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Резюме. Проведени са експерименти с покапково алкализиране на 0.1M ZnSO4 разтвор с 1M NaOH с цел установяване реда 
на образуване на Zn-хидроксисулфатни минерали (осакаит, намуит и ланщейнит). Получените утайки се характеризирани с пра-
хова рентгенова дифракция (XRD) и сканираща електронна микроскопия/енергийна дисперсионна спектроскопия (SEM-EDS). 
По време на контролираното алкализиране с 1М NaOH на 0,1М ZnSO4 разтвор последователно се образуват намуит (осакаит), 
ланщейнит и вулфингит. Условията на образуване и областите на стабилност на минералите осакаит и намуит са при около 
неутрално рН (6,5–7), докато ланщейнитът е стабилен при високо рН (11–12). Това обяснява по-честите находки в природата на 
намуит и осакаит. Изоморфното заместване на Zn2+ катион с Cu2+ в хидроксидния слой на получените Zn-хидрокси-сулфатни ми-
нерали по време на контролирана алкализация е изследвано като са проведени експерименти с използване на 0,1M смесен ZnSO4 
+ CuSO4 разтвор (в съотношение Zn:Cu = 4:1 и 1:1) . По време на контролираното алкализиране на смесени Zn-Cu сулфатни 
разтвори, в структурите на намуит (осакаит) и ланщейнит изоморфно се включват до 25% медни катиони. Установено е, че това 
съдържание на Cu2+ е горната граница на изоморфизма и съответства на заемането на 1/3 от октаедричните позиции.

Ключови думи: намуит, осакаит, ланщейнит, алкализация на сулфатни разтвори, Zn-Cu изоморфизъм.

Abstract. Experiments with dropwise alkalization of a 0.1 M ZnSO4 solution with 1M NaOH were carried out to establish the formation 
order of Zn-hydroxy-sulfate minerals (osakaite, namuwite, and lahnsteinite). During the controlled alkalization with 1M NaOH of a 0.1M 
ZnSO4 solution, namuwite (osakaite), lahnsteinite and wulfingite are successively formed. The obtained precipitates were characterized by 
powder X-ray diffraction (XRD) and SEM-EDS methods. The formation conditions and regions of stability of osakaite and namuwite are at 
near circumneutral pH (6.5–7), while lahnsteinite is stable at high pH (11–12). This explains the wider distribution of namuwite and osakaite 
in nature. The isomorphic substitution of Zn2+ cation with Cu2+ in the hydroxide layer of the Zn-hydroxy-sulfate minerals during controlled 
alkalization was studied using mixed 0.1M ZnSO4 + CuSO4 solution (molar ratio Zn:Cu = 4:1 and 1:1). During controlled alkalization of 
mixed Zn-Cu sulfate solutions, 25% copper cations are isomorphic incorporated in the namuwite (osakaite) and lahnsteinite structures. It 
was determined that this Cu2+ content is the upper limit of the isomorphism and corresponds to the occupation of 1/3 of octahedral positions.

Keywords: namuwite, osakaite, lahnsteinite, sulfate solution alkalization, Zn-Cu isomorphism.

Introduction

In the mining of lead-zinc and lead-zinc-poly-
metallic deposits, secondary minerals formed at 
the expense of acidic mine waters are often ob-

served. The zinc is usually represented as carbon-
ates (smithsonite), silicates (hemimorphite), and 
mainly by a large group of hydroxy-salt miner-
als, (Zn1+x(OH)2Ax/m

