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Metal formates sometimes occur as degradation products on heritage objects due to the use of wood products or other
sources of formic acid and formaldehyde. They are often related to alkaline surfaces which transform formaldehyde
directly into formate. The dominant role of formate on alkaline surfaces, for example in glass-induced metal corrosion
(GIM) or calcium carbonate degradation, was explored in the Stuttgart research on rare heritage corrosion products. This
review discusses these findings together with those from the literature: ocurrences of sodium and potassium formate
on glass, calcium formate and calcium acetate-formate phases on calcareous materials, magnesium formate on Sorel
cement and dolomitic sandstone, lead formate on metal and pigments, cadmium formate on coated objects, as well as
various copper and zinc formates on copper alloys. In the latter cases, formates dominate as glass-induced metal cor-
rosion products. The formation of formates constitutes irreversible damage, degrading the material of heritage objects.
Therefore, preventive conservation needs to remove all sources of carbonyl pollutants in order to avoid such corrosion.
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Introduction

Reports on the occurrence of metal formates on heritage
objects have increased considerably in recent decades.
While there are only six entries for ‘formate’ in the con-
servation database AATA [1] before 1980, eleven for the
80s and nine for the 90s, this doubled to 19 in the 2000s
(and there have been another 19 up until the last update
for 2018). This is mainly due to the greater awareness of
the detrimental effects of pollutants on heritage objects
and the better availability of instrumental analysis in con-
servation. X-ray powder diffraction (XRPD), recorded with
Debye-Scherrer cameras, has been in use for a long time in
conservation science for the identification of known crys-
talline compounds. Modern high precision measurements
now even allow the quantifying of mixtures and the deri-
vation of crystal structures. p-Raman Spectroscopy has
become widely used and allows the analysis of individual
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particles for the presence of formate as does pu-FTIR. In the
Stuttgart RACOPHINO (=Rare Corrosion Phenomena of
Inorganic Objects) research, the dominant role of formate
on alkaline surfaces, e.g., in glass-induced metal corrosion
(GIM) or calcium carbonate degradation, was explored.
These new findings are reviewed here, together with those
from the literature [2] to give an overview of the state of
knowledge about the occurrence of formates on heritage
objects. All occurring compounds of known formula are
listed in Table 1 as an overview.

Table 1 List of metal formates with known formula
detected on heritage objects

Chemical name Formula Other names
Sodium formate NaHCOO
Potassium formate KHCOO

Magnesium formate Dashkovaite

dihydrate
a-Calcium formate

Mg(HCOO),-2H,0

Ca(HCOO),
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Chemical name Formula Other names
Calcium acetate formate Ca(CH;CO0) Tennent's salt
monohydrate (HCOO)-H,0
Calcium acetate formate Ca,(CH;CO0)(HCOO)
dinitrate tetrahydrate (NO3),-4H,0
Lead formate Pb(HCOO),
Copper sodium formate CuyNa,O(HCOO)q Basic sodium
hydroxide oxide hydrate (OH),-4H,0 copper formate,
formerly: socofor-
macite
Copper formate trihy- Cu,HCOO)(OH); Dicopper trihydroxy
droxide formate
Zinc formate dihydrate Zn(HCOO),-2H,0
Zinc copper formate Zn,Cus(Zn,_Cuys Zinc C
hydroxide hydrate (HCOO)q
(OH),4-6(H,0)

Cadmium formate dihy-
drate

Cd(HCOO),2H,0

The occurrence of formates on heritage objects indi-
cates that an irreversible degradation of original mate-
rial has occurred. Their detection forms the base for
informed interventive and preventive conservation.

Sources of formate

Formic acid

Exposure to formic (= methanoic) acid, HCOOH, causes
the formation of its salts, the formates (= methanoates),
HCOO™, on susceptible materials. Wood emits con-
siderable amounts of formic acid [3]. Its use with herit-
age objects or as material for their storage, especially in
enclosed spaces (boxes, cupboards, display cases), is the
main reason for formate formation. Rivers and Umney
[4] mention that the use of formic acid for tanning of
some leathers, in the coagulation of rubber latex, and as a
catalyst for certain adhesives also causes damage.

Formic acid also occurs as a by-product of the oxida-
tion of unsaturated aldehydes: These are formed by the
decomposition of primary unsaturated ester hydroper-
oxides from the autoxidation of oils [5] used as binding
media. The acid can then react with pigments in paint
layers [6].

