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A comparison of the thermodynamic properties, crystal structure, thermal characterization and dissolu-
tion behavior of the synthetic compound and the natural hemimorphite was made. It was found that
the synthetic compound shows the same crystal structure but is poorly crystallized compared with
the natural hemimorphite. Both the synthetic compound and natural hemimorphite display the simi-
lar characteristics of phase formation during calcination, except that the poor crystallization of synthetic
compound leads to the structural reorganization with an intense exothermic peak at 700°C to form a
stable phase after losing structural water at 633 °C. The natural hemimorphite exhibits an endothermic
peak at 700°C for the removal of structural water during TGA/DTA analysis. Although, synthetic com-
pound shows a more rapid dissolution rate than the natural hemimorphite in ammoniacal solution, the
final states exhibit the same when they are completely dissolved.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Hemimorphite, Zn4Si; 07(OH),-H, 0, belongs to the orthorhom-
bic system, space group Imm2. The crystal structure of hemimor-
phite has been determined by Ito and West [1], Bahclay and Cox [2],
Mcdonald and Cruickshank [3], Hill and Gibbs [4] and Libowitzky
and Schultz [5]. It was described as consisting of three membered
rings of corner-sharing Zn(OH)O3 and SiO4 tetrahedra arranged in
compact sheets parallel to (010) (Fig. 1a). Three oxygen atoms
in each tetrahedron are bonded to two zinc atoms and one sili-
con atom, while a fourth oxygen atom forms a bridging bond to
an equivalent cation in an adjacent sheet. The cross-bridging of
the sheets produces additional rings of four, six and eight tetrahe-
dra and forms a series of large cavities connected along the c-axis
(Fig. 1b).

According to the literature [6], there are independent water
molecules (crystallization water) and the OH groups in the crys-
tal of hemimorphite. On heating, it is apparent that H,O molecule
is able to pass through the six-membered ring into the adjacent
(vacated) cavity above or below the c-axis without disruption of
the structure. Upon heating, crystallization water is continuously
lost between 393 and 657 °C, whereas loss of hydroxyl groups and
breakdown of the structure occur at 740°C. Above 740°C, anhy-
drous 3-Zn;SiO0y4 is formed which will transform into willemite at
960 °C. The phase characteristics of these high-temperature prod-
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ucts on heating were investigated [7]. Hydrothermal experiments
|8] showed that hemimorphite is stable under ~250°C at 2-3 kbar,
above which willemite is stable. There is a contraction of the struc-
ture and the channels upon expulsion of the water molecules. The
mechanism of structural contraction is dependent upon the col-
lapse of the cavities interconnected parallel to c-axis towards the
expelled water molecules.

Hemimorphite is widely used as jewel for its nice appearance
and high hardness. Meanwhile, hemimorphite is an important raw
material for zinc extraction. As a secondary mineral typically found
in the oxidized zone of zinc-bearing mineral deposits, hemimor-
phite is hardly separated from the zinc-oxidized ores in various
carbonates and silicates, such as smithsonite (ZnCOs ), hydrozincite
(Zn5(C0O3),(0OH)g), zincite (ZnO), willemite (Zn,SiO4) and so on
[9,10]. Since ammonia leaching has been given more attention in
treating low grade complex zinc ores [11], and hydrometallurgi-
cal studies show that hemimorphite is relatively difficult to be
extracted [12], the studies on the solubility and kinetic behav-
iors of hemimorphite in ammoniacal solution is important for the
hydrometallurgical process of zinc.

Since the natural hemimorphite with high purity is scarce for
the thermodynamic study in ammoniacal solutions, the synthetic
compound, which has the same chemical formula and composition
as the natural hemimorphite, would be of great help if its thermal
behavior agrees with the natural hemimorphite. The objective of
this research is to compare the thermodynamic properties, crystal
structure, thermal characterization and dissolution behavior of the
synthetic compound and the natural hemimorphite in ammoniacal
solutions.
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Fig. 1. Hemimorphite structure projected in: (a) the (010) plane; (b) the (001) plane.

