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Abstract

Traditional “stack® manufacturing process (16-19" c.) of lead white pigment by lead
corrosion is explored by exposing metal to acetic acid, carbon dioxide, dioxygen and water
vapor. Global reaction scheme is revealed, along with stratification of corrosion products with
CO; gradient, leading to flakiness of corrosion layer. Kinetic and epitaxial features rule the
polyphased structure, explaining hydrocerussite-rich compositions and absence of
plumbonacrite in classical easel paintings. Microstructure of cerussite appears as a
differentiation criterion between stack-made and industrial precipitation-synthesized lead
whites. Particular conditions reported in ancient writings are tested and discussed to
understand unusual processes.
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Introduction

"Lead white" (LW) generally refers to a pigment made of lead carbonate, either
cerussite PbCO3 (C) or hydrocerussite Pb3(CO3)2(OH), (HC), more often a combination of
these phases or even a mixture with a white extender like calcite, gypsum or barite. In the
following, we will only consider the non-extended product of lead corrosion. Note that C and
HC carbonates, along with the less common plumbonacrite PbsO(CO3)3(OH), (PN), have long
remained undistinguished or mistaken in the literature due to the overlaping of many of their
XRD lines, until their formulas and crystal structures were formally established.

Prior being banned because of its toxicity and replaced by zinc and titanium whites in
the 20" c., LW had been by far the most employed white pigments of all times owing to its
chemical stability, low solubility in water and organic binders and high opacity and high
refractive index due to the atomic number of lead. Natural lead carbonates were already
prized during the Egyptian antiquity as cosmetics, before their use spread to the Greek and
Roman worlds [1,2], notably as pigments for paintings. To satisfy the ever growing demand,
various manufacture processes starting from metallic lead were developped, as reported by
Theophrastus in the 3 c. BP [3], then by Pliny the Elder during the 1% c. [4]. Both the Greek
psimythion and the Roman cerussa were produced by exposing metallic lead to vinegar
vapors. Sometimes, a source of carbon dioxide (resulting from the decay of organic matter or
from fire fumes) was also implemented. It is also during Antiquity that first uses of LW in
painted objects are attested, in particular in the Fayum portraits of the 2™ ¢. AD [5]. LW was
then used in Western easel paintings in the late Middle Ages, then became ubiquitous in
European art, as confirmed by several recent analytical works based upon synchrotron
diffraction [6-9].

With time, a source of carbon dioxide was systematically used, typically horse
manure, tan bark or urine in decomposition, or a mineral carbonate poured in vinegar [10]. In
the 16™ c., the so-called "stack process" was named after its industrial application featuring
piles of jars containing the lead coils and vinegar, but it was also known as the "Dutch
process” owing to the massive production originating from the Netherlands in the 17" c..
Note that Persian treatises of the 12™-16" c. reported the use of chlorinated raw materials in
the synthesis of white lead-based pigments, that resulted in different final products like
laurionite Pb(OH)CI, blixite PbgOs(OH),Cl, and phosgenite Pb,Cl,CO3 [11].

From a chemical point of view, the Dutch process conceivably consists in the
combined actions of carbon dioxide and acetic acid vapor, but also probably of dioxygen, as
the two former compounds are not strong enough as oxidizers. Water vapor is involved also.
Most of the facts and data reported by pre-modern and modern authors and mentionned in this
paper can be found in the comprehensive survey of pre-industrial LW fabrication processes by
M. Stols-Witlox [12]. Unfortunately, relevant parameters as temperature (the decomposition
of manure is exothermic), partial pressure of gas reagents and presence of other molecules can
hardly be inferred from these writings. Besides, various ways to improve the quality of the as-
obtained LW can be found in the ancient treaties. Progresses in industrial chemistry at the end
of the 18" c. also gave rise to faster mass-production processes based upon the precipitation
of the lead carbonates by aqueous carbonation of soluble salts [13], but these topics are out of
the scope of this work, which focuses on the corrosion mechanism.