There is, however, another source which should be
kept in mind: As documented in older conservation text-
books, formic acid itself has been, in the past, used inten-
tionally in the treatment of objects. Examples are the
removal of calcareous concretions on geological speci-
mens (e.g., fluorapatite [7]), on ceramics [8, 9] and bone
[9] or the cleaning of weathered outdoor stones [10].
Plenderleith [11] reduced horn silver (AgCl) in formic
acid with aluminium or zinc or electrical current. Formic
acid allows the dissolving of copper compounds from sil-
ver finds [12] ‘without affecting silver or silver chloride’
[11]. Thickett and Enderley [13] found it less aggressive
for the removal of cuprite from silver coins than sulfuric
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acid/sodium carbonate treatments, formic acid is still in
use today [14]. To remove silver tarnish and avoid min-
eral acids, as contained in commercial silver dips, the
conservation literature even lists recipes, replacing them
by formic acid alone [9] or in formulations with thio-
urea [15-17]. Copper alloys including gilded ones can
be stripped with formic acid from corrosion products [4,
18]. Intensive washing is recommended in these recipes
and formic acid itself is volatile. However, ionic metal
formates as reaction products might be left behind as
residues in pores and cracks.

Formaldehyde
Since the seminal publication of 1987 [19], conservators
are well aware of the danger of formaldehyde to museum
collections. Formaldehyde is an ubiquitous air pollutant
emitted from a great number of indoor sources includ-
ing wood products, textiles, paints, etc.; the average con-
centration in European households is around 20-30 pg/
m?® [20]. Formaldehyde (H,CO) can be oxidised to formic
acid (HCOOH), can therefore be seen as its precursor.
But in model experiments, exposed lead coupons showed
only slight tarnish, even at high humidity in the dark
[21]. In the presence of light, photooxidation can pro-
duce traces of oxidising agents. Hydrogen peroxide in the
atmosphere induces heavy lead corrosion in combina-
tion with formaldehyde [21]. Slow or hindered oxidation
explains the relative rareness of metal formates, despite
the availability of formaldehyde.

Under alkaline conditions, formaldehyde can be oxi-
dised by itself (Cannizzaro disproportionation reaction)
according to [22]:

NatOH~ + 2H,CO — NatHCOO~ + CH30OH

Sodium hydroxide (NaOH) occurs in the hydrolysis
(ion exchange) of soda glass by aerial humidity; therefore,
sodium formate, NaHCOO, and not carbonate dominates
on its surface. As electrolytes, the alkaline degradation
films on glass are able to induce corrosion in neighbour-
ing metals. Consequently, mainly formates were found
as metal corrosion products in contact with glass in the
Stuttgart research on glass-induced metal corrosion [23].

Carbon monoxide

Formerly, carbon monoxide (CO) from incomplete com-
bustion of organic materials might have also played a role
as airborne formic acid precursor on alkaline surfaces
[24]. Today, sodium or potassium formate are synthe-
sised from alkali hydroxide and carbon monoxide using
heat and pressure, e.g. [24]:
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NaOH + CO — NaHCOO

As equilibrium reaction this can also happen to some
degree in ambient conditions. Carbon monoxide concen-
trations in rooms where organic material is burnt (fire-
places, stoves, tobacco smoking, etc.) are in the order
of some 10 ppm. Historically, this might even be more
relevant for formate formation than trace gases like for-
mic acid or formaldehyde in the parts per billion range.
Experimental studies of this hypothesis seem worthwhile.

Analytical determination

Formates are normally present as efflorescence or corro-
sion products on objects, sampling is then no problem.
With the possible exception of the mineraalgroen pig-
ment samples in the Hafkenscheid collection [25], it does
not occur as original material of objects.

Formate (HCOO™) is a four-atom anion with three
chemical bonds of two different types (C—H and C-0O)
which allows easy determination by vibrational spectros-
copy. With only one carbon atom in the ion, it does not
have a C-C bond, so the absence of the Raman active
symmetric stretch vibration in spectra (%940 cm™! in
acetate) allows the distinction from higher carboxylates.
As complementary method, energy dispersive X-ray anal-
ysis in the scanning electron microscope (EDX-SEM)
is able to detect the metal cations and to visualise the
particles.

Known crystalline phases (including their water of
hydration) can be identified by X-ray powder diffraction
(XRPD) and search in the large ICDD database with now
more than 1,000,000 data sets in its powder diffraction
files. Modern high precision measurements even allow
the quantification of mixtures including the amount of
amorphous material present. Some progress in research
is due to the modern software based evaluation of pow-
der diffraction data which allows the derivation of crystal
structures and formulas for unknown crystalline com-
pounds [26].

