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Abstract

The voltammetry of immobilized particles methodology (VIMP) is used to characterize
the composition of artificial patinas on copper. The voltammetric response of carbonate-
, hitrate-, chloride-, sulfate-, and sulfide-based patinas is described using sub-
microsamples attached to graphite electrodes in contact with different aqueous acetate
buffer. Patina-characteristic voltammetric profiles are obtained for the different artificial
patinas that can be recognized using the generalized Tafel analysis of the voltammetric
curves. VIMP data could also provide layer-by-layer information about composition and
compactness/crystallinity of the patinas for which a simplified theoretical modeling is

presented.
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1. Introduction

Metal corrosion claims continuous interest because of its high scientific and
technological importance, the research being mainly focused on corrosion inhibitors [1-
6] and structure/composition of metal patinas and corrosion layers [7,8]. In this context,
artificial patination, although practiced since the antiquity [9], is receiving increasing
attention, mainly in order to better understand the mechanisms of formation of natural
patinas, to test new conservation treatments and, to a lower extent, to better characterize
artistic patinas [10-22]. Artistic patination was instead performed by artists for aesthetic
reasons, conferring different colors and textures to the alloy surface. Artificial
patination involves a variety of compounds, in particular those usually found in natural
patinas (cuprite, Cu,O, atacamite and its polymorphs, Cu,(OH)3;Cl, copper
hydroxysulfates, mainly brochantite, Cu;SO4(OH)s , antlerite, Cu3SO4(OH),;, and
posnjakite, CusSO4(OH)s-H,0, copper hydroxycarbonates, malachite Cu,(OH),COs,
azurite, Cu3z(OH)2(COs3),, copper hydroxynitrate gerhardtite, Cu,(OH)3(NOgs), but also
nantokite, CuCl and tenorite, CuO and products of copper tarnishing, mainly chalcocite,
Cu,S and covellite, CuS) [22-24]. Tin and lead components also were used in artificial
patination [25-27].

Traditional artificial patinas exhibit a significant variety in their structure and
composition because of the proliferation of a number of recipes developed by individual
workshops and the lack of detailed documentation about the manufacturing process
[26,27]. The characterization of the components of artificially patinated cultural objects
IS an obvious analytical target for understanding their corrosion [28,29] and,
consequently, for archaeometric, conservation and restoration purposes, including the
detection of possible forgeries and/or artificial aging. This can be achieved by means of
electron microscopy (SEM/EDX), x-ray diffraction (XRD), infrared (ATR-FTIR) and
Raman spectroscopies, all well-established techniques for the study of natural patinas
[30-32].

In order to complement the available techniques for the characterization of traditional
artificial patinas, a study based on the voltammetry of immobilized particles
methodology (VIMP) is here reported. This technique, developed by Scholz et al. [33],
provides analytical information on a variety of sparingly soluble solids, as described in



recent reviews [34,35]. Due to its possibility of handling samples at the sub-microgram
(nanogram, if necessary) level, the VIMP found application in the field of cultural
heritage [36] and has been used to identify copper corrosion products [37-41] also with
archaeometric purposes [42-44]. This technique was applied here to characterize
artificial patinas prepared following different traditional recipes. This aim is of
particular interest in the field of conservation and restoration of cultural heritage, where
it is frequent to find objects that underwent to ‘historic’ but unknown patination
procedures, with the concomitant difficulty of performing appropriate conservative
tasks [9]. In this work, square wave voltammetry (SWV) was used as detection
methodology for sample-modified paraffin-impregnated graphite electrodes immersed
in aqueous acetate buffer at pH 4.75. This technique was combined with attenuated total
reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) in order to
characterize the composition of a series of artificial patinas prepared on copper and
bronze specimens. Our study is limited to chemical patination methods resulting in
nitrate-, carbonate-, sulfate- and/or sulfide-based patinas applied over three metal

substrates, copper, binary and ternary bronzes.

