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Introduction
Copper and zinc hydroxy salt minerals are exogenious alteration products which
occur in the oxidation zones of sulfide deposits. They are extremely diverse in terms of
the cations part of their composition - for example Cu, Zn, Fe, Mn, Al, Ni, Co, Cd and
others. The anionic part of these compounds, in turn, is also diverse - they are observed
SO4, CO3, AsO4, Cl and others. From a genetic point of view, the cationic composition
reflects the type of primary sulfide minerals, and their anionic composition is also a
good indicator of the conditions of hypergenic change of deposits. Of the great variety
of minerals hydroxy - chlorides, carbonates, phosphates, arsenates, vanadates, the most
common are hydroxy-sulfate minerals. Apart from being part of the oxidation zones,
copper and zinc hydroxy salts are also found in mining remains and burrows, in
conditions of acid leaching, most often under the influence of mine wastewater. In this
way, they play an important ecological role, preventing the migration of toxic ions into
the environment.
Apart from the oxidation zones of sulfide deposits, copper and zinc hydroxysols
are one of the main phases in the patina of bronze and brass artifacts and modern
cultural monuments. The minerals Cu-hydroxy salts are able to react quickly to changes
in the environment, are easily converted and in many cases reversible to each other by
changes in the crystal structure. These reactions occur only within a few days after
changes in the chemical composition of the environment. Thus, Cu-hydroxy salts are an
important component in the assessment of the environmental conditions in the areas of
mining remains and tailings. On the other hand, the excellent resistance to zinc and
galvanized steel under natural conditions is due to the formation of a protective
corrosion layer of zinc hydroxy salts (zinc rust). The mineral composition of this layer
strongly depends on the influence of the environment, and its protective effect is
determined by the morphology and location of the crystals.
Recently, copper and zinc hydroxy salt minerals have been studied due to the
manifestation of a number of useful properties, namely: ion exchange and sorption
properties, photocatalytic properties, combustion retardation properties.
Of interest to a number of fields are the processes and products of thermal
decomposition of (Cu; Zn) hydroxy salt compounds. The obtaining of nanosized ZnO
and CuO as end products in the thermal decomposition of these compounds is of
particular interest to the catalytic and ceramic industries.
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Goals and tasks
Crystal chemistry and genesis with an emphasis on the conditions of
formation and structural control for the isomorphic relationships of Cu 2+ and
Zn2+ of Cu, Zn hydroxy-sulfate minerals are the subject of research in the
master thesis of the doctorant (Stanimirova and Delcheva, 2015). These results
provoke in the author further interest in the studied group of minerals. The
main goal of the proposed dissertation is to study the crystal chemical
properties and their influence on the thermal characteristics of two groups of
hydroxy-sulfate minerals:
I. Crystal chemical characteristics and thermal decomposition of
layered Zn2+ hydroxy-sulphate minerals with hydroxide layer with cation
vacations
II. Crystallochemical characteristics and thermal decomposition of
layered Cu2+ hydroxy-sulphate minerals with hydroxide layer with OH
"vacations"
For the realization of the I goal the following tasks are set:
1. Zn-hydroxy-sulphate minerals with general formula:
Zn4(OH)6(SO4)∙nH2O (n = 5, 4, 3) osakaite, namuwite, lahnsteinite
(i) Synthesis and comparative characteristics of the members of the group;
(ii) Study of areas of stability of the minerals in the group as a function of pH;
(iii) Thermal decomposition study with emphasis on the low temperature
range;
(iv) Investigation of the possibilities and peculiarities of the Zn↔Cu
isomorphism in the hydroxide layer.
2. Zn-hydroxy-sulphate minerals with gordaite type structure: (i)
Synthesis of synthetic analogs with different interlayer cations and halide
anions in the structure by different methods;
(ii) Study of possibilities for cation exchange in the gordaite system;
preparation (synthesis or ion exchange) and study of the peculiarities of
gordaites with different interlayer cations;
(iii) Thermal behavior of various cationic forms of gordaite;
(iv) Investigation of possibilities for anionic exchange of the halide anion (Cl-)
in the structure of gordaite with other halides;
(v) Investigation of thermal decomposition of gordaite with a different halide
anion in the structure;
For the realization of the II goal the following tasks are set:
(i) Synthesis and characterization of different monocationic Cu and dicationic
(Cu-Zn) hydroxy-sulphate minerals: ktenasite and kobyashevite;
(ii) Investigation of the possibilities and features of Zn↔Cu isomorphism in
the structure of ktenasit;
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(iii) Investigation of the thermal behavior and decomposition products of
ktenasite;
(iv) Study of characteristic features and refinement of the structure of a natural
specimen (serpierite).
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1. Materials and methods
Materials. In the present work, synthetic materials and a natural sample are
used.
Methods of synthesis. Depending on the mineral and the specific task of the
study, several different synthesis methods were used (Table 1).
Table 1. Reactions in different ways of synthesis and their products
Methods of synthesis

Expected products

1. Co-precipitation by drop-alkalization of sulphate
solutions with sodium base
M2+SO4 + NaOH (M2+= Cu, Zn; or mixed solutions
with Cu:Zn in different ratios)
2. Co-precipitation of solutions at constant pH
M2+SO4 + NaOH (M2+=Cu, Zn)
M2+SO4 + NaOH + NaCl (NaBr, NaF, NaI и
CaCl2), (M2+=Cu, Zn)
ZnSO4 + CH4N2O(urea)
Zn(NO3)2 + NaOH
3. Reactions solid-liqud reagent

Posnjakite, Langite, Brochantite,
Ktenasite, Namuwite, Lahnsteinite
Brochantite, Langite, Namuwite, Osakaite
(Na, Ca) - gordaites with Cl, Br, F, I anion
Large crystal hydroxi-sulphates with
general formula:
Zn4(OH)6SO4.n H2O (n=5, 4, 3 – osakaite,
namuwite, lahnsteinite)
Zn5(OH)8(NO3)2.2H2O

M2+O + sulphate solution (M2+=Cu, Zn)
M2+O + sulphate solution + NaCl and/or CaO
4. Reactions between hydroxysalt and halogenide,
sulphate or nitrate solutions

Ktenasite, Kobyashevite, Namuwite,
Gordaite,

Kationexchange:
(Na, Ca, Sr) – Gordaite + (Sr, Na, Ca) –chloride
solutions)
Anionexchange:
Namuwite, Gordaite + NaI, KI
Zn5(OH)8(NO3)2.2H2O + Na2SO4, (NH₄ )₂ SO₄
Namuwite, Gordaite + NaNO3, Mg(NO3)2,
Sr(NO3)2
(Ca, Sr) – Gordaite + NaBr

(Na, Ca, Sr) - Gordaite

Gordaites with I-anion
Zn-hydroxi-sulphate minerals
Zn- Zn-hydroxi-nitrate minerals
Br - Gordaite

Analytical methods. A number of analytical methods were used to achieve the
objectives in the present dissertation:
- Differential thermal analysis (Differential scanning calorimetry) Thermogravimetry-Mass spectroscopy (DTA (DSC) -TG-MS);
- Powder X-ray diffractometry (PXRD);
- Scanning electron microscopy - electron probe microanalysis (SEM) - electron
probe microanalysis;
- Infrared spectroscopy with Fourier transform (FT-IR);
- Atomic adsorption analysis (AAA);
- Single Crystal XRD.
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2. Results and discussion
2.1. Hydroxide layer minerals with cationic vacations
Hydroxysalts minerals with a dominant influence of Zn in the cationic part are
characterized by layered structures composed of a Zn-hydroxide layer based on a
brucite layer, in which part of the octahedra are vacant, and above and below the
vacations tetrahedrally coordinated Zn2+ are located. The ratio of octahedral to
tetrahedrally coordinated zinc atoms is 3:2 or 3:1 (fig. 1). In the case of the Zn-hydroxy
sulfate minerals studied in the work, the ratio is 3:1.