m–∙nH2O, where A=Cl–, CO3
2– 

and SO4
2–) (Bevins et al., 1982; Ohnishi et al., 
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2007). The simonkolleite (Zn5(OH)8Cl2∙2H2O) 
(Schmetzer et al., 1985) and the hydrozincite 
(Zn5(OH)6(CO3)2) (Ghose, 1964) are the most 
common hydroxy-chloride and hydroxy-carbonate 
minerals. Hydroxy-sulfate minerals with general 
formula Zn4(OH)6(SO4)∙nH2O, (n = 5, 4, 3) are 
known as osakaite with 5 water molecules (Ohni-
shi et al., 2007), namuwite with 4 water molecules 
(Bevins et al., 1982) and lahnsteinite (Rastsvetae-
va et al., 2012; Chukanov et al., 2013) with 3 wa-
ter molecules. An identical octahedral-tetrahedral 
hydroxide layer with cationic vacancies character-
izes their structure. In the octahedra, zinc is co-
ordinated by (OH)-groups and oxygen from SO4, 
while the tetrahedra are Zn(OH)3H2O. The water 
molecules are located between layers. The differ-
ent water amount causes insignificant differences 
in the unit-cell parameters despite the change in 
the symmetry group of the three minerals (Ohni-
shi et al., 2007; Bevins et al., 1982; Chukanov et 
al., 2013). From the literature data, it is known, 
that some natural specimens of namuwite contain 
isomorphic copper cations (Bevins et. al., 1982; 
Groat, 1996; Livingstone et. al., 1990).

The present study aims to establish the forma-
tion order of Zn-hydroxy-sulfate minerals in the 
alkalization process of simulated mine waters that 
are acidic single cationic (Zn) and mixed (Cu-Zn) 
sulfate solutions.

Materials and methods

Precipitation of osakaite, namuwite, and 
lahnsteinite by dropwise alkalization of sulfate 
solutions with a sodium hydroxide

Precipitation was carried out as 0.5 ml of 1M NaOH 
was added every 6 minutes to 50 ml of 0.1M single 
cationic sulfate solutions (ZnSO4) or 70 ml of 0.1M 
mixed solutions (ZnSO4 + CuSO4 in ratio Zn:Cu = 
4:1 and 1:1). The reaction was carried out under 
room conditions, with continuous stirring by a mag-
netic stirrer and permanent reading of the change in 
pH values with an electronic pH meter (HANNA, 
model HI 98140 Portable pH Meter with SMART 
Electrode).

The precipitates formed in each solution buffer 
zone on the curve NaOH ml – pH were sampled for 
phase analysis. The obtained samples were filtered, 
washed, and dried at room temperature for 8 hours 
and over 20 hours. 

X-ray powder diffraction

The phase composition of obtained precipitates was 
studied by the XRD method. XRD was performed 
using Powder X-ray Diffractometer Bruker D8 Ad-
vance with a LynxEye detector and with CoKα ra-
diation, vertical θ/θ goniometer, and a step size of 
0.02 (2θ). The powder XRD patterns were recorded 
in the region 4–80° 2θ.

SEM-EDS

Chemical composition of the samples was analyzed 
using Scanning Electron Microscope (SEM) fitted 
with Energy Dispersive Spectrometer (EDS). Ap-
paratus JEOL – model JSM-6010PLUS/LA, condi-
tions: 20 kV accelerating voltage. The morphology 
of the samples was studied on a JEOL 5510 SEM. 

Results and discussion

Controlled alkalization of ZnSO4 solution

Experiments with controlled alkalization of a ZnSO4 
solution with NaOH were carried out to establish 
the formation order of the various Zn-hydroxy-sul-
fate minerals. On the graph representing the change 
in pH values with dropwise alkalization (Fig. 1a), it 
can be seen that two buffer zones are formed indi-
cating that the continuously supplied (OH)-groups 
bind into compounds. The pH values of 6.5–7 main-
tain in the first buffer zone. Since there is a sharp 
rise in pH value at the end of this zone, it can be as-
sumed that all Zn cations bound (OH)-groups. The 
calculated equivalent amounts of zinc cations and 
OH groups at the end of the buffer zone confirm 
this assumption. Within the buffer zone, 7.5 ml of 
1M NaOH was consumed. There are 0.005 moles of 
zinc cations in the starting solution of 50 ml of 0.1M 
ZnSO4 while there are 0.0075 moles of (OH)-groups 
in the dropwise 7.5 ml of 1M NaOH. From here, the 
quantitative ratio of OH:Zn is 0.0075:0.005=1.5, 
which well corresponds to the formulas of osakaite, 
namuwite, and lahnsteinite. In the group of zinc 
hydroxy-sulfates, the ratio OH:Zn2+ = 1.5 shows the 
compounds with the general formula Zn4(OH)6SO4.
nH2O, where n = 5–3, osakaite, namuwite, and la-
hnsteinite. 