2. Experimental

Two sets of artificial patinas consisting of typical red, green and brown patinas on
bronze were prepared by a foundry (Fonderia Artistica Battaglia, Milan, Italy) following
traditional techniques from the XI1X century [1]. In particular, patinas labeled as 103,
108, 201, 206 and 605 were produced by specialized craftsman of Fonderia Battaglia
while patinas db, bbN1, bbN2, bbN3, 1.4, 1.72, and 1.117 were produced in the
laboratory following traditional procedures. Moreover, patinas labeled as 2L, 4L, 6L
and 8L were realized in laboratory with the aim of reproducing the surface conditions of
an object that has been exposed to a chloride-rich environment by applying 2, 4, 6 and 8
layers of a paste constituted by CuCl plus CuCl,-2H,0 plus CuSQO,4-5H,0 paste. Table 1
summarizes the artificial patinas in this study. The details about their manufacturing are
provided as a Supplementary Information, Tables S.1 and S.2. It is pertinent to note
that, as judged by the standard potentials of the involved couples, most preparative
processes would be no spontaneous under standard conditions. By this reason, most of
the preparative processes involves heating above 100 °C at air, conditions where copper



oxidation occurs without aqueous environment, far from the aforementioned standard
conditions. The metal substrates were: A: Cu 90.55 %wt, Zn 2.34 %wt, Sn 6.14 %wit,
Pb 0.97 %wt; B: binary bronze (Pb 95 %wt, Sn 5%wt); C: copper.

The preparation of some patinas (see Table 1) involved finishing treatments using a
commercial wax (by Cera Novecento) constituted by bees wax and spirit of turpentine
optionally in spray in trichloroethylene and/or commercial spray lake (alkyd varnish
"Tinta RAL trasparente lucido™ by Talken Color).

Voltammetric experiments were performed at sample-modified paraffin-impregnated
graphite (Alpino HB, 2.0 mm diameter) electrodes using aqueous 0.25 M HAc/NaAc
buffer at pH 4.75 as a supporting electrolyte. Measurements were carried out in a
standard three-electrode cell connected to a CH 1660 potentiostat, completed with a
platinum auxiliary electrode and a Ag/AgCl (3M NaCl) reference electrode. Electrode
conditioning was performed by abrasively pressing the edge of the graphite electrode
onto the surface of the probes and then transferring the electrode into the
electrochemical cell, as customary in VIMP experiments [24-26]. To mimic the
experimental conditions operating in field analysis, no deaeration of the electrolyte was

carried out.

ATR-FTIR experiments were carried out directly on the metallic coupons, using a
Thermo Nicolet 6700 spectrophotometer with DTGS detector with detection range
between 4000-400 cm™, equipped with a diamond window. The graphite electrode
surfaces were examined using field emission scanning electron microscopy (Model S-
4800, Hitachi Ltd., Tokyo, Japan) operating at 20 kV. The microanalysis of samples was
performed with X-ray microanalysis system (SEM/EDX).

3. Results and discussion
3.1. Cuprite-based patina
A first set of measurements were performed on a rosso patina (108) that resulted
constituted by a layer dominated by cuprite. Figure 1 shows the SWVs of sample
modified-graphite electrodes in contact with air-saturated 0.25 M HAc/NaAc aqueous
solution at pH 4.75 for patina 108. Upon scanning the potential from 0.65 V in the

negative direction, a well-defined cathodic signal appears at ca. —0.15 V vs. Ag/AgClI



(C,) followed by a cathodic wave at ca. —0.75 V (Cox) which can be attributed to the
reduction of dissolved oxygen (oxygen reduction reaction, ORR) as judged by blank
experiments at unmodified graphite electrodes. The peak C; shows a shoulder in
principle attributable to the existence of a wide distribution of shape and size of the
cuprite grains, a frequent feature in VIMP [33-35]. In the subsequent positive-going
voltammograms, a tall oxidation peak at ca. 0.05 V (A;) is recorded. This corresponds
to the stripping oxidation of the deposit of copper metal formed during the process C; to
Cu* (aq).

The main component of the patina 108 is cuprite, as denoted by ATR-FTIR spectra and
confirmed upon comparison of the voltammetric parameters with those of cuprite
blanks, both displaying quite similar Tafel parameters (vide infra) [45,46]. The

electrochemical reduction of cuprite can be represented as [38,39,42-44]:

Cu20 (solig) + 2H" @y + 28 — 2CU gy + H2O (1)

This voltammetric response was reproduced in other red patinas, the light differences
observed between them being attributable to differences in crystallinity and grain size,

in turn resulting in minimal spectral differences [47-50].