To date, the reaction between lead and acetic acid vapor was only explored under low
pressure, mostly in order to clear up its implication in corrosion concerns [13-16]. Various
lead acetates were observed, which eventually carbonated into PN and HC. Note that in these



studies, carbon dioxide was only involved at the level of an atmospheric pollutant, therefore at
a very low partial pressure. So, despite the significance of LW in both basic chemistry,
industrial processes and cultural heritage, the chemistry of the (Pb, CH;COOH, H,0, CO,,
0,) system that rules the synthesis and post-synthesis treatments remains largely unknown,
along with the mechanism of the chemical transformations involving the various precursors
and LW components.

The present work is not intended to mimic the many processes reported in the
literature, neither to measure the influence of each of the numerous parameters, but to propose
general trends by analyzing stepwise the reactions at stake. The primary goals are to
understand the mechanism of the carbonation process and the structure of the corrosion layer,
but we will also try to answer pending questions dealing with the use of LW as a pigment: the
prevalence of intermediate carbonate HC and the absence of PN in paintings. We will also try
to interpret certain practices related by ancient writers, which seem to contradict modern
chemistry. At last, based upon the microstructure of cerussite, an identification criterion to
distinguish traditional LW pigments resulting from corrosion from those obtained by more
recent aqueous routes will be proposed. To our knowledge, this work is the first reasoned
experiment-based approach of the corrosion process reported by the ancient writings.

Experimental

The corrosion process In the experimental setup, lead foils, 2 mm thick (Goodfellow, 99.95+)
previously scraped with P150 1SO sandpaper and cleaned with acetone were placed in a 60 L
vessel, along with a beaker containing 100 mL of acetic acid (10 vol%) and another one with
a 4 L of sugar aqueous solution (1.5 w%), preheated at 40 °C and mixed with 10 g yeast, then
kept at 25 °C, intended to act as a slow source of water vapor and carbon dioxide. Ventilation
slits were left open to allow a continuous air supply, keeping the dioxygen concentration close
to the atmospheric level. Relative humidity was measured at 96(1) % and CO; concentration
in the 8000-10000 ppm (v/v) range using an AZ-77535 probe. The concentration of the acetic
acid vapor was estimated at about 700 ppm from Campbell et al. vapor-liquid equilibrium
measurements at 25 °C [17].

Synthesis by aqueous route C was obtained by mixing aqueous solutions of Pb(NO3), and
Na,CO3 (Merck, 99.95 %) in stoichiometric proportions. The precipitate was filtered and
washed with a large volume of permuted water for C, then rinsed with alcohol and dried in
stove at 60 °C.

X ray diffraction patterns from powders and corrosion films were recorded using a
Panalytical Xpert Pro Bragg-Brentano diffractometer with Ge(111)-monochromated CuKal
radiation. XRD allowed to follow the evolution of corrosion on the foils themselves, but only
qualitative observations were made because of the geometric imperfection of the surface, the
texturation of the corrosion film and the impossibility to correct the intensities for the
absorbance of the superposed layers. On the other hand, the powder samples collected on the
foils were suitable for Rietveld analysis, but due to the platelet habitus of the HC crystallites,
the measurements of the HC/C ratios were made on LW:Nescafé™ = 3:1 weight ratio
mixtures. The preferred orientation of HC in the so-obtained samples were low enough
(typically < 6 %) to be corrected using the March-Dollase function [18]. Quantitative
measurements of composition and microstructure analysis were performed by the Rietveld
method, using the Fullprof suite [19]. The refinements were based upon the crystal data found
in the literature for cerussite [20], hydrocerussite [21] and plumbonacrite [22]. The peaks



profiles were fitted with the Thompson-Cox-Hastings function with spherical harmonic
expansion to take into account the platelet shape of HC. A preliminary test of quantitative
analysis made on a HC:C = 50:50 w% calibration mixture gave a satisfactory 49.3:50.7 ratio.
The small historical LW samples were analyzed using a lab-built diffractometer at the
C2RMF, a combination of a CuKa 200-um diameter parallel beam source and a Rigaku R-
Axis IV++ imaging plate. i = f(20) patterns were derived from the diffraction rings using the
FIT2D software [23].

