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Abstract: A systematic investigation of medieval copper green pigments was carried out based on
written sources: 21 manuscripts, dating from 50–70 to 1755 AD, were sourced and 77 recipes were
selected, translating into 44 experiments. Reconstructions from medieval recipes were prepared and
characterized through a multianalytical approach to disclose the original pigment formulation that is
often described as verdigris. Based on the results obtained, we propose three main groups of copper
green pigments, group 1, in which only Cu(CH3COO)2·H2O is formed; group 2, where this acetate
is found together with copper oxalates; group 3, in which atacamite is present as the major green
component or as a signature compound. The products formed are in perfect agreement with that
predicted by the state-of-the-art research on the mechanisms of atmospheric corrosion of copper. This
knowledge, together with our experience on craft recipes to prepare medieval paint materials, allowed
us to recover a lost medieval recipe to produce a copper green pigment based mainly on atacamite,
a basic copper chloride, which has been recently detected, by Raman and infrared spectroscopy,
in artworks ranging from Catalonia and the Crown of Aragon panel painting to Islamic manuscripts.

Keywords: copper green pigments; medieval pigments; conservation; Raman microscopy; infrared
spectroscopy

1. Introduction

1.1. Medieval Copper Greens

Copper greens were used as pigments since antiquity until the discovery and dissemination of
viridian green, a chromium oxide, in the 19th century [1–5]. Except for malachite, a basic copper
carbonate available as a mineral, all the other copper green pigments may have been synthesized during
the medieval period as will be discussed in this paper. The medieval artefacts, in which synthetic
copper greens have been detected, range from artistic to technical, such as manuscript illuminations
and maps. Amid the synthetic copper greens, “copper resinates” and “verdigris” are still the best
known medieval copper greens [1,4–7]; as we will show in this work, the main pigment obtained
reproducing the medieval process for making verdigris is a neutral acetate of copper (Figure 1). More
recently, using an analytical approach similar to ours, other copper pigments have been characterized
in medieval artworks, such as basic copper sulfates in medieval illuminated manuscripts dated from
the 15th century by Eremin et al. [8,9]; basic copper acetates admixed with chlorides as well as oxalates,
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also from the 15th century, in Catalonia and the Crown of Aragon paintings (oil and tempera paintings)
by Salvadó et al. [10,11]. In this latter work, the authors are uncertain on the origin of these green
compounds, in particular, the copper oxalates: Were they applied as synthetic pigments or were
they formed due to paint degradation? Eremin et al. [12], in a systematic study on the materials and
techniques of Islamic manuscripts, described a variety of mixtures of copper greens to produce subtle
variations in color; they detected all the above described compounds and atacamite alone. These
authors also discuss the provenance of these greens, either produced artificially as copper corrosion
products or as “natural mixtures resulting from use of different ores.” The main analytical techniques
used by Salvadó were X-ray diffraction (XRD), X-ray fluorescence (XRF) and infrared spectroscopy;
whereas Eremin’s analyses were based on Raman microscopy and XRF (infrared spectroscopy was also
used, but with no conclusive identification). Previously published works on the identification of copper
greens such as atacamite in paintings were carried out by Naumova, Pisareva and Nechiporenko in the
1990s; the characterization was essentially based on transmitted light microscopy [13,14], and only for
a basic copper sulfate found in 16th century Russian frescoes were the XRD data presented.
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In what concerns the conservation of this cultural heritage, the use of verdigris on paper raises great
concern since its degradation corrodes the organic support, similarly to iron gall inks. Additionally,
the changes in color from green to dark brown greatly affect our perception of the artworks [15]. While
there has been much research on treatments for stabilizing iron gall inks’ degradation [16], there is still
much to be learned on copper acetate degradation [15,17,18].

With this issue in mind, for this work, we systematically synthesized medieval copper
green pigments based on written sources (treatises and other technical documents) (Table S1).
Twenty-one pre-, post- and medieval manuscripts, dating from 50–70 to 1755 AD, were sourced
and 77 recipes were selected to be reproduced, that translated into 44 experiments. The pigments
obtained were characterized through a multianalytical approach using Raman microscopy (µRaman),
Fourier-transform infrared microspectroscopy (µFTIR), X-ray fluorescence microspectroscopy (µXRF)
and X-ray diffraction (XRD). Raman microscopy and infrared spectroscopy were fundamental to
fingerprint signature compounds for the three main groups we propose to be representative of medieval
copper greens, as will be discussed in this work (Figure S1).

1.2. The Synthesis of Cu(CH3COO)2·H2O Using Copper in the Presence of Acetic Acid

In the recipes that were selected for this study, the preparation of Cu(CH3COO)2·H2O (Figure 1)
is usually made from copper sheets in the presence of, but not in contact with, a source of acetic
acid, such as vinegar in a well-sealed container. Thus, the formation of medieval verdigris can be
described as a complex atmospheric corrosion process that “incorporates a wide spectrum of chemical,
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electrochemical and physical processes in the interfacial domain from the gaseous phase to the liquid
phase to the solid phase” [19].