3.2. Nitrate-based patinas

A second group of artificial patinas present gerhardtite (Cuy(OH)3(NOs)) as a main
constituent. This is a sparingly soluble compound with pKs = 37.3 [51]. Figure 2
compares the SWVs of graphite electrodes modified with samples from patinas a,b) bb
N1 and c,d) bb N2. The voltammetric response is similar to the patinas in Fig. 1, with a
cathodic peak at ca. —0.15 V vs. Ag/AgCl (C,) followed by the ORR wave at ca. —0.75
V (Cox). In the positive-going voltammograms, a tall oxidation peak at ca. 0.00 V (A;) is
recorded. The voltammetry of patinas 201 and 206 was similar, but in those cases the
peak C; appears resolved into two signals at 0.02 (C1,) and —0.15 V (Cyp). This second
signal is clearly enhanced after wax treatment, as can be seen on comparing Figs. 3a and
3c. This feature can be interpreted on assuming that the wax treatment results in a

narrow distribution of crystallite sizes and hence in sharp voltammetric signals.



Voltammetric data can be correlated with ATR-FTIR spectra. Fig. 4 shows the spectra
of the patina 206 before (a) and after (b) the application of a finishing treatment with
wax. Both spectra display absorption bands at 3540, 1412, 1045, 870, 657 cm™,
representative of gerhardite [52], accompanied by bands at 1290 and 749 cm™
attributable to copper nitrate hydrate thanks to the comparison of a reference spectrum.
The wax-treated patina produced the same bands but broadened and accompanied by the
acute bands at 2918 and 2850 cm™ which corresponds to the more prominent

absorption bands of the wax [53].

Spectral data permit to identify gerhardtite, Cu,(NO3)(OH),, as the main component of
the patina. Accordingly, the reduction process C; can be represented as the proton-

assisted, two-electron reduction of this compound to copper metal:

Cu2(NO3)2(OH)2 (soliay + 2H* @q) t4e = 2CU olid) +2NO3 ™ (ag) + 2H0  (2)

The peak splitting appearing in this signal in several cases can be attributed to the
differences in the crystallinity and shape and size of the gerhardtite crystals and/or the
occurrence of similar reduction processes for other minority copper minerals such as
rouaite (dimorph of gerhardtite), likasite (Cus3(OH)sNOs-2H,0) or Cu(NOs),-xH,0
which dissolves slowly:

Cu(NO3),-xH,0 (solid) T 26 > Cu (solid) +2NO3~ @) t xH,O  (3)

3.3. Sulfide-based patinas

These are dark patinas prepared from (NH4).S or K,S but also from K,SO, under
thermal stress. Figure 5 shows the voltammetric response (three replicate experiments)
recorded for sample db. In the negative-going potential scan, well-defined reduction
peaks at —0.15 V (C;) and —0.55 V (C,) appear preceding the Cox wave, while in the
positive-going scan, the stripping oxidation A; is followed by a broad anodic signal at
ca. 0.20 V (A). On the basis of blank voltammograms for CuS (see Figure S.1 in
Supplementary Information), this voltammetry can be rationalized on assuming the

presence in the patina of copper sulfides, in principle consisting of a mixture of Cu,S



(chalcocite) and CusS (covellite). Consistently, the patinas of this type do not produce
well-defined IR spectra. Figure 6 depicts the CVs of graphite electrodes modified with
sample 605 immersed when the potential is scanned between a) 0.65 V and —0.85 V and
b) between 0.65 and —0.25 V. In the first case, the aforementioned signals C;, C,, A1, A2
are recorded accompanying the prominent Cox process. The cathodic signals are
preceded by a reduction peak at 0.25 V (C3). When the potential range is restricted to
the cathodic region in which the process C; appears, the process C; is not accompanied
by a significant stripping oxidation A;. In the anodic scan, the signal A; is resolved into
waves at ca. 0.20 and 0.35 V. These voltammetric features can be interpreted on the
basis of literature data [54,55], in terms of the stepwise reduction of CusS yielding Cu,S

via the process Cs:
2CUS (soligy + 2H" @q) t 26 — CuzS (oligy + H2S  (4)
This compound would be further reduced to copper metal in the process C;:
CU2S (solid) + 2H" (aq) + 267 — 2CU (soligy + H2S ~ (5)

Our data, however, suggest that the cathodic process (C,) can be attributed to the

‘direct’ reduction of covellite:
CUS (solic) + 2H" (aq) + 267 — CU (soliy + H2S ~ (6)

As before, the anodic signal A; corresponds to the oxidation of the copper deposit to

Cu?* (aq), but the process A, can be attributed to the S-centered oxidation processes:
Cu,S (solid) — 2Cu”* (aq) S+2e (7)
CuS (solid) —> CU2+ (aq) T S+2e (8)

It is pertinent to note, however, that substoichiometric species can also be involved
[54,55].