Fig. 1 Unit cells and distribution of atoms in the structures of zinc hydroxysalts according to (001) in the
zinc hydroxide layer

Unlike chloride and carbonate Zn-hydroxy salt minerals, in which the octahedra are
Zn(OH)6, in hydroxy sulfate minerals, zinc octahedra are composed of 5(OH) groups
and an oxygen atom of the SO4 group. The zinc tetrahedron consists of three (OH) groups of the octahedral layer (from the vacant octahedron), and the fourth (apical)
position directed to the interlayer space is occupied by an H 2O molecule or chlorine
anions. When the apical position is occupied by an H2O molecule, the layer is neutral,
and when the Cl-anion is placed, the layer is negatively charged. This also causes a
change in the composition and charge of the interlayer (fig. 2 a and b). In minerals with
a neutral hydroxide layer (osakaite, namuwite, lahnsteinite) the interlayer space is
charge-neutral, being occupied only by water molecules (fig. 2c), and in minerals and
compounds (gordaite and Ca-gfrdaite) with a negatively charged hydroxide layer - the
interlayer is positively charged by the presence of cation-water complexes (fig. 2d)
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a

b

c

d

Fig. 2. Distribution of building units on the surface of: а) namuwite; b) gordaite and composition of the
interlayer space in: c) namuwite and d) gordaite

2.1.1 Zn-hydroxi-sulphate minerals with general formula: Zn4(OH)6(SO4)∙nH2O
(n=5,4,3), osakaite, namuwite, lahnsteinite
Characteristic
The powder diffraction patterns and SEM images (fig. 2) of the products from the
different synthesis methods show the presence of osakaite and/or namuwite. The
production of one or the other phase is directly dependent on the drying time of the
obtained product at room conditions. In wet material (dried up to 8 hours in room
conditions), osakaite is registered, and in dried (over 20 hours in room conditions) - less
hydrated phase namuwite. There are no accompanying phases in the diffractograms of
the products.
From the SEM images it can be seen that the resulting osakaites and namuwites
(fig. 2) are represented by plate crystals of trigonal or pseudohexagonal character. The
crystals obtained by precipitation from solutions, in accordance with the relatively fast
growth rate, are characterized by cross sections of 10–30 μm and a thickness of 0.5 to 2
μm (fig. 2 a). Osakaite crystals are fine,
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Fig. 3. Powder X-ray diffraction patterns and SEM images of products obtained by different methods of
synthesis

thin and slightly twisted, with indistinct outlines, and those of the namuwite are again
scaly, sometimes curved, but are characterized by hexagonal outlines and noticeably
greater thickness than those of the osakaite. Osakaite and namuwite crystals derived
from ZnO have smaller cross sections (10-15 μm), but are significantly thicker due to
significantly slower crystallization, as well as the influence of the morphology of the
solid precursor (zincite) (fig. 3 b).
The results of the syntheses by the three methods showed that the least hydrated
mineral - lahnsteinite is not formed directly. However, from all the osakaites and
namuwites obtained by these methods, lahnsteinite can be obtained by low-temperature
heating (80°C) or by dehydration over activated zeolite (fig. 4).
Morphologically, since lahnsteinite is obtained by dehydration, the observed
crystals take the form of the starting compounds. However, cracking, leafing and
breaking of the crystals are observed, which are result of the release of H2O during the
transformation through the partial dehydration.
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Namuwite dehydrated
over activated Na-X
zeolite, obtained from
crystalization through
precipitation from
ZnSO4 solution with
NaOH in constant pH

Namuwite heated in
o
80 C for 1 h, obtained
trough precipitation
from ZnSO4 and
alkalization trough urea
hydrolisis

b
Fig. 4. Powder X-ray diffraction and SEM images of lahnsteinite obtained from namuwite a) by dehydration
over activated zeolite and b) by low temperature heating (80 oC)

Obtaining order
The Zn-hydroxy sulfate minerals appeared as by-products in the alkalization of
mine waters. To investigate the obtaining order of different minerals experiments are
proceded (controlled alkalization of ZnSO4 solution with NaOH), investigating the
behavior and interaction of divalent zinc cations in aqueous sulfate solution with
increasing alkalinity of the system.

B

C

C

Alkalization curve of ZnSO4 solution with gradual supply of NaOH

dry

wet
B

Fig. 5. Alkalization curve of ZnSO4 solution with gradual supply of NaOH and powder X-ray diffraction
patterns of wet and dry products A, B and C from the buffer zones during alkalization
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All three phases, osakaite, namuwite and lahnsteinite, were obtained by this method.
The results show that the osakaite and namuwite are stable in the range of pH 6.5-7.5,
and at higher pH 11.5-12.5 stability shows the lahnsteinite (fig. 5). The mineral
lahnsteinite is very rare, which is probably due to the established highly alkaline
formation conditions. Methods of lahnsteinite synthesis have not been reported in the
literature probably due to the high pH. The results of the experiment reveal that direct
synthesis of lahnsteinite is possible and is carried out by alkalizing ZnSO 4 with NaOH
at pH = 11.5-12.5.
Thermal behaviour
The structures of the three minerals osakaite, namuwite and lahnsteinite are
characterized by an identical hydroxide layer with a neutral charged surface, the main
difference is in the water content in the interlayer space. Water molecules in the studied
structures are located in two types of positions: (i) in the interlayer space and (ii) on the
top of Zn tetrahedra in the hydroxide layer, which defines this water molecule as
inseparable part of it.
The complete thermal decomposition of osakaite (namuwite or lahnsteinite)
proceeds with the realization of the processes of dehydration, dehydroxylation and
desulfation (fig. 6 a). The dehydration process can be divided into two stages. In the
furst stage (Dehy I, fig. 6 b) are gradualy released 4 (3 or 2, in namuwite and
lahnsteinite) interlayered and easy mobile H2O molecules from the
Zn4(OH)6(SO4)∙nH2O (n=5,4,3) composition.

b
a
Fig.6. DTA-TG-MS data of namuwite in the temperature range 20-1000°C a) and b) DTA-TG data of
osakaite (Osа), namuwite (Nam), lahnsteinite (Lahn), dihydrate (Dihy), monohydrate (Monohy) and
hemihydrate (Hemihy) in the temperature range 20-300°C
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The last water molecule is released in the dehydration process marked as Dehy II.
As can be seen, its release requires both a higher temperature and a higher duration of
thermal action compared to the first type of H 2O molecules, which shows that
energetically this H2O molecule is more tightly bound in the structure. The release of
this last molecule of water within Dehy II is not a one-act process, and the structure
goes through a phase called hemihydrate (0.5 H 2O molecules per formula unit) (Bear et
al., 1987). The hemihydrate does not have a refined crystal structure, but has proposed
parameters (Bear et al., 1987) and a structural scheme (Stanimirova et al., 2017), which
suggests elimination of the interlayer space by combining the hydroxide layers through
the apical position of Zn-tetrahedra, which becomes common to two adjacent layers.
The results of the dehydration analysis provoke a new reading of the chemical
formula of minerals in terms of the crystal structural role of water molecules. The
proposed formulas can be written as: [Zn4(OH)6SO4.H2O]∙nH2O, where (n=4, 3, 2),
[Zn4(OH)6SO4∙H2O] is structural unit (hydroxide layer), and nH2O are water molecules
in the interlayer space, witch are respectively 4 in the osakaite structure, 3 in namuwite
ones and 2 in lahnsteinite. Thus, from a crystall chemical point of view, it can be said
that the minerals are tetrahydrate (osakaite), trihydrate (namuwite) and dihydrate
(lahnsteinite), respectively.
Zn↔Cu isomorphism in the hydroxide layer
According to Groat (1996), no more than 1/3 copper cations can be included in the
hydroxide layer of namuwite without Jahn-Teller effect destroy the structure.
To chek the degree of isomorphic substitution of Zn2+ cation in the hydroxide
layer in the namuwite structure, an experimental study of controlled alkalization of
solutions with different Zn:Cu ratio was performed in the present work.
The results of experiments with controlled adding of 1M NaOH in 0.1M mixed
(Zn-Cu) aqueous solutions showed that isomorphic substitutions in the hydroxide layer
with cationic vacations were observed in namuwite (osakaite) and lahnsteinite (fig. 7).
Up to 25% of copper cations are isomorphically included in the Zn-hydroxide layer of
their structures, which is exactly 1/3 isomorphically substituted octahedral Zn2+ by Cu2+
cations. Glibert (1977) obtained similar results for synthetic namuwites. Prerequisites
for this are both the suitable precipitation conditions for both cations (pH 6-6.5), the
Zn:Cu ratio in the mixed solutions, and the crystal structural features of the minerals.
The obtaining of lahnsteinite with isomorphically incorporated Cu2+ cations shows
either stability of isomorphically incorporated Cu2+ in the namuwite structure during its
transformation into lahnsteinite and/or the possibility of incorporation of Cu2+ into the
lahnsteinite structure during synthesis at high pH values.
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Fig. 7. Controlled alkalization curves of mixed ZnSO4 + CuSO4 solutions with ratio Zn: Cu = a) 4:1 and b)
1:1 and phase composition in the areas of buffering of the solutions

