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The thermal decomposition of basic lead(u) carbonate 2PbC03.Pb(OH), in static air under atmospheric 
conditions has been studied for the first time using a combination of thermoanalytical, X-ray diffraction and 
Raman spectroscopic techniques. New intermediate compounds of the type 4PbC03=3Pb0 and PbC0, have 
been observed in addition to previously reported ones of the type 2PbCO3.PbO, PbCO,.PbO and PbC03-2Pb0. 
Post-decomposition studies have identified the presence of the tetragonal-to-orthorhombic phase transition in 
PbO. Results are also presented for the decomposition processes in nitrogen and oxygen atmospheres. 
Oxidative decomposition studies have shown that Pb@4 forms in oxygen and in flowing air. 

Basic lead(I1) carbonate, 2PbCO,ePb(OH),, also known as flake 
white, lead white, and white lead, occurs naturally as the rare 
mineral hydrocerussite.' It is one of the oldest synthetic 
pigments (ca. 300 B.C.) and is a fine compact, shiny white 
material2 which is known to be unstable in the presence of 
certain reagents, notably H,S.3,4 The ancient methods of 
preparation are not well understood, the raw materials being 
either sheets of metallic lead or various lead oxides such as PbO, 
Pb,O,, together with Many patents have been 
registered as variants on the six main methods for its 
preparation, leading to products of various compositions 
xPbCO,.Pb(OH),, where x varies from 1.8 to 3.6.8 Due to this 
variation in its stoichiometry with preparative procedure, only 
an approximate structure for basic lead(@ carbonate could 
be determined by Cowley" using electron diffraction on a 
powdered sample. Later Olby" showed that Cowley had 
actually determined the structure of a related compound 
plumbonacrite, Pb 10(C03)6(OH)60 and not that of hydrocerus- 
site 2PbCO3aPb(OH),. The X-ray powder diffractograms of 
both of these compounds and of PbCO, have been given;""2 
the structure of PbCO, (cerussite) has also been determined by 
X-ray diffraction and later refined by neutron diffraction. 

Good quality Raman and Fourier-transform (FT) Raman 
spectra of powdered PbC0, have been obtained and six of 
the main bands a~signed. '~- '~ The presence of white lead of 
unspecified stoichiometry, xPbCO,*Pb(OH),, has been identi- 
fied on illuminated manuscripts by Raman microscopy. ' 9 '  

The thermal decomposition of PbCO, (cerussite) has been 
studied in considerable detail by a number of  worker^.^'-^^ The 
decomposition process is complex and involves several stages 
with the formation of lead carbonate oxides. Studies have 
also been performed on both natural and synthetic forms of 
2PbC03-Pb(OH), (hydrocerussite).22 Initially loss of hydroxyl 
water occurs and this is followed by the formation of 
intermediate carbonate oxides. The temperature range of the 
decomposition process as measured in these studies is 508-823 
K. 

Additional studies of PbC0,24 and 2PbC0,-Pb(OH),25 in 
CO, at atmospheric pressure, involving thermogravimetric 
analysis (TGA), differential thermal analysis (DTA), X-ray 

t Supplementary data auailable (No. SUP 57161, 4 pp.): Fourier- 
transform Raman spectral data. See Instructions for Authors, J. Chem. 
Soc., Dalton Trans., 1996, Issue 1. 

diffraction (XRD) and infrared spectroscopy (IR), have shown 
that three solid intermediates, 2PbCO,*PbO, PbC0,ePbO and 
PbC03-2Pb0, are formed between 373 and 773 K. The same 
intermediate products have been isolated 26 from the thermal 
decomposition of PbC0,24 by heating stoichiometric mixtures 
of PbO and PbCO, in CO, until equilibrium was reached. The 
products obtained were characterised by X-ray diffraction. A 
new lead@) carbonate oxide 4PbCO3.3Pb0 was reported, in 
addition to those reported to be formed at high pressures.24i25 
The thermal decomposition of 2PbC03*Pb(OH),27 and 
PbC0,28 has been studied by analysis of the variation of 
electrical resistance as a function of temperature at various 
pressures and some of the intermediate products, such as 
plumbonacrite," yellow PbO, and metallic Pb, have been 
characterised by XRD. 