Advances in the understanding of these complex reactions offer a general description of this
corrosion process that initiates with the formation of an aqueous adlayer at the copper surface where
an oxide layer (thickness of a few nanometers) is formed; usually, it terminates with surface hydroxyl
groups next to the liquid layer [19]. This aqueous adlayer results from the instant reaction of water
vapor with the metal. Leygraf et al. propose that these hydroxyl groups, next to the liquid layer, may
be easily exchanged by other anions and protonated, promoting metal dissolution from the surface [19].

In our experimental conditions, cuprite, copper(I) oxide, is expected to be the initial surface
component formed on copper upon atmospheric exposure. Cuprite is formed within the first hours of
exposure and continues to grow until developing a copper oxide surface that terminates with hydroxyl
groups next to the liquid layer. In a second stage [19–23], acetate ions or protons will promote the
dissolution of the metal and the formation of metal-ligand precipitates. Following the formation of the
first copper oxide and hydroxide layer, Leygraf et al. propose two reaction pathways: (1) One that
involves proton-induced dissolution of cuprous ions and formation of further cuprite, Cu2O (pathway 1,
promoted by hydroxyl protonation); (2) another pathway based on ligand-induced dissolution of
the cuprous ions and release of an aqueous copper carboxylate species from the surface and their
subsequent precipitation as copper(II) acetate (pathway 2, promoted by hydroxyl-carboxylate exchange).
It was also verified that stronger organic acids, which produce higher concentrations of carboxylate
ions, will stimulate pathway 2; this was exemplified when comparing the corrosion effect of formic
acid and acetic acid: It was observed that formic acid stimulates higher rates of carboxylate-induced
dissolution [19,22].

On the other hand, the results obtained by López-Delgado et al. for cuprite, point to
a ligand exchange of O2− by CH3COO−, possibly due to the higher concentration of the
latter [18,19]. These authors also described the formation of basic copper acetates with formula
estimated to be “Cu4(OH)(CH3COO)7·2H2O”, because of its assumed structural similarity to
Co4(OH)(CH3COO)7·2H2O, based on comparable XRD patterns [20,21].

In the final stages, with prolonged exposure, the number of precipitated nuclei and their sizes
increase until eventually they completely cover the metal surface—at this stage they are described
as corrosion products. Besides Cu2O, common corrosion products that have been identified within
the patina are; (1) on copper in SO2/sulfate-dominated environments, basic copper sulfates such as
posnjakite (CuSO4·3Cu(OH)2·H2O), brochantite (CuSO4·3Cu(OH)2) and antlerite (CuSO4·2Cu(OH)2);
(2) on copper in chloride-dominated environments, paratacamite (Cu2(OH)3Cl), atacamite (Cu2(OH)3Cl)
and its isomorphous compounds [19,24]. Recent findings have also identified nantokite (CuCl) within
the patina at marine conditions with high chloride-deposition rates [19,23].

Based on the experimental results and findings of these two groups, we propose the following
global reactions to produce verdigris, in acetate-dominated environments, as described in medieval
recipes [19–22]:

4Cu + O2 → 2Cu2O (1) redox reaction
Cu2O + 4CH3COOH→ 2Cu(CH3COO) 2·H2O (2) redox reaction (O2 as oxidant) and ligand exchange

1.3. Characterizing Verdigris and Other Copper Patinas by Raman Spectroscopy

Copper acetates, such as Cu(CH3COO)2·H2O in Figure 1, are characterized by Raman through the
bands assigned to the acetate group, namely at 703 cm−1 attributed to the OCO bend, 948 cm−1 due to
CC stretch (strong intensity), 1418 cm−1 due to the CH3 bend, 1440 cm−1 due to the stretch of the COO
group, 2941, 2989 and 3024 cm−1 attributed to CH stretches. A strong band is also observed at 322 cm−1,
which together with the band at 231 cm−1 may be assigned to Cu-O stretches [25–27]. San Andrés
et al. and Coccato et al. have also identified other copper pigments by Raman spectroscopy [28,29].
Coccato et al. have made available a comprehensive set of Raman spectra for sulfates, antlerite
(CuSO4·2Cu(OH)2), brochantite (CuSO4·3Cu(OH)2), posnjakite (CuSO4·3Cu(OH)2·H2O) and langite



