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Abstract

The thermal dehydration of copper(I) acetate hydrate has been studied between 353 and
406 K, over a range of humidities. The dehydration is controlled by nucleation-and-growth kinet-
ics at low temperatures, with an activation energy of 154 kJ- mol ™}, which changes to conlractmg-
disc kinetics at higher temperatures with a lower activation energy of 76 kJmol Frequency
factors have also been derived; the value for the high temperature process is low (10 s ) and that
for the low temperature step is high 10757, Optical microscopy has been used to clarify the
bulk kinetics; there is evidence for a reactive layer at the surface of the decomposing solid.
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Introduction

Bronze disease results when the surface patina on the alloy, consisting of
copper(I) oxide and/or chloride, breaks down, and copper(II) salts are formed
[1]. The identity of these product salts depends on the conditions (particularly
of humidity) and on the patina composition, but generally consist of salts of
general formula Cuz(OH)3X where X is chloride, sulphate or nitrate [2, 3].

Copper(II) acetate has been suggested as possible precursor to bronze dis-
ease [4], by the reaction of the patina with acetic acid released from wood shav-
ings (used for storage), followed by oxidation or disproportionation and then
partial hydrolysis (to produce the basic acetate and free acetic acid), thus initi-
ating a cycle of corrosion, as follows:

Cuz0 + 1/202 + 4CH3COOH = 2Cu(CH3C00)2-H20 or

Cu20 + 2CH3COOH = Cu(CH3COO0)2-H20 + Cu
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then Cu(CH3COO),;-H20 = CuCH3COO(CH) + CH3;COOH

The present work, therefore, aims to study the dehydration of the monohy-
drate, to find any evidence for the formation of the basic acetate and free acetic
acid, using a range of humidities as well as temperature as variables.

The dehydration of copper(Il) acetate monohydrate has been studied pre-
viously [5, 6]. Contracting-geometry kinetics were observed, but with different
values of activation energy depending on whether single crystals of powders
were used. Non-integral values of n were observed in the contracting-geometry
equations. No evidence was found for the formation of the basic salt.

Experimental

Starting material

Copper(Il) acetate monohydrate (Aldrich, 99.9%) was recrystallised from
distilled water containing acetic acid, filtered, dried in a desiccator containing
silica gel, and stored in a refrigerator. The material consisted mainly of crystals
elongated along bo, 1-2 mm in length, with an aspect ratio of approximately
five.

Mass loss studies

The mass losses at constant temperature were followed using sample masses
of 8 mg *1 mg, and a Stanton TG-750 thermobalance operating isothermally. A

nitrogen flow of 10 ml-min~" was passed over the sample. This gas stream was
kept at constant humidity, controlled by bubbling the gas through saturated salt
solutions at 298 K or over silica gel [7]. The temperature range studied was be-
tween 353 and 406 K.

Microscopy

Single crystals of the monohydrate were heated on a normal microscope
hot-stage, and the early stages of the decomposition studied by transmission
optical microscopy. The stage temperature was monitored by a thermometer in-
serted close to the centre of the stage, immediately below the sample.
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Fig. 1 Reduced-time plot for the low-temperature dehydration of copper(Il) acetate monchy-
drate A 355 K/0%RH ¥V 355 K/S3%RH ¢ 362 K/96%RH e 370 K/53%RH
A2 = Avrami-Erofeyev equation, n = 2, R2 = Contracting-disc equation, F1 = First-or-
der equation, D1 = Parabolic law
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Fig. 2 Reduced-time plot for the high-temperature dehydration of copper(ll) acetate monchy-

drate. A 371 K/0%RH V 371 K/53%RH ¢ 385 K/96%RH 0 390 K/0%RH Other sym-
bols as in Fig. 1
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Results

Mass losses

Experimental mass losses (9.00%) were those expected for the loss of water
only (9.02%). No high values were obtained, nor was any MS evidence ob-
tained for the loss of acetic acid.

Kinetics

The isothermal mass-loss curves were analysed by the method of reduced-
time plots, based on the time for 50% reaction [8]. The experimental reduced-
time plots were compared with models based on nucleation-and-growth,
phase-boundary, or diffusion control of the reaction.

Reaction mechanisms

At temperatures between 371 and 406 K, the best fit between experimental
and model reduced-time plots was in terms of the two-dimensional phase
boundary equation (contracting disc):

(1-A-m'"?=k

where o= proportion decomposed.

Figure 1 shows a reduced-time plot for the data gathered in this temperature
range.

At lower temperatures, the best fit was with the Avrami-Erofeyev equation
withn = 2;

—In(l-o)=k"

A reduced-time plot is shown in Fig. 2 for this temperature range. No effect
was noted with variation of water-vapour pressure. The derived rate constants
have been converted into an Arrhenius plot shown in Fig. 3.

Microscopy

Single crystals were decomposed on a hot stage at two temperatures, corre-
sponding to the nucleation-and-growth and contracting-disc regions (355 and
400 K respectively). Usually, the stage temperature was set to the chosen tem-
perature and was constant before the crystals were placed in position. A few ex-
periments were undertaken in which the stage (with a crystal in position) was
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warmed from room temperature to the lower of the two chosen temperatures.
Little difference was noted between the two treatments.
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Fig. 3 Arrhenius plot for the dehydration of copper(Il) acetate monohydrate. A 0%RH
V 4%RH BM53%RH + 96%RH

Low temperature decomposition

The starting material (Fig. 4) showed reasonably flat faces with some
smaller pieces of material attached plus some larger defects.