In conclusion, it can be summarized that in the structures with hydroxide layers
with cation vacations (namuwite structural type) a partial isomorphism of Zn2+ from
Cu2+ cations takes place.
2.1.2 Zn-hydroxi-sulphate minerals with gordaite type structure
Characteristics of cationic forms (Na, Ca, Sr) of gordite
Direct synthesis
Na-gordaite. The sample obtained by direct synthesis involving NaCl shows XRD
data that correspond exactly to the reference values in the ICDD 2001 database
(Adiwidjaja et al., 1997) for the mineral Gordaite-PDF№88-1359. A series of harmonic
reflexes of the plane 001 are registered in the diffractograms. These reflexes include the
thickness of the hydroxide layer and the thickness of the interlayer space (fig. 8 a). The
value of the main basal reflex of the gordaite (d001=13.01Å) is greater than that value in
zinc hydroxy-sulphate minerals studied so far (osakaite, namuwite, lahnsteinite) due to
the fact that in the interlayer space are placed two [Na(H2O)6]+ complexes, which
compensate for the negative charge on the surface of the hydroxide layer
[Zn6oct□oct(OH)6(SO4)2Zn2tetr(OH)6Cl2]2.
In accordance with the trigonal symmetry of the mineral, the SEM images show
that the Na-gordaite crystals are fine-plate with hexagonal outlines and with crosssectional dimensions of 10–20 μm and a thickness of 0.2 to 0.5 μm (fig. 8 a).
Са-gordaite. The data from the powder diffraction pattern of the sample obtained
by direct synthesis involving CaO correspond exactly to the reference values in the
ICDD
2001
database
(Burns
et
al.,
1998)
for
the
compound
CaZn8(OH)12(SO4)2Cl2·9H2O - PDF №88-0751. From the value of the basal reflex 006
it can be seen that the interlayer space is significantly contracted than that of Nagordaite, although the Ca2+ cation is coordinated with 9 H2O molecules (fig. 8 b). This
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is due to the fact that one [Ca(H2O)9]2+ complex compensates for the charge of the
layer.
gordaite
Direct synthesis reaction:
ZnO+(0.5M ZnSO4+1.5M ZnCl2)

Ca-gordaite
Direct synthesis reaction:
(ZnO+CaO) + (0.5M ZnSO4+1.5M ZnCl2)

Fig. 8. Powder diffraction pattern and SEM images of: a) Na-gordaite obtained from direct synthesis and b)
Ca-gordaite obtained from direct synthesis

Ca-gordaite also has a trigonal symmetry, due to which the shape of its crystals is
similar to that of gordite - hexagonal outlines, but with less frequent formation of rose
like aggregates (fig. 8b).
However, by direct synthesis, the Sr-form of gordite was not obtained. The
formation of simoncolite (Zn5(OH)8Cl2∙H2O) and celestine (SrSO4) was registered in
the product with the participation of SrCl2. Such a form is obtained by ion exchange
reactions.
Ion exchange
Sr-gordaite. The chemical composition (determined by EDS) of the products
obtained from the interaction of Na- and Ca-gordaite with SrCl2 showed the presence of
Sr. The data from the chemical analysis of the product obtained from the reaction of Cagordaite with SrCl2 give the chemical formula Sr0.85Ca0.15Zn8(OH)12(SO4)2Cl2∙9H2O,
and that from Na-gordaite is SrZn8(OH)12(SO4)2Cl2∙9H2O.
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Powder X-ray diffraction of the samples confirmed the formation of the Sr form of
gordite. The powder diffraction patterns of the products obtained by the interaction of
the two gordite phases with a solution of SrCl2 are identical (fig. 9). The analysis of the
registered reflexes shows a great similarity of the diffraction pattern of these products
with that of Ca-gordait, especially with regard to the values of the interplanar distances
of the non-basal reflexes. The presence of the 2.71Å and 1.57Å reflexes (fig. 9)
indicates that the hydroxide layer is unchanged.
Initial

Ion exchanged Sr-gordaite

Initial

Ion exchanged Sr-gordaite

Fig. 9. Powder diffraction patterns (a, b) and SEM photographs (c, d) of starting materials and products
obtained by the interaction of Na-gordite with SrCl2 solution and Ca-gordite with SrCl2 solution

A higher value of the first basal reflex was observed, which is due to the larger
ionic radius of Sr2+ (1.20Å) compared to that of Ca2+ (1.04Å). Observed intensity
differences could be due to the higher atomic scattering factor of Sr 2+ compared to that
of Ca2+.
To provide some clarity about the process of transformation of the starting
minerals into Sr-gordaite, morphological features were observed by SEM. The results
of this study (fig. 9 c, d) show complete preservation of the crystal shapes of the
original gordaite without traces of dissolution and subsequent crystallization. This
corresponds to the typical ion exchange by topotactic transformation.
All typical ion-exchange processes are characterized by their reversibility. The
experiments performed in the present study confirmed the reversible ion exchange
reactions between Na- and Ca-gordaites, which have been reported in the literature
(Maruyama et al., 2017a; Maruyama et al., 2017b; Stanimirova, 2019). The SEM shows
the preservation of morphological features of the crystals of the original gordaites (fig.
10).
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Initials

Ion exchanged forms

Na-gordaite

Ca-gordaite

Ca-gordaite

Na-gordaite

Fig. 10 SEM images of initials and ion exchanged forms of gordaite

The results of the experiments show reversibility of the exchange of Sr2+ with the
other two cations Na+ and Ca2+, as Sr2+ are successfully replaced by Ca2+ or Na+ cations
by interaction with the corresponding chloride solutions (fig. 11). In kinetic terms, the
reversible exchange of Ca↔Sr proceeds completely in both directions within the time
of 72 hours for which the experiment was performed. However, the reversible exchange
of Nа↔Sr proceeds at different speeds. The replacement of Na+ with Sr2+ proceeded
completely until the reverse process was not completely over by the time of the
experiment. The observed slower entry of Na+ cations into the interlayer space can be
explained by the amount of sodium cations required-twice more and with the greater
effort required to open the interlayer from 11.7 to 12.9-13.0 Å.

Fig. 11. SЕМ images of Ca- and Sr-gordaites, obtained at reversible ion exchange reactions

Characteristics of anionic (Br) forms of gordaite
From the predicted anionic forms (F, Br, I) of gordaite, only the Br-form of
gordaite was successfully obtained. The form is obtained both by direct synthesis and
by ion exchange reactions. Powder X-ray diffraction of the product obtained by direct
synthesis shows that the studied material is pure and well crystallized (fig. 12). The
diffraction pattern of the product is close to the diffraction pattern of the gordaite.
Probably similar crystal chemical characteristics of Br and Cl, such as ionic radius
1.95Å for (Br-) and 1.81Å for (Cl-), pH of chloride and bromide solutions, allow
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bromine to replace chlorine in the same apical tetrahedral position of octahedraltetrahedral layers in the structure of the gordaite.
gordaite

c)
anionc Br form

b)

d)

Fig. 12. Powder XRD pattern of: a) gordaite, b) Br-gordaite c) and d) planes with Br- presence

The observed higher value of the basal reflex of Br gordaite form d001=13.1Å in
comparison with that in gordaite d001=13.01Å can be explained with ionic radii
differences. The occupation of the apical position of the tetrahedron in the hydroxide
layer is marked by the observed increase in the intensities of the reflexes reflecting the
planes in which Br lies, due to its larger atomic scattering factor.

Fig.13. SEM image and chemical
analysis for oxides of Br-gordaite

In addition to the identical diffraction pattern between
gordaite and Br-gordaite, the images obtained by SEM
analysis also showed identical morphology. Brgordaite is also represented by plate-like to elongated
crystals with hexagonal outlines (fig. 13) with a cross
section of 5–10µm and a thickness of 0.2–0.5µm. The
data from the chemical analysis for oxides show the
presence of Zn, S and Br in the composition.

Thermal behavior of the new cationic Sr-s and anionic Br-form of gordaite
The availability of opportunities for successful cation and anion exchange raises the
question of what is the influence of exchangeable ions (cations and anions) on thermal
decomposition.
Sr-gordaite
In terms of the processes of thermal decomposition and the released volatile
components, the thermal profile of the Sr form of gordaite is similar to that of the Ca
form, which confirms the structural similarity of the two phases. The observed
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processes are dehydration, dehydroxylation and releasing of SO2, Cl2 and О2 (fig. 14 a,
table 2).

a
b
Fig. 14. DTA-TG-MS analysis of: а) Sr-gordaite; b) thermal profile of dehydration of Ca, Na and Sr forms of
gordaite

The main identified differences are: 1) different course of dehydration; 2) in
contrast to Ca-gordaite, in which after the process of the first stage of dehydroxylation
both Zn and Ca secondary hydroxide phases are formed (Zn3(OH)2(SO4)2, -Zn(OH)Cl
и Ca(OH)2), in Sr-gordaite, Sr2+ cation directly forms celestine (SrSO4) without passing
through hydroxide phase; 3) the dehydroxylation of the secondary Zn-hydroxy salt
phases are clearly distinguished.
The evaluation of the role of the interlayer cations (Na, Ca and Sr) on the
dehydration was performed by a detailed thermal analysis of the low temperature region
25-215°C (fig. 14 b). The analysis showed that the dehydration of the interlayer in Cagordaite occurs faster and in a narrower temperature range 20-200˚C, although the
hydrated shell of the Ca cation is 9 H2O molecules, and for Na-gordaite, where Na
cation is coordinated with 6 H2O molecules, not only more time is needed, but also a
higher temperature of 20-215˚С. This is probably due to the presence of two
[Na(H2O)6]+ complexes in the interlayer space. The hydrated shell of Sr is also of 9 H2O
molecules and therefore the dehydration of Sr-gordaite can be compared to that of Cagordaite. In addition, one cation-water complex is present in both structures in the
interlayer space. During the dehydration of the Sr form in the region 20-180˚С, 6.5H2O
water molecules are released compared to the same region of the Ca form, where 3.5
H2O water molecules are released. This is probably due to the lower ionic potential for
the Sr cation, which also helps the release of water molecules at the beginning of the
process.
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Table 2. Stages and processes of thermal decomposition of Sr-gordaite according to the observed DTA
effects and weight loss
DTAMass loss,
Reactions of thermal decomposition of Sr-gordaite
effect
%
20170o C