Heritage 2019, 2 1617

(CuSO4·3Cu(OH)2·2H2O), as well as chlorides, atacamite, paratacamite, clinoatacamite and botallackite
(Cu2(OH)3Cl) [29]. Frost et al., based on Raman spectroscopy, proposed that clinoatacamite and
botallackite are polymorphs of atacamite, but paratacamite is a “separate mineral with a different
structure,” displaying different Raman spectra that allow for a straightforward distinction in the O-H
region [24]. The copper sulfates are easily distinguished due to the strong band for the sulfate symmetric
stretch around 970 and 990 cm−1 and the OH stretch region around 3600 and 3200 cm−1 [29–31]. On the
other hand, copper chlorides are identified by the bands below 600 cm−1 assigned to O-Cu-O and
Cl-Cu-Cl modes, the bands between 800 and 1000 cm−1 attributed to Cu-OH and OH bends and most
importantly by the strong intensity of the OH stretch region around 3600 and 3200 cm−1 [8,24,29].
Copper oxalates (CuC2O4.nH2O) have also been identified by Raman and are mainly characterized by
an intense band at 1518 cm−1 with a shoulder at 1486 cm−1 due to CO stretches, in addition to intense
bands at 556 and 209 cm−1 assigned to the Cu-O stretches [32–34].

1.4. Characterizing Verdigris and Other Copper Patinas by Infrared Spectroscopy

Neutral copper acetate is characterized by medium-strong infrared peaks at 3476, 3374 and
3272 cm−1 corresponding to the OH stretching modes of the water molecule associated to the acetate
ion [27]. The weak bands at 2988 and 2941 cm−1, common in spectra of acetates in general, correspond
to the asymmetric and symmetric CH stretching modes, respectively [35]. In the fingerprint region,
the main bands are: the strong stretching absorption of the COO− group at 1602 cm−1; the absorption
at 1445 cm−1 assigned to CH3 asymmetric bending, with a shoulder at 1421 cm−1 assigned to the
symmetric stretching mode of the COO− group [11,12,27,35,36].

Salvadó et al. have detected basic copper chlorides in historical green paints through their
characteristic infrared bands at 3341 and 3443 cm−1 (strong intensity) together with a set of weak
intensity bands in the region 800–100 cm−1 assigned to OH stretches and bendings, respectively [10,11].

Copper oxalates have been mostly associated to degradation products and their identification
is based on the asymmetric stretching mode of the COO− group at 1677 cm−1 and the symmetric
stretching and bending modes of the COO− group at 1364 and 1320 cm−1 [11,32,37–39].

2. Experimental

2.1. Materials

2.1.1. Reference Materials

Neutral copper acetate monohydrate (Cu(CH3COO)2·H2O) used in this work was from Kremer
and copper oxalate (CuC2O4.nH2O) from Alfa Aesar. The reference for atacamite (Cu2(OH)3Cl)
was of mineral source from Burra, Australia (kindly provided by Geoscience Museum at Instituto
Superior Técnico, Lisbon), and cuprite (Cu2O) was prepared as a copper patina at the Department of
Conservation and Restoration by Sara Fragoso (NOVA School of Sciences and Technology).

2.1.2. Ingredients

The two main ingredients were a source of copper (Cu) and a source of acetic acid (CH3COOH).
Metallic copper foils, 99.9% in Cu, with a thickness of ca. 0.8 mm, were cut in 9 cm × 2 cm sheets, hand
polished (sandpaper no. 220). Brass 0.5-mm sheets were also used, with equivalent metal purity and a
2:1 Cu/Zn ratio. Copper and brass foils were acquired at Francisco Soares Lda. (Carnaxide, Portugal).

For the acetic acid sources, two different kinds of vinegar were used: A commercial white wine
vinegar (Auchan, Portugal), with 6% acidity and a pH 2.5, and a handmade red wine vinegar, pH 3.0,
made in the Serra da Estrela region (Portugal) which was aged for roughly one year in oak barrel.
Before using, both vinegars were previously heated at 70 ◦C, as suggested in some recipes. This will be
further discussed in the Results and Discussion.

The additives used are next described.
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A first subset is made of salts. Recipes mention “salt,” “common salt” or seldom “sea salt”, which
were all taken as synonyms meaning sea salt—not pure sodium chloride (NaCl), as sodium (Na+)
and chlorine (Cl−) ions only respond for 85.62% of sea salt’s solid residue, with sulfate (SO4

−2) and
magnesium (Mg+2) responsible for 11.36% and so on [40]. Commercial, additive-free, nonpurified,
coarse sea salt (Vatel, Portugal) was acquired and ground by hand in agate mortar. Alternatively,
some recipes recommend using salt that was first “calcined,” which led us to submitting some of the
above-mentioned hand-ground sea salt to a calcination procedure, in accordance with Theophilus’
recommendations, which read: “[ . . . ] take a flat pan full of salt and, pressing the salt down firmly,
put the pan in the fire and cover it with [glowing] coals for the night. Next morning grind the salt
very carefully on a dry stone [41].” We did not use coal, but a gas-fired heated steel pan. For alum,
either referred to as simply “alum” or as “Yemeni alum,” reagent-grade potassium alum was used,
i.e., aluminum potassium sulfate dodecahydrate (KAl(SO4)2·12H2O). Likewise for “sal ammoniac”,
for which reagent grade ammonium chloride (NH4Cl) was used.

