region

leightonite possesses only one broad Raman band,
while in the other compounds this band is splitted
into two. A regular shift of the symmetric stretching
vibration of the sulphate ion occurs. (in cm~! Mg:
991, 1017; Mn: 987, 1010; Fe: 983, 1009; Co: 982,

1010; Ni: 983, 1011; and Zn: 986, 1011).
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Fig. 4 Correlation of the temperature of dehydration and the
ionic radius
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Fig. 5a,b Raman spectra of polyhalite and its analogue

X-Ray powder diffraction

The recorded powder pattern of synthesized polyha-
lite (Fig. 6) agrees with both patterns simulated from
single crystal structure data [19, 20] using the pro-
gram POWDERCELL [26] and thus confirms struc-
tural identity.

G. Wollmann et al.
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Fig. 6 Measured pattern of synthesized polyhalite and sim-
ulated X-ray powder diffraction of single crystal data by
Schlatti et al. [19] and Bindi [20]
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Fig. 7 X-ray powder diffraction pattern of synthesized leight-
onite, vertical lines: PDF 15-0128, simulated pattern from
crystal structure data by Menchett et al. [24]

The X-ray powder pattern of leightonite (Fig. 7)
have been compared with reflexes of the PDF-data-
base (PDF 15-0128) measured by van Loan [23]. As
can be seen, some peaks are slightly shifted and ad-
ditional peaks occur in the recorded pattern.

With data of the single crystal analysis of natural
leightonite [24] a powder pattern was simulated
(Fig. 7). In general the simulated and the measured
pattern look similar. The peaks of high intensities are
the same in both patterns.

The powder patterns of the other polyhalite
analogue compounds resemble that of polyhalite
(Fig. 8). This indicates that all belong to the same
crystal structure type except leightonite.

Essential differences in the peak pattern between
leightonite and the other triple salts can be recog-
nized in the ranges 25-34° and 35-60° (Fig. 8).
Values of d-spacing of the most intensive reflexes of
all triple salts are listed in Table 2.
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Fig. 8 Powder diffraction pattern of polyhalite and its ana-
logue compounds

For the polyhalite analogues the powder diagrams
were treated with the peak fitting program PROFILE
[27] to determine peak positions for unresolved
reflexes. Nine reflexes were applied for lattice pa-
rameter refinement calculations performed with the
program CELREF [28]. As starting values the unit
cell parameters of polyhalite published by Schlatti
et al. had been used after transforming from the
F-1 cell into a P-1 cell. The calculated lattice para-
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meters are listed in Table 3 together with the ionic
radius of M** ions taken from [29].

Variation of the unit cell axes and volume with
ionic radius of M>* is plotted in Fig. 9. Increasing
the ionic radius of M?* causes expansion of the cell
in a and b direction and contraction in direction of
c. Thereby the effect on the b-axis is approximately
two times as large as on the a — axis. Increased length
of the b axis indicates weakening of water coordina-
tion at the M>* ion. The angles of the unit cell alter
also systematically, but are not easily to discuss.

In Figure 10 the orientation of the coordination
octahedron of the bivalent metal ion is shown in re-
spect to cell axes. The metal ion is surrounded
by four sulphate oxygens and two water oxygens.
Location of the water molecules is almost along
the b-axis, while the sulphate oxygens are almost
in the a-c-plane. The increase of the length of the
b-axis could be caused by enlarged M*"-water dis-
tances, which means weaker coordination of water.
The enhanced distance of the water molecules allows
the sulphate oxygen to approach closer to the metal
ion. This leads to the observed contraction of the c-
axis. In the direction of the a-axis the effects are
partly compensating each other. Macroscopically the
weaker coordination of water is reflected in decreas-
ing dehydration temperatures as listed in Table 2.

Table 2 Values of d-spacing of the most intensive X-ray diffraction reflexes of all triple salts

