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Abstract

The application of a solid-state electrochemicathteque, the voltammetry of
microparticles (VMP) for studying archaeologicalade glass is described. Upon
attachment to graphite electrodes immersed int@@agl acetate buffer, characteristic
voltammetric profiles were obtained for submicropées of archaeological glasses of
ages between thd"and 19' centuries. Bivariate and multivariate chemomedrialysis

of VMP data permits to characterize individual wsitkps/provenances allowing a clear
discrimination between soda-rich and potash-ricasggs. Analysis of VMP data,
combined with XRF, FESEM, AFM and ATR-FTIR and MieRaman spectroscopies,
denote the presence of Pb(IV) centers accompanyatgork-former and network-
modifier Pb(II).
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|. Introduction

Glass has played an important role, by both utitita and aesthetic reasons, in all
periods of History” so that glass and glazed materials, in particléad silicate glasses
have been extensively studied in the fields of aecmetry, conservation and
restoration of cultural heritag€. The elucidation of the technology and provenhce
of glass productions is of crucial interest foraddishing ethnohistoric, economic and
cultural linkages in ancient cultures, so that ywested linkage$,chronology and
dating® can be derived from analytical data. These stuifieslve a variety of
techniques, involving, apart from well-known electrmicroscopy, X-ray diffraction
and spectroscopic techniques, from isotope analyéi® synchrotoni-XRF, external-
PIXE/PIGE and BSEM-EDS&

Lead silicate glasses have also considerable sitbexause of their peculiar thermal,
optical, and mechanical properties so that theiuctiral chemistry has claimed
attention***®in particular in regard to the leaching of’P*° In fact, there have been
different proposals on the structural role playgddad centers, some of which would
act as network modifiers having a sixfold coordashtenvironment, and others as
network formers with a lower coordination numbeRecently, Mizuno et &' have
proposed a new structural model, which statesltfaat atoms are linked to another lead
by sharing an edge via two oxygen atoms to formaaa{based network constituted by
PO, polyhedron units.

In this context, we have applied a solid state tebebemical technique, the
voltammetry of microparticles (VMP) for characteénig archaeological lead glass. This
technique, developed by Scholz et?af? provides analytical information on a variety
of insulating, sparingly soluble solids attachedinert electrodes in contact with
suitable electrolytes, thus defining a solid-stalectroanalysié® Due to the minimal
amount of sample required for analytical runs, tedito few nanograms if necessary,
this technique is of application for archaeometicposes> Lead compounds display a
well-defined solid state electrochemistry, so thaMP has been applied for
authentication, tracing and dating metallic leaddohon the voltammetric features of
lead corrosion product§:?® Additionally, the VMP methodology is able to prdei
some structural information and a direct informatiof the oxidation state of
electroactive centers so that it was previoushliaggo the identification of Pb(ll) and
Pb(IV) in mediaeval glazésand other applications in ceramic materiaf.

Here, we report a VMP study of a series of 15 agolmyical lead glass samples from
different sites in Spain aimed to test the suitgbilof this methodology for
characterizing technology and provenance data. i&tucdamples involve both
potassium-rich and sodium-rich glasses and coyariad between the Roman age and
the 19" century. VMP data are complemented by data fromay-fluorescence
spectroscopy (XRF) and ATR-FTIR and Micro-Raman cspscopies. The
electrochemical response was examined at the napiosscale using field emission
scanning electron microscopy-energy dispersiveyXaneroanalysis (FESEM-EDX) and
atomic force microscopy (AFM) coupled to VMP. Timigormation is also discussed in
relation to the problem of the lead coordinatiolsuch systems.

[1. Experimental



Chemical composition of glass samples were analgged-ray fluorescence (XRF). A
PANalytical Axios wavelength dispersed X-ray specteter equipped with a rhodium
tube of 4 kW and 60 kV was used. Analytical deteations were undertaken through
the standard-less analytical software 1Q+ (PANeadBi from synthetic oxides and
natural minerals. XRF analyses were carried outppowdered samples prepared by
grinding body glass fragments, with their most exaé surfaces removed, by polishing
in an agate mortar.