Honey is prescribed in many recipes and we always used it from a single "mel de urze" batch,
a common Portuguese name for plants of the Ericaceae family, harvested at Concelho de Vila Pouca de
Aguiar (Trás-os-Montes, Portugal). Parchment glue was tested as a substitution of honey (for more
details on this choice, please see Section 2.2. and Results and Discussion). It was prepared with goat
parchment, acquired from the Musée du Parchemin (France), following the procedure described in
“The Book of How to Make Colors” (O libro de komo se fazen as cores) [42]; the parchment was washed
with distilled water, cut in small pieces (~0.5 cm × 0.5 cm), which were then put in a beaker and it was
filled with distilled water (relative initial amounts, 1 g parchment: 10 ml distilled water). The beaker
was coated and covered with aluminum foil, so that heating was uniform at 70–80 ◦C. It was then
uncovered for allowing some evaporation, then more distilled water was added and again covered,
maintaining the heating; this was repeated until the glue was concentrated, whose texture and viscosity
were tested with fingers (as indicated in the recipe). The pieces of parchment were removed and the
glue was kept in the refrigerator.

The last additive is soap, which was commercially acquired (blue and white traditional Offenbach
Portuguese soap, Confiança, Portugal; if dissolved in water it produces strongly alkaline solutions,
pH 11).

Millipore water was used in all the experiments.

2.2. Preparation of Medieval Copper Greens

Experiments were carried out in closed containers made of glass and oak. Whenever the recipe
mentioned oak or simply wood, we used custom made white oak (Quercus alba, imported from the
United States) boxes, measuring (internally) 24 cm wide × 14 cm deep × 18 cm high, and, for the
one experiment using horse dung, a box measuring (internally) 8 cm wide × 8 cm deep × 11 cm
high, always ~5 mm thick, with superior dovetail cover, no hinges, no varnish or any other coating.
It was hand-made in a carpentry workshop. Oak boxes had two tiny hooks bolted externally (without
reaching the interior) on each of the smaller sides, so that nylon threads could be tied longways across
the opening and thus used to suspend copper or brass sheets. Glass vessels, 16.5 cm high × 12 cm
diameter (volume 1 L), had a natural rubber pressure hermetic seal lid.

Based on the experimental results obtained, we describe the three types of recipes which might be
taken as representative of the three main groups of copper greens we have characterized, Figure 2.

Group 1: “Spanish green” in recipe § 1.16.5 of the “Montpellier manuscript” (Liber diversarum arcium) [43],
seen identically in an equally named recipe of Theophilus’ Schedula diversarum atrium [41]:

“Preparation. If, then, you want to prepare or make Spanish green, take thinned tablets of copper
and rasp them carefully on both sides, and pour hot pure vinegar over them, without honey and salt,
and put them together in that wood [container] or vessel, not touching the vinegar, and after two
weeks check, and scrape; and do thus until it will suffice you [43].”
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Figure 2. Scheme of the ingredients and final products of representative recipes for groups 1, 2 and 3.

Vinegar of commercial and handmade source, 20 to 40 mL, was always filtered and heated to
~70 ◦C, and then poured in Petri dishes or beakers placed inside the oak box. The (copper or brass)
sheets were bent 90◦ downwards at ~0.5 cm from the edge parallel to the smaller sides. These bends
were used to secure the sheets while suspended by the nylon cord hanging longways attached to the
external hooks. Each sheet was put directly above a Petri dish (or beaker), with usually four dishes
and four sheets per box. After the time indicated in the recipe, the box was opened and the sheets were
scraped for retrieving the pigment produced.

Variations included using a glass container, and replenishing the dish(es) with vinegar and again
closing the vessel for additional time.

Glass vessels were used similarly, but with a single sheet and dish. Sheet suspension was achieved
similarly: Nylon cord was tied to the hinges and to the glass lid metal frame.

Group 2: Recipe § 130 of the Paduan manuscript (Ricette per far ogni sorte di colori) [44]:

“To make verdigris.—Take pieces of copper anointed with purified honey, and fasten them to the
cover of a well-glazed pipkin, which must be full of hot vinegar made with strong wine; then cover it
and place it in a warm situation for 4 or 5 weeks, and when you uncover it, remove the colour which
you will find on the pieces of copper, and it will be most beautiful [44].”

A thin layer of honey was applied to both sides of the sheets with a paint brush. Interestingly,
too much honey proved to entirely prevent the sheet corrosion.

This recipe was tested for honey’s substitution by parchment glue, in order to evaluate whether
its role is of a chemical nature or rather simply hygroscopic.