The aim in this paper was to study the thermal decomposition 
of 2PbCO3.Pb(OH), in static air using a combination of 
thermal techniques (TGA and differential scanning calorimetry, 
DSC), FT Raman spectroscopy, and XRD in order to 
understand the mechanism of the decomposition process and 
to characterise the intermediate compounds. It was also of 
interest to identify the transition in PbO from tetragonal 
to orthorhombic (the mineral massicotite 29 is orthorhombic 
PbO). The crystal structures of both tetragonal and 
orthorhombic PbO have been determined by X-ray and neutron 

and the powder X-ray diffractograms of both 
tetragonal and orthorhombic PbO have been given. 12*,' Other 
studies include those on the polymorphism of PbO at high 
pressures and temperatures, 36 the spontaneous transformation 
at room temperature of a single crystal of orthorhombic PbO to 
tetrag~nal, '~ the bonding in the two forms of Pb0,38,39 and the 
vibrational spectra as powders 40 and single crystals.41 Raman 
and FT Raman spectra of PbO and Pb304 have been reported 
for the region above 100 cm-1.42,43 

A further aim was to compare the effect of different 
atmospheres, inert and reactive, on the decomposition process. 
The information could assist in understanding how Pb304 had 
been obtained in the past from the roasting of white lead.44 

Experimental 
Materials 

Basic lead(I1) carbonate (Aldrich) was selected for all 
experiments, since it is stable and has the well known 
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stoichiometry 2PbC03-Pb(OH)26*7 in preference to the 
commercial product sold as a white lead.,.' Lead carbonate 
PbC0, and red lead Pb304, both also from Aldrich, were used 
as reference materials. 

v r; - 
.......................................... 

I , I * I , I , I ,  

Thermal analysis 

The TGA/DTGA curves in static air as well as in flowing air, in 
O2 and in N, (20 cm3 min-') were obtained using a Shimadzu 
TG-50 thermoanalyser at a heating rate of 2 K min-'. The 
corresponding DSC curves were obtained using a Shimadzu 
DSC-50 differential scanning calorimeter at the same heating 
rate and in the same atmosphere. Samples of ca. 20 mg were 
heated in both aluminium and alumina crucibles for both DSC 
and TGA studies. 

Preparation of samples for FT Raman and XRD analysis 

From a preliminary thermogravimetric curve which showed the 
decomposition of 2PbC03-Pb(OH), in static air, 22 tempera- 
tures were selected encompassing all of the observed thermal 
phenomena (Fig. 1). Samples (0.5 g) of basic lead(@ carbonate 
in alumina boats (Degussa Ltd.) were heated individually in a 
tube furnace in static air at the preselected temperature (k 5 K) 
for 6 min, and then quenched at room temperature on a metallic 
plate. The sample temperature was measured with a precision 
of k 1 K in the furnace near the centre of the alumina boat 
with a thermocouple type K (NiCr/NiAl) attached to a Comark 
instrument. Quenched samples were ground in an agate 
mortar, but not finely, in order to preserve the structure of 
the high-temperature phases (especially those of samples 
containing lead oxides). Such structures may be modified on 
being 

Red lead, Pb304, was obtained by heating 2PbCO3*Pb(OH), 
in oxygen to 838 K in the TGA equipment, and the yellow- 
orange sample of PbO by heating in the same way in nitrogen to 
648 K. 