1

9.6 %
6.5 H2O

SrZn8(OH)12(SO4)2Cl2·9H2O  SrZn8(OH)12(SO4)2Cl2·2.5H2O +
6.5H2O↑

2

10.6 %
7 H2O

SrZn8(OH)12(SO4)2Cl2·2.5H2O  0.5Zn3(OH)2(SO4)2 + 2β-Zn(OH)Cl
+ 4.5ZnO + SrSO4 + 7H2O↑

3

1.5 %
1 H2O

0.5Zn3(OH)2(SO4)2 + 2β-Zn(OH)Cl + 4.5ZnO + SrSO4 
0.5Zn3(OH)2(SO4)2 + SrSO4 + ZnCl2 + 5.5ZnO + 1 H2O↑

4

0.7 %
0.5 H2O

0.5Zn3(OH)2(SO4)2 + ZnCl2 +4.5ZnO + SrSO4  0.5Zn3O(SO4)2 +
SrSO4 + ZnCl2 + 5.5ZnO + 0.5 H2O↑

5

5.3 %
0.9 Cl2

0.5Zn3O(SO4)2 + SrSO4 + ZnCl2 + 5.5ZnO
6.5ZnO + SrSO4 + Cl2↑

6

7.5 %
1.0 SO2
0.5 O2

0.5Zn3O(SO4)2 + 6.5ZnO+SrSO4 
 8ZnO+ SrSO4 + SO2↑ + 0.5O2↑

170260o C

260400o C

260400o C

400 700o C

 0.5Zn3O(SO4)2 +

7001000o C

Br-gordaite
The obtained anionic Br form of the mineral gordaite was studied by DSC-TG-MS
analysis (fig. 15 a). The phase and chemical composition of the intermediate and final
products of the heated samples was studied (fig. 15 b). The obtained data were
compared with the known data for the mineral gordaite to study the influence of the
anion type on both the thermal behavior and the decomposition products.
All proceses observed on the DSC curve are endothermic (fig. 15 a). The series of
volatile components (H2O, OH-, Br-, SO42-) participating in the composition of the
phase show the realization of various processes of thermal decomposition (dehydration,
dehydroxylation and releasing of Br2, SO2 and O2). Table 3 shows the reactions and
related processes and products of thermal decomposition in certain temperature ranges.
A good correspondence can be seen between the experimentally obtained mass losses
during heating and the calculated theoretical ones.
Both common and different features in the thermal behavior and the
decomposition products between gordaite and its bromine analogue are found. In the
powder XRD diffraction of the obtained product when heated to 180°C on the sample
we studied, the presence of a crystalline phase with a layered structure was observed.
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a

b

Fig. 15. Data for: a) thermal analysis (DSC-TG(DTG)-MS) of Br-gordaite and b) PXRD of initial and thermaly
treated Br-gordaite

A similar layered structure is observed in the thermal decomposition of gordaite in
the temperature range (160-200°C). It is assumed that this phase is pillared by a
partially dehydrated [Na(H2O)x]+ complex, where x=1 ÷ 3 and it has been shown that
even the presence of 0.5 H2O molecules around Na+ is sufficient to preserve the layered
structure.
In the powder diffraction patterns (fig. 15 b) of the decomposition products in the
temperature region 185-230˚С no crystalline phase containing Br was registered. The
phase composition of the solid residue includes ZnO, Zn3(OH)2(SO4)2, Na2Zn(SO4)2
and an X-ray amorphous phase. It is assumed that the total amount of bromine is
concentrated in the amorphous phase. Chemical analysis of a sample heated to 340°C
(fig. 16 b) shows the presence of bromine in an amount corresponding to the amount in
the initial sample, which confirms that the bromine is concentrated in the X-ray
amorphous phase (fig. 15 b). In thermal terms, Br2 is released in one stage in the
temperature range 400-600°C (fig. 15 a), in contrast to the gradual release of Cl 2 during

20

the decomposition of the gordaite within the temperature range between 400 and
1000°C.
Table 3. Stages of thermal decomposition and processes according to the observed DSC effects and the
measured weight losses of Br-gordaite
Exp.
T, oC
Theoret.
Reactions of thermal decomposition proceses of Br-gordaite
obt.
(DSCmass loss,
(process)
mass
effect)
%
loss , %
20-185
NaZn4(OH)6SO4Br·6H2O → NaZn4(OH)6SO4Br + 6H2O↑
16.4 %
15.0 %
1)
(dehydration)
6 H2O
5.6 H2O
NaZn4(OH)6SO4Br → 0.25Zn3(OH)2(SO4)2 + 0.25Na2Zn(SO4)2 +
185-230
7.38 %
7.90 %
1.5ZnO + [Na0.5ZnO1.25Br0] + 2.75H2O↑
2)
2.75 H2O
2.95 H2O
(dehydroxilation I)
0.25Zn3(OH)2(SO4)2 + 0.25Na2Zn(SO4)2 + 2ZnO + [Na0.5ZnO1.25Br0]
0.84%
230-320
→ 0.25Zn3O(SO4)2 + 0.25Na2Zn(SO4)2 + 2ZnO + [Na0.5ZnO1.25Br0]
0.67 %
0.31
3)
+ 2.75H2O↑
0.25 H2O
H2O
(dehydroxilation II)
0
0.25Zn3O(SO4)2 + 0.25Na2Zn(SO4)2 + 2ZnO + [Na0.5ZnO1.25Br ] →
320-600
11.92 %
11.93 %
0.25Zn3O(SO4)2 + 0.25Na2Zn(SO4)2 + 3ZnO + [0.25Na2O] + 0.5Br2↑
4)
0.5 Br2
0.5 Br2
(debromination)
0.25Zn3O(SO4)2 + 0.25Na2Zn(SO4)2 + 3ZnO + [0.25Na2O] →
7.16 %
7.29 %
600-1165
0.25Na2Zn(SO4)2+ 0.25Na2O + 3.75ZnO + 0.5SO2↑ + 0.25O2↑
0.5 SO2
0.61 SO2
5)
(desulphatization)
0.25 O2
0.30 O2

The chemical data of a sample heated at 600°C show that there is no bromine in
the system (fig. 16 d). It is known that bromine in amorphous form is reactive, which is
important for further research for catalytic purposes.
In the high temperature region (770–1165оC) the last endothermic event related
with mass loss is observed (fig. 15 а peak 5; table 3). MS data showed evolving of O2
and SO2. Data of XRD and SEM showed that the solid residue is present dominantly of
ZnO, also of Na2Zn(SO4)2 and Na2O.
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a

b

c

d

Fig. 16. SEM images and chemical analysis of: a) initial and thermaly treated Br-gordaite at b)
340°C, c) 600°C and d) 1200°C

2.1.3 New Zn-hydroxy-sulfate phase
In the given tasks, experiments were set up to obtain different anionic forms of
gordaite, in order to study the effect of the size of the monovalent anion and its ability
to occupy the apical position of the zinc tetrahedron. However, an attempt to obtain an I
anionic form of Zn-hydroxy-sulfate similar to Br-gordaite was not successful. As a
result of ion exchange reactions of namuwite and gordaite with NaI and KI, a product
with a powder diffraction pattern not found in the database, is constantly obtained.
Therefore, this product is referred to in the present study as a "new Zn-hydroxy salt
phase" or "new phase" for short. This "new phase" has also been observed as a product
of experiments investigating the anion exchange reactions of the other anion in the
structures of the gordaite and namuwite, the sulphate anion. Transformations during
reactions of Zn-hydroxy sulfates with nitrate solutions and Zn-hydroxy nitrates with
sulfate solutions also lead to obtaining of the "new phase".
Characteristic of new “Zn-hydroxy-sulfate phase”
XRD data of the "new phase" obtained in different methods showed that it is the
same product (fig. 17 d, e, f), wich does not find in the known data bases.
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Ca-gordaite

d

namuwite

e

b

c

f

Fig.17. PXRD pattern of: initials а) Ca-gordaite, b) Zn5(OH)8(NO3)2.2H2O, c) namuwite and the products
obtained in their treatment with d) NaI, e) Na2SO4 and f) NaNO3 solutions

The “new phase” obtained in different ways is always characterized by a greater
interplanar distance of the first reflex (d001=17.84Å) than that of the initial phases (d001
between 9.75-11.10Å). Since this reflex is a multiple of the 8.93Å and 5.99Å reflexes, it
can be assumed to be the first basal reflex 001. In the diffraction pattern of the "new
phase" the lines with interplanar distances 4.17Å, 2.719Å and 1.574Å are observed,
which are characteristic lines of the type hk0 (110, 210, 140) of the Zn-hydroxy sulfate
salts known and studied here, which suggests similarity or closeness of the type of
hydroxide layers.
Morphologically, the crystals of the "new phase", similar to the Zn-hydroxy
sulfate minerals studied so far, have hexagonal outlines, but are significantly thinner
than them (fig. 18). Data from the EDS analysis of the same figure show that, regardless
of the type of precursor (namuwite, gordaite, Zn5(OH)8(NO3)2·2H2O) from which the
"new phase" was obtained, only oxides of zinc and sulfur are present in its chemical
composition. The quantitative relationships between the elements are identical to those
of Zn-hydroxy-sulfate minerals of general formula: Zn4(OH)6(SO4)∙nH2O – namuwite,
osakaite, lahnsteinite.