Group 3: Recipe § III.XXXVIII of Eraclius’ and pseudo-Eraclius’ De coloribus et artibus romanorum
(8th–13th centuries; as the recipe belongs to the third part, its specific authorship is ascribed to
“pseudo-Eraclius”) [44]:

“How to make a green colour from salt.—I have often mentioned a green colour, and now I will
tell you how I make it. I take a piece of oak, of whatever length and breadth I please, and scoop it out
into the shape of a scrinium. I then take copper, and cause it to be hammered out into plates as long as
I choose; that is, so that their length may cover the breadth of the hollow wood. Afterwards I take a
ladleful of salt, and pressing it strongly down, I put it into the fire for a night, and cover it up with
coals; and the next day grind it very carefully upon a dry stone. I then take small twigs, and place them
in the aforesaid wood, so that two parts of the hollow wood may be underneath and the third above.
Then smearing the copper-plates on both sides with honey, I sprinkle the salt all over the honey, then
shake the plates over the ladle to avoid waste, and then place the plates upon the twigs. I next cover up
the hollow wood with another piece made for this purpose, and lute it all round with clay well mixed
with asses’ dung. But before I cover up the hollow wood, I pour into it hot vinegar or hot urine, so as to
fill one-third part of it, and then cover it up, and afterwards do as before directed with this colour [44].”
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The addition of ~1–2 g of sea salt, duly weighed, was manually sprinkled. Too much sea salt
resulted in a strong corrosion environment, which led to the sheet breaking in two and thus falling into
the vinegar-filled dish, which hinders the ulterior pigment extraction.

This recipe was also tested for honey’s substitution by parchment glue, evaluating not only its
hygroscopic role but also its role in chloride diffusion.

2.3. Equipment and Characterization Methods

2.3.1. Raman Microscopy (µRaman)

Raman microscopy was carried out using a Labram 300 Jobin Yvon spectrometer, equipped with a
HeNe laser 17 mW operating at 632.8 nm and a solid state laser operating at 532 nm. Spectra were
recorded as an extended scan. The laser beam was focused with a 50× or a 100× Olympus objective
lens. The laser power at the surface of the samples was controlled with the aid of a set of neutral
density filters (optical densities 0.3, 0.6). The system was calibrated using a silicon standard. Raman
data analysis was performed using LabSpec 5 software. All spectra are presented as acquired without
any baseline correction or other treatment.

2.3.2. Fourier Transform Infrared Microspectroscopy (µFTIR)

Infrared analyses were performed using a Nicolet Nexus spectrophotometer coupled to a
Continuµm microscope (15× objective) with a MCT-A detector cooled by liquid nitrogen. The pigments
were prepared as KBr pellets or compressed in a diamond anvil cell. For pellets, spectra were
collected in transmission mode, from 4000 to 400 cm−1, with a resolution of 4 cm−1 and 64 scans.
For microsamples, spectra were collected from 4000 to 650 cm−1, with a resolution of 4 or 8 cm−1 and
128 scans. Omnic E.S.P. 5.2 software was used to perform the spectral analysis. The spectra are shown
here as acquired, without corrections or any further manipulations, except for the occasional removal
of the CO2 absorption at ca. 2300–2400 cm−1.

2.3.3. Micro-Energy Dispersive X-ray Fluorescence (µ-EDXRF)

Micro-EDXRF spectra were obtained with an ArtTAX spectrometer of Intax GmbH, with a
molybdenum (Mo) anode, Xflash detector refrigerated by the Peltier effect (Sidrift), with a mobile arm.
The spatial resolution is 70 µm. The experimental parameters used were: 40 kV of voltage, 400 µA of
intensity and 300 s of acquisition time, under helium gas flux.

2.3.4. X-Ray Diffraction (XRD)

X-ray diffraction patterns were acquired with a RIGAKU X-ray diffractometer MiniFlex II using
CuKa radiation (30 kV and 15 mA) in the 10 < 2θ< 80 range with a 1◦ step size, at the LAQV-REQUIMTE
Analysis Laboratory (FCT NOVA). The ICDD PDF-2 reference database (2007) was used to interpret
the XRD patterns.

3. Results and Discussion

3.1. Characterization of the Synthesized Pigments

Forty-four syntheses of verdigris were carried out, 26 in glass vessels and 18 in oak boxes (Table 1
and Table S1). The results of these experiments could be assembled in five groups (Table 1 and
Figure S1). Excepting for two processes that are included in group 4, Cu(CH3COO)2·H2O was always
produced, as predicted (Figures 3–5 and S2).

In group 1, only Cu(CH3COO)2·H2O was synthesized (Figure 3 and Figure S2). However, two
important classes of other copper compounds could also be found together with Cu(CH3COO)2·H2O:
Copper oxalates (group 2) and basic copper chlorides (group 3) (Figures 4 and 5). Their importance as
Raman and infrared markers will be discussed in the next sections (Tables 2 and 3).
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Table 1. The 44 experiments to produce synthetic copper greens were carried out in close containers;
26 were carried out in a glass vessel and 18 in oak boxes. The main products formed are assembled in
three main groups; the number of experiments that lead to their formation is reported together with its
value in % (for more details please see text).