FT Raman spectroscopy 

The FT Raman spectra between 50 and 3600 cm-' were 
obtained using a Nicolet Raman spectrometer (FT Raman 
910), having a Nd/YAG laser (1064 nm excitation) and a 
germanium detector cooled at liquid-nitrogen temperature. The 
spectrometer was calibrated using the spectral lines of a neon 
lamp. Corrections for the instrument response and for the 
wavenumber of the Rayleigh line (ICR and ARS macros) were 
applied to all FT Raman spectra unless otherwise specified. The 
wavenumbers are accurate to k (1-2) cm-' . 

X-Ray diffraction 

X-Ray diffractograms between 5 and 65" (28) were collected in 
steps of 0.04" (20) at an integration time of 1 s using Cu-Ka, 
radiation at h = 0.15406 nm, monochromatised by a 
germanium single crystal, on a Siemens diffractometer (D- 
5000). Noise and background corrections were applied to all of 
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Fig. 1 The TGA curve for thermal decomposition of basic lead 
carbonate in static air in an aluminium crucible showing the 
temperatures selected for FT-Raman and X-ray diffraction studies of 
the compounds prepared 

the diffractograms. The crystalline structures of each of the 
samples were identified using the EVA programme from the 
package DIFRAC AT V3.2 supplied by Siemens. The 'Figure of 
Merit' (FOM) is a criterion of selection of a phase in a search- 
match procedure using JCPDS files: FOM = 0 for an ideal 
selected phase whose lines match exactly with those given by the 
appropriate JCPDS file. All phases with FOM > 2 were 
rejected. 

Results and Discussion 
Decomposition of 2PbCO,.Pb(OH), in static air 

Thermal analysis. The decomposition of basic lead(I1) 
carbonate was studied by thermogravimetry in static air. The 
weight loss showed two main steps which may conceal further 
processes [see Fig. 2(a)] as is more clearly indicated by the first 
derivative of the TGA curve (DTGA). From the DSC curve 
[Fig. 2(b)] there seem to be two endothermic processes which 
are correlated with the main decomposition steps; between 
these is an exothermic process which may be an indication of 
the formation of intermediate carbonate oxide compounds still 
to be characterised. This is followed by a broad endothermic 
peak in the appropriate range 635-750 K which is not 
accompanied by any change in the mass of the sample and a 
phase change is implied. 

FI' Raman spectroscopy. All the Raman bands detected in 
the spectra of samples 1-22, together with those of PbCO, and 
Pb,O,, are listed in SUP 57161. 

The spectra of samples 1-5 in Fig. 3(a) show that there is no 
structural change in 2PbC03-Pb(OH), between 322 and 483 K. 
Detailed spectra of samples 1 and 5 are given in Fig. 4(a) and 
4(b). In Fig. 4(c) the spectrum of an unheated sample of PbCO, 
is given, to be compared with the spectrum of sample 6 [Fig. 
4(d)] which forms at 533 K. It is suggested that in sample 6 all 
of the OH- groups have been ejected from the molecule as 
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Fig. 2 (a) The TGA and DTGA curves for the thermal decomposition 
of basic lead carbonate in static air in an aluminium crucible showing 
the progressive weight losses. (b) The corresponding DSC (and first 
derivative) curves 
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Fig. 3 The FT Raman spectra of the 22 samples of 2PbCO3*Pb(OH), 
after having been heated in a tube furnace in static air at increasing 
temperatures and quenched to room temperature: (a) samples 1-11 
(322-613 K); (b) samples 11-22 (613-898 K) 

water. The broad band at ca. 1365 m-' with a shoulder at 1466 
cm-' [Fig. 4(a), 4(b)] of samples 1-5 arising from the 
antisymmetric CO stretch l 6> l7  is resolved into four, at 1356, 
1370, 1429, and 1470 cm-', in the spectrum of sample 6; these 
values are very similar to, but shifted from, those of the 
analogous bands of PbCO,. Some of these (for example those at 
ca. 673-715, 837, 1364-1476, 1679-1735 cm-') correspond to 
ones at 675-700, 841, 1356-1470, and 1682-1738 m-' of 
sample 6. This indicates that PbCO, might be formed during 
the decomposition of 2PbC03*Pb(OH),, along with other 
carbonate oxides, but that it vanishes above 533 K [Fig. 4(e), 
sample 7). 