The above scheme is directly supported by CV experiments at different potential ranges.
Interestingly, the green patina bb N2 deposited onto a first layer of sulfide patina
presents a voltammetric profile where the copper sulfide and gerardhtite signals are
superimposed. This is of interest in regard to the possible elucidation of the composition
and structure of multi-layered patinas and ultimately studying artificial aging. As can be
seen in Figure S.2 of Supplementary Information, in this case the ratio between the peak
current of the signals C; and C; is close to one and the anodic region presents the peaks

A; and A; with similar height.

3.4. Other patinas

An additional series of artificial patinas were prepared combining treatments with
solutions of NaCl, NH4ClI, and CuSQ,. Pertinent data are presented as a Supplementary
Information, Table S.2 and Figure S.3. The voltammetric response is dominated by a
cathodic signal at ca. —0.15 V (C;) and the concomitant stripping oxidation at ca. 0.05 V
(A1). This voltammetric pattern is consistent with ATR-FTIR data in literature [56-58].
The spectra of these patinas (Figure S.4, Supplementary Information) show atacamite
bands at 3340, 3323, and at low frequencies between 983 and 510 cm™, accompanied by
the band ca. 3170 and 1055 cm™, due to the presence of non-reacted CuSO,4 hydrate
[56-58]. These features indicate the formation of atacamite as a main component of the
patinas prepared from chloride-containing solutions. Interestingly, in several cases, the
profile of the stripping peaks for copper oxidation becomes highly characteristic. This
feature, which is to some extent surprising, results from the different shape and size
distribution of the deposit of metallic copper formed in the reduction of the parent
copper components of the respective patina and the possible complexation of Cu* ions
produced in the stripping process by the anionic species (Cl-, NOs~, SO,*, etc.)
released during the cathodic steps. Figure S.5 in Supplementary information contains

some representative anodic profiles.

3.5. Layer-by-layer analysis

Voltammetric data can provide information of the in-depth composition of the patina. In
principle, and given the stepped nature of the manufacturing procedures (see
Supplementary Information, Table S.1), it is reasonable to expect that the composition
of the patina varies in depth, as occurring for natural patinas [59,60] and/or varies in the

crystallinity of the components. For the purpose of layer-by-layer analysis, different



pressures were applied to the graphite bar when sampling the patinas over the metallic
specimens. This method differs from that previously reported, based on successive
voltammetric records [61], which involves the immersion of the metal object into an

electrolyte.

The sampling process, consisting of pressing the graphite electrode onto the patina, is
schematized in Figure 7a. On increasing the pressure of the graphite bar, a set of
micrometer-sized fragments of the patina become adhered onto the graphite as can be
seen in the SEM image in Figure 7b. The patina laminas (characterized by its Cu
content determined by EDX) become irregularly distributed over the graphite surface.
On increasing the pressure of the bar, one can expect that the number and size of

removed fragments increase.

Figure 8 depicts five negative-going potential scan voltammograms after sampling with
different pressures for a) gerardhtite patina 108, and b) chloride and sulfate patina 6L. In
the both cases, the cathodic signal C; increases on increasing the pressure exerted by the
graphite bar on the patina during the sampling process, thus denoting that there is an
increase in the net amount of sample transferred to the graphite surface. In the case of
the gerardhtite patina 108 at low sample amounts, the voltammogram consists of a main
cathodic peak at ca. —0.05 V (C;,) which is accompanied by a shoulder at —0.15 V (Cyp).
Upon increasing the amount of sample, this second signal increases so that the
voltammetric pattern moves from one peak to a two-peak profile. In contrast, the
voltammograms of the chloride and sulfate patina 6L is dominated by the signal Cy;
which increases on increasing the amount of sample transferred onto the graphite

electrode.