Access to sophisticated analytical instrumentation
and trained staff is often limited in conservation depart-
ments. Therefore, simple microchemical tests are still
widely used in conservation labs, but the standard text-
book omits formate [27]. The chemical literature lists a
number of reactions for the qualitative detection of for-
mate [28]. The precipitation with cerium(III) nitrate (1 %)
solution [29] as unambiguous reaction seems best suited
for the distinction from other carboxylates under the
microscope.
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Alkali metal formates

Sodium and potassium formates have been detected on
the surface of historic glass. These ions are introduced as
flux during glass production. They can be leached out by
atmospheric humidity and react further with pollutants
on the surface.

In 1960, sodium formate was discovered for the first
time on heritage objects by XRPD; Elisabeth West
FitzHugh found it ‘on many areas of an early sixteenth
century Limoges enamel triptych in the Walters Art Gal-
lery’ [30, 31]. In 1978, it was detected on glass lids of
modern boxes used to store archaeological textile frag-
ments for some 40 years. Formaldehyde was given off
by cardboard in the boxes [32]. In the 1980s, sodium
formate crystals were found on the inner side of cover
glasses of daguerreotype [33, 34]. Glass beads from the
Museum of Ethnology in Berlin, stored in chipboard cup-
boards, were also affected by the same phenomenon [35].
White deposits of sodium formate formed within a few
months. Model experiments showed that formaldehyde
can produce such deposits on glass via the Cannizzaro
reaction [35]. Sodium formate was also found on glass
beads of a skirt of the 1920s [36] and a weeping Egyptian
glass scarab [37]. Vessel glasses from the Swiss National
Museum stored on chipboard shelves were also affected
as was discovered by Schwarz in a diploma thesis at the
Stuttgart State Academy of Art and Design [38].

In the National Museums of Scotland, white crystalline
deposits were observed on a large number of 19th and
20th century British glass artefacts [39]. In display cases,
major levels of acetic acid, and high levels of formic acid
and formaldehyde, which exceed those in the gallery,
were measured using passive air samplers. Ion chroma-
tography (IC) showed that sodium and formate were the
dominant ions in these deposits. Raman spectroscopy
identified modifications of anhydrous sodium formate as
the main phases and possibly some potassium formate in
liquid droplets. Verhaar et al. [40] developed a protocol
for sampling the surface of historic glass and quantitative
analysis by ion-exchange chromatography. They stud-
ied eleven glass objects from various backgrounds and
confirmed that formate dominates over carbonate [41],
which is the only anion being formed in unpolluted air
(from carbon dioxide).

Surprisingly, the whitening occurring on a painting on
a newspaper also contained some sodium formate identi-
fied by XRPD. The sodium might originate from sodium
carboxymethyl cellulose in the wallpaper paste used for
glueing, the formate from the paper made from wood
[42].

Sodium formate has a deliquescence relative humid-
ity (DRH) of ca. 51% and, therefore, can be found as a
solid deposit on glass surfaces when stored below that
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RH. Potassium formate (DRH=19% [43]) is only present
on glass surfaces in liquid droplets in a museum climate;
Robinet et al. [39] reported evidence for their presence.

Other alkali metal formates containing copper ions are
discussed below.

Alkaline earth formates

Strontium and barium e.g., in pigments and glass, are
rare as components of heritage objects and no formates
have been detected, as opposed to the more frequent
magnesium and calcium. Both calcium formate and mag-
nesium formate dihydrate have a DRH >95% [44]; there-
fore, they are not hygroscopic.

Calcium formates

Calcareous exhibits are known to be attacked by organic
acids emitted from display cases, a phenomenon named
Byne’s disease after its discoverer [45]. Various calcium
acetate compounds, some containing also chloride,
nitrate, and/or formate as anions are formed as efflores-
cence [46]. Although pure calcium formate is still named
as a phase occurring in Byne’s disease [47], no positive
identification could be found in the literature [48]. We
now detected it on pearls of the Hildesheim Bernward
Cross (Fig. 1).

Not air pollution, but disinfection of earth nearby with
aqueous formaldehyde was assumed as the cause of the
formation of calcium formate on fossils in the National
Museum Prague [49]. As calcium carbonate in contact
with humidity and carbon dioxide from the air is slightly
alkaline (pH 8.3), a direct formation of formic acid via
the Cannizzaro reaction was assumed. An architectural
model of the MoMA developed calcium formate by the
reaction of a phenolic foam and an underbound calcium
carbonate containing filler [50].