Fig. 4 298 K. Magnification X250
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On heating at 355 K, the whole surface became paler and some puckering
became visible. Multiple short cracks appeared after a few minutes, forming
star-shaped nuclei (Fig. 5). With longer times, cracks appeared which linked
the initial nuclei, and some lightening of parts of the surface adjacent to the
cracks became obvious (Fig. 6). It was clear that these lighter parts were caused
by lifting of parts of a surface layer. The density of the nuclei varied with the
crystal face (Figs 7 and 8).

Fig. 5 355 K. Magnification X250

Fig. 6 355 K. Magnification X250
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High temperature decomposition

High temperature decomposition gave no sign of star-shaped nuclei, but did
produce very large cracks, many of which were at approximately right angles to
the long axis of the crystal (Fig. 9).

Fig. 7 355 K. Magnification x250. Upper face in focus

Fig. 8 355 K Magnification x250. Lower face in focus
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Fig. 9 400 K. Magnification X250

Discussion

Mass losses

All of the runs gave mass losses very close to the theoretical value for dehy-
dration. No additional mass losses which might indicate the release of acetic
acid and the formation of a basic salt were detected. Mass spectroscopy con-
firmed the lack of orgnaic material. It is therefore unlikely that the basic salt is
produced at room temperature to form part of the bronze corrosion cycle.

Reaction mechanisms

A normal kinetic interpretation of the reduced-time plots shown in Fig. 1
would indicate that the Avrami-Erofeyev equation describes the low-tempera-
ture dehydration, and the contracting-disc equation describes the high-tempera-
ture behaviour. These together suggest that two-dimensional geometry is
important in the reaction, and that the rate of nucleus formation increases
greatly with temperature, giving rise to the rapid formation of the surface layer
at higher temperatures.

The straight-forward derivation of Arrhenius parameters from Fig. 4 gives

activation energies of 76 and 154 kJ-mol™ for the high and low temperature -

stage respectively and values of 1.6x10" s and 8.5x10'7 s respectively, for
the high and low temperature frequency factors. These values would suggest
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that both the nucleation and the growth stages in the dehydration reaction have

about the same activation energies, viz., 75 kJ-mol™’, and that the transition
state for the low temperature step has more degrees of freedom than the higher
temperature one. This latter point would suggest that the transition state does
not involve any surface states [9].

The Arrhenius parameters for the two mechanisms may indicate the opera-
tion of a compensation effect [10, 11] in which high activation energies are
compensated for, in rate terms, by high frequency factors, according to the re-
lationship:

logA=B+ ¢eE

where A and E are the frequency factor and the activation energy, and B and e
are constants, the compensation parameters. The present values are too few in
number to be given much weight, but the compensation parameters determined
from them (B = -3, e = 0.125), lie reasonably close to those derived for a range
of decomposition reactions (B = -5.02, e = 0.067) [12] and are very different
from those derived from genuine catalytic reactions [11].

Microscopy

The micrographs indicate, despite the above kinetic analysis, that the dehy-
dration is rather more complex, and that the formation of nuclei is not the same
as that typically shown in many dehydration reactions [13], in that cracks ap-
pear, rather than outgrowths of dehydrated product. However, these cracks be-
haved as normal ‘nuclei’ in that they could be described as two-dimensional,
and the number of them did not vary with time (i.e. dN/dr = 0). In the normal
Avrami-Erofeyev description,n =2=y+ §;y=2,and 6 =0.

There is some similarity to the group of dehydrations studied by Galwey and
his co-workers, which indicate the formation of a surface layer, with the behav-
iour of this layer controlling the kinetics [14]. The nuclei formed in the present
dehydration are much simpler than some of those observed previously [13, 14],
and can easily be related to cracking of the surface layer under tensile stress
brought about by shrinkage. This shrinkage produces star-shaped ‘nuclei’
which apparently control the kinetics. Such stress-cracking frequently produces
ordered patterns [15]. This stressed layer can lift off the surface during the later
stages of reaction. Such behaviour has also been noted during drying of particu-
late solids [15].

The decomposition at higher temperatures shows no nuclei, only a fairly
rough surface with large cracks. This can be interpreted as indicating that the
loss of water from the surface, and hence the stress build-up, is so rapid that it
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can only be released by massive breakdown, with the formation of very large
cracks.

Comparison with previous work

The previous work on this dehydration [5, 6] suggested that different pro-
cesses occurred depending on the use of single crystals or powdered material.
Both dehydrations followed contracting-geometry kinetics, but the activation

energy varied from 120 kJ-mol™ for single crystals to 86 kJ-mol™! for crushed
powders. These numerical values are not very different from those obtained in
the present work; the difference in rate-controlling process cannot be ex-
plained.
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Zusammenfassung — Im Intervall 353-406 K und bei verschiedener Feuchte wurde die
thermische Dehydratation von Kupfer(I)-acetat-Hydrat untersucht. Bei niedrigen Temperaturen
wird die Dehydratation durch eine Kernbildungs- und Kernwachstumskinetik mit einer
Aktivierungsenergie von 154 kJ/mol kontrolliert, was bei hoheren Temperaturen in eine Kinetik
kontraktierender Scheiben mit einer niedrigeren Aktivierungsenergie von 76 kJ/mol iibergeht.
Die Frequenzfaktoren wurden ebenfalls ermittelt; der Wert fiir den Proze8 bei hherer Temperatur
ist niedrig (10" s) und der fiir den Schritt bei niedrigerer Temperatur groB (10" s™0). Zur
Kldrung der Volumen-Kinetik wurde optische Mikroskopie angewendet; es gibt Beweise fiir eine
reaktive Schicht an der Oberfliche des sich zersetzenden Feststoffes.
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