23

c

b

d

Fig. 18. SEM images of: a) initial and treated with NaI gordaite; b) initial and treated with KI Ca-gordaite; c)
initial and treated with Na2SO4 Zn5(OH)8(NO3)2.2H2O; d) initial and treated with NaNO3 namuwite. Chemical
data from EDS analysis are also presented

Data from the FTIR spectra of the "new phase" (fig. 19), obtained in two of the
ways compared to those of the other Zn-hydroxy sulphate minerals (namuwite and
gordaite), show that the FTIR spectra of the "new phase" resemble that of namuwite.
The topological symmetry of the sulfate group in the namuwite structure is C3v for the
monodentate bond in the octahedral layer (one of the oxygen atoms of the SO4 group
occupies the position of the OH group, becoming part of the layer). In this case, the
absorption line ν3 of the free SO42- ion with Td symmetry centered around 1000 cm-1 is
divided into two in the wavelength regions 1150-1110 cm-1 and 1080-1060 cm-1, while
ν1 (950-960 cm-1) becomes fully active (Nakamoto, 1986).
In the infrared spectra of the "new phase" are observed absorption lines of SO4 (ν3
1187, 1128, 1111, 1061 and 1035 cm–1 and ν1 at 961 cm-1). Analysis of the FTIR data
shows that the SO4 group is linked similarly to that in namuwite. However, as weak
lines are also observed in the range 1250-1150 cm-1, which indicates lower symmetry
C2v of C1 of the SO4-group characteristic of bidentate binding (Peak et al., 1999; Zhou
et al., 2006), it can be assumed that in the structure of the “new phase” there may be
either 2 types of sulphate groups or 2 different ways of their bonding.

24

d

c

b

Fig. 19. FTIR spectra of: a) the „new phase“ obtained from namuwite treated with NaI; b) „new phase“
obtained from Zn5(OH)8(NO3)2.2H2O treated with Na2SO4; c) namuwite; d) gordaite

The larger interplanar distance of the first basal reflex of the “new phase”
(d001≈17.8Å) compared to that of the namuwite (d001=10.54Å), suggests the presence of
more water in the interlayer. The DSC-TG data of the phase obtained by different
methods and from different precursors are presented on fig. 20. Surprisingly, the weight
loss in the low temperature region, which is correlate with the release of free H2O
molecules, is about 8%. This weight loss corresponds to 2-2.5 H2O, which is less than
the water content of minerals with general formula Zn4(OH)6(SO4)∙nH2O (n=5, 4, 3).

b

c

Fig. 20. DSC-TG data of “new phase” obtained in reactions of: а) Zn5(OH)8(NO3)2.2H2O treated with Na2SO4,
b) Br-gordaite treated with NaI and c) namuwite treated with NaI
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From the results of all analyzes performed so far, the calculated chemical formula
for the "new phase" can be defined as Zn4(OH)6SO4.2-2.25H2O.
Thermal behavior and decomposition products of the "new phase"
The data from the study of the thermal decomposition of the "new phase" (thermal
events, released volatile components and related weight losses, as well as the
decomposition products) are presented in fig. 21 and table. 4.

fig. 21. Thermal decomposition of “new phase”: a) DSC-TG(DTG)-MS; б) intermediate phases of thermal
decomposition

On the DSC curve, 5 endothermic events are observed, which according to the
data from MS correspond to the realization of the processes-dehydration,
dehydroxylation and desulfation. In the low temperature region (20-190oC) the mass
loss corresponds to 2.15 H2O molecules, which is close to the release of all weakly
bound (interlayer water). The powder diffraction of the product obtained by heating the
"new phase" at the end of the first endothermic effect (170°C) shows a diffraction
pattern (fig. 21 b), which the authors studied the thermal decomposition of namuwite
(Bear et al., 1986; Bear et al. ., 1987; Moezzi et al., 2013; Stanimirova et al., 2016),
defined as Zn4(OH)6SO4.0.5H2O (hemihydrate). This result confirms that within the
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first endothermic effect (20-190oС) the dehydration of the "new phase" takes place. In
our case, the dehydration is not realized through intermediate phases, such as
Zn4(OH)6SO4·2H2O (dihydrate) and Zn4(OH)6SO4·1H2O (monohydrate), characteristic
of the dehydration of minerals of general formula Zn4(OH)6SO4·nH2O (n=5, 4, 3). In
the next stages of decomposition - dehydroxylation and desulfation we find accordanse
both in terms of processes and in terms of the products of thermal decomposition of the
new phase with those of other Zn-hydroxy sulfate minerals.
Table 4. Stages of thermal decomposition and processes according to the observed DSC effects and the
measured mass losses of the "new phase".
T, oC
Theor.
Exper.
Theoretical reactions at thermal decomposition of the “new phase”
(DSCmass
mass
(proces)
effect)
loss, %
loss, %
20-190
(1)

Zn4(OH)6(SO4)·2.25H2O → Zn4(OH)6(SO4)+ 2.25H2O↑
(dehydration)

8.1 %
7.9 %
2.25 H2O 2.15 H2O

190-300
(2)

Zn4(OH)6(SO4)→ 0.5 Zn3(OH)2(SO4)2+ 2.5ZnO + 2.5H2O↑
(dehydroxilation)

9%
2.50 H2O

9.9 %
2.75 H2O

300-360
(3)

0.5 Zn3(OH)2(SO4)2+ 2.5ZnO → 0.5Zn3O(SO4)2 + 2ZnO + 0.5H2O↑
(dehydroxilation)

1.8 %
0.50 H2O

1.3%
0.36 H2O

360-1400
(4)

0.5Zn3O(SO4)2 + 2ZnO → 4ZnO + SO2↑ + 0.5O2↑
(desulphatization)

16 %
1 SO3

16.3%
1.01SO3

The kinetics of the de- and rehydration processes of the 'new phase' were studied,
using zeolite X activated at 300°C for dehydration and saturated NaCl solution (RH =
75%) for rehydration (fig. 22).
The obtained results show that, unlike the dehydration of other Zn-hydroxy sulfate
minerals, the dehydration of the "new phase" does not pass through different discrete
phases with their own structure, but is realized only with shrinkage of the interlayer
space by up to about 3-3.5Å (fig. 22 a). As with the minerals Zn-hydroxy sulfates, the
dehydration process is reversible (fig. 22 b).
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12 days

20 days
dehydrated
sample

22 hours

Rehydration at RH 75%

Dehydration over activated zeolite X

20 days

10 days
6 days

6 days

10 days
3 days

16 days
Initial “new phase”

b

Fig. 22. PXRD data of the new phase reflecting the change due to the processes of a) dehydration and b)
rehydration

It should be noted that the processes of dehydration and rehydration proceed at
times slower than the rates for the minerals osakaite and namuwite reported in the
literature (Stanimirova et al., 2017).
Theoretical model of the structure of the "new phase"
From all the data presented so far, it follows that the "new phase" cannot have the
structure of a partially dehydrated Zn4(OH)6SO4·nH2O. The only known phase that has
a water content close to that measured for the "new phase" (about 2.25 H 2O) is
Zn4(OH)6(SO4)·2H2O (dihydrate), and it has a powder diffraction pattern radically
different from that of the "newphase".
It is known from the literature that layered double hydroxides form mixed-layer
structures. Since the studied Zn-hydroxy sulphate minerals have layered structures, it
can be assumed that the structure of the 'new phase' may be of the same nature. The
stability of the structure suggests a combination of the packages (layer + interlayer) of
the hemihydrate and namuwite 7.09Å + 10.54Å = 17.63Å (table 5). The water content
also supports this assumption - 2.25 Н2О (4H2Onamuwite + 0.5H2Ohemihydrate)/2=2.25 Н2О
again in favor of the combination of hemihydrate and namuwite package.
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Table 5. X-ray diffraction data for d001of minerals Zn4(OH)6(SO4)∙nH2O (n=5÷0.5)
mineral/phase
formula
d001Å
osakaite
namuwite
lahnsteinite
dihydrate
monohydrate
hemihydrate