d/A
Polyhalite Mn-polyhalite Fe-polyhalite Co-polyhalite Ni-polyhalite Zn-polyhalite Leightonite
6.010 6.037 6.019 6.018 5.994 6.006 5.933
3.413 3.421 3412 3.414 3.402 3.409 3.388
3.186 3.212 3.196 3.188 3.172 3.184 3.158
2.973 2.927 2.967 2.921 2.963 2.967 2.927
2.951 2.897 2912 2.901 2.895 2911 2224
2913 2.225 2.871 2.859 2.861 2.872 1.967
2.861 1.795 1.782 2.224 2213 2.224 1.779
2.223 1.803 1.779
1.900
Table 3 Lattice parameters of polyhalite and its analogues
Compound Fap+/pm a/A b/A c/A af° B/° ~/° V/A3
Polyhalite 72 6.98 6.97 8.94 101.2 104.1 113.9 364.28
Mn-polyhalite 83 7.13 7.28 8.82 102.8 102.7 115.4 376.48
Fe-polyhalite 78 7.08 7.14 8.88 102.1 102.5 114.9 373.62
Co-polyhalite 75 7.04 7.01 8.90 101.3 104.1 114.2 366.03
Ni-polyhalite 69 6.96 6.97 8.97 101.1 104.5 113.9 363.05
Zn-polyhalite 75 6.98 6.99 8.93 101.3 104.1 114.0 364.15

The uncertainties are: for a, b, ¢ == 0.02 A, for o, B, v £0.2°, for V £1.1 A3



744

7.30 4

7.25 4

7.20 4

7.15 4

alA

7.10 4

7.05 4

7.00 4

6.95 4

690 T T T T T T T T T T T

66 68 70 72 74 76 78 80 82 84
r,~+/pm

Mg Zn

Fe

Mn

c/A

8.75 4

8.65 4

855 T T T LI B B B

——
66 68 70 72 74 76 78 80 82 84
I,/pm

G. Wollmann et al.

7.35 7
7.30

7.25
7.20

7.15 A
Fe

b/A

7.10

7.05
7.00 - Co

Zn
1 Ni% Mg

6.95

6N T—TT T T T T T T T T

V/A3

358 LA B AL BN NN BN BN BN BN R |
66 68 70 72 74 76 78 80 82 84 86
I/pm

Fig. 9 Correlation of the unit cell parameters with the ionic radius

Experimental

Preparation of the triple salts KoMCay(SOy)4-2H,0 (M=
Mn?*, Fe**, Co*t, Ni2t, Cu?*, and Zn**) was carried out
as follows.

In 150cm® deionised water potassium sulphate (p.a.
Reachim) and the appropriate metal sulphate (p.a. Merck,
Fluka) were dissolved at the boiling point. The solution con-
taining copper were handled at a pH around 4, to prevent the
formation of basic copper sulphates. After 1.5h the solid re-
maining was filtered off over a pre-heated fritted disk. Again,

the solution was heated up to the boiling point and solid
CaSO0, - 2H,0 or CaCl, solution (1.8 mol/ dm?) was added. In
Table 4 the compositions of the initial solutions are given. The
reaction with gypsum required about 60h, while with CaCl,
solution the reaction was completed within 6 h. After the reac-
tion time the products were separated over a pre-heated fritted
disk and washed with 15cm?® 85 and 96% ethanol each.

The Mg-polyhalite was prepared from solutions of the quin-
ary system K+, Mg?*t, Ca** /CI~, SO,42~ /H,0 as described in
a paper of Autenrieth [1].
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Fig. 10 Orientation of the M>* coordination octahedron in
respect to the axes of the triclinic unit cell
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Table 4 Composition of the solutions for synthesis of the
polyhalite analogue compounds

Compound Vy,0/ muso,/ Mk,s0,/ Mcaso,28,0/ Veact, sol/

cm®  mol mol mol cm

Mn- 150 0.17  0.042 0.0081 -
polyhalite - 9

Fe- 150 0.12  0.040 0.0052 -
polyhalite - 9

Co- 150 0.12  0.040 0.0052 -
polyhalite - 9

Ni- 150 0.16  0.040 0.0052 -
polyhalite - 9

Leightonite 150 0.062 0.022  0.0070 -
- 10

Zn- 150 0.12  0.040 0.0052 -
polyhalite - 9

All samples were characterized by thermal analysis, Raman
spectroscopy and X-ray powder diffraction.

The thermal analysis was performed with a DTA/TG 22
(Seiko), with 10-20 mg of sample in a crucible of aluminium
at a heating rate 5 K/min up to 500°C under nitrogen flow.

Raman spectra were recorded with a FT-spectrometer RFS
100/S (Bruker). The sample were filled into holders of
aluminium and measured from 1200 to 350cm™! with a
1064 nm laser and a power of 75 mW at 200 cycles.

Powder X-ray diffraction patterns were obtained with a
D5000 (Siemens) using CuKa radiation. All samples were
mixed with tungsten as internal standard and measured in
steps of 0.01° at a scan rate of 8s.
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The SEM pictures were taken with the electron microscope
XL 30 (Philips) at a voltage of 10kV at samples covered with
carbon.
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