Ultraviolet irradiation was carried out using a 30 W Thermo Scientific mercury fluorescence
lamp. Lead acetate trihydrate (Alfa Aesar, 99 %) crystals ground in mortar were exposed
during 24 hours to either the 280 or the 365 nm radiations.

Results and Discussion

Lead corrosion The following sequences are observed (see Fig. 1 for the global
flowchart, Fig. 2 for the XRD patterns). Because notable variability was observed between
repeated experiments due to varying ambient temperature and other poorly controlled
parameters, the times given below are only indicative.

e Step 1. After a few minutes, a thin iridescent film becomes visible. The identification
of this first compound is difficult due to the short time before carbonates start to grow.
XRD lines matching with PDF#00-018-1739 account for lead oxide acetate hydrate
Pb,O(CH3CO0O)sH,0 (LOAH), but this formula, like those of several lead acetates,
should be taken with caution as their basic characterization was never improved since
their discovery in 1965 [24]. Nevertheless, this compound (or mixture) is the same as
the one observed during the early stages of lead corrosion in the “absence” of CO,
[14,16]. Global reaction can be written (all equations are normalized to 1 Pb in the
following):

Pb + 1/2 O, + 3/2 CHsCOOH —> 1/4 PhyO(CH3CO0)sH,0 + 1/2 H,0 (1)

As will be shown, O, is mandatory during this phase as an oxidizer. According to
Tétreault et al., lead acetates grow much faster on a tarnished surface (obtained by
exposing lead to ambient air prior to acetic acid vapor) [14], but so far, it cannot be
decided whether it forms in a one- or two-step reaction once the pre-formed oxide film
is fully transformed. Reaction (1) also occurs in absence of CO,, but the corrosion is
much slower. An alternative reaction was observed in the presence of water vapor
condensation on the foils, which favors the growth of lead acetate trihydrate
Pb(CH3C00),.3H,0 (LATH, PDF#00-014-0829):

Pb + 1/2 O, + 2 CH3COOH + 2 H,0 — Pb(CH3C00);3H,0 (17)
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Fig. 1. Flowchart of the reaction paths observed during the formation of lead white pigments
by corrosion under air, CO,, CH3;COOH and H,0 vapors.
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Fig. 2. Evolution of the XRD pattern of the external lead surface during 10 days, with main
diffraction lines of corrosion compounds.

e Step 2. At about 1 h, carbonation becomes detectable by XRD, with the growth of
plumbonacrite (PDF#04-017-4336) from the acetate(s):



1/4 Pb40(CchOO)5'H20 +3/5C0O, + 7/5 H,O — 1/5 Pb50(COg)3(OH)2 + 3/2
CH3COOH ?)

Pb(CH3C00),.3H,0 + 3/5 CO, — 1/5 PbsO(CO3)3(OH), + 2 CHsCOOH + 18/5 H,0
(27)

PN probably exhibits its usual platelet habitus [22] with the ¢ (six-fold) axis
perpendicular to the foil surface as attested by the enhancement and the broadening of
the (00I) diffraction lines. A faint amount of hydrocerussite (PDF#04-016-7055) is
also detected, but quantification is hampered by the preferred orientation and also the
probable non-reciprocal absorbance of the two phases. Acetates are no more detected.
In the following (2 to 22 h), the diffracted intensities of HC increase, while those of
PN decrease, according to equation:

1/5 PbsO(CO3)3(0OH), + 1/15 CO; + 4/15 H,0 — 1/3 Pb3(CO3)2(OH), 3

During this step, the corrosion film grows thick enough to absorb the diffraction peaks
of metallic lead.

e Step 3. At about 24 h, PN is no more detected, but cerussite (PDF#04-007-4913)
appears:

e 1/3 Pb3(CO3),(OH), + 1/3 CO, — PbCO3 + 1/3 H,0O 4

HC and C coexist until complete consumption of lead (about two months), with a
progressive decrease of the HC:C ratio. The film turns into a thick, porous and brittle
layer that does not adhere anymore to the metal, forming flakes that can be easily
removed, as reported in the ancient literature [12].

e Step 4. After being separated from the substrate and further exposed to corrosion, the
HC:C ratio tends to zero, and the flakes turn progressively into a pure C phase after
about a week.