Electrochemical experiments were performed at+29& using a CH 920c device
(Cambria Scientific, UK) and Ilvium CompactStat phite equipment (Ilvium Technol.
B.V., Eindhoven, The Netherlands) with Pt auxilighgctrode and AgCl (3M NaCl)/Ag
reference electrode using aqueous sodium acetdter {tHAc/NaAc, Panreac) as a
supporting electrolyte. In order to test the sulitgbof in field analysis using portable
equipment, no electrolyte degasification was perém. Reference materials were,Ou
(cuprite), CuO (tenorite), PbO (litharge), Bb@plattnerite), all Merck reagents,
accompanied by a synthetic glass named 71PbO (vaoriposition analysed by XRF:
7.64Na0-1.08Ab05-19.74SiQ-0.63K0-0.11Ca0-70.80Pb0O). This glass was melted and
annealed in the laboratory at the Instituto dedtist{ CCHS, CSIC).

Sample-modified electrodes were prepared by powde2i5ug of sample in an agate
mortar and pestle, being subsequently transferyeablbasion to the surface of paraffin-
impregnated graphite bars (Staedtler HB, 68% wiplyta) as described in VMP

literature®>%2

The IR spectra in the ATR mode of the glass sampbre obtained using a Vertex 70
(Bruker Optik GmbH, Germany) Fourier-transform arégd spectrometer with an FR-
DTGS (fast recovery deuterated triglycine sulphatnperature-stabilised coated
detector and a MKIl Golden Gate Attenuated Totafldéeeance (ATR) accessory. A
total of 32 scans were collected at a resolutios ofri* and the spectra were processed
using the OPUS 5.0/IR software (Bruker Optik Gm@¢rmany).

Confocal Raman microscope Renishaw Invia equippéd avLeica microscope and an
electrically refrigerated CCD camera was used. Lageitation lines were provided by

a Renishaw Nd;YAG laser (532 nm). The laser beamepaised was 5 mW. The

frequencies were calibrated with silicon. Originditical Software was used to adjust
the deconvolution of the Raman spectra curve fittgld Gaussian function.

Samples were examined with a field emission scanelactron microscope (FESEM-
EDX) Zeiss model ULTRA 55 operating with an OxfokdMax X-ray microanalysis

system. The analytical conditions were: 20 kV a&@ing voltage, and 6-7 mm as
working distance. X-ray microanalysis system is toadled by Inca software.

Quantitative spot measurements on the differenteralnphases and individual grains
and aggregates provided their chemical composif@uantitative microanalysis was
carried out using the ZAF method for correctingeietemental effects included in the
Inca software. The counting time was 100 s for maja minor elements. In situ AFM-
monitored electrochemical experiments were perfdrmigh a multimode AFM (Digital

Instruments VEECO Methodology Group, USA) with anb&cope Illa controller and
equipped with a J-type scanner (max. scan sizé@f150x6 um). The topography of the
samples was studied in contact mode. An oxide-shaup silicon nitride probe Olympus
(VEECO Methodology Group, model NP-S) has been wald a V-shaped cantilever



configuration. Transference of sample particlesatacarbon plate and experimental
conditions were similar to those previously desatifor studying lead pigments.

[11. Results and Discussion
(1) Glass composition

Table 1 summarizes the provenance, chronology lEaadamposition of main elements
determined from XRF and SEM/EDX data (expressedwvaght percentage of the
corresponding oxides) of the archaeological leadggtamples studied (see Supplementary
Information for the entire composition data). Faliog the Bril's modef;****the studied
glasses can in principle be divided into potash-gtasses (samples S05, S06, SO07 and
S10), and soda-rich glasses (S01, S02, S03, S@4,3Q, S12 and S14), with samples
S09 and S13 having intermediate compositions. Alghothe composition of several
samples from the same origin (samples S05 and 1866 Burgo de Osma, S11 and S12
from I'’Almoina) presented quite similar compositgthus suggesting that were prepared
in common workshops/age, others, such as samplesSB2 and S03 from Puxmarina
(Figure 1) and S08 and S09 from Goyeneche, proadethtively large separation in their
respective compositions.