These features can be interpreted on assuming that, as characterized for natural
corrosion patinas [50,52], there is a primary compact ‘impermeable’ patina of defective
cuprite covered by a less compact, ‘permeable’ patina of cuprite and/or other
components. In the case of cuprite patinas, when ‘smooth’ sampling is performed, the
voltammogram reflects the composition of the external, less compact patina which
would be responsible for the signal Ci;,. When ‘hard’ sampling is carried out, the
voltammogram is dominated by the voltammetric signal Cyp,, produced by the compact

patina. For other than cuprite patinas, however, the cathodic signals can reflect more



complex gradients of composition and compactness/crystallinity so that the intensity of
peaks Cia, Cyp reflect the respective amounts of two different species having different
composition and/or compactness, porosity, etc. The appearance of two reduction peaks
attributed to different crystallinity of cuprite has also been observed by other authors in

laboratory produced patinas [62,63]

Figure 9 represents the values of the ratio between the signals at more positive (C;,) and
more negative (Cyp) potentials, i(C1,)/i(Cyp), vs. the sum of these signals, i(Ciwr) (=
i(C1a) + 1(Cyp)), for several patinas in this study. Since the impermeable patina can be
assumed to be deeper, the i(C1a)/i(C1p) ratio is representative of the ratio between the
averaged amounts of the components responsible for peaks C1, and Cy, while i1(Cyyor) iS

representative of the net amount of sample extracted from the patina.

As can be seen in Figure 9, the cuprite (108), sulfide (605), and chloride (6L) patinas
display a similar slightly decreasing variation of i(C1,)/i(Cyp), on i(Cyr). In contrast, the
nitrate patina 201 shows an increasing variation of i(Cya)/i(C1p), on i(Cyot). TO
rationalize these features, it is possible to formulate a theoretical model assuming that
the voltammetric currents i(Ci1,) and i(Cyp) are proportional to the amount of the
respective ‘permeable’ (a) and ‘impermeable’ (b) components which proportion varies
continuously through the patina. The variation in the shape of the voltammetric
signatures with the pressure exerted in the sampling process suggests that not only the
number of patina fragments but also the depth reached in the sampling varies. In the
following, we adopt a highly idealized model assuming that the graphite bar extracts a
set of N identical circular laminas of radius r and depth z (z << r) from the external
patina. Then, the net amount m; of sample of the j-component (j = a,b) transferred from

the specimen to the graphite bar can be approximated by:

m, = j.NM25pj(Z)dZ 9)

z=0

where pj(z) represents the depth-dependent density of the j-component forming the

patina.

10



We assume that there is a monotonical variation with depth of the density of the a-
component (responsible for peak Ci,) and the density of the b-component (responsible
for peak Cip). The former will decrease from a surface value, p;*, while the second

inf

should increase concomitantly until a certain limiting value, p," . Although there are

different possible p(z) functions, potential ones are particularly interesting due to its
flexibility to reproduce large or small density gradients. Previous studies on natural
patinas on coins permitted to correlate satisfactorily concentration gradients determined
by EDX in the patina and voltammetric data with this type of functions [42,43].
Accordingly, the expressions for the in depth variation of the densities of the a- and b-

components of the patina can be written as:

p.(2) = pPL-(2/2,)"] ()

po(2) = P = pPlL—(2/2,)"| ()

where z, represents the depth at which the b-component reaches its limiting density,
inf

o, and ps(z) = 0. These functions accomplish the conditions ps(z) = o;* when z =0

inf

and py(z) = p," When z = z,. In the above equations, «, g, are the exponents of the

potential functions characterizing the variation of density of those components with
depth. Introducing the electrochemical coefficient of response g3, the current measured
for the a- and b-components will be:

i(C) = [ Ngy,r? ;“p{l—(iJ sz 12)
z=0 z

0

z=0 0

z B
i(Cy) = _[ Ng,, 7% oy = pi* (1_[%} J dz 13)
Notice that the gy; coefficients depend on the electrochemical conditions (potential scan

rate, etc.) and the molar mass of the component (a, b). Integration of the above

equations yield:

1+a
i(Cy) = Ngpr?p®|z-—2—— | (14)
1+a)z,

11



H in su zhﬁ
1(Cy,) = Nglbﬂr2|:pb 'z ~—Pa ptz _(]_—H (15)

+a)z!
The total current will be the sum of i(Cy,) plus i(Cyp). Taking gi1a ~ Qi ~: g1, ONe
obtains:

i(Cltot) = Nglﬂrzptijnfz (16)

