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bstract

Controlled rate thermal analysis (CRTA) of a series of synthetic aurichalcite (Zn,Cu2+)5(CO3)2(OH)6 with the ratio of Cu/Zn varying from 0.1
o 0.5 proves that the dehydroxylation and carbonate loss occur as non-isothermal and isothermal decompositions. The temperature of the thermal
ecomposition increases as the Cu/Zn ratio increases. Thermal decomposition of aurichalcite provides a method for preparing mixed oxide catalysts

t the molecular level as opposed to the particle level.

CRTA technology enables separation of the processes of dehydration, dehydroxylation and decarbonation. X-ray diffraction of the products of
he thermal decomposition proved to be a mixture of the oxides ZnO and Cu2O.

2007 Elsevier B.V. All rights reserved.

xylat

f
t
t
o
l

o
e
z
g
A
o
i
m

eywords: Aurichalcite; Catalysts; Mixed metal oxides; Dehydration; Dehydro

. Introduction

The thermo-analytical studies of basic copper hydroxy-
arbonates such as aurichalcite are not new, even though the
rst reported studies were in 1916 [1–5]. A similar lack of recent
tudies is true of minerals such as hydroxyzincite and hemimor-
hite [1–3,5–7]. There is a need to undertake a systematic study
sing the latest technology of carbonate and hydroxyl-carbonate
inerals using thermo-analytical techniques including dynamic

nd controlled rate thermal analysis. Very few thermo-analytical
nd spectroscopic studies of the hydroxy carbonates have been
orthcoming and what studies that are available are not new. Few
aman studies of any note are available [8,9]. To the best of the
uthors knowledge no thermo-analytical studies of aurichalcite

ave been undertaken, especially in recent times [1,4], although
ifferential thermal analysis of some related minerals has been
ublished [5]. The decomposition of aurichalcite results in the

∗ Corresponding author. Tel.: +61 7 3138 2407; fax: +61 7 3138 1804.
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ormation of a mixture of metal oxides of CuO and ZnO. Both
hese oxides may function as catalysts and photo-catalysts. The
hermal activation of aurichalcite results in the formation of the
xide mixture, mixed at the molecular level and not at the particle
evel.

The mineral aurichalcite (Zn,Cu2+)5(CO3)2(OH)6 is one
f a large number of highly coloured copper bearing min-
rals [5,10,11]. Aurichalcite forms in the oxidation zones of
inc–copper deposits. Crystals are grass green to pale blue-
reen [12], acicular and fibrous and often found in aggregates.
urichalcite may be confused with rosasite minerals because
f their similar appearance [13–16]. Rosasite minerals includ-
ng glaukosphaerite; kolwezite; mcguinnessite are usually more

assive and not lamellar [13]. Other related hydroxy carbon-
tes are nullaginite and pokrovskite. It appears that aurichalcite
s similar to hydrozincite and both minerals are formed under
he same conditions when copper is present in the solution [17].
illiams further states that up to one quarter of the cation sites
re occupied by Cu2+ [17].

In this work synthetic aurichalcite was prepared with wide
ariation in the Cu/Zn ratio. Greater concentrations of copper

mailto:r.frost@qut.edu.au
dx.doi.org/10.1016/j.tca.2007.11.024
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The X-ray diffraction patterns for the synthesised aurichalcite
together with two reference patterns are shown in Fig. 1. The
XRD patterns for Cu/Zn aurichalcite from 0.1/0.9; 0.25/0.75,
0.4/0.6 and 0.5/0.5 are shown. No minor impurities are observed.
2 V. Vágvölgyi et al. / Thermo

ormally give rise to other discrete phases such as malachite and
osasite. Interestingly the range of substitution of other transi-
ion metal ions in the hydrozincite lattice is very limited. The

inerals in the hydroxy carbonate group have been synthesised
ecause of their potential use as catalysts [11]. Further stud-
es of synthetic hydroxyl-carbonates incorporated Al3+ into the
tructures [18]. Anthony et al. reports aurichalcite to be acicu-
ar crystals with prominent crystal growth along the [0 1 0] axis,
ommonly striated parallel to [0 0 1] axis. The mineral is of point
roup 2/m and space group P21/m [19]. Based on the structure
he symmetry of the carbonate anion is Cs. The accurate X-ray
rystallography of aurichalcite is difficult to obtain because of
ts very small interwoven needles which makes obtaining single
rystal studies difficult [5,19–21]. Harding showed the positions
n the structure of aurichalcite are octahedrally coordinated. The
tom positions occupied by zinc have tetrahedral coordination
21].