On the other hand, the studied samples cover a raitige of possibilities concerning
the lead oxide loading of the glass. As can be sedrable 1, samples S02, S03 and
S09 were soda glasses with large lead oxide loadwhereas samples S05 and S06
corresponded to potash glasses with high percentaigead oxide. Samples S01, S04,
S08 and S11 to S14 contained relatively low leade@amounts.

In Figure 2 the N#D content of glasses versus thesKcontent is represented. Most of
the samples can be classified into two groups, wkmrrespond to soda-rich glasses
and potash-rich glasses, regardless their respetiD percentage. Only samples S09
and S13 can be considered as sodium and potassixed glasses and, hence, their
position in Figure 2 is not included in the two qowsitional groups mentioned.

(2) Voltammetric pattern

Figure 3 shows the typical cyclic voltammetric @spe obtained at sample-modified

graphite electrodes in contact with aqueous acbtdfer at pH 4.75. The voltammograms

show a cathodic wave ne#d.70 V (Gnoy Which, in the light of abundant literature on the
electrochemistry of lead compourfdé*?’ can be attributed to the reduction of Pb(ll)

species in the glass. This signal is followed igiag current at more negative potentials
which corresponds to the reduction of hydrogen ({@p3. In the subsequent anodic scan, a
tall peak appears a0.45 V (App), corresponding to the oxidative dissolution @& tieposit

of lead metal formed in the precedent cathodic %Hafi?” Such processes can be

represented as:

PH'O, (glass) + *H* (ag) + X& - Pb (solid) +H,O (1)
Pb (solid) — PE*(aq) +2& (2)



Repeatability tests were performed for each ardbgmal specimen from three replicate
experiments using freshly sample-modified electspdeall cases, as shown in Fig. 3, the
voltammetric profile was satisfactorily reproducedth maximum peak potential
separations af10 mV.

In copper-containing glass (samples S01-S03 frormtina), the voltammetric response
was enriched by the appearance of the signaldéoraduction of Cu(ll) glass species at
—-0.10 V (Guoy accompanied by the corresponding oxidative digswi of the deposit of
Cu metal at 0.00 V (A), as can be seen in Figure 4, where square wdiammetry, a
particularly sensitive technique, was used. Thihrie@ue permits to separate different
cathodic signals in the potential range betwe8m5 and-0.75 V, all attributable to
reduction processes such as described by Eq.\(&lving lead species having different
coordinative environments.

Two general lead-centered features should be unéenivhich can be clearly seen in Figs.
4a,c: i) a weak additional cathodic signal at +O/AC*pyoy appeared; ii) the signalktox
exhibits peak splitting, exhibiting overlapping veavbetweer0.55 and-0.85 V. By the
first token, the peak Gfox can be attributed to the presence of Pb(IV) spestdch are
reduced to Pb(ll) ones, as described by Podified electrodés>® and observed for
archaeological metallic lead plaf8&®

PBYO, (glass) + 2yFi (aq) + 2yé — PH'O,y(s) +yRO (3)

By the second, the appearance of differefgbgsignals can be considered as indicative of
the presence of different Pb(ll) species in theglapresentative of different coordinative
environments\(ide infrg. The coexistence of different Pb(ll) species wasfirmed by
the appearance, in several samples, of peak raplitti the oxidative dissolution process
Ap, This feature, according to extensive VMP literafd® can be attributed to the
oxidation of different lead deposits, a featureeiwfobserved in the voltammetry of lead

pigrner.]t52(3—28,38,43,44

Consistently, AFM examination of glass fragmentacited to graphite plates in contact
with acetate buffer submitted to reductive poténtiputs displayed different habits in
regard to the formation of deposits of metallicdle&igure 5 compares the AFM
amplitude error channel graphs of deposits of asmh sample (SP01) and a potash-
rich sample (SP05) immobilized onto a graphite epiat contact with aqueous acetate
buffer, after application of a reductive potentigbut of —0.70 V for 3 min. Before the
application of the reductive potential, the glagspakits consisted of irregular glass
grains which can be easily distinguished from trephite terraces. After application of
a reductive potential input, the soda-rich glassdpced a set of irregular grains of
metallic lead in the vicinity of the parent glassig (type 1 deposit), accompanied by
globular clusters (type 2 deposit) almost reguladigtributed on the surrounding
graphite terraces, and also by fine grains (tyge@osit). This last type of deposit can
be seen in FESEM images in Figure 6. In contragggi-rich glasses produced only a
dense array of fine grains of metallic lead whiehds to concentrate near the parent
glass grains (type 4 deposit), which become esdbntindisturbed.