It is pertinent to note that not only z, but also N and r will vary from one experiment to

another. However, the i(C15)/i(Cyp) ratio will be solely z-dependent:

1+a
: Pt =
i(C.)  9u ( (1+a)20]

i(C,.) . v
( lb) 91p pk.)nfz _p;up 7 27[3
1+ Bz,

(17)

Since z = i(Cuor)/Ngar® pi™ , the i(C1,)/i(Cyp) ratio can be expressed as a function of

I(Citot), taking gia = gip ~: g1, as:

psup i i(Cltot)Ol
i(C,) L+ a)Ng,ar?pl 28
Coo) e o (1_ (i ]
L+ B)Ng,7r? py" 2

(18)

For the moderate pressures exerted during the sampling process, one can expect (see
Fig. 7b) that the graphite bar removes fragments of (relatively) weakly bound external
laminas of the (partially delaminated) metal corrosion patina. Then, increasing pressure
should in principle result in an increase in the depth of the de-laminated fragments able
to be extracted. Conceivably (see Supplementary information, Fig. S.7), increasing
sampling pressure determines an increase of the fragmentation so that the number of
removed patina particles increase while their average radius decreases. Accordingly, the
Nr? product can be taken as approximately constant so that Eq. (18) predicts a

polynomial variation of i(C1y)/i(C1p), On i(Cyr). This variation depends on the

12



inf

parameters o, f, ., p;* , p, , characterizing the composition and/or

compaction/crystallinity of the patina and its in-depth distribution. Although this model

contains several adjustable parameters whose estimate is uncertain in several cases,

these can be grouped into two coefficients, 1/(1+a)Ng,ar’p"z¢ , and

1/(1+b)Ng, 2% p" 2/ , whose value has to be similar. Consistently, experimental data in

Figure 9 can be fitted to Eq. (18) using the values of the densities of the minerals
constituting the main component of each patina and similar values of these coefficients
(including « and S exponents). Table 2 summarizes the values of the above parameters
for patinas 108 (cuprite type), 201 (nitrate type), 605 (sulfide type), and 6L (chloride
type). Patinas 108, 605 and 6L yield a decrease of i(C1a)/i(C1p) On increasing i(Cuor)
which can be directly fitted to Eq. (18). In contrast, patina 201 displays the opposite
behavior, the ratio i(C1,)/i(C1p) increasing on increasing i(Ciwt). This can easily be
modeled simply interchanging the equations for the a- and b-components. Table 2

shows the corresponding parameters.

3.6. Tafel analysis

Since the voltammetric response of the majority of copper corrosion products of natural
and artificial patinas is very similar, Tafel analysis of the voltammetric curves provides,
a valid method to discriminate the different compounds [45,46,57]. The Tafel plots of
the logarithm of the ratio between the current i at a potential E and the peak current, iy,
vs. the difference between E and the peak current, Ep, for different sampling performed
on patinas a) 108 and b) 201 is provided as a Supplementary information, Figure S.6.
This analysis was made taking current/potential measurements at potentials between
125 and 250 mV more positive than the peak potential of the voltammetric signal. The
plots of In(i/ip) vs. E-E, for negative-going potential scan voltammograms such as in
Figure 8 vyield practically parallel straight lines whose ordinate at the origin varies
within a relatively narrow range in the case of the patina 108 and becomes almost the

same for patina 201.

Figure 10 depicts the two-dimensional diagram containing the values of the slope (SL)
and the ordinate at the origin (OO) of Tafel plots determined from replicate
voltammetric experiments on artificial patinas in this study. It can be observed that the
values related to nitrate-, chloride plus sulfate- and cuprite-based patinas are