Logically, the corrosion route, as probably in the stack process, yields products with a
carbonation rate that increases with time, in the order PN / HC / C. In this way, it offers a
remarkable similarity with the order of prevalence in aqueous solutions with decreasing pH.

Stratification of the corrosion product After 3 weeks, the corrosion film has become
several mm thick (Fig. 3). In order to observe possible variations of the composition
perpendicular to the surface, the film was delaminated in three layers, ground separately and
analyzed using XRD/Rietveld, along with the residual metal. PN was the only compound
detected at the surface of the foil itself. A small amount was measured in the lower layer,
dropping to zero in the intermediate and upper ones (Fig. 4). The flakes themselves appeared
to be made of HC and C with an increasing C:HC ratio corresponding to a gradient of
carbonate concentration from metal to surface: C:HC:PN = 43:55:2 £2 w% (internal flake),
85:15:0 £2 w% (intermediate flake), 100:0:0 w% (external flake). It can therefore be
reasonably concluded that the previously detailed reactions take place not only successively in
time, but also simultaneously at various depths. This mechanism and the resulting multi-phase
stratification are probably favored by the high permeability to gases of the low-density
microstructure.



Fig. 3. Corrosion flakes grown on a lead foil (3 weeks).
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Fig. 4. XRD patterns and compositions of the foil surface and 3 successive layers of LW
flakes extracted after 3 weeks.

Acetic acid and lead acetates Although being noticeable during the early stages of
the process, lead acetate readily transforms into carbonates in the presence of CO..
Nevertheless, it plays an active role throughout the process, insofar as the corrosion proceeds
much slowly in the absence of acetic acid, in agreement with Faivre et al. who consider it as a
catalytic agent [25]. However when acetic acids is in excess, its vapor becomes detrimental to
the LW already formed. Indeed we observed that both C and HC undergo a reverse
transformation into LATH when the CO; supply is stopped.



1/3 Pb3(CO3)2(OH), + 2 CH3COOH + 5/3 H,0 — Pb(CHsC00),.3H,0 +2/3C0,  (5)
PbCO; + 2 CH;COOH + 2 H,O — Pb(CHgCOO)2.3H20 + CO, (6)

These reactions could have occurred in the ancient processes not involving a source of CO,,
but also in the stack process when the CO, supply is exhausted (e.g. end of manure
decomposition). Conceivably, the tendency to synthesize either lead carbonates or acetates
depends on the concentration ratio of the present gases, which can only be roughly controlled
in pre-industrial plants. As a consequence, LATH or other lead acetates were likely to occur
in as-prepared LWs, whatever the process was employed. Although the effect of the presence
of lead acetates in the pigment remains controversial, ancient authors (like King (1653) and
Le Pileur d’Apligny (1779), cited by Stols-Witlox [12]) generally emphasize on the necessity
to rinse or grind the pigment in water, probably in order to eliminate this very soluble
compound. One can note that in the 19" and 20" ¢ LATH has been reported to be mixed with
binders to accelerate the drying of paint layers. However, detection and identification of lead
driers is challenging, in particular in presence of another lead-based pigment such as LW, and
can only be hypothesized [25].

Before a CO, source was systematically implemented to the corrosion facility in the
late Middle Ages, acetic acid vapor issued from vinegar generally appeared as the only
reagent with lead [4,26]. In such conditions, according to modern studies [14-16] and to the
present work corrosion is slow and the final product mainly consists in acetate(s), along with
minor amounts of PN and HC. However, quoting ancient authors like Dioscorides [27],
Theophrastus [3] and anonymous 14" c. Secretum Philosophorum, Thompson [28] and Clarke
[29] stress that the so-obtained materials generally underwent a subsequent treatment. The
most straightforward way (Dioscorides’ “winter process®) consisted in roasting the powder,
that is, exposing the lead acetate(s) to combustion gases, thus allowing the expected
carbonation.