Bernward, Dom-Museum Hildesheim (Andrea Fischer)
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All other incidences were found in contact with glass.
Two necklaces from Namibia, made of ostrich eggshells
and glass beads and housed in the Linden-Museum
Stuttgart, showed corrosion of the shells only where they
were in contact with the glass. Samples of the powdery
white corrosion products of object no. 30,994 in contact
with a red and a blue glass bead were analysed by XRPD
(Fig. 2). The results showed that the powder consisted
of pure orthorhombic a-calcium formate (Ca[HCOO],)
as the only crystalline compound. This phase precipi-
tates from a saturated aqueous solution at room tem-
perature, not the tetragonal f3-modification known as
extremely rare mineral formicaite. A general attack on
the shells by formic acid was ruled out as it would have
affected all of them. From the 1980s to 2018, the objects
were displayed in display cases made of glass and metal
with a wooden shelf. Visually similar contact corrosion
was seen on a necklace made of seashell disks and glass
beads from the Ethnological Museum of Berlin [2]; the
necklace had been stored in an enamelled cupboard since
1968. Infrared spectra taken at the Rathgen lab (Report
B_96_070610) indicated the presence of both acetate and
formate, although the exact phases were undetermined.

Using p-Raman spectroscopy and XRPD, calcium for-
mate was previously detected by us on two potash glass
gems in gilded copper alloy bezels of the Hildesheim
Godehard Shrine, in addition to copper formate trihy-
droxide (Fig. 3), the most frequent corrosion product
on copper alloys (including historic silver), in contact
with non-soda glasses [23]. The low calcium oxide con-
tent (<5 % by mass) of the potash glasses made them an
unlikely calcium source. During conservation, traces
of calcium carbonate from silver polishing were found
in the bezel. Later cleaning with formic acid contain-
ing products was initially suspected to be the formate

Fig. 2 Calcium formate efflorescence on ostrich eggshell disks in
contact with red glass bead; Namibian necklace, Linden-Museum
Stuttgart, inv. 30,994 (Carina Hauer)
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Fig. 3 White calcium formate and green copper formate trihydroxide
on the glass gem in contact with copper alloy bezel, Dom-Museum
Hildesheim, Godehard shrine (Uwe Schuchardt)

source. Similar glass-induced corrosion was also seen
on the Hildesheim silver head reliquary of Jacob of
Nisibis and the Hezilo Cross. The case of the necklaces
showed that glass contact alone can also give rise to
formate formation on calcareous materials.

Other calcium formate phases contain additional ani-
ons. Tennent’s salt (calcium acetate formate monohy-
drate, Ca(CH;COO)(HCOO)-H,0) was first described
on molluscs stored in oak cupboards in collections in
Glasgow, London, Edinburgh, and Brussels [51]. As a
degradation product, it does not seem to be rare [48].
The formula was confirmed by our crystal structure
determination from XRPD [52]. Unpublished reports
from the British Museum laboratory also detected this
compound on Greek and Roman ceramics [53] and
marble [54], and we found it on a vulture eggshell in
the Natural History Museum in Stuttgart. In lab experi-
ments [52], the compound forms from equimolar solu-
tions of calcium acetate and formate. If the acetate to
formate ratio is increased to 2:1, the new compound
Ca4(CH;C0O0),(HCOO),-4H,0 precipitates at even
higher acetate ratios together with Ca(CH;COO),-H,O
[52]. The compound has so far not been reported on
heritage objects that only show Tennent’s salt together
with calcium acetate monohydrate [51, 52]. However,
both compounds cannot be co-precipitated from solu-
tion. One explanation might be that the new compound
is only metastable and decomposes into Tennent’s salt
and calcium acetate. Another mixed compound syn-
thesised by Tennent and Baird [51] by the action of for-
mic and acetic acid on an aqueous suspension of solid
calcium carbonate, Ca,(CH;COO),(HCOO)4-5H,0,
cannot be produced from a mixture of calcium acetate
and formate solutions [52]. Its structure needs further
study.

Fig. 4 Oinochoe (height: 15.7 cm) with efflorescence of Ca,(CH;COO)
(HCOO)(NO;),-4H,0 on shoulder, National Museum of Antiquities
Leiden (NL), inv. PC 25 (Renske Dooijes)

An unknown efflorescence, visually mistaken for
thecotrichite, Cay(CH;COO);CI(NO,),-6H,0O [55], at
first, was detected on lime deposits on a copper alloy
bowl and three classical black-figured vases [56], e.g., a
wine jug (oinochoe) in the Canino collection in Leiden
(Fig. 4) [57]. EDX-SEM detected calcium as the only
heavier element, but no chlorine or sulfur [55]. Ion chro-
matography found acetate, formate, and nitrate but no
chloride. Structure determination established the for-
mula as Ca,(CH;COO)(HCOO)(NO;),-4H,0 [56]. The
discovery of four different occurrences in a short time in
three collections suggests that it might not be very rare.