The SEM shows that the precipitate consists of 
small crystals (Fig. 2a) with a pseudo-hexagonal 
shape (Fig. 2b), characteristic of the Zn-hydroxy 
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Fig. 1. Change in the pH values with controlled alkalization of 0.1М ZnSO4 solution with 1М NaOH (a); powder XRD pattern of 
the products obtained in the buffer zones during the controlled alkalization with 1M NaOH of the 0.1M ZnSO4 solution (b)

Фиг. 1. Изменение на стойностите на рН при контролирано алкализиране на 0.1М разтвор на ZnSO4 с 1М NaOH (а); пра-
хови рентгенови дифрактограми на продуктите, получени в буферните зони по време на контролираното алкализиране с 
1M NaOH на 0,1M разтвор на ZnSO4 (b)

Fig. 2. SEM photographs of the products obtained during the controlled alkalization with 1M NaOH of the 0.1M ZnSO4 solution 
(points 1 and 2)

Фиг. 2. SEM фотографии на продуктите, получени по време на контролирано алкализиране с 1M NaOH на 0,1M ZnSO4 
разтвор (точки 1 и 2)

sulfate minerals. The chemical composition ob-
tained by EDS shows a crystalline phase with the 
composition shows atomic rations Zn/S and O/S 
equal to 4 and 10, respectively, which confirms the 
formation of minerals from the group (Fig. 2b).

The X-ray pattern of a sample taken from the 
middle (pH 6.64) of the first buffer zone and dried at 
room temperature corresponds to namuwite. (Fig. 1b, 
point 1). The second buffer zone is at pH 11.5–12.5. 
The powder XRD pattern of the sample, taken at 
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the beginning of the second buffer zone (Fig. 1b, 
point 2), reveals that the sample consists of two 
crystal phases – ε-Zn(OH)2 (the mineral wülfingite) 
in small amount and the mineral lahnsteinite. 

The mineral composition of wet samples from 
points 1 and 2 is presented by osakaite and lahn-
steinite, respectively. However, the observed lahn-
steinite possesses a larger value of the d-spacing 
of basal reflection (d002 = 9.61 Å) than that of dry 
sample (d002 = 9.28 Å) (Fig. 3). The most probably, 
the lahnsteinite structure can take up some an extra 
water. 

A possible explanation of the observed phenom-
enon of crystallization of a less hydrated phase – 
from namuwite (4-hydrate) to lahnsteinite (3-hy-
drate) with increasing pH values could be a decrease 
in the H2O:OH ratio in the highly alkaline solution. 
However, some additional investigations of ther-
modynamic of the processes should be done. Тhe 
presence of the second crystal phase – wülfingite 
(ε-Zn(OH)2) indicates the beginning of the disso-
lution of the hydroxy-salts, which determines the 
upper stability limit of zinc hydroxy-sulfates at pH 
11.5 at the experiment conditions (solution concen-
trations of 0.1M ZnSO4 and 1M NaOH). From here, 
it can be concluded that the second buffer zone in 
the pH range 11.5–13 is due to the formation of 
ε-Zn(OH)2 at the expense of the dissolution of zinc 

hydroxy-sulfate mineral lahnsteinite (Fig. 1b, points 
3 and 4). The reason is that for the Zn-hydroxy-sul-
fate the ratio OH:Zn is 1.5 while for the Zn(OH)2 
this ratio is 2 and the incorporation of an additional 
0.5 OH group to 1 Zn2+ causes the plateau of the 
second buffer zone.

The results of the study outline the conditions 
of formation and the regions of stability of the 
mineral species at the conditions of experiment 
(room temperature and concentration of solutions 
0.1M ZnSO4 and 1M NaOH). Since the minerals, 
osakaite, and namuwite mutually transform into one 
another only under the influence of the processes 
of low-temperature (room conditions) dehydration 
and rehydration (Bear et al., 1996; Stanimirova et 
al., 2017), their conditions of formation and regions 
of stability are identical. The regions of stability of 
both minerals (namuwite and osakaite) are at cir-
cumneutral pH (6.5–7), which explains their more 
common occurrence in nature. The mineral lahn-
steinite is very rare, which is probably due to the es-
tablished highly alkaline (pH = 11.5–13) conditions 
of formation, which are unlikely in natural condi-
tions. Most likely, its finding in natural conditions 
is the result of a longer and slightly higher dehy-
dration temperature (40–60 °C) (Bear et al., 1986; 
Stanimirova et al., 2017) of the other two minerals 
– osakaite and namuwite.