2. Experimental
2.1. Samples of natural hemimorphite

Samples of natural hemimorphite were obtained from Jinding,
Yunnan province in China. The hemimorphite always exhibits slabs,
stalactitic, botryoidal and crested masses. The color of massive
hemimorphite varies from colorless to white, very light yellow, and
light blue. The luster is vitreous and subpearly. Liu et al. [13] stud-
ied the color genesis of the hemimorphite and concluded that the
blue color might be caused by the partial substitution of Cu2* for
Zn?* and the luster was associated with the crystallization water.

2.2. Samples of synthetic compound

Synthetic compound, which has the same formula and compo-
sition as the natural hemimorphite, was prepared by homogeneous
deposition-precipitation method [14]. Aerosil silica (named
WACKER HDK T40 with specific surface area of 4004+40m2g-1)
suspension in water and appropriate amounts of zinc nitrate hex-
ahydrate (molar ration: Zn/Si = 2) together with urea were heated to
90°C and kept at the temperature for 30 h. The hydrolysis of urea
results in a homogenous pH-rise to make hemimorphite precipi-
tate. After cooling, the precipitate was filtered, washed and dried
at 130°C for 20 h.

2.3. Characterization techniques

X-ray diffraction (XRD) studies were performed using Rigaku
D/max 2550VB+18 kw powder diffractometer with a Cu/Ka X-ray
source at 40 kV and 300 mA. The XRD patterns were recorded with
a scan rate of 0.075° s~! and a sampling interval of 0.02°.

The Nicolet 6700 FTIR spectrometer was employed to record
the spectra using the KBr pellet method. Spectra over the
4000-400 cm~! range were obtained with a resolution of 4.00 cm~!
and a mirror velocity of 0.6329 cms—1.

The surface morphology of the samples was examined by
SEM analysis using Jeol ]SM-6360 instrument at 20 kV. The grains
mounted on a stub were coated with Au/Pd for observation.

The TGA/DTA analysis was performed on a thermogravimetric
analyzer of Universal V4.0C TA instrument with SDT Q600 V8.0
Build 95 in a nitrogen flow of 100 mlmin~! and a heating rate of
10°Cmin~1.

2.4. Dissolution experiment

The dissolution experiment was carried out in a round-
bottomed split flask, equipped with an efficient stirrer, a mercury
thermometer, and a delivery tube for ammoniacal solutions. Tem-
perature control of the flask contents to within +0.5°C was
achieved with a thermostat controlled by electric heating man-
tle. 4g samples of less than 0.075 mm were added into 200 ml
solution with 1molL~! NH3 and 2molL~1 NH4Cl at 25+0.5°C
which was then stirred for some time. 5ml samples of solu-
tion were accurately measured and withdraw periodically for
analysis. The zinc concentrations were determined by EDTA
titration.

After attainment of equilibrium, the concentration of total
ammonia (NH3:NH4Cl=1:2, molar ratio) in solution was increased
to ensure that samples were dissolved completely. Then,
the residues were separated by centrifugation, washed with
dilute ammoniacal solution of pH=9.0 and dried in an oven
at 60°C.