Only formate and no acetate, together with chloride
and nitrate, was detected by Thickett [58] by ion chroma-
tography in efflorescence occurring on two ancient Egyp-
tian limestone objects. XRPD (Debye-Scherrer films)
found them to be identical crystalline compounds with
no match in the PDF database. The ratio of chloride to
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nitrate and formate was found to be 2:1:2 in one sample
and 1:2:3 in another. A sample would possibly allow to
derive the crystal structure from XRPD and thus the defi-
nite chemical formula.

Magnesium formate dihydrate
A collection of cold painted terracotta nativity figurines
in the Franziskanermuseum Villingen-Schwenningen
exhibited surprising and unusual white crystalline efflo-
rescence on replacements (Fig. 5) [59]. They were made
of Sorel’s magnesia cement, invented in 1867 [60], which
is widely used for industrial floors, but not for art restora-
tion. The cement is formed by mixing magnesia (MgO)
with a saturated solution of magnesium chloride and con-
sists of basic magnesium chlorides. Since the material is
not totally waterproof, magnesium ions can be mobilised.
It has an alkaline surface which allows formaldehyde to
react to formate. When such a surface dries, magnesium
formate dihydrate precipitates. In nature, this compound
occurs as rare mineral dashkovaite.

On British vessel glass, magnesium formate and
a mixed sodium calcium formate (of unknown

Fig.5 White magnesium formate dihydrate on Sorel cement
repair, 19th century folk art terracotta donkey, Franziskanermuseum

Villingen-Schwenningen, inv. 13304,03 (Patricia Marxer)
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stoichiometry), but no pure calcium formate have been
reported additional to the usual sodium formate [39].
Efflorescence containing both magnesium and calcium
formate has been detected on dolomitic (CaMg(COs),)
sandstone; a ‘cleaning’ treatment with formic acid was
seen as the most likely cause [10].

Lead formate

Lead is prone to attack by volatile organic acids. In 2016,
Paterakis [2] found thirteen cases of lead formate in
museum context (see her Table 6) in the conservation
literature. Further occurrences were described of three
sealed showcases with lead objects in the Australian War
Memorial [61]. The contemporary artwork, Senza Titolo,
by Nunzio di Stefano consists of seven lead carved pan-
els coated with Paraloid B72. After having been stored
for several years in wood boxes, lead formate and acetate
and hydrocerussite were identified as corrosion products
[62].

The formation of lead formate on lead containing pig-
ments (lead white, minium, lead-tin yellow) [63] and
metal [21, 64, 65], has been simulated with formic acid
in the laboratory. Thermodynamic calculations indi-
cate that at low formic acid concentrations the corro-
sion products should be carbonates (plumbonacrite and
hydrocerussite) while only at higher concentrations, lead
formate would be expected. At lower acid concentrations
lead formate hydroxide (ICDD 14-0831) was detected
in these lab experiments, instead of neutral lead formate
but this compound has yet not been reported on heritage
objects. The influence of the alloying elements tin and
antimony on corrosion by organic acids has been studied
on letter replicas [66].

Drying oils are another source for formic acid: Evapo-
ration experiments proved the emission of formic acid
from drying oils during their autoxidation by a tailored
GC/MS procedure [6]. During the curing of model
paints, lead formate was identified unambiguously by
powder diffraction as a secondary product of the interac-
tion between minium pigment and four different drying
oils.

Copper formates

In 2002, Scott states in his paragraph on ‘The Copper
Formates’ in his ‘Copper and Bronze in Art’ [67]: ‘Since
formic acid and formaldehyde can be omnipresent pol-
lutants in museum display and storage environments, it
is surprising how little mention the copper formates have
received in the conservation literature to date. This has
now changed.
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Neutral copper formates

Neutral anhydrous copper formate and copper formate
dihydrate occur on copper coupons exposed to formic
acid only at higher concentrations of 8 ppmv or more
[64]. Such neutral formates have not been reported on
heritage objects. On tin bronze coupons with artifi-
cial cuprite (Cu,0) patina exposed to 100 ppm formic
acid vapour, initial copper(II) hydroxide (Cu(OH),) was
gradually transformed into copper(II) formate hydroxide
(Cu(HCOO)(OH)) and further converted into copper(II)
formate (Cu(HCOO), [96].