Reaction Vessel Group 1 Group 2 § Group 3 Group 4 Group 5

Cu(CH3COO)2·H2O Cu(CH3COO)2·H2O
CuC2O4·nH2O

Cu(CH3COO)2·H2O
Cu2(OH)3Cl

CuCl
miscellaneous no products
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§ Other compounds were found in two processes, sodium oxalate and zinc acetate. 309 

In group 2, copper oxalate was always found, and occasionally sodium oxalate was detected, in 310 
minor amounts1 (Figure 4).  311 

Group 3 displayed a more complex signature (Figures 5 and S2B). We detected the presence of 312 
atacamite, which is in agreement with what is described in the literature for common patina 313 
constituents on copper, formed in chloride-dominated environments. Nantokite (CuCl), which has 314 
been recently identified within the patina at marine conditions with high chloride deposition rates 315 
[19,23], was tentatively identified as a minor compound by the peak at 1100 cm−1 in the infrared 316 
spectrum; the high Cl− mobility may have been possible due to the presence of honey, but also with 317 
parchment glue, a tested substitution. Ammineite (CuCl2(NH3)2) was also detected as an 318 
intermediate. It is an unstable compound that when exposed to the atmosphere converts into a copper 319 
chloride (Figure S3) [45]. 320 

It is very interesting to note that the percentage of unsuccessful syntheses was much higher for 321 
the glass vessel (25%) compared to the wooden box (4.5%), indicating that the volatiles released by 322 
the oak box play an important role in initiating the reaction [19]. It is also worth noting that all recipes 323 
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presence of zinc acetate, in agreement with the literature [17]. 
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§ Other compounds were found in two processes, sodium oxalate and zinc acetate.

In group 2, copper oxalate was always found, and occasionally sodium oxalate was detected, in
minor amounts1 (Figure 4).

Group 3 displayed a more complex signature (Figure 5 and Figure S2B). We detected the presence
of atacamite, which is in agreement with what is described in the literature for common patina
constituents on copper, formed in chloride-dominated environments. Nantokite (CuCl), which
has been recently identified within the patina at marine conditions with high chloride deposition
rates [19,23], was tentatively identified as a minor compound by the peak at 1100 cm−1 in the infrared
spectrum; the high Cl− mobility may have been possible due to the presence of honey, but also with
parchment glue, a tested substitution. Ammineite (CuCl2(NH3)2) was also detected as an intermediate.
It is an unstable compound that when exposed to the atmosphere converts into a copper chloride
(Figure S3) [45].

It is very interesting to note that the percentage of unsuccessful syntheses was much higher for the
glass vessel (25%) compared to the wooden box (4.5%), indicating that the volatiles released by the oak
box play an important role in initiating the reaction [19]. It is also worth noting that all recipes were
prepared using vinegar previously heated at ca. 70 ◦C; this was suggested in some recipes and it was
included in all experiments as we observed that better yields were usually obtained with this procedure.
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1 In a recipe using brass in an oak box, we also detected the presence of zinc acetate, in agreement with the literature [17].
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Figure 5. Raman and infrared spectra of group 3, in which atacamite Cu2(OH)3Cl may be present as a
minor component together with the Cu(CH3COO)2·H2O, group 3a, or as a major compound, group 3b;
Cu2O was also detected by Raman. Reference Raman and infrared spectra for a mineral sample of
atacamite and Cu2O are shown in grey, below.
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3.2. Detailed Characterization of Groups 1 and 2

As mentioned, pigments in group 1 are characterized solely by copper(II) acetate monohydrate
(Cu(CH3COO)2·H2O). µ-EDXRF shows a high intensity signal for copper only. The infrared spectrum
of neutral copper acetate monohydrate produced according to medieval recipes, Figure 3, matches
the spectrum of modern pure commercial samples of the compound [46]. This was also observed by
Salvadó et al. and San Andrés et al. [5,11].

In group 2, together with Cu(CH3COO)2·H2O we found copper oxalate as a minor compound, as
may be observed in the infrared spectrum, Figure 4. The infrared signature bands for copper oxalate
are observed at 1364 and 1320 cm−1 (COO− stretching and OCO bending) together with a band at
824 cm−1 (CC stretching); its presence was unequivocally confirmed by Raman microscopy through
the bands at 556 cm−1 (CuO stretching) and 1518 cm−1 (CO stretching), Figure 4 and Table 2 [32,47–51].

Table 2. Main Raman characteristic bands (cm−1)* for the synthesized compounds: copper acetate
monohydrate (Cu(CH3COO)2·H2O), copper oxalate (CuC2O4·nH2O), basic copper chloride
(Cu2(OH)3Cl) and copper(II) oxide (Cu2O).