Fig. 3(a) indicates that a structural transformation takes 
place between 533 and 613 K, over which range all of the CO, 
is eliminated; this is evident from the band at ca. 1052 cm-' 
(CO symmetric stretch) I4-l6  whch continuously decreases in 
intensity on changing from sample 7 to 1 1. A strong fluorescent 
background, possibly associated with structural disorder, 
accompanies the spectra of these samples. It appears for sample 
7 [Fig. 4(e)], increases for 8, passes through a maximum for 9, 
and decreases for 10 and 11. It appeared only for samples in 
which quenched mixtures of various lead carbonate oxides had 
been formed and then decomposed by raising the temperature. 
Fig. 3(b) shows that above 61 3 K (sample 1 1) the elimination of 
C 0 2  is complete and the fluorescent background has vanished; 
the only Raman bands observed are those attributable to 
Pb-0 modes4043 at 143-151, 287-289, 336341, 381-385, 
and 418423 cm-l. Fig 3(b) shows that, beginning with 
sample 13 (673 K) up to 18 (798 K), a phase transformation 36 

of PbO takes place. 
The Raman spectra of samples 12 and 22 [Figs. 4(g), 4(h)] 

are characteristic of the tetragonal and orthorhombic phases 
of PbO, respectively.4043 During this transformation the 

symmetry of the elementary cell decreases3' and, conse- 
quently, the site symmetries are lowered and the number of 
Raman-allowed bands is increased. Very weak bands due to 
lattice modes occur at 73 and 88 cm-' in the spectrum of 
sample 22. 

The very strong band at 142-151 cm-' assigned to the PbO 
symmetric stretch40*41 appears in the spectra of samples 6-22. 
Its shift can therefore be used as an indicator of the structural 
changes which occur on sample heating. Three phenomena can 
be observed between 533 and 898 K: the continuous 
decomposition of lead carbonate oxides takes place in samples 
6-10 (533-593 K). Sample 11 (613 K) is seen to consist of 
tetragonal PbO, and it is not until sample 18 (798 K) that the 
transformation to orthorhombic PbO is complete. 

It is concluded that basic lead(I1) carbonate decomposes on 
being heated in static air to give litharge, massicot or mixtures 
thereof. There is no evidence for Pb304 [Fig. 4(i), 4(j)] either 
on thermal decomposition of basic lead@) carbonate or during 
the phase transformation of PbO in static air. 

X-Ray diffraction. The X-ray diffractograms of samples 1-5 
in Fig. 5(a) show only 2PbCO3.Pb(OH), and no trace of either 
plumbonacrite or PbCO,. Fig. 5(a) shows only one sharp 
structural change (distinct step) in the decomposition of lead@) 
carbonate hydroxide at 483 K (sample 5) ,  above which the 
water (hydroxide-based) is totally lost. By increasing the 
temperature the resulting lead carbonate oxides react partially 
and decompose to give, for samples 6-1 1, mixtures of general 
formula xPbC0,oyPbO in which x = 1,2 or 4 and y = 1,2 or 
3. Table 1 shows that the ratio x/y reduces with increasing 
temperature in the order 2PbC03*Pb0 > 4PbC0,. 
3Pb0 > PbC0,-PbO > PbC03-2Pb0. Since the samples have 
been quenched, the resulting carbonate oxides may exist as non- 
stoichiometric and disordered phases. 

The X-ray diffractogram of sample 6 shows the characteristic 
lines of 2PbCO,*PbO, PbCO,*PbO and 4PbC03-3Pb0. There 
are also weak lines characteristic of PbCO, which cannot be 
seen in the diffractograms of samples 7-1 1. This demonstrates 
that PbCO, is an intermediate of short lifetime in the 
decomposition of 2PbCO3-Pb(OH),. It is remarkable that 
4PbCO3*3Pb0 does exist between 533 and 568 K (samples 
6 8 ,  Table 1). It has previously been reported26 only as a 
product of synthesis at high pressure and temperature. The 
formation of xPbC0,-yPbO structures, which might contain 
alternate layers of PbCO, and PbO, may account for the 
presence of the strong Raman band at 142-151 cm-' (Pb-0 
symmetric st retch). 