Zn4(OH)6SO4·5H2O
Zn4(OH)6SO4·4H2O
Zn4(OH)6SO4·3H2O
Zn4(OH)6SO4·2H2O
Zn4(OH)6SO4·1H2O
Zn4(OH)6SO4·0.5H2O

10.90
10.54
9.30
8-7.4
7.23
7.09

In order to be able to construct a mixed structure from a namuwite and
hemihydrate package, it is necessary to know the structures of the two constituent
phases. The structure of namuwite is known (Bevins et al., 1982), but the hemihydrate
phase does not have a deciphered structure, but only a proposed scheme (Stanimirova et
al., 2017, fig. 23 a). The scheme proposed by these authors is very similar to the
structure of the mineral bechererite (fig. 23 b), which is also Zn-hydroxy salt, but half
of the SO4 is replaced by SiO4 groups. The powder diffraction patterns of bechererite
and hemihydrate are also almost identical.

а

b

Fig. 23. Structure schemes of: a) hemihydrate (according to Stanimirova, 2017) and crystal structure of b)
mineral bechererite (Hoffman et al., 1997) (green tetrahedra are occupied equally by S and Si)

With the help of the VESTA program, a structure was constructed with an
alternation of namuwite and hemihydrate package (fig. 24 a). The model is based on the
namuwite structure, preserving the trigonal symmetry (P 3 ), the parameter a = 8.33Å of
the namuwite but for the parameter c the value of 17.84Å is acepted. From the general
appearance with cell multiplication, it can be seen that the structure can be described as
a hemihydrate hydrated with 3H2O through a layer or as namuwite dehydrated to 0.5
H2O through a layer (fig. 24 b).
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а

b

Fig. 24. Model of theoretical structure of the "new phase": a) elementary cell; b) multiplied elementary
cell

The diffraction pattern generated by the structure thus constructed showed a
promising coincidence with the diffractogram of the "new phase" (fig. 25).
This gave rise to a single crystal diffraction study.

Fig. 25. Powder X-ray diffraction of the "new phase" and the generated diffraction based on the
theoretical structural model

Refinement of the crystal structure with single crystal X-ray diffractometry
To refine the structure, a sample was selected, which was obtained from
namuwite treated with NaI. Initial namuwite is obtained by alkalization with urea, as in
this metod namuwite crystals with size from 50 to 150 m are obtained (fig. 26 а).
After treatment with NaI, the crystals of the newly formed phase are similar in size but
much thinner than the original ones (fig. 26 b).

30

а

b

Fig. 26. SEM images of: а) namuwite and b) „new phase“, obtained from namuwite treated with NaI

A suitable sized crystal was selected for analysis by single crystal X-ray
diffractometry. Single crystals (colorless, slightly turbid, hexagonal crystals with size
0.01 x 0.05 x 0.1 mm3) from the studied sample were carefully selected and mounted on
a glass capillary.
The structural refinement of the "new phase" is in accordance with the theoretical
structural model. The parameters of namuwite and hemihydrate cells compared to the
already known cell parameters of the "new phase" are in accordance with the model
(Table 6).
Table 6. Unit cell parameters of namuwite, hemihydrate and “new phase”
Mineral/phase

formula

Namuwite

Zn4(OH)6SO4.4H2O (Bevins et al., 1982)

Hemihydrate

Zn4(OH)6SO4.0.5H2O (Bear et al., 1987)

„New phase“

Zn4(OH)6SO4·2-2.25H2O

SG

a

P-3

8.330

Unit cell parameters
b
c
α
8.330

β

γ

10.540

90

90

120

8.356

8.357

7.084

90

90

120

P -3 8.3418

8.3418

17.595

90

90

120

Five positions for the zinc cation are specified: Zn, Zn1, Zn2, Zn3 and Zn4. Zinc
polyhedra are relatively isometric, which is in accordance with the behavior of the Zn2+
cation. They are in octahedral (Zn, Zn1, Zn2) and tetrahedral coordination (Zn3 and
Zn4) with oxygen (fig. 27). This confirms the octahedral-tetrahedral type of layer. The
sulfur positions are two S2 and S5, both tetrahedrally coordinated with oxygen. The
apical position of oxygen in the octahedra of Zn1 and Zn2, where the zinc-oxygen
bonds are longer than the others (Zn1-O7 = 2.39Å and Zn2-O3 = 2.30Å) and are
common to both zinc octahedra and sulfur tetrahedra .
The refined crystal structure of the "new phase" can now explain the peculiarities
of the processes of dehydration and rehydration. The observed shrinkage of the
interlayer space during dehydration (fig. 28) can only be due to the release of water
molecules from the namuwite package.
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а

b

Fig. 27. Crystal structure and Zn and S atoms positions in Zn4(OH)6SO4·2–2.25H2O from single crystal
XRD: а) view in the direction of a parameter; b) view in the direction of c parameter

Calculated from the measured planar distances (table 7), it can be seen that
dehydration of the namuwite package follows the course of the dehydration of
namuwite. During the experiment, the namuwite package passed through
lahnsteinite package and reached to the dihydrate. It can be expected that as
experiment continues, the namuwite package will reach to the monohydrate.

the
the
the
the

Fig. 28. PXRD data of the first two reflexes d001 and d002 of the "new phase", reflecting the change in the
interplanar distance caused by the processes of dehydration and rehydration

In accordance with the type of structure composed of heavy paired type
"hemihydrate" hydroxide layers, the processes of de- and rehydration in the "new
phase" are expected to occur in a wider time range.
Table 7. Interplanar distances of initial and dehydrated "new phase"
phase
d001 = (dnam + dhemi)
Alternating packages
Initial new phase
17.87 = 10.79 + 7.09
Namuwite + Hemihydrate
Dehydrated in 3 days
16.56 = 9.57 + 7.09
Lahnsteinite + Hemihydrate
Dehydrated in 10 days
16.52 = 9.43 + 7.09
Lahnsteinite + Hemihydrate
Dehydrated in 20 days
15.35 = 8.26 + 7.09
Dihydrate + Hemihydrate
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2.2. Hydroxide layer minerals with anionic vacations (Cu-hydroxy-sulfates with
double decorated hydroxide layer)
Minerals with structures composed of hydroxide layers with anionic vacations
have mostly Cu2+-hydroxy-sulfates. The dominant influence here is the Cu cation,
whose Jan-Teller effect in the ligand field provokes the construction of structures with
this type of layer. Cu2+ cations in a hydroxide layer of the brucite type cause distortion
of the octahedra to an elongated tetragonal bipyramid. The anions at the vertices in the
tetragonal direction of the tetragonal bipyramid are the most distant and, accordingly,
the least bound to the copper cation. In the case of Cu-hydroxy sulfate minerals, these
positions are free of (OH)-groups and are occupied by the O atom of the SO 4 group,
respectively.
The sulfate can occupy one, as in the case of the mineral langite (fig. 29 a) or the
two apexes of the tetragonal bipyramid, as in the case of the mineral ktenasite (fig. 29
b), thus the sulfate groups are located one side or both sides of the hydroxide layer. In
the first case (fig. 29 a), the layer remains neutral, but the second in which both
positions are occupied by O of SO4 (fig. 29 b) the hydroxide layer is charged. To
compensate for this charge, metal-water М2+(H2O)n complexes are placed in the
interlayer space.

a
Fig. 29. Crystal structures of: а) langite (Cu4(OH)6SO4.2H2O); b) ktenasite
(Cu4Zn(OH)6(SO4)2.6H2O)

b

In the present work, these Cu-hydroxy-sulphates are investigated in the
structures of which there is a sulphate group on both sides of the hydroxide layer.
2.2.1 Ktenasite and kobyashevite
Characteristics
The powder diffraction patterns of the samples in which no lines of the starting
solid reagents are registered are presented on fig. 30.
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In the reaction of CuO and CuSO4 the final product is kobyashevite –
Cu5(OH)6(SO4)2∙4H2O (fig. 30). The alkalization of the system is at the expense of the
hydrolysis of the oxide. From the powder diffraction patterns of the products from the
experiments with mixed systems (fig. 30) it is established that in both cases of
crystallization, the ktenasite – ZnCu4(OH)6(SO4)2∙6H2O) ICCD 2001-No 83-2247
(Mellini and Merlino, 1978) is obtained.