Fig. 3. Powder XRD patterns of wet and dry products obtained during the controlled alkalization with 1M NaOH of the 0.1M 
ZnSO4 solution (points 1 and 2)

Фиг. 3. Прахови рентгенови дифрактограми на влажни и сухи продукти, получени по време на контролирано алкализира-
не с 1M NaOH на 0,1M ZnSO4 разтвор (точки 1 и 2)
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Controlled alkalization of a mixed sulfate 
solution (Zn:Cu = 4:1)

In the composition of the natural minerals of the 
group, the presence of a certain amount of Cu2+ is 
always noted – for example, the holotype speci-
mens have a cationic composition: Zn3.2Cu0.8 for 
namuwite (Groat, 1996), Zn3.75Cu0.25 for osakaite 
(Ohnishi et al., 2007) and Zn3.63Fe0.26Cu0.11 for lahn-
steinite (Rastsvetaeva et al., 2012). To establish the 
possibility of isomorphic substitution of Zn2+ cat-
ion with Cu2+ in the hydroxide layer, the formation 
conditions, and stability region of the obtained (Zn, 
Cu)-hydroxy-sulfate minerals during controlled 
alkalization, an experiment using mixed ZnSO4 + 
CuSO4 solution (with atomic ratio Zn/Cu = 4/1) 
was conducted. This ratio was chosen because pub-
lished data on the chemical composition of natural 
namuwite samples (Groat, 1996; Livingstone et al., 

1990) indicate isomorphic incorporated copper cat-
ions with a similar Zn:Cu ratio. 

On the curve of the change in pH during gradual 
alkalization in the mixed solution with a ratio of 
Zn:Cu = 4:1 three areas of buffering of the solution 
were observed (Fig. 4a). The results show that with 
the first portions of NaOH, within the first very short 
buffer zone, a dark blue flocculent precipitate forms, 
which is mainly composed of copper hydroxy-
sulfate minerals – posnjakite (Cu4(OH)6SO4∙H2O), 
and brochantite (Cu4(OH)6SO4) (Fig. 4b, point 1). 
However, in the powder XRD pattern namuwite re-
flections are also recorded for this sample, which 
indicates that highly hydrated Zn-hydroxy sulfate 
minerals (namuwite and osakaite) can crystallize at 
starting ZnSO4 concentration and relatively low pH 
values 5.4–5.8 (Fig. 4b, point 1). 

The second buffering zone is significantly wider 
than the first one and maintains pH values in the 

Fig. 4. Change in the pH values with controlled alkalization of 0.1М mixed sulfate solution (Zn:Cu=4:1) with 1М NaOH (a); Pow-
der XRD pattern of the products obtained in the buffer zones during the controlled alkalization with 1M NaOH of the 0.1M mixed 
sulfate solution (Zn:Cu=4:1) (b). 

Фиг. 4. Изменение на стойностите на pH при контролирано алкализиране на 0,1М смесен сулфатен разтвор (Zn:Cu=4:1) с 
1М NaOH (а); прахови рентгенови дифрактограми на продуктите, получени в буферните зони по време на контролираното 
алкализиране с 1M NaOH на 0,1M смесен сулфатен разтвор (Zn:Cu=4:1) (b).
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6.0–7.1 range. The powder XRD pattern of sam-
ples taken from the middle (pH 6.48) and the end 
(pH 6.88) of the second zone shows the formation 
only of the mineral namuwite (Fig. 4b, points 2 
and 3). However, the solution is completely color-
less at the end of the experiment, and the calculated 
amounts of equivalent moles show consumption of 
all available divalent (Zn and Cu) cations at a ratio 
of OH:M2+ = 3:2, which is the ratio of the mineral 
namuwite. Thus, the obtained namuwite has mixed 
Zn-Cu cationic composition of its hydroxide layer. 
Since in the starting solution the ratio of Zn:Cu 
cations is 4:1, the isomorphic included Cu2+ cations 
are 20%. The obtained by EDS data (Zn 46.36%; 
Cu 11.18%, S 7.07%, and O 35.40%) confirms this 
chemical composition (Zn3.205Cu0.793(OH)6SO4). 