On the other hand, Dioscorides notes that sunlight can have the same effect as roasting
on the corrosion product. Recently, this “summer process” was reproduced successfully by
Katsaros et al. [2] who obtained a mixture of HC and C by exposing the primary product to
sunlight for 10 days, with a measured temperature in the 27-55 °C range. This result is
surprising considering that the mechanism of the conversion of lead acetate(s) into
carbonate(s) has not yet been reported and deservea few comments. First, from our own
experiments, LATH does not turn readily into PN or HC when exposed to air at 20 °C. Note
that from Antiquity to the pre-industrial period, the lower CO, concentration in air, about 250
vs. 400 ppm nowadays, would have made the process even slower. Secondly, the thermal
transformations of lead acetates in open air are now well documented thanks to Martinez-
Casado et al. [30], who revealed sequentially anhydrous Pb(CH3;COO),, oxyacetate
Pb,O(CH3COO), and finally PbO as products - excluding any spontaneous transformation of
the acetate group into carbonate. Thirdly, UV irradiation at 280 and 365 nm (this work) at
room temperature failed to induce a chemical transformation of LATH. Therefore, the
expected reaction is probably due to a combined effect of UV(-vis) exposure and moderate
heating, calling for further investigations to clear up the mechanism.

Evolution in air of a partly corroded foil A lead foil was partly corroded in the four-gas
environment, then extracted from the reactor and left open to air during three months. XRD
reveals the presence of PN in the flakes, contrary to freshly corroded samples. From the
Scherrer’s broadening of the 00l diffraction lines, the Lgp; mean thickness of the crystallites
can be estimated at 161 nm. The presence of PN could result from the resumption of the



corrosion process in the absence of CO, and CH3;COOH, yielding at first alkaline PbO at the
metal’s surface, which in turn reacts with adherent HC according to:

3/10 Pb3(CO3),(OH), + 1/10 PbO — 1/5 PhsO(CO3)3(OH), + 1/10 H,0 )

As suggested by the very low amounts of C found in presence of PN, basic PbO and acid C
are also very likely to react with each other:

3/5 PbCO3 + 2/5 PbO + 1/5 H,O0 — 1/5 Pb50(COg)3(OH)2 (8)

It is worth noting that metallic lead and the three lead carbonates co-exist as long as
the former is still present. This apparent violation of the phases’ rule probably results from the
fact that the three carbonates grow at different depths of the corrosion layer: (i) PN at the lead
surface or from a possible intermediate acetate film, (ii) HC over PN, then delaminating into
flakes, and (iii) C by converting HC starting from the external surface. As the growth is
driven by the diffusion of gas reagents throughout the corrosion layer and their consumption
during the successive reactions, the CO, flux is expected to decrease with depth, while
reactions 1-4 occur at various depths. So, from a thermodynamic point of view, this four-
phase system appears to be ruled by a series of transient equilibria related to local CO;
potential.

Corrosion without dioxygen and carbon dioxide Ancient treaties cited by
Clarke mention that the jars containing the lead coils and the vinegar were often “tightly
sealed” to prevent gas circulation [29]. This procedure obviously aimed at avoiding excessive
losses of acetic acid vapors during the several weeks required by the process, but the O, and
CO; supply was likely reduced at the same time, leading to question about an hypothetical
route to LW by exposing lead to acetic acid and water vapors only. The present work only
involves a lead foil and an acetic acid solution; the container was flushed with N, then tightly
sealed. After 1 day, (001)-textured Pb(CH3C0OO0),.3H,0 forms (reaction 1), along with a
faint amount of HC (2° & 3) which disappears after 2 days (5). From XRD, the powder
obtained at 30 days matches with unindexed PDF#00-018-1738 [24]. Once attributed to a
possible anhydrous lead acetate, this pattern was recently shown to correspond to a mixture of
the actual Pb(CH3COO), and oxyacetate Pb,O(CH3COQ), [30]. Carried out at 50 °C to
simulate the heating induced by manure decomposition, corrosion only yields pre-mentioned
LOAH. Whatever the temperature, the corrosion film remains however very thin, even at
longer time, showing that the process is not sustainable without a significant supplementation
of oxidizer. The faint amount of acetates observed probably results from the reaction with pre-
existing lead oxide. As a conclusion, O, must be considered as a key reagent to the formation
of LW, which cannot therefore be carried out in really airtight vessels. So, despite the efforts
of the ancient manufacturers, their containers were probably not as well sealed as they
expected. For instance, Katsaros et al. mention that the thin skin covering the vessel used for
their mock up is “quasi-transparent to air (i.e. it breaths)” [2].