Ktenasite

а)

Ktenasite

Kobyashevite
б)
Kobyashevite
Fig. 30. Powder diffraction patterns and SEM images of products obtained by the interaction of solid
precursors and sulphate solutions

Both products are represented by plate crystals with a highly developed basal
pinacoid (fig. 30 a and b). The ktenasite crystals are 5-8 µm wide, 15 to 30 µm long and
about 0.01-0.05 µm thick (fig. 30 a). Unlike ktenasite crystals, kobyashevite is
represented by smaller (width 2-3 µm; length 5-10 µm), but thicker plate crystals (up to
0.5 µm), which form specific roselike aggregates (fig. 30 b).
Isomorphic substitution of Cu↔Zn
In the course of the synthesis of ktenasite from solid precursors, ktenasites with
different Cu:Zn ratios were obtained. The duration of the experiment was found to
affect the amount of Zn in the ktenasites. The powder diffractograms of ktenasites
obtained from the solid precursors CuO and ZnO are showed on fig. 31. From the
powder diffraction patterns of the products it was found that in the both cases ktenasitе
was obtained. Chemical analysis (AAA) data show different amounts of Cu and Zn in
the
composition
of
ktenasite:
Zn1.97Cu3.03(OH)6(SO4)2.6H2O
and
Zn0.98Cu4.02(OH)6(SO4)2.6H2O. In the case of treatment of CuO with ZnSO 4, the slow
dissolution of the oxide leads to a higher concentration of Zn 2+ in the contact zone and
hence a greater possibility of including more Zn cations in the structure of ktenasite.
For the obtained ktenasites with ratios Cu: Zn = 4.02: 0.98 and 3.03: 1.97 it can be
said that in the first composition all zinc cations are in the interlayer space, and the
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hydroxide layer is entirely copper. For the second composition, however, it is seen that
half of the Zn2+ are interlayer cations and the other half are isomorphically incorporated
into the hydroxide layer.

Fig. 31. Powder diffraction patterns of products obtained from the reactions of:
а) ZnO + 1М CuSO4; b) CuO + 1М ZnSO4

In the structure of ktenasite two positions Cu1 and Cu2 are described (fig. 32 a). In
the Cu1 position the cations are coordinated by five OH groups and one oxygen from
the sulfate group, and in the Cu2 position the cations are coordinated by four OH
groups and two oxygens from two different sulfate groups.
for Cu1 *ABL=2.04Å
for Cu2 *ABL=1.98Å

a

b

c
d
Fig. 32. Crystal structure of а) ktenasite and b) christelite and hydroxide layer in c) ktenasite and d)
christelite *ABL – average bond lenght
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Examining in more detail the structure of the hydroxide layer and from the
distances of the nearest OH-groups, it can be seen that the one position (Cu2) is small
(average bond length = 1.98Å) and in there could not be expected substitution with the
large Zn cation. At the Cu1 position, the average distance lengths of the closest OH
groups are 2.04 Å, which is more suitable for the zinc cation. The hydroxide layer in
ktenasite can be represented by square frames (the 4 shortest distances in octahedra)
(fig. 32 c). In this way it is clear that the layer is made up of strips of octahedra sharing
a common edge (Cu1) connected to each other by strips of apex connected square
frames (Cu2), which can change the angle between them and thus take over the
expansion of the octahedron (position Cu1) of Zn2+ cations.
In nature, there is a mineral-christelite (fig. 32 b), in which there is a complete
occupation of the position (Cu1) of Zn cations. As can be seen from the figure, the
strips of the edge-connected copper-hydroxide frames are facing each other and almost
lie in one plane (fig. 32 d). This makes it possible to accept the expansion of the
octahedron when occupied by Zn.
In this case, however, the position of the interlayer polyhedron is changed, which
is already directly coordinated with the sulfate group. In order to preserve the ktenasite
structure, the isomorphic substitution in the octahedral strips should not be 100%.
Under the conditions of the experiments conducted in the present study, a substitution
of 1/3 of the octahedral positions was achieved.
Thermal behavior and decomposition products of ktenasite
In contrast to the detailed characteristic of the thermal decomposition of a series of
Zn-hydroxy-sulfates with the final product ZnO (Bear et al., 1986; Bear et al., 1987;
Moezzi et al., 2013; Stanimirova et al., 2016), such for Cu-hydroxy-sulphates, has not
been found in the literature.
Data of the DSC-TG(DTG)-MS and the XRD patterns of the syntetic ktenasite
(Cu4.02Zn0.98)(OH)6(SO4)2.6H2O and the products of its thermal decomposition are
shown on fig. 33 a and b. The XRD powder data for the synthesized ktenasit correspond
to a pattern from ICCD 2001 (PDF №83-2247) (Mellini and Merlino, 1978). A small
amount (approximately 5 mass %) of brochantite (PDF №84-0454) was also detected in
the powder diffraction of the starting material. Probably, its appearance is due to
intensive washing of the ktenasite precipitate following synthesis.
In the temperature interval 20-350°C, four endo-effects on the DSC-curve are
registered (fig. 33 a, 1–4), which suggests a complicated process of dehydration. Two
H2O molecules leave the ktenasite structure according to the data from the TG analysis
within the endo-effect 1. At that time, the XRD data show an interlayer shrinking of
1.33 Å (d002 from 11.78Å to 10.45Å, fig. 33 b), which is evidence for the presence of
partially dehydrated form of ktenasite (phase isostructural with the mineral christelite).
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а

b

Fig. 33. DSC-TG-MS data: a) for ktenasite and powder XRD patterns b) of initial and thermally treated
samples. Initial and product samples of thermal decomposition were marked as follows: Kten – ktenasite;
Cri* – isostructural with christelite partial dehydrated ktenasite; Ant – antlerite; Gun – gunningite. The
impurity brochantite is marked with ●

The next stage of the dehydration of the ktenasite (in the framework of endoeffects 2 and 3) leads to the formation of antlerite Cu3(OH)4SO4, (PDF №76-1621) and
gunningite, ZnSO4·H2O, (PDF №74-1331) (fig. 33 b). No such intermediate hydroxysulphate phase was found in the decomposition of the zinc hydroxy-sulphate
compositions. The calculated losses in the range of 2 and 3 endo-effects have a yield of
about 3.5 H2O (fig. 33 а). The gunningite losses its water molecule within endo effect 4
in the temperature range 250-350°С. We take in consideration as well the presence of
brochantite in the initial sample and in this way 6.4 H2O molecules leave the system up
to 350°C. Thus, the scheme of thermal decomposition in the low temperature region (1–
4 endo-effect) can be described as follows:
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ZnCu4(OH)6(SO4)2·6H2O
ZnSO4·H2O + 1.25Cu3(OH)4SO4



ZnCu4(OH)6(SO4)2·4H2O



 ZnSO4 + 1.25Cu3(OH)4SO4.

In the next temperature range 350-550°C of the DSC curve, an endoeffect 5 is
observed, which is associated with the realization of a process of dehydroxylation of
brochantite (425°C) and antlerite (470°C). The observed exothermic effect 6 at 511°C
is ascribed to the crystallization of Cu2O(SO4) (PDF №78-0612) and CuO (Koga et al.,
2008). During this period obtained ZnSO4 at gunningite dehydration is transformed in
Zn3OSO4 (PDF №32-1475). During this process 3.5 H2O molecules leave the system as
can estimate from the TG curve.
In the last temperature range 700-1000°С the decomposition of SO4 takes place.
On the DSC curve this process is registered by endoeffects 7 and 8. Decomposition of
Cu2O(SO4) and Zn3OSO4 leads to final products tenorite (CuO) and cincite (ZnO).
Finally, we may conclude that the thermal decomposition process of the ktenasite
includes different processes such as dehydration, dehydroxylation and evolving of SO 2
and O2 like in the Zn-hydroxi-sulphates case, but the presence of both copper and zinc
in the system leads to appearance of exothermic crystallization peak and various
intermediate Zn – Cu phases.
2.2.2. Serpierite
The serpierite is a Ca-Cu-Zn hydroxy-sulfate mineral that is formed by exogenous
alteration of copper sulfides. It was first discovered and described in a sample from the
Laurion deposit (Greece), and Sabelli and Zanazzi in 1968 refined the crystal structure
of the serperite. Serpierite has a chemical composition Ca(Cu,Zn)4(OH)6(SO4)2·3H2O
and it a part of devilline group minerals - CaCu4(OH)6(SO4)2·3H2O
(https://www.mindat.org/min-39487.html).
The structure of the mineral serpierite is represented by negatively charged
octahedral layers [(Cu,Zn)4(OH)6(SO4)2]2-, decorated on both sides with sulphate
ainions. Ca-water complexes are localized in the interlayer space to compensate for the
negative charge.
A natural specimen from the Zvezdel deposit-Eastern Rhodope, which is part of
the mineral collection of the Institute of Mineralogy and Crystallography – BAS
(№0691), was studied. The sample was provided by Assoc. Prof. Dr. Yana Tsvetanova
and is recognized as the mineral serperite. In this work, for the first time,
morphological, chemical and structural data on a serpierite specimen from a Bulgarian
deposit are reported.
The minerals from the devilline group are described macroscopically as bluegreen crusts covering small gypsum crystals, as is the case with the sample we studied
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(fig. 34 а). Powder XRD analysis of the sample showed the presence of a mineral from
the devilline group (DGM) in gyps, quartz and calcite association (fig. 34 b).