At the next final step of alkalization, the preser-
vation of isomorphic substitution in lahnsteinite is 

observed (Fig. 4b, point 4) since the sample formed 
by its dissolution (pH 13.09) consists of ε-Zn(OH)2, 
Cu(OH)2  in ratio 4:1 (Fig. 4b, point 5). 

Controlled alkalization of a mixed sulfate 
solution (Zn:Cu = 1:1)

Different opinions have been expressed about the 
limits of the Zn-Cu isomorphism in the studied struc-
tures. The data are primarily for natural namuwite 
samples and their synthetic analogs. Examining the 
structure of a natural namuwite specimen, Groat 
(1996) suggests a maximum Zn:Cu ratio of 3:1. Glib-
ert (1977) based on the results of research on synthet-
ic samples postulated the same opinion. Bevins et al. 
(1982), however, allow a significantly greater degree 
of isomorphic substitution to Zn2.5Cu1.5. 

Fig. 5. Change in the pH values with controlled alkalization of 0.1 М mixed sulfate solution (Zn:Cu=1:1) with 1М NaOH (a); 
Powder XRD pattern of the products obtained in the buffer zones during the controlled alkalization with 1M NaOH of 0.1 M mixed 
sulfate solution (Zn:Cu=1:1) (b).

Фиг. 5. Изменение на стойностите на pH при контролирано алкализиране на 0,1М смесен сулфатен разтвор (Zn:Cu=1:1) с 
1М NaOH (а); прахови рентгенови дифрактограми на продуктите, получени в буферните зони по време на контролираното 
алкализиране с 1M NaOH на 0,1M смесен сулфатен разтвор (Zn:Cu=1:1) (b).
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To establish the maximum degree of isomorphic 
substitution of Zn2+ by Cu2+ in the structure of na-
muwite under the conditions of controlled alkali-
zation, an experiment was carried out with mixed 
solutions in the ratio Zn:Cu =1:1. Three buffer 
zones are again clearly distinguished (Fig. 5a) on 
the curve of gradual alkalization in this experiment. 
The first buffer zone starts at pH 5.2 and continues 
to pH 5.6. The powder diffraction pattern of a sam-
ple taken from the middle of the zone shows that the 
mineral brochantite was formed (Fig. 5b, point 1). 
According to the results in this area, the consumed 
amount of NaOH is 4.2 ml, which is 0.042 moles. 
These moles related to the total amount of Cu2+ 
cations in the solution of 0.035 moles give a ratio  
(OH):Cu = 1.2. This suggests that the amount of 
copper ion has not been completely exhausted, 
which is also confirmed by the light blue color of 
the solution. In the second buffer zone, the values 
of pH maintain in the range between 6.4 and 7.1. 
The powder XRD pattern of samples taken from the 
beginning and the end of this buffer zone shows the 
presence of brochantite and namuwite. 

The two minerals formation is also observed 
through Scanning Electron Microscopy, where na-
muwite is presented as small platy crystals (Fig. 6a) 
and brochantite formed elongated prismatic crys-
tals (Fig. 6b). The calculated amounts of equivalent 
moles after the end of the second buffer zone cor-
respond to a ratio OH:M2+ = 1.5, typical of the ob-
served ratios in the compositions of both minerals 
brochantite and namuwite. 

The calculation of the mineral amount in XRD 
using the PowderCell program (applying the weight 
percent method) revealed that the quantitative dis-
tribution of the two mineral phases in the two sam-
pling points is different (Fig. 5b, points 2 and 3). 
Based on the obtained percentage contents in the 
powder XRD patterns, the amount of isomorphic in-
corporated copper cations in the mineral namuwite 
was calculated. For the sample presented in Fig. 5a 
(point 3), the total equivalent moles of the cations 
in the two minerals are 0.007 moles as from them 
0.0035 moles being Cu2+ and 0.0035 being Zn2+. 
The determined mineral percentages are 67% for 
the namuwite and 33% for the brochantite. It fol-
lows that the equivalent mole cations are 0.004655 
and 0.002345 in namuwite and brochantite, respec-
tively. Under the conditions of the present experi-
ment, no Zn cations enter the brochantite structure 
(Fig. 6b), therefore it can be assumed that all Zn 
(0.0035 mole) cations are in the namuwite. The 
rest 0.001155 (0.004655–0.0035) moles are Cu 
cations, which, calculated as percentages, represent 
25% of all cations in the namuwite structure, i.e. 
the composition of the resulting namuwite will be 
Zn3Cu(OH)6SO4∙4H2O. The SEM-EDS results con-
firmed the same chemical composition (Fig. 6a). 
Based on these results it can be concluded that the 
upper limit of substitution of Zn2+ by Cu2+ in the na-
muwite structure under the conditions of the present 
experiment is 25%. 