Plumbonacrite The first carbonate formed, PN, is almost absent from the flakes despite
a thin film remains at the metal’s surface during all the corrosion process. PN adheres so
firmly to ductile lead that we did not succeed in separating the two phases by mechanical
means. On (111) laminated lead, hexagonal PN grows with a slight preferred orientation of
the ¢~ direction perpendicular to the surface. Indeed, the interface is probably epitaxial,



considering both the common three-fold symmetry and the fortuitous lattice matching with
the z= 0.1 or 0.3 plane of PN (3 dpp-po(Pb) / 2 dpp-pp(PN) = 1.000, Fig. 5, left).

Fig. 5. Epitaxial relationships involving PN. Left: atomic positions in the (111) plane of the
Pb cubic close packing (colored circles) and Pb" sublattice at z ~ 0.3 in PN (grey). Right:
(001) projection of the z = 0.3 layer in PN (black cell outline) corresponding to the z ~ 0.2
layer in HC (red outline), with Pb (grey), C (red) and O (blue).

The extreme rarity of PN in paint layers is in agreement with its quasi absence in the
flakes. For instance, it proved to be absent from all the 30 fragments sampled from
preparation and pictorial layers of the 15-19" centuries masters’ paintings e have recently
analyzed using synchrotron diffraction [7,9]. Its most notable occurence was ascribed to the
degradation of an orange lead pigment in a van Gogh painting [31], therefore not resulting
from the LW synthesis. On the other hand, PN recently detected in a lead soap turned out to
result from the long-term degradation of PbO [32].

However, the analysis of two 19™ c. raw LW samples issued from the collections of
the National Museum of Scotland, Edinburgh, UK (Fig. 6), gave us the opportunity to observe
abundant amounts of PN issued from the stack process. These rare pigments (dated from 1867
and referenced T.1867.61.38 and T.1867.61.41), were originally labelled: “One of a collection
of specimens illustrating lead manufacture - a wicket (#38) and a star (#41) of lead from the
stack process, partially converted into white lead ”. In both cases, the sample still consisted in
partly corroded lead, with adherent and non-adherent white powder. The faint volume of the
samples only allowed a micro-XRD analysis, leading to a coarse assessment (10 %) of the
composition as follows:

¢ non-adherent powder: HC:C =89:11 to 99:1 w%, PN =0 w%

e |ead-adherent powder: PN:HC = 42:58 to 60:40 w%, C <1 w%
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Fig. 6. 19" c. samples from the National Museum of Scotland featuring metallic and corroded
lead (references T.1867.61.38 and T.1867.61.41): lead foil with LW traces and flakes (inlay).

While the HC-rich non-adherent powder is similar to the pigments commonly found in
the 19™ c. paintings [7,9], the material adhering to the lead exhibits a very unusual PN ratio
(Fig. 7). So far, we can suggest that the outstanding composition of these historical pigments
results of the a posteriori evolution of an incompletely corroded batch, according to reactions
7 and 8. This route is atypical however, so the use of such a PN-rich pigment seems unlikely
in easel painting. Nevertheless, these occurences account for the stability of PN over time and
its possible growth from HC or C in basic media. In particular, the evolution of C/HC
pigments in PbO-siccatived fatty acid binders could possibly lead to the presence of PN in
paint layers, an hypothesis which calls for further explorations of Old masters’ artworks.
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Fig. 7. XRD patterns showing the presence of PN in historical sample T.1867.61.38
(middle, red) and a 3 months mock-up (top, blue), compared to PN grown in the early stages
of lead corrosion (bottom, green). Dashed lines show the main discriminant peaks for PN.