(3) Micro-Raman characterization



By reasons of disposable amount of samples ATR-FEINdRRaman spectra were obtained
for samples SO01 to S10. Raman spectra of samplesSR2, S03, S05, S06, S08 and
71PbO are depicted in Figure 7. Such spectra ¢afsig’o groups of overlapping bands
between 300 and 600 ¢l and between 900 and 1300 ¢mSimilar features were
obtained in ATR-FTIR spectra (see Supplementanenad}. The former can be assigned
to Si — O — Si bending vibrations within inter trédedral linkages, whereas the later
corresponds to Si — O stretching vibrations of nyadlepolymerized silicate species. To
analyze such spectra, the usual model will be usedich all the cations create ‘non-
bridging oxygens’ (NBOs) within the silicate struat, denoted by ‘Q wheren is the
number of bridging oxygens, so that one can disisly between the different
tetrahedral species in the network! @ silicate species with no NBO (SIQQ° to
silicate species with one NBO (8k), and G to silicate species with two NBOs
(Si03).*"*® Raman bands at 890, 930, 970, 1030 and 1108 were attributed to the
SiO, tetrahedra with 4, 3, 2, 1 non-bridging oxygensi@amd with all bridging oxygen
ions, respectively (Sigy, SbO;%", ShO03:2™, ShOs:>", SurOorr™).*® Monovalent and
polyvalent cations would be ordered differently amathe different NBOs. Alkali
cations would be preferentially bonded to NBO fr@hunits, while alkaline-earth or
polyvalent cations would be preferentially bondedB80O from & units>%>*

In this context, Robinet et l.have recently studied lead glasses concluding ttieat
intensity of the 1100 cim peak was linearly correlated to the content irallknd
alkaline-earth in the glass and that the shifhim 1070 crit band is proportional to the
PbO content of the glass whereas the area of thec®8 band relative to the area of
the stretching band varied also linearly with th@®Rontent, in agreement with the idea
that this band is associated with the vibratiorQbfspecies that are coordinated with
lead ions’>** Raman spectra of the samples studied here in @Beadid 1300 cim
wavenumber region agree with the above scenariccafssbe seen as a Supplementary
information (see Figure S1), there is correlati@ween the lead concentration in the
glass and the position of thé Qnits.

Robinet et af? also obtained that the lead content does notdntla the intensity of the
1100 cm® band. This feature supports the idea that therimgleof lead cations is
different from the ordering of alkali and alkalieesth cations® Consistently, the
relative intensity of the different bands in theweaumber region between 900 and
1300 cm® exhibit different variations depending on the pres of lead. Data for ATR-
FTIR bands (see Supplementary information, Figutg ifdicate that thé(900)4(max)
ratio varies monotonically with th€1100)/(max) ratio (squares) with relatively low data
dispersion, thus suggesting that the 900 and 1408 lsands, although depending on the
total alkali content, are non-affected by leadcdmtrast, the data for tH€L030)I(max)
ratio exhibited a clearly larger dispersion relatito a monotonic variation with the
1(1100)i(max) ratio, thus suggesting that the 1030’dband was dependent on lead and
that this dependence was different for the diffetested samples.

Remarkably, the Micro-Raman spectra of lead séicghsses exhibit intense bands in the
300 to 600 crit region, particularly for the synthetic sample 7OPn contrast with
alkaline glasses with no ledd>’ Figure 8 depicts the spectral decomposition of the
Micro-Raman spectra of samples S02 and S08. Hanelstat 370, 465, 575 and 635 tm
can be discriminated. Such bands are close to tieosetly reported by Burgio etAlfor
plattnerite (Pb@ 424, 515 and 653 cif), minium (PBOs 390 and 546 cil), and



litharge (PbO, 551 cm).Comparison of such spectra with voltammogramBigures 9
and 10 reveal that the presence of a predominatingibution of the 465 cm band in
the Micro-Raman spectra, occurring in samples 808, SO05 and S06 is correlated with
a relatively intense voltammetric peak-@t55 V. For our purposes, the relevant points to
emphasize are that: i) Raman spectra presentatiffétb-O features, some close to that for
Pb(IV) species; ii) bands in the Si — O stretchwuigrations exhibit different variations
depending on the presence of lead suggestingetiffes between the different samples.