The phase composition of a sample taken from 
the beginning (pH = 12.32) of the highly alkaline 

Fig. 6. SEM photographs of the products obtained during the controlled alkalization with 1M NaOH of 0.1 M (ZnSO4+ CuSO4) 
solution (Zn:Cu=1:1) (points 3 and 4) 

Фиг. 6. СEM фотографии на продуктите, получени по време на контролираното алкализиране на ZnSO4 + CuSO4 (1:1) 
разтвор (точки 3 и 4)
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third zone (pH = 12–13) is represented by the min-
erals brochantite and lahnsteinite (Fig. 5b, point 4). 
The quantitative relationship between lahnsteinite 
and brochantite is 3:1, i.e. the same as for namuwite 
and brochantite in the sample from the end of the 
second zone. This result shows that with increasing 
pH, only the namuwite-lahnsteinite phase transi-
tion takes place. Additional proof of the presence 
of isomorphic incorporation is the phase compo-
sition of the sample at the end of the experiment 
at pH = 13.05. In the powder XRD pattern of this 
product, the observed copper and zinc hydroxides 
are in equal amounts (Fig. 5b, point 5). 

Structural preconditions of the upper limit

In the hydroxide layer of the namuwite structure, the 
zinc cation has two types of positions: tetrahedral and 
octahedral (Fig. 7a) (Groat, 1996). In the octahedron, 
the Zn cation is coordinated by five OH-groups and 
one oxygen from a sulfate group. The zinc tetrahedron 
is built from three OH groups from the octahedral lay-
er, and the fourth vertex is from a water molecule that 
points to the interlayer space. An additional three free 
water molecules are located in the interlayer. 

In the hydroxide layer of namuwite (Fig. 7b), 
the possibility of isomorphic substitution can be 

Table 1
Structural data of namuwite (according to Groat, 1996)

Таблица 1
Структурни данни за намуит (според Groat, 1996)

Octahedron Tetrahedron

(Zn2-OH) = 2.01762(0) Å (Zn1-OH) = 1.95417(0) Å
(Zn2-OH) = 2.05182(0) Å (Zn1-OH) = 1.95417(0) Å
(Zn2-OH) = 2.05471(0) Å (Zn1-OH) = 1.95417(0) Å 
(Zn2-OH) = 2.09736(0) Å (Zn1-Wat) = 1.94674(0) Å
(Zn2-OH) = 2.15907(0) Å
(Zn2-O(SO4)) = 2.43125(0) Å
Distortion index = 0.04991 distortion index = 0.00143
Effective coordination number = 5.2613 effective coordination number = 3.9996
Average bond length = 2.1353 Å average bond length =  1.9523 Å

Average M2+–OH bond length in square 
plane [4] = 2.0554 Å

Fig. 7. Namuwite structure: a) general view; b) plane of hydroxide layer

Фиг. 7. Структура на намуит: а) общ изглед; б) равнината на хидроксиден слой
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expected only in the octahedral position, because 
due to the strongly pronounced Jahn-Teller effect 
of surrounding Cu2+ cations, they do not occur in 
tetrahedral coordination (Eby, Hawthorne, 1993). 
The octahedron in the hydroxide layer is inhomo-
geneous in composition, which makes it irregular 
(Fig. 7b). The measured distances between the zinc 
cation and the surrounding anions show that the oc-
tahedron is slightly deformed and its effective co-
ordination number of 5.26 is close to the hexagonal 
coordination (Table 1).