Recently thermogravimetric analysis has been applied to
ome complex mineral systems [22–35] and it is considered
hat TG-MS analysis may also be applicable to many carbonate

inerals [26,36–40]. In this work we report the controlled rate
hermal analysis (CRTA) of synthetic aurichalcite with variation
n the Cu:Zn ratio.

. Experimental

.1. Synthesis of aurichalcite

The mineral (Zn,Cu2+)5(CO3)2(OH)6 was synthesised with
ifferent ratios of Cu to Zn. Williams inferred from studies of
atural aurichalcite minerals that the highest ratio of Cu to Zn in
urichalcite is 1:3 [17]. A common formula for natural aurichal-
ite is Cu1.25Zn3.75(CO3)2(OH)6. In this work aurichalcites were
ynthesised with a ratio of 0.1:0.9, 0.25:0.75, 0.4:0.6 and 0.5:0.5.

Synthesis of ideal products was modelled on the procedure
y Fujita et al. [41]. A solution of metal ions (M2+) was prepared
y mixing appropriate concentrations of 1.5 M Cu(NO3)2·6H2O
nd Zn(NO3)2·6H2O that correspond to the desired metal con-
entrations desired in products. Synthesis of the lower copper
oncentrations of aurichalcite (Cu < 50%) was carried out by
dding dropwise 100 cm3 of a 1.5 M M2+ solution via a peri-
taltic pump to 1000 cm3 of 0.2 M HCO3

− solution at 338 K.
he relatively sensitive nature of aurichalcite to acidic (pH < 6)
onditions precluded the use of the depleting methods mentioned
n the literature [42] in order to obtain optimum yields of high
hase purity aurichalcite. As such, a stream of saturated sodium
icarbonate was added at a quasi-constant rate in order to main-
ain a pH ≈ 7.15, the samples were then aged for 30 min at 65 ◦C
nder constant stirring. Aged samples were vacuum filtered and
ashed with hot, degassed, demineralised water. Samples were

hen dried overnight at 100 ◦C.

.2. X-ray diffraction
Powder X-ray diffraction analyses were performed on a
hillips X-ray diffractometer (radius: 173.0 mm). Incident X-
ay radiation was produced from a long fine focused C-Tech

F
p

ica Acta 468 (2008) 81–86

W1050 Co X-ray tube, operating at 40 kV and 32 mA. The
ncident beam passed through a 1◦ divergence slit, a 15 mm
xed mask and a 1◦ fixed anti scatter slit. After interaction with

he sample, the diffracted beam was detected by a proportional
etector with a 0.2 mm receiving slit fitted to a graphite post-
iffraction monochrometer. The detector was set in scanning
ode, with an active length of 2.022 mm. Samples were anal-

sed utilising Bragg-Brentano geometry over a range of 3–75◦
θ with a step size of 0.02◦ 2θ, with each step measured for
00 s.

.3. Thermal analysis

.3.1. Dynamic experiment
Thermal decomposition of the synthetic aurichalcite was

arried out in a Derivatograph PC type Thermoanalytical equip-
ent (Hungarian Optical Works, Budapest, Hungary) capable of

ecording the thermogravimetric (TG), derivative thermogravi-
etric (DTG) and differential thermal analysis (DTA) curves

imultaneously. The sample was heated in a ceramic crucible in
tatic air atmosphere at a rate of 5 ◦C/min.

.3.2. Controlled rate thermal analysis experiment
Thermal decomposition of the intercalated hydrotalcite was

arried out in the Derivatograph under static air at a pre-set,
onstant decomposition rate of 0.1 mg/min. (Below this thresh-
ld value the samples were heated under dynamic conditions at
uniform rate of 1.0 ◦C/min). The samples were heated in an

pen ceramic crucible at a rate of 1.0 ◦C/min. With the quasi-
sothermal, quasi-isobaric heating program of the instrument
he furnace temperature was regulated precisely to provide a
niform rate of decomposition in the main decomposition stage.