Copper citrate was found as pigment on Thai manu-
scripts. ‘Minor copper formate and/or copper chloride
were also identified by XRD and SEM in some green
samples containing copper citrate, possibly as alteration
products [68]. Unfortunately, the exact phase (neutral
formate? Water of hydration?) was not specified.

Basic sodium copper formate

Trentelman et al. [69] detected a ‘new pale blue corrosion
product’ on a number of ancient Egyptian, Greek, Assyr-
ian, and Chinese copper alloy finds, but also on a fifteenth
century Italian leaded tin bronze statue. The detailed
investigation based on X-ray photoelectron spectros-
copy, wavelength X-ray dispersive spectroscopy as well as
Raman spectroscopy led to a description as sodium cop-
per formate acetate. The compound was later also identi-
fied in British collections [70], e.g., in the Petrie Museum
of Egyptian Archaeology in London [71]. Our determina-
tion of the crystal structure from XRPD measurements
identical to those of Trentelman et al. [69] resulted in
the formula Cu,Na,O(HCOO)4(OH),-4H,0 [72], a basic
sodium copper formate, also containing an oxide anion
and water of hydration. There is no acetate present in
the crystal lattice, but it might occur as contamination.
The compound can be produced without the presence of
acetate when chalconatronite, Na,[Cu(CO;)],-3H,0, or
metal coupons immersed in soda solution are exposed
to formaldehyde and formic acid vapours [72]. The name
socoformacite, derived as abbreviation of its formerly
assumed composition sodium copper formate acetate,
should no longer be used.

Soda rich soils and conservation treatments in soda
solutions were mentioned as possible sources for sodium
ions in its formation. Hydrolysis of soda glass also pro-
vides sodium ions and, indeed, the first glass-induced
metal corrosion products identified in Stuttgart con-
tained this compound [73, 74]. Subsequently, a number
of large museum collections were examined for glass-
induced metal corrosion. Basic sodium copper formate
was detected as a main corrosion product (50 % of ca. 400
corroded objects) using mainly p-Raman spectroscopy.
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Fig. 6 Basic sodium copper formate on cracks of a strongly
degraded blue enamel surface, so-called Monvaerni Master, plaque:

Lamentation of Christ, Limoges about 1500, Kunstgewerbemuseum
Berlin, inv. 1898,219 (Wibke Bornkessel)

Fig. 7 Basic sodium copper formate on gilded silver mount of a glass
vessel with cut decoration, 1640/45, Museumslandschaft Hessen
Kassel, inv. BXIX.193a (Andrea Fischer)

Examples for its occurrence include painted Limoges
enamels (Fig. 6), glass vessels with metal mountings
(Fig. 7), glass beads on metal wire from bridal crowns
(Fig. 8), Christmas tree baubles with wire decoration,
jewellery with glass gems, daguerreotypes, and minia-
tures with cover glass [22].

Copper formate trihydroxide

In contact of glass with copper-containing alloys
(including debased silver), a basic copper formate,
Cu,(HCOO)(OH),, can be formed [75], either termed
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Fig. 8 Basic sodium copper formate on bouillon wire with hollow
mirrored glass bead, bridal crown, before 1897, Volkerkundemuseum
der J. und E. von Portheim Stiftung Heidelberg (Stephanie Wiimmers)

copper formate trihydroxide (IUPAC) or colloquial
dicopper trihydroxyformate. This hitherto unknown
corrosion product needs a pH>8 to be precipitated.
The crystal structure could be determined from a
suitable single crystal obtained per chance in copper
patination experiments with ammonia and formic acid
[76]. The measured x-ray diffraction data and Raman
spectra now allow its easy identification. Affected
objects included silver-mounted glass, enamel on cop-
per, and brass mattes in glass-framed daguerreotypes
[75]. In her systematic survey, Fischer [23] found the

Fig. 9 Copper formate trihydroxide on gold plated bezel of
opaque turquoise glass imitations, brooch, about 1830, Museum fiir

Hamburgische Geschichte, inv. 1913.107 (Andrea Fischer)
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compound on more than hundred objects of various
types with glass-metal contact, it is the second most
frequent corrosion product in glass-induced metal
corrosion (Fig. 9). It often occurs together with the
basic sodium copper formate, so the condition for
their precipitation must be similar. For example, both
compounds occurred on an Egyptian bronze eye [77],
the ‘copper formate hydroxide’ in the original publica-
tion could later be identified as the trihydroxide [75].
An enamelled altarpiece made in 1954-56 using histor-
ical recipes also showed both copper formates [78]. On
potash glass, with no sodium available, the formate tri-
hydroxide is of course not accompanied by the sodium
compound.