3. Results and discussion
3.1. XRD and SEM analysis

Figs.2 and 3, curve 1 show the X-ray diffraction (XRD) patterns of
the natural hemimorphite and synthetic compound, respectively.
Comparing the XRD patterns to the JCPDS files, it illustrates that
all the peaks of the samples are identified as hemimorphite (JCPDS
card, No. 85-1387). The composition of natural hemimorphite and
synthetic compound is presented in Table 1. It is clear that the
natural hemimorphite has a closer composition to the theoreti-
cal one than that of the synthetic compound, with up to 98.22% of
hemimorphite by Mineralogical analysis. Its morphology appears
compact, well-crystallized (as shown in Fig. 4a). In the synthetic
compound, the crystallinity is inferior to that of the natural sam-
ple, since the XRD background is rougher and the full widths at
half maxima (FWHM) are larger than those of the natural hemi-
morphite. Meanwhile, the morphology is loose and the compound
is relatively poorly crystallized (as shown in Fig. 4b). There are two
possible factors involved: first, the amount of water is higher than
that of the theoretical one, due to the presence of a certain amount
of adsorbed water, which is logically considered as the method of
preparation of the compound and its lower crystallinity. Second, the
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Fig. 2. XRD patterns of natural hemimorphite calcined at different temperature.
(W) ZnySi;07(OH)2-H20, (@) Zn4Si> 07(OH )2, (+) Mgo.26Fe1.74(Si04), (A) Zn,Si0a, (O)
willemite. Note: 1 - Hemimorphite, orthorhombic, cell=0.8374 x 1.0719 x 0.5118,
vol=0.4593 nm?3. 2 - Hemimorphite, orthorhombic, cell =0.8382 x 1.0730 x 0.5096,
vol=0.4583nm3. 3 - Zn,SiO4, orthorhombic, cell=0.4792 x 1.0467 x 0.6082,
vol=0.3050nm>. 4 - Willemite, R-3 (148) (hexagonal), cell=1.3945 x 0.9317,
vol=1.5692 nm>.
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Fig. 3. XRD patterns of synthetic compound calcined at different temperature. (W)
Zn4Si;07(0OH);-H,0, (@) ZngSi;07(0H), (¥) MgoasFe1.74(Si04), () ZnySiOy, (O)
willemite. Note: 1 - Hemimorphite, orthorhombic, cell=0.8376 x 1.0679 x 0.5111,
vol=0.4572 nm?3. 2 - Hemimorphite, orthorhombic, cell=0.8250 x 1.0761 x 0.5096,
vol=0.4525nm3. 3 - Zn,Si04, orthorhombic, cell =0.4768 x 1.0286 x 0.6057,
vol=0.2970nm3. 4 - Willemite, R-3 (148) (hexagonal), cell=1.3921 x 0.9298,
vol=1.5605 nm>.

content of SiO; is higher than that of the theoretical value, proba-
bly due to the precipitation of a small amount of amorphous silica.
Consequently, the amount of Zn is lower than that of the theoretical
one.

Table 1
Chemical composition of hemimorphite (%).
Zn0 SiOZ Hzo TZn
Theoretical composition 67.58 24.94 7.48 54.29
Natural hemimorphite 66.41 23.14 8.70 53.35
Synthetic compound 63.23 26.72 10.05 50.80

Tzn: total zinc content of samples.

Fig.4. . SEM micrographs of natural hemimorphite (a) and synthetic compound (b).

3.2. Thermal analysis

The results of TGA/DTA analysis of natural hemimorphite and
synthetic compound are shown in Fig. 5. In the TGA curves,
mass loss of both natural hemimorphite and synthetic compound
starts at the beginning of the measurement due to the removal
of adsorbed water. The DTG curves of natural hemimorphite and
synthetic compound show some differences in the dehydration
process. For the natural hemimorphite, the crystallization water
is continuously lost between 364 and 581 °C. Then the structural
water is lost at 685°C. For the synthetic compound, there is an
obvious evidence of the removal of absorbed water. The crys-
tallization water is lost at lower temperature of 189°C. And it
takes two steps for the loss of structural water. The absorbed,
crystallization and structural water evaporates before 700 °C with
mass losses of 8.6% and 9.8% for the two samples, respectively.
The theoretical mass loss can be calculated according to the
equation

Zn4Si; 07(0H);-H,0 — 2Zn,Si04 +2H,0

which is 7.5%. There is no mass loss after the formation of Zn,SiOg4.

A typical DTA curve of natural hemimorphite is presented in
Fig. 5a, which agrees well with Liu et al.’s study [15]. A very weak
endothermic peak emerges at 521 °C, which represents the loss of
crystallization water. Then a strong endothermic peak ascribed to
the loss of structural water to form (3-Zn,SiO4 appears at 689 °C. At
900 °C, the transformation of 3-Zn;SiO4 to willemite begins with an
exothermic peak. Moreover, since synthetic compound is relatively
poorly crystallized, the grain could be rearranged more perfectly
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Fig. 5. TGA/DTA curves of natural hemimorphite (a) and synthetic compound (b).

during or after dehydration. Therefore, a relatively wide endother-
mic peak due to the loss of structural water is found at 633 °C. Then
a phase change with an intense exothermic peak at 700 °C happens
to form a more stable phase of (3-Zn;SiO4. Further phase trans-
formation is identified at 912 °C, which is also different from the
natural hemimorphite.