а

b

Fig. 34. Natural specimen from the Zvezdel deposit: a) macroscopic image б) PXRD of a sample of it

Microscopically under the SEM, the sample represents radial aggregates of platelike or slat-like crystals elongated according to (010) (fig. 35). Chemical analysis shows
the presence of SO3 (32.25 wt %), CaO (8.95 wt %), CuO (49.73 wt %) and ZnO (9.07
wt %). This composition give ratio of Cu:Zn=5.7.

Фиг. 35. SEM изображения на серпиерит (Звездел).

Macroscopically, serpierite crystals have size of the order of 0.01 mm, which
makes it difficult to separate them from other minerals for other types of analysis.
However, a prismatic, transparent crystal of suitable size was successfully separated
and analyzed by single crystal X-ray diffractometry.
Refinement of the crystal structure by single crystal X-ray diffractometry
The crystal is refined in space group I2 and with unit cell parameters a=18.41(2),
b=6.22(1), c=12.09(1)Å; β=90.781° showing a ktenasite type topology of Cu-Zn
octahedral layers decorated on both sides with sulphate groups (fig. 36). The serpierite
from Laurion deposit (Greece) with ratio of Cu:Zn=1.9 has been refined in different
space group C2/c and unit cell parameters a=22.186, b= 6.250, c=21.853, β= 113.36°
(Sabelli and Zanazzi, 1968). The sample studied by us has a structure refined with an
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unit cell with twice smaller volume than that of the sample from the Laurion deposit
(Greece) (fig. 36 a).
Five crystallographically different cationic octahedral positions have been
identified in the Zvezdel sample. Three of them are occupied by Cu2+, one by Zn2+ and
one shared position with 60% Cu2+ and 40% Zn2+. The polyhedra of Cu2+ cations are
distorted due to the Jan-Teller effect. They have four short Cu-O bonds in the range of
1.92-1.99Å and two long ones, which vary between 2.40-2.49Å.

а

b

Fig. 36. Unit cell of а) serpierite (Zvezdel) with black line and unit cell of serpierite (Sabelli and Zanazzi,
1968) with black dotted line and b) hydroxide layer present with Jan-Teller square frames

The derived structural data do not provide the answer to the question "What makes
it possible to refine the structure in another symmetry?".
Comparing the chemical data for the two serperites, it can be seen that in both
samples there is Zn2+ isomorphically included in the hydroxide layer, but with a visible
difference in the amount of Zn. The data show that the serperite from the Zvezdel
deposit has a lower Zn content (ratio of Cu:Zn = 5.7) compared to that from Laurion
(Greece), for which this ratio is 1.9, which is probably the reason for changes in the
structure, allowing it to be described by different unit cells.
Examining the hydroxide layer in the structure represented by Jan-Teler square
frames, it is clear that the Cu1 and Cu4 positions form a strip of apex connected square
frames identical to that in the ktenasite structure (fig. 36 b). The strips of edgeconnected octahedra, in turn, are connected to each other by strips of apex-connected
square frames. This type of construction predetermines the elasticity of the structure by
changing the angle between them and accepting the expansion of the octahedron
(position Cu4) when it is occupied by Zn2+ cations. The possibility of variations in the
Cu/Zn ratio in the hydroxide layer of the serperite structure is clearly facilitated by this
elasticity, allowing the occupation (complete or partial; ordered or disordered) of Zn 2+
at the Cu4 position.
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Obviously, the structural topology of the serpierite suggests a wide variety of
possible deformations of the layers, and respectively of the interlayer space. This in turn
makes it possible to realize isomorphic substitutions in different quantitative ratios and
different degrees of order of the isomorphic cations.
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In conclusion:
The results obtained from the complex study of Zn and Cu hydroxy-sulfate phases
(synthetic analogues of minerals and natural sample) reveal a number of common
aspects in their crystal chemical characteristics, with specific variations for Zn and Cu:
1) Layer character of the structures
As part of the group of minerals hydroxy salts, Zn and Cu-hydroxy sulfates are
hydroxides with additional SO42-anion. The specific polar character of the main
building component (OH)-group predetermines the layered structure.
2) Specific positions in the layer, which may be occupied by a non-hydroxyl anion or
water molecule, defining a number of properties characteristic of both types (Zn and
Cu) hydroxy-sulfates:
а) formation of layers with different charge on the surface of the layer:
- with a neutral charge, and in both cases this is done by occupying the position
of H2O molecules
- with a negative charge, taking the position of a non-hydroxyl anion (Cl, Br for
Zn-hydroxy-sulphates or SO4 for Cu hydroxy sulfates). For Zn-hydroxy sulfates,
it was found that this position could be shared between two adjacent layers,
resulting in a paired octahedral-tetrahedral layer (characteristic of the newly
discovered phase);
b) anion exchange of non-hydroxyl anions;
c) cation exchange in negatively charged hydroxide layer structures.
3) Similar stages and products of thermal decomposition:
а) two-stage dehydration due to the presence of 2 types of water molecules, playing
different role in the structure - interlayer water molecules and the H 2O molecule as a
component of the layer: dehydration of the interlayer with gradual formation of
differently hydrated discrete phases and dehydration of the layered water molecule,
which leads to destruction or alteration of the hydroxide layer;
b) two-step dehydroxylation of the layer, associated in the first stage with the
destruction of the hydroxide layers and the gradual formation of secondary hydroxy
salts, and in the second stage with the dehydroxylation of the secondary OHcontaining phases to the formation of oxysalts and oxides;
c) desulfatization  release of other volitale components.
The more important, specific for both types (Zn and Cu) hydroxy sulfates,
variations in the manifestation of these common crystal chemical features are based on

42

the formation of different hydroxide layers of the two cations: octahedral-tetrahedral for
Zn-hydroxy sulfates and octahedral, composed of strongly distorted octahedra, for Cuhydroxy sulfates. The two types of hydroxide layers are characterized by different
number and position of the specific positions: for Cu-hydroxy salts they are 2 in
number, located at the apexes of the distorted to tetragonal bipyramid octahedron, and
for Zn-hydroxy sulfates this is the apical position closing the tetrahedron in the
octahedral-tetrahedral layer. This identifies the following more important differences: а)
the anion exchange in Zn-hydroxy salts is carried out at the expense of the additional
halogenide anion, while in Cu-hydroxy sulfates the basic SO42-anion is exchanged; b)
the separation of water from the specific position of the hydroxide layer in Zn-hydroxy
sulfates leads to its complete destruction, while in Cu-hydroxy sulfates, the vacant
water position is occupied by the O atom of an adjacent sulfate anion, which causes
only folding of the layer without destuction.
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Contributions:
1) The role of the different positions of water molecules in the structure of Zn-hydroxysulphate minerals with general formula: Zn4(OH)6(SO4)∙nH2O, where n=5 (osakaite);
n=4 (namuwite) и n=3 (lahnsteinite) is clarified with the help of thermal methods. From
the point of view of the crystal structural role of water molecules, a new reading of the
chemical formula of minerals was made, namely tetrahydrate (osakaite), trihydrate
(namuwite) and dihydrate (lahnsteinite);
2) The possible ways of synthesis of new ion exchange forms of gordaite have been
established: cationic Sr-form (by ion exchange) and anionic Br-form (by direct
synthesis and ion exchange). For the first time, these phases are characterized in terms
of crystal chemistry as well as in terms of thermal behavior and products of thermal
decomposition;
3) It was established by three types of ion exchange reactions (Zn-hydroxy sulfates with
iodide solutions, Zn-hydroxy sulfates with nitrate solutions and Zn-hydroxy nitrates
with sulfate solutions) the obtaining a "new Zn-hydroxy-sulfate phase". Based on
characteristic data and analysis of the thermal behavior of the "new phase", a theoretical
model representing a mixed-layer structure is proposed. Subsequently, the proposed
structural theoretical model was proved with the help of Single Crystal XRD;
4) The isomorphic structural positions were established and the degree of Cu↔Zn
isomorphism in the structures of the minerals from the ktenasite group was estimated.
The thermal behavior of ktenasite reveals transformation transitions and decomposition
products different from those of Zn-hydroxy sulfates, which expand the understanding
of the crystal chemistry of hydroxy sulfate compounds with different types of hydroxide
layer;
5) For the first time morphological, chemical and structural data of a serpierite sample
from a bulgarian deposit were reported. The crystal structure and crystal chemical
prerequisites, allowing the refinement of the structure in different space group from the
known in the literature, were established.
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