. Results and discussion

.1. X-ray diffraction
ig. 1. XRD patterns of the synthetic aurichalcite and aurichalcite reference
atterns.
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ig. 2. The dynamic thermogravimetric and differential thermogravimetric anal-
sis of aurichalcite with Cu/Zn ratio of 10:90.

ome variation in intensity of the XRD peaks is observed
etween the synthetic aurichalcites. This variation is related
o the crystallinity of the synthetic aurichalcite. EDX analyses
how that the average chemical composition corresponds to the
ormula given in Fig. 1.

.1.1. Dynamic thermal analysis of aurichalcite(Cu/Zn
0/90)

The dynamic thermal analysis of aurichalcite with a Cu:Zn
atio of 10:90 is shown in Fig. 2. The Appropriate formula is
u0.5 Zn4.5(CO3)2(OH)6. A sample mass of 103.00 mg was used

n the experiment. A small mass loss of 0.80% was found in the
G plot at 66 ◦C. This mass loss is attributed to adsorbed water
nd the following reaction is envisaged:

u0.5Zn4.5(CO3)2(OH)6·xH2O

→ Cu0.5Zn4.5(CO3)2(OH)6 + xH2O

At 211 ◦C a mass loss of 1.9% is found and this mass accord-
ng to mass spectrometric results may be accounted for by a
oss of OH units. At 285 ◦C a mass loss of 23.4% is found. This
orresponds to a theoretical mass loss of 24.0%. Thus all of the
H units and the carbonate are decomposed at this temperature

ccording to the equation:

u0.5Zn4.5(CO3)2(OH)6

→ 4.5ZnO + 0.5CuO + 3H2O + 2CO2

his result is supported by the DTA curve which shows a strong
ndotherm at 285 ◦C. A small mass loss of 1.40% occurs over the
50–1000 ◦C. It is noted that dehydroxylation and decarbonation
ccur in the dynamic experiment simultaneously.

In order to better resolve the decomposition processes above,
ontrolled rate thermal analysis (CRTA) experiments were car-
ied out as well in the same equipment using the CRTA control
acility. In this case the decomposition of the mineral was carried
ut at a pre-set, constant, slow rate to provide time enough for

he slow heat and mass transfer processes to occur. The essence
f the technique lies in that each sample particle shall be heated
nder identical conditions. With the slow and constant decom-
osition rate of 0.10 mg/min the decomposition is carried out

f
e
i
w
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nder quasi-isothermal, quasi-equilibrium conditions. This is
chieved by the control of the furnace temperature regulated by
he DTG signal through the computer.

.1.2. Controlled rate thermal analysis of aurichalcite
The controlled rate thermal analysis of aurichalcite with

u/Zn ratios of 10/90, 20/80, 40/60 and 50/50 are shown in
ig. 3a–d, respectively. The results of the CRTA analysis are
eported in Table 1. Features are common to all of the CRTA pat-
erns of aurichalcite: (a) a dehydration step at around 48 ◦C (b)
sharp non-isothermal dehydroxylation step at around 190 ◦C,

c) followed by a long isothermal decomposition step at around
33 ◦C and then (d) a decomposition at around 320 ◦C.

The results of the temperatures of thermal decomposition
s a function of copper substitution are shown in Fig. 4. The
rst decomposition temperature remains constant within exper-

mental error and is attributed to the loss of adsorbed water.
n example of the calculations is given in Appendix A show

hat around 0.3 mol of water is associated with each synthetic
urichalcite. The values for the 10/90, 20/80, 40/60 and 50/50
re 0.31, 0.25, 0.38 and 0.42. The second decomposition step is
ttributed to dehydroxylation and the temperature varies from
90 to 250 ◦C. The third decomposition step assigned to the loss
f both OH units and carbonate in an isothermal decomposition
hows an increase in temperature as a function of the mole ratio
f Cu. The observation of an isothermal step suggests that the
ntermediate compound is formed at the temperature of ther-
odynamic equilibrium at the pressure generated by the gases

roduced in the reaction in the close vicinity of the sample.
The reason for the increase in temperature with increasing

u content is not known but is thought to be related to the crys-
allinity of the mineral. The fourth step, attributed to oxygen
oss from CuO in the transformation to Cu2O, shows a steady
ncrease in temperature with increase in copper substitution. This
on-isothermal step may be attributed to the decomposition of
he metal oxide with oxygen evolution. Mass spectrometry of the
urichalcites shows that oxygen is lost at elevated temperatures
round 780 ◦C. The temperature of the oxygen loss increases
s the ratio of Cu:Zn increases. The temperature increases from
80 (10:90), 805 (20:80), 810 (40:60) and 815 (50:50). It is well
nown that ZnO decomposes or partially decomposes at elevated
emperatures. It is also certain that CuO is reduced to Cu2O
r Cu at elevated temperatures. Thus the following reaction is
nvisaged:

uO → Cu2O + 1/2O2

X-ray diffraction of the products of the thermal decomposi-
ion of the aurichalcite is shown in Fig. 5. Included in figure of the
ecomposition product is the reference patterns of cuprite Cu2O
01-078-2076) and zinc oxide (01-079-0206). Clearly the prod-
cts of the thermal decomposition are ZnO and Cu2O. Further it
s known for hot stage Raman spectroscopy that these reactions
isted above occur [43–49]. Raman spectroscopy shows that the

ormation of oxycarbonates does not occur as might be consid-
red. It is apparent that the product of the thermal decomposition
s a mixture of oxides as two separate phases and not an oxide
ith the two metals in the one oxide.
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Table 1
Results of the CRTA analysis of aurichalcite with Cu/Zn ratios of 10/90, 20/80, 40/60, 50/50

Decomposition process (Cu0.1Zn0.9)5(CO3)2(OH)6 (Cu0.2Zn0.8)5(CO3)2(OH)6 (Cu0.25Zn0.75)5(CO3)2(OH)6 (Cu0.4Zn0.6)5(CO3)2(OH)6 (Cu0.5Zn0.5)5(CO3)2(OH)65

Temp. range
(◦C)

Mass loss
(%)

Temp. range
(◦C)

Mass loss
(%)

Temp. range
(◦C)

Mass loss
(%)

Temp. range
(◦C)

Mass loss
(%)

Temp. range
(◦C)

Mass loss
(%)

Dehydration 23–125 1.0 24–126 0.8 25–118 1.2 23–131 1.2 23–142 1.4
Dehydroxylation 125–201 1.6 131–255 2.6 142–225 1.3
Dehydroxylation and decarbonation 201–289 23.2 126–311 25.0 118–329 25.0 255–332 22.3 225–349 23.6
Further decarbonation 289–478 1.1 311–547 1.1 329–568 1.0 332–561 1.0 349–589 0.8
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Fig. 4. Variation in the decomposition temperature with moles of copper.
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Fig. 5. X-ray diffraction patterns of the products of the thermal analysis.

. Conclusions

Synthetic aurichalcite was prepared with variation of the
u/Zn ratio from 0.1/0.9 to 0.5/0.5 [50]. The effect of increas-

ng the Cu/Zn ratio results in an increase in the temperature of
ecomposition of the aurichalcite. This study is of importance
n catalysis chemistry. Mixed Cu/Zn oxides can be prepared
hrough the thermal decomposition of the synthetic aurichal-
ite. Thermal studies determine the temperatures to which the
urichalcite must be heated before decomposition or partial
ecomposition to the metals occur. The advantage of the thermal
ecomposition of aurichalcite is that it offers a mechanism for
he preparation of the mixed metal oxides at the atomic level.

CRTA offers a better resolution and a more detailed inter-
retation of the decomposition processes via approaching
quilibrium conditions of decomposition through the elimina-
ion of the slow transfer of heat to the sample as a controlling
arameter on the process of decomposition. Constant-rate
ecomposition processes of non-isothermal nature reveal par-
ial collapse of the layers, since in this cases a higher energy
higher temperature) is needed to drive out gaseous decomposi-
ion products through a decreasing space at a constant, pre-set
ate. The CRTA experiment proves the thermal decomposi-

ion of aurichalcite with different Cu/Zn ratios is identical. The
RTA technology offers a mechanism for the study of the ther-
al decomposition of minerals such as the hydroxyl carbonate

urichalcite.
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ppendix A

Calculation of water content for (Cu0.1Zn0.9)5(CO3)2(OH)6

omposition: (Cu0.1Zn0.9)5(CO3)2(OH)6·xH2O
emoving water up to 125 ◦C: 2.1 mg that is 0.117 mmol
emaining dehydrated mineral up to 125 ◦C: 206.65 mg that is 0.377 mmol
olar mass of dehydrated mineral: 548.17 g/mol

alculation of x:
1 mol dehydrated mineral − x mol H2O
0.377 mol dehydrated mineral − 0.117 mol H2O
x = 0.31 mol
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