In the Evora Museum, the compound was identified
on three miniatures painted on copper and covered by
glass. The miniatures showed ‘considerable areas with
failures on their pictorial layers, leaving their copper
plates less protected and more prone to suffer corro-
sion’ [79] The unspecified ‘copper formate’ found on a
baisse taille enamel procession cross (14th cent., Siena)
[80] might also have been the trihydroxide.

Other copper formates

Fischer [23] found evidence by Raman spectroscopy for
other copper formates, but pure samples suitable for
XRPD studies are lacking. The corrosion product of the
enamel of a procession cross in the British Museum con-
tains K and Cu (EDX-SEM) and formate (Raman). It was
also found in simulation experiments [81] which allows
sample material for further studies to be obtained.

3mm

Fig. 10 Blue-green basic sodium copper formate and white zinc
formate dihydrate on gold-plated bezel of a pocket watch with
‘weeping' cover glass; Museum fiir Hamburgische Geschichte, inv.
1899.101b (Andrea Fischer)
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Fig. 11 Zinc formate dihydrate (hexagonal plates) and basic
sodium copper formate aggregates, FE-SEM-SE images of sample

MHG-1899.101b-1, pocket watch (Dirk Kirchner)

Zinc formates
Zinc formate dihydrate
The bezel of a pocket watch in contact with ‘weeping’
glass (Figs. 10 and 11) showed not only green-blue (iden-
tified as basic sodium copper formate), but also white
corrosion products, which contained Zn as the only
metal (SEM-EDX). The object had been stored for more
than 30 years in a mobile cabinet partly made of chip-
board. p-Raman spectroscopy and XRPD identified the
product as zinc formate dihydrate, Zn(HCOO),-2H,O
[82].

The same compound could be identified on thirteen
other artefacts with glass in contact with brass [82], often
together with basic sodium copper formate:

+ Four glass earrings in the Museum fiir Hamburgische
Geschichte,

+ A necklace in the Musée d’Ethnographie (Neuchétel),

+ Four different objects (hat pin, Christmas tree bau-
ble, thermometer, lorgnette) in the Swiss National
Museum (Zurich),

+ A brass frame of a miniature painting in the Landes-
museum Wiirttemberg (Stuttgart),

+ Three surveying instruments in the Deutsches Berg-
bau-Museum (Bochum).

The effect of glass-induced metal corrosion can be sim-
ulated by impregnating metal coupons with solutions (1
mol/l) of alkali (hydrogen) carbonates. For pre-treated
zinc-rich brass (CuZn37) exposed to vapours from a 4%
formaldehyde solution, zinc formate dihydrate was the
most common corrosion product, but not for CuZn10
[82].

Fig. 12 Basic zinc copper formate accompanied by copper formates,
ivory box with miniature painting, Landesmuseum Wirttemberg,
Stuttgart, inv. 22,110 (Katja Siebel)

Reports of cases without glass contact are rare, which
again emphasises its role in inducing metal corro-
sion and formate formation. Observations at the Brit-
ish Museum were related to wood-based materials for
drawers, cupboards and display cases [83, 84]. Green
and Thickett [85] detected zinc formate dihydrate on a
sculpture by Joseph Beuys comprising a zinc box con-
taining fat, in a (re-)painted wooden showcase, and on
German zinc coins from World War I and II stored in
tight-fitting wooden cabinets. Knight [86] identified
it on the brass cuirass of lead soldiers in the Waterloo
diorama at Dover Castle.

In industry, the development of zinc formate on zinc
has been caused by vapours from styrene-based polyes-
ter resins or by paints [87]. This has also been observed
in 15 samples taken from several multi-media sculp-
tures by Kurt Schwitters, occasionally with additional
zinc soaps (identified by FTIR) [88].

In pigments, the only reported example is the detec-
tion of zinc formate dihydrate together with zinc soaps,
acetate, and sulfide as a degradation product of zinc
white (ZnO) on the surface of Dalf’s painting, Couple
with Clouds in Their Heads (1936) [89]. Drying oils
were neglected as source of formic acid, the wooden
frame was seen as the culprit.

Basic zinc copper formate (‘Zinc C’)

During research on glass-induced metal corrosion, a
previously uncharacterised compound, labelled ‘“Zinc
C’ was found on eleven objects combining brass and
glass in six collections:
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« Two brass mountings for glass earrings,

+ A metal spectacle frame,

+ A metal clamp for a reagent tube,

+ Three brass framed miniature paintings with glass
covers (Fig. 12),

+ Three mining survey instruments and
+ A reliquary [82].