The hypothesis of disordered and non-stoichiometric 
structures is supported by inspecting the FOM of certain 
carbonate oxides in Table 1. This is a minimum for the sample 
whose temperature is closest to the equilibrium temperature of 
a given phase; above this, the FOM values increase, suggesting 
the development of structural disorder. In Table 1 two different 
values of FOM are given for some identified lead carbonate 
oxides whose diffraction lines match those in the X-ray 
diffraction files for phases of the same formula and structure, 
but obtained either by decomposition 24,25 or synthesis.26 
However, depending on the preparative procedure, there are 
small shifts between identical diffraction lines as listed in the 
files and therefore, by using them as references, different values 
of FOM will be obtained. In general, the diffractograms of the 
compounds identified in samples 6-11 (Table 1) match better 
(i.e. FOM smaller) with those given for phases which had been 
obtained by d e c o m p ~ s i t i o n . ~ ~ . ~ ~  

Table 1 shows that in sample 10 (593 K) PbCO3.2PbO exists 
as a major component, tetragonal PbO begins to appear, and 
PbC0,-PbO is not yet totally transformed. The diffractogram 
of sample 11 [Fig. 5(b)] shows strong lines of tetragonal PbO, 
accompanied by very weak lines of orthorhombic PbO and 
PbC03-2Pb0 which remain as impurities. The tetragonal PbO 
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Fig. 4 The FT Raman spectra of several important samples from set 1-22 of reference samples. In this figure only, the ARS macro corrections to the 
band wavenumbers have been applied (see Experimental section). Samples: (a) 2PbCO,*Pb(OH),; (b) 5; (c) PbCO,; (d )  6; (e) 7; (f) sample (a) heated 
in nitrogen at 648 K; ( g )  12 (PbO tetragonal); (h) 22 (PbO orthorhombic); ( i )  sample (a) heated in oxygen at 838 K; 0') Pb,O, 

is the only component of sample 12, at 643 K. Fig. 5(b) shows 
that the transformation of tetragonal to orthorhombic PbO 36 

occurs continuously over a large range of temperature (about 

Investigations in flowing nitrogen, in flowing oxygen, and in 
air 

673-798 K), above which only the orthorhombic phase exists. 
This may explain the broad endothermic effect detected via 
the DSC curve [Figs. 2(b), 6(b)] over a similar temperature 
range. 

In Fig. 6(at6(f) it can be seen that the decomposition of 
2PbC03-Pb(OH), occurs either in broadly two steps (flowing 
nitrogen or flowing air), or in three steps (flowing oxygen), and 
that it is complete above 618 K, leading in both cases to 
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Fig. 6 The TGA and DSC curves of 2PbCO,-Pb(OH), heated at 2 K 
min-' in flowing air in an alumina crucible: (a) TGA/DTGA in 
nitrogen; (6) DSC in nitrogen; (c) TGA/DTGA in oxygen; (d )  DSC in 
oxygen; (e) TGA/DTGA in flowing air; cf) DSC in flowing air 

tetragonal PbO. The TGA/DTGA curves [Fig. 6(a)] show that, 
above this temperature in an inert atmosphere of flowing N,, no 
mass gain is observed. In the range 618-873 K tetragonal PbO 
transforms slowly into orthorhombic PbO, as is indicated by 
the broad and weak endothermic peak in the DSC curve [Fig. 
6(b)]. This peak is also observed in static air [Fig. 2(a) and 
2(b)]. A sample obtained by heating 2PbC03.Pb(OH), in the 
TGA instrument at 648 K in flowing N, gave an FT Raman 
spectrum [Fig. 4(s)] identical to that prepared in the tube 
furnace [sample 12, Fig. 4(g)], i.e. tetragonal PbO results from 
basic lead(@ carbonate being heated at 643 K in static air. From 
the TGA/DTGA data [Fig. 6(c) and 6(e)], which relate to 
flowing oxygen and flowing air respectively, the observed mass 
gain can be attributed to the formation of Pb304 via a gas-solid 
diffusion process. This is accompanied by large and broad 