To further build on that, a LW sample obtained through reconstruction of the ancient
stack process by A. Wallert at the Rijksmuseum (Amsterdam, NL) was analyzed with XRD.
The raw pigment was obtained by heavily scraping the partially corroded lead foils. It thus
contained dark particles of uncorroded lead, ripped off from the foil, along with a substantial
amount of PN. It was then rinsed with water and filtered until separation of the white powder
and metallic lead fragments. The result was a disappearance of PN. One can thus infer that PN
was strongly bound to lead particles, because of the above-mentioned epitaxial relationship.
As raw LW from the stack process was most probably always rinsed to get rid of any dark
material tarnishing the pigment’s desired white color (dirt or uncorroded lead), the absence of
PN in historical pigments would thus be explained.

Hydrocerussite Among the three carbonation reactions that take place simultaneously
during corrosion, PN-HC is by far the less limited by the gas supply owing to the very low
CO4:Pb ratio involved: 1:15, whereas the formation of PN requires 9 times more CO,. This is
probably why HC readily forms short after carbonation starts, and co-exists with PN as long
as some metal remains.

From XRD, the HC platelets also appear to grow parallel to the substrate during the
early stages of the corrosion, but unlike the fortuitous Pb-PN lattice matching, the PN-HC
epitaxy is favored by the strong structural similarity of the structures: both phases show a
three-fold symmetry (PN is hexagonal, HC is trigonal) and very similar [PbCOg3] layers (3
independent ones in PN, 1 in HC, Fig. 5, right)). In the (001) plane, PN and HC only differ by
an apy / apc = 1.73 V3 superstructure resulting from the apn ~ 2ayc + buc cell change. More
generally, PN and HC were recently shown to belong to a same wide family of crystal



structures built upon alternate sheets of neutral [PbCO3] separated from other functional
groups by the stereochemical activity of the Pb** 6s lone pair [33].

Before turning into C, the HC platelets of the flakes’ external surface still exhibit the
initial (001) texturation (Fig. 8a). However, those grown afterwards, that is, beneath the
surface, pile up into twisted columns with both a frequent cyclic 30 ° twinning and a marked
misorientation of the (001) planes, resulting in a low-compacity sandrose-like microstructure
(Fig. 8b). This disordered array of thin crystallites (L. = 100 nm) could result from the fast
growth kinetics allowed by the the low dependence of the PN-HC conversion towards the
CO; supply. This has important implications regarding the manufacturing of the pigment: on
the one hand, the gases diffusion to the metal surface remains fast enough even through a
thick layer, thus allowing a complete corrosion of a lead foil within a few weeks as reported
in the ancient writings [12]; on the other hand, the pigment organizes into flakes that peel off
readily from the metal and make its collection easy.

Fig. 8a. Outer side of a flake, showing the Fig. 8b. Inner side of a flake, showing the
(001) faces of the HC crystallites. disordered array of the HC crystallites.

Cerussite The final product of the corrosion process consists in micron-sized crystallites
showing the usual [001] prismatic habitus (Fig. 9). The pseudohexagonal cross-section is a
probable hint for the (110) trilling commonly observed on isostructural (orthorhombic)
aragonite CaCQOj3 [34], but the absence of longitudinal striation lines and the symmetric profile
of the XRD lines (Fig. 10) account for a low density of the fault planes, in agreement with the
slow growth process. On the contrary, the C powders obtained by precipitation in water, even
matured in the mother solution, systematically feature asymmetric Lorentz tails (towards high
260 for h > k, low 26 for h < k), a typical signature for fast-grown densely faulted polycrystals.
This marked difference could provide a quick and reliable differentiation criterium for
determining the way a LW was synthesized.