(4) Provenance and technique

To analyze voltammetric data it is pertinent toentbtat, since the electrode conditioning
procedure used in VMP does not allow for contrgllithe net amount of sample
transferred onto the electrode surface, the alesatutrents —in spite of satisfactory
repeatability, see Figure 3- cannot be directlydufse analytical purposes. Then, peak
current and/or peak area ratios will be used faratterization purposés* Figure 9

compares the cyclic voltammograms, after semi-dévig convolution, of different soda-
rich glass samples having low lead oxide loadingbereas Figure 10 illustrates
representative voltammograms for potash-rich gias€somparing the voltammetric
records with composition data, the observed retjelaican be summarized as follows:

a) The lead oxide loading determines to a greangthe general structure of the glass.
Regardless their soda-rich or potash-rich charabterich (PbO loading up to ca. 10%)
samples display significant splitting in theygx signal, in all cases exhibiting a well-

defined peak at ca0.55 V (see Figs. 4a,c and 10a,b).

b) There is close similarity between the voltammaogs of samples from the same
provenance. This is the case of S11 and S12 (Bag#), both from the I'Almoina

archaeological site. Analogously, Goyeneche sanfp&and S09 (Figs. 9e,f) displayed
quite similar voltammograms as well as samples SO0&, from Burgo de Osma (Figs.
10a,b). Possibly, each pair of samples corresporidedn identical manufacturing
technique, corresponding to a common provenancelaotological period.

c) In the case of Puxmarina samples, the voltamamagiof specimens S01, S02 and S03
(see Figure 1la-c) were clearly similar but exmbitdifferences among them. Possibly,

considering the amplitude of the Caliphal perioavirich such samples could be prepared,
this case would correspond to different periodg@nprovenances but within the same

production technique.

In order to establish numerical diagnostic critéoiaestablishing the common or different
provenance/technique of the glass samples, thiveelzeight of the different &ox and
App peaks were considered. Figure 12 depicts a tweqtbanal diagram using the ratios
between the current at th€00 mV peak and the maximum current in thgdsegroup of
peaks, i(—600)i(max), and the ratio between the main anodic peak the above
maximum currenti(App)/i(max). One can see in this diagram how the sanipies the
same provenance and period, S01, S02, S03 from &unan SO05, S06 from Burgo de
Osma and S08, S09 from Goyeneche, fall within allsragion of the diagram clearly
separated from the regions where other samplesaappleis is also the case of samples
S10 and S11 from I'Almoina. Interestingly, the datints for the I’Almoina samples,
dated in 18-15", are close to the data point for sample S13, ftamises, located near to



I'Almoina in the surroundings of the city of ValdaqSpain), but dated in £617". This
feature suggests that the manufacturing techniggemaintained in local glass workshops
along such historical times.

Hierarchical cluster analysis using voltammetridadavas based on peak currents
normalized to the larger peak current in squareawedltammograms such as in Figure 4,
in agreement with literatur®.Figure 13 shows the resulting dendrogram (datsepted

as a Supplementary material) produced a well-défeparation between the glasses from
different archaeological sites. In particular, Paxima (S01, S02, S03), Burgo de Osma
(S05, S06) and I'Almoina plus Manises samples (S12, S13).