Copper Acetate Copper Oxalate Basic Copper Chloride Copper(II) Oxide
Cu(CH3COO)2·H2O CuC2O4·nH2O Cu2(OH)3Cl Cu2O
231 m ν(CuO) 209 m ν(CuO) 119 w 218 vs ν(CuO)
322 vs 556 vs 147 w δ(OCuO) 418 w
703 m δ(OCO) 585, 610 sh 513 w ν(CuO) 630 w
948 s ν(CC) 831 m δ(OCO) 911 w δ(CuOH)

1418 sh δ(CH3) 924 m ν(CC) 3329 w ν(OH)
1440 m ν(COO−) 1486 sh ν(CO) 3350 m
2941 s ν(CH) 1518 s 3435 vs

2989, 3024 sh 1615 w

* w—weak, m—medium, s—strong, vs—very strong, sh—shoulder.

3.3. Detailed Characterization of Group 3

All samples in group 3 resulted from recipes that used sea salt, either raw or calcined, except for one
sample where sal ammoniac was used. It was possible to detect the presence of Cl by µ-EDXRF. Infrared
spectroscopy allowed us to provide a semiquantitative analyses of copper(II) acetate monohydrate and
atacamite by comparison with reference compounds, Figure 5. Basic copper chlorides may be found
in higher concentration than Cu(CH3COO)2·H2O (group 3b), but they can also be found as a minor
component in the overall pigment composition (group 3a). As mentioned above, basic copper chlorides
are straightforwardly identified by their weak but very well resolved bands attributed to OH bending
modes in the 1000–800 cm−1 region, namely at 986, 949, 894 and 849 cm−1 (inset in Figure 5), as well as
by their high absorption bands resulting from the OH stretching modes at 3443 and 3341 cm−1. They
match very well the bands of synthetic atacamite reported by Martens et al. at 987, 950, 915, 896, 850 and
819 cm−1 [52] and by Frost et al., 984, 944, 913, 890, 869, 844 and 820 cm−1 [24]. However, it is also close
to the basic copper chloride described by Salvadó et al. as paratacamite at 986, 949, 916, 895, 850 and
820 cm−1 [11]. At the same time, the bands of our infrared spectrum diverge from those of paratacamite
and clinoatacamite reported by Frost et al., Martens et al., Braithwaite et al. and Liu et al. and also
diverge from botallackite’s bands described by Braithwaite et al. and Liu et al. [24,52–55]. The presence
of atacamite on the synthesized copper green pigments was confirmed by Raman microscopy and
XRD diffraction [56], Figure 5 and Figure S2B, but paratacamite was not detected. This technique also
allowed the detection of Cu2O.

In four of the experiments studied in group 3, it was also possible to detect a weak infrared band
at 1103–1100 cm−1, suggesting the formation of the intermediate compound copper(I) chloride, CuCl,
which as a mineral is known as nantokite. This agrees with reports by Banik and Scott et al. [57,58]:
Both found CuCl in areas associated with honey when executing the same recipe. What is interesting,
though, is that CuCl was formed not only when honey was used but also when it was substituted
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by parchment glue. The chemical process by which CuCl may convert into other products is not yet
fully understood, but Scott [58] confirmed by XRD its transformation into atacamite when exposed
to humidity. It is thus possible that the process of conversion of the small quantity of nantokite into
atacamite was in course for the analyzed samples. This seems to confirm the role of honey or parchment
glue in promoting the mobility of chloride ions and, therefore, high chloride deposition rates.

Table 3. Main infrared characteristic bands (cm−1)* for the synthesized compounds: Copper acetate
monohydrate (Cu(CH3COO)2·H2O), copper oxalate (CuC2O4·nH2O) and basic copper chloride
(Cu2(OH)3Cl).

Copper Acetate Copper Oxalate Basic Copper Chloride
Cu(CH3COO)2·H2O CuC2O4·nH2O Cu2(OH)3Cl

629 m δ(COO−) 824 m ν(CC) 849 w
692 m δ(COO−) 1320 s νs(COO−)/ 894 w

1033 w δ(CH3) 1364 s δ(OCO) 949 w δ(OH)
1052 w δ(CH3) 1677 vs νa(COO−) 986 w
1445 s δ(CH3) 1655 w
1602 vs ν(COO−) 3341 vs ν(OH)

3475, 3375, 3272 m ν(OH) 3443 sh

* w—weak, m—medium, s—strong, vs—very strong, sh—shoulder, a—asymmetric, s—symmetric.

3.4. Oxalates as Degradation Products or Markers of Specific Recipes?

The biogenic or chemical origin of oxalates in works of art is still a matter of dispute [59–63].
Nevertheless, the importance of the binder in the formation of oxalates in both tempera and oil
paintings is well documented in the literature [61,63], and oxalic acid is generally considered an
end-product of the oxidation of more complex carboxylic acids [61]. As to their presence in the original
composition of historical pigments, Nevin et al. state that “[ . . . ] a copper oxalate has not been
identified or analytically documented as an artist’s pigment, nor is it known to have been historically
mined or manufactured for use as a material for painting [34].” Nevertheless, our historically accurate
reproductions of medieval recipes prove that copper oxalate and other oxalates can be present in the
original copper green pigment. This results from the craft nature of medieval pigment production,
which used nonpure reagents and selected additives based on a “savoir faire” and craft knowledge
now lost. This is very different from the pure, reagent-grade modern ingredients systematically used
in studies of artists’ materials.