13



concentrated in more or less separated regions, roughly along a diagonal line. The
points of sulfide-based patinas, instead, fall in a clearly separated region of the diagram.
The data points for each patina, however, fall within relatively extended regions of the
diagram. This feature can be interpreted in the light of our previous study on the
characterization of copper and lead corrosion products on leaded bronze statuary by
means of Tafel analysis [64]. The essential idea is that, due to the insulating or
semiconducting nature of the components of the patinas, they produce a more or less
large uncompensated ohmic drop in the electrochemical cell depending on the net
amount of sample transferred onto the electrode surface. The incorporation of such

uncompensated ohmic drops into the Tafel equation yields [64]:

i onF
In[g]=H +G(RQ)—ﬁ(E—Ep) (18)

where H represents the Tafel ordinate at the origin in the absence of uncompensated
ohmic effects and G(Rp) is a term depending, among other factors, on the
uncompensated ohmic resistance, Rg, and the other symbols have their usual meaning.
This means that for a series of samples with different Ry values the Tafel
representations will present essentially the same slope but different ordinate at the
origin. This can be seen in the Tafel plots in Figure S.6 and is reflected in the dispersion
observed in the (Tafel slope)/(Tafel ordinate at the origin) two-dimensional diagram in
Figure 10. This diagram illustrates the possibility of discriminating between different
artificial patinas by VIMP using sub-microsamples. It has to be underlined that the
discrimination of patinas by means of VIMP may be of great interest in the cultural
heritage field. It allows characterizing and distinguishing copper compounds with a
micro-invasive approach, even when other micro-invasive or non-invasive techniques
(e.g. ATR-FTIR) result ineffective in detecting some of the minerals contained in the

artificial patinas or corrosion layers.

4. Conclusions
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The voltammetric response of a series of artificial patinas prepared according to
traditional recipes on copper and bronze substrates has been studied using the
voltammetry of immobilized particles methodology. The square wave voltammograms
of sub-microsamples extracted from artificial patinas on copper and bronze consists, in
contact with aqueous acetate buffer at pH 4.75, of well-defined cathodic signals due to
the reduction of the copper compounds forming the protective patina. Voltammetric
data, supported by ATR-FTIR spectroscopy permits to characterize gerardhtite as the
main component in patinas prepared from nitrate, atacamite accompanied by copper
sulfate hydrate in the patinas prepared from chloride plus sulfate baths, whereas sulfide-
based treatments present a thin patina with chalcocite. Other preparative recipes produce
cuprite patinas.

The modulation of the pressure exerted by graphite electrodes on the patinas allows to
obtain layer-by-layer information on the composition and compactness/compaction of
the patinas using the depth variation of voltammetric parameters. This variation can be
modeled using a simple description of the distribution of the components of the patina
in depth. The different patinas can be characterized and distinguished using the Tafel
plots from current-potential curves in the foot of the voltammetric signals resulting from
the negative-going potentials scans, related to the reduction of copper compounds. The
possibility of characterizing and distinguishing the artificial patinas on an
electrochemical basis, with a submicro-invasive approach can be of great interest for
conservation and restoration purposes, thus expanding the potentialities of the
voltammetry of immobilized particles in this field.
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Figures

Figure 1. SWVs of sample modified-graphite electrodes immersed into air-saturated
0.25 M HAc/NaAc aqueous solution at pH 4.75 for patina 108. Potential scan initiated
at a) 0.65 V in the negative direction; b) —0.85 V in the positive direction; potential step

increment 4 mV; square wave amplitude 25 mV; frequency 5 Hz.

Figure 2. SWVs of sample modified-graphite electrodes immersed into air-saturated
0.25 M HAc/NaAc aqueous solution at pH 4.75 for two nitrate patinas. a,b) bb N1; c,d)
bb N2. Potential scan initiated at a,c) 0.65 V in the negative direction; b,d) —0.85 V in
the positive direction; potential step increment 4 mV; square wave amplitude 25 mV;

frequency 5 Hz.

Figure 3. SWVs of graphite electrodes modified with patina 206: a,b) pristine and c,d)
after wax treatment, immersed into air-saturated 0.25 M HAc/NaAc aqueous solution at
pH 4.75. Potential scan initiated at a,c) 0.65 V in the negative direction; b,d) —0.85 V in
the positive direction; potential step increment 4 mV; square wave amplitude 25 mV;

frequency 5 Hz.

Figure 4. ATR-FTIR spectra of a) sample 206 without finishing; b) sample 206 after

finishing with wax.

Figure 5. SWVs of graphite electrodes modified with sample db in contact with air-
saturated 0.25 M HAc/NaAc aqueous solution at pH 4.75 (three replicate experiments).
Potential scan initiated at a) 0.65 V in the negative direction; b) —0.85 V in the positive
direction; potential step increment 4 mV; square wave amplitude 25 mV; frequency 5
Hz.