(5) Structural considerations

In the traditional view of lead silicate glassesad played a dual role as a network
former (formally PB" replacing St or as a network modifier. Earlier studies suggest
that the existence of PR@r PbQ structural units, which act like network formemsay

be the reason for the wide formation range of leaataining glasses, but the structure
beyond short-range order is still unclear. Rybieki al.®® based on EXAFS and
molecular dynamic studies, suggested that the;Rjp@ups are the dominant structural
units in lead-silicate glasses for any concentnaind at lower PbO concentrations the
co-existence of the Ph@nd PbQ@ groups is possible. Takahashi et® proposed a
structural model, which states that lead atomdiaked to another lead by sharing an
edge via two oxygens to form by trigonal pyramid units, which would be
incorporated into the silicate network as a networkner without disturbing the charge
balance of the neighboring silicate network. Irsthiew, in the low lead oxide silicate
glasses, isolated plumbate units would exist instheate network, whereas in the high
lead oxide silicate glasses, the lead atoms woaltsteuct a glass network and, for
intermediate lead loadings, a 3D percolative plumlpeetwork would be formed. More
recently, Kohara et &f. reported that the network formation in the glasgdverned by
the interplay of Si@ tetrahedra and PR(polyhedra (x = 3-5, x = 4 is major) as a
network former, while the distribution of other @maetworking) units is
inhomogeneous.

Voltammetric data suggest that lead silicate gkssehibit a significant structural
complexity. First of all, characteristic voltammetfeatures (see Fig. 4), common to
those observed for plattnert€® and corroded metallic le&8?® indicate that some
Pb(IV) exists, in agreement with the interpretatednXANES spectran glazes from
decorated tiles of the T6to 18" century reported by Fiiredo et af? Consistently,
Raman data suggest, based on the appearance fefathee at 515 cni, that Pb(IV)
species exists. In fact, as depicted in Figurebbdh Raman data, reflected by the ratio
between the intensities of the bands at 515 and @%0, 1(515)1(950), and
voltammetric data, expressed by the ratio betwherpeak currents for theeggy) and
the maximum current in thepGox group of peaks, i(Pb(1V))/i(PbOx), indicate thaet
amount of Pb(IV) relative to total Pb increaseshasPb loading in the glass increases.

Peak splitting appearing in the cathodic regiothefvoltammograms of lead silicate glass
specimens would be in principle interpreted onlibsis of the two extreme models: i)
coexistence of Pb(ll) centers with different conadive environment&™’ or ii) existence
of a unique network-forming coordinative arrangetnbased on trigonal RO, units, but



distributed differently}®* In this regard, pertinent voltammetric data carstsmarized
as:

) In the cases of litharg®?**°323® where Pb posseses a unique pyramidal four-
coordinated environment, and the synthetic glas®b®@l (see Figure 11d), the
voltammograms exhibit a unique, isolated cathodakpat ca-0.60 V.

ii) In the case of corrosion layers of lithargenfi@d on metallic lead, the main reduction
process appearing at potentials betwe@60 and-0.70 V is accompanied by a second
signal at potentials between0.90 and-1.00 V. These signals can be attributed,
respectively, to the reduction of the semi-permed@iO patina, and different layers of
porous corrosion products, respectivély®*’i.e., the reduction of ‘open’ porous
structures occur at potentials more negative thase where the reduction of crystalline
PbO occurs.

iii) In archaeological lead silicate glasses camtaj high lead oxide loadings, a tall
cathodic signal appears at potentials less negéttv&0 V, see Figures 12a,b and 11a-c)
than those for the ubiquitous reduction process0a60 V. The peak at0.50 V is
accompanied by largepf peaks and decreases respect to the peak.@® V in the
second and successive potential scans. Theseeddatds would be consistent with the
attribution of this peak to the reduction of netionodifier Pb(ll) and would be
consistent with the appearance of relatively ineeRaman bands at ca. 650 ¢m

Iv) Anodic stripping peaks increased in generalirereasing the lead content of the
glass being particularly pronounced for potash-mghsses, while soda-rich glasses
frequently exhibited anodic peak splitting.