Fig. 9. SEM view of C crystallites obtained by complete corrosion of lead.
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Fig. 10. Comparison between the synchrotron XRD peaks (ESRF ID22, 1 = 0.35 A) of two
pure cerussite samples synthesized by corrosion and precipitation. Note the asymmetric
broadening for the latter.

Mixed HC/C compositions in pigments ~ The LWs found in Hellenistic and Greek
cosmetics [1], Middle-Ages, Renaissance, classic and modern easel paintings [7-9] or in 19"
c. preparatory layers [36] underwent very different conditions of preparation, resulting in
different original compositions, but almost all of them (except for some cosmetics only made
of C) contain both C and HC. The exitence of mixed compositions over centuries- or millenia-
long timescales and in various environments is also a point of interest, considering that a
mixture of solids based on the same constituents cannot be the result of a thermochemical
equilibrium.

Possible long-term transformations resulting from environmental factors must then be
considered. In easel paintings, HC could conceivably have turned into C after admixture with



the binder, typically a fatty acid. Despite the global decrease of the HC ratio with time [9]
seems to confirm this hypothesis, several samples collected on Renaissance paintings still
exhibit very high HC ratios, thus proving that this phase does not interact significantly with
the binder, even on a five-century timescale. Besides, LW cosmetic powders free of organic
binder of the Greek-Roman period were also found to consist in C/HC mixtures [1], leading to
conclude that long-term exposure to atmospheric CO, can neither be invoked. To ascertain
this hypothesis, we observed by XRD that a HC sample left open to air (~ 600 ppm CO,) was
still free of C after 26 months. So, despite its tendency to carbonate into C, HC seems to be
poorly sensitive to CO; in atmospheric conditions.

Therefore, the manufacturing process itself must be considered. The most common
ancient post-synthesis treatment consisted in washing or grinding raw LW first in vinegar to
make it whiter [12], probably to dissolve residual metal, but also resulting in the partial
conversion of HC into C. Subsequent washing in water probably aimed at eliminating soluble
lead acetate, but unless carried out in warm water (a rare process), no significant hydrolysis of
C into HC resulted, according to our experiments. So, the prevalent HC-rich compositions
probably do not result from post-synthesis treatments.

More probably, the mass balance of the corrosion process itself is at issue: basically,
the synthesis of HC requires 2/3 CO; molecule per lead atom vs. 1 CO, molecule per lead
atom for C. In other terms, 1 mol CO, either yields 40.75 cm® / 267.2 g of C or 56.58 cm® /
386.8 g of HC. So, growing C instead of HC would curtail the LW production by 28 % in
terms of volume, 31 % in terms of weight. Consequently, one can guess why for the sake of
profit, the manufacturers in the past did not wait for a complete carbonation into C, but rather
collected the pigment by scraping it off the lead substrate, thus ensuring a high HC rate. This
was reported by several sources through the times, like Heraclius and the monk Theophilus
(Middle Ages), La Hire (18" c.), Field (19" c.) [12]. Let us keep in mind however that the two
phases can hardly be distinguished from each other without modern analytical methods,
making the monitoring of the HC-C reaction at least very difficult. Besides, as we saw, the
corrosion layer is not homogeneous, which means that some C already grows at the external
surface while some uncorroded lead still remains, thus accounting for the final composition of
the pigment. At last, if a high HC ratio can be considered as a criterion of efficiency, it seems
from its continuous increase with time [7-9] that the stack process underwent significant
improvements or a better control between the Renaissance period and the late 19™ century.

Conclusion

The experimental process implemented in this work cannot pretend to reproduce
faithfully the stack process, in particular concerning variable parameters like temperature,
gases concentrations, or even the presence of other decomposition gases. Nevertheless, the
time evolution, flakes texture and heterogeneous C-HC composition of the corrosion product
are in good agreement with the ancient texts and the historical materials, either raw or in
pictorial materials. For a complete understanding of the composition and microstructure of the
LW pigments in the materials of the cultural heritage, further investigations are needed to
understand the effect of the wet processes implemented in post-synthesis treatments and
alternative synthesis routes of this material.
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