3.3. Characteristics of the calcined hemimorphite

Based on the TGA/DTA analysis of the natural hemimorphite
and synthetic compound, the samples were calcined at 550°C,
720°C and 1000°C, respectively. The XRD patterns of the cal-
cined natural hemimorphite and synthetic compound are given
in Figs. 2 and 3, respectively. It shows that the natural hemi-
morphite displays similar calcination behavior with the synthetic
compound. After calcination at 550 °C, both samples are identified
as dehydrated hemimorphite (JCPDS card, No. 87-1834). Compar-
ing with the XRD patterns of curves 1 in Figs. 2 and 3, there is little
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Fig. 6. IR spectra of natural hemimorphite (a) and synthetic compound (b) calcined
at different temperature.

change on the main peaks but a slight shrinkage of the grain size
is observed (Figs. 2 and 3, curve 2). Taylor [7] studied the dehy-
dration of hemimorphite and concluded that hemimorphite losses
crystallization water and converts to [3-Zn,SiOy after calcination at
720°C. Our study (Figs. 2 and 3, curve 3) verifies the results of Tay-
lor’s. However, the XRD pattern of 3-Zn,SiO4 cannot be identified
by the newest JCPDS card. Liu et al. [15] inferred it to zinc olivine,
which displays as a transient phase and exists only at about 700 °C.
All the samples gradually turn to willemite of hexagonal struc-
ture with nearly perfect crystallization when calcined at 1000°C
(Figs. 2 and 3, curve 4).

The infrared spectra of natural hemimorphite and synthetic
compound also exhibit little difference after calcination as shownin

Table 2

Assignment of the bands in the IR spectra of natural hemimorphite and synthetic compound.
Temperature Vas(Si—0p-Si) V(Si-Opp) V45(Si-03) vs(Si-0p-Si) §(Si-0p-Si) §(Si-0p-Si) 8(Si-0p-Si)
Natural hemimorphite
130°C 1087 934 865 677 600 559 449
550°C 1085 937 865 682 604 556 446
720°C 940 601 461
1000°C 977 931 901 869 614 577 460
Synthetic compound
130°C 1091 942 867 679 607 557 452
550°C 1089 941 868 684 608 558 450
720°C 940 602 460
1000°C 977 934 901 870 616 578 460
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Fig. 7. Dissolution of Zn from natural hemimorphite and synthetic compound
(solid/liquid ratio 4 g/200 ml, 1 mol/l NH3 and 2 mol/l NH4Cl).

Fig. 6 and Table 2. According to the literature [16], the bands of O-H
bond ranging from 3600-3000 cm~! in the IR spectra of hemimor-
phite (Fig. 6, curves 1 and 2) are attributed to the v(OH) vibrations,
and the medium band at 1650-1600 cm~! is the bending mode of
H,0. Bands attributed to the OH vibration for the natural hemi-
morphite and synthetic compound disappear after calcination at
720°C.

The band at 1087 cm~! (Fig. 6, curves 1 and 2) refers to the
bridge oxygen of the Si;07 units. Its wavenumber (1087 cm~1) as
a function of the Si-Oy, bond length (1.6212-1.6413 A) adjusted to
Si-0y,-Si bond angle of 133 [17], fits well in the series of sorosili-
cates [18]. Meanwhile, the strong band at 677 cm~! is assigned to
vs(Si—0p,-Si) vibration. It is considered that the band at 677 cm~! is
the one to differentiate between Si; 07 and SiO4 groups as well as
the band at 1087 cm~! by Wen et al. [19]. When samples were cal-
cined at 720°C, the band at 677 cm~! disappears in the IR spectra
of natural and synthetic samples (Fig. 6, curve 3). The bands of all
the samples degenerate and exhibit only three after calcination at
720°C (Fig. 6, curve 3), since the SiO4 group of the metastable zinc
olivine is infrared inactive. After calcination at 1000 °C, willemite
shows four bands (977, 931, 901 and 901 cm~; Fig. 6, curve 4 and

T T T T T T
B hemimorphite

2-Theta/’

Fig. 8. XRD patterns of dissolution residues: (1) partial dissolution of natural hemi-
morphite; (2) partial dissolution of synthetic compound; (3) dissolution of natural
hemimorphite; (4) dissolution of synthetic compound.