Consistently, AFM-VMP data produced different typet reductive habits upon
applying cathodic potential inputs, mimicking expents on lead minerdfs and
pigments®? The observed AFM and FESEM features can be iretggron considering
that type 1 lead deposit was similar to that obsgrisy Hasse and Schdizn the
reduction of litharge. Here, a topotactic conversad lead oxide into metallic lead
occurred so that the lead crystal grows in thenitigiof the parent lead oxide crystal.
This kind of process would involve the maintenant@ high structural integrity and
could be tentatively associated to the reductionedivork-forming trigonal Pi®, units.
Deposits of types 2-4, however, would involve tmscextent the release of%bons and
their reduction relatively far from the parent glagain. As far as the lead deposits of type
2 involve relatively fast nucleation and nucleusvgh processes, it can be tentatively
attributed to P¥D,—based chains released from the glass. It is o ifléhe formation of
fine deposits of types 3 and 4 can be attributethi® kind of structural units. Three
features should be underlined: i) the parent glgrsens remained without apparent
morphological damage in the case of type 4 dep(séts Figure 5c,d); ii) the type 3 and
type 4 deposits were essentially identical; iiipey4 deposits were considerably more
abundant than type 3 deposits (see Figure 6). Tieadares suggest that these deposits
could be attributed to network-modifier #Hons released more easily in the ‘open’
potash-rich crystals than in soda-rich glass.

Conclusons



Application of the voltammetry of microparticles thedology to submicrosamples of
archaeological glasses from different Spanish aulogical sites dated between tHe 2
and 19' centuries yields well-defined electrochemical mes®s in contact with
agueous acetate buffer. Characteristic voltammetofiles were obtained for samples
of different sites, thus allowing an electrocherhicacing and discrimination between
techniques/workshops/provenances and permits timisate between soda-rich and
potash-rich glasses.

Analysis of electrochemical data, combined withstadrom XRF, FESEM, AFM and
Micro-Raman spectroscopy, confirms the presendebg¢lV) centers in the glasses and
suggests that the picture of lead glasses as fommetlisively by network-forming
trigonal PO, units should be re-examined to consider the poesefh both network-
former and network-modifier Pb(ll).
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Table 1. Provenance, chronology and elemental compositiom XRF and SEM/EDX
data (expressed as weight percentage of the coméisyg oxides) of the archaeological
lead glass samples studied. n.d.: non-detected.

Sample no. Reference )

P Na,O | MgO | AlLO;| Si0, | K,0 | cao |Fe,0,] cuo | Pbo
s01 P‘Sfﬁﬂg{h'”a 18.47| 4.76| 4.69|53.73| 2.08| 7.72| 0.90| 1.66| 4.49
S02 Id. 9.84 2.03| 3.90/45.13 1.11| 4.61| 0.46| 4.23/27.25
S03 Id. 14.39 3.03] 1.91/51.39 1.83| 4.93] 2.26| 2.05/17.14
S04 Fi%‘ds 12.46| 0.20| 0.64|69.17| 0.71/13.73| 0.23| 0.05| 1.46
S05 B“rgolgﬁ Osma | 09| 003 0.21]59.22/15.79] 0.13| 0.15| 0.01]24.02
S06 Id. 0.28 0.11] 0.48/58.94/15.73] 0.38] 0.20] 0.02|23.51
sS07 Ledn, 18-14" 0.17| 3.38| 1.40|46.89|22.75/21.28| 2.49| 0.05| 0.76
S08 Goyeneche, 19 | 9.10| 0.23| 1.65/67.27| 1.74/13.08] 2.04| nd.| 3.70
S09 Id. 5.8 n.d.| 0.42/6026] 2.80/14.24] 2.55 0.87/10.29
S10 La Granja, 20 | 3.44| nd.| n.d.|54.80/10.64 0.03] 0.02| 0.02[30.46
S11 I'’Almoina, 18-15"| 17.1 0.80

S12 Id. 15.7 0.34

S13 Manises, 617" | 8.88 8.30

S14 Paterna, 1516" | 15.60 3.20

S15 Boatella,
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Figures

Figure 1. Image of a sample from Puxmarina (Murcia, Spain)jridescent fragment of
lead glass from thandalusiperiod dated back in th&'a0" century.

Figure 2. N&O content vs. KO content for lead glasses in this study.

Figure 3. a) Cyclic voltammograms and b) detail of their sdarivative convolution
curves for three independent replicate experimahtSO5-modified graphite electrodes
immersed into air-saturated 0.25 M HAc/NaAc aqudauffer at pH 4.75. Potential scan
rate 50 mV §.