It should be noted that the identification of oxalates in group 2 does not opposes to the fact that
they may be considered as markers of binder degradation in, particularly, calcium oxalate as proposed
by several authors [11,61,63–65].

4. Conclusions

Copper green pigment reconstructions from historical recipes were prepared and characterized to
know more about the original pigment formulation that is commonly described as verdigris. Our results
show that the products formed are in perfect agreement with that predicted by the state-of-the-art
research on the mechanisms of atmospheric corrosion of metals, in this case, of copper [19,22]. They are
also in agreement with studies on patinas [19,24,26,29,30,49,66–69]. Based on the pigments obtained
and described in Table 1, we propose three main groups of copper green pigments that in the future
may expand with the study of other documentary sources (for example, middle English recipes [70]).
Our research confirms that the use of vinegar in a close container will result in the formation of
Cu(CH3COO)2·H2O, a neutral copper acetate. In addition, in a wooden box, in 30% of the experiments,
it was the sole green pigment formed, group 1 (Table 1). It is important to refer that no other form of
copper acetates was detected (e.g., basic copper acetates). On the other hand, in 65% of the experiments,
our results show that other important green compounds may be formed such as oxalates and chlorides
(Table 1). For group 2, we highlight that copper oxalate was present in the original pigment formulation,
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and, therefore, caution must be taken when considering it a degradation product of the paint color (or
the binding medium). In fact, medieval verdigris was prepared as a degradation product of copper,
so several other corrosion greens should be expected to form in this process. In group 2 these copper
oxalates were detected as minor compounds in formulations in which neutral copper acetate was the
major compound, and for this reason we propose that they may be used as signature compounds for
the making of verdigris; further work will be required to associate it to a specific type of recipe. In the
presence of a binder, it will be more difficult to use them as signature compounds, as they may result
from the degradation of the binding medium. In the presence of NaCl as an additive, depending on
the experimental conditions, basic copper chlorides are formed in variable amounts together with
neutral copper acetate. In the experiments in which we used parchment glue as a substitute for
honey, we found that atacamite type structures could be formed as the major copper green. In this
case, verdigris cannot be described as mainly a copper acetate, but as a mixture of atacamite and
Cu(CH3COO)2·H2O; so, atacamite is a marker compound for group 3, and may be found as a, minor,
signature compound for certain processes (group 3a), or it may be the major green pigment (group 3b).
These findings are in agreement with the characterization of basic copper chlorides in the 15th century
Catalonia and the Crown of Aragon paintings (oil and tempera paintings), systematically studied by
Salvadó et al. [10,11]. They are also in agreement with what observed by Eremin et al. in a recent study
on Islamic manuscripts [12], in which certain shades of green only present atacamite.

Atacamite as the major copper green pigment resulted from a variation of a medieval recipe where
honey was substituted by parchment glue. We tested this variation because we know that many craft
recipes have not been documented in written sources, but were part of an anonymous craft “savoir
faire” that has been lost. It was very exciting to find that this kind of formulation was detected in
works of art ranging from panel painting to medieval illuminations, and from Europe to Persia [10–13].
We consider that one of our main contributions lies in the integration of our knowledge on craft recipes
that describe the manufacture and preparation of paint materials with the state-of-the-art research
on the mechanisms of atmospheric corrosion of metals. By integrating these "two different worlds,"
we may have recovered a lost medieval recipe to produce a copper green based in atacamite, a basic
copper chloride.

In the future, we will further explore recipes to produce basic copper chlorides as well as sulfates;
we will also extend our analytical characterization to include powder diffraction analysis of relatively
amorphous compounds using novel approaches [71,72].

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-9408/2/2/99/s1,
Figure S1: Representative pigments for each group; Figure S2: Representative diffraction patterns of (A) group
1 with the detection of Cu(CH3COO)2·H2O, (B) group 3 where Cu2(OH)3Cl (�) was detected together with
Cu(CH3COO)2·H2O; the identification of the copper oxalate was not possible by XRD most probably because
it is in an amorphous form; Figure S3: Infrared spectrum of group 3 example where ammineite (CuCl2(NH3)2)
(�) was detected together with Cu(CH3COO)2·H2O and Cu2(OH)3Cl (�); Table S1: Written sources and specific
recipes reproduced, together with a visual summary of the experimental set-up (see caption below the table) and
final products. The main products formed are assembled in four groups; group 5 includes recipes in which no
pigments were formed (unsuccessful).
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