ZERU

X18, 8eg

Fig. 9. SEM of dissolution residues: (a) natural hemimorphite; (b) synthetic com-
pound.

Table 2) in the IR spectra ranging at 850-1000 cm~!. Moreover, the
bands at 614,577 and 460 cm~! (as shown in Table 2) display a little
displacement from the uncalcined samples because the structure
of Si0y is different.

On the other hand, the wavenumbers of synthetic compound
(1091 cm~! and 679 cm™!) are higher than those of natural hemi-
morphite (1087 cm~! and 677 cm~1), from which it could be drawn
that the Si-0y,-Si angle of synthetic compound is larger than 133°
according to Wen et al. [19]. Farmer [18] showed that there was a
correction between the wavenumber of the 0-Si-O antisymmet-
ric stretching vibration and the O-Si-O bond length, from which it
could be induced that the higher wavenumbers at 1091 cm~! and
679cm~! would lead to the relative irregular crystal growth and
different morphology from the natural hemimorphite.

3.4. Dissolution behavior of natural hemimorphite and synthetic
compound

The dissolution behavior of natural hemimorphite and synthetic
compound with time was investigated. The results are given in
Fig. 7, where it can be seen that zinc concentration in solution
increases with the dissolution time. The dissolution rate of syn-
thetic compound is faster than that of natural hemimorphite at the
initial dissolution stage in the ammonia-ammonium chloride solu-
tion, and it would take about two weeks to get to equilibrium. By
contrast, the natural hemimorphite dissolves slowly in the first 2 h,
and it would take three months to get to equilibrium with a zinc
concentration of 0.01 mol L. Therefore, the synthetic compound
reaches the dissolution equilibrium more quickly.
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3.5. Residues analysis

Characterization of the solid residues after dissolution and
partial dissolution of the natural hemimorphite and synthetic com-
pound was done by XRD and SEM/EDS analysis. The residues
from natural and synthetic samples after partial dissolution
(Fig. 8, curves 1 and 2, respectively) identified by XRD are
hemimorphite and an amorphous substance which is silica
by EDS analysis. After complete dissolution, the hemimorphite
phase in the residue of both natural and synthetic samples
disappeared and only silica remained (Fig. 8, curves 3 and 4,
respectively).

Fig. 9 shows the SEM micrographs of the residues of natural
hemimorphite and synthetic compound after complete dissolution
in ammonia-ammonium chloride solutions. The residue of natural
hemimorphite appears spherical and aggregative, while that of syn-
thetic compound seems to be irregular. The results of EDS analysis
indicate that the composition of both residues is in good agree-
ment: O 42.72% and Si 55.85% in Fig. 9a, O 42.01% and Si 56.85%
in Fig. 9b, respectively. That is, the final states after complete dis-
solution of synthetic compound and natural hemimorphite are the
same.

4. Conclusions

Synthetic compound, prepared by homogeneous deposition
precipitation method, was identified to have the same structure as
natural hemimorphite. But it is looser and more poorly crystallized.

Based on the results of TGA/DTA, IR and XRD analysis, it is found
that natural hemimorphite and synthetic compound lose the crys-
tallization water with a slight shrinkage for the grains at 469 and
189°C, and lose the structural water at 700 and 633 °C, respectively.
The poor crystallization of synthetic compound leads to the struc-
tural reorganization to form (3-Zn;,SiO4 with an intense exothermic
peak at 700°C.

The dissolution of synthetic compound reaches the equilibrium
more quickly. The residue composition after complete dissolution
of the synthetic compound isin good agreement with that of natural
hemimorphite.

In conclusion, the synthetic compound shows some difference
in dissolution kinetics from natural hemimorphite due to the dif-
ference in crystallinity. But the final states of natural hemimorphite
and synthetic compound are the same after complete dissolution.
Therefore, it is reliable to study the thermodynamics of hemi-

morphite by using the synthetic compound, which may also be
applicable to other similar minerals.
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