Figure 4. Square wave voltammograms of samples a,b) SOlcandS03 attached to
graphite electrodes in contact with air-saturat@® 01 HAc/NaAc aqueous buffer at pH
4.75. Potential scan initiated at a,c) +1.25 Vhia hegative direction; b,el1.25 V in the
positive direction; potential step increment 4 mdQuare wave amplitude 25 mV;
frequency 5 Hz.

Figure 5. AFM amplitude error channel graphs of depositsahples a) SPO1 and b)
SPO05 on a graphite plate in contact with 0.25 Migndacetate buffer, pH 4,75, a,c)
before, and b,d) after application of a constantepial of —-0.70 V for 3 min.
Continuous arrows: original glass grains; dottewas: deposits of metallic lead of
different types electrochemically generated.

Figure 6. FESEM images of deposits of samples a) SPO1 ar®PBp on a graphite
plate in contact with 0.25 M sodium acetate buffdt, 4,75, a,c) before, and b,d) after
application of a constant potential-3.70 V for 3 min.

Figure 7. Raman spectra of samples a) S08, b) S05, c) $&&)1d e) S03, f) S02 and g)
synthetic glass 71PbO.

Figure 8. Raman spectrum of lead alkali silicate glass samph) S02 and b) S08,
curve-fitted with decomposition model.

Figure 9. Detail of cyclic voltammograms, after semi-denvatconvolution, of graphite
electrodes modified with samples a) S11, b) S1518; d) S04; e) S08; f) S09 in contact
with air-saturated 0.25 M HAc/NaAc aqueous bufteptd 4.75. Potential scan rate 50 mV
s,

Figure 10. Detail of cyclic voltammograms, after semi-denvatconvolution, of graphite
electrodes modified with samples a) S05, b) S06S@&J; d) S10; in contact with air-
saturated 0.25 M HAc/NaAc aqueous buffer at pH 4PtBential scan rate 50 mVs

Figure 11. Detail of cyclic voltammograms, after semi-denvatconvolution, of graphite
electrodes modified with samples a) S01, b) SOE03 and d) synthetic glass 71Pb0O, in
contact with air-saturated 0.25 M HAc/NaAc aqueoufi§er at pH 4.75. Potential scan rate
50 mV s*.
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Figure 12. Two-dimensional diagram from voltammetric datalsas in Figs. 6 and 7.
Plots of the ratio between the current att680 mV peak and the maximum current in the
Cprbox group of peaks(—600)i(max), vs. the ratio between the main anodic peakthe
above maximum curren{Apy)/i(max) for samples in this study.

Figure 13. Dendrogram corresponding to the hierarchical etusihalysis of voltammetric
data for lead glasses in this study.

Figure 14. Variation of the ratio between the intensitiestlod bands at 515 and 950
cm™, 1(515)1(950) (squares), and the ratio between the peakrmsrfor the Gbav) and
the maximum current in thepgox group of peaks(Pb(IV))/i(PbOx) (solid squares), from
square wave voltammograms such as in Figure 4esPb loading in the glass samples
S01 to S10 and the synthetic glass 71PbO.
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Figure 10.
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Figure 11.

a) CPbOx
CCqu
C) d) CPbSiOX
10 pA
+0.2 0.4 ~1.0 4+0.2 -0.4 -1.0

E /V vs. Ag|AgCI

E /V vs. Ag|AgCI

28



i(App)/i(Max)

Figure 12.

1.6
Burgo de Osma |:|SO6
Hsos
124 T Puxmarina
sor
= O Ses
o8 . E
S14 s13-S11 TS, SO
e, O S O
S04 % [ so8 e
R : IAlmoi
oo, O moina
041 PP S10 and Manises
S07 Goyeneche
0.0 . . .
0.2 0.4 0.6 0.8 1.0
i((—600)/i(max)

29



Similarity, %

40

Figure 13.

60 -

80 -

100

I

S11 S12 S13 S04 S08 S09 S10 S14 S07 SO05 S06 S02 S03 S01
—
Burgo de

H_J

L’Almoina + Manises

Osma

Puxmarina

30



Figure 14.
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