The degeneracy of the dx2–y2 orbital of Cu2+ dic-
tates that in an octahedral environment Cu2+ forms 
short bonds with 4 anions located in a square and 2 
much longer bonds with anions located along the 
axis perpendicular to the square – a phenomenon 
known as the Jahn-Teller effect. The average bond 
lengths in the planar-square coordination of the 
Cu2+ cation in various compounds are in the range 
of 1.96–2.00 Å (Burns, Hawthorne, 1995; Eby, 
Hawthorne, 1992; Hawthorne, Schindler, 2000). 
In the namuwite structure, the calculated average 
distances with the 4 nearest neighbors are 2.055 Å 
(Table 1), which indicates that the namuwite octa-
hedron is relatively suitable for occupation by Cu2+ 
cations. The comparison of the bond lengths of the 
4 nearest neighbors in the square plane of the oc-
tahedra in natural samples shows a clear trend of 
the square framework shrinking with increasing Cu 
content (Fig. 8).

Using the trend of decreasing bond length with 
increasing Cu2+ content, a hydroxide layer with 20, 
22.5, 25, 27.5, and 30% Cu2+ content was simulated. 

Fig. 8. Average bond length М2+-four closets anionic ligands 
in structures of namuwite (according to structural data from 
Groat, 1996), osakaite (according to data from Ohnishi et al., 
2007), and lahnsteinite (according to data from Rastsvetaeva 
et al., 2012)

Фиг. 8. Средна дължина на връзката М2+-четири най-близ-
ки аниона в структурите на намуит (по структурни данни 
от Groat, 1996), осакаит (по данни на Ohnishi et al., 2007) и 
ланщейнит (по данни на Rastsvetaeva et al. др., 2012)

Fig. 9. Scheme of the destruction of a Zn-hydroxide layer in the namuwite structure under the action of the Jahn-Teller effect (JTE)

Фиг. 9. Схема на разрушаване на Zn-хидроксидния слой в структурата на намуита под действието на Ян-Телеровия ефект (JTE)

It was found that the maximum amount of Cu2+ at 
which the structure is preserved despite the Jahn-
Teller effect is 25% Cu2+, which corresponds to the 
occupation of 1/3 of the octahedral cation positions 
by Cu2+ (Fig. 9). At larger amounts of Cu2+, the 
simulation shows that the Jahn–Teller effect will 
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cause disruption or other ordering of the hydroxide 
tetrahedral-octahedral double-decorated hydroxide 
layer with cation vacancies (Fig. 9). The obtained 
results of the present study support the simulation 
result by showing the presence of 25% Cu2+ of all 
cations or 1/3 isomorphic substituted Zn2+ of Cu2+ 
cations in the hydroxide layer of the minerals namu-
wite and lahnsteinite. Glibert (1977) obtained simi-
lar results for synthetic namuwite samples.

In conclusion, it can be summarized that in 
structures with hydroxide layers with cation va-
cancies (namuwite structural type), a limited iso-
morphism of Zn2+ by Cu2+ cations takes place, 
where up to 1/3 of the octahedral positions can be 
occupied by Cu2+.

Conclusions 

(i) During controlled alkalization of 0.1M ZnSO4 
solution, with increasing pH the order of formation 
of minerals with general formula Zn4(OH)6SO4.
nH2O, (n=5–3) is: namuwite (osakaite) – lahn-
steinite. The regions of stability of osakaite and 
namuwite are at circumneutral pH (6.5–7), while 
lahnsteinite is stable at high pH (11–12). This 
explains the wider distribution of namuwite and 
osakaite in nature.

(ii) The isomorphism of Zn2+ from Cu2+ during con-
trolled alkalization takes place, as 25% copper cat-
ions are isomorphic incorporated in the namuwite 
(osakaite) and lahnsteinite structures. It was deter-
mined that this Cu2+ content is the upper limit of the 
isomorphism and corresponds to the occupation of 
1/3 of octahedral positions. The established upper 
limit of isomorphic inclusion of Cu2+ in the struc-
ture of minerals with general formula Zn4(OH)6SO4.
nH2O (n = 5–3) is structurally predetermined. The 
main reason for the limited isomorphism is the strong 
Jahn-Teller effect of Cu2+ in octahedral coordination. 
(iii) The established conditions of formation and 
regions of stability determine the studied minerals 
as a natural geochemical barrier for the immobiliza-
tion of hazardous Cu2+ and Zn2+.
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