Figure 6. CVs of graphite electrodes modified with sample 605 immersed into air-
saturated 0.25 M HAc/NaAc aqueous solution at pH 4.75. Potential scan initiated at
0.25 V in the negative direction and scanned between 0.65 V and: a) —0.85 V and b)
—0.25 V. Potential scan rate 50 mV s ™.

Figure 7. a) Scheme for the sampling with a cylindrical graphite bar of radius r
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extracting a layer of thickness z on the metal patina in VIMP experiments. b) Secondary
electron image of a graphite bar after sampling onto the patina 108 showing several
laminas of metal patina adhered to the irregular graphite layers.

Figure 8. SWVs of sample modified-graphite electrodes immersed into air-saturated
0.25 M HAc/NaAc aqueous solution at pH 4.75 for a) nitrate patina 108, and b) chloride
patina 6L. Five voltammograms after sampling with different pressures are
superimposed for each patina. Potential scan initiated at 0.65 V in the negative
direction; potential step increment 4 mV; square wave amplitude 25 mV; frequency 5
Hz.

Figure 9. Variation of i(C14)/i(C1p), on i(Cy) for cuprite (108, squares), nitrate (201,
solid squares), sulfide (605, triangles), and chloride (6L, solid triangles) patinas from
experiments such as in Fig. 8. Continuous lines represent the fit of experimental data to
Eqg. (18) using the parameter values listed in Table 2.

Figure 10. Two-dimensional diagram showing the values of the slope (SL) and the
ordinate at the origin (OO) of Tafel plots determined from replicate experiments in
nitrate-, sulfide-, chloride plus sulfate- based and cuprite-based artificial patinas in this

study.
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Table 1. Manufacturing protocols and composition of the studied historical patinas

prepared in the laboratory following traditional recipes and commercial ones from

Fonderia Battaglia® (Milan, Italy).

Code Substrate | Name Reagents Main component of
(color) the patina (FTIR)
1082 Bronze A | Claire red CuSQq, K,SO, cuprite
201° Bronze A | Messina Cu(NOs3)2, (NH4),S gerardhtite
green
206° Bronze A | Smalt green | Cu(NO3), gerardhtite
210° Bronze A | Olive green | Cu(NOs3),, FeCl3 gerardhtite
213° Bronze A | Saint olive | (NH),S gerardhtite
green
605° Bronze A | Medium (NHg)2S covellite plus chalcocite
black
db Bronze B | Dark brown | K,S covellite plus chalcocite
2L, 4L, | Bronze B | Green CuCl,  CuCl;:2H,0 | atacamite plus
6L, 8L CuS04-5H,0 brochantite
bb N1 Bronze B | Green NH,4CI gerardhtite
bb N2 Bronze B | Green NH,4CI gerardhtite plus
covellite plus chalcocite
Bb N3 Bronze B | Green NH,4CI gerardhtite plus
covellite plus chalcocite
1.4 Copper Green CuSQ4-5H,0 brochantite
1.72 Copper Green CuCOs3, NH3 copper(Il) carbonate
1.117 Copper Green NaClO3, Cu(NO3), gerardhtite
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Table 2. Parameters corresponding to the fit of experimental voltammetric data to Eq.
(17) for artificial patinas 108 (cuprite type), 201 (nitrate type), 605 (sulfide type), and
6L (chloride type). The densities of the corresponding mineral forms, cuprite (6.0 g
cm™3), gerhardtite (3.4 g cm™), covellite (4.7 g cm™), and atacamite (3.8 g cm™) have

been taken as a reference in each case.

Patina pSUp / pti)nf / 1 1 a ﬂ

2 _inf 2 _inf

Ng,r’py" QL+ a)zg | Ngar’p,” (L+ Bz,

gem® | gem™

108 3.7 6.0 0.021 0.020 1.10 | 1.20
201 1.5 1.9 0.030 0.032 1.10 | 1.05
605 2.7 4.7 0.012 0.010 11 | 1.2
6L 14 3.8 0.011 0.010 1.10 | 1.20
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Highlights:

* The voltammetry of immobilized particles methodology was
used to study artificial patinas on copper and bronze.

* Carbonate-, nitrate-, chloride-, sulfate-, and sulfide-
based patinas are characterized by their voltammetric

signatures.

* In depth variation of the composition and
compactness/crystallinity of the patinas is acquired.
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