Table 1 The intermediate compounds resulting from the decomposi- 
tion of basic lead@) carbonate in static air and identified by X-ray 
diffraction 

Sample 
number T/K 
1-5 294-483 
6 533 

7 553 

8 568 

9 583 

10 593 

11 61 3 

12 643 

Sample 
composition 
2PbCO,*Pb(OH), 
2PbC03-Pb0 

PbCO,.PbO 

4PbC03-3Pb0 

2PbC03*Pb0 

PbCO,*PbO 

4PbC03*3Pb0 
PbC03*2Pb0 

PbCO,*PbO 

4PbCO3-3PbO 
PbC03-2PbO 

PbCO,*PbO 

PbC03*2Pb0 

PbCO 3- PbO 

PbCO3*2PbO 

PbC03 

PbO(1itharge) 

PbO(1itharge) 
PbO(massicot) 
PbO(1itharge) 

PbC03*2Pb0 

FOM " 
0.71 
0.48 
1.18 
0.45 
0.56 
0.92 
1.83 
1.34 
0.87 
1.14 
0.70 
0.44 
1.48 
1.67 
0.91 
0.74 
0.76 
0.92 
0.73 
1.75 
1.19 
0.57 
0.69 
1.66 
1.07 
0.98 
0.63 
1.85 
1.34 
0.73 
1.39 
0.70 

JCPDS 
number 

18-691 m 
17-730 m 

13-131 vs 

19-682 s 
17-729 s 
17-732 w 
5-417 w 

18-691 w 
17-730 w 
17-729 vs 
19-682 vs 
17-732 s 
19-681 w 
17-731 w 
19-682 m-s 
17-729 m-s 
7-732 m 

19-681 s 
17-731 s 
17-729 m 
19-682 m 
19-681 s 
17-731 s 
17-729 m-w 
19-682 m-w 
19-681 vw 
17-731 vw 
5-561 m 

17-731 vw 
5-561 vs 

38-1477 vvw 
5-561 ws 

"FOM = Figure of Merit (as given by the EVA program for the 
Siemens 5000-D diffractometer; FOM = 0 for ideal matching). The 
characteristic main diffraction lines of the phase identified are s = 
strong, m = medium, w = weak, v = very. ' This file has been deleted 
from JCPDS but its lines match those of the samples studied here better 
than those given in 17-729. 

endothermic effects in the DSC curves [Fig. 6(d) and 6 0 1 .  The 
oxidation of tetragonal PbO to Pb304 takes place in oxygen, in 
flowing air and in static air provided the sample is maintained 
for sufficient time (1-2 h) at temperatures above 643 K. 
However, under normal dynamic TGA conditions in which the 
sample is held at or above 643 K for a much shorter time 
tetragonal PbO is the only product. The TGA/DTGA curves 
[Figs. 6(c) and 6(e)] show that the temperature range for the 
formation and existence of Pb304 depends on the experimental 
conditions, i.e. the purge gas, its flow rate, and the reaction time. 
According to TGA/DTGA and DSC curves, the Pb30, sharply 
and strongly endothermically loses oxygen to form orthorhom- 
bic PbO over the range 880-898 K in oxygen [Fig. 6(c) and 
6(d)] and 785-825 K in air [Fig. 6(e) and 6(f)]. 