Simulation experiments produced also Zinc C on
CuZnl0 coupons impregnated with either aqueous
potassium or sodium hydrogen carbonate exposed to
formaldehyde vapours (4% solution) at 75% RH. EDX-
SEM found no alkali metals, but copper and zinc, the
Raman spectra pointed to formate. The crystal struc-
ture could be solved from XRPD data. The compound
has three different metal positions in its lattice: one for
Zn, one for Cu, and one which can be occupied variably
by Zn and Cu with the general formula Zn,Cus(Zn,_
Cu,)e(HCOO)4(OH),4-6(H,0) [90].

Other compounds

“Zinc B likely a formate (Raman), contains more potas-
sium than zinc. XRPD measurement of a sample found it
to be crystalline but again without a match in the ICDD
reference database. It occurred on three glass imitations
of gems, on a reliquary, a framed miniature painting, a
miner’s lamp, and on the setting of a heavily deteriorated
black glass stone [82].

There is evidence for other, yet unknown formate con-
taining zinc corrosion products induced by contact to
glass (Fig. 13) [23]. So far, only brass in decorative art
and scientific collections has been surveyed. The study of
technical collections with other zinc (alloys) in contact to
glass seems worthwile. As found for ‘Zinc C', Cu®** and
Zn*", which have similar ionic radii, might replace each
other, as is known for a number of minerals. Together
with the variability in anions and alkali cations (from
glass) and their ratio, this points to a corrosion chemistry
rich in compounds, yet nearly unexplored.

Cadmium formate dihydrate

Several cadmium-coated metallic artifacts in the col-
lections of the Museum of Natural History, Los Ange-
les County, were found to be actively deteriorating
in storage. Fourier transform infrared (FTIR) spectra
provided evidence for the presence of highly toxic cad-
mium formate dihydrate, Cd(HCOO),-2H,0, on a set
of headphones probably dating from ca. 1925 [91]. The
instruments must be stored in an environment free
from organic acid and sulfurous contaminants. No other
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Fig. 13 Unknown white zinc compound accompanied by basic
sodium copper formate and blue sodium copper carbonate acetate,
hat pin, Museumslandschaft Hessen Kassel, inv. Sch58b (Andrea
Fischer)

reports on cadmium formate on heritage objects are
known. The same holds true for other modern metals like
nickel or the historic metals silver and tin.

Iron?

Formate on iron objects have only been mentioned
once in the literature: A hygroscopic white efflorescence
on several Roman iron finds stored in wooden cabinets
has been analysed by ion chromatography of aqueous
extracts. Higher levels of acetate, chloride, and formate
were found as anions, and potassium, calcium, and
sodium, but nearly no iron as cations. Because of the lack
of sample material no diffractograms were measured and
the exact phase(s) remained unidentified [92]. One might
assume a mixture of compounds in which potassium for-
mate (deliquescence!) and calcium formate phases (see
above) might be present, but no iron formate.

Conclusions

Because of the increased availability of instrumen-
tal analysis, a number of cases of metal formates have
been detected in the last two decades. Many of them
emphasise the role of alkaline surfaces, e.g., of his-
toric glass prone to hydrolysis. Under alkaline condi-
tions, the ubiquitous air pollutant formaldehyde reacts
directly to formate which can be precipitated in degra-
dation products. The general air pollution with formic
acids is relatively low (in urban areas outdoors ca. 1-10
ppbv for all organic acids [93], in indoor environments
ca. 20 ppbv for formic acid [94]). Therefore, with the
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exception of the very sensitive lead, formates are quite
rare if no alkaline surface is present and no formic acid
has directly been used for ‘cleaning’ or is emitted from
storage materials.

This review is meant to inspire the further search for
formates on heritage objects. There are still unidenti-
fied formate compounds around waiting for structural
characterisation as a prerequisite for their proper iden-
tification. And knowledge of the degradation products
is the basis for informed, rational conservation. Any
measures taken must aim to prevent such irrevers-
ible corrosion of original material. The cases discussed
here illustrate again the need for the reduction of air
pollution in the preventive conservation of inorganic
objects. Problematic materials emitting carbonyl pol-
lutants (e.g., wood) must be avoided for storage and
display. If impossible, absorbers for pollutants in dis-
play cases are useful. Where possible, direct contact
between glass and metal should be avoided by interme-
diate layers (foils, lacquers); contact zones of glass with
metals should be checked regularly for corrosion [95].
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