The FT Raman spectrum of a sample of 2PbC03*Pb(OH), 
heated in a TGA instrument in oxygen at 838 K [Fig. 4(i)] is 
identical to that of Pb30418*'9748 and to that of a reference 
sample [Fig. 4(j)]. Several weak bands at 65, 72, and 87 cm-', 
attributable to lattice modes, can be seen in the spectra of 
Pb304 [Fig. 4(i) and 4(j)]. 

Correlation of observations from X-ray diffraction, 
thermogravimetry and Raman spectroscopy 

In correlating results from X-ray diffraction, thermogravimetry, 
and Raman spectroscopy the following observations on the 
decomposition process in static air can be made [Fig. 2(a)]. The 
first weight loss (0.84%) up to 483 K (samples 1-5) is not 
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accompanied by structural or compositional changes and is 
caused by the loss of physically adsorbed water. Analysis by 
X-ray diffraction of the sample present after the second stage 
(sample 6, 533 K) showed that it consisted of a mixture of 
four compounds (Table 1). The formation of these compounds 
is accompanied by the release of water (hydroxide-based) 
and CO, and an accompanying weight loss of 4.8%; this is 
confirmed by TGA-mass spectrometry measurements. A small 
amount of PbCO,, detected by X-ray diffraction and by Raman 
spectroscopy, is also formed as an intermediate. It is known that 
PbCOJ is a significant intermediate during the decomposition 
of hydrocerussite in a CO, a t m o ~ p h e r e . ~ ~  

The carbonatisation of a carbonate oxide by the temporary 
increased presence of CO, is plausible. During further heating 
up to 553 K PbCO, disappears and 4PbC03*3Pb0 appears as 
the dominant intermediate phase; the latter has not previously 
been detected under these conditions. The second stage of mass 
loss reveals in the DTGA curve [Fig. 2(a)] two (and possibly 
more) processes which amount to an overall mass loss of 8.2% 
and can be attributed to the progressive decomposition of the 
intermediate carbonate oxides. The tendency to produce com- 
pounds with lower carbonate content accords with the loss of 
CO, as revealed by the X-ray data (2PbC0,oPbO > 4PbC03* 
3Pb0 > PbCO,-PbO > PbCO3*2PbO). Partial recarbonatis- 
ation in the continually changing micro conditions under static 
air is probable. The formation of tetragonal PbO under these 
conditions is complete at 643 K (sample 12). The post- 
decomposition transformation from tetragonal to orthorhom- 
bic takes place over the range 673-798 [Fig. 5(b)], giving 
rise to the broad endothermic peak (635-750 K) in the DSC 
curve [Fig. 2(b)]. 

Conclusion 
The combined observations suggest that the decomposition of 
2PbCO,-Pb(OH), is more complex than previously thought. In 
addition, preliminary studies using high-resolution TGA have 
demonstrated the presence of a number of discrete processes 
not readily identified by conventional TGA techniques. The 
decomposition of 2PbCO3.Pb(OH), depends strongly on the 
nature of the experimental conditions. In an inert atmosphere 
[Fig. 7(b)] the DSC curve shows only endothermic processes; 
in an oxygen-containing atmosphere [Fig. 7(d)  and 7 0 1  an 
additional exothermic peak is observed. This can be explained 
by considering that intermediate carbonate oxides which form 
in the first stage of decomposition may partially oxidise in an 
atmosphere rich in oxygen. In the present study it has been 
possible to isolate two intermediate compounds 4PbC03-3Pb0 
and PbCO, not previously identified during decomposition 
in static air under normal atmospheric conditions. These 
processes also need to be further investigated using in situ high- 
temperature X-ray diffraction techniques and monitoring the 
decomposition of the sample. 

The results also suggest that the composition of the red lead 
pigment is dependent on the conditions used in its preparation. 
X-Ray diffraction and thermal analysis data have shown that 
there are conditions under which Pb304 is formed either alone 
or together with tetragonal and/or orthorhombic PbO. 
Obviously the presence of these different forms and their 
respective proportions will influence the final colour